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Summary
Wild rocket (Diplotaxis tenuifolia) has recently become a popular salad leaf in the UK due to
its peppery taste.

It is grown widely in Italy but is now being produced in Spring and

Summer in England. It is part of the Brassicaceae family and thus has a high level of
homology at the DNA level to other Brassica species and Arabidopsis. This project aims to
produce late bolting genotypes of rocket to incorporate into commercial breeding
programmes. Delayed bolting is important as current varieties flower at unpredictable times
and often earlier than desired. This is a problem because when rocket flowers it becomes
unsaleable. Ethyl methanesulphonate (EMS) was used to generate a mutant population of
rocket. Late bolting lines were selected and whole genome sequencing was used to identify
single nucleotide polymorphisms (SNPs) induced by the EMS which may be a cause of the
late bolting phenotype. Six flowering pathway genes have been isolated from rocket and
have been tested to see if they can functionally complement A. thaliana knockout lines in
these genes. Further work was carried out to investigate how these genes were expressed
over diurnal and developmental time courses to understand their function in the flowering
time pathway in rocket. Together, these results show that most of the flowering pathway
genes isolated from rocket are functional orthologues of those in Arabidopsis.

The

photoperiodic and vernalization requirements of rocket were investigated and it was found
that rocket does not have a vernalization requirement and is a facultative long day plant.
Targeted mutagenesis using clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR associated system (cas9) was employed for the introduction of mutations
into the FLOWERING LOCUS T (FT) gene in rocket and Arabidopsis. Many late flowering
Arabidopsis lines were identified and sequencing revealed the successful manipulation of the
FT gene. Two late bolting rocket lines were also identified. Overall, the project aims were
achieved as late bolting rocket lines have been produced and will be incorporated into a
rocket breeding programme.
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Chapter 1. Introduction
1.1.

Project background

Global food security is a critical issue in the 21st century with a predicted population
reaching nine billion by 2050. Recent estimates suggest that food production will
need to double from current levels in order to sustain such a large number of people
(2011). This huge increase in productivity will involve overcoming issues such as
land shortages and water scarcity, fuel efficiency and climate change, with as little
damage to the environment as possible to ensure a sustainable future. A key part of
this will be the improvement of current crops, and the introduction of new crops, as
well as reducing wastage and unnecessary crop losses. It is important not only to
produce enough food for the growing population, but to provide a balanced diet
consisting of the major food groups. Fruit and vegetables contribute a large number
of essential vitamins and minerals and campaigns such as the UK Government ‘5-aday’ initiative aim to encourage people to consume a least five portions of fruit and
vegetables

a

day

to

maintain

a

healthy

diet

(http://www.nhs.uk/livewell/5aday/pages/5adayhome.aspx). Salad vegetables such
as lettuce, spinach and rocket, particularly when bagged, can provide a convenient
way of reaching the 5-a-day target, as they don’t need cooking and are often already
washed. Wild rocket (Diplotaxis tenuifolia), despite its long history of use in the
Mediterranean, is a relative newcomer to the UK and commercial cultivation. It
therefore has a large scope for improvement.

A major issue with commercial

production of rocket is wastage and crop losses due to bolting as it renders the crop
unsaleable. If delaying bolting, or increasing holding ability, can be achieved it
would give growers more time to harvest the crop without a reduction in leaf quality
as well as increasing sustainability through reducing wastage. This project aiming to
delay bolting in rocket to improve quality and sustainability therefore has
commercial benefits and was awarded a BBSRC CASE award in partnership with
Elsoms Seed Ltd.
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1.2.

Overall aim

The aim of this PhD is to produce late bolting rocket lines, where the late bolting
phenotype is robust despite differing environmental conditions, based on the
hypothesis that EMS will introduce variation in bolting time into the population so
that lines that are delayed in bolting time can be selected and characterised. Work
will also be carried out to understand which genes are involved in the control of
flowering time in rocket and isolate them to provide candidate genes which, if
manipulated, could lead to a late bolting phenotype.
It is expected that the project will produce robust late bolting lines which can then be
used to cross into a commercial line where leaf shape, size and taste are uniform
across the crop, to create a potential market leading variety

1.3.

Objectives

•

Isolate homologues of flowering pathway genes

•

Investigate the vernalization and photoperiodic flowering requirements of
rocket

•

Create an EMS population of rocket to select for late bolting lines

•

Use high throughput genome sequencing to try to determine the causative
SNPs within late lines

•

1.4.

Manipulate rocket flowering pathway genes using CRISPR technology

Introduction to rocket

1.4.1.

Overview

Wild rocket (D. tenuifolia) has increased in popularity over the last 20 years in the
leafy salads market (Bennett et al., 2007; Chun et al., 2013). In the UK alone, over
80 tonnes of rocket is consumed per week (Gill, 2008) and sourced from Italy,
Portugal, Spain, UK and USA (www.sainsburys.co.uk) is readily available year
round in British supermarkets. It is known for its dark green, lobed leaves (Figure
1.1) which have a pungent peppery flavour (Mohamedien, 1994). Several species
such as D. tenuifolia and D. muralis are eaten, usually in salads, whereas others such
as D. erucoides are classed as weed species (Grillo et al., 2012). Rocket has bright
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yellow flowers which are abundant in pollen and emit an oilseed rape type aroma.
Seed pods when produced have a double layer of seed which gives rise to the name
of the genus (Pignone and Martinez-Laborde, 2011).

Diplotaxis species are

generally annual plants which have two seasons of growth, winter to spring and
summer to autumn (Gresta et al., 2010), but D. tenuifolia is a perennial (Pignone and
Martinez-Laborde, 2011).

Across the genus, Diplotaxis is a natural outcrosser

(Eschmann-Grupe et al., 2004), however one species, D. viminea, has been found to
be self-fertilising (Grillo et al., 2012)

Figure 1.1 – A Diplotaxis tenuifolia plant showing typical dark green and lobed leaves

1.4.2.

Phylogeny

Rocket, also known as roquette, arugula or rucola is a crop consisting of two genera,
Eruca and Diplotaxis. Generally, Eruca sativa (salad rocket) is the popular rocket
species in the USA and D. tenuifolia is known as wild rocket is more popular in
Europe, however, due to the range of leaf shape and size in each, often the terms are
used interchangeably. The genus Diplotaxis is found in the Brassicaceae family in
the Oleracea clade (Arias and Pires, 2012) and is therefore closely related to species
Brassica rapa, B. juncea, B. napus, B. oleracea as well as Arabidopsis thaliana
(Arabidopsis) (Figure 1.2). This means that many genes and pathways that have
been characterised in Arabidopsis and Brassica are likely to be common to rocket, so
that there is a lot of relevant knowledge and sequence resource available for
researchers aiming to improve Eruca and Diplotaxis crops. The similarity between
Brassica and Diplotaxis is so close that lines have been introgressed to try and
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introduce beneficial traits such as disease resistance into cultivated Brassica lines
(Garg et al., 2010; Gill, 2008). Diplotaxis is known to have 32 species (Warwick
and Al-Shehbaz, 2006) which were originally found in Europe, Africa and Asia but
several species have also spread to the Americas and Australia.

Chromosome

numbers vary across the genera as do phenotypes (Warwick and Al-Shehbaz, 2006).
Phylogenetic trees of Diplotaxis have been constructed using chromosome numbers
and cytodemes (Harberd, 1976), chloroplast-DNA restriction sites (Warwick et al.,
1992), Random Amplified Polymorphic DNA (RAPD) markers (Eschmann-Grupe et
al., 2004) and seed morphology (Grillo et al., 2012).

Figure 1.2 – Phylogenetic tree of rocket (Sayers et al., 2011)

1.4.3.

Cultivation

D. tenuifolia is cultivated in many regions of the world including the south of the UK
(Weightman et al., 2012). It is planted in lawns of up to 100 plants/m2 as direct
sowing at a high density of plants can give high yields, and it is harvested at about 2
cm above ground level using a lawnmower style machine (Figure 1.3) (Bianco and
Boari, 1996; Esiyok, 1996).

Depending on the climatic conditions and cost of

production, rocket is grown both in the field and in glasshouses and usually drilled
directly as seed. In ideal conditions, the crop can be ready for harvest within 25-35
days (Bell et al., 2015). Rocket when cultivated, particularly in Mediterranean
climes, can be harvested several times per crop, but research has shown that more
than two cuts becomes economically unviable (Bianco and Boari, 1996) and can lead
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to a quicker onset of flowering (Pimpini and Enzo, 1996). Nitrogen fertiliser at up to
100 kg/ha can be applied to aid growth of rocket especially for producing subsequent
harvests (Baggio and Pimpini, 1995), but this must be balanced with the
consideration that rocket readily takes up nitrates and nitrate levels can easily go
above the recommended level for human consumption (Weightman et al., 2012).

Figure 1.3 – Lawnmower style harvesting machine used for harvesting leafy salad crops including rocket.
Photograph taken at Blackdown Growers, Radford Semele, Warwickshire, UK.

1.4.4.

Taste and health

The characteristic peppery taste of rocket is due to the glucosinolate content, which
also makes it a good candidate for pharmaceutical applications. D. tenuifolia has a
history of being used in traditional medicine for various ills such as digestive
disorders and diabetes (Yaniv, 1994). It is usual for the leaves of rocket to be eaten,
however research by Falleh et al. (2013) has shown that the flowers contain the
highest levels of beneficial chemicals with antioxidant and antibacterial activities.
Bell et al. (2015) found that Dimeric-4-mercaptobutyl and Glucosativins are the
glucosinolates in highest abundance in D. tenuifolia at the time of harvest. Hall et al.
(2015) investigated the glucosinolate changes in pre- and post-harvesting and
discovered that the level and type of glucosinolates changes from the first to second
harvests.

Glucosinolates accumulate in the vacuoles of the cells to keep them
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spatially separated from the enzyme myrosinase which is in the cytosol. When tissue
is broken down, the myrosinase reacts with the gluconisolates producing the volatile
isothiosinates (Bennett et al., 2006).
1.4.5.

Breeding

Research into rocket and its breeding programmes became centralised and more
focussed with the creation of the rocket genetic resources network in the 1990s
(Pignone and Martinez-Laborde, 2011).

Most research to date has involved

analysing glucosinolate content, flavour and nutrient content, as well as post-harvest
degradation and packaging improvements (Bell et al., 2015; Bennett et al., 2007;
Lokke et al., 2012; Weightman et al., 2012). There is therefore an opportunity to
investigate some less understood aspects of the crop, such as flowering behaviour
and underlying genetic pathways controlling growth and development.
1.4.6.

Bolting

When conditions are favourable, a network of genes triggers the change from
vegetative growth to the reproductive phase. Visually this is first identified by the
formation of floral buds followed by the upward growth of the stem, known as
bolting. The buds then mature and the flowers open.
Bolting/flowering is a problem in many leafy vegetables as it can reduce the quality
of the product and the potential yield (Abou-Elwafa et al., 2011; Bluemel et al.,
2015). For example, in lettuce, the production of floral buds is linked to a change in
secondary metabolites, such as sesquiterpene lactones causing an unpleasant taste
(Sessa et al., 2000). Although this isn’t the case in rocket, bolting is still undesirable
due to the industry standards in marketable rocket which doesn’t include floral
parts. The whole crop therefore has to be discarded if individuals begin to bolt (Raw
Material Specification, Bakkavor Group Ltd).
A delay in bolting of current rocket varieties by seven days or more would be
commercially beneficial as crop scheduling could be improved and less wastage
would occur, with the consumer still being satisfied with the product quality and
uniformity (S. Kennedy, Elsoms Seeds Ltd, personal communication).
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1.5.

Introduction to flowering

1.5.1.

Overview

Regulation of flowering time involves a complex system of genes and networks
which allows a plant to respond to internal and external signals to control the timing
of the transition from the vegetative phase to the reproductive phase (Srikanth and
Schmid, 2011). The timing of this transition is crucial to enable reproduction to
occur when the plant is at its fittest and the environmental conditions are most
favourable (Thomas et al., 2006).

Most research into flowering time has been

conducted in the model plant Arabidopsis, through the generation and testing of
many gene knockout mutant lines and transgenic overexpression lines to elucidate
gene function (Corbesier and Coupland, 2005). Currently there are six key pathways
that regulate flowering time which are: the photoperiodic, autonomous, vernalization,
gibberellic acid, age dependent and ambient temperature pathways (Figure 1.4)
(Brambilla and Fornara, 2013; Fornara et al., 2010; Jarillo and Pineiro, 2011;
Srikanth and Schmid, 2011). All of these pathways converge at the floral pathway
integrator

genes

FLOWERING

LOCUS

T

(FT)

and

SUPPRESSOR

OF

OVEREXPRESSION OF CO 1 (SOC1) which activate the floral meristem identity
genes. When flowering is induced the shoot apical meristem (SAM) changes from
forming vegetative tissues such as leaves to form flowers.
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Figure 1.4 – Flowering time regulatory pathways in Arabidopsis.
Green arrows represent gene activation, red T-bars represent gene repression, genes in blue are those analysed in
this study. Gene abbreviations: CCA1 - CIRCADIAN CLOCK ASSOCIATED 1 , LHY - LATE ELONGATED
HYPOCOTYL , TOC1 - TIMING OF CAB EXPRESSION 1, PRR7&9 - PSEUDO-RESPONSE REGULATORS, GI
- GIGANTEA, FKF1 - FLAVIN-BINDING, KELCH REPEAT, F-BOX 1, CDF - CYCLING DOF FACTOR, PHYA
- PHYTOCHROME A, PHYB - PHYTOCHROME B, CRY1 - CRYPTOCHROME 1, CRY2 - CRYPTOCHROME
2, COP1 - CONSTITUTIVELY PHOTOMORPHOGENIC, CO - CONSTANS, FD - A bZIP transcription factor,
FT - FLOWERING LOCUS T, SVP - SHORT VEGETATIVE PHASE, FLC - FLOWERING LOCUS C, LD LUMINIDEPENDENS, FLD - FLOWERING LOCUS D, FLK - FLOWERING LOCUS KH DOMAIN, FRI FRIGIDA, VIN3 - VERNALIZATION INSENSITIVE 3, VRN1 - VERNALIZATION 1, VRN2 - VERNALIZATION 2,
LHP1 - LIKE HETEROCHROMATIN PROTEIN 1, SPL - SQUAMOSA PROMOTER BINDING LIKE, SOC1 SUPRESSOR OF OVEREXPRESSION OF CONSTANS 1. (Adapted from Corbesier and Coupland (2005), Feng
et al. (2011), Sawa and Kay (2011), Srikanth and Schmid (2011))

1.5.2.

