WAGENINGENDNEE
For guality of iife

4 EAOEO 1T &£ - A
||U(1
SEAOA 301

$ADAOOI AT O 1 &

Generative Curd

7ACAT ET CAI
CAL AP1, REM1,TFL1-1 and FH | B QgETi v




WAGENINGENDER

For quality of fifa

Mol ecul ar and morphol ogi cal characte

cauli f:l ower

Effects of high ambient temperature on switch to generative stage

Thesis for Master of Plant Sciences (MPS)

With specialization
In

PLAND BREEDING AND GENETIC RESOURCES

By:

Xiaoxue Sun

Submitted to the Department of Plant breeding of Wageningen University and Research Centre
(WUR)



Mol ecul ar and mor phol ogoifc anhe rcilhsatreantst e

cauli f:l ower

Effects of high ambient temperature on switch to generative stage

Student: Xiaoxue Sun
Registration Number: 881207817100

Email: xiaoxue.sun@wur.nl
Course Code: PBR-80436
Supervisors: Dr. Ir. Guusje Bonnema

Johan Bucher

Examiners: Dr. Ir. Guusje Bonnema

Dr. Ir. Luisa Trindade

Department of Plant Breeding
Wageningen University

April, 2013


mailto:xiaoxue.sun@wur.nl

Acknowledgements

This report was prepared as my Major Master Thesis of Plant breeding and genetic resources in Plant
Science of Wageningen University from June 2012 to March 2013. There are a number of people

without whom this thesis might not have been written, and to whom | am greatly indebted.

I would like to express the deepest appreciation to my supervisor, Dr. Ir. Guusje Bonnema, Head of
the Brassica group. Thank for her patient help and grateful to her sincere care and guidance during
experiment. She worked tirelessly in making constructive criticisms, ideas, and corrections from
research proposal development to final report write-up. Her intellectual skills, comments, advice,
commitments and close supervision are quite remarkable towards successful completion of my thesis.
Dear Dr. Ir. Guusje Bonnema, thank you for your encouragement and your patience. Your
encouragement give me confidence to complete this thesis, your patience guidance help me
successful completion this experiment. But most important thing is that please accept my apologies for

giving you a lot of work to revise my report. You are the best guardian | have had.

Really big thanks to Johan Bucher who was always there to support me technically and materially.
Thank you for your help especially great attention to me during my experiments, whether in the field,
greenhouse or in the lab. Thank you for inspiring me and for providing such interesting projects for me
to work on. Thank you for your direction and your help in the development of my scientific mind. Thank
you for teaching me a lot. You really gave me feelings of serious and rigorous attitude in experiments.

I am honoured to have worked with you and | have learned more from you than you will know.

In particular, a thank you to Xiao Dong for teaching me how to analysis my data and solve problems
during the experimental process. Thank you for your support. In addition, thanks to Dr. Ningwen

Zhang for showing me how to design primers.

I thank the Arabidopsis group for providing the relevant knowledge to support this research. Very
special thanks to Dr. ir. Richard G.H. Immink who provided constructive and useful suggestions to
helped me gather the required information for the thesis. Thanks to answered the questions in the
experiment. | also thank Leonie Verhage, for your support as well. Thanks to teaching me how to
design primers and supply useful information about Arabidopsis flowering time genes. Without the

constant support this research would not be finished.

Last but not least, | would like also express a heartfelt appreciation to all people who in one way or

another supported my master thesis in the University.



Contents

Acknowledgements
Contents
ADSITACE i s e eeesaee e . Vii
LoINErOAUCHION it et eeenee e eeesieee e 1
1.1 BraSSIiCACEAE  ..cccceeviiiieiiiiieiiiieiiies eevvteesiie e nies eaneeesseee e nnes aaeeeesseeeseeees 1
1.1.1 Brassica oleracea ssp. Botrytis (Cauliflower) i e 2
2 01V o o R N = PO 3
1.2.1 Flowertime in = ArabidOpSIS ....cccoviiiiiiiiiiiiiiiiiiies e eareee s 4
1.2.2 Flower time in Brassica oleracea ssp.  Botrytis (Cauliflower). ..o e 5
1.3 Gene expression profiling using gRT 1 R 6
1.4 Scope of thesis and research goals ..o e e 7
2. Materials and M €thOdS .....ccoviiiiiiiiiiiiies e e s aaeeeean 9
2.1 Plant MALErialS  .ooooiciiiiiiiciiiiiiiiiiis e e aesneeesaeeeae 9
b3 €1 (o111, g WoTo] o To [1110] 0 =PRI 9
A R =Y o = o =T 0 0= o 9
2.2.2 Greenhouse eXPErMENE oo eeiiie eeeerrer e e anreeeeeeesaeaaeae e e 9
2.3 Phenotypes MeasUrEMENTS  ...ccccviviviiiiiiiiniiieiis eeeeee st ne eenee s e e 11
2.3.1 Leaf number measuremMeNnt ... e e 11
2.3.2 Stem thickness measuremMeNnt ... e e 11
2.3.3 Curd weight and curd diameter measurement s e 11
2.3.4 Apical meristem obSErvation ..o s ereee e e 12
2.4 RNA isolation, quality control and cDNA SYNthesSiS oo e e .12
25 PrMEr design oot s e s e 13
2.6 Quantitative real time PCR i e eeeee e e e 16
B2 A T = U= g - 1) £ 16
2.7.1 Phenotypic data analySiS = .....ccccciiiiiiiiiiiiiiiiies s e 16
2.7.2 Real time PCR @NalYSIS i eveev e aeeeaeeeeeee e e e e e e 18
BURESUIIS s e e aeeeee e 20
B.LPRENOLYPE oot e e eeeseee s 20
3. Ll Leaf NUMDEN s e e eeeaeeees 20
3. 1.2 Stem thiCkNESS oo e e eeenaaee 22
3.1.3 Curd weight and diameter ...t e 23
3.1.4 Apical meristem 0ObSErvation ..o e eeeee e e e 25
3.2 EXPression @na IYSES ....ociiiiiiiiiiiiiiiiiiies e aeeeersee e aaeneeees 28
3.2.1 Validation of reference genes ...t e e 28
3.2.2 Identification of genes that define cauliflower developmental stages in Frem ont cultivar ....... 30
3.2.3 Effect of temperature swap on gene expression during development .. .34
3.2.4 Expression profile of gene before and after temperature SWap oo e 35



4, DISCUSSION  coiiiiiiiiiiiiiiiiiiiiies eevevsvvssrrsrre e e e e eeeeeeeaes eeeeeree e e e e e e e e e e e e e e e e e 38

4.1 Morphological characterization and correlation . e 38
4.1.1 Leaf number and stem thickness ... e 38
4.1.2 Curd weight and curd diameter i e eae e e 39

4.2 MErISteM SWi  TCN oot e e areeeeaaee 40

4.3 Identification of genes that define cauliflower developmental stages i e 41

4.4 CAL expression during developmental influen ce by temperature swap .o 42

4.5 Gene before and after temperature SWap oo e eeereeee 43

5.CONCIUSION i s s e 45
6. FUINEr STUAY oo et et e e sriie e e eeeee e e e e aaeesneeeeeeeaa——. 47
REFEIENCE: oot e e aeaieeesaee e 48
Y o) 1= T G PSR 53

