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1. Introductio n 

Brassica species contributes to the nutrition and health of the human population; around the world 

different crops like vegetables, condiments, oils are provided by this genus (Pua & Douglas, 2004). 

This wide availability of products from the same species can be explained because of its extensive 

diversity. This wide variation can be understood partly considering the fact that different forms of 

Brassica rapa arose independently from the wild B. rapa in different locations. (Zhao, 2005). Brassica 

genus is composed of the following diploid species: Brassica rapa (2n =20 AA), Brassica nigra (2n= 

16 BB) and Brassica oleraceae (2n= 18 CC). The other three-hexaploid species Brassica juncea 

(2n=36 AABB), Brassica carinata (2n=34 BBCC) and Brassica napus (2n=38 AACC) resulted from 

intra-specific hybridization events (Stewart et al. 2003). Apart from its ploidy diversity, the diploid 

Brassica genome consists of three rearranged sub-genomes, giving evidence of a whole genome 

triplication event (WGT). These three ancient sub-genomes have been indicated as less fractionated, 

medium fractionated and most fractionated (LF, MF1, and MF2). Based on their gene content, these 

sub genomes have been aligned with A. thaliana supporting the evidence about the triplication event 

and synteny between these genera (Cheng et al. 2012). Interesting outcomes from WGT are for 

instance genome fractionation; which is the process of gene loss, as a result from this event one sub-

genome retain more copies of genes than the other two (Cheng et al. 2012). Another interesting effect 

is the dominance effect, which suggests that genes in the dominant genome (LF) are prone to fewer 

losses compared with the ones on the recessive genomes (MF1 and MF2). Natural selection plays an 

important role conserving genes in the dominant genome, since mutations in the dominant genome 

might cause a reduction in fitness; therefore mutations in the sub-genome are more likely to happen, 

leading to fractionation and low gene density. (Cheng et al. 2012), (Cheng et al. 2014). Also WGT 

might have had given rise to genes that served as a raw material for developing sub-functionalization 

or neo-functionalization. (Cheng et al. 2014), (Schranz et al. 2006). Regarding the particular effects of 

WGT on Brassica sp. it has been reported that fractionation resulted in the loss of some genes 

(fractionation biased), and retention of others. For example, four paralogues from the A. thaliana FLC 

gene (Flowering Locus C) are retained in B. rapa. Interestingly Wang et.al (2011) described that 

Gigantea (BrGI), Short Vegetative Stage (BrSVP) are represented only by one copy. This outcome 

might have led to an increased variation, for example flowering time through a wider range different 

paralogues may have facilitated adaptation to different environments (Xiao et al. 2013), (Schiessl et 

al. 2014), (Simon et al. 2015).  

Taking into consideration the described diversity within this species and their importance for the 

human population, the present study shows an attempt to analyse a set of selected genes from an 

association mapping study (AM) and their relation with flowering time in different B. rapa 

morphotypes. In the AM study different genes related to flowering time were analysed under different 

seasons and day-length (unpublished data from the group of Guusje Bonnema, WUR). Once the 

outcome from the AM study was gotten, a new set of genes were selected for this work. These genes 

were  analysed in a set of different Brassica rapa genotypes under different photoperiods in a time-

series sampling experiment (24-hours). In the following sections an insight of the relevance of the 

photoperiod and circadian pathways will be described followed by the initial approach for this 

research. 

 

1.1 Flowering time 

Flowering time is an important trait because it is highly related to yield and quality of fruit, tuber and 

leaf crops. (Langer et al. 2014), (Xu et al. 2014) therefore, it is very important for plant breeders and 

farmers to determine the appropriate region for growing their plants in order to achieve high 

agricultural yield. Furthermore research in the aspects of  flowering time has become more and more 



 

2 

 

important because of the increased variations that climate change may create in the near future 

(Craufurd and Wheeler 2009), (Olesen et al. 2012).  

 

The control of the transition from vegetative state to reproductive phase in plants is essential; for 

instance, proper timing for reproductive success in plants depend on this developmental switch. 

Flowering time is affected by different molecular pathways such as: vernalisation, 

photoperiod/circadian, autonomous, ageing, ambient temperature and gibberellin pathways 

(Yamaguchi et al. 2014), (Johansson and Staiger 2015). In each one of these molecular pathways, 

there are different inter-regulatory and structural genes that trigger or repress flowering depending on 

the environment. Regarding the photoperiodic pathway, within plants there has been described long-

day (LD), short-days (SD) and day neutral plants (Andrés and Coupland 2012). This means that some 

plants switch to flowering when the light period exceeds a critical length (LD). However, in other 

plants when the absence of light increases, flowering time is activated  (SD). There are also plants that 

can flower independently from the length of light, they are called day neutral plants (Andrés and 

Coupland 2012).  

 

In A. thaliana the photoperiod pathway leads to the activation of the Flowering Locus T (FT) gene. 

The FT gene encodes a key protein in charge of activating a flowering signal. This signal travels from 

the leaves to the shoot apical meristem (SAM) promoting flowering (Song and Imaizumi 2014). In 

day-length flowering dependant A. thaliana species, flowering is accelerated by long inductive 

photoperiods, while in SD conditions flowering is delayed. In the model plant species A. thaliana the 

photoperiod pathway is composed partly by these positive regulators such as: CO (Constans), FT, GI 

(Gigantea)and negative regulator like CDF (Cycling DOF Factors) (Wellmer and Riechmann 2010), 

(Johansson and Staiger 2015).  Genes related to the photoperiod pathway are present in B. rapa (some 

of them having different copies) (Wang et.al 2011) and their function have been well studied in A. 

thaliana (Johansson and Staiger 2015). Colin Pittendrigh and Dorothea Minis described a model 

which has been intended to understand the photoperiodic pathway. This model is the external 

coincidence model, it proposes that a substrate, which levels vary during the day, will be able to 

promote flowering (Song et al. 2015).  

 

Later on, research on the model plant Arabidopsis thaliana supported this theory where CO is 

considered as a transcriptional activator of FT. However, the activation of FT by CO needs a previous 

step; a complex between GI and FKF1 (Flavin Binding, Kelch Repeat, f-box1), first needs to degrade 

the flower repressor CDF, during the late afternoon. Consequently, CO levels accumulate during the 

afternoon-evening in LD (figure 1), leading to the activation of FT, thus accelerating flowering. In 

figure 1, other regulators of flowering are present such as (COP1, SPA1, PHYB negative regulators) 

and (PHYA, CRY2 positive regulators) however those are not present in the current study. In SD 

conditions, CO fails to accumulate the sufficient levels of expression and consequently gets degraded 

by CDF in the morning. This results, in the absence of the FT expression, prolonging the vegetative 

stage.  
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1.2 Circadian clock 

Another important regulator of flowering is the circadian clock; in most living forms that are exposed 

to a day/night cycle this regulation system is conserved (Farré & Liu 2013). As it was mentioned 

before, the entry to the flowering state is very important for plants in order to regulate flowering in 

different seasons (Andrés & Coupland 2012). Plants keep track of the day-length by the use of an 

internal oscillator or time keeper (Farré & Liu 2013), this regulation must be synchronized in order to 

produce seasonal responses for flowering (Shim & Imaizumi 2014). Furthermore, plants need to 

coordinate accurately the timing at which transcripts are required, like the initiation of fundamental 

and irreversible processes like flowering or fruit initiation. This is done by taking into account internal 

and external signals. Plants have an interesting method to overcome this challenge; their circadian 

system is composed of three elements: input pathways that incorporate signals from the environment 

(light, temperature), output pathways that translate the external signals into physiological responses 

and an internal oscillator or central genes (Farré & Liu 2013). This internal oscillator or clock, 

functions along with auto regulatory negative feedback loops in order to respond to changes in the 

environment (figure 2). A negative feedback loop could be considered as self-regulatory loop for 

example, ; when a certain protein is abundant, other regulatory components repress the expression of 

the mRNA which produced the protein. Therefore, keeping a certain level of the protein during certain 

periods of time. There have been described different components of the circadian clock in the model 

plant A. thaliana, (Hsu and Harmer 2014) proposed the following structure: morning phased 

components, afternoon phased components and evening phased components. Morning phased 

components comprise among others Circadian Clock Associated 1 (CCA1) and Late Elongated 

Hypocotyl (LHY) which are transcription factors. Among others, these genes are expressed during the 

morning and they have been described as negative regulators of the evening components (Hsu & 

Harmer 2014). CCA1 and LHY have also been defined for having redundant roles: supressing the 

activity of GI and positively controlling the expression of CDFôs (Song et al. 2013). Within the clock 

Figure 1 Photoperiod pathway in A. thaliana. This figure adapted from (de Montaigu et.al 2010), shows some of the genes (circled in 

red) which play a role in the photoperiod pathway and that are also present in Brassica rapa. (a) shows how in LD conditions (bottom 

bars indicate the length of light) the promotion of flowering can be explained due to the expression of CO and subsequently the 

expression of FT. In SD conditions (b), CO fails to activate FT, resulting in a delay in flowering. 
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CCA1 and LHY repress the activity of Timing of CAB expression (TOC1) an evening gene. As it is 

described in Harmer (2009) this is the first regulatory loop formed between CCA1-LHY and the 

evening gene TOC1, this allows their expression only during night or day.  

Afternoon components consist of Pseudo Response Regulator (PRR5, 7, 9), Reveille (RVE 8), among 

other genes. PRR5,7,9 have roles in repressing the expression of the morning genes CCA1 and LHY 

(second loop) forcing them to appear only during a certain period of time during the morning. One of 

the described functions of REV8 is to acetylate TOC1 at the promoter region, therefore activating 

evening components (Staiger et al. 2013). The evening components comprise TOC1, CCA1 Hiking 

Expedition (CHE), LUX arrythmo (LUX), Early Flowering3-4 (ELF3-4), NOX, among others genes. 

LUX forms a complex with ELF3 and ELF4 in order to repress the expression of morning components 

(third loop) and at the same control the expression of TOC1. This negative feedback loop of regulatory 

genes allows the regulation of precise expression under a changing environment.  

 

 
 

Figure 2 Circadian clock regulation in A. thaliana. Adapted from Staiger et.al (2013) Auto regulatory loops: morning loop (I), afternoon loop 

(II) and evening loop (III) regulate circadian genes allowing their expression in certain periods of time during the day (The bar above the 

figure shows the periods of time) Subsequently, the activity if these genes also affect other regulatory mechanisms for instance the 

photoperiod pathway. 

1.3 Initial approach 

The identification of key genes and molecular pathways in plants should lead to the application of 

practical uses for example, breeding programs. QTL mapping and AM studies are useful for the 

identification of candidate genes for such purposes (Gupta et.al 2015). Progress has been achieved 

during the past years in relation with the application of QTL mapping for the identification of genes 

related to flowering time in B.rapa. For instance, (Zhao et al. 2010) reported that in a segregating 

population of B. rapa the paralogue BraFLC2 has been proposed as candidate for a flowering time 

QTL. In AM studies, BrFLC2 has been also described as a main gene responsible for differences in 

flowering time between early oil types and late morphotypes in B. rapa. Additionally,  it has been 

showed its sensitivity to vernalisation response (Zhao et al. 2010). These findings match with what has 

been described for the activity of FLC in A. thaliana.  

Taking in consideration what have been said, the purpose of this research is to characterize genes 

associated with flowering time variation under short (SD) and long days (LD) conditions in a set of 

different B. rapa types. The aim is to find if the different alleles on the genes associated with 

flowering time in different locations have different regulation in their expression and if this is related 

with differences in flowering time. 

For achieving this objective two strategies have been followed: first, a data base study has been 

performed in order to recruit the genes related to flowering time. This was based on a previous AM 

study (unpublished data from the group of Guusje Bonnema, WUR ) in a large collection of <250 

different B. rapa morphotypes. The morphotypes were grown on the field under different geographic 

and environmental conditions (see methods). This resulted in what the different morphotypes showed 
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different responses for flowering time depending of the conditions. Genetic markers and re-sequenced 

data related to flowering time was used over the whole plant material. The outcome from this approach 

was that the genes related with flowering time revealed different alleles, and these alleles had a 

different effect on flowering time depending on the morphotype and day-length. Suggesting that these 

allelic variants may have influenced the differences in flowering time within the morphotypes studied. 

Therefore, one would like to know if the genes that embrace these allelic variants are under a different 

expression pattern.  

After applying different selection criteria (see methods), this approach gave as a result the selected 

genes for this study. Some of them have been described as members of the circadian pathway in A. 

thaliana (LHY, CCA1) as well as genes related to the photoperiod pathway (CO, FT). CDF5 and GI 

have been also included however, it is difficult to classified them in a certain pathway because they are 

playing important functions in the photoperiod pathway but, at the same time these genes are strongly 

regulated by the circadian clock. Another group of genes that belong to other molecular pathways like 

FLM which acts as a repressor of flowering (ambient temperature pathway) and a group of FLC genes, 

repressing flowering (vernalisation pathway) were included in this study because of their significant 

association to certain growing seasons in the AM study. Additionally, BRHAMA (BRM) and Repressor 

of ga1 (RGA) also showed significant associations values in SD conditions, therefore they were also 

included (figure 3). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Overview of the molecular pathways affecting flowering time in A. thaliana. Adapted from Henderson & Dean (2004). In red 

circles it can be seen the additional genes included in this work. From the ambient temperature pathway FLM which acts as a negative 

regulator of flowering. FLC which belongs to the vernalisation pathway. BRM which disruption affects flowering and RGA which belongs to 

the gibberellin pathway.  

 

 

The second strategy was to perform an expression analysis by means of q-RT-PCR in the selected set 

of genes in a diverse set of B. rapa genotypes. This was done during the vegetative stage within a day 

(samples were taken every four hours) in order to reveal if the genes associated to flowering time in 

different photoperiods (SD and LD) and time points have different expression patterns. Finally, 

flowering time was scored among the population of plants in order to correlate the days before 

flowering and the gene expression.  
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2. Material and Methods 

2.1 Plant material  

Doubled haploids (DH) lines were used for this work in order to get as much uniformity as possible. 

The plant material belonged to a collection of plants from Wageningen UR, The Netherlands and from 

Vavilov Centre of Diversity. The selected accessions were intended to represent the morphotype 

diversity present in B. rapa therefore oil, turnip, heading and leafy types were included. Tables 1&2 

shows the plant material used. All the plant material was grown in a single greenhouse compartment 

from Wageningen UR, ensuring uniformity for growing conditions. Water supply and the substrate 

used was the same for all the plant material. Flowering time was scored during 132 days, if a plant did 

not show flowering within those days, a score of 150 days was given. In order to score flowering time 

the number of days after sowing were recorded until the first true flower appeared (Gazzani et al. 