Photoperiodic pathway

The photoperiodic pathway results from the integration of the circadian clock, the
endogenous 24 hour rhythm, and the day length (Suarez-Lopez et al., 2001). Two of
the key genes in this pathway are CONSTANS (CO) and GIGANTEA (GI) (An et al.,
2004; Suarez-Lopez et al., 2001). In long days (LD), GI is expressed under the
control of the circadian clock early on in the day and GI protein forms a complex
with FLAVIN-BINDING, KELCH REPEAT, F-BOX (FKF1) which targets
CYCLING DOF FACTORs (CDFs) for degradation. CDF expression is regulated
by the circadian clock and is induced by the clock genes CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1), and LATE ELONGATED HYPOCOTYL (LHY) in the
morning. CDFs repress the expression of CO by binding to its promoter (Song et al.,
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2015). When CDFs are degraded, CO can then be expressed, towards the end of the
LD and overnight (Figure 1.5) (Miller et al., 2008; Mizoguchi et al., 2005). The
accumulation of CO protein at the end of a LD is stabilized by the action of the
photoreceptors PHYTOCHROME A (PHYA) and CRYPTOCHROMES 1&2
(CRY1 & CRY2), and the high levels of CO trigger the expression of FT which
promotes SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and the
floral integrator genes which induces flowering (Kim et al., 2008). In short days
(SD) in Arabidopsis, flowering is delayed. This is due to the timing of GI expression
not being synchronised with FKF1 with the result that the CDF isn’t degraded and
CO expression is much lower (Figure 1.5) (Ito et al., 2012), so FT expression isn’t
activated (Sawa and Kay, 2011). Further discussion of the photoperiodic pathway
can be found in Chapter 4, and the key photoperiodic genes CO, GI and FT are
discussed in more depth including their sequence, structure and function in rocket in
Chapter 3.

Figure 1.5 – Role of key photoperiod genes GI, FKF1, CDF and CO in Arabidopsis under long day and
short day conditions.
The differential expression of genes involved with floral transition by photoperiodic response culminating on FT
activation. Figure from Sawa et al. (2007)
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1.5.3.

Autonomous pathway

The autonomous pathway is made up of seven major genes.

These are

LUMINIDEPENDENS (LD), FLOWERING LOCUS D (FLD), FLOWERING
LOCUS KH DOMAIN (FLK), FLOWERING LOCUS CA (FCA), FLOWERING
LOCUS PA (FPA), FLOWERING LOCUS Y (FY) and FLOWERING LOCUS VE
(FVE). These are all able to promote flowering by repressing FLOWERING LOCUS
C (FLC) which is a floral repressor that represses FT and SOC1 (Simpson, 2004).
LD contains a homeodomain-like domain and is involved in the regulation of FLC
through histone modification (Domagalska et al., 2007) and interaction with
SUPPRESSOR OF FRI 4 (SUF4) (Kim et al., 2006a). FLD encodes a histone
demethylase protein, and regulates FLC by chromatin remodelling (He et al., 2003).
FLK encodes an RNA-binding protein with three K-homology-type RNA-binding
domains and functions to repress FLC through RNA processing, although this is yet
to be fully elucidated (Cheng et al., 2003; Lim et al., 2004). FCA is an RNA
recognition motif (RRM) and WW domain containing RNA binding protein
(Macknight et al., 1997). It acts to downregulate FLC by binding with FY or FPA
and FLD (Liu et al., 2007). FCA has also been shown to interact with FVE (a
homolog of putative retinoblastoma-associated proteins in animals) through histone
deacetylation in the ambient temperature pathway (Blazquez et al., 2003).

FPA

contains three RRM and as well as functioning with FCA, has a role in RNA
polyadenylation (Hornyik et al., 2010). FY is a 3’ end-processing factor interacting
with FCA for FLC regulation and also in the autoregulation of FCA expression
(Simpson et al., 2003). Normally during vegetative growth the levels of FLC are
very high which prevents flowering.

The autonomous pathway genes work to

repress the expression of FLC so levels decrease.

When this happens, FLC’s

repression of the downstream genes FT and SOC1 is lifted and floral induction is
then possible (Amasino, 2010).
1.5.4.

Vernalization pathway

Vernalization is defined as "the acquisition or acceleration of the ability to flower by
a chilling treatment" (Chouard, 1960). It is normally a plant’s response to the cold
winter months which enable it to flower when the climate becomes more favourable
and flowering occurs more quickly when subjected to the cold period. In the model
plant A. thaliana, the vernalization requirement varies in different ecotypes. Some
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ecotypes are summer annuals which have lost their vernalization requirement and
have no need for cold exposure to flower. Others which are winter annuals will
flower very late if they are not vernalized, but with the vernalization treatment, they
are able to flower much earlier (Alonso-Blanco and Koornneef, 2000; Michaels and
Amasino, 2000). The expression of two genes, FLC and FRIGIDA (FRI), determine
whether a plant is able to respond to vernalization or not. As mentioned above FLC
is a repressor of flowering, and FRI regulates FLC expression. In plants where FRI
is expressed, expression levels of FLC are high, so increases the time it takes for
flowering to occur. This is due to FLC blocking transcription of FT and SOC1 by
binding to CArG boxes on their chromatin (Helliwell et al., 2006). When FRI is
expressed at a low level, or is absent, FLC expression is not expressed at a high level
and flowering is earlier as it is not repressed (Johanson et al., 2000). Cold treatment
causes levels of FLC expression to reduce in the plant through epigenetic changes in
the FLC gene which affect its expression. Key histones in FLC are methylated in
response to vernalization which prevent transcription and cause the reduction in FLC
levels (Michaels, 2009). When the plant is returned to a higher temperature, the
change is stable enough to enable floral promotion rather than a return to high FLC
levels (Boss et al., 2004). Studies using Arabidopsis mutants vernalization1 (vrn1)
and vrn2 showed that these genes were responsible for maintaining the low level of
FLC during, and after, vernalization.

These mutants, when returned to higher

temperatures following vernalization, did not flower as expected as the level of FLC
had risen once more (Gendall et al., 2001; Levy et al., 2002). This memory of cold
treatment can be maintained during tissue culture as it is mitotically stable
(Wellensiek, 1964). However, the epigenetic changes are not transferred through the
germ line, so the subsequent generation are once again very late or unable to flower
without going through a period of cold treatment (Jarillo and Pineiro, 2011).
Experiments investigating the vernalization response in rocket are described in
Chapter 4 and the structure and function of rocket FLC in Chapter 3.
1.5.5.

Age dependant pathway

The age dependent pathway results in an increased ability of a plant to respond to
floral induction signals as it ages. The SQUAMOSA PROMOTER BINDING LIKE
(SPL) transcription factors are repressed by microRNA (miR) 156 early in
development but its expression decreases as the plant matures, allowing an increase
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in the levels of the SPLs. These then promote the expression of SOC1 and the floral
meristem identity genes LEAFY (LFY) and APETALA 1 (AP1) (Cong et al., 2013a;
Jarillo and Pineiro, 2011). miR172 promotes the expression of SPLs and it increases
in abundance as the plant ages. miR172 also induces FT through the repression of
FT repressors TEMPRANILLO1 (TEM1), TEM2, SCHLAFMÜTZE (SMZ),
SCHNARCHZAPFEN (SNZ), TARGET OF EAT1 (TOE1), TOE2 and TOE3
(Castillejo and Pelaz, 2008; Mathieu et al., 2009). It has been suggested that starch
metabolism has a role to play in the age dependent pathway through trehalose-6phosphate. This acts as a signal of sucrose levels in the plant and regulates its
response through miR156 and SPLs (Lunn et al., 2006; Matsoukas et al., 2012; Wahl
et al., 2013).
1.5.6.

Ambient temperature pathway

The ambient temperature pathway involves the response of SHORT VEGETATIVE
PHASE (SVP) to the environmental temperature. SVP forms a complex with FLC to
ensure the repression of FT and SOC1 continues thus preventing flowering when
temperatures are low (Fornara et al., 2010; Jarillo and Pineiro, 2011). Flowering
occurs more rapidly when the temperature is higher as this complex no longer forms.
Studies have shown that Arabidopsis svp mutants are able to flower early regardless
of temperature as FT is not repressed by SVP (Fornara et al., 2010). Studies on the
involvement of miR156 and miR172 in the ambient temperature pathway have linked
these to the differing regulation by SVP (Lee et al., 2010). The autonomous pathway
genes FCA and FVE have also been implicated in temperature sensitive regulation of
flowering (Srikanth and Schmid, 2011), and work by Kim et al. (2012) has also
suggested that miR156 acts through SPL3 to regulate FT expression in response to
temperature.
1.5.7.

Gibberellic acid pathway

The gibberellic acid pathway induces flowering through the action of bioactive
gibberellic acid (GA). A high level of GA promotes the expression of SOC1 and
LFY, leading to floral induction. This was discovered through a study of rice which
was infected with the fungus Gibberilla fujikuroi.

The fungus synthesises

gibberellins, which causes a fast growth rate and lodging in the infected rice plant
(Phinney, 1983). Subsequent research found that Arabidopsis mutants which impair
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the production of GA are delayed in flowering, especially when grown in SD
conditions (Fornara et al., 2010). This phenotype was able to be reversed when GAs
are added exogenously (Hedden and Phillips, 2000). GA perception in plants is
through the GIBBERELLIC INSENSITIVE DWARF 1 (GID1) receptor and high
GAs induce the expression of FT in long days (Griffiths et al., 2006). This is
through the GA mediated degradation of DELLA proteins which delay flowering by
reducing the expression of FT and TSF (Galvao et al., 2012). GAs have also been
implicated in the activation of the other floral integrator genes SOC1 and LFY
(Blazquez et al., 1998; Moon et al., 2003).
1.5.8.

Role of flowering pathway genes in crop species

The manipulation of flowering pathways has been key in crop domestication,
allowing the spread of species from high temperature, intermediate photoperiod
regions to cold temperature, seasonal regions where the day length changes from
short to long days depending on the time of year (Nakamichi, 2015). With the work
in Arabidopsis on flowering pathways, the understanding of the genes involved in the
control of flowering in different crop species is growing. The photoperiod pathway
genes CO and FT and their role together in promoting flowering, has been found to
be conserved across monocots and dicots (Jung and Mueller, 2009). The rice CO
homolog Heading date1 (Hd1) has been shown to promote flowering through its FT
homolog Heading date3a (Hd3a), even though rice is a SD plant (Izawa et al., 2002).
Rice also has GI homolog OsGI which is regulated by the circadian clock and
induces the expression of Hd1 (Hayama et al., 2003). Potato also has homologs of
CO and FT which induce tuberization as well as flowering (Rodriguez-Falcon et al.,
2006). Barley Photoperiod- H1 (Ppd-H1) is a homolog of the Arabidopsis circadian
clock gene PSEUDO-RESPONSE REGULATOR (PPR7) and variation of this gene
has given the species the plasticity to grow under different photoperiodic conditions
(Turner et al., 2005). Variation in key vernalization pathway genes has also been
important in the development of crop species. In Brassicaceae, homologs of FLC
have been found, and account for the majority of spring sown and winter sown
varieties in their response to vernalization (Jung and Mueller, 2009). The only nonBrassicaceae species where FLC homologs have been discovered are root chicory
(ciFL1) (Perilleux et al., 2013), sugar beet (BvFL1) (Reeves et al., 2007) (although
this is being debated (Vogt et al., 2014)), and lettuce (LsFLC1-5) (A. Massiah,
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personal communication). Vernalization responses in other species are also due to
variation at the VRN locus, such as the non-vernalizing Canadian spring wheat
through Vrn-A1a (Cockram et al., 2007; Iqbal et al., 2007).

The continued

application of knowledge gained from Arabidopsis flowering time studies into crop
species will further our understanding of the molecular mechanisms and provide a
wealth of possibilities for crop breeding today and in the future.

1.6.

Project strategy

The work in this project falls into two main categories. The first is to understand the
flowering pathway in rocket, so transferring knowledge gained from Arabidopsis into
this crop species. The second is to delay the onset of flowering in rocket to produce
late-bolting lines for incorporation into commercial breeding programmes.

The

results in Chapters 3-6 will expand on each of these points and explain the progress
made in this project.
1.6.1.

Understanding the flowering pathway in rocket

Much research has been done to explore the underlying mechanisms involved in the
floral transition in the model species Arabidopsis.

A complex network of

interlocking pathways and genes has been found, and new players are being
discovered all the time. However, it is important that this knowledge gets applied in
crop systems to enable higher yielding, better quality and delayed bolting varieties to
be developed. Five key genes in the Arabidopsis flowering pathway were chosen for
investigation

in

rocket

(Table

1.1).
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Table 1.1– Five key flowering pathway genes in Arabidopsis chosen for investigation in rocket.

Gene

Function

CO

Location in

Locus in

flowering pathway

Arabidopsis

Regulation of

Photoperiodic

AT5G15840

flowering under

pathway

long days
GI

Regulates CO by

Photoperiodic

complexing with

pathway

AT1G22770

FKF1
FLC

Repressor of

Autonomous

flowering

pathway,

AT5G10140

vernalization
pathway, ambient
temperature
pathway
SOC1

Floral induction

Floral integrator

AT2G45660

FT

Floral induction

Floral integrator

AT1G65480

BLAST searches of these Arabidopsis genes revealed homologues in Brassica
species. Sequence information from the Arabidopsis and Brassica sequences for
each gene were used to isolate the gene homologs in rocket. Chapter 3 describes the
results of the flowering time gene isolation in rocket following the specific aims:
i)

Isolation of the five key flowering pathway genes in rocket

ii)

Use the isolated coding sequences (CDS) of the genes for functional
complementation studies in Arabidopsis

iii)

Investigate the diurnal and developmental expression pattern of each gene
in rocket

In order to develop our understanding of the control of flowering in rocket,
experiments were designed to determine the vernalization and photoperiodic
requirements for flowering which are not currently known. Chapter 4 describes the
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results for both the vernalization and photoperiod experiments in rocket following
the specific aims:
i)

Establish whether rocket has a vernalization requirement through
subjecting plants to two different vernalization temperatures for different
lengths of time and monitor the expression of FLC.

ii)
1.6.2.