TIME SChEAUIE ..ot s e eeeaieee e 53

Appendix 1: One block layout in the field experiment. s 58

Appendix 2: Night blocks layout in the field experime ] 59

Appendix 3: Temperature treatment ( heat or cool) influences flowering genes expression in

ArabidopSIS .oooiviiiiiiiiciiis e e e 60
Appendix 4: qRT -PCR thermal CYCIING  ccccccviiiiiii i et eveevrsieeeeeannneees 61
Appendix 5: Leaf Number of Lindurian & Fremont in nine blocks in field .. 62
Appendix 6: Leaf Number of Lindurian & Fremont in the greenhouse ... e 69
Appendix 7: Correlations between leaf number and stem thickness s e 76
Appe ndix 8: Curd harvest stages in the field ..o e 78
Appendix 9: Correlation analysis between curd weight & diameter in field ... 91
Appendix10 : Ct value and expression results for UFO, CCE1 and CRY2 in Fremont ........ccccccccevveennns 92

Appendix 11: Ct value and expression results for FUL family, FH, UFO, CCE1, NSN1-1, NSN1-2, NSN1-3, REM1 and
TFL1-1 in Lindurian control and 6™ week high temperature treatment group ..............cooveveveven... 93
Appendix12: Candidate genes expression level one week before and after high temperature treatment

Ctvalue and normalized fold expression result. i e 101



Mol ecul ar and morphol ogi cal charact e
I n caulifl ower

Effects of high ambient temperature on switch to generative stage

Abstract

Flowering time is the most important developmental trait for most crops, including Brassica crops
(Brassica oleracea ssp. Botrytis). It determines where the crops can be cultivated and ensures high
agricultural productivity. In many early cauliflower varieties, hot temperature causes a delay in the
switch from vegetative to generative meristem and thus a delay in curd formation and harvest which
causes economic losses during the cauliflower production. Base on the knowledge from the model
plant A. thaliana and Brassica rapa, the expression of 4 reference genes (EF U1 , YLS8 and18s RNA
Actin) and 17 flowering time candidate genes ( AP1-a, AP1-c, FUL-a, FUL-b, FUL-c, FUL-d, FH, TFL1-
1, CAL, REM1, UFO, CCE1, NSN1-1, NSN1-2, NSN1-3, Cry2-1 and Cry2-2) were measured to
molecularly indicate the phase shifts in cauliflower meristem and changes in gene expression during
curd formation and flowering under the plants exposed to high ambient temperature (day/night:
27/22°C) at 5", 6™ and 7" week when still in vegetative stage. Primers could be designed using the
sequence of reference genome chiifu (AA). A stable reference gene Actin was identified and a set of
genes with expression correlating to cauliflower meristem developmental stages was defined (AP1,
REM1, TFL1-1, FH, NSN1, CAL and FUL family). This set of flowering time candidate genes was
monitored for expression for several weeks (week 5 to 20) after control and high temperature
treatment and 24hr before and after high temperature switch. The results showed that the expressions
of CAL and Cry2 were influenced by high ambient temperatures at week 6 after sowing, which causes
a delay of the switch from vegetative to generative meristem of cauliflower. At the same time the
related morphology traits, leaf number, stem thickness, curd weight and curd diameter are also

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

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

temperature swap, gene expression
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1. Introduction

1.1 Brassicaceae

Brassicaceae family (Cruciferae or mustard family) is one of the largest families in the angiosperm
plant kingdom which comprises 338 genera and 3700 species in some 10 poorly defined tribes
(Sadowski & Kole,2011). Several species of great scientific, economic and agronomic importance
are included, such as model species (e.g., Arabidopsis), as well as many widely cultivated species
(e.g. cabbage, cauliflower, turnip, radish, etc.). Brassicaceae viz. Arabidopsis (Arabidopsis
thaliana) and Brassica species as the well-known model plants have revolutionized out knowledge
in almost every field of modern plant biology. The genus Brassica is a monophyletic group which is
evolutionarily closely related to model crucifer plant Arabidopsis thaliana, and is reported to have

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

The well-known plant from the family Brassicaceae viz. Arabidopsis lacks its economic value but it
is a model for molecular biology and genetics because of the small genome size, short generation
time, also the ease of genetic approaches to study development, physiology, and gene function

coupled with simple transformation methods.

The genus Arabidopsis has nine species and a further eight subspecies which is based on
morphological and molecular phylogenies (Koch et al.,2008). The Arabidopsis species Arabidopsis
thaliana (2n=10) is currently used in almost every discipline of biological experiment. In fact, after
Drosophila melanogaster and Caenorhabditis elegans, A.thaliana was the first plant, and the third
multicellular organism to be completely sequenced (Naser et al.,2012). The completely sequenced
genome of A. thaliana paved the way to be a better understanding of every aspect in plant biology

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

Cultivated Brassicas are represented by six interrelated species, each with considerable
morphological variation as the result of local selection and breeding. The three diploid species are
Brassica rapa (2n=20, genome AA), B.nigra (2n=16, genome BB) and B.oleracea (2n=18, genome
CC). From the cytogenetical relationships of the Brassica species it is evident that there are three
amphidiploid derivatives, Brassica juncea (2n=36, genome AABB, brown mustard), B.carinata
(2n=34, genome BBCC), B.napus (2n=38, genome AACC, oilseed rape), derived by hybridization
and polyploidization of two of the diploid species (Ashraf & McNeilly,2004). The genetic
relationship between species in the Brassicaceae family is described by well-known triangle of U
(Figurel).
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Figurel. Cytogenetic relationships between the diploid and

B. juncea
n=18
AABB

B. carinata
n=17
BBCC

amphidiploid Brassica species. Adapted from U (1935).

B. oleracea
n=29
CC

B. napus
n=19
AACC

The phylogenetic relationships within Brassicaceae, and of genome structure, gene expression are
studied in recent years. Comparison between A. thaliana and related species have been used to
study genetic control of flowering and leaf form in several Brassicaceae species. (Schranz et
al.,2007). Preliminary comparisons between Brassica species and A. thaliana have indicated that
the small genome of A. thaliana is syntenic to the three sub-genomes of diploid Brassica species
(Lagercrantz,1998). So the relative knowledge, which has already been found in A.thaliana could

be appliedinBr assi cas .

1.1.1 Brassica oleracea ssp. Botrytis (Cauliflower)

Brassica oleracea in its natural form is called Wild Cabbage which is a tall biennial plant growing
up to two meters. The wild cabbage is domesticated into a range of cole vegetables (Smyth,1995).
Brassica oleracea is a diploid species with many subspecies covering a wide range of commercial
important vegetable crop forms, also be called cultivar groups, such as broccoli, cauliflower,
cabbage, kale, brussels sprouts, savoy and Chinese kale (Table 1) (O'neill & Bancroft,2000;
Bonnema et al.,2011). B.oleracea is tolerant to salt, lime and became established as an important
human food crop plant. All of the B.oleracea vegetables are powerhouses of nutrition and contain

good quantities of many essential vitamins and minerals.