2003).  

The selected DH lines were sown as follows: 0,5 cm deep in lines using as substrate the commercial 

product Lentse Potgrond Horticoop, then covered with vermaculite. After three weeks the seedlings 

were transferred to pots (19 cm diameter) containing the same substrate. In order to provide the SD 

regime, the plants were completely covered against light, this was followed until the end of the 

experiment. The SD and LD conditions were as follows: short days started at 8:00 AM until 16:00 PM 

in the afternoon, while long days had light from 8:00 AM until 24:00 AM, 8 hours and 16 hours 

respectively. For both SD and LD plants a block design was used in order to reduce the effects of the 

environment.  

 

The position of the plants within each block was randomized and six replicates per DH line were used 

within each block, a total of three blocks were used, this resulted in three biological repeats. The 

temperature was recorded separately between SD and LD, warm temperatures were measured during 

the growing of the seedlings and during the sampling stage (24
th
August 2015 and September 2

nd
 2015) 

respectively. 

2.2 Samples for gene expression profiling 

The plants were three weeks old during the sampling, a range of 4 hours between each sampling point 

was stablished for both SD and LD plants. The selected leaves for sampling were the third true leaves, 

that were not expanded. Leaf disks were taken compressing the leave against the lit of the collection 

tube. The application of this stress was a matter of concern before conducting the experiments for, it 

was consider that the sampling could disturb the expression of genes (vascular tissue) therefore, 

affecting their expression. According to Reymond et al. (2000) in A. thaliana a certain group of genes 

are differentially expressed after a mechanical stress is applied however,  the published data shows no 

expression related to flowering time genes.  

According wit this data, one can assume that the expression of target genes during the sampling 

procedure was not affected by the sampling procedure. The whole sampling was done for 24 hours, 

starting 12:00 PM noon on day one, and ending 8:00 AM the next day. The leaf disks were kept into 

liquid nitrogen and immediately frozen (-80˚C) until the isolation step.  

 

Each block consisted in a set of six DH lines and two biological repeats per block. A mixture of two 

leaves from two biological replicates were sampled during the vegetative stage in order to conform a 

sample per time point. In order to distribute which combination of replicates will conform a sample for 

a time point the following procedure was followed. Each  biological repeat was randomly designated 

with a capital letter (A,B,C,D,E,F) a random combination of two letters form a sample. This can be 
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seen in (figure 4). LD plants were harvested first in each time point; the harvesting time for both 

conditions took ~ 2 hours.  
 

 

 

 

 

 

 

 

 

 

Figure 4 Shows the sampling points and the design of the photoperiod regime for the plant material. Yellow and black colours represent light 

and dark conditions respectively. LD plants had 16 hours of light, while SD plants had 8 hours of light. A range of 4 hours between each time 

point was set for sampling points. Capital letters on the top show the combination of plants used for each sample at time point. 

 

 

Table 1 List of DH lines used for gene profiling 

 

Species Morphotype Name 
Accession 

No. 
WUR No. Origin Sub-group 

B. rapa Turnip VT-012 CGN06720 BrDFS_A_101 Japan S5 

B. rapa Heading CC-029 CGN06828 BrDFS_A_126 
 

S3 

B. rapa Leafy PC-101 CGN13926 BrDFS_A_049 China S1 

B. rapa Heading CC-061 CGN07188 BrDFS_A_007 Yugoslavia S3 

B. rapa Leafy Caixin-58 L58W BrDFS_A_066 China S1 

B. rapa Oil 
V-O/sarson-

106 
 V106 BrDFS_A_089 India S4 

 
Table 2 Genotypes used for scoring flowering time 

 

Species Morphotype Name 
Accession 

No. 
WUR No. Origin 

B. rapa Turnip VT-012 CGN06720 BrDFS_A_101 Japan 

B. rapa Leafy PC-175 VO2B0226 BrDFS_A_055 China 

B. rapa Oil OR-213 OCRI0235 BrDFS_A_080 China 

B. rapa Oil WO-083 CGN07220 BrDFS_A_144 Paquistán 

B. rapa Oil YS-143 FIL500 BrDFS_A_137 USA 

B. rapa Heading CC-029 CGN06828 BrDFS_A_126 
 

B. rapa Leafy PC-101 CGN13926 BrDFS_A_049 China 

B. rapa Heading CC-061 CGN07188 BrDFS_A_007 Yugoslavia 

B. rapa Leafy Caixin-58 L58W BrDFS_A_066 China 

B. rapa Oil 
V-O/sarson-

106 

 V106 BrDFS_A_089 
India 

2.3 Data base study: selection of the candidate genes 

The association mapping study for flowering time was conducted by the group of Guusje Bonnema 

from Wageningen University, this work used a large collection of different Brassica rapa 

morphotypes composed of >250 accessions. In order to correct for population, structure a Q+K 

analysis was performed. From this analysis 5 subgroups were identified, the different genotypes used 

in this work were classified according this outcome (table 1). The plant material was grown under 

field conditions in all seasons and conditions. June and May (2008- 2009) respectively, the plants were 

grown in Radix-Wageningen under long days in summer, while for short day plants were grown 

during August and June (2010-2011) respectively. Another experiment was conducted in Nanjing 

CD AB EF CD AB EF   

8:00 a.m. 12:00 p.m. 16:00 PM 20:00 PM 24:00 AM 4:00 a.m. 

             Long Days 

Sampling Sampling Sampling Sampling Sampling Sampling   

            Short days 

8:00 a.m. 12:00 p.m. 16:00 PM 20:00 PM 24:00 AM 4:00 a.m.   



 

8 

 

China (September 2014 over the winter season). Flowering time was scored counting the days after the 

first true flower appeared for each morphotype over the whole plant material. Subsequently, a set 300 

random SNP´s, and a set of SSR´s closely linked markers (less than 10kb) to flowering time genes 

were used for the AM study. After that a subset of associated genes with flowering time were re-

sequenced over the accessions and the AM was conducted again. The association between a marker 

and a trait was revealed depending on the condition (SD or LD) by a significant LOD. For example, 

this could be seen in (table 3), where only in August-2010 under SD the BrBRM gene showed 

significant LOD values for a different set of alleles. This indicated that certain alleles from a gene 

played a role in flowering time depending on the day length and morphotype. For instance, figure 5 

shows an example of the allelic effect of the BrFLC1_250 allele is often present in a subset of the 

morphotypes or sub-groups affecting flowering time but, not in CC-061 

 
Table 3. Example of the database used for this work. Long days are depicted by (LD), short days (SD), vernalisation (v), a day length 

between short and long (MD). In this example it can be seen the information regarding the BrTFL1 gene, different markers are shown 

depending on the growing season. It can be seen that only for August 2010 during SD a significant LOD (=<4) value was recorded (bold 

numbers) 

 

Marker 

ID 
Gene Allele 

2008Jun

e-LD 
LOD 

2009M

ay-LD 
LOD 

2009vM

ay-LD 
LOD 

2010Au

g-SD 
LOD 

2011J

une-

Mid 

LOD 

2014

Sep-

SD 

LOD 

ID1357 
BrBR

M 
C/C  74.50 0.27 73.26 0.40 46.47 0.54 155.18 4.11 

109.0

2 
0.16 

160.7

0 
0.42 

ID1357 
BrBR

M 
C/T  98.05 0.27 96.25 0.40 83.81 0.54 85.58 4.11 

106.5

3 
0.16 

145.2

9 
0.42 

ID1357 
BrBR

M 
T/T  122.43 0.27 114.69 0.40 93.11 0.54 146.73 4.11 

114.4

2 
0.16 

172.2

1 
0.42 

 

 
 

Figure 5 Results from the AM study Xiao Dong & Guusje Bonnema. Different Brassica rapa morphotypes are sorted on their respective sub-

group according with AM study. Pac Choi (PC), Turnip types (T), Broccoleto (Broc), Chinse Cabbage (CC) and Oil types. The effect on 

flowering time (x-axis) of the BrFLC1_250 allele can be seen across the different genotypes or sub-groups (y-axis) and day length (SD or 

LD). Whereas 0 is depicted in the x-axis, means the absence of the allele, while 1 means the presence of the  BrFLC1_250. It can be seen that 

in the majority of sub-groups (from S1 to S5) the presence of the allele delays flowering, except for the S4 group which represents Chinese 

Cabbage under LD (for reference of the sub-groups see table 1) 

 

For the present work, the candidate genes were defined when either physically linked markers (SNPs 

and SSRs) or variations in the gene, were associated with flowering time in any season with LODs > 

4.0. From resequencing data, one can deduce the effect of the linked polymorphism on gene function. 

The AM study made available information regarding the position of the allelic variant therefore, if an 
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allelic variant was located in an exonic region from the gene, this made the gene a stronger candidate. 

It was also taken into consideration the role of the gene into the promotion to flowering. The strategy 

mentioned above resulted in 9 candidate genes (table 4) with significant associations with flowering 

time, the majority of them belonging to ambient temperature, vernalisation, circadian clock and 

photoperiodic pathway. Additionally, BrGI, BrCO and BrCDF5 were also included because of their 

relevance in the photoperiod and circadian clock pathways however, they were not present in the AM 

study therefore, no additional data was available for these genes (table 4). In A. thaliana there has been 

described three CDF’s genes (1,2,3,5) defined as repressors of flowering time, their function has been 

designated as additive and redundant in the repression of CO (Golembeski & Imaizumi 2015). Ma 

et.al (2015) showed that there are 76 genes encoding CDF’s in Brassica rapa (Chinese Cabbage), 

CDF5 is present in that report and it is also mentioned as a candidate gene for flowering time variation 

in Capsella bursa-pastoris (Brassicacea) (Huang et.al 2012). Figure 6, shows a simplified scheme of 

the procedures used for acquiring the data base required for this study.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

Table 4. Selected genes from the database provided by XiaoDong and Guusje Bonnema. The SD letters means short days, LD long days. The 

numbers represent in how many locations within the same time length significant LOD values were found for a gene. LD* represented in the 

AM study as a mid-day, however the photoperiod and temperatures resemble more to a LD. + represents genes that were not present in AM 

study but were included as part of this study because of their relevance in flowering time.  

 

Marker association Selected genes 

1xSD BrBRM 

2xSD BrCCA1 

1xSD, 1xLD * BrLHY 

2xSD, LD* BrFLC2 

1xSD,2xLD BrFT 

1XSD, 1XLD BrFLM 

1XLD BrFLC5 

1XSD BrRGA 

1XSD, 4XLD BrFLC1 

+ BrCO 

+ BrGI 

+ BrCDF5 

Figure 6. Scheme representing the database provided by the department of Plant Breeding from WUR. In order to select the candidate 

genes relevant for these work two aspects were followed; the LOD score =>4.0 related to the average flowering time and the location of 

the allelic variation provided by the re-sequenced genes. 



 

10 

 

2.4 Primers design for flowering time genes 

Since the limited conditions of time, the primers for the genes selected were provided by the group of 

Growth and Development from Wageningen University. According with a former researcher from this 

department the following procedure was followed: A. thaliana sequence of each gene was blasted 

against the Brassica genome, once the paralogues were found specific primers were designed for each 

paralogue (personal communication). Primers concentrations were 100 µM subsequently they were 

diluted in a (1:10) final concentration, sequences can be found in the annexes. 

2.5 Identification of the reference gene 

Different genes were tested in order to find a stable and reliable reference gene for the expression 

analysis. ACT2, ELFA, GAPDH and TIPS41 were tested however, none of them showed stable 

expression.  According to (Marcolino-Gomes et al. 2015) and (Endo et al. 2014) IPP2 and APA1 can 

be considered as optimal reference genes for circadian and photoperiodic experiments. Therefore, the 

primers for IPP2 were designed by searching the ortholog for Brassica rapa based on the Arabidopsis 

thaliana genome, this was conducted on the NCBI website using the basic local alignment search tool. 

Subsequently for the multiple alignment using the Arabidopsis thaliana, Brassica rapa and Brassica 

oleracea genomes the online software EMBL-EBI Clustal Omega was used. Finally, the set of primers 

were tested for hairpin formation and self-complementary giving optimal results. After this, the gene 

was tested against subset of samples (LD 8:00 AM, SD 24:00 AM, including a technical repetition for 

all the genotypes) showing a more stable expression profile compared with ACT2, ELFA, GAPDH and 

TIPS41 (figure 7) and less standard variation, table 5.  

 
Table 5. Standard deviation of the reference genes tested. The reference genes were all ran against (LD 8:00 AM, SD 24:00 AM) for all the 

genotypes. 

 

  

Reference 

gene 
ACT2 ELFA GAPDH TIPS41 IPP2 APA1 

St. Dev. 2.666 4.514 3.231 1.82 0.86 0.997 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Expression from IPP2 gene on SD and LD over a sub-set of time points (8 AM and 24 AM). 

 

 

Unfortunately, when the whole set of samples were used (LD and SD over block 3), the expression 

profile showed again variation greater than +/-1 Ct value’s from the average and a standard deviation 

of 1,854. Considering that the higher Ct values were correlated to some group of samples for a 

selected set of time points (figure 8), BrIPP2 was selected for the normalization. In conclusion, it was 

very challenging the search for a good reference gene for this experiment. Overall, IPP2 showed a 

more or less stable expression however, for the samples which showed higher Ct values the results 

from the expression analysis should be reviewed. On one hand samples for time points 12:00 PM and 

16:00 PM in SD showed higher Ct values, as same as 12:00 PM in LD. On the other hand, earlier 

expressed samples are more spread among time points 8:00 AM, 16:00 PM, 20:00 PM, 24:00 AM and 
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4:00 AM. It could be seen that SD samples are more present at the extremes from the average (higher 

and lower Ct values respectively).  Highly or shorter expression values in the q-RT-PCR experiments 

can be related with the quality of the samples, therefore these results can be taken as an indication.  

  

 
 

Figure 8 Expression data for IPP2 for LD and SD samples in block 3. Red circled samples belong to samples which showed higher Ct values 

compared to the IPP2 average, while blue circle samples belong to earlier Ct values compared with the average expression for IPP2. 