Explore the flowering response of rocket in different length photoperiods
Use of mutagenesis to delay the onset of flowering in rocket

The use of various mutagenesis methods is wide spread, both in plant research and in
crop breeding. It enables new traits to be discovered by changing the activity of
genes within the plant.

Ethyl methanesulphonate (EMS) has been used in

Arabidopsis to provide mutant plants which have enabled the understanding of the
function of many genes. The use of EMS in crop species such as tomato (Gady et
al., 2009) and rice (Abe et al., 2012) has enabled breeders to select desirable traits
for improving crop varieties.

Despite EMS introducing mutations into a plants

genome, crop varieties bred using this technique are deemed non-GM. EMS has also
been used successfully on rocket previously (Kenigsbuch et al., 2014), so for these
reasons it was the method of choice for this project. This work aimed to produce an
EMS-mutagensied population for rocket which could be screened for late bolting
phenotypes. Whole genome sequencing will be employed to allow single nucleotide
polymorphisms (SNPs) to be identified in order to try to link one of them to the late
bolting phenotype observed. Chapter 5 describes the results for the EMS treatment
and late bolting trait selection as well as SNP identification following the specific
aims:
i)

Create an EMS population of rocket and select for late bolting phenotypes

ii)

Use backcrossing to reduce the load of non-causative background SNPs

iii)

Identify SNPs which differ between wild type and selected late bolting
lines

EMS is a random method of introducing mutations into a plants genome.
Technology has advanced over the last 20 years to provide methods of targeted
mutagenesis (Bortesi and Fischer, 2015).

This has given the ability to choose

specifically which genes are mutated. This has the potential of speeding up breeding
programmes as multiple backcrosses to the wild type to reduce the number of
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background mutations causing pleiotropic phenotypes are not needed. However, the
sequences of the target genes in crop species are needed before mutagenesis can take
place but with the cost of high-throughput sequencing reducing all the time, this is
becoming more achievable. In this project, with the knowledge gained through the
isolation of key flowering genes described in Chapter 3, the FT gene was chosen as
an initial candidate for targeted mutagenesis.

A collaboration was set up with

Professor Yiguo Hong and his research group at Hangzhou Normal University,
China who had the knowledge and experience of using clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR associated system
(CRISPR/Cas9) for targeted mutagenesis. This was therefore our method of choice.
Chapter 6 outlines results of using this system to mutate FT in both Arabidopsis and
rocket following the specific aims:
i)

Design the CRISPR target regions to FT and build the CRISPR/Cas9
construct (carried out on an exchange visit to Hangzhou Normal
University)

ii)

Transformation of CRISPR/Cas9 constructs into Arabidopsis and rocket

iii)

Trial and optimise protoplast isolation and regeneration as a potential
method of transient transformation of CRISPR/Cas9 constructs in
Arabidopsis and rocket

iv)

Identify late bolting transformed lines and sequence FT gene for evidence
of targeted mutagenesis

1.7.

Elsoms Seeds Ltd and CASE award

This project is a BBSRC CASE award funded PhD in partnership with Elsoms Seeds
Ltd. Elsoms Seeds Ltd was founded in 1844 and is a small family-owned company.
It has a key role in seed production and sales in the UK and for the last 30 years has
been operating a seed treatment business.

They have a strong history in plant

breeding, which is growing and encompasses partnerships with academia and other
industrial companies to encourage research and innovation into breeding new crop
varieties. Their rocket breeding programme began in 2009 using both Eruca sativa
and Diplotaxis tenuifolia leading to the collaboration with the University of Warwick
and the development of this project. This CASE award partnership is aiming to build
on the research of flowering time in crop plants in the Jackson Lab at the University
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of Warwick, produce late bolting rocket lines for Elsoms Seeds Ltd to incorporate
into their rocket breeding programme and provide the student Jemma Taylor with
expertise as a plant scientist and experience of working in industry.
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Chapter 2. Materials and Methods
2.1.

Materials

2.1.1.

Arabidopsis

Arabidopsis thaliana Columbia-0 (Col-0) and ft-10 (Col-0 background) mutant seed
was provided by Dr Aaron Abbott (Warwick University), A. thaliana Landsberg
erecta (Ler) seed from Mrs Alison Jackson (Warwick University), FRI+ flc-3 null
(Col-0 background) mutant seed from Dr Andrea Massiah (Warwick University),
soc1-2 (Col-0 background) mutant seed from Dr Richard Immink (Wageningen
University, Netherlands) and gi-3 (Col-0 background) and co-2 (Ler background)
mutant seed directly from the Nottingham Arabidopsis Stock Centre (NASC)
(http://arabidopsis.info/), where all the above seed was originally sourced.
2.1.2.

Rocket (Diplotaxis tenuifolia)

2.1.2.1.

Single Seed Descent

Elsoms Seeds Ltd provided seed which originated from a commercial Diplotaxis
tenuifolia variety ‘Voyager’ (Tozer Seeds Ltd), but had been bred through three
generations of single seed descent for uniformity of leaf shape and colour, and for
late bolting. The seed received was single seed descent 3 (SSD3). Fifty SSD3 seeds
were sown at University of Warwick, Wellesbourne campus (latitude 52o12’) to
produce large numbers of SSD4 seed for the EMS mutagenesis (section 2.1.6.3).
Bolting data from the SSD3 plants was recorded and 2000 SSD4 seeds were
collected from six SSD3 plants which bolted around the average number of days for
the population. This was used to generate the EMS population. Seed from a single
SSD3 plant that had an average bolting time was sown to create the SSD4
population, and bolting dates recorded. This was repeated for SSD5 and SSD6.
Bolting data collected for SSD6 showed a smaller range of bolting time. SSD6 seed
was threshed and used in subsequent experiments.
2.1.2.2.

Gene Bank Seed

D. tenuifolia seed was also sourced from a gene bank (IPK, Gaterslaben, Germany)
(Table 2.1) for the EMS trial experiments as the SSD4 seed was not available at the
time of the experiment.
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Table 2.1 – Rocket seed received from gene bank IPK.

Accession

Species

Origin

DIPLO3

Diplotaxis

Botanic Garden,

tenuifolia

Siena, Italy

Diplotaxis

Botanic Garden,

tenuifolia

Liege, Belgium

DIPLO4

2.1.3.

Scoring plants for bolting

When a plant changes from its vegetative state to its reproductive phase, the shoot
apical meristem transforms from producing leaves, to producing floral parts. When
observed closely, small flower buds can be seen, indicating that the phase change has
occurred (Figure 2.1A). For this work, when this is seen the plants is scored for
initiation, and the date recorded. The speed of bolting, or the number of days to
initiate is worked out using the initiation date and subtracted the date of sowing or
the date of germination.

It is an important measurement as it is the closest

observation that can be made to the change in gene regulation causing the
reproductive phase to start. The second measurement taken from the plant is bolting
taken as when there is growth of the shoot apical meristem to above the level of the
foliage; usually about 10 cm (Figure 2.1B). This is a very obvious sign that the
change to the reproductive phase has occurred, and is the measurement used by
growers and industry to tell whether a crop has bolted and therefore unsaleable. The
date is recorded when the shoot has reached 10 cm, and the number of days to bolt
worked out using the date of sowing or germination date for that plant. Scoring for
initiation is more labour intensive than scoring for bolting, but taking both allows a
comparison across experiments and to records from growers and industry about how
various rocket lines are performing against one another. The third way of scoring for
bolting is by counting the number of leaves as used by Kenigsbuch et al. (2009;
2014). This is like the method of scoring bolting in Arabidopsis as it assumes the
plant rosette stops producing leaves when the reproductive phase begins. However,
this method is very labour intensive for rocket which produces many more leaves
before bolting, so has only been used once in this work.
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Figure 2.1 – Scoring rocket plants for bolting.
(A) Arrow points to the small floral buds observed and scored in an initiated plant. (B) Arrow points to large
floral buds at the top of a 10 cm bolt when scoring is recorded for a bolted plant.

2.1.4.

Rocket pollination techniques

2.1.4.1.

Insect pollination

Where the plant population was large and grown in the field and selfed seed was
needed, flies were used to aid pollination (Figure 2.2).

Individual plants were

bagged using perforated plastic bread bags and sealed at the bottom using plant ties.
House Fly (Musca domestica) pupae were inserted into the bag and allowed to hatch.
The flies then pollinated any open flowers present in the bag during their lifetime;
seed from these flowers would be selfed seed and was collected to propagate that
line.
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Figure 2.2 – Bagged plant with flies to aid pollination.
Yellow arrow points to a fly.

2.1.4.2.

Bud pollination

To aid pollination where the plant population was small and a specific cross was
desired, bud pollination was used. An inflorescence stalk was selected and any open
flowers and seed pods were removed (Figure 2.3A). Using fine-nosed forceps, the
small central buds were removed and the apex destroyed. The top half of the sepals
and petals were removed and the stamens taken out revealing the stigma from the
biggest 4-6 buds (Figure 2.3B). An open flower with a high level of mature pollen
from either the same plant where self-seed is required, or from a wild type plant
where backcross seed is required was brushed against the stigma of all exposed buds
(Figure 2.3C).

The inflorescence was bagged to prevent any unwanted pollen

transfer (Figure 2.3D). The silique emerges after one week if the bud pollination is
successful and develops to a full seed pod after four weeks.
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Figure 2.3 – Bud pollination of Diplotaxis tenuifolia.
A) Single inflorescence where open flowers will be removed, B) Cutting buds to remove sepals, petals and
stamen, C) Brushing pollen onto exposed stigmas, D) Bagging bud pollinated inflorescence

2.1.5.

Seed threshing

D. tenuifolia seed heads were collected in perforated bread bags after drying on the
plant for four weeks. These bags were stored in dry conditions until threshing. To
thresh the seed from the seed heads, bags were emptied carefully into a 1.7 mm sieve
and moved until the plant material broke down. Large size waste was discarded and
small chaff and seed was then sieved through a 1 mm sieve twice. Remaining plant
debris of a smaller size than the seed was sieved out using a 425 µm sieve before the
remaining seed collected into a paper bag. Seed was then stored in dry conditions at
2-10°C.
A. thaliana plants were dried in paperbags and threshed in a similar way to D.
tenuifolia seed but using 2x 500 µm sieve. Seed was collected into 1.5ml Eppendorf
tubes and stored in dry 2-10°C conditions.
2.1.6.

Rocket ethyl methanesulphonate (EMS) mutagenesis

2.1.6.1.

EMS treatment

D. tenuifolia seed was counted into aliquots of 200 seeds. These were sealed inside
muslin pockets to allow the EMS to penetrate without seed being lost. These were
placed into a 500 ml Duran bottle containing 24 ml 10% Tween20 and 216 ml sterile
H2O. The bottle was placed into a shaking incubator for 15 minutes at 25°C, 150
rpm. The seed pockets were rinsed four times with H2O before filling the bottle with
300 ml sterile H2O and put on the shaking incubator for 5 minutes at 25°C, 150 rpm.
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This was repeated three times. Each seed pocket was then placed into a 250 ml
Duran bottle containing sterile H2O and EMS at the appropriate concentration. One
batch of 200 seeds did not receive any EMS to allow a control comparison of
experimental effects. Each bottle was put at 25°C for 16 hours on a shaking platform
at 150 rpm.

The EMS solution was poured off and inactivated with 0.1 M

NaOH/20% STS for 24 hours before pouring down the fume cupboard sink. The
bottles were filled with 150 ml H2O, swirled and emptied six times before refilling
with 150 ml H2O and placing in the incubator for 15 minutes at 25°C, 150 rpm. The
H2O was poured off and a final continual wash of H2O was done for three hours to
remove any further traces of EMS. Muslin bags were opened and seeds were sown
at one per cell in 98 cell trays of wet peat and covered with vermiculite before
germinating at 25°C, 16 hour photoperiod for one week.
2.1.6.2.

EMS trial experiments

Two trials of EMS treatment were done to optimise the concentration of EMS to use
for rocket. D. tenuifolia gene bank seed (IPK, Gaterslaben, Germany) was used
because the SSD4 seed was not yet available (section 2.1.1).

The same EMS

protocol was used throughout as described in section 2.1.6.1.
For Trial 1, gene bank seeds DIPLO 3 (Table 2.1) were used and the following
concentrations trialled:
EMS concentration
0 (control)
10 mM (~0.1%)
20 mM (~0.2%)
30 mM (~0.3%)
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For Trial 2, gene bank seeds DIPLO 4 (Table 2.1) were used and the following
concentrations trialled:
EMS concentration
0 (control)
5 mM (~0.05%)
10 mM (~0.1%)
20 mM (~0.2%)
Germination tests were performed at 25°C, 16 hour photoperiod for seven days. The
number of germinated seed was then recorded. Plants were transplanted at three
weeks old into 5 litre pots of Levington M2 soil and grown to maturity at Elsoms
Seeds Ltd, Spalding (Latitude 52o79’) in a 16 hour photoperiod glasshouse at 22°C.
The results of these trials enabled a decision to be made on what concentration of
EMS to use in Experiments 1 and 2.
2.1.6.3.

EMS experiments

Ten batches of 200 SSD4 seeds (section 2.1.1) were treated at a concentration of 10
mM EMS on 16/05/12 using the method described in section 2.1.6.1. Germination
data was recorded as for the trial experiments. Trays were then transferred to 16
hour photoperiod at 20°C conditions for further growth.

At six weeks old

(03/07/12), these were put into a cold frame to acclimatise to outside conditions and
at eight weeks old (17/07/12), were planted into the field (section 2.1.7.2).
A second experiment was performed on another 2000 SSD4 seeds (sections
2.1.1&2.1.6.1) with an EMS concentration at 20 mM on 27/06/12. As previously,
germination data was recorded and plants transferred to 16 hour photoperiod at 20°C
conditions for further growth. At four weeks old (25/07/12), these were put into a
cold frame to acclimatise to outside conditions and at six weeks old (09/08/12), were
planted into the field (section 2.1.7.2).
2.1.6.4.