Table 1. Seven major cultivars groups of B.oleracea

Cultivar groups| Capitata | Acephal| Alboglabral Botrytis | Gemmiferal Gongylodes lItalica

Examples cabbage| kale Chinese cauliflowe brussels kohlrabi | broccoli

broccoli sprouts
' - P
B \&5//
Phenotypes @ r‘\ 7%_ Q{;\‘J
/ § &
[ SO

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

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

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

det ached, measured and analysed following envi

ronme
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consists of a large immature inflorescence (the curd) (Dixon,2007). The curd is now generally
considered to be an early, arrested stage of indeterminate inflorescence development, as its
formation precedes floral initiation (Anthony et al.,1996). The inflorescence is a raceme, and
flowering starts from the bottom to the top of the inflorescence. During the development of the
reproductive structures, the inflorescence begins to elongate from the outer flowers of the curd and
can be as large as 60 to 75 cm. When the temperature is greater than 20°C, it will stimulate seed
stalk elongation and form yellower flowers with 4 petals, 4 sepals, 6 stamens, one pistil contains
two carpels with 10 to 15 ovules inside each carpel. After fertilization of the ovules, seeds form
inside a pod is called a silique (Rosales). According to the morphology, the growth phases of
cauliflower can be divided into five stages, between vegetative growth and flowering: (1) the
vegetative stage; (2) initiation of inflorescence resulting in formation of secondary meristems in
axils of bracts; (3) curd development by the reiteration of meristems, each new meristem gives rise
to a higher order; (4) curd maturity with no flower initials; (5) floral differentiation and elongation in
some of the inflorescence branches. (Anthony et al.,1996). Among the many Brassica species,
the seedling has to pass through a juvenile phase during which it cannot be induced to flower (Guo
et al.,2004). Cauliflower plants go through a juvenile stage during which curd initiation does not
occur, and cannot be initiated. The end of the juvenile period depends on the variety. At the
completion of this stage, the plant has reached a mature vegetative phase when curd initiation can
occur, or be induced. (North Willamette Research & Extension Center,2004). More information is
needed with regard to the above environmental and juvenile period factors on actual inflorescence
initiation and development (Guo et al.,2004). Reproductive development determines the value of
the crop, the key steps in this phase of growth remain physiologically and genetically poorly
understood (Denise & Thomas,2008). To reduce uncertainties in harvest time predictability and
market availabilities, it is necessary to control the timing of floral transition and curd formation
during the breeding effort (Jung & Mu"ller,2009).

1.2 Flowering Time

One of the most important traits for both wild and cultivated plants is flowering time which is also
the most important developmental trait for the production of Brassica crops (Yuan et al.,2009).
Phenotypic flowering time is mostly measured as days after sowing (DAS) until the day on which
first flowering appeared on 50% of plants (Liu,2001). It is a complex trait that is mainly regulated
by the genotype and by environmental factors such as photoperiod, nitrogen level, ambient
temperature and light. Temperature in considered to be one of the major factors (Nowbuth &
Pearson, 1998). Change in the flowering time can lead to large reductions in the yield and quality
of the harvested products. Therefore, understanding the mechanism of flowering control is
important in agronomic practice. In this study we do not consider flowering time, when the first
flower opens, but we use the term molecular flowering time, or molecular switch from vegetative to
generative meristem. This can be seen by cytological observation of the meristem. This can be

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

Flowering time in Arabidopsis has become a model for understanding complex trait genetics in
plants. Many genes involved in the regulation of flowering-time have been identified from
Arabidopsis. Geneticists have identified ~180 genes which implicated in flowering time control in
the model plant species Arabidopsis thaliana (Fornara et al.,2010). These genes evolve an
elaborate genetic network. The flowering time genes function on four major promotion pathways:

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

Photopenod pathway Vemalization pathway
CLOCK gessesuasasnasasisg pasaensunes
: FRI, FRLI, :: VIN3
LHY Light  pRI2VIP3,:: yrNi |
ccal quality © yIP4ARTI ;' VRN |
: PIBLESDA: ...........;
/ I Autonomous pathway
G, v

pathway

st T

TOE1,TOEZ2
SMZ, SNZ, FLM
SVP,.TFL1, TFL2

EMF1, EMF2

Figure 2. Pathways controlling flowering time in Arabidopsis (Corbesier & Coupland,2006; Henderson &
Dean,2004).

Molecular studies have conclusively show that CRYPTOCHROME2 (CRY2), FRIGIDA (FRI),
FLOWERING LOCUS C (FLC), FLOWERING LOCUS (FLM), PHYTOCHROME A (PHYA) all
harbor natural polymorphisms that alter flowering time in Arabidopsis. During that, FLC involved in
the convergence of autonomous and vernalization pathways, encodes a MADS-box transcription
factor that acts as a repressor of the floral transition in a dosage-dependent manner (Rouse et
al.,2002). And FLC may also influence the ambient temperature pathway by physically interacting
with the SHORT VEGETATIVE PHASE (SVP) which is the floral repressor gene under different
ambient temperature (Lee et al.,2007). In another study, alternatively splicing was found in
Arabidopsis that influenced the flowering time. A normal-length FLC transcript with nonsense
mutation as well as an alternatively spliced transcript lacking exon 6 was found in the early

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

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

identity genes (switch the fate of meristem from vegetative to floral) and organ identity genes
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(direct the formation of the various flower parts) were involved in flowering in A.thaliana. Therefore,
flowering time control genes can be expected to interact with floral meristem identity genes. And
the floral meristem identity genes are themselves capable of influencing flowering time (Levy &
Dean,1998). For example, the overexpression of LFY and AP1 causes early formation of
determinate floral meristems (Yaron & Caroline,1998). Apl has been identified as playing a role in
inflorescence phase switch in Arabidopsis which encodes a putative transcription factor that acts
locally to specify the identity of the floral meristem and to determine sepal and petal development.
RNA tissue in situ hybridization studies show that AP1 RNA accumulates uniformly throughout
young floral primordia, but is absent from the inflorescence meristem (Gustafson-Brown C et
al.,1994). On the molecular level, AP1 was used to identify the flowering in Arabidopsis leaf

primordia.

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

It is an annual or biannual plant that reproduces by seed. Typically, flower bud development in
cauliflower in arrested. Instead, the inflorescence meristem continuously generates replicas of
itself in a spiral on its flanks. Each new meristem can in turn produce more, in a closely packed,

geometric cluster of undifferentiat e@myha%®%.mo

Curd as an inflorescence is the edible part of the cauliflower plant and the phase transition from
the vegetative to the generative phase is of crucial importance. There are three distinguished
developmental phases between germination of seed and harvest of the curd (Lagercrantz,1998).
Time on which plants resume growth after transplanting affects the duration of the juvenile phase
most. The juvenile stage in the stage is which the plantlets are not affected by temperature
fluctuations (vernalization or high temperatures). Variability in time of curd initiation within a
cauliflower crop appears to be mainly due to a variation in time on which the juvenile phase ended.
The end of the juvenile phase is another important phase transition in relation to curd induction, as
during the juvenile phase the plant is insensitive to curd inducing conditions, such as the ambient
temperature. The end of the juvenile phase can be characterized best by the number of initiated

leaves.

In several cauliflower cultivars, like cv. Delira and cv. Elgon, time of curd initiation after the end of
the juvenile phase depends among others on temperature; higher temperature delays curd
initiation and increases the final number of leaves. The starting point of the temperature-sensitive
phase is uncertain. The existence of a juvenile phase has been reported for cauliflower and the
end of this phase is characterised by a physiological switch, which makes plants sensitive to
environmental signals (Uptmoor et al.,2011). Several studies have tried to elucidate the genetic
control of developmental arrest in B. oleracea by identifying and characterizing homologues of the
Arabidopsis floral homeotic genes (Duclos,2008). The main flowering regulators and their
response to environmental signals have been identified in Arabidopsis thaliana and homologues of

flowering genes have been mapped in many crop species.