 

3. Laboratory experiments 

3.1 RNA isolation 

Total RNA was isolated from frozen material; automatized grinding was performed by Tissue LyserII 

Quiagen
® 

(Milden, Germany). For the isolation step the RNeasy
®
 Mini Kit of the company Qiagen 

(Milden, Germany) was used after the instructions from the Quick-Start Protocol. The samples were 

diluted with RNase free water in a final volume of 30 μl, a double dilution step was performed. For 

8AM 61 LD 
8 AM 106 LD 

8 AM 58 LD 

12 PM 106 LD 

12 PM 12 LD 

12 PM 61 LD 

12 PM 58 LD 

12 PM 29 LD 

16 PM 58 LD 

20PM 61 LD 

24PM 58 LD 

24PM 12 LD 

24PM 29 LD 

4AM 101 LD 

4AM 12 LD 

4AM 61 LD 

4AM 29 LD 
4AM 106 LD 

8 AM106 SD 

8 AM29 SD 
8 AM12 SD 

8 AM101 SD 

12 PM29 SD 

12 PM101 SD 
12 PM106 SD 

12 PM58 SD 

12 PM61 SD 

16 PM61 SD 

16 PM29 SD 

16 PM58 SD 

16 PM101 SD 

16 PM106 SD 

20 PM29 SD 

20 PM61 SD 

24 AM29 SD 4 AM12 SD 

18

20

22

24

26

28

30
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Expression data for IPP2 for LD and SD for block 3 

Samples LD-SD Block 2 Average IPP2 Average IPP2 + 1 Average IPP2 - 1
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enzymatic digestion to remove residual DNA, the DNase I- Amplification Grade (Invitrogen) kit was 

used following the producer instructions. A modification in the regular protocol was added, 1 μl of 

DNase I digestion buffer and 1 μl DNase I were added to the sample. Finally, the digestion step was 

stopped with 1 μl 25 mM of EDTA. The concentration of all samples was measured using 1 μl from 

the total volume using the spectrophotometer Nanodrop ND-1000 (Thermo-Scientific). Additionally, 

for quality check all the samples were visualized on agarose 1% gel. After concentration and quality 

revision the samples were kept at (-80˚C). The RNA samples were diluted in order to get a fixed 

concentration of (1:10) resulting in a total of 1 µg of RNA . The conversion to cDNA was done using 

the iScript cDNA Synthesis Kit (Bio-Rad, USA) following the manufacturer’s instruction. 

3.2 Expression profilling 

The q-RT PCR experiments were performed on the Bio Rad CFX 96 Real Time System (California, 

USA). The reaction mix was prepared following the producer instructions for a final reaction volume 

of 10 µl. The reaction mix was composed of: 5 µl iQ
TM

 SYBR® Green Supermix reagent (California, 

USA), 2.4 µl of free-nuclease filtered water, 0.3 µl forward and reverse primer and 2 µl of cDNA 

sample. The amplification program used was: 95˚C 3min, (95˚C 15 sec, 60˚C 30 sec) x40, 95˚C 10 

sec, 65˚C 5sec and 95˚C 5 sec. The own CFX software manager recorded the results from the analysis, 

after that they were exported to Excel for the sub-sequent analysis. For the normalization procedure 

the Ct values were used as of function of 2
^(-ΔCt)

 (Pfaffal 2001).  

4. Results 

Taking into account the information provided by the AM study for each gene depending of the season, 

morphotype and day-length certain alleles showed a significant association with flowering time (table 

6). According with this information it was observed for the genotypes used in this study which 

combination of alleles were shared among each candidate gene (table 7). 

 
Table 6 Alleles shared by the genotypes part of this study per candidate gene. Capital letters represent long combination of shared alleles and 

(IN/DELS) that can be found in the annexes. ≠ represent different IN/DELS and combination of alleles. 

 

 

BrCCA1(SD) 
BrLHY(SD-

LD) 
BrBRM(SD) BrRGA(SD) 

BrFT(SD-

LD) 

BrFLM(SD-

LD) 

BrFLC2(SD-

LD) 
BrFLC5(LD) 

BrFLC1(SD-

LD) 

Sub-

group 

V.106 G/G - A/A G/G - T/T C/T C/C A ≠ ≠ G/G - C/C ≠ S4 

CC-061 G/G - A/A G/G - T/T C/C C/C A A/A - AA/AA  A G/G - C/C ≠ S3 

CC-029 G/G - A/A G/G - T/T C/C C/C B A/A - AA/AA  ≠ ≠ ≠ S3 

PC-101 G/G - A/A G/G - T/T C/C C/C B A/A - AA/AA  ≠ G/G - C/C ≠ S1 

CX58 G/G G/G - T/T C/C C/T A A/A - AA/AA  ≠ G/G - C/C ≠ S1 

VT-012 A/A ≠ C/C C/C ≠ A/A - AA/AA  A G/G - C/C ≠ S5 

 

Subsequently, in order to have a easier overview of the shared alleles, haplotypes where conformed 

(depicted with capital letters); where shared alleles have a common capital letter. For example, for 

BrCCA1 six different allelic variants where identified among the genotypes used in this work, all of 

them showed a significant association with flowering time only in SD. However, only two allelic 

forms where shared by V-O/Sarson 106, CC-061, CC-029, PC 101. While VT-012 and Caixin58 

presented the rest allelic forms. In table 7 it can be seen the results of such analysis including the sub-

groups from where each genotype belongs. It can be seen that a same combination of alleles is shared 

by different genotypes belonging to different sub-groups. Furthermore, even when they present same 
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allelic forms for genes related to flowering time, their flowering score is different (see table 14 & 

figure 9). 

 
Table 7 Haplotypes of the different genotypes for profiled genes. Same letters for each candidate gene means that a certain combination of 

alleles where shared by the genotypes.  

 

 

BrCCA1 BrLHY BrBRM BrRGA BrFT BrFLM BrFLC2 BrFLC5 BrFLC1 
Sub-

group 

V.106 A A B A B B B A A S4 

CC-061 A A A A B A A A B S3 

CC-029 A A A A C A C B C S3 

PC-101 A A A A C A D A D S1 

CX58 B A A B B A E A E S1 

VT-012 C B A A A A A A F S5 

4.1 Growing phase 

The whole plant material was grown in the specific places were the SD and LD conditions where 

applied. The plants grew up without any disruption yet, the physical space between plants in the SD 

conditions was not wide enough. This produced that often plants were in contact between each other, 

limiting the air flow, increasing humidity and providing less space for growing. DH lines were used 

nevertheless, uniformity in terms of flowering time was not a common feature among the genotypes 

within biological replicates. Furthermore, morphological differences in stem and leave colour within 

replicates in VT-012 were observed yet, flowering time was uniform. A Broccoleto morphotype was 

included in this study but, during the growing season it could be seen that its general morphology was 

more similar to a Chinse Cabbage, thus it was renamed it as CC-029. Despite of this difference this 

genotype was uniform in terms of size, and flowering time within the replicates. It should be 

mentioned that flower abortion was recorded among plants from late flowering in SD, specifically on 

VT-012, VT-117, OR-213, CC-168. Within the genotypes that showed abortion, they first presented 

bolting and bud formation however, after that, flowering was stopped. This phenomenon made the 

scoring less reliable since an open flower was considered as data for flowering. 

4.2 Flowering time score 

Here is presented the flowering time score for the plants that were considered as part of the expression 

analysis (table 1). Flowering time sore for the rest of genotypes can be found in the annexes. For each 

condition among the three experimental blocks, empty cells represent non flowering plants (off types). 

Capital letters in the upper middle part represent the letters used for the combination of plants used per 

time point for the expression analysis: (D+C)=8AM, (A+B)=12PM, (E+F)=16AM, (D+C)=20PM, 

(A+B)=24PM, (E+F)=4AM. 

Flowering score for short days. 
 

Table 8 Flowering time score for SD block 2. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the same as the standard deviation. * not possible to calculate due to only one flowering plant. 

 

Block 2 SD D B C A E F 

Average no off 

types St.dev 

W-VT-012 

 

116 

 

113 

  

114,500 1,732 

CC-061 

  

126 121 122 

 

123,000 2,646 

V-O/sarson-106 68 66 64 65 66 65 65,667 1,366 

CC-029 

  

100 

   

100,000 *  

PC-101 

 

96 90 94 

  

93,333 3,055 

Caixin_58 62 63 62 66 62 66 63,500 1,975 
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Table 9 Flowering time score for SD block 3. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the standard deviation. * not possible to calculate due to only one sample. 

 

Block 3 D B C A E F 

Average no off 

types St.dev 

W-VT-012     112 108     110,000 2,828 

CC-061     125   121 126 124,000 2,646 

V-O/sarson-106 68 66 67 63 61 66 65,167 2,639 

CC-29       99     99,000 *  

PC-101 96 77   85     86,000 9,539 

Caixin_58 62 63 60   66 62 62,600 2,191 

 
Table 10 Flowering time score for SD block 1. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the standard deviation. * not possible to calculate due to only one sample. 

 

Block 1 D B C A E F 

Average no off 

types St.dev 

W-VT-012 115 

 

112 113 

  

113,333 1,528 

CC-061 

  

126 121 

  

123,500 3,536 

V-O/sarson-106 65 63 60 67 66 68 64,833 2,927 

CC-029 101 99 100 

 

99 

 

99,750 0,957 

PC-101 94 96 92 

  

94 94,000 1,633 

Caixin_58 60 63 62 64 61 58 61,333 2,160 

 

As an overview from these results, one can see that in table 8, 9 & 10 the absence of flowering is 

prominent in SD condition. It is also possible to notice that even in the flowering replicates within a 

genotype, differences  >10 days in flowering time can be found. One should consider this as an odd 

event of using DH lines. 

Flowering score for long days. 

 
Table 11 Flowering time score for LD block 2. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the standard deviation.  

 

Block 2 D B C A E F 

Average no off 

types St.dev 

W-VT-012 85 

 

80 90 90 86 86,200 4,1473 

CC-061 45 45 44 45 45 47 45,167 0,9832 

V-O/sarson-106 40 46 45 47 45 50 45,500 3,2711 

CC-029 79 

 

78 75 80 76 77,600 2,0736 

PC-101 85 86 

 

90 81 91 86,600 4,0373 

Caixin_58 30 30 27 30 30 30 29,500 1,2247 

 
Table 12 Flowering time score for LD block 3. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the standard deviation.  

 

Block 3 D B C A E F 

Average no off 

types St.dev 

W-VT-012   84 81 87 89 81 84,400 3,578 

CC-061 45 37   42   39 40,750 3,500 

V-O/sarson-106 41 40 45 34 44 48 42,000 4,858 

CC-029 70 65   74 77 70 71,200 4,550 

PC-101 80 82 70 80 74 80 77,667 4,633 

Caixin_58 26 30 30 27 26 30 28,167 2,041 
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Table 13 Flowering time score for LD block 1. Empty cells represent no flowering plants; the average is presented only for the flowering 

plants as the standard deviation.  

 

Block 1 D B C A E F 

Average no off 

types St.dev 

W-VT-012 85 83 80 89 86 81 84,000 3,347 

CC-061 47 44 43 42 44 45 44,167 1,722 

V-O/sarson-106   40 45 36 42 48 42,200 4,604 

CC-029 65 70 71 74 78 72 71,667 4,320 

PC-101 82 86 74 80 81 83 81,000 4,000 

Caixin_58 30 30 30 29 30 30 29,833 0,408 

 

The average flowering time for all the genotypes and conditions is presented below, the high 

coefficient of variation for some genotypes is due to the differences in flowering time within 

replicates.   

 
Table 14 Average flowering time for all the genotypes in the three blocks used in this study on long days, the average is presented only for 

the flowering plants as the same as the standard deviation. * not possible to calculate due to only one flowering plant. 

 

 

Genotype on LD Block1 St.dev Block2 St.dev Block3 St.dev 

TOTAL 

AVERAGE 

Caixin_58 29.500 1.225 28.167 2.041 29.833 0.408 29.167 

PC-175 38.333 1.528 41.000 3.000 40.000 3.000 39.778 

V-O/sarson-106 45.500 3.271 42.000 4.858 42.200 4.604 43.233 

CC-061 45.167 0.983 40.750 3.500 44.160 1.722 43.359 

WO-083 49.000 2.646 47.333 5.508 47.000 4.359 47.778 

OR-213 58.333 2.082 58.333 2.887 60.000 5.000 58.889 

CC-168 64.333 4.726 66.500 0.707 66.500 0.707 65.778 

CC-029 77.600 2.073 71.200 4.549 71.667 4.320 73.489 

YS-143 75.500 0.707 76.000 *  78.000 *  76.500 

PC-101 86.600 4.037 77.667 4.633 81.000 4.000 81.756 

W-VT-012 86.200 4.147 84.400 3.578 84.000 3.347 84.867 

VT-117 92.000 4.242 96.500 2.121 99.000 *  95.833 

 
Table 15 Average flowering time for all the genotypes and three blocks used in this study on short days, the average is presented only for the 

flowering plants as the same as the standard deviation. * not possible to calculate due to only one flowering plant. 

 

Genotype on SD Block1 St.dev Block2 St.dev Block3 St.dev 

TOTAL 

AVERAGE 

Caixin_58 61.333 2.160 63.500 1.975 62.600 2.191 62.478 

PC-175 106.000 1.414 107.500 2.121 118.667 4.243 110.722 

V-O/sarson-106 64.833 2.927 65.667 1.366 65.167 2.639 65.222 

CC-061 123.500 3.536 123.000 2.646 124.000 2.646 123.500 

WO-083 104.000 7.211 104.667 8.505 105.000 5.000 104.556 

OR-213 98.500 0.707 107.000 7.211 107.667 7.767 104.389 

CC-168 116.333 2.517 118.000 1.414 118.500 0.707 117.611 

CC-029 99.750 0.957 100.000 *  99.000 *  99.583 

YS-143 97.000 1.414 97.500 0.707 99.000 2.828 97.833 

PC-101 94.000 1.633 93.333 3.055 94.000 2.000 93.778 

W-VT-012 113.333 1.528 114.000 1.732 110.000 2.828 112.444 

VT-117 127.333 1.528 127.000 *  125.000 *  126.444 
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As an overall during LD condition less non-flowering types were identified. However, differences 

among biological replicates in flowering time within the same genotype were consistent as in SD. As 

it was described in material and methods, a mixture of two leaves from two biological replicates were 

sampled during the vegetative stage in order to conform a sample per time point. The flowering 

differences from such combination of plants that were used for the expression analysis can be seen in 

table 16. Flowering differences for block 2 & 3 are shown, block 1 was not used in the q-RT-PCR 

experiments (see section 5.2), for the scoring analysis it was used as a reference.  

Bold black numbers represent the difference between a biological replicate that flowered within the 

observation time and a biological replicate that did not flowered (off-type given value of 150 days). A 

difference equal to 0 (bold, orange label) means that both replicates did not flower during the 

observation time. Light blue labels represent the group of samples were both biological replicates 

flowered. For each condition (SD and LD) for the score analysis only blue labels were considered, no 

labelled samples were excluded because of the clear differences in flowering time (>10 days), 

compared with the rest of biological replicates which difference is <=10 days. For the expression 

analysis blue and orange labels were included. 