Production of EMS M2 generation

Harvested seeds from 1127 plants across both M1 experiments were threshed. Of
these, only 332 yielded M2 seed. Seed was also threshed from 10 untreated control
lines.

From each of these lines, up to six seeds were sown onto wet peat and

germinated at 20°C, 16 hour photoperiod. Germination was checked after seven
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days and any lines which had not germinated were re-sown. After 14 days, only 223
lines had one or more seed germinate. Three weeks after sowing, plants were put
into a cold frame to acclimatise to outside conditions for one week before planting
into Spanish polytunnels. Plants which were later bolting than the wild types were
dug up and potted into 5 litre pots and put into the glasshouse at 20°C, 16 hour
photoperiod.
2.1.6.5.

Production of EMS generations M2_BC1 and M2_BC1_S1

Individual flowers on late bolting M2 plants were backcrossed to wild type plants of
SSD6, the purest plant line to date (section 2.1.1), using bud pollination (section
2.1.4.2). Seed was set and the plants allowed to dry out before collecting and
threshing the seed (section 2.1.5). Threshed seed was sown into F2+S soil in p40
cells and covered with vermiculite.

Trays were placed into a glasshouse

compartment at University of Warwick Phytobiology facility at 22°C with 16 hour
photoperiod.

These were covered with propagator lids until one week after

germination. Seedlings were transplanted into 5 inch pots of M2 soil at four weeks
from sowing. Initiation of bolting and 10 cm bolt was scored for every plant.
Flowers were bud pollinated and bagged to ensure selfed seed was generated.
2.1.6.6.

Production of M3 generation

Selfed seed was produced for the M3 generation so late bolting M2 plants were
bagged to prevent pollen transfer from different plants. M3 seed was threshed before
up to eight seed were sown onto wet peat. Seeds were germinated at 20°C, 16 hour
photoperiod and grown for three weeks.

These were put into a cold frame to

acclimatise for one week before transplanting into the field (section 2.1.7.2).
2.1.7.

Growth conditions

2.1.7.1.

Glasshouse trials

Rocket plants in the Single Seed Descent experiments were grown at the University
of Warwick, Wellesbourne campus at a set temperature of 20°C with 16 hours light,
8 hours dark where high pressure sodium lamps (Philips 400 W SON-T bulbs)
provided supplementary lighting when light levels dipped below 1500 µmol/m2/s.
Plants were watered regularly and nutrient feed (Vitax 2:1:4 NPK) added weekly
once plants had reached eight true leaves.
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Rocket plants in the EMS experiment M2_BC1 and M2_BC1_S1 were grown at the
University of Warwick Phytobiology Facility at a set temperature of 22°C with 16
hours light, 8 hours dark where high pressure sodium lamps (Philips 400 W SON-T
bulbs) provided supplementary lighting when light levels dipped below 1500
µmol/m2/s.

Plants were watered regularly and nutrient feed (Vitax 2:1:4 NPK

applied at 0.5 g/l) added weekly once plants had reached eight true leaves.
2.1.7.2.

Field trials

Rocket plants in the EMS population were grown at University of Warwick,
Wellesbourne campus (latitude 52o12’). Seed was sown onto peat blocks, covered
with vermiculite and watered. M1 seed was germinated for one week at 25°C with
16 hours light, 8 hours dark in a Procema controlled environment cabinet before
transferring to glasshouse conditions as described in 2.1.6.1. M2 and M3 seeds were
sown in the same way but germinated in a seedling raising glasshouse under natural
conditions with no temperature or lighting supplementation. At four weeks from
sowing, seedlings were transplanted into the field. M1 plants were planted with
Imidicloprid capsules for insect pest control. M2 and M3 plants were treated initially
with Intercept 70WG for pest control when transplanted. Two weeks later treatment
of Steward at a rate of 250 g/ha was used at weekly intervals until flowering where
treatment was biweekly, to control prevalence of flea beetle and thrips.

These

populations were also laid out using an alpha block randomisation method (Patterson
et al., 1978). The M2 population was planted into Spanish polytunnels to increase
the growing temperature and prevent waterlogging which was an issue when growing
the M1 population. The plants were watered regularly using drip tape irrigation. M1
and M3 populations were also watered when necessary using overhead sprinklers.
Insect pollination was used to ensure self-seed was produced in M1 generation
(section 2.1.4.1). For the M2 generation, selected late bolting lines were dug up and
transferred to the glasshouse where bud pollination for self and backcross seed was
used (section 2.1.4.2).
2.1.7.3.

Growth of plants in controlled environment cabinets

Controlled environment cabinets (Versatile plant growth MLR-352, Panasonic Co.
Ltd) were used for rocket 10°C vernalization, diurnal and photoperiod experiments
and Arabidopsis complementation T2 and T3 experiments. Cabinets were set to 22°C
constant temperature with 16 hour light and 8 hour dark conditions for long days and
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22°C constant temperature with 8 hour light and 16 hour dark conditions for short
days, except in vernalization and photoperiod experiments.

Fluorescent bulbs

provide light at an average of 124 µmol/m2/s.

2.2.

Standard laboratory methods

2.2.1.

DNA extraction

Rocket genomic DNA was extracted using CTAB extraction method adapted from
Stewart and Via (1993) on frozen leaf material, which was ground to a powder using
a Dremel Drill with a 1.5 ml Eppendorf tube drill bit. 300 µl CTAB B buffer
(100mM Tris/Cl pH 8.0, 1.4M NaCl, 20mM EDTA, 2% hexadecyltrimethyl
ammoniumbromide) was added and homogenised. Samples were incubated at 65°C
for 30 minutes and centrifuged. The supernatant was removed into a new tube and
twice extracted using 300 µl Chloroform:Isoamyl alcohol (24:1) and centrifugation.
The aqueous top phase was transferred each time. 300 µl CTAB C buffer (1%
hexadecyltrimethyl ammoniumbromide, 10mM EDTA, 50mM Tris/Cl pH 8.0) was
added and left overnight at room temperature.

On day two, the tubes were

centrifuged and the pellet dissolved in 400 µl 1 M CsCl. DNA is then precipitated
using 100% Ethanol and centrifuged. The pellet was then washed twice using 70%
Ethanol before drying and resuspending in 25 µl TE buffer (pH 8) with RNase A
(Invitrogen) (20 µg/ml). When small amounts of leaf material were used, the CTAB
method was reduced to half volume, and the final pellet resuspended in 15 µl TE
buffer (pH 8) with RNase A (Invitrogen) (20 µg/ml).
2.2.2.

RNA extraction and cDNA synthesis

Rocket RNA extraction was done using the Z6 extraction buffer (containing 8 M
guanidine hydrochloride) method (Logemann et al., 1987).

Leaf material was

ground to a powder using liquid nitrogen and a pestle and mortar. The powder was
transferred to a 1.5 ml Eppendorf tube and Z6 buffer plus 2-mecaptoethanol (50mM
final concentration) added. This was homogenised using a Dremel Drill with a 1.5
ml Eppendorf tube drill bit before the rest of the published method was followed. 5
µg RNA was DNase treated using Ambion® Turbo DNA-freeTM DNase and then
resuspended in 12 µl DEPC treated H2O.

1 µg of DNase treated RNA was
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synthesised into cDNA using an Invitrogen Thermoscript cDNA synthesis kit or
BioRad iScript cDNA synthesis kit.
2.2.3.

Primer design

Sequences for each of the CO, FLC, FT, GI and SOC1 genes from A. thaliana,
Brassica napus, B. oleracea and B. rapa were aligned using DNA Lasergene 9 core
suite

MegAlign

package.

Primer3Plus

software

(available

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi)

was

online
used

to

design degenerate primers for each gene and manufactured by Invitrogen. Once the
gene sequences had been isolated for each gene, specific primers were then designed
and manufactured by Sigma Aldrich (Appendix A).
2.2.4.

Polymerase Chain Reaction (PCR)

PCR was performed using gDNA and cDNA, using the primers at 0.6 µM final
concentration for degenerate primers and 0.3 µM final concentrations for specific
primers. Novagen® Kod Hot Start PCR kit was used unless otherwise stated. The
standard reaction volume was 20 µl and PCR conditions were 95°C for 2 minutes
and then the following cycled 35 times: 95°C for 20 seconds, annealing temperature
for the primer pair for 10 seconds, 70°C for the extension time of 15 seconds/kb. A
final temperature of 70°C is held for 4 minutes. For products larger than 3 kb, a
Novagen® Kod Xtreme™ PCR kit was used with the standard reaction volume of 25
µl. PCR conditions were 94°C for 2 minutes and then the following cycled 35 times:
98°C for 10 seconds, annealing temperature for the primer pair for 30 seconds, 68°C
for the extension time of 1 minute/kb. A final temperature of 68°C was held for 4
minutes.
2.2.5.

PCR product visualisation and purification

Products (3 µl) were run out on a 1% (w/v) agarose (AGTC BioProducts)/1xTAE gel
stained with Ethidium bromide or GelRed (Biotium) at 100 V for 20 minutes. Gels
were visualised on a UV lightbox (Syngene G-box with GeneSnap software) and
single band PCR products were purified using a Qiagen PCR purification kit and
finally eluted in 20 µl H2O. To isolate bands from reactions with multiple PCR
products, 20 µl was run on a 1% (w/v) agarose/1xTAE gel for products larger than
1.2 kb and for those smaller than 1.2 kb, a 2% (w/v) agarose/1xTAE gel was used.
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The correct band was excised on a UV light box and purified using a Qiagen gel
extraction kit and eluted in 20 µl H2O.
2.2.6.

DNA sequencing

1.2 µl DNA was quantified using a NanoDrop®ND-1000 Spectrophotometer
(Thermo Scientific). DNA was sequenced using Big-Dye and a 3130xl Genetic
Analyzer (Applied Biosystems) DNA Sequencing machine, or couriered to GATC
Biotech (Germany) where reactions were performed and sequence analysed on ABI
3730xl machines. M13F and M13R primers were used to sequence cloned products,
and PCR primers used to sequence PCR products (Appendix A). Results were then
compared to Arabidopsis and Brassica species using NCBI BLAST programme
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and contigs generated using DNA Lasergene
9 core suite SeqMan package.
2.2.7.

GeneRacer™

Primers were designed to the putative gene sequences in rocket using parameters
defined in the Invitrogen GeneRacer™ Kit (RNA ligase-mediated rapid
amplification of 5´ and 3´ cDNA ends (RLM-RACE)).

5’ and 3’ Expressed

Sequence Tag (EST) ends were obtained using a GeneRacer™ Kit (RLM-RACE) for
each gene, cloned into pGEM-T easy and sequenced as described previously.
2.2.8.

Molecular cloning

2.2.8.1.

Blunt end cloning

For products up to 3 kb, pGEM-T easy vector system (Promega) was used for
cloning. Before products were purified, A-tailing was performed by adding 1 µl of
10 mM dNTPs and 1 µl 500U Taq polymerase (Invitrogen) and heating to 70°C for
30 minutes to add an Adenine nucleotide. This enables efficient ligation due to the
pGEM-T vector having a Thymine overhang. Purification and quantification using a
NanoDrop®ND-1000 Spectrophotometer followed before ligating into pGEM-T
easy vector at a 3:1 ratio using T4 DNA ligase overnight at 4°C. 2 µl of the ligation
product was added to 20 µl Escherichia coli (E. coli) EC100 cells and electroporated.
1 ml of SOC buffer was added and the cell culture put at 37°C for 1 hour. The cell
culture was plated onto LB (10:5:10)/ 1.5% (w/v) agar plates with 100 µg/ml
ampicillin, 20 µg/ml isopropylthio-β-D-galactoside (IPTG) and 20 µg/ml X-GAL.
The plates were incubated at 37°C overnight. White colonies which contain inserts
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were picked and added to 40 µl H2O. This re-suspension was used as the template
for the following PCR using an Invitrogen Taq polymerase PCR kit. The primers
were M13F x M13R which anneal to the vector sequence either side of the insert
(Appendix A.2.1.2). The conditions were 94°C for 2 minutes, followed by 35 cycles
of 94°C for 45 seconds, 52°C for 30 seconds and 72°C extension of 20 seconds/kb of
the expected product size. A final cycle of 72°C for 10 minutes was performed.
For products larger than 3kb, the product was ligated into a pCR®-BluntII-TOPO®
vector using a Zeroblunt® TOPO® PCR cloning kit (Invitrogen). This was done by
adding 1 µl purified PCR product with 1 µl of pCR®-BluntII-TOPO® vector mix
with 3.7 µl salt solution (Zeroblunt® TOPO® PCR cloning kit) and made up to a
final volume of 20 µl with H2O.

The reaction was put at room temperature

overnight. 20 µl H2O was added and 1 µl of the total ligation product was added to
One Shot® TOP10 Electrocomp™ E. coli electrocompotent cells and electroporated.
250 µl of SOC buffer was added and the cell culture put at 37°C for 1 hour. This
was then plated onto LB (10:5:10)/1.5% (w/v) agar plus 50 µg/ml kanamycin and
incubated at 37°C for 16-18 hours. Colonies were picked and screened for the
correct insert using the same method outlined above.
2.2.8.2.

Plasmid DNA extraction

Colonies containing the correct insert were used to inoculate 5 ml LB broth with the
appropriate antibiotic at the correct final concentration and grown overnight at 37°C.
A Plasmid DNA Extraction kit (Thermo Scientific) was used to extract the vector
and insert DNA from the E. coli cells following the manufacturer’s instructions. The
elution was done using 50 µl EB buffer and the DNA concentration was quantified
before sequencing. When extracting plasmid DNA from Agrobacterium tumefaciens
cells, a 10 ml LB broth was used to grow the culture overnight at 28°C.
Centrifugation was done at 3500 rpm for 15 mins before pouring off the supernatant.
The pellet was resuspended using P1 buffer from a Qiagen QIAprep Spin Miniprep
kit with the addition of lysozyme at 4 mg/ml. This was then incubated at 37°C
before following the rest of the manufacturer’s instructions and eluting in 50 µl EB
buffer at 65°C.
2.2.8.3.