S

e

nfl
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The range of variation in flowering time can be large, with a significant amount of this diversity
arising from heritable genetic variation. This is exploited by breeders to breed spring, summer and
autumn cauliflowers. Varieties differ in the length of time they may remain in a mature vegetative
phase before curds are initiated and may also differ in the time required to produce harvestable
curds after initiation has occurred (North Willamette Research & Extension Center,2004). High
temperatures during the development of cauliflower may be considered as a situation of
environmental stress which influence curd initiation. Some varieties are not sensitive for high

temperature during vegetative stage.

However, some varieties will respond to a high temperature period during vegetative phase by
delay switch to generative meristem and initiating curds. This characteristic can cause harvest
scheduling problems. However, the genetic background resulting in flowering time variability in B.
oleracea is currently not completely understood, so that assigning genotype differences to known
genes remains difficult (Uptmoor,2011). The flowering time in cauliflower corresponds to
developmental characteristics of apices meristems. Some studies have tried to elucidate the
genetic control of B. oleracea meristem development by identifying several genes expression
during the curd proliferation and flower initiation. Duclos and Bjo'rkman (2007) proposed that
some genes in B. oleracea, the expression pattern was arrested which is maintained by altered
expression of the genes at different meristem developmental stages by varying the temperature
regime. The meristem identity genes LEAFY (LFY), APETALA 2 (AP2),UNUSUAL FLORAL
ORGANS (UFO), and the MADS-box genes APETALA 1 (AP1), CAULIFLOWER (CAL), and
FRUITFULL (FUL), as well as the floral repressor TERMINAL FLOWER 1 (TFL1), and two other
curd associated genes CAULIFLOWER CURD EXPRESSION 1 (CCE1) and REPRODUCTIVE
MERISTEM 1 (BoREM1) were examined at different developmental stages. The reproductive
stage was determined by dissection and measurement of the apical meristem. AP1-a and AP1-c
transcripts increased at the inflorescence meristem stage. CAL and REM1 had their maximum
expression at the inflorescence meristem. However CAL expression declined significantly in
reproductive meristem. LFY reached its maximum expression in the initial stage of reproductive
development, the vegetative to reproductive transition. UFO was expressed at very low levels at all
developmental stages. CCE1 transcript levels were equally high in inflorescence meristem and
floral primordium. All four FUL paralogues were expressed at all stages. FUL-b, FUL-c, and FUL-d

had maximum expression at the inflorescence meristem stage.

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

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

1.3 Geneexpression profili ng using gRT-PCR

The mRNA molecule as the link between DNA and proteins is of central interest in bioscience.
Reverse transcription PCR (RT-PCR) represents a sensitive and powerful tool for analysing RNA
(Leslie A. Pray,2008). ADue t o i ts o acy, droad dyghanmricgrangec and gensitivity,
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QPCR has become the most emerging method for quantification of mRNA transcription levels in

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

amount of RNA, no post-PCR handl i ng, and it avoi(Adegsanddr etalus e

2004). The initial step in RT-PCR is the production of a single-strand complementary DNA copy
(cDNA) of the RNA through the action of the retroviral enzyme, reverse transcriptase. An
oligonucleotide primer is required to initiate cDNA synthesis. The primer anneals to the RNA, and
the Cc¢cDNA is extended toward the 50-dependint DNA
polymerase activity of reverse transcriptase (Freeman et al., 1999). To compare the different RNA
transcription levels the CT values were compared directly. The CT is defined as the number of
cycles needed for the fluorescence signal to reach a specific threshold level of detection and is
inversely correlated with the amount of template nucleic acid present in the reaction (Aleksandar et
al., 2004).

1.4 Scope of thesis andresearch goals

t

Thi s Master 6s t hesi s p u tstadyinfy drasgiaar aleraceaa sppr Barytim m

(Cauliflower) flowering time in two different cultivars (temperature sensitive cultivar Lindurian and
insensitive cultivar Fremont), with the aim to understand the mechanism of how the high ambient

temperature affects timing of cauliflower meristem switch and curd formation.

The morphological characterization of cauliflower is measured to understand the influence of high
temperature during the cauliflower growing process. According to that purpose, various types of
characteristics are measured in the greenhouse or field, such as leaf number, stem thickness, curd
weight and curd diameter while the collected phenotypic data will be used for statistical data
analysis methods to find the correlation between leaf number and stem thickness, curd weight and
curd diameter. Another aim is to assess the high ambient temperature delay cauliflower meristem

switch by observing the meristem transition under the stereomicroscope.

The main aim in this study is to identify genes associated with cauliflower meristem developmental
stage identity with a candidate gene approach. Simultaneously, the changes in candidate genes
expression which are influenced by high ambient temperature treatment are researched in
different treatment groups and different time points.

of
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2. Materials and methods

2.1 Plant materials

Two hybrid Brassica oleracea ssp. Botrytis (cauliflower) cv. Fremont and cv. Lindurian which are
usually planted in early spring and later summer were used in this study. The main difference between
these two cultivars is that Fremont (Monsanto) is not sensitive to ambient temperature changes (read
periods of high temperature) while Lindurian (Syngenta) is, as high temperature lead to unpredictable

and delayed harvest time.

2.2 Growth conditions

In order to investigate the temperature sensitivity, we measured a set of phenotypic traits on
cauliflower plants cultivated under two different environment growth conditions, both field and
greenhouse. For the field experiment, plants growing under the natural environment conditions. In
contrast to the field experiment, growth conditions in greenhouse were manual controlled which

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

2.2.1 Field experiment

To investigate the flowering time variation, plants were grown in the open field (sandy clay), under
natural environmental conditions, with planting data of 3 week old plants in the field at April 19", April
26", May 3", May 10", May 17", May 24", May 31", Jun 7" and Jun 14", 2012 in Wageningen, the
Netherlands (51% 9 Nj1 1 NjNjN % a Nj5 2niyitlfe), Hirét B2 seeds of each cultivar were sown into
the seeding soil in the greenhouse (day/night: 21/16°C) for one week and then we transplanted 65
best looking seedlings into the press pots. One week later, we moved the two weeks old plants to
outside to adapt to the natural environment conditions. After that, three weeks old plants, a total of 45
Fremont and 45 Lindurian best looking seedlings were planted in one block (Appendix 1) and there
were 9 times repetitions (9 blocks) in the field experiment (Appendix 2). In order to be able to
measure the effect of natural ambient temperature in different meristem developmental stages, in
each repetition, the cauliflower were sown and transplanted one week later than the previous block
(see Table 2 for sowing dates). Therefore, natural ambient temperature fluctuations will occur in the

different cauliflower growth stages in different blocks.