 
Table 16. Differences in flowering time within blocks (1 and 2) for the 6 Brassica rapa genotypes used in this experiment. The ΔLD and 

ΔSD symbols represent the difference in days before flowering between the two replicates. Average flowering time and the coefficient of 

variation (CV) is presented for each block. * means that only one sample flowered for that condition. Light blue and orange labels mean the 

group of samples used for the final score analysis, bold black samples >10 days  were excluded. 

 

 
 

In figure 9, the average flowering time score for the plants that showed flowering is presented. 

Relatively low standard deviation bars can be seen among the flowering scores for the genotypes in 

SD and LD. However, if non-flowering data (150 days) for each genotype would have been included 

the variation would have increased drastically, this because of the difference between flowering and 

non-flowering plants. In the figure order in terms of earlier to later flowering was sorted based on the 

LD conditions. It could be seen that in SD the genotypes do not follow the same time of flowering 

compared to LD. Meaning that these genotypes follow a different flowering time depending of the day 

length. Interesting differences were able to identified, for instance, in Caixin 58. In SD, the flowering 

time score was almost double than in LD (28.75 days in LD compared with 64.81 in SD).  According 

with these results it can be concluded that there are differences in flowering time when comparing SD 

and LD however, the magnitude of that difference cannot be clearly assessed. The reason for this is 

because some genotypes have a higher number of no-flowering samples and a high standard deviation 

for flowering time within blocks (table 14 &15). For example, one could refer to VT-012, the 

Time Point 8:00 12:00 16:00 20:00 24:00 4:00

VT-012 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 38 0 42 3 0 0 38 0 42 3 0 0

ΔLD 5 69 60 3 4 8 5 69 60 3 4 8

CC-061 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 25 24 0 29 5 28 25 24 0 29 5 28

ΔLD 1 105 0 5 2 111 1 105 0 5 2 111

V-O/sarson-106 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 1 4 3 1 5 1 1 4 3 1 5 1

ΔLD 5 4 1 6 5 4 5 4 1 6 5 4

CC-029 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 0 50 51 0 0 0 0 50 51 0 0 0

ΔLD 2 80 75 9 4 7 2 80 75 9 4 7

PC-101 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 54 60 8 2 0 0 54 60 8 2 0 0

ΔLD 65 10 4 2 10 6 65 10 4 2 10 6

Caixin 58 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2 Block 3 Block 2

ΔSD 2 0 87 6 4 6 2 0 87 6 4 6

ΔLD 3 4 0 3 0 5 3 4 0 3 0 5
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indicated morphological differences (section 4.1) might suggest that the plants used were not DH lines 

but different accessions therefore, showing different score for flowering time and absence of 

flowering. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10 Flowering time score for the genotypes grown in the field. LD belongs to June 2008 (Wageningen) and SD belongs to August 

2010 (Wageningen), unpublished data from Xiao Dong & Guusje Bonnema. 

 

From figure 10, it can be seen the results for flowering time in field conditions, from a previous 

research conducted in Wageningen UR. LD belongs to June 2008 (Wageningen) while SD belongs to 

August 2010 (Wageningen). It can be seen that under LD the genotypes still flower earlier than SD. 

However the difference in flowering time between these genotypes is not always comparable to the 

present study (greenhouse data). This can be explained partly because of the effect of the environment, 

temperature or water availability which vary in field conditions therefore, affecting flowering time in 

the genotypes tested.  

In another similar experiment under SD and LD conditions, CC-168 was grown in a greenhouse 

showing similar flowering time (data not shown), differently from what has been found in this study 
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Figure 9. Average flowering SD and LD plants, standard error bars are presented at the top. Orange bars represent plants grown under 

LD (16 hours-light) while blue bars plant grown under SD (4 hours-light ). In the x-axis the genotypes used are depicted while in the y-
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(similar experimental conditions). For the present work the average flowering time for CC-168 on LD 

is 65.778 while in SD was 117.611 (tables 14&15), in contrast to the flowering data from the previous 

research where flowering in SD and LD was ~ 122 days. One could suggest that differences in the 

flowering time genes in one of the group of plants used could have influenced this result.  

4.1.2 Differences in flowering time within DH lines 

At the end of the experiment it was noticed that for some plants per DH line within blocks (see table 8 

to table 13), flowering time was not the same within biological repeats and between blocks. Even more 

surprising was the fact that for all the time points with exemption of V-O/Sarson 106 some biological 

replicates per DH line did not flower (off-types) within the observation time (table 16). This caused 

that off types were excluded from further analyses, consequently diminishing the quality and validity 

of the data the for flowering time score and expression analysis.  

  

It should be concluded that something clearly went wrong during the greenhouse experiment, certainly 

it is not common that DH lines present such dissimilar flowering behaviour, or even more a 

generalized absence of flowering. Furthermore, it can also be concluded that the absence of flowering 

was stronger for VT-012, CC-061 and CC-029 in SD. The morphological differences described for 

VT-012 might have affected flowering (one could argue that the replicates within this group were 

totally different accessions) while for CC-061 and CC-029 it is difficult to conclude why was the 

reason for the marked absence of flowering. Finally, one should keep in mind that for the rest of plant 

material, the flowering score still conserved relatively high differences in flowering time, most of 

them ranging a difference between 1 to 10 days. Such a difference might have still affected the 

expression of genes related to flowering in the expression analysis. 

5. q-RT-PCR experiments 

5.1 Validation of RNA isolation 

Results of RNA isolation for LD block 3 can be seen in figure 11. For each time point (4:00AM, 

16:00PM, 20:00PM, 24:00AM, 8:00AM, 12:00PM), the six genotypes can be seen. The overall 

concentration was >90 µg/ul; some samples showed concentration values higher than 500 µg/ul, as can 

be seen in the highly stained bands. Before continuing with the next steps the quality of the samples 

was reviewed through gel electrophoresis. RNA degradation was seen after 3 weeks from the isolation 

process in the LD samples for block 3. This degradation process was prominent for some samples at 

time points 8 AM, 12 PM, 24 AM (figure 12). SD samples were not tested due to the limitation of 

time.  

In conclusion, from this step one can suggest that even though the cDNA conversion was done 

immediately after the RNA isolation, during this process some degraders of RNA might have 

remained in the samples thus, degrading them progressively. This might have also affected the cDNA 

conversion, thus providing inaccurate Ct values during the q-RT-PCR experiments. From these results 

and in correlation with what has been shown in figure 8, VT-012 sample from 12:00 PM on block 3 

LD showed high a Ct value (26,2) compared to the reference gene (22,2) and degradation on gel 

(figure 12), Therefore, expression data from this genotype in this time point should be taken with care.  

In figure 8, CC-061 at 8:00AM and CC-029 at 24:00 PM are shown having Ct values earlier than 

IPP2, suggesting that these samples showed the formation of secondary structures, rather than 

degradation.  Therefore, one cannot use this as a selection procedure, in order to select out outliers. In 

section 5.2 an alternative way for selecting data is proposed. 
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Figure 11. RNA gel electrophoresis for LD block 3. Time points are indicated in the upper part (4AM, 16PM, 20PM, 24AM, 4AM). The first 

lane represents the ladder (L), while the next bands are the samples. The samples codes are as follows: CC-061=61, PC-101=101, Caixin 

58=58, VT-012=12, V-O/sarson-106=106, CC-029=29.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. RNA gel electrophoresis for LD block 3, degraded RNA samples 3 weeks after the isolation process. Time points are indicated in 

the upper part (4AM, 16PM, 20PM, 24AM, 4AM). Degradation is prominent in different time points and samples (indicated arrows). The 

samples codes are as follows: CC-061=61, PC-101=101, Caixin 58=58, VT-012=12, V-O/sarson-106=106, CC-029=29. 

 5.2 Results from the expression analysis 

As it was described in material and methods three experimental blocks were formed for this study, 

unfortunately a wrong handle of materials in the laboratory by an unknown user lead to the loss of 

samples from block 1. Therefore, for the q-RT-PCR experiments and expression analysis only blocks 

2 and 3 were used. 

    

Given the multiple flowering differences among the biological replicates within blocks, marked 

absence of flowering and a possible sample degradation on some of the RNA material, a selection of 

data has been performed (see table 16). The data included in the expression analysis was block/s 

represented by differences in flowering <=10 days (blue labels) and blocks from time points were both 

of the samples did not show flowering (orange labels). This means that for time points where both 

blocks presented flowering data or not, an average from the Ct values has been taken after 

normalization, whereas data from a single block has been used whenever one of the blocks presented 

differences in flowering <=10 days. The reason for this selection is because mixed samples (a plant 

which flowered and other which did not, bold numbers) showed differences in the expression of genes 

related to flowering, therefore misleading the analysis. For example, on SD time point 4=20:00PM for 

BrCO in CC-029; this gene was formed by a sample from block 2, where the difference in flowering 

for the replicates was >10 days. The second sample from block 3 was formed by biological replicates 

which did not flowered. Clear differences in pattern and fold change can be seen between the 

expression of these two blocks (figure 13). The pattern from the samples that did not flowered (no 

8 AM 12 PM 16 PM 20 PM 24 PM 4 AM 
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mixture of signals) showed a similar pattern of expression to the overall results for all the genotypes 

(evening expression for BrCO).  

 

 

 

Another example can be pointed out, BrCDF5 on SD for CC-061. For time point 6=4:00 AM, this 

gene was formed by a sample from block 2, where the difference in flowering for the replicates was 

>10 days. The second sample from block 3 shows differences in flowering for the replicates was <10 

days. In this case the sample from block 2 (mixture of signals) generated a different pattern for the 

BrCDF5 gene (morning expression) (figure 14).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14 Expression for the BrCDF5 gene in SD for CC-061. Time point 6 was formed by samples with flowering differences <10 days 

and  >10 days. This produced changes in the trend and peaks of the expression pattern. 

 

Based on these observations samples from blocks with flowering signals >10 days were not included 

Considering the samples which did not flowered, one should keep in mind that the candidate genes in 

this work are associated with other molecular pathways and functions. Therefore, they should have 

kept “running” even in the absence of flowering; which might be the case for genes like BrRGA, 

BrLHY, BrGI. The absence of flowering  indicate that something went wrong during the molecular 

events related to flowering but, it is difficult to say what exactly or in which period.  In general terms 

not notable differences where seen in the expression pattern of genes when comparing LD and SD. 

Fold change differences where common among the genotypes for the majority of genes, however 

those differences were not significant.  
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One should consider that it is not clear enough how much should be a difference in fold change for 

represent a difference in flowering time. In statistical terms it is rather simple to determine when a 

value is significantly different from other (p value) however, transcription factors might not need too 

much differences in expression for representing a biological impact. Therefore, it is difficult to 

conclude if the small variations in height of the peaks could be linked to the variation in flowering 

time for the genotypes tested.  

The following figures and descriptions show the results from the expression analysis on the six 

genotypes used in this work from blocks 2 and 3.  For all the figures the x-axis, represent the time 

points, and the y-axis represent the fold change given by (2
-ΔCt

). Due to the selection procedure, data 

for CC-061 and PC-101 is absent for time points 8:00 AM and 20:00PM on SD.  

5.2.1 BrCCA1 in short and long days 

As a general overview it could be seen that the expression for this gene is in the morning, higher at 

8:00 AM and then it levels off at midday. Subsequently, the re-start of expression began at 24:00 AM.   

For BrCCA1 in SD and LD only V-O/Sarson106 showed the expression pattern mentioned before, the 

rest of genotypes showed either single peaks or expression close to 0 due to Ct values close to cycle 

35. For V-O/Sarson106, the expression started in the early morning at 4:00 AM, then it increased at 

8:00 AM and then it decreased at 12:00 PM. The expression started to level up at 24:00 AM and rise 

until next day 8:00 AM. VT-012 and CC-061 showed single expression points at 12:00 pm and 4:00 

AM respectively. The rest of genotypes showed a conserved low expression which was ~ to 0 across 

the time points. This was because of the normalization procedure 2^(-ΔCt), so high Ct values (35>) in 

biological replicates that were part of this analysis are shown closer to 0.  

In BrCCA1 for LD, the expression pattern for V-O/Sarson106 is similar with has been described in SD 

condition, including broader expression peaks at 4:00 and AM 12:00 PM. Caixin58 showed a single 

expression point at 8:00 AM. The rest of genotypes showed expression values ~ to 0 across the time 

points.   

It is difficult to conclude about the expression pattern for this gene since most of the genotypes 

showed expression values ~ to 0 across the time points and conditions. Only V-O/Sarson106 presented 

a comparable patterns of expression when comparing SD and LD. In both conditions a morning 

activity was seen however, at time point 8:00AM in SD a higher peak was seen compared to LD (1,5-

0,68) respectively yet, it is difficult to say if this fold change significant. In A. thaliana CCA1 has been 

described as circadian gene, however only V-O/Sarson106 in the present study shows a circadian 

pattern. For the rest of genotypes is not possible to see that due to the lack of expression. 
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5.2.2 BrLHY  in short and long days 

In LHY SD, the expression started in the early morning 4:00 AM, for all the genotypes. Then 

continued during morning 8:00 AM and decreased at 12:00 PM. The re-start of expression began at 

24:00 AM. Differences in the height of peaks could be seen among the different time points. CC-061, 

CC-029 and Caixin58 showed higher expression peaks at 4:00 AM however, not significant different 

among each other. The higher expression value was for CC-061 with a change factor of=12,5. 

Subsequently, at 8:00 AM the genotypes continued presenting expression with differences in height of 

peaks yet, with no significant changes. Interestingly at 12:00 PM, time point where the expression for 

the majority of genotypes decreased ~ to 0, VT-012 showed a less pronounced decrease in its 

expression peak, notably lower than the rest. Between 16:00 PM and 20:00 PM no expression data was 

found for all the genotypes. 

In LHY LD, the overall expression started in the early morning (4:00 AM), then it continued during 

morning and it declined at midday. A more comparable expression was seen among the genotypes 

during time point 8:00 AM and 4:00 AM. Differences in the height of peaks were seen among the 

genotypes and time points yet, those differences were not significant. From time point 4:00 AM to 

8:00 AM, all the genotypes presented an increase in their expression peaks, yet those changes are not 

significant. From 12:00 PM the expression profiles decreased in similar way among the time points, 

while at 24:00 AM Caixin58 showed a lower expression peak compared to the rest of genotypes.  

 

In conclusion, the highest levels of expression were gotten for this gene during the whole experiment. 

Additionally, its expression pattern was comparable between SD and LD conditions. The expression 

for this gene was present in all the genotypes making possible to see its trend across the time points. 

One could see that the expression for this gene among the genotypes is highly expressed between 4:00 

AM and 8:00 AM regardless of the day-length. With these observations it can be said that BrLHY can 

be considered as a circadian genes same as it was described in A. thaliana.   