GATEWAY cloning

Products for cloning were generated using primers with att sites specific to the
Gateway® cloning system, and amplified using PCR from pGEM-T easy or TOPO
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cloned

products.

Each

was

quantified

using

a

NanoDrop®ND-1000

Spectrophotometer and diluted to 150 ng/µl. Gateway® BP Clonase® II Enzyme
mix (Invitrogen) (2 µl) was mixed with 1 µl 150 ng/µl PCR product (containing att
sites), 1 µl 150 ng/µl pDONR207 vector (donated by Dr Karl Morris, University of
Warwick) and 6 µl TE buffer. The reaction was incubated at 25°C for 16-18 hours.
Ligation product was added to E. coli EC100 electrocompetent cells (Cambio Ltd)
and electroporated. LB (10:5:10)/1.5% agar plus 15.6 µg/ml Gentamycin plates were
used to select for insert-containing colonies. A PCR screen of selected colonies was
performed using the gene specific primers, followed by plasmid DNA extraction
from positive colonies and sequencing of plasmids using the same primers. The
plasmid DNA from the colonies containing the correct sequence was used with the
Gateway® LR Clonase® Enzyme mix (Invitrogen). The enzyme (2 µl) was added to
1 µl 150 ng/µl plasmid DNA from the correct sequence carrying vector from the BP
reaction and 1 µl 150 ng/µl pB2GW7 vector (Karimi et al., 2002)(donated by Mrs
Rachel Clewes, University of Warwick) and 6 µl TE buffer. The reaction was
incubated at 25°C for 16-18 hours. The product (1 µl) was added to 20 µl E. coli
EC100 electrocompetent cells (Cambio Ltd) and electroporated. LB (10:5:10)/1.5%
(w/v) agar plus 100 µg/ml Spectinomycin plates were used to recover insert
containing colonies. A PCR screen of selected colonies was performed followed by
plasmid DNA extraction and sequencing of positive clones.
2.2.9.

Functional complementation of Arabidopsis mutants

pB2GW7 plasmid DNA containing cDNAs representing the CDS of each rocket
gene was transformed into A. tumefaciens strain c58pGV3101 using electroporation.
500 µl SOC buffer was added and the cell culture incubated at 28°C for 2-3 hours.
This was then plated onto LB (10:5:10)/1.5% (w/v) agar plus 15.6 µg/ml
Gentamycin, 100 µg/ml Spectinomycin and 12.5 µg/ml Rifampicin. The plates were
incubated at 28°C for 48 hours. The clones were checked for the correct plasmid
insertion by inoculating 10 ml LB (10:5:10) plus 15.6 µg/ml Gentamycin, 100 µg/ml
Spectinomycin and 12.5 µg/ml Rifampicin and incubating for 16-18 hours at 28°C
before extracting the DNA using a Plasmid DNA Extraction kit (Thermo Scientific)
(section 2.2.8.2). The DNA was sequenced. When positive clones had been found,
500 ml LB (10:5:5) plus 25 µg/ml Gentamycin, 100 µg/ml Spectinomycin and 12.5
µg/ml Rifampicin was inoculated using 5 ml cell culture of A. tumefaciens strain
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c58pGV3101 transformed with the plasmid. This was incubated at 28°C for 16-18
hours. The culture was centrifuged and the supernatant removed. 500 ml 5% (w/v)
sucrose solution was used to resuspend the cells and 100 µl silwet L-77 added before
dipping the inflorescences of the selected plants (Clough and Bent, 1998). The plants
were sealed in a bag for 24 hours before putting at 22°C with 16 hours light, 8 hours
dark in the Phytobiology facility (section 2.1.7.1). T1 seed was harvested and sown
onto Arabidopsis mix soil (Levington F2s : sand : vermiculite fine grade 6:1:1).
BASTA (Ammonium glyfosinate (150 g/L)) soil soaking was used at 1:1000 as the
selection method. The first treatment was given and the trays were covered and
placed at 4°C for three days. These were removed and put under a propagator lid in
a 16 hour photoperiod at 22°C.
transplanting.

Four further treatments were done before

Transformed plants were transplanted into p24 pots containing

Arabidopsis mix soil and leaf number and number of days to bolt were recorded
when the primary bolt was 1 cm.

Leaf material was collected for subsequent

experiments. T2 seed was collected from each plant and threshed. A screen of
bolting time was done on this generation by sowing 50 T2 seed from functionally
complemented T1 lines onto Arabidopsis mix soil. These were stratified at 4°C for
three days in the dark and grown in Panasonic controlled environment cabinets as
described above. Leaf number and number of days to bolt were recorded when the
primary bolt was 1 cm and data analysed for 3:1 ratio of early/late bolting time:wild
type bolting time. Leaf material was collected for subsequent experiments.
2.2.10.

Real time PCR gene expression analysis

Primers suitable for real time PCR were designed to each flowering time gene
isolated from rocket. This was done using Primer3Plus software (available online at
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).

Three

housekeeping genes, TIP41, α-tubulin and CLATHERIN ASSOCIATED COAT
SUBUNIT (CACS), were also identified and isolated from rocket using degenerate
primers and PCR. Real Time primers were then designed to the isolated rocket
sequence for each housekeeping gene. cDNA was generated from 1 µg DNase
treated RNA from leaf material harvested weekly over the course of the experiment.
cDNA standards were made from a mixture of 1 µl of RNA from 3 time points in
each treatment or from PCR products for each gene used in the experiments isolated
from cDNA. Standards were then used to create a tenfold dilution series from 1 to
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10-3. 0.5 µl cDNA was used in the reaction mix along with 5 µl iTaq™Universal
SYBR® Green Supermix (Bio-Rad Laboratories Ltd., UK).

The primers were

optimised for each gene by testing at final concentrations of 0.1 µM, 0.2 µM and 0.4
µM. Each was added to the reaction mix and cDNA and made up to a total of 10 µl
with DEPC H2O. 9 µl was added to each well in a 384 well plate and loaded into the
CFX384 TouchTM Real-time PCR machine (Bio-Rad Laboratories Ltd., UK). BioRad CFX manager 3.0 software was used to run the programme. The protocol used
was 95°C for 3 minutes followed by 44 cycles of 95°C for 10 seconds and 59°C for
30 seconds and a final step of 95°C for 10 seconds. The melt curve analysis then
followed where the machine ramped from 65°C to 95°C at 0.5°C increments of 5
seconds each. Using the Bio-Rad CFX manager 3.0 software, the results were
assessed and then analysed using Biogazelle qBase Plus software version 2.5
(http://www.biogazelle.com/qbaseplus). The data from the samples was normalised
to the TIP41, α-tubulin and CACS housekeeping genes to get the normalised
expression for each flowering time gene of interest over the experiment.
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Chapter 3. Flowering Time Gene Isolation
3.1.

Introduction

This chapter describes the isolation and characterisation of five key genes in the
flowering time pathway of rocket. These genes are the rocket homologues of the
Arabidopsis CO, GI, FLC, SOC1 and FT genes and were chosen because they are
located at key convergent points in the flowering time pathway (Chapter 1), thus
mutations in any of these genes would lead to a change in the flowering time
phenotype of the plant. Identifying, or creating, mutations in these key flowering
genes would be one way to achieve the aim of producing plants which are delayed in
bolting.
Each gene was isolated from rocket cDNA and gDNA by PCR using primers
designed to sequences in the Arabidopsis and Brassica genes. PCR and RNA ligasemediated rapid amplification of 5´ and 3´ cDNA ends (RLM-RACE) (GeneRacer™
Kit, Invitrogen) were used to amplify gene fragments until the entire gene sequence
was obtained. Using these cloned rocket genes, complementation studies of the
respective Arabidopsis mutants were carried out to determine whether or not the
rocket flowering candidate genes function to complement the mutant and are able to
recover a normal flowering time phenotype. The complete CDS for each gene also
enabled specific primers to be designed for use in real time PCR, therefore
experiments were undertaken to investigate the expression of these key genes in
diurnal and developmental time courses.
3.1.1.

CONSTANS

The CONSTANS (CO) gene is a key player in the photoperiodic pathway and is
regulated by the circadian clock. The AtCO protein has two B-box domains at the
N-terminus and a CCT domain at the C-terminus (Miller et al., 2008) forming a
nuclear zinc finger transcription factor (An et al., 2004). It is part of a large gene
family of 17 members in Arabidopsis which are grouped according to the number
and sequence of the B-box domains (Robson et al., 2001).

Expression of CO

oscillates in a 24 hour cycle and functions to promote flowering under long day
conditions (Suarez-Lopez et al., 2001).

This occurs as a result of circadian

regulation where degradation of CDFs by the GI/FKF1 complex allows CO to be
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expressed. The CO protein is also regulated post-translationally being stabilised at
the end of the day through the photoreceptor genes PHYA, CRY1 and CRY2
(Valverde et al., 2004). A high level of CO at the end of the day promotes FT
expression leading to flowering. CO has been to found to be highly conserved across
the plant kingdom, with homologues identified in both dicots such as Arabidopsis
(Suarez-Lopez et al., 2001), Brassica (Robert et al., 1998) and soybean (Fan et al.,
2014), and in monocots such as maize (Miller et al., 2008) and rice (Yano et al.,
2000).
3.1.2.

GIGANTEA

GIGANTEA (GI) is a large protein made up of 1173 amino acids in Arabidopsis. It
has not been found to be related to any other genes, but is conserved across higher
plants (Mishra and Panigrahi, 2015; Mizoguchi et al., 2005).

Studies by Huq,

Tepperman, and Quail (2000) used a GFP fusion demonstrating that GI is located to
the nucleus. In long days, GI forms a complex with FKF1 which promotes flowering
by removing the repression of CO by CDF1 (Shrestha et al., 2014). CO then
activates FT leading to flowering. It has also been found that GI binds directly to the
promoter of FT preventing SVP, TEM1 and TEM2 from repressing FT so flowering
can occur (Sawa and Kay, 2011). Homologues of AtGI have been found in other
crop species where the GI function appears to be conserved, such as rice (Hayama et
al., 2002; Hayama et al., 2003) and members of the Brassica family (Xie et al.,
2015). It would be interesting to see if rocket also has a GI homologue and whether
it plays a similar role in the photoperiodic pathway leading to flowering.
3.1.3.

FLOWERING LOCUS C

FLOWERING LOCUS C (FLC) is a member of the MADS transcription factor
family and is a repressor of flowering. FLC lies at a key convergent point between
the vernalization and autonomous pathways. Both pathways promote flowering by
inhibiting the expression and accumulation of FLC thus releasing the inhibition on
the floral integrator genes FT and SOC1 (Michaels and Amasino, 2001). There are
seven genes implicated in the inhibition of FLC in the autonomous pathway which
are FLK, FLD, FVE, FPA, LD, FY and FCA. These genes function to modify
histones, bind RNA or remodel chromatin of FLC itself or other genes which then
affect FLC (Baeurle et al., 2007).

FLC also inhibits flowering in the ambient
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temperature pathway by binding to SVP, another MADS box family gene (Hartmann
et al., 2000). This interaction represses the expression of SOC1 and FT so flowering
is prevented under conditions which are sub-optimal for reproduction (Li et al.,
2008).
Sequence variation in FLC genes in Brassica species (Kim et al., 2007; Tadege et al.,
2001; Wu et al., 2012) and Arabidopsis (Alonso-Blanco and Koornneef, 2000;
Strange et al., 2011) has led to a wide variety of ecotypes which differ in their ability
to, and speed at which they, flower (Lin et al., 2005). The vernalization requirement
of rocket and the role of FLC are further explored in Chapter 4.
3.1.4.

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) is a member of
the MADS transcription factor family (Immink et al., 2012). Work by Lee et al.
(2000) demonstrated that SOC1 expression increases slowly over development until
flowering occurs. Homologues of SOC1 have been found across the plant kingdom,
where the role in flowering promotion has been retained (Kim et al., 2003; Rantanen
et al., 2014; Shen et al., 2014). SOC1 is activated by FT through the photoperiodic
pathway, and also by the age dependent and gibberellic acid pathways and by FLC
through the vernalization, ambient temperature and autonomous pathways (Balanz et
al., 2014; Samach et al., 2000; Tao et al., 2012).

It is therefore a key central

integrator in the flowering pathway. As well as being involved in flowering, SOC1
also has a role in floral organ formation and preventing indeterminacy and secondary
growth (Melzer et al., 2008).
3.1.5.

FLOWERING LOCUS T

The FLOWERING LOCUS T (FT) and FT-like genes belong to a family of
Phosphatidylethanolamine-Binding Protein (PEBP) containing genes (Kardailsky et
al., 1999). Members of this family in Arabidopsis include FLOWERING LOCUS T
(FT), TWIN SISTER OF FT (TSF), BROTHER OF FT (BFT), MOTHER OF FT
(MFT),

TERMINAL

FLOWER

(TFL)

and

ARABIDOPSIS

THALIANA

CENTRORADIALIS HOMOLOGUES (ATC) (Kim et al., 2013). The FT protein was
identified to be ‘florigen’ which is expressed in leaves and moves to the SAM with
the aid of FT-INTERACTING PROTEIN1 (FTIP1) (Liu et al., 2012). It forms a
complex with FD (a bZIP transcription factor) at the SAM and promotes flowering
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by activating the floral identity genes such as SOC1, LFY and AP1 (Abe et al., 2005).
TSF is also an inducer of flowering but is weaker than FT and also binds to FD at the
SAM to promote flowering. In Arabidopsis, TSF is the closest homologue of FT at
82% (Yamaguchi et al., 2005). MFT was also found to be a weak an inducer of
flowering (Mimida et al. 2001). TFL is a strong repressor of flowering and related
genes BFT and ATC are also repressors but much weaker in effect than TFL
(Mimida et al., 2001; Yoo et al., 2010). Unlike Arabidopsis which has one FT and
one TFL gene, B. napus, another close relative of rocket, has six FT and four TFL
paralogues. Each of these has a different effect on the regulation of flowering (Guo
et al., 2014; Wang et al., 2012).

3.2.

Methods

3.2.1.