2.2.2 Greenhouse experiment

Temperature swap experiments were conducted in the greenhouse, where temperature was increased
for 7 days, either at week 5 after sowing or at week 6 after sowing. During the greenhouse

experiments, two different ambient temperature greenhouse rooms (control room and high
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temperature room) were applied. In greenhouse ambient temperature swap experiments, when plants
in control room (day/night: 21/16°C) reached the appropriate stage for heat treatment, they were
placed in a high ambient temperature room for one week at day/night temperature of 27/22°C and

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

al ways done from 12.00 o6clock till the next day

This greenhouse experiment 1. started at February, 2012. It was a test experiment to find when
the ambient temperature sensitive cultivar Lindurian was more sensitive to the high ambient
temperature, meaning when high temperature treatments result in a delayed meristem switch did.
Three hundred seeds of Lindurian were sown in the seeding soil in modular trays on February 27"
2012. Plants were grown in control greenhouse room under the day/night temperature of 21/16°C.
After two weeks, 250 best looking seedling were transplanted into 17cm pots followed by continued
growing in the greenhouse. When the seedlings were five weeks old, we transferred 72 plants to high
ambient temperature greenhouse room (day/night: 27/22°C). One week later, swap 64, 6 weeks old
plants were transferred from control room to high ambient temperature room, and 5 weeks high
temperature treatment plants were put back to the control temperature greenhouse room. Next week,
did the similar thing, swapped 56, 7 weeks plants and put back 6 weeks high temperature treatment
plants. And then, after one week heat temperature treatment the 7 weeks old plants, decreased the
high ambient temperature greenhouse room (day/night: 27/22°C) to control temperature (day/night:
21/16°C). Three high ambient temperature treatment groups were completed and the plants

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

For the greenhouse temperature swap experiment 2: two different cultivars were used
(Brassica oleracea ssp. Botrytis cv. Fremont and cv. Lindurian). Three hundred seeds of Lindurian and
Fremont were sown in the seeding soil in modular trays on June 12" 2012. Trays were placed in a
greenhouse at day/night temperature of 21/16°C. After two weeks, 250 best looking seedlings for each
cultivar were transplanted into 17cm pots (the
in the greenhouse. There were two tables in each greenhouse room and one cultivar was placed on
one table. Plants were growing under the control ambient temperature greenhouse conditions
(day/night: 21/16°C) and subsets were used for heat treatment. By previous studies, there was an
indication of the period that the Lindurian cultivar was more sensitive to the ambient temperature when
the plants were 5 and 6 weeks old. When the plants growing to 5 weeks old (after sown 5 weeks),
increased the ambient temperature of one greenhouse room from 21/16°C (day/night) to 27/22°C
(day/ night) as the high ambient temperature room. After the 5 weeks old plants growing under high
temperature for one week, swapped the 5 weeks high temperature treatment plants from high
temperature room (day/night: 27/22°C) to the control room (day/night: 21/16°C). At the same time, the
6 weeks old plants (after sown 6 weeks) were replaced to high temperature room. One week later,
switched the high ambient temperature to the control temperature. Per temperature treatment group
(control, 5" weeks and 6" weeks) 70 plants were used for each cultivar (Fremont and Lindurian).

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

A total of five phenotypic traits (leaf number, stem thickness, curd weight, curd diameter and apical
meristem) were investigated in the field, while 3 traits were measured in greenhouse (Leaf number,

stem thickness and apical meristem).

2.3.1 Leaf number measurement

In the greenhouse temperature swap experiment, the numbers of leaves were counted twice a week
(Tuesday and Thursday at 12.30pm) in control, 5" weeks and 6" weeks high temperature treatment
groups for each cultivar. Every time we randomly choose 5 plants from one cultivar in each group. In
the field experiment, 5 consecutive plants in one line for each cultivar were chose to count the leaf
number once a week (Friday). Leaf number was counted starting from the first true leaf at the bottom

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

Minimum leave
sizeis 1Smm Figure 3. Minimum measurement size of the leaf number

2.3.2 Stem thickness measurement

Measure the thickness of the stem (mm) in greenhouse temperature swap experiment twice one week
(Tuesday and Thursday at 12. 30pm) . iVvernnier Calipero w

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

conducted to the nearest 01 mm.

b‘ / - First true leaf » Figure 4. Plants stem thickness measuring position

N — e

Measuring stem thickness

2.3.3 Curd weight and curd diameter measurement

Cauliflower curds in the field from each block were harvested start from July 26" 2012 to 06-09-
September 6" 2012. Initial time, 15 weeks old curds (15 weeks after sowing) were harvested from
block 1, 2, 3 and 4. But as we saw that the curds were harvested too late which caused they were
much older than the normal ones in the supermarket, so we decided to harvest curds two weeks
earlier (Table 2). 13 weeks old curds (13 weeks after sowing) were harvested from block 5, 6, 7, 8 and

9. Each cultivar (Lindurian and Fremont) in each block, 4 (repeat) x 5 (individual plant) were harvested

11
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one time, removed all leaves and then measured out the curd weight (g) and curd diameter (mm).

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

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

1 15 19-4-2012 26-7-2012
2 15 26-4-2012 02-8-2012
3 15 3-5-2012 09-8-2012
4 15 10-5-2012 16-8-2012
5 13 17-5-2012 09-8-2012
6 13 24-5-2012 16-8-2012
7 13 31-5-2012 23-8-2012
8 13 7-6-2012 30-8-2012
9 13 14-6-2012 06-9-2012

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

2.3.4 Apical meristem observation

The developmental stage of the apical meristem was identified by stereomicroscope twice a week
(Tuesday and Thursday at 13.30pm) in the greenhouse experiment and once (Friday at 15.30pm) in
the field experiment. Under the stereomicroscope, we used forceps and solution planer moving out the
leaves around the meristem until the apical meristem was exposed and made pictures for the
cauliflower apical meristem under 2.5 times objective lens to identify the plant growth stage. For each
cultivar, one meristem was observed for each greenhouse treatment group and field block.
Simultaneously, three meristems were harvested and frozen in liquid nitrogen to provide start
materials for later gene expression research. Different from greenhouse experiment, one more plant of

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

2.4 RNA isolation, quality control and cDNAsynthesis

Total RNA was extracted using the TRIZOL reagent (Invitrogen) starting with frozen cauliflower
meristem enriched material. In the previous part of the experiment, each RNA sample was isolated
fromasinglecaul i fl ower meristem. Whil e, in Aexpression pr
swapo e x ptlereeimeristems which used for RNA isolation were harvested for each cultivar in

each treatment at the same time point in greenhouse. Genomic DNA contaminations were effectively

12
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removed using RNase-free DNase | treatment (Invitrogen, Carlsbad, CA, USA) according to
manuf acturer 6s imeflingrcunetgave rirgle peaki amdt genomic amplification was
larger than RNA/cDNA amplification(different exons primers). The concentration and quality of the
cleaned RNA was measured using the nucleic acid analytic apparatus K6000 (Bio Photometer,
Eppendorf, Germany) by 260/280 nm absorption ratio 1.9~2.1. RNA concentration and purity were
quantified with Nanodrop measurements and the quality of the total RNA was checked on a 1.5%

RNase free agarose gel.