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 BrCO in long and short days 

In SD for BrCO, the expression was low among the six genotypes in general. The Ct values present 

showed values ranging from 26-33 Ct`s, considering that the amplification program consisted in 35 

cycles, Ct values over 31 were consider as background signals. Therefore, these Ct values gave low 

expression points after the normalization step.  

In SD, the expression profiles showed two expression events,  at time points, 12:00PM and 16:00 PM. 

Expression peaks for V-O/Sarson106, Caixin58 and PC-101 were present at time point 12:00 PM, then 
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Figure 16 Expression profiles for the BLHY for LD and  SD. Expression values are shown in the (y) axis as function of  2^(-ΔCt), in 

the (x) axis time points are shown. Stars in SD show missing data point for CC-061 and PC-101 at 8:00 AM and 20:00 PM. The rest of 

not visible data bars are measurements close to 0 that were not possible to see because of the normalization procedure. 
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the expression for time point 16:00 PM in these genotypes decreased ~ to 0. Between time points 

20:00 PM and 24:00 AM higher expression points were seen for V-O/Sarson106, Caixin58, PC-101 

and CC-061, suggesting for these genotypes an evening expression during this condition. V-

O/Sarson106 showed the highest expression points followed by Caixin58. PC-101 and CC-061 

showed low expression peaks at these time points in comparison with V-O/Sarson106 and Caixin58. 

The rest of genotypes showed Ct values close to cycle 35, therefore they presented extremely low 

expression peaks.  

 

In LD, low expression values could be seen, overall the expression started 16:00 PM, and continued 

until 4:00 AM. Fluctuations in the expression peaks and patterns could be seen during these time 

points among the genotypes. It could be noticed that between time points 24:00 AM and 4:00 AM, 

Caixin58 and VT-012 respectively showed the highest peaks compared with the rest of genotypes. 

While in time points 16:00 PM and 20:00 PM PC-101 showed a higher peak. The rest of genotypes 

kept low expression points between 16:00 PM and 4:00 AM. 

 

In conclusion, it can be noticed that for V-O/Sarson106 a higher expression of CO in SD compared to 

LD at time points 12:00 PM, 20:00 PM and 24:00 AM can be seen. While for Caixin58 is the opposite, 

the higher expression peaks were seen at LD. It can also be noticed that common non-flowering 

genotypes (table 8 to 13) like CC-029 or CC-061 do not present high expression peaks in SD, while in 

LD they present expression. In LD, the earliest flowering genotype, Caixin58, showed the highest 

expression values, followed by PC-101 and VT-012. Interestingly, V-O/Sarson106 an early flowering 

genotype presented rather low expression CO values in LD, comparable with CC-029 a late flowering 

genotype. 

 

 

 

5.2.4 BrGI  in short and long days 

In SD for this gene, an afternoon expression could be considered. The expression started at 8:00 AM 

for all the genotypes (with exemption of CC-061 and PC-101), and continued increasing progressively 

until 16:00 PM. The expression profiles among time points 20:00 PM, 24:00 AM and 4:00 AM 

showed no expression values. V-O/Sarson showed a higher peak at 12:00 PM (by  increase factor of 

~7), while at 16:00 the rest of genotypes showed an increment in expression yet, not significant.  

 

For this gene in LD, the expression profiles started to rise progressively from 8:00 AM until 16:00 

PM, similarly with what has been described in SD. For all the genotypes the expression profiles 

decreased close to 0 after time point 20:00 PM. As overall 16:00 PM was the time point where the 

Figure 17 Expression profiles for the BrCO. Expression values are shown in the (y) axis as function of  2^(-ΔCt), in the (x) 

axis time points are shown. Stars in SD show missing data point for CC-061 and PC-101. The rest of not present data points 

are measurements close to 0 that were not possible to see because of the normalization procedure. 
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highest expression peaks where present, except for V-O/Sarson 106. Data for CC-029 is not shown at 

time point 8:00 AM because its expression was considered as an outlier (section 5.2). V-O/Sarson 106 

showed different expression pattern compared with the rest of genotypes. For V-O/Sarson 106 the 

highest expression point was at 12:00 PM, while in time points 8:00 AM and 16:PM the expression 

was lower, this trend is clearly different from the rest of genotypes which showed a higher expression 

peak at 16:00 PM.  

 

Considering the preserved pattern of expression between SD and LD, for this this gene it can be stated 

that its expression does not follow a photoperiod signal. Among the genotypes the same general trend 

can be assigned, however a different regulation for VO/Sarson 106 can noticed. In both conditions, the 

highest expression point for this genotype was at 12:00 PM, different from the rest, which highest 

expression point was at 16:00 PM.  

 

 

 

 

 

 

 

 

5.2.5 BrCDF5 in short and long days 

In SD, with exemption of the missing points the rest of genotypes showed a conserved expression in 

terms of time. As overall, all the genotypes started their expression at 4:00 AM, and its expression is 

more or less conserved until 16:00 PM. By 20:00 PM the expression decreased for all the genotypes 

until midnight. The expression for all the genotypes started to raise progressively until the next day.  

In SD, it could be seen that V-O/Sarson 106 and Caixin58 followed a similar pattern of expression. 

They showed a progressively decline in their expression, if one sees the start of the expression in the 

first time point at 8:00 AM. The expression profiles were decreasing until  time point 20:00 PM, then 

at 24:00 PM the expression increased.  

 

The absence of data for time point 8:00 AM in CC-061 makes impossible to know if it follows a 

similar pattern to the genotypes described before. However, the rest of time points suggest that this 

might be the case. A different trend in the expression profile could be noticed for genotype CC-029. 

The expression profile started relatively low at 8:00 AM, and then they started to raise from time 

points 12:00 PM and 16:00 PM. At time point 20:00 the expression was low, after that at midnight the 

expression started to raise again. Finally, in VT-012 also a different trend was noticed, it showed a 

higher peak at 12:00 PM, then for the next time points a decrease in its expression was noticed.  

In LD, the genotypes showed a similar expression pattern with what has been described in SD. As 

overall, all the genotypes started their expression at 4:00 AM, and its expression pattern fluctuate 

among genotypes however, fold changes were not prominent. By 24:00 PM the expression was lowest 

Figure 18 Expression profiles for the BrGI. Expression values are shown in the (y) axis as function of  2^(-ΔCt), in the (x) 

axis time points are shown. Stars in SD show missing data point for CC-061 and PC-101, in LD for 8:00 AM for CC-029. 

The rest of not present data points are measurements close to 0. 
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for all the genotypes present, then in early morning the expression for all the genotypes started to rise 

progressively until the next day.  

 

In LD there are differences in pattern among the genotypes. For example, VT-012, V-O/Sarson106, 

CC-061 and Caixin58 showed a higher expression peak at 8:00 AM, and then their expression was 

progressively decreasing until 24:00, then at 4:00 AM the expression started to raise again. CC-029 

showed different expression pattern both in SD and LD, from 8:00 AM to midday an increase in the 

expression profile could be noticed while, for PC-101, a higher peak was noticed at 16:00 PM. 

 

In conclusion, for this gene a diverse levels of peak expressions were seen among the genotypes, 

making difficult to describe a clear pattern or trend. What it can be said is that in general terms the 

time of expression for this gene was relatively high from 8:00 AM until 16:00 PM in SD, while in LD 

the expression last until 20:00 PM.  

 

 

 

 

 

 

 

 

 

 

 

 

5.2.6 BrFLC1, BrFLC2 and BrFLC5 in short and long days 

BrFLC1, BrFLC2 and BrFLC5 genes showed no pattern linked to a circadian or photoperiod among 

the different time points and between the SD and LD conditions. This results are in correlation with 

their described role in A. thaliana as members of other molecular pathways. Changes in the height of 

the peaks were limited, BrFLC1 and BrFLC2 showed relatively higher expression values compared 

with BrFLC5 in both SD and LD.  

 

An example of the general expression pattern for BrFLC1 gene in LD is presented below; the variation 

in trend and amplitude were similar for the rest of FLC genes, time points and day length conditions. 

For example, PC-101 shows a continuous variation across the 6 time points (figure 20). The difference 

in the increase factor between time point 4 (20:00 PM) and time point 5 (24:00 AM) is ~ 5, while 

Caixin58 verily changes its expression.  In order to decrease the variation between time points and in 

order to have a better view of the expression for these genes an average among the 6 time points per 

genotype is presented in the graphs below.  
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Figure 19 Expression profiles for the BrCDF5. Expression values are shown in the (y) axis as function of  2^(-ΔCt), in the (x) axis time 

points are shown. Stars over the graphs in SD show missing data point for CC-061 and PC-101. The rest of not present data points are 

measurements close to 0. 
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Figure 22 Average from the 6 time points for BrFLC2. For each genotype the average from the 6 time points is shown for LD and SD. The 

standard error  is shown at the top of the bars. * next to VT-012 means absence of expression in LD.  

 

 

Figure 21 Average from the 6 time points for BrFLC1. For each genotype the average from the 6 time points is shown for LD and 

SD. The standard error  is shown at the top of the bars.  

Figure 20 Expression analysis for BrFLC1 for SD. In the x axis time points are depicted as follows (1=8:00, 2=12:00, 3=16:00, 4=20:00, 

5=24:00, 6=4:00, 7=8:00. In the y axis the expression pattern is indicated as function of  2^(-ΔCt). 
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From these results it can be noticed that similar averages from the expression values were found 

among the genotypes. For BrFLC1 same amount of expression (from the lower to the highest) was 

found between the two conditions, however this order was not correlated with the flowering score 

(figure 9). In BrFLC2 in LD the amount of expression was correlated with flowering time, from the 

earliest flowering to the latest (figure 9). VT-012, in LD only showed expression in two time points 

(24:00 AM and 4:00 AM) for only block 2, this made the average an outlier, therefore it was not 

included. In SD, with exception of CC-029 the amount of BrFLC2 was higher than in LD per 

genotype however, the amount of expression for this gene was not correlated with the order in 

flowering time as in LD. For the differences in amount of expression between SD and LD it is difficult 

to describe as significant or not due to the issues experienced during the flowering time score, 

however these results can be taken as an indication of the relevance of BrFLC2 in the regulation of 

flowering time.  For BrFLC5, similar expression averages were obtained for the genotypes in SD. 

While less comparable values were seen in in LD. Based on figure 23, PC-101 and CC-029 showed 

more or less solid differences in the amount of expression between LD  and SD, however these 

genotypes showed high standard variation for flowering time and low amount of flowered samples 

which force to re-conduct these measurements in order to confirm these differences.  

5.2.7 BrFLM  in short and long days. 

In SD and LD conditions no circadian or photoperiod regulation were seen among the genotypes for 

this gene. Fluctuations in the expression pattern were seen for six genotypes and time points. A similar 

approach as for the FLC genes was used for FLM in order to correct these fluctuations. 
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Figure 24 Expression pattern for BrFLM in SD. Limited fold changes and no relation with circadian or photoperiod signal can be seen. 
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Figure 23 Average from the 6 time points for BrFLC5. For each genotype the average from the 6 time points is shown for LD 

and SD. The standard error  is shown at the top of the bars. 
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For this gene no relation between amount of expression to flowering time was seen, as overall it can 

be concluded that on LD similar amounts of expression among genotypes were seen while on SD more 

differences were observed. CC-061 showed a lower average compared with the rest of genotypes.  

5.2.8 BrBRM in short and long days. 

 

During SD, an increase in the expression peaks for time points 12:00 PM and 16:PM can be seen for 

all the genotypes and conditions, with exception of VT-012. This increase of expression regardless of 

the photoperiod suggest a circadian regulation. VT-012 showed low Ct values, keeping its expression 

low with no changes during the six time points. From 16:00 PM a progressively decrease in the 

expression levels can be seen for all the genotypes (except for VT-012). V-O/Sarson106 and CC-061 

showed the highest peaks compared with the rest of genotypes, at time points 12:00 PM and 16:00 

PM. V-O/Sarson106 showed the highest change factor (~6) in the expression value from time point 

8:00 AM to 12:00 PM, CC-029 also showed a (~4) factor change  . 

 

In LD, a more comparable expression for the six genotypes and time points can be seen. The 

genotypes started their expression in the morning (8:00 AM), during noon and afternoon (16:00 PM) 

an increase in the expression level was reached for all the genotypes. After this the expression profiles 

started to decrease progressively until the early morning (time point 6). V-O/Sarson106 showed higher 

peaks compared with the rest of genotypes during the observation time however, this difference was 

not significant. VT-012 showed a similar pattern as described in SD however, with even lower 

expression levels. This make it not possible to see its trend along the other genotypes due to the 

differences in scale.   

In order to confirm the apparent circadian regulation for this gene, an average from each time point 

through each genotype was taken. The purpose of this procedure was to see the overall trend of this 

gene in terms of time. The result from this approach can be seen in figure 27, it can be seen that along 

the 6 genotypes in both SD and LD conditions there is a rise in the expression levels at 12:00 PM and 

16:00 PM. If the trend for this gene is compared with described circadian genes in A. thaliana such as 

GI or LHY one can notice that there is drastic change of expression regarding the period of time. For 

example, BrLHY in this study present a morning activity in correlation as expected from a circadian 

gene, after 8:00 AM its expression dropped drastically (figure 16). For BrBRM this change of 

expression is not that marked, as it continues decreasing progressively. Nevertheless, this observation 

is not a clear evidence for disregard BRM as potentially circadian clock regulated gene.  

Figure 25 Average from the 6 time points for BrFLM. For each genotype the average from the 6 time points is shown for LD and SD. Error 

bars show the deviation for each condition. 
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In conclusion it can be said that, similar expression profiles were seen for this gene between SD and 

LD. VT-012 extremely low expression values in LD while in SD its values were not that low making 

possible to see its regular trend (no changes in amplitude or pattern). Based on what has been showed 

in figure 27, further experiments on BrBRM  on Brassica rapa  should be perform in order to confirm 

its circadian regulation.   

5.3.9 BrRGA in short and long days. 

In SD, an increase in the expression pattern from 8:00 AM to 16:00 PM can be seen for the majority of 

genotypes. After this time point, a general decrease in the expression pattern could be noticed for the 

genotypes. Limited fold changes and fluctuations in the expression pattern were able to see for this 

gene. No photoperiod regulation was able to observed for this gene, there is however an increase in the 

expression levels from 8:00 AM to 12:00 PM. Nevertheless this increase is not general among the six 

genotypes furthermore, the major increase factor is for CC-029 (~3). After 12:00 PM, the expression 

pattern followed an irregular trend for the rest of time points, with minor changes in pattern and peaks.  