Gene isolation

Leaf material was collected from D. tenuifolia (Dt) Single Seed Descent 4 (SSD4)
plants at different time points during a long day and at different developmental stages
when it was expected that the genes of interest would be highly expressed. RNA was
extracted from all the leaf material individually using the Z6 buffer method
(Logemann et al., 1987) as outlined in section 2.2.2. DNase treatment was carried
out on RNA from each sample using Ambion® Turbo DNA-freeTM DNase. 1 µg
DNase-treated RNA was synthesized into cDNA using a BioRad iScript cDNA
synthesis kit. Degenerate primers were designed and used to amplify regions of Dt
specific sequence for all genes of interest.

PCR products were purified and

sequenced as outlined in sections 2.2.5 and 2.2.6. Once these sequences had been
obtained, new primers specific to each Dt gene (Appendix A.1) were designed for
GeneRacer™ Kit (RLM-RACE) (Invitrogen, see section 2.2.7). Further primers
were designed for each gene using the sequence data from GeneRacer™ results
which covered the start and stop codons, and other primers designed to 5’ and 3’
untranslated regions (UTR) (START/STOP and 5’/3’ primer pairs, see Appendix
A.1) to enable the amplification by PCR of the entire coding sequence (CDS) for
each gene. DNA was extracted from leaf material of Dt SSD4 plants and using the
START/STOP and 5’/3’-UTR primer pairs, the full length genomic DNA (gDNA)
sequence was PCRed, isolated and sequenced for each gene of interest using Kod
Hot Start and Kod Xtreme™ PCR kits (Novagen®) as described in sections 2.2.438

2.2.6. Additional sequence needed to be isolated for the FT-like genes; this was done
using a PolyATtract® mRNA Isolation System (Promega). RNA was extracted
using the Z6 buffer method outlined above from leaf material collected from Dt
SSD6 plants at ZT16 close to the bolting date when the FT gene is likely to be most
highly expressed. 1-5 mg of total RNA was used in the mRNA isolation and the
procedure carried out according to the manufacturer’s instructions using Streptavidin
MagneSphere® Paramagnetic Particles.

The eluted mRNA was concentrated

following the manufacturer’s instructions and used for cDNA synthesis.

A

Thermoscript cDNA synthesis kit (Invitrogen) was used for making the cDNA with
Oligo dT as the primer and the reaction carried out according to the manufacturer’s
instructions. The cDNA was used in PCRs with DtFT and DtTSF specific forward
primers (Appendices A.1.5.3 and A.1.6.3) and Oligo dT as the reverse primer
following the method set out in section 2.2.4. Product purification and sequencing
was then undertaken as described in sections 2.2.5 and 2.2.6.
3.2.2.

Functional complementation of Arabidopsis mutants

Functional complementation of Arabidopsis mutants was undertaken for each gene
of interest in this study and was carried out according to the method set out in section
2.2.8.3 and 2.2.9. The final step of the GATEWAY reaction ligated the isolated
CDS for each gene into the pB2GW7 vector (Figure 3.1) which was then
transformed into E. Coli for verification before transforming into Agrobacterium for
floral dipping. For the analysis of transgenic plants in T1, T2 and T3 generations, leaf
material was collected and DNA extracted using the CTAB buffer method (Stewart
and Via, 1993) adapted for use with low amounts of starting material. The DNA was
diluted to 100 ng/µl and used in PCR with primers designed to amplify the transgene.
The products were visualised on a 1% (w/v) agarose (AGTC BioProducts)/1xTAE
gel stained with GelRed (Biotium) at 100V for 20 minutes and placing on a UV
lightbox (Syngene G-box with GeneSnap software).

For T2 generation of

Arabidopsis complementation with DtFLC and T3 generation of Arabidopsis
complementation with DtFT, RNA was extracted from leaf material using a half
volume Z6 buffer method (Logemann et al., 1987).
performed on these samples.

Real time PCR was then

AtActin, AtTIP41 and Atβ-tubulin were used as

housekeeping genes for normalisation and the standard was made from PCR products
amplified from cDNA using real time primer pairs for the housekeeping genes, and
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DtFT and DtFLC (Appendices A.2.1.1 and A.2.1.2). These were combined and
purified using a PCR purification kit (Qiagen) before diluting from 100 to 10-10. The
real time PCR was performed using S10-6 – S10-9 as laid out in section 2.2.10 with T2
FLC complementation samples run with iTaq™Universal SYBR® Green Supermix
(BioRad) and T3 FT complementation samples run with Go-Taq® qPCR master mix
(Promega) with the addition of 10 nm (final concentration) Fluorescein calibration
dye (Bio-Rad).

Figure 3.1 – pB2GW7 plasmid used as binary vector in complementation experiments.
Using the GATEWAY reaction, the isolated CDS for each gene was ligated into the region between attR1 and
attR2, replacing the ccdB gene. Sm/SpR – Spectinomycin resistance gene, LB – Left border, Bar – BASTA
resistance gene, p35S – 35S promotor, T35S – 35S terminator, RB – Right border (Karimi et al., 2002).

3.2.3.

Diurnal time course experiment

Dt SSD6 seed was sown onto F2S soil in p24s and topped with vermiculite. These
were placed into a controlled environment cabinet (Versatile plant growth MLR-352,
Panasonic Co. Ltd) at 22°C with 16 hours light, 8 hours dark. After 2.5 weeks,
seedlings were transplanted into 5 inch pots of M2 soil and placed into two
controlled environment cabinets (Versatile plant growth MLR-352, Panasonic Co.
Ltd) at 22°C with 16 hours light, 8 hours dark. The cabinets were off-set from each
other by 12 hours to enable harvesting during a normal working day. At four weeks
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from sowing, the diurnal time course began. Over 52 hours, samples were collected
from two sets of eight plants at 3 hour intervals beginning 30 minutes after the lights
come on (ZT0). Material was collected from the newest fully expanded leaf on each
plant.
3.2.4.

Developmental time course

Dt SSD6 seed was sown into F2S soil and placed in a controlled environment cabinet
(Versatile plant growth MLR-352, Panasonic Co. Ltd) at 22°C with a 16 hour
photoperiod until initiation and bolting. Leaf material was collected at time point
ZT15.5 once a week from sowing until two week post-initiation of bolting.
Collecting material at the end of the long day enabled the levels of CO and FT to be
measured.
3.2.5.

Gene expression analysis using real time PCR

RNA was extracted from leaf material collected from both diurnal and
developmental experiments using the Z6 buffer method (Logemann et al., 1987) as
laid out in section 2.2.2. RNA from each sample was DNase treated using an
Ambion® Turbo DNA-freeTM DNase kit and finally resuspended in 12 µl DEPCtreated H2O. 2 µg RNA was synthesised into cDNA using a Thermoscript cDNA
synthesis kit (Invitrogen). Standards for the real time PCR were made using PCR
products amplified from Dt cDNA using gene-specific real time primers for all six
key genes and three housekeeping genes (DtTIP41, DtCACS, Dtα-tubulin)
(Appendix A.2.1.3). These were PCR purified using a PCR purification kit (Qiagen)
and eluted in 20 µl H2O. Each was quantified and an equal concentration of each
product was mixed together.

This was diluted from 100 to 10-10 and the real time

PCR performed using S10-6 – S10-9. Analysis was done according to section 2.2.10.

3.3.

Results

3.3.1.

CONSTANS (CO)

3.3.1.1.

Isolation of a rocket CO (DtCO)

Using PCR and RACE-RLM (Invitrogen), the full length CDS and gDNA sequence
of the rocket CO gene was successfully isolated (Appendix B.1.1.1 to B.1.1.3)
(Figure 3.2). It was found to have two large exons and a small intron. The CDS is
1035 nt long compared to Arabidopsis which is 1122 nt. The isolated full length
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CDS for DtCO, when BLASTed, revealed that the nucleotide sequence has 88%
identity to B. napus CO homologue (Bn9CON10) gene and 77% identity to A.
thaliana CO.

When the nucleotide sequence was translated using ExPASy

(http://web.expasy.org/translate/) and BLASTed, the protein sequence was shown to
have a 79% identity to CO homologue from B. napus (Figure 3.3) and 65% identity
to A. thaliana CO. The DtCO protein contains two B-box motifs at the N-terminus
and a CCT domain at the C-terminus like Arabidopsis.

Figure 3.2 – Structure of DtCO gene from Diplotaxis tenuifolia.
Red bars represent exons, black line represents non-coding regions, intron and UTR.

Figure 3.3 – DtCO protein BLASTP result. DtCO protein (Query) has been aligned to B. napus CO
homologue (sbjct).
Red line shows B-box domain, blue line shows CCT domain.
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3.3.1.2.

Complementation results

The isolated full length DtCO CDS under the control of the 35S promoter was
transformed into At Landsberg erecta (Ler) to observe the effect of overexpression of
DtCO in the wild type background, and transformed into AtLer background co-2
mutant to see if DtCO was able to restore an early flowering phenotype. T1 seed for
both lines were sown and subjected to BASTA selection. Surviving plants were
transplanted and bolting data collected. Figure 3.4 shows six plants flowered earlier
than the wild type AtLer in LD, demonstrating the overexpression of DtCO can
confer early flowering in AtLer. Transgene PCR was not carried out for AtLer:DtCO
plants. AtLer:DtCO11 was taken through to the T2 generation as it flowered with
fewer leaves than AtLer WT and produced a large amount of seed.

Figure 3.4 – Flowering time for T1 generation of AtLer:DtCO overexpression lines.
Histogram shows the number of leaves at a 1 cm bolt for AtLer:DtCO. AtLer WT bolting data is from a later date
as these seeds did not germinate when sown in this experiment. Red bar shows mean number of leaves to bolt for
AtLer wild type (mean 4.4 ± S.D 0.99 n=12). Error bars denote the standard error of the mean.

Figure 3.5a shows that complementation of the co-2 mutant with DtCO restored the
bolting phenotype to that of the wild type AtLer (red), or earlier. All plants that came
through the BASTA selection were earlier flowering than the co-2 mutant (yellow)
by at least 30 days. The presence of the transgene in early flowering co-2:DtCO
plants 4, 6 and 8, as well as AtLer and co-2 was tested by PCR (Figure 3.5b) and
showed that only the complementation lines contained the transgene. These three
positive lines were used in the T2 generation.
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Figure 3.5 – Flowering time and transgene presence for T1 generation of co-2:DtCO complementation lines.
a) Histogram showing the number of leaves at a 1 cm bolt for co-2:DtCO transgenic lines. AtLer WT bolting
data is from a later date as these seeds did not germinate when sown in this experiment. Red bar shows mean
number of leaves to bolt for AtLer wild type (mean 4.4 ± S.D 0.99 n=12). Yellow bar shows mean number of
leaves to bolt for co-2 mutant (mean 16.1 ± 2.3 n=8). Error bars denote the standard error of the mean. b) Gel
picture shows PCR detection of DtCO transgene presence in co-2 mutant, AtLer wild type and co-2:DtCO plants
4, 6 and 8. These were chosen to continue onto T2 generation.

In the T2 generation of AtLer:DtCO and co-2:DtCO, 48 seeds of each line were sown
into Arabidopsis mix soil in p24s along with 24 seeds of each AtLer wild type and
co-2 mutant. No selection method was used, but flowering time by rosette leaf
number at 1 cm bolt was recorded. The T2 generation is expected to be segregating
in a 3:1 ratio of early bolting plants:wild type bolting plants if a single copy of the
transgene is present. In line AtLer:DtCO 11 a 3:1 ratio was observed (Figure 3.6a)
where three out of four plants were earlier bolting by at least three days compared to
the AtLer wild type (red bar). DNA was extracted and the transgene presence tested
by PCR for several plants in the line. AtLer:DtCO 11 plants 16, 4, 32, 17, 48 and 37
all bolted with fewer leaves than AtLer WT, and at least three days earlier and were
expected to contain the transgene. AtLer:DtCO 11 plants 9 and 33 bolted with more
leaves than the AtLer WT and were not expected to contain the transgene. The
transgene PCR shows these to be a correct assumption (Figure 3.6b).
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Figure 3.6 – Flowering time data and transgene amplification for AtLer:DtCO 11 T2 line.
a) Flowering time data for line AtLer:DtCO 11. Rosette leaf number was recorded when bolt reached 1 cm. Red
bar shows mean number of leaves at flowering for AtLer wild type (mean 7.5 ± 0.8 n=24). Error bars denote the
standard error of the mean. Chi-squared tests assessing goodness of fit for data to an expected 3:1 early:late
bolting phenotype show that AtLer:DtCO 11 was not significantly different to the 3:1 ratio (p<0.05). b) Gel
pictures showing the amplification of the transgene by PCR for three T2 generation lines. Bands present at 1.65
kb show where transgene is present, absence of the band at 1.65 kb shows no transgene is present. 1 kb+ ladder
used. Positive control (+) was generated using DNA extracted from a plasmid known to contain the CO
transgene.

The co-2:DtCO T2 generation was sown in the same way as the AtLer:DtCO T2.
Flowering time data were recorded for all plants (Figure 3.7). The co-2 mutant
plants flowered late with an average of 21 leaves (yellow bar) and 14 days later than
the AtLer WT, so where segregation is occurring, the ratio should be 3:1 early:late
flowering. A Chi-squared goodness of fit test was applied to the flowering data to
assess how well each fitted the expected 3:1 ratio. All lines co-2:DtCO 4, 6 and 8
showed a ratio of 3:1. This suggests segregation of a single transgene is occurring in
these populations of a single transformation event and that DtCO is able to
complement the function of AtCO.
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Figure 3.7 – Flowering time data for co-2:DtCO T2 lines.
Rosette leaf number was recorded when bolt reached 1 cm. a) Flowering time data for line co-2:DtCO 4, b)
Flowering time data for line co-2:DtCO 6, c) Flowering time data for line co-2:DtCO 8. Red bar shows mean
number of leaves at flowering for AtLer wild type (mean 7.5 ± 0.8 n=24). Yellow bar shows mean number of
leaves at flowering for co-2 mutant (mean 21.1 ± 5.2 n=23). Error bars denote the standard error of the mean. A
Chi-squared test assessing goodness of fit for data to an expected 3:1 early:late bolting phenotype shows that no
lines were significantly different to the 3:1 ratio (p<0.05) where 7 leaves was the cut off for early flowering.