All RNA samples were diluted with nuclease free water (Qiagen) to 100ng/ul in a total volume of 10ul
to use for cDNA synthesis. cDNA synthesis was performed with iScriptTM kit (BIO-RAD) according to
supplierds instructions and a final vol ume of

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

2.5 Primer design

Specific primer pairs were designed for 4 reference genes (EF U1 , YLS8, ) @&le 8)rand
17 candidate genes (AP1l-a, AP1-c, FUL-a, FUL-b, FUL-c, FUL-d, FH, TFL1-1, CAL, REM1, UFO,
CCE1, NSN1-1, NSN1-2, NSN1-3, CRY2-1 and CRY2-2) (Table 4). The full cDNA sequences of the
genes were retrieved from Arabidopsis thaliana (L.) Heynh and blasted against B. rapa gene
sequences. If for one gene, several orthologous genes were in B.rapa, sequence comparisons were
done by DNASTAR, Lasergene 9.1 (Lasergene, Madison, Wisconsin, USA), found the specific
sequence regions among the orthologous genes. Base on the specific sequence in conserved regions,
orthologous specific primers were designed using Primer3Plus website. A total set of 23 primer pairs
with Tm 60 £2 °C , free of dimer structures and with amplified product length no longer than 200bp
were designed. Primer specificity and DNA contamination which caused by human operation during
primer dilution process were visualised by separating PCR products from cDNA and DNA on 1.5%
agarose gel and when only a single band was observed, the band was purified to be template for
preparing the standard curves (which takes into account primer efficiency) using gRTi PCR
(Ramakers et al.,2003).

Among the 17 candidate genes, we choose gene Cry2 to test in cauliflower vegetative meristems
around the temperature SWAP before and 24hr after. Base on the Arabidopsis results (Appendix 3),
temperature increase during the vegetative stage, accelerates flowering. RNA sequence data of RNA
isolated from the vegetative meristem before and 24hr after the temperature swap showed a set of
genes that was differentially expressed or differentially spliced, even a set of genes that was
differentially spliced and expressed. Some genes, like FLM, a MADs box transcription factor involved
in flowering time regulation, is further analysed. Cry2 as a gene that was differentially spliced and

expressed will be checked in cauliflower meristem materials.
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Table 3. Primers for candidate reference genes and melting peaks cause after gqRT-PCT

Primer Sequence Melting Peak
Fw GTCAGACCCGTGAGCATGCTCTTC =

EFoed i f\\
Rv GATCTCATCGTACCTAGCCTTGGEAG

VLSS Faww COGECCATGATTIGGEATGAGACTTG i ﬁj\
Rv GCTCGTACATGGTGTTIGAAGTCTGGAAC —

185 Fw COAGACCTCAGCCTECTAACTAG i —_/_/\\
Fv TCAAACTTCCTTGECCTAAACS

) Fw ACSTGGACATCAGGAAGGSALC 3
Actin b

Rw

CAACCACCGATCCAGACACT

14



Thesis for Master of Plant Sciees(WPS)

Materials and Methods

AP1
paralogous

paralogous

NSN1
paralogous

CRY2
paralogous

Table 4. Primers for candidate genes and melting peaks cause after qRT-PCR

Primer Sequence Tm GOC% Melting Peak
Ffw CGAGCCCTTCTTATCCAACTAATT $71 42 o
BoAri-e CATACTGAA AAGAACTTGAGAAA ' __/\
ay CATACTGAAGCAA $79 38
pr.c W TGGCTAGCTTCTTTCTATCCAATTAATA s84 32 - /\
- Rv CACATACTAGAACCAAAAACTTACAAAGAGA 588 32
_ oFut-o W COCCCTACGACGAATGAATAG 575 S2 _/\
Rv CACAAAAATGCTGAGATACATTATGA 553 31 - :
soruL-p ™ COCCCTACCACGAAAGAATAA 557 48 _/\
Rv CAGTAAATCCAGAAAAATGCTGATATACA s7.7 31
sorutc W ACGTCCTGCTACCAATGAGTAAAAT s78 40 - -—j\
Rv TACGTTCTTGACATTGTAATTCCGTC $7.1 38
L porun-g ™ TCGTCGTTGATTGAACCAAACT $s2 41 /\
Rv AGTCACCAAAAAAGCTGATACATTATGA 578 32
— Ffw AGCGACTTTGGTTGGTGGTATT 562 45 |- / \
Rv AACCACAGCAACTCATGAACTAATTAA s72 33
porriz.g W COTGAATTTGCGATCGAGAAT $62 43 /\
Rv TTTCTCTCTGAGCGTTGAAGAAGA 593 42
—— Fw AAACCGCAGCCACCATGTA $52 53 /\
Rv AAGGAGATGATGCCATGTAAGGA $6.7 43
soremy T CCACGTTAAGTTTCCTTTTCAGTATTT s64 33 /\
Rv TGAGCCATGGAACCGAACA 548 53
o Fw TTGCGGATATGATCAAAGGAAA S40 36 -—’j\
Rv ATTCAAAAGCCCATIGGTTCT 526 38 :
e Fw TCGTTCCACCACCTTCCAAA s43 SO0 /\
Rv ACGAGCCTGAAATGGTCGTAAT $71 4s
nsni.g W AGGATTGTGTTGCGTGACTG 552 S50 __A
Rv TTTGACTCTGCGTGTTCACC s4a7 S0
nsngz.z W GGATTGIGTTGCATGACTGG $32 S0 ’\
Rv TTTGACTCTGCGTGTTCACC 4.7 SO
nsni.s W TTGTCCTGGAGTTGIGATGC s39 S0 _J\
Rv TGTGGCGTACAAAGCTTIGAG 562 SO
e o TETIIOAAGCTACAATSD. sss so |
GCACAACGGATTCAACAGAC 35 S0
W | Different | - ==
CRY2-1-b Fw ACAAGGCGCAAAGTATGACC || Primers ss1 S0 - / \
Rv TCCATTCAGTTGGCAACCTC $39 SO | = N—
CRY2-2-0 Fw CATTTGGTGCCCTGAAGAAG 1 s42 S50 | /\
Rv ATAGCGGAAACCGTGCTATG $6.1 SO
Different e
LCRY2-2-b Fw TTIGGTGCCCTGAAGAAGAAG || Primers sas s0 I /\
Rv ATAGCGGAAACCGTGCTATG s61 SO0 | | o

=
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2.6 Quantitative real time PCR

gRTi PCR reactions were performed in 96 position carousel (Light Cycler) with the Light Cycler-RNA
amplification kit SYBR Green | (Roche, Mannheim, Germany). A final volume of 10ul per reaction
contained 2ul of cDNA .5 giution; DUl 0f SYBR Green Supermix; 2.4ul of RNA free MQ water; 0.3ul of
Forward Primer at 10uM and 0.3ul Reverse Primer at 10uM. The thermal cycling consisted of 95°C for
2 min and 40 cycles of 95°C for 20s, 55°C for 20s and 72°C for 20s (Appendix 4). After the PCR a
melting curve was generated to check the specificity of the amplification. Data analysis was performed
with the Rotor-gene 6 ver. 6.1 software (Applied Biosystems). All the cycle threshold (Ct) values from
one gene were determined at the same threshold fluorescence value of 0.2. Two technical replications
were made per sample and two biological replications for each time point in greenhouse experiment 1
and 2. In order to avoid misinterpretation of experimental results and erroneous analyses, stable

reference gene was applied in each sample every time.

2.7 Data analysis

2.7.1 Phenotypic data analysis

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

statistically analysed by analysis of variance and correlation.