 

In LD, the genotypes showed a more comparable amplitude and expression profiles. A progressive 

increment in the expression profiles from 8:00 AM to 12:00 PM was able to noticed as described in 

SD but, in a more comparable way among the genotypes. Limited fold changes across the time points 
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Figure 27 Expression profiles for the gene BrBRM  in SD and LD. Expression values are shown in the (y) axis as function of  

2^(-ΔCt), in the (x) axis time points are shown. Stars indicate missing data point for CC-061 and PC-101 at time points 

8:00AM and 20:00 PM 
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suggest no regulation by photoperiod signals. In this condition it appears to be a circadian regulation, 

since a general increase in the expression levels in time points 12:00 PM and 16:00 PM  were noticed 

yet, the major increase factor present is ~2 by PC-101. PC-101 and Caixin58 showed a higher peaks at 

noon, after this time points a general decrease in the expression profiles  were seen however, these fold 

changes were limited and the general trend was conserved. 

 

 

In order to clarify the regulation of expression for this gene, a similar approach as in BrBRM was used. 

An average from each time point from each genotype was taken, it can be seen that overall an increase 

in the expression from 8:00 AM to 12:00 PM, meaning that this gene is also regulated by the circadian 

clock. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. An average from the each time point along the six genotypes has been taken. This figure shosws that regardless of the day 

length an increase of expression is present between 12:00 PM and 16:00 PM. Standar Error bars are shown at the top of each time e point. 

Figure 28 Expression profiles for the gene BrRGA  in SD and LD. Expression values are shown in the (y) axis as function of  2^(-

ΔCt), in the (x) axis time points are shown. Stars indicate missing data point for CC-061 and PC-101 at time points 8:00AM and 

20:00 PM 
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6. Discussion 

Given the differences in flowering time within the biological repeats, between blocks (tables 8 to 13) 

and the possible effects of RNA degradation mentioned in section 5.1 the expression analysis 

presented difficulties. Also one should keep in mind the negative effects of flower abortion described 

in section 4.1. It is clear that differences in flowering time were noticed, this phenomena might have  

also affected the expression profiles of the tested genes. Flower abortion was prominent in the SD 

conditions, this might be related with the strict light regime applied and the short physical space 

between plants. These two characteristics of the growing conditions might have contributed to flower 

abortion. During the flowering score it was rather difficult to evaluate flower abortion, for example 

considering a sample that showed flower abortion,  after this observation the same sample did showed 

an open flower. This made diffi cult to address a proper score.   

Flowering time variation was a constant feature from in this work, in addition with the absence of 

flowering one can suggest that the physical and environmental conditions inside the greenhouse 

present a challenge for the flowering process of the plants. For example, it was mentioned that low air 

flow and high humidity between the plants, especially in SD could have been reasons for avoiding 

flowering. Another reason is related to the quality and validity of the DH lines, such a dissimilar 

flowering time between biological replicates is not common and suggest that the seed bank needs to be 

verified.  

Regarding the flowering time score, under LD earlier flowering was seen among the 6 genotypes 

compared to SD. Considerable differences among the genotypes can be seen in figure 9, however one 

should be critical with these results because of the variation in flowering time described above. 

Caixin58 and V-O/Sarson106 were the earliest types in both conditions, while  VT-012 was the latest 

in SD and LD. The results from this research are in correlation with previous studies performed by the 

group of Guusje Bonnema, where usually turnip types flowered later and leafy types flower earlier.    

 

Differences in height of peaks or expression patterns in the profiled genes could often not be clearly 

addressed to the differences in the flowering phenotype. Fold changes were limited and often not 

significant in general in this work, however changes in pattern were sometimes able to see, especially 

in genes such as BrLHY. The drastic decrease from the morning expression to the absence of 

expression at noon independently of the photoperiod, suggest that this gene could be part of the 

circadian clock in B. rapa. Unfortunately, the considerably big sources of variation given by the 

differences in flowering time force to re-conduct these experiments in order to have a clear conclusion 

about the true nature of the expression profiles. One could argue that if two biological repeats within a 

genotype differ in flowering time (difference >> 10 days) see table 16, the expression of genes related 

to flowering time may also differ considerably. Moreover, the low expression levels (with exemption 

BrLHY) made also the results from the present work unreliable. An example of the mentioned case can 

be pointed out. For instance, for the genotype VT-012 in SD conditions (see table 7). A biological 

replicate which had a flowering time of 112 days and the other replicate which did not flowered (given 

value of 150) during the observation time gave a difference in flowering time of 38 days, which is 

quite dissimilar from the difference between the replicates that flowered more or less simultaneously 

among the different time points (difference < than 10 days). As result from this scenario, it was not 

clear if the different peaks or trend of the expression profiles that were pointed out in sections 5.2.1 to 

5.3.9 represent a true biological impact in the biology of flowering. Nevertheless, these results can be 

taken as an indication of how the selected genes selected from the AM study (significant LOD >=4) 

behave under the given conditions under a 24-hour observation time. For instance, it became clear that 

BrLHY  and BrGI followed a true circadian pattern in the genotypes tested despite the characteristics 

of the samples mentioned before. For the implication in the flowering phenotype the results from this 

work indicate that BrFLC2 might have affected flowering time. Regarding the main objective from 
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this study, as overall it was not possible to conclude if the different expression patterns can explain in 

some extent the differences in flowering time found in the genes with allelic variation from the AM 

study. 

6.1 Day length effect on BrLHY  genes in Brassica rapa  

Overall, the BrLHY gene presented one peak at 8:00 AM and other at 4:00 AM during the expression 

analysis, this trend was conserved among the six genotypes. An explanation for this results can be the  

that circadian genes belonging to the central oscillator are able to follow their own regulation, 

independently of photoperiodic signals (Farré & Liu 2013). That might explain why the expression 

pattern was conserved in SD and LD. It should be also mentioned that this gene showed the highest 

expression points across the whole experiment. One of the possible reasons for this could be that the 

expression for this gene was not affected by the differences in flowering time within replicates. 

Another possible reason for this conserved pattern of expression is that not only flowering time 

regulation depends on the circadian clock but also other different physiological responses. Leaf 

movements, hypocotyl elongation and abiotic stress are responses that have been described as 

circadian clock regulated (McClung 2006). The differences in pattern of expression and height of 

peaks (fold change) described in section 5.2.1 and 5.2.2 are limited and suggest that it is not possible 

to address any biological significance for this behaviour.   

Concerning the information provided by the AM study, the significant association of this gene to 

differences in flowering time was found only under SD conditions. Under this regime this gene 

showed overall higher values compared to LD, suggesting and increased activity. LHY has been 

described as having similar functions to CCA1, repression of evening genes and CO. Based on the 

results from the flowering score and the expression analysis it is possible to say that one of the 

characteristics of the SD regime on the genotypes used is high expression of BrLHY . In LD, similar 

expression patterns where seen but, lower overall expression among the genotypes. In A. thaliana 

(Mizoguchi et.al 2002) showed that LHY single mutant showed early flowering, a similar experiment 

in B. rapa would be interesting to perform in order to conform the relevance of this gene in the 

regulation of flowering. 

 

6.1 Day length effect on  BrCCA1 genes in Brassica rapa  

For BrCCA1, only V-O/Sarson 106 showed a conserved expression pattern as its described in section 

5.2.1 and 5.2.2, for both SD and LD conditions. A similar behaviour with what has been described for 

BrLHY can be concluded for this genotype. As an overall, it can be noticed that for V-O/Sarson 106 

the levels of expression are more or less high in SD than in LD. The low expression of rest of 

genotypes makes it difficult to conclude that this gene has a conserved mode of action in Brassica 

rapa. 

Single expression points in SD for (VT-012, CC-061) and in LD (Caixin58) makes impossible to 

predict if they would have a similar pattern as V-O/Sarson 106. It has been described in A. thaliana 

that CCA1 and LHY have similar roles; this might suggest that BrLHY in B.rapa could be taking over 

some of the functions of BrCCA1 in consequence showing higher and more conserved expression 

values. However, this is an assumption for the results obtained for this gene, further experiments needs 

to get done in order to confirm these results. 

6.2 BrCDF5 and BrGI  

These two genes were not part of the results from the AM study however, they were included in the 

present study because of their relevance in the promotion of flowering under the photoperiod pathway. 

BrGI showed a similar pattern in SD and LD. In LD and SD the alternative peak described in V-

O/Sarson106 cannot be clearly connected with an early flowering phenotype but, it shows a different 
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time for the higher expression of this gene on V-O/Sarson106. In literature GI has been described as 

part of a complex in charge of the degradation of  floral repressors such the CDFôs group of genes. 

This subsequently stabilize the activity of CO, which later on will activate FT. However, in Brassica 

genotypes that have been used in this study little is known about the molecular interaction of the 

mentioned genes, for this reason it is not possible to link the variation in the expression pattern to the 

flowering score. As a conclusion for this gene, a higher expression in the afternoon regardless the day 

length and the absence of expression points after 20:00 PM suggests that this gene can be seen as a 

member of the circadian clock in B. rapa.  

 

For BrCDF5 it is not possible to address any conclusion about the effects on flowering time in SD and 

LD. This responds to the low levels of gene expression and constant fluctuation (figure 19). In SD, 

most of the genotypes followed a similar pattern of expression however, the different pattern of 

expression described for CC-029 is an interesting observation that will require further research to 

clarify their relevance in the flowering phenotype of CC-029. Concerning the LD condition, a similar 

pattern and amplitude were described for this gene among five out of six genotypes. Again, CC-029 

showed a different expression and a different amplitude (see section 5.2.5). The absence of additional 

data makes impossible to suggest that this different expression might be related with flowering time. 

Nevertheless, it should be interesting to know if this differential expression can or cannot influence the 

flowering phenotype in CC-029. 

 

Comparing both conditions a shift in the decrease of expression can be seen in SD. The genotypes 

show an apparent decrease in expression after time point 16:00 PM, while in LD this occurs in time 

point 20:00 AM. The light time span for SD was from 8:00 AM until 16:00 PM and for LD from 8:00 

AM to 24:00 AM. This might indicate that the expression of BrCDF5 might be related with 

photoperiod signals, as it is described in A. thaliana. According with Ma et.al (2015), multiple copies 

of the CDF genes are present in B. rapa, in this report CDF3 and CDF5 have been proposed as 

candidates genes for flowering time variation. However, it has been described that the role of CDF’s in 

A. thaliana is redundant and additive in order to repress CO (Golembeski & Imaizumi 2015). 

Therefore, it should interesting to include the CDF3 genes in B. rapa and check if both genes can 

show a better view of their role in flowering time regulation. The single expression of BrCDF5 in this 

study does not describe much about its relevance in the differences in flowering time among the 

genotypes used.  

 

6.3 BrCO 

Due to the low levels of expression (late Ct´s values were obtained for this gene, >30 cycles, therefore 

the expression values are unreliable)  in SD and LD, hardly anything can be said about the expression 

of this gene. The different peaks visualized in figure 17, showed no significant differences among the 

genotypes, therefore they cannot be linked to the variation in flowering time. According with what has 

described in A. thaliana CO activity has been detected during the evening, in B. rapa unexpected 

peaks were identified at 12:00 PM in both SD and LD conditions. These peaks, where rather low 

expressed among the genotypes with exception of  V-O/Sarson 106 n SD which showed a clearly 

higher peak compared with the rest of genotypes. It is unclear the  reason for the presence of this 

expression at midday, however one could argue that a possible reason may be that the primers used for 

BrCO might have amplified both of the paralogues present in B. rapa, yet the possibility of a sample 

degradation or bad coupling of primers are  also possible reasons.  Further research needs to be done 

in order to clarify this result, for example the application of melting curves or sequencing might help 

to clarify this. The analysis of gene expression between the two conditions are unreliable, nevertheless 
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a difference between LD and SD was identified. The main difference between is its time of expression 

(figure 17). If one do not consider the unexpected peaks for BrCO, in SD the expression of BrCO 

starts at time point 20:00 PM, while in LD the expression starts at time point 16:00 PM. According 

with what has been described in A. thaliana during long day conditions GI should synchronize its 

expression with FKF1, subsequently CDFôs are totally degraded and CO gets stable (McClung 2006). 

A putative BrFKF1 or other gene might be playing this role in B.rapa allowing the synchronization in 

BrCO during LD, thus provoking the shift in expression. Figure 30 shows the differences in the time 

expression of BrCO between SD and LD. Another interesting assumption is that, during the expression 

of BrCO between SD and LD, the expression of described flowering repressors such as CDFôs or 

CCA1-LHY was low.  

Taking into an account what has been said about CO function as a key activator of FT (section 1.1) 

one could assume that in LD an earlier  flowering genotype (Caixin 58) would have had higher peaks 

of CO than a later flowering genotype (VT-012). The results from the expression analysis support this 

theory, expression peaks for later flowering genotypes presented lower expression points than 

Caixin58 in LD (the earliest flowering genotype in this work) and lower than V-O/Sarson 106 in SD. 

Another interesting observation from the expression profiles in this gene was the different expression 

peak that PC-101 showed in LD. An apparent differential time expression for this genotype is shown 

by CO in figure 17.  

6.4 BrFT 

Since the amplification of BrFT from cDNA was not possible during this work,  the primers used for 

these genes were tested in genomic DNA in B. rapa (Chiifu). The amplification gave successful 

results suggesting that other characteristics from the sample may have affected the amplification.  

 

Therefore in order to have an indication of the expression of BrFT in B. rapa expression data for BrFT 

in Caixin 58 was taken from a previous work from the department of Growth and Development from 

Wageningen UR. Caixin 58 was grown under LD with the same time points, however the growth 

conditions were different than in the present work. 
  

 

 
 

Figure 30 Expression profile of BrCO used in this work and BrFT expression profile taken from a previous research from the group pf 

Growth and Development, Wageningen UR. Time points are depicted in the x-axis, while in the y-axis the Ct values are indicated as function 

of ΔCt. White-grey phases inside the graphs are intend to represent the two conditions used in this work, (light time, dark time respectively) 

in SD and LD. Time points 1=8:00 AM, 2=12:00 PM, 3=16:00 PM, 4=20:00 PM, 5=24:00 AM, 6=4:00 AM.  
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Even though the growth conditions for the plants used in the previous research were different, the 

expression of BrFT correlates with the expression of the BrCO from the present research. Figure 30 

shows that the activity of BrFT, which starts rising along with the activity of BrCO, both is SD and 

LD conditions. This correlation might pose that the interaction of BrCO and BrFT might be conserved 

in B. rapa. 

6.3 BrFLC 1,2,5  

With respect of the BrFLC group, as they are considered as vernalisation responsive in A. thaliana it 

was expected not to find any pattern related with a circadian or photoperiod signals. However, because 

of the not fully understood functions of the FLC paralogues in Brassica it was worth it to include them 

as part of this analysis.  