DNA was extracted from some lines and the transgene PCR carried out in the same
way as the T1 generation. The results reveal that the transgene is present in all early
flowering plants in co-2:DtCO 4, co-2:DtCO 6 and co-2:DtCO 8 (Figure 3.8).
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However, the results for the plants flowering with a similar number of leaves to
AtLer wild type or more were mixed. Several plants did not contain the transgene
(co-2:DtCO 4_4, co-2:DtCO 6_12 and co-2:DtCO 8_32) but in other plants, a faint
band was observed where there was some amplification of the transgene (co-2:DtCO
4_14 and _28 and co-2:DtCO 6_30, _22 and _27) which might be due to
contamination in the PCR or DNA samples, or where the transgene is present but
poorly expressed, perhaps due to a positional effect.

Figure 3.8 – Transgene amplification in complementation line co-2:DtCO T2.
Gel pictures showing the amplification of the transgene by PCR for three T2 generation lines. a) Line co-2:DtCO
4 b) Line co-2:DtCO 6 c) Line co-2:DtCO 8. Bands present at 1.65 kb show where transgene is present, absence
of the band at 1.65 kb shows no transgene is present. 1 kb+ ladder used. Positive control (+) was generated using
DNA extracted from a plasmid known to contain the DtCO transgene, the negative control (-) contained no DNA.

3.3.1.3.

Diurnal time course experiment

RNA was extracted from leaf material collected at 3 hour intervals from plants
grown in LDs over a 52 hour period. This was used to synthesise cDNA and real
time PCR was used to analyse gene expression over the time course.

Three

housekeeping genes, DtTIP41, DtCACS, Dtα-tubulin were used to normalise the
expression of the gene of interest. The expression of DtCO fluctuates over 24 hours
in a regular pattern. Expression is high at ZT0.5 and decreases during the light
period until ZT9.5 where it begins to increase and remains at a high level until the
end of the dark period (Figure 3.9). The data suggests that DtCO is diurnally
regulated.
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Figure 3.9 – Diurnal Time Course of DtCO.
Expression of DtCO showing the diurnal changes in expression levels. Lights providing a LD 16h photoperiod
were switched on at ZT0 (white bar) and off at ZT16 (black bar). Expression was normalised to the average
expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars show the standard error of three technical replicates.

3.3.1.4.

Developmental time course

Real time PCR was performed using cDNA made from RNA extracted from leaf
material collected at the end of the LD photoperiod (ZT15.5). Three housekeeping
genes, DtTIP41, DtCACS and Dtα-tubulin were used to normalise the data for each
gene of interest. Figure 3.10 shows the expression of DtCO increasing during early
development, before falling as the transition to the reproductive phase begins and
staying low once bolting is initiated.

Figure 3.10 – Expression of DtCO across development.
Leaf material was collected at ZT15.5. The red arrow indicates where the plants initiated bolting. Expression
was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars denote the standard
error of three technical replicates.
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3.3.2.

GIGANTEA (GI)

3.3.2.1.

Isolation of a rocket GI (DtGI)

The DtGI gene was isolated from both cDNA and gDNA using Kod Hot start and
Kod Xtreme™ (Novagen®) PCR kit. The full length gene products were cloned
using Zeroblunt® TOPO® PCR cloning kit (Invitrogen) due to the large size of the
gene, and clones were sequenced. This showed that the CDS was 3540 nt and the
full length genomic DNA sequence was 4906 nt excluding the 5’ and 3’ UTR (Figure
3.11, Appendices B.1.1.9 and B.1.1.10). The gene structure has 14 exons and 13
introns as observed in Arabidopsis but the CDS is 3522 nt. The full length CDS for
DtGI has a 92% identity to a predicted B. rapa GI gene, and 89% identity to A.
thaliana GI.

The CDS was translated and the DtGI protein was found to be 1179

amino acids in length (Appendix B.1.1.11) compared to Arabidopsis which is 1173
amino acids long. When BlastP was used, the DtGI protein had a 94% identity to B.
rapa GI (Figure 3.12) and 91% identity to A. thaliana GI.

Figure 3.11 – Structure of DtGI gene CDS from Diplotaxis tenuifolia.
Red bars represent exons, black lines represent introns and UTR.
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Figure 3.12 – DtGI protein BLASTP result.
DtGI protein (Query) has been aligned to Brassica rapa GI homologue (sbjct).
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3.3.2.2.

Complementation results

The full length DtGI CDS was fully sequences and checked before it was cloned into
the transformation vector pB2GW7 using GATEWAY. This vector containing the
DtGI sequence was transformed into A. tumefaciens and floral dipping was done on
both AtCol0 and gi-3 mutant plants. Seed was recovered from the dipped plants and
sown out for selection using BASTA (section 3.2.2). Two attempts were made with
both AtCol0:DtGI and gi-3:DtGI seed but unfortunately no plants came through the
BASTA treatment, so no DtGI transformants were obtained.
3.3.2.3.

Diurnal time course experiment results

The change in gene expression of DtGI was investigated in LD over a 52 hour time
course. Expression is low at dawn and rises steadily until it peaks at ZT9-10.
Expression then falls to very low levels by the beginning of the night where it
remains until dawn (Figure 3.13). This expression pattern suggests that DtGI is
diurnally regulated.

Figure 3.13 – Diurnal Time Course of DtGI.
Expression of DtGI showing the diurnal changes in expression levels. Lights were switched on at ZT0 (white
bar) and off at ZT16 (black bar). Expression was normalised to the average expression of Dtα-tubulin, DtCACS
and DtTIP41. Error bars show the standard error of three technical replicates.

3.3.2.4.

Developmental time course

Leaf material was collected at weekly intervals at ZT15.5 over the experimental
period. RNA was extracted and cDNA made from each sample. Real time PCR was
carried out on each sample to examine the change in gene expression over time.
Figure 3.14 shows that the levels of DtGI expression start and finish high, but that
during most of development the levels are low.
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Figure 3.14 – Expression of DtGI across development.
Leaf material was collected at ZT15.5. The red arrow indicates where the plants initiated bolting. Expression
was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars denote the standard
error of three technical replicates.

3.3.3.

FLOWERING LOCUS C (FLC)

3.3.3.1.

Isolation of a rocket FLC (DtFLC)

The DtFLC gene CDS was easily isolated using PCR with degenerate primers
followed by GeneRacer™ Kit (RLM-RACE) (Invitrogen). The full length gDNA
product was large and so isolated using Kod Xtreme™ (Novagen®) PCR kit and
sequenced. The isolation of the DtFLC gene revealed that it contained 7 exons and 6
introns (Figure 3.15). The CDS is 594 nt long and the gDNA (excluding 5’ and
3’UTR) is 3780 nt long (Appendices B.1.1.4 and B.1.1.5). The full length CDS for
DtFLC was BLASTed and revealed that the nucleotide sequence has 94% identity to
Sinapis alba FLC, B. nigra FLC and B. napus FLC.A10. It was also found to have
78% identity to A. thaliana FLC1-like and MAF1. When translated, the protein
sequence has a 95% identity to S. alba FLC, 94% identity to B. nigra FLC and 84%
identity to A. thaliana FLC. The DtFLC protein contains the MADS box at the Nterminus and a K-box domain in the middle of the sequence (Figure 3.16, Appendix
B.1.1.6).
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Figure 3.15 – Structure of DtFLC gene CDS from Diplotaxis tenuifolia.
Red bars represent exons. Black lines represent introns and UTR.

Figure 3.16 – DtFLC protein BLASTP result. DtFLC protein (Query) has been aligned to Sinapis alba
FLC homologue (sbjct).
Red line represents the MADS box domain and the blue line represents the K-box motif.

3.3.3.2.

Complementation results

The isolated DtFLC CDS was transformed into A.thaliana wild type Col0 and
A.thaliana mutant line FRI+flc3 null.

T1 seed was selected using BASTA and

transformants transplanted and the number of rosette leaves counted at flowering.
The T1 generation for the AtCol0:DtFLC shows that there is a range of flowering
times across the population, with some plants which flower with fewer leaves, but in
a similar number of days than the AtCol0 wild type (31 days to flower)
(AtCol0:DtFLC 4, 20) and some which are very late (93 days to flower) with a high
number of leaves (AtCol0:DtFLC 12) (Figure 3.17a).

Figure 3.17b shows the

flowering time data of the T1 generation of FRI+flc3:DtFLC expression lines. Here,
all but four plants flower at a very similar number of days and leaves to the FRI+flc3
mutant or AtCol0 wild type plants. Unfortunately, when transgene PCR was carried
out on DNA from the T1 generation plants, the results showed that the samples were
cross-contaminated, as there was amplification of the transgene in the FRI+flc3
mutant and AtCol0 wild type DNA.
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Figure 3.17 – Flowering time of T1 generation of AtCol0:DtFLC and FRI+flc3:DtFLC transformed plants.
a) Flowering time recorded by rosette leaf number at 1cm bolt for T1 generation of AtCol0:DtFLC overexpression
lines. b) Flowering time recorded by rosette leaf number at 1cm bolt for T1 generation of FRI+flc3:DtFLC
expression lines. Red bar shows the AtCol0 wild type flowering time data (mean 11.7 ± 1.5 n=20) and yellow bar
shows the FRI+flc3 mutant flowering time data (mean 10.4 ± 1.3 n=10).

Seed was collected and sown for AtCol0:DtFLC 12, AtCol0:DtFLC 14,
AtCol0:DtFLC 21, FRI+flc3:DtFLC 5 and FRI+flc3:DtFLC 23 as these displayed a
late flowering phenotype in the T1. This gave rise to the T2 generation and 48 plants
were screened for their flowering time phenotype. In the AtCol0 transformed lines,
one of the three T2 lines (AtCol0:DtFLC 21) displayed the expected 3:1 late:early
flowering phenotype ratio according to the Chi-squared goodness of fit test (Figure
3.18c). Line AtCol0:DtFLC 12 had a larger number of wild type flowering plants
than expected which was surprising due to the late flowering phenotype of the T1
plant. Lines AtCol0:DtFLC 12 and AtCol0:DtFLC 14 were found to be significantly
different to the 3:1 late:early flowering ratio (Figure 3.18a andFigure 3.18b). This
suggests there may be multiple insertions of the transgene. In the FRI+flc3:DtFLC
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complementation lines, the T2 generation shows no significant difference to the 3:1
late:early flowering phenotype for lines FRI+flc3:DtFLC 5 (Figure 3.19a) and
FRI+flc3:DtFLC 23 (Figure 3.19b). Overall the data suggest that DtFLC is able to
complement the function of AtFLC. As for the T1 generation, the transgene PCR for
T2

plants

was

found

to

be

contaminated.
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Figure 3.18 – Flowering time data for AtCol0:DtFLC T2 lines.
Rosette leaf number was recorded when bolt reached 1 cm. a) Flowering time data for line AtCol0:DtFLC 12, b)
Flowering time data for line AtCol0:DtFLC 14, c) Flowering time data for line AtCol0:DtFLC 21. Red bar shows
mean number of leaves at flowering for AtCol0 wild type (mean 11.8 ± 1.5 n=24). Error bars denote the standard
error of the mean. Chi-squared tests assessing goodness of fit for data to an expected 3:1 late:early bolting
phenotype show that line AtCol0:DtFLC 21 was not significantly different to the 3:1 ratio (p<0.05). Lines
AtCol0:DtFLC 12 and AtCol0:DtFLC 14 were found to be significantly different to the 3:1 ratio at p<0.05 if the
cut off for early bolting is 11 leaves.
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Figure 3.19 – Flowering time data for FRI+flc3:DtFLC T2 lines.
Rosette leaf number was recorded when bolt reached 1 cm. a) Flowering time data for line FRI+flc3:DtFLC 5, b)
Flowering time data for line FRI+flc3:DtFLC 23. Red bar shows mean number of leaves at flowering for AtCol0
wild type (mean 11.8 ± 1.5 n=24). Yellow bar shows mean number of leaves at flowering for FRI+flc3 mutant
(mean 10.7 ± 1.2 n=21). Black bars at 100 leaves are where plants did not bolt before the end of the experiment.
Error bars denote the standard error of the mean. Chi-squared tests assessing goodness of fit for data to an
expected 3:1 late:early bolting phenotype show that lines FRI+flc3:DtFLC 5 and FRI+flc3:DtFLC 23 were not
significantly different to the 3:1 ratio (p<0.05).

RNA was extracted from a few plants in the T2 generation lines AtCol0:DtFLC 12,
FRI+flc3:DtFLC 5 and FRI+flc3:DtFLC 23. cDNA was synthesised and real time
PCR used to investigate the expression of the transgene present in the transformed
lines. Figure 3.20a shows the number of leaves at flowering for the lines of interest.
Figure 3.20b shows the transgene expression in each of the plants. Interestingly, the
transgene expression is highest in the plant that flowers with the fewest leaves.
There is no transgene expression in the AtCol0 wild type and FRI+flc3 mutant plants
so there is no contamination in this experiment.
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Figure 3.20 – Flowering time and transgene expression of T2 generation plants from lines AtCol0:DtFLC
12, FRI+flc3:DtFLC 5 and FRI+flc3:DtFLC 23.
a) Number of leaves at 1 cm bolt of T2 generation plants from lines AtCol0:DtFLC 12 (black bars),
FRI+flc3:DtFLC 5 (dark grey bars) and FRI+flc3:DtFLC 23 (light grey bars). Bars with 100 leaves did not bolt
before the end of the experiment. Error bars denote standard error of the mean. b) Transgene expression analysis
using real time PCR for T2 generation plants of lines AtCol0:DtFLC 12 (black bars), FRI+flc3:DtFLC 5 (dark
grey bars) and FRI+flc3:DtFLC 23 (light grey bars). Expression was normalised to the average expression of
Atβ-tubulin, AtActin2 and AtTIP41. Error bars denote standard error of three technical replicates.

3.3.3.3.