2.7.1.1 Comparison of leahumber and stem thickness

The Paired Samples T Test in IBM SPSS Statisitcs program version 19" edition was performed to
evaluate block (natural environmental) effect in the field or group (temperature swap) effect in the
greenhouse as a response of leaf number and stem thickness traits. The difference between two
cultivars can also been analysed by this method. It computed the difference between the two variables

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

In SPSS output table (Table 5), the significance level of whole entire the Paired Samples T Test was
fixed at 95% (P-2tailed= 0.05) which was the criterion the average difference between two variables

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

Pair 1| -.27692 3.16153 .87685 -2.18742 1.63357 | -.316 12 .758
Control-

Five

Pair 2 | .51538 3.18299 .88280 -1.40808 2.43884 | .584 12 .570
Control-

Six

Pair 3| .79231 1.77457 149218 -.28005 1.86467 | 1.610 12 .133
Five-Six

'Pairs: Different treatment blocks in field or groups in greenhouse, “t:T value, *df: Degrees of freedom, “Sig: 2-

tailed significance value.

1 If the significance value is less than 0.05, there is a significant difference
= Traits influenced by treatment/ No different between two cultivars
1 If the significance value is greater than 0.05, there is no significant difference

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

2.71.2 Correlation analysis

GenStat program version 15" edition was used to analyse the correlation between leaf number and
stem thickness, curd weight and curd diameter. The significance level of correlation analysis was
fixed at 95% (0.05-2tailed) and 90% (0.1-2tailed).

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

variables.

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

two variables, but less significant than 0.05 level.

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

variables.

2.7.1.3 Distribution pattern of curd weigh and curd diameter analysis

Additionally, to check the distribution pattern of the observed values and normality of the data, Box
plots were calculated using the GenStat program 15" edition. All the observed and collected data of

cure weight and curd diameter traits were analysed separately.
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2.7.2 Realtime PCR analysis

The cauliflower meristem samples were divided into four strategic groups (different cultivars,
developmental stages and different ambient temperature treatments) for analysis of reference gene

stabilities and other candidate genes expression.

2.7.2.1 Reference gene stiiies analysis

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

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

geNorm determines the gene stability measure (M) value for each gene, based on the average pair-
wise variation for a particular gene with all the other tested genes. Thus, genes can be ranked
according to their expression stability through the stepwise exclusion of the least stable gene. The
genes with an M value were arbitrarily suggested to be lower than 1.5; genes with the lowest M values

have the most stable expression.

2.7.2.2 Expression profile analysis

All the data were an average from two corresponding biological replications (RNA isolated from one
meristem, two individual meristem were harvested at the same time point in each treatment group as
two corresponding biological replications) done in each experiment. Amplification cycle (Ct) which is
analysed with the BioRad CFX software (version 3.0) in gene expression model is the point at which
fluorescence increased above a fluorescence threshold above the background fluorescence (Duclos &
Bjo'rkman, 2007). Data or mean Ct values obtained from qRTi PCR were used for expression profile
analysis, and fold change relative to the expression of the candidate genes and reference genes is
calculated using normalized expression ( g ( @ethod with default threshold values using CFX

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

Kenneth J. Livak and Thomas D. Schmittgen (2001) proposed that the calculate method for
Normalized e x pr e s s i dlne eaogie(ofthow ty calculate the fold change in expression of the
target gene relative to the reference gene at various sample groups were studied (Table 6). Group x is
any experimental group samples ant Group 1 represents the 1xexpression of the target gene
normalized to reference gene. A value that is very different from one suggests a calculation error or a
very high degree of experimental variation. In this study the default value of efficiency (E) used in the
gene expression calculation is 100%. 100% efficiency in this software is equivalent to an efficiency of

2 (perfect doubling with every cycle).

op( Ct ) formul a:

cpcp( C (C)T:‘ITarget - CTiReference) Group N X - (CT-Target - CTyReference) Group 1+

18
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Table 6. Sample of data analysis using the 2 '?®¢ Ghéthod.

5))

Sample Group( 3 repeat Gene CtValue Mean  2'®®(CY) Mean Fold Change in gene
in 1 group) Ct expression
1 Target 22.3 1.023
2 1 Target 22.0 0.786 1.02
3 Target 215 1.243
21.9
4 Target 19.8 1.845
5 2 Target 20.2 2.019 2.00
6 Target 20.0 2.149
1 Reference 22.9 - - 2'|‘ ((20.0 -21.7) -(21.9 -22.
2 1 Reference 22.3 - -
3 Reference 22.4 - -
22.5
4 Reference 21.2 - -
5 2 Reference 21.7 - -
6 Reference 21.7 - -

Normalized Expression (ma( CEo¥mula:

Normalized fold Expression = E ®®( &L h T®dC)

1 E= Efficiency of primer and probe set. This efficiency is calculated with the formula
(%Efficiency*0.01) +1, where 100% efficiency=2 (the default value).
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3. Results

3.1 Phenotype

In this study, five traits (leaf number, stem thickness, curd weight, curd diameter and apical meristem)
were observed in the field and greenhouse. In addition to the analysis the characteristics of the

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

3.1.1 Leaf number

For this experiment, the numbers of leaves were measured in the field and greenhouse experimental
conditions. Main aim was to see whether the number of leaves at the switch form vegetative to

generative meristem differed between cultivars and environments /treatments.

In the field, the sowing time of the seeds in each block was different leaves were accounted each
week, however, during the whole field experiment, only leaf numbers of 9 weeks old plants were
counted in all nine blocks. For block 1, we started monitoring meristems stage and leaf number at
week 9 (after sown 9 weeks) and expected (based on Greenhouse experiment 1) that plants would be
in vegetative stage. However, plants were already in generative stage, so we needed to monitor
meristem stage and leaf number at earlier time points for remaining blocks. The lowest average count
was 6.6 leaves measured on 5" weeks in Block 8. The highest number is average 24.6 on 9™ weeks in
Block 9.Use the SPASS software analysis the 9 weeks old cauliflower leaf number found that there

were no significant differences between Fremont and Lindurian cultivar.

In Figure 6 and Figure 7, results are presented of the number of leaves and meristem switch moment.
Fremont and Lindurian meristem switched at the same week in Block 5, 7 and 8. In Block 5,
meristems switched at week 7 and number of leaves are 9.8. In Block 7, Fremont is 14.2 leaves which
week meristem switch and Lindurian is 13.4. In Block 8, Fremont and Lindurian switched between
week 7 and week 8, the range of leaf number from 11.4 to 15.0 in Fremont and 11.8 to 15.4 in
Lindurian. The meristem switched at different week for these two cultivars in Block 9. For Fremont,
meristem switched between week 6 and week7, the leaf number between 9.4 and 13.6. For Lindurian,
switch time was the same with Block 8, between week 7 and week 8. In both two cultivars, the blocks
without exact switch time (Fremont Block 1, 2, 3, 4, 6 and Lindurian Block 2, 3, 4) is because when we

started counting the leaf number in the field, the meristem already switched in these blocks.
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Fremont [ |Leafnumber at meristem switch moment
30
25
‘E 20
g
= 15
§ 10
z
: L B
© S Weeks & Weeks 7 Weeks 8 Weeks 9 Weeks 10 Weeks
= Block 1 150 19.3
= Blcok 2 153
= Block 3 16.0 17.6
- Block 4 14.6 20.8
= siocx 5 150 206
= Block 6 12.2 138 188 234
= Block 7 8.0 12.0 I 14.2 I 188 27.2
= Block 8 6.0 9.0 114 I I 15.0 19.8 238
Block 9 7.2 oa [ 13e 148 20.2