The results from this work confirmed the regular expression patterns expected for the BrFLCôs group 

of genes. Because of this general fluctuation in the expression an average among the six time points 

was used to present the total amount of expression per genotype. This procedure gave a better view for 

FLC in B. rapa (figures 21, 22, 23). Referring to what has been described in the literature for FLC in 

B. rapa, one can find that this gene has been described as a major regulator for flowering time (Xiao 

et.al 2013) and that a possible additive effect because of the presence of the multiple copies of this 

gene in Brassica rapa (Wu et.al 2012) would have an impact in flowering time. These information 

might be correlated with the results for this gene in the present study.  In BrFLC2 the order (from the 

lowest to the higher) in which the averaged expression for each time point is depicted is correlated 

with flowering time in LD (from the earliest phenotype to the late). Even though the differences for 

the total of expression for BrFLC2 have been found not to be significant (ANOVA), one can consider 

these results as an indication of the role of FLC’s in flowering time in Brassica rapa (figure 22). 

Considering the source of the genes (AM study)  one could argue that in addition to effect of the 

FLCôs genes the different haplotype composition (tables  6&7) might be also playing a role for the 

activity of FLC2 in B. rapa. Each genotype has a different haplotype for the FLC gene (except for CC-

061 and VT-012 which shared the same haplotype), this might also contribute to the overall effect of 

FLC2 in flowering. Nevertheless, one should consider that a quantitative trait like flowering time will 

not rely only on the activity of one gene, in this case BrFLC2. Other genes and regulatory interactions 

should  be influencing the flowering phenotype. For the BrFLC1 also differences were seen in terms 

of total expression but , they were not correlated with the flowering score as BrFLC2.   

BrFLC1and BrFLC2 has been described as regulators of flowering time but, in different morphotypes 

in Brassica rapa. Yuan et.al (2009) describes that an splicing variant in the BrFLC1 gene is significant 

correlated with differences in flowering time in different Chinese Cabbage accessions. While in 

Brassica rapa, BrFLC2 in a cross from an oil type and a middle late flowering type has been described 

as a candidate gene for flowering time variation (Zhao et.al 2010). This information explain why is the 

difference considering the relation between total expression-flowering time for  BrFLC1and BrFLC2. 

For instance, considering figure 21 & 22 one can see that, for BrFLC1 is hardly to see any difference 

in the total expression, while in BrFLC2 it is possible to consider a difference for the total expression. 

Interestingly, in the work described by  Yuan et.al (2009), 29 Pac Choi accession showed the relation 

between the splicing variant described for BrFLC1 and flowering time. In the present study PC-101 

shows a possible difference for the total expression in FLC1 but not on FLC2.  

 

BrFLC5 no relation or pattern could be identified, suggesting that their implication in the variation for 

flowering time in this work is less pronounced than for BrFLC2. Further experiments need to be 

conducted including more samples and reduced variation in flowering time samples in order to verify 

these results.    
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6.4 BrFLM  

This gene was included in the present study because of its significant LOD value in the AM study and 

for its relevance in flowering time. Similarly with what has been mentioned for BrFLCôs genes, not 

much is known about the roles of the paralogues for this gene (2 copies, one in the LF genome and 

other in the MF1 genome). Therefore, in order to know if this gene was somehow involved in the 

photoperiod pathway, this gene was included in the present study. 

For this gene the expression  profiles that were obtained were similar to the ones gotten in the 

BrFLC1, 2, 5. No association with circadian regulation or photoperiod signal was seen in this gene. 

This outcome  was not surprising since this gene has been described as part of the ambient temperature 

pathway in A. thaliana. Posé et.al (2013) described how flowering in A. thaliana is affected by 

alternative splicing in the FLM gene due to relatively low or high temperatures. Given the 

experimental conditions of this work (SD and LD) and no fluctuations in temperature it was expected 

that this gene showed this kind of pattern. CC-061 showed different expression values compared with 

the rest of genotypes, however no link could be made to the flowering time score as it was possible for 

the BrFLC2 gene.  

6.5 BrBRM and BrRGA  

With respect of BrBRM and BrRGA the results showed that their activity might not be linked with a 

photoperiodic signal. The expression pattern is similar between SD and LD, an increase in the 

expression profiles can be noticed at 12:00PM and 16:00PM. One could argue that a circadian 

regulation might be influencing the activity of these genes (figures 27&29). It has been described by 

(Li et. al 2015) in A. thaliana BRM is related with the regulation of poly-comb group (PcG) which are 

proteins related with epigenetic repression. In A. thaliana wild type plants, BRM is present at certain 

chromatin sites avoiding the inappropriate activity of the PcG group. Short Vegetative Phase (SVP) is 

Figure 31 Relation between BrFLC1,2 expression and flowering time. For VT-012 in LD no expression was available across the time 

points (VT-012, in LD only showed expression in two time points (24:00 AM and 4:00 AM) for only block 2, this made the average an 

outlier, therefore it was not included) 
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one of the components of the ambient temperature pathway and is highly present in wild type A. 

thaliana seedlings promoting vegetative growth. However, in brm mutants SVP activity is repressed 

by the PcG generating early flowering (Li et. al 2015). If a similar mechanism is present in B. rapa it 

would be interesting to know if the total levels of BrSVP depends on BrBRM activity.  

 

Regarding the activity of BrRGA, this gene has been described as a negative regulator for gibberellin 

(GA) response (Silverstone et.al 1998). GA-dependant signalling has been described as an activator of 

Leafy promotor (LFY), which is an identity floral gene. The expression of LFY has been reported to be 

present before the floral transition (Blásquez et.al 1998), suggesting that a GA-dependant signal is 

necessary for LFY promotor activity. It would be also interesting to know if the role of BrRGA is the 

same as the one described in the literature, then if that results to be the case, it would be interesting to 

know it’s the relation with other regulators of flowering in B. rapa. Galvão et.al (2012), described that 

under LD conditions DELLA proteins (a family of proteins which RGA belongs) act as repressors of 

flowering. Mutant versions of the genes (ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1) belonging to the DELLA 

family generated early flowering phenotypes in A. thaliana. According with these authors DELLA 

family of proteins are present in the leaves and control flowering under LD independently of CO and 

GI. It should be interesting to know if the allelic version of the BrRGA gene found in the AM study 

generate a loss-of-function protein similar with a what has been described in (Galvão et.al 2012). 

Thus, the study of this gene in B. rapa and its relevance in flowering time will have an important 

impact. Similarly, in SD conditions the same authors indicate that the mutated versions of DELLA 

genes did have an impact on the meristematic tissue producing a late flowering phenotype. If a similar 

mechanism is acting in B. rapa one should consider BrRGA as an important player in the flower 

biology of the genotypes studied in this work.    

 

7. Conclusions 

Concerning the technical issues faced during this work one should consider two critical aspects. One is 

the use of reliable sources of plant material, the use of DH lines should provide uniform flowering 

time within biological replicates. Unfortunately, this was not the case in this work and notable 

differences in flowering time were seen among biological replicates.. Second, the selection of a true 

reference gene for circadian and photoperiod expression experiments in Brassica rapa still need to be 

optimized. Six different reference genes were tested and none of them showed a sufficiently stable 

expression pattern among the different time points and conditions, thus affecting the normalization and 

therefore the true expression for the genes tested. Regarding the flowering score, if in further 

experiments this phenomena is seen one should consider the aborted samples as a different group of 

samples and individual observation of the flowering score should be applied. 

As a result from these sources of variation mentioned above, the expression pattern among the 

biological replicates varied extensively making it difficult to clearly compare them. Also the low 

expression values obtained during the RT-qPCR experiments make these results unreliable. However, 

a few indications can be addressed for instance; genes like BrGI and BrLHY might be considered as 

members of the circadian clock in Brassica rapa. They showed a conserved expression pattern 

between the different day length conditions showing their well-preserved profile. One of the possible 

reasons for this conserved expression is that not only flowering time regulation depends on the 

circadian clock but also other different physiological responses. Leaf movements, hypocotyl 

elongation and abiotic stress are responses that have been described as circadian clock regulated 

(McClung 2006). Despite of its conserved function it has been reported that circadian clock transcripts 

are rich in half-live transcripts, this may explain the reason of its oscillation during the day (Gutierrez 

at.al 2002).  
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The activity of BrCO showed differences in the time of expression between SD and LD. Also in LD a 

peak for BrCO in time point 12:00PM was seen for some genotypes, this expression is different with 

what has been described in A. thaliana and it needs further research to be clarified. For BrFLC2 

different levels among the genotypes were seen, suggesting that late flowering genotypes might have 

different expression values for these genes (figure 22). One should consider that no significant 

differences were obtained among the expression levels among the genotypes yet, early genotypes 

showed lower levels of expression for this gene than later flowering genotypes. Taken into 

consideration what have been shown in these results it might be reasonable to conclude that there is an 

indicated link between flower regulation and BrFLC2 expression levels, even without vernalisation in 

B. rapa.  

 

Regarding the expression pattern of BrBRM and BrRGA no association with light signals were seen 

during this work, however an indication of higher expression at 12:00 PM and 16:00 PM and their 

relationship with floral pathways make them still an interesting subject of future research.  

 

In conclusion, taking into an account the hypothesis proposed from de AM study (different regulation 

for the genes related to flowering time, caused by the different haplotypes found in different 

locations), the differences in  expression patterns described above cannot be clearly assessed because 

of the different sources of often large variation described in this work. Additionally, for the different 

haplotypes found in the genes selected from the AM study it was not possible to connect them with the 

changes in expression or with the flowering score. These results suggest that it is not possible to know 

if the effects of the different haplotypes have or did not have an impact on the flowering phenotype. 

Additionally, one should consider that mutations in other genes might have influenced the flowering 

phenotype. Finally, it could be seen that the total levels for the FLC2 gene are related with the 

flowering phenotype in the genotypes tested during this study. Suggesting a possible additive effect of 

BrFLC2 affecting flowering time in the genotypes tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 

 

8. References 

¶ Andrés, F., & Coupland, G. (2012). The genetic basis of flowering responses to seasonal cues. 

Nature Reviews Genetics, 13(9), 627-639. 

¶ Biosystems, A. Guide to Performing Relative Quantitation of Gene Expression Using Real-

Time Quantitative PCR. 2008;: 1–70. 

¶ Blázquez, M. A., Green, R., Nilsson, O., Sussman, M. R., & Weigel, D. (1998). Gibberellins 

promote flowering of Arabidopsis by activating the LEAFY promoter. The Plant Cell, 10(5), 

791-800. 

¶ Bouché, F., Lobet, G., Tocquin, P., & Périlleux, C. (2015). FLOR-ID: an interactive database 

of flowering-time gene networks in Arabidopsis thaliana. Nucleic acids research, gkv1054. 

¶ Capovilla, G., Schmid, M., & Posé, D. (2014). Control of flowering by ambient temperature. 

Journal of experimental botany, eru416. 

¶ Cheng, F., Wu, J., & Wang, X. (2014). Genome triplication drove the diversification of 

Brassica plants. Horticulture Research, 1. 

¶ Cheng, F., Wu, J., Fang, L., Sun, S., Liu, B., Lin, K., ... & Wang, X. (2012). Biased gene 

fractionation and dominant gene expression among the subgenomes of Brassica rapa. PLoS 

One, 7(5), e36442. 

¶ Craufurd, P. Q., & Wheeler, T. R. (2009). Climate change and the flowering time of annual 

crops. Journal of Experimental Botany, 60(9), 2529-2539. 

¶ Daniela, A. A., & De Tullio, M. C. (2007). Contrasting effects of increased ascorbate content 

on growth and development of long-day and short-day grown Brassica rapa. Caryologia, 60(1-

2), 185-187. 

¶ de Bakker, P. I., Yelensky, R., Pe'er, I., Gabriel, S. B., Daly, M. J., & Altshuler, D. (2005). 

Efficiency and power in genetic association studies. Nature genetics, 37(11), 1217-1223. 

¶ Dechaine, J. M., Brock, M. T., & Weinig, C. (2014). QTL architecture of reproductive fitness 

characters in Brassica rapa. BMC plant biology, 14(1), 66. 

¶ Endo, M., Shimizu, H., Nohales, M. A., Araki, T., & Kay, S. A. (2014). Tissue-specific clocks 

in Arabidopsis show asymmetric coupling. Nature. 

¶ Farquhar, G. D., & Sharkey, T. D. (1982). Stomatal conductance and photosynthesis. Annual 

review of plant physiology, 33(1), 317-345. 

¶ Farré, E. M., & Liu, T. (2013). The PRR family of transcriptional regulators reflects the 

complexity and evolution of plant circadian clocks. Current opinion in plant biology, 16(5), 

621-629. 

¶ Franks, S. J., Perez-Sweeney, B., Strahl, M., Nowogrodzki, A., Weber, J. J., Lalchan, R., ... & 

Litt, A. (2015). Variation in the flowering time orthologs BrFLC and BrSOC1 in a natural 

population of Brassica rapa. PeerJ, 3, e1339. 

¶ Galvão, V. C., Horrer, D., Küttner, F., & Schmid, M. (2012). Spatial control of flowering by 

DELLA proteins in Arabidopsis thaliana. Development, 139(21), 4072-4082. 

¶ Gazzani, S., Gendall, A. R., Lister, C., & Dean, C. (2003). Analysis of the molecular basis of 

flowering time variation in Arabidopsis accessions. Plant physiology, 132(2), 1107-1114. 

¶ Greenham, K., & McClung, C. R. (2015). Integrating circadian dynamics with physiological 

processes in plants. Nature Reviews Genetics, 16(10), 598-610. 

¶ Gupta, P. K., Rustgi, S., & Kulwal, P. L. (2005). Linkage disequilibrium and association 

studies in higher plants: present status and future prospects. Plant molecular biology, 57(4), 

461-485. 

¶ Gutiérrez, R. A., Ewing, R. M., Cherry, J. M., & Green, P. J. (2002). Identification of unstable 

transcripts in Arabidopsis by cDNA microarray analysis: rapid decay is associated with a 



 

40 

 

group of touch-and specific clock-controlled genes. Proceedings of the National Academy of 

Sciences, 99(17), 11513-11518. 

¶ Harmer, S. L. (2009). The circadian system in higher plants. Annual review of plant biology, 

60, 357-377. 

¶ Hsu, P. Y., & Harmer, S. L. (2014). Wheels within wheels: the plant circadian system. Trends 

in plant science, 19(4), 240-249. 

¶ Johansson, M., & Staiger, D. (2015). Time to flower: interplay between photoperiod and the 

circadian clock. Journal of experimental botany, 66(3), 719-730. 

¶ Kassim, A., Poette, J., Paterson, A., Zait, D., McCallum, S., Woodhead, M., ... & Graham, J. 

(2009). Environmental and seasonal influences on red raspberry anthocyanin antioxidant 

contents and identification of quantitative traits loci (QTL). Molecular nutrition & food 

research, 53(5), 625-634. 

¶ Kim, J. S., Chung, T. Y., King, G. J., Jin, M., Yang, T. J., Jin, Y. M., ... & Park, B. S. (2006). 

A sequence-tagged linkage map of Brassica rapa. Genetics, 174(1), 29-39. 

¶ Langer, S. M., Longin, C. F. H., & Würschum, T. (2014). Flowering time control in European 

winter wheat. Frontiers in plant science, 5. 

¶ Li, C., Chen, C., Gao, L., Yang, S., Nguyen, V., Shi, X., ... & Chen, X. (2015). The 

Arabidopsis SWI2/SNF2 chromatin Remodeler BRAHMA regulates polycomb function 

during vegetative development and directly activates the flowering repressor gene SVP. PLoS 

genetics, 11(1) 

¶ Li, X., Zhang, S., Bai, J., & He, Y. (2015). Tuning growth cycles of Brassica crops via natural 

antisense transcripts of BrFLC. Plant Biotechnology Journal. 

¶ Long, Y., Shi, J., Qiu, D., Li, R., Zhang, C., Wang, J., ... & Choi, S. R. (2007). Flowering time 

quantitative trait loci analysis of oilseed Brassica in multiple environments and genomewide 

alignment with Arabidopsis. Genetics, 177(4), 2433-2444. 

¶ Marcolino-Gomes, J., Rodrigues, F. A., Fuganti-Pagliarini, R., Nakayama, T. J., Reis, R. R., 

Farias, J. R. B., ... & Nepomuceno, A. (2015). Transcriptome-Wide Identification of 

Reference Genes for Expression Analysis of Soybean Responses to Drought Stress along the 

Day. PloS one, 10(9), e0139051. 

¶ McClung, C. R. (2006). Plant circadian rhythms. The Plant Cell, 18(4), 792-803. 

¶ Okazaki, K., Sakamoto, K., Kikuchi, R., Saito, A., Togashi, E., Kuginuki, Y., ... & Hirai, M. 

(2007). Mapping and characterization of FLC homologs and QTL analysis of flowering time 

in Brassica oleracea. Theoretical and Applied Genetics, 114(4), 595-608. 

¶ Olesen, J. E., Børgesen, C. D., Elsgaard, L., Palosuo, T., Rötter, R. P., Skjelvåg, A. O., ... & 

Siebert, S. (2012). Changes in time of sowing, flowering and maturity of cereals in Europe 

under climate change. Food Additives & Contaminants: Part A, 29(10), 1527-1542. 

¶ Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT–

PCR. Nucleic acids research, 29(9), e45-e45. 

¶ Pino Del Carpio, D., Basnet, R. K., De Vos, R. C. H., Maliepaard, C., Paulo, M. J., & 

Bonnema, G. (2011). Comparative methods for association studies: a case study on metabolite 

variation in a Brassica rapa core collection. PLoS One, 6(5), e19624. 

¶ Posé, D., Verhage, L., Ott, F., Yant, L., Mathieu, J., Angenent, G. C., ... & Schmid, M. (2013). 

Temperature-dependent regulation of flowering by antagonistic FLM variants. Nature, 

503(7476), 414-417. 

¶ Pruneda-Paz, J. L., & Kay, S. A. (2010). An expanding universe of circadian networks in 

higher plants. Trends in plant science, 15(5), 259-265. 

¶ Pua, E. C., & Douglas, C. J. (2004). Brassica (Vol. 54). Springer Science & Business Media. 



 

41 

 

¶ Reymond, P., Weber, H., Damond, M., & Farmer, E. E. (2000). Differential gene expression 

in response to mechanical wounding and insect feeding in Arabidopsis. The Plant Cell, 12(5), 

707-719. 

¶ Rikkerink, E. H., Gardiner, S. E., & De Silva, H. N. (2007). Association mapping in plants. 

New York: Springer. 

¶ Schiessl, S., Samans, B., Hüttel, B., Reinhard, R., & Snowdon, R. J. (2014). Capturing 

sequence variation among flowering-time regulatory gene homologs in the allopolyploid crop 

species Brassica napus. Frontiers in plant science, 5. 

¶ Schranz, M. E., Lysak, M. A., & Mitchell-Olds, T. (2006). The ABC's of comparative 

genomics in the Brassicaceae: building blocks of crucifer genomes. Trends in plant science, 

11(11), 535-542. 

¶ Seaton, D. D., Smith, R. W., Song, Y. H., MacGregor, D. R., Stewart, K., Steel, G., ... & 

Halliday, K. J. (2015). Linked circadian outputs control elongation growth and flowering in 

response to photoperiod and temperature. Molecular systems biology, 11(1), 776. 

¶ Shim, J. S., & Imaizumi, T. (2014). Circadian Clock and Photoperiodic Response in 

Arabidopsis: From Seasonal Flowering to Redox Homeostasis. Biochemistry, 54(2), 157-170. 

¶ Silverstone, A. L., Ciampaglio, C. N., & Sun, T. P. (1998). The Arabidopsis RGA gene 

encodes a transcriptional regulator repressing the gibberellin signal transduction pathway. The 

Plant Cell, 10(2), 155-169. 

¶ Simon, S., Rühl, M., de Montaigu, A., Wötzel, S., & Coupland, G. (2015). Evolution of 

CONSTANS Regulation and Function after Gene Duplication produced a Photoperiodic 

Flowering Switch in the Brassicaceae. Molecular biology and evolution, msv110. 

¶ Song, Y. H., Ito, S., & Imaizumi, T. (2013). Flowering time regulation: photoperiod-and 

temperature-sensing in leaves. Trends in plant science, 18(10), 575-583. 

¶ Song, Y. H., Shim, J. S., Kinmonth-Schultz, H. A., & Imaizumi, T. (2015). Photoperiodic 

flowering: time measurement mechanisms in leaves. Annual review of plant biology, 66, 441-

464. 

¶ Soto-Cerda, B. J., & Cloutier, S. (2012). Genetic Diversity in Plants. Mahmut ¢aliĸkan: 

InTech. 

¶ Staiger, D., Shin, J., Johansson, M., & Davis, S. J. (2013). The circadian clock goes genomic. 

Genome biology, 14(6), 208. 

¶ Stewart, C. N., Halfhill, M. D., & Warwick, S. I. (2003). Transgene introgression from 

genetically modified crops to their wild relatives. Nature Reviews Genetics, 4(10), 806-817. 

¶ Sumugat, M. R., Lee, O. N., Nemoto, K., & Sugiyama, N. (2010). Quantitative trait loci 

analysis of flowering-time-related traits in tomato. Scientia horticulturae, 123(3), 343-349. 

¶ Teutonico, R. A., & Osborn, T. C. (1994). Mapping of RFLP and qualitative trait loci in 

Brassica rapa and comparison to the linkage maps of B. napus, B. oleracea, and Arabidopsis 

thaliana. Theoretical and Applied Genetics, 89(7-8), 885-894. 

¶ Wang, N., Qian, W., Suppanz, I., Wei, L., Mao, B., Long, Y., ... & Jung, C. (2011). Flowering 

time variation in oilseed rape (Brassica napus L.) is associated with allelic variation in the 

FRIGIDA homologue BnaA. FRI. a. Journal of experimental botany, err249. 

¶ Wang, X., Wang, H., Wang, J., Sun, R., Wu, J., Liu, S., ... & Huang, S. (2011). The genome 

of the mesopolyploid crop species Brassica rapa. Nature genetics, 43(10), 1035-1039. 

¶ Wellmer, F., & Riechmann, J. L. (2010). Gene networks controlling the initiation of flower 

development. Trends in Genetics, 26(12), 519-527. 



 

42 

 

¶ Wu, J., Wei, K., Cheng, F., Li, S., Wang, Q., Zhao, J., ... & Wang, X. (2012). A naturally 

occurring InDel variation in BraA. FLC. b (BrFLC2) associated with flowering time variation 

in Brassica rapa. BMC plant biology, 12(1), 1. 

¶ Xiao, D., Zhao, J. J., Hou, X. L., Basnet, R. K., Carpio, D. P., Zhang, N. W., ... & Bonnema, 

G. (2013). The Brassica rapa FLC homologue FLC2 is a key regulator of flowering time, 

identified through transcriptional co-expression networks. Journal of experimental botany, 

64(14), 4503-4516. 

¶ Xu, Q., Saito, H., Hirose, I., Katsura, K., Yoshitake, Y., Yokoo, T., ... & Okumoto, Y. (2014). 

The effects of the photoperiod-insensitive alleles, se13, hd1 and ghd7, on yield components in 

rice. Molecular breeding, 33(4), 813-819. 

¶ Yamaguchi, N., Winter, C. M., Wu, M. F., Kanno, Y., Yamaguchi, A., Seo, M., & Wagner, D. 

(2014). Gibberellin acts positively then negatively to control onset of flower formation in 

Arabidopsis. Science, 344(6184), 638-641. 

¶ Zhao, J., Kulkarni, V., Liu, N., Del Carpio, D. P., Bucher, J., & Bonnema, G. (2010). BrFLC2 

(FLOWERING LOCUS C) as a candidate gene for a vernalization response QTL in Brassica 

rapa. Journal of Experimental Botany, 61(6), 1817-1825. 

¶ Zhao, J., Paulo, M. J., Jamar, D., Lou, P., van Eeuwijk, F., Bonnema, G., ... & Koornneef, M. 

(2007). Association mapping of leaf traits, flowering time, and phytate content in Brassica 

rapa. Genome, 50(10), 963-973. 

¶ Zhao, J., Wang, X., Deng, B., Lou, P., Wu, J., Sun, R., ... & Bonnema, G. (2005). Genetic 

relationships within Brassica rapa as inferred from AFLP fingerprints. Theoretical and 

Applied Genetics, 110(7), 1301-1314. 

¶ de Montaigu, A., Tóth, R., & Coupland, G. (2010). Plant development goes like clockwork. 

Trends in Genetics, 26(7), 296-306. 

¶ Golembeski, G. S., & Imaizumi, T. (2015). Photoperiodic regulation of florigen function in 

Arabidopsis thaliana. The Arabidopsis book/American Society of Plant Biologists, 13. 

¶ Ma, J., Li, M. Y., Wang, F., Tang, J., & Xiong, A. S. (2015). Genome-wide analysis of Dof 

family transcription factors and their responses to abiotic stresses in Chinese cabbage. BMC 

genomics, 16(1), 1. 

¶ Huang, H. R., Yan, P. C., Lascoux, M., & Ge, X. J. (2012). Flowering time and transcriptome 

variation in Capsella bursaȤpastoris (Brassicaceae). New Phytologist, 194(3), 676-689. 

¶ Mizoguchi, T., Wheatley, K., Hanzawa, Y., Wright, L., Mizoguchi, M., Song, H. R., ... & 

Coupland, G. (2002). LHY and CCA1 are partially redundant genes required to maintain 

circadian rhythms in Arabidopsis. Developmental cell, 2(5), 629-641. 

¶ Yuan, Y. X., Wu, J., Sun, R. F., Zhang, X. W., Xu, D. H., Bonnema, G., & Wang, X. W. 

(2009). A naturally occurring splicing site mutation in the Brassica rapa FLC1 gene is 

associated with variation in flowering time. Journal of experimental botany, 60(4), 1299-1308. 

 

 

 

 

 

 

 

 



 

43 

 

9. Annexes 

The Ct values belonging to this study can be found in the digital version. 

9.1 Primers used in this work 

 

Table 17. List of primer sequences for the genes used in this research, the final concentration of each 

primer was 100 µM 

Primers  Sequence 

BrIPP2_F GTATGTGAGCAGGGAAGAGC 

BrFLC2 F AAGTATGGTTCACACCATGAG 

BrFLM F ACTCGCAATTATCTTCCACACA 

BrFTF TACCTGCCACAACTGGAACA 

BrFLC5F GTTGGGCTTCTCGTTGTCTC 

BrBRMF GCTCAAGCTACTCATCCGAAC 

BrCCA1F CTGAACGATGGAAAACAGTCC 

BrCDF5_A07.1F TCAAGAAAACAAAACCCACCA  

BrLHYF GAGGAAGTTGTTGCTGCTTTG 

BrGIF TCATCCCTTCGCCTCTTTC 

BrCOF CCCCTGCTGCTTTTATGTGT 

BrFLC1F ATGGGGAGGAAGAAACTTGA 

BrTFL1F TCCCTTCCTCTGTCTCCTCA 

BrRGAF GAGCGTGTCGGAGAGAGAGT 

BrFLC2R GAGTCGACGCTTACATCAGA 

BrFLMR GCTGGTCCTCCAGAGAAATTAG 

BrFTR CGGGGAGACCAAGATTGTAG 

BrFLC5R GAATCCACGCTTACATCATCAA 

BrBRMR TGACTTGGCCTTCTTTTACCA 

BrCCA1R TCCTTGTTATTCCCCTGTTCC 

BrCDF5R ATTGGTAAGGCCAAGGAGAAG 

BrLHYR TTCTTTCTCCAATGCGTCTGT 

BrGIR ATTTTGCTGCTCCGTCTTGT 

BrCOR TCGGTCACTGTTGTGTGGTT 

BrFLC1R AGAGAACGGAAAGCTGACGA 

BrTFL1R ATCTGTTGTACCGGGGATGTT 

BrRGAR GATTTGTCCATAGCGGAAGC 

BrIPP2R CAACATGATCCCACCACTTC 
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9.2 General expression profile for the genes that are considered as members from the circadian 

clock in the Brassica rapa genotypes. 
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Figure 32  Expression analysis for BrGI for SD and LD, in the x axis time points are depicted as follows (1=8:00, 2=12:00, 3=16:00, 4=20:00, 

5=24:00, 6=4:00, 7=8:00. In the y axis the expression pattern is indicated as function of  2^(-ΔCt). 

Figure 33 Expression analysis for BrCDF5 for SD and LD. The numbers depicted show the differences in amplitude between the genotype 

that showed the lowest expression values and the one with the higher value for the same time point.  In the x axis time points are depicted as 

follows (1=8:00, 2=12:00, 3=16:00, 4=20:00, 5=24:00, 6=4:00, 7=8:00. In the y axis the expression pattern is indicated as function of  2^(-

ΔCt). * represent s  missing values for CC-029 due to its different scale. 
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Figure 34 Expression analyses of the Brassica rapa genes BrLHY for LD and SD. In the x axis time points are depicted as follows (1=8:00, 

2=12:00, 3=16:00, 4=20:00, 5=24:00, 6=4:00, 7=8:00. In the y axis the expression pattern is indicated as function of  2^(-ΔCt). 