Figure 6. Fremont leaf number for nine blocks in the field, counted at defined weeks after sowing

Lindurian [ | Leaf number at meristem switch moment |

Leaves Number
»
w

o l
o | .
5 Weeks & Weeks
= Block 1
m Block 2
= Block 3
= Block 4 14.8 228

| 'm Block 5 | | I 9.8 ] 1a.6 | 16.8 | 20.8

| m Block 6 | 124 | ] 118 18.8 238
= Block 7 8.4 10.8 | 13.4 1 16.8 23.6

= Block 8 6.6 | 8.8 11.8 15.4 17.8 | 238
Block 9 7.4 10.2 12.8 14.2 24.6

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

In Figure 8 and Figure 9, results are presented of the number of leaves in the greenhouse
temperature swap experiment and marked the leaf number at meristem switch moment in three
temperature treatment groups. With the growth of plants, the number of leaves in Lindurian and
Fremont groups (control, 5" weeks and 6™ week high temperature treatment groups) kept increasing,
ranging from 9 to around 60. After comparison the data collection at same time point, Lindurian had
more leaves are than Fremont during the plant growth process in both control and high temperature

treatment of 5" and 6" week groups.

Fremont
40,0
i
E 00 | ! &
= 2000
g
E 10,0
Wb Weéa Weh Wia Wb Waa WEb W Wab Wila | W10k  Wlla | WwWilb
—i—Fremont Control 9.0 105 113 20.8 218 38 225 24.0 288
=l Fremont 5 Weeks | 9.0 10.5 11.0 22.3 235 235 235 29.8 285
—-h—FremontBWeeks_ | | 9.8 21.8 233 | 238 253 | 295 | | 0.8

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

For Lindurian, from week 6 to week 12, three groups leaf number were measured. The range of the
numbers was from 11.8 to 39.0 in control group. In 5™ and 6" weeks higher temperature treatment
groups, the leaf number were from 12.3 to 36.0 and 11.3 to 38.0 from week6 to week 12. For Fremont,
from week 6 to week 9, the numbers of leaves in all three treatment groups were obtained. The range
numbers are from 11.3 to 22.5 under control condition. 11.0-23.5 and 9.8-25.3 were measured on 5"
and 6" week high temperature treatment groups. The week 10 (W10a) and week 11 (W1la) were not
measured in Fremont. We analysed whether number of leaves of the three groups of Lindurian and
Fremont were different. The comparison between the two groups (control--five weeks, control--six
weeks and five weeks--six weeks) showed that there was no significant difference between the

different treatment groups in Lindurian or Fremont.

3.1.2 Stemthickness

The stem thickness and the leaf number were measured on the same individual plant when meristems
were harvested to visualize in which stage they were. As can be seen from the measurement data of
Lindurian (Figure 10) and Fremont (Figure 11), the range of the stem thickness in control group were
from 8.9 to 10.4 in Lindurian from week 6 to week 12 and from 9.6 to 10.8 in Fremont from week 6 to
week 11. In 5th and 6th week higher temperature treatment Lindurian groups, the stem thickness was
from 8.9 to 9.5 and 8.2 to 11.6 from week6 to week 12. For Fremont, from week 6 to week 11, the
thicknesses of stem in two high treatment groups were obtained. 9.1-10.9 and 8.3-12.1 were
measured on 5th and 6th week high temperature treatment groups. The week 10 (W10a) and week 11
(W1la) were not measured in Fremont. The same point in time in the same treatment group, Fremont

stems are wider than Lindurian stems. With the time of growth of plant growth, stem width increased.
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Figure 10. Lindurian stem thickness for three groups in greenhouse
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Figure 11. Fremont stem thickness for three groups in greenhouse

The comparison between the two groups (control--five weeks, control--six weeks and five weeks--six
weeks) showed that the stem thickness was no significant difference between the different treatment

groups in Lindurian or Fremont.

The detail leaf number and stem thickness data for Lindurian and Fremont are presented in Appendix
5 and Appendix 6.

In the greenhouse experiment, at the same time point, the leaf humber and stem thickness were
measured for the same individual plant. SPASS software was used to analyse the correlation between
leaf numbers and stem thickness. Twenty four time point of the twenty four pairs of data in the three
treatment groups for each cultivar were used for analysis. Derived from the analysis results
(Appendix 7), there were no significant relation between leaf number and stem thickness in control ,

5" weeks and 6" weeks groups at most time point by seeing the P value of each pair.

3.1.3 Curd weight and diameter

To estimate curd weight and diameter variation between different sowing time and different cultivars,
curd was harvested from the initially at week 15 after sowing for each block. However, the cauliflowers
in the blocks that were developed quicker and thus the curd was overripe (loose and start rot) at 15
weeks, which made us decide to harvest week 13 for the later blocks. In order to facilitate the analysis
of data, based on the curd age, divided the data to two parts and total nine blocks by harvesting time
(Table 2). The detail harvesting data for each block is presented in Appendix 8. Using box plots, the

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

In block 1, 2, 3 and 4, the curds were 15 weeks old. Block 4 to block 9, the curds were 13 weeks old.
Whether 15 weeks old curd or 13 weeks old curd, the curd weight of Fremont were larger than
Lindurian. According to the curd weight distribution in nine blocks, we found that the variation of the

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

Curd diameter of Fremont was larger than Lindurian from block 1 to block 9, besides block 8. In block
8, when the plants were 13 weeks old, the Lindurian curd diameter was longer than Fremont. However,
the meristems of these two cultivars were all switched at week 8 in this block. The distribution of the
curd diameter range was similar in these two cultivars when the curd was 15 weeks old. Analysis the

13 weeks old curd, the curd diameter range in Lindurian was more than Fremont in block 5 and block
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Figure 13. Box plots showing the distribution of curd diameter in different block in the field

As can be seen from the data change, the curd weight and curd diameter gaps between Fremont and
Lindurian are reduced with the passage of sowing time, which means that Lindurian develops faster

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

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

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

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

3.1.4 Apical meristem observation

Based on the apical meristem developmental stage, three meristem developmental growing stages
were separated during the cauliflower growing process (Figure 14), plus curd and flower stage. About
one week to two weeks between the vegetative stage and generative stage was defined as the
transition stage, based on the morphology. Cauliflower has a long curd stage, when it is in fact an
inflorescence with non-developed flower buds. But after curd ripening, the flower bud develops and
some flower truly open. The lengths of each growing stage was significant different for different

cultivars.

Figure 14. Cauliflower growing stages

3.1.4.1 Meristem trarsition in greenhouse

In the temperature swap experiment 1, in the greenhouse (Table 7), the meristems of Lindurian
plants in control group transited at week 9 to the generative stage, which means 9 weeks after sowing.
Lindurian meristems of 5" week high temperature treatment group plants switched at week 13, 2.5
weeks later than control group. 6" week high temperature treatment plants swapped half weeks earlier
than the 5" week plants. The 7" week high temperature treatment plants were in transition again, half
week earlier than 6™ week swap group. So all temperature swapped Lindurian were delayed in the

transition from vegetative to generative meristem.

Table 7. Greenhouse temperature swaps
experiment 1, plants sown on December
21t 2011, Lindurian meristem switch

time.
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