Diurnal time course experiment results

The diurnal change in expression of DtFLC was observed using a diurnal LD time
course where samples were taken every three hours over 52 hours. Figure 3.21
shows that there is little change in DtFLC expression over each 24 hour time period
as the expression is low and the normalised variation between the highest and lowest
points is only about 1.8. This suggests that DtFLC is not diurnally regulated.
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Figure 3.21 – Diurnal Time Course of DtFLC.
Expression of DtFLC over 52 hours is indicated to show the change in expression levels within 24 hours in
response to the photoperiod. Lights were switched on at ZT0 (white bar) and off at ZT16 (black bar). Expression
was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars show the standard
error of three technical replicates.

3.3.3.4.

Developmental time course

Leaf material was collected at ZT15.5 at weekly intervals over the experimental
period from sowing to two weeks post-initiation of bolting. Gene expression could
then be analysed over development using these samples. The expression of DtFLC is
fairly constant over development. After starting high it is then reduced and remains
low until initiation where levels increase again (Figure 3.22).

The difference

between the highest and lowest expression is low indicating that there is only a small
change in expression, but the lowering of DtFLC expression towards the time of
bolting suggests there maybe be some influence over the transition from vegetative
to reproductive states despite the low values.
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Figure 3.22 – Expression of DtFLC across development.
Leaf material was collected at ZT15.5 over six weeks from sowing to two weeks post-initiation of bolting. The
red arrow indicates where the plants initiated bolting. Expression was normalised to the average expression of
Dtα-tubulin, DtCACS and DtTIP41. Error bars denote the standard error of three technical replicates.

3.3.4.

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1

(SOC1)
3.3.4.1.

Isolation of a rocket SOC1 (DtSOC1)

DtSOC1 was successfully isolated using PCR and GeneRacer™ Kit (RLM-RACE)
(Invitrogen). The full length CDS was found to be 642 nt in length with 7 exons
(Figure 3.23, Appendix B.1.1.12). Excluding the 5’ and 3’ UTR, the DtSOC1 gDNA
is 2329 nt long (Appendix B.1.1.13).

The full length CDS for DtSOC1 when

BLASTed was shown to have a 95% identity to B. rapa MADS-box AGL20. When
translated, the protein sequence has a 95% identity to B. juncea MADS-box protein
AGL20/SOC1 and 93% identity to A. thaliana SOC1, with a MADS-box at the Nterminus followed by a K-box domain (Figure 3.24, Appendix B.1.1.14). These
results add to findings by Kim et al. (2003) that SOC1 is highly conserved across the
Brassicaceae family with at least 90% homology to A. thaliana SOC1. Kim et al.
(2003) also observed that the function of SOC1 in respect to the flowering pathway
was conserved.
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Figure 3.23 – Structure of SOC1 gene CDS from Diplotaxis tenuifolia.
Red bars represent exons. Black lines represent introns and UTR.

Figure 3.24 – DtSOC1 protein BLASTP result.
DtSOC1 protein (Query) has been aligned to Brassica juncea SOC1 homologue (sbjct). Red line represents the
MADS box domain and the blue line represents the K-box motif.

3.3.4.2.

Complementation results

The isolated DtSOC1 CDS was cloned into the destination vector pB2GW7 and
transformed into A. tumefaciens. AtCol0 wild type and soc1-2 mutant plants were
dipped into a solution of transformed A. tumefaciens cells and seed was collected
from these plants for the T1 generation. BASTA was used as the selection method
and surviving seedlings were transplanted and scored for number of rosette leaves at
flowering in LD. The T1 screening was performed twice as many late flowering
plants were recovered in the first screen which was unexpected.

For

AtCol0:DtSOC1, both T1 screens showed a few plants which flowered after fewer
days and with fewer leaves than the AtCol0, with most of the population flowering
after more days and with more leaves than AtCol0 wild type (Figure 3.25). However,
the transgene PCR was able to amplify the transgene for all plants irrespective of
flowering time, except AtCol0:DtSOC1 5 (Figure 3.27). The results of the soc12:DtSOC1 T1 generation were very similar to that of AtCol0:DtSOC1. A few plants
61

flowered with fewer leaves than AtCol0 wild type in both screens and a significant
proportion flowered later, with more leaves than the soc1-2 mutant (Figure 3.26).
These data suggest that DtSOC1 is able to complement the function of AtSOC1. The
transgene PCR showed that the DtSOC1 transgene was amplified in all plants tested
across all flowering phenotypes. There was no transgene amplified in the AtCol0
and soc1-2 plants, or the negative control, so there was no contamination in the PCR
or samples (Figure 3.27).

Figure 3.25 – Flowering time data by rosette leaf number at 1cm bolt for T1 generation of AtCol0:DtSOC1
overexpression lines.
a) First screen of T1 generation plants of AtCol0:DtSOC1. b) Second screen of T1 generation plants of
AtCol0:DtSOC1. Red bar shows the AtCol0 wild type flowering data (a- mean 16.9 ± 2.4 n=12, b- mean 11 ± 1.1
n=11). Error bars denote the standard error of the mean.

Figure 3.26 – Flowering time data by rosette leaf number at 1cm bolt for T1 generation of soc1-2:DtSOC1
expression lines.
a) First screen of T1 generation plants of soc1-2:DtSOC1. b) Second screen of T1 generation plants of soc12:DtSOC1. Red bar shows the AtCol0 wild type flowering data (a- mean 16.9 ± 2.4 n=12, b- mean 11 ± 1.1
n=11) and yellow bar shows the soc1-2 mutant flowering data (a- mean 22.8 ± 2.4 n=12, b- mean 23.4 ± 2.8
n=11). Error bars denote the standard error of the mean.
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Figure 3.27 – Transgene amplification in complementation line AtCol0:DtSOC1 and soc1-2:DtSOC1.
Gel pictures showing the amplification of the transgene by PCR for T1 generation. a) Line AtCol0:DtSOC1, b)
Line soc1-2:DtSOC1. Bands present at 1.2 kb show where transgene is present, absence of a band at 1.2 kb
shows no transgene is present. 1 kb+ ladder used. Positive control (+) was generated using DNA extracted from
a plasmid known to contain the DtSOC1 transgene, the negative control (-) contained no DNA.

3.3.4.3.

Diurnal time course experiment results

Analysis of the expression of DtSOC1 over a 24-hour time period showed that there
is only a small fluctuation in expression over 24 hours with a high expression at
dawn followed by a dip in expression around ZT5-10, which then increases again
overnight. However, the differences are small with the highest and lowest points
only being 2.5 apart (Figure 3.28). There is variation between the same time points
in each 24 hour cycle, so the results need to be repeated to get a clearer picture.
However, the graph does suggest that DtSOC1 may be diurnally regulated.
Normalised Expression

3

2

1

ZT Time

Figure 3.28 – Diurnal Time Course of DtSOC1.
Expression of DtSOC1 over a LD diurnal time course of 52 hours. Lights were switched on at ZT0 (white bar)
and off at ZT16 (black bar). Expression was normalised to the average expression of Dtα-tubulin, DtCACS and
DtTIP41. Error bars show the standard error of three technical replicates.

3.3.4.4.

Developmental time course

A time course was set up to examine the change in gene expression over the
development of a rocket plant, from sowing until two weeks post initiation of
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bolting. Leaf material was collected at weekly intervals and analysed using real time
PCR. The expression of DtSOC1 was quite variable over development. It starts
quite high and falls a little in the early growth stages before increasing again as the
plants mature. The levels don’t change much as the transition to flowering occurs,
but fall sharply once bolting has been initiated (Figure 3.29).

Figure 3.29 – Expression of DtSOC1 across development.
Leaf material was collected at ZT15.5 at weekly intervals. The red arrow indicates where the plants initiated
bolting. Expression was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars
denote the standard error of three technical replicates.

3.3.5.

FLOWERING LOCUS T (FT)

3.3.5.1.

Isolation of a rocket FT (DtFT)

The complete CDS for DtFT was successfully isolated from cDNA (Figure 3.30)
using PCR and GeneRacer™ Kit (RLM-RACE) (Invitrogen). It was found to be 528
bp in length and made up of 4 exons (Appendix B.1.1.7). However, full length
gDNA sequence for DtFT has not been isolated, so no intronic information is
available. The full length CDS for DtFT, was BLASTed and revealed that the
nucleotide sequence had a 99% identity to A. thaliana FT and 83% identity to A.
thaliana TSF. When the alignment was done, it was found that the sequence of DtFT
and AtFT only differed by 1 nucleotide, at position 387 (Figure 3.31).

When

translated, the DtFT protein was 100% homologous to the A. thaliana protein FT
(Figure 3.32, Appendix B.1.1.8). This is because the nucleotide change does not
affect the amino acid coded from the triplicate. The DtFT protein was also found to
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have a 86% identity to B. carinata FT variant 9 and 82% identity to A. thaliana
protein TSF.

Figure 3.30 – Structure of DtFT gene CDS from Diplotaxis tenuifolia.
Red bars represent exons. Exon boundaries are inferred from AtFT due to the homology of AtFT to DtFT.

Figure 3.31 – DtFT alignment result from blastn.
BLAST searching DtFT as query revealed the highest homology was to AtFT (sbjct). Only 1 nucleotide
difference was found between the two genes at nucleotide 387 (red box).
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Figure 3.32 – DtFT protein BLASTP result.
DtFT protein (Query) has been aligned to Arabidopsis thaliana FT homologue (sbjct). Green line represents the
Phosphatidyl Ethanolamine-Binding Protein (PEBP) domain.

3.3.5.2.

Isolation of a rocket TSF (DtTSF)

The complete coding sequencing of DtTSF was successfully isolated from cDNA
using RLM-RACE, mRNA isolation and PCR. This gave a CDS of 528 nt (Figure
3.33, Appendix B.1.1.15). The four exon structures were assumed by aligning the
CDS against AtTSF. The full length CDS for DtTSF was BLASTed and revealed
that the nucleotide sequence had a 91% identity to predicted B. rapa TSF-like and
85% identity to A. thaliana TSF. It also had an 81% identity to the DtFT isolated
gene. The nucleotide sequence was translated and BLASTed, revealing that the
protein was 90% homologous to a predicted B. rapa TSF-like protein (Figure 3.34).
It was also found to have an 81% identity to A. thaliana protein TSF and 80%
identity to A. thaliana FT and DtFT proteins. The DtTSF protein contains the PEBP
domain showing that is part of the same gene family as FT (Figure 3.34, Appendix
B.1.1.16).

The Blast programme consistently shows a high homology between

DtTSF with both FT and TSF sequences, so an alignment was done to compare the
similarities and differences of the isolated DtFT and DtTSF protein sequences
against the AtFT, AtTSF and other genes in the PEBP family of AtTFL and AtBFT.
Figure 3.35a compares the identity and divergence of each sequence and DtTSF has
the greatest identity with AtTSF and the highest divergence with AtBFT. The
phylogenetic tree in Figure 3.35b shows that the DtTSF is most closely related to
AtTSF, followed by AtFT and DtFT.

There are four key amino acids which

differentiate function between PEBP family genes FT and TFL. These are aa85, and
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segment B region amino acids aa134, aa138 and aa140. In AtFT and AtTSF, aa85 is
a tyrosine but it is a histidine in AtTFL, in rocket it is a tyrosine in both DtFT and
DtTSF (Figure 3.36). In other plant species where FT/TFL-like genes have been
found, it has also been observed that there is a tyrosine at aa85 in the FT-like genes
(Wickland and Hanzawa, 2015). A tyrosine is found at aa134 in both AtFT and
AtTSF which is also observed in the FT inducer type species including both DtFT
and DtTSF, however it is phenylalanine in AtTFL (Figure 3.36). A tryptophan is
found at aa138 in AtFT and AtTSF which is also found in the FT inducer like genes
including both DtFT and DtTSF, but not in AtTFL or repressor type FT genes. To
have a repressor function, the FT/TFL like genes in other species had an amino acid
change at either aa134 or aa 138, or both (Wickland and Hanzawa, 2015). This
evidence suggests that both DtFT and DtTSF have the same inducer function as
AtFT and AtTSF and not a repressor function like AtTFL. However, when aa140 is
examined, in AtFT, DtFT and AtTSF the residue is a glutamine, but in DtTSF it is a
proline and an aspartic acid in AtTFL (Figure 3.36). This difference may suggest a
repressor like function of DtTSF, like that of Onion repressor FT-like gene AcFT4
where aa140 is a histidine (Lee et al., 2013), but this isn’t consistent across species
as the sugar beet repressor FT-like gene BvFT1 is still a glutamine at aa140 (Pin et
al., 2010) as is the tobacco repressor FT-like gene NtFT1 (Wickland and Hanzawa,
2015).

Figure 3.33 – Structure of DtTSF gene CDS from Diplotaxis tenuifolia.
Red bars represent exons, black lines represent UTR.
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Figure 3.34 – DtTSF protein BLASTP result.
DtTSF protein (Query) has been aligned to Brassica rapa TSF-like homologue (sbjct). Green line represents the
Phosphatidyl Ethanolamine-Binding Protein (PEBP) domain.

Figure 3.35 – Sequence distances and phylogenetic tree comparing DtFT and DtTSF with AtFT, AtTSF,
AtBFT and AtTFL.
Protein sequences for FT-like genes compared using a) Sequence Distance (percent identity is the direct
comparison of sequences and divergence is the comparison of sequence pairs with their phylogenetic relationship
taken into account) and b) Phylogenetic Tree.

Figure 3.36 – Protein alignments of AtTFL, AtFT, AtTSF with DtFT and DtTSF showing the key
functional amino acids.
Protein sequences for genes AtTFL, AtFT, AtTSF, DtFT and DtTSF aligned using MegAlign. Key amino acids
at positions 85, 134, 138 and 140 in AtFT are highlighted in red boxes. In each case the only differences in
amino acids are seen in the AtTFL sequence except for aa140 and 141 which also differs in DtTSF. Segment
region B which is conserved and corresponds to the external loop of FT is highlighted in the blue box.

3.3.5.3.

Complementation of DtFT

The isolated DtFT CDS was transformed into A. thaliana mutant line ft-10. T1 seed
was selected using BASTA. Transformed plants were transplanted and flowering
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time in LD conditions recorded. The results for both AtCol0:DtFT (Figure 3.37a)
and ft-10:DtFT (Figure 3.37b) transformations were very similar. All T1 transformed
plants flowered after fewer days and with fewer leaves than both AtCol0 (red bar)
and ft-10 mutant (yellow bar) indicating that the DtFT transgene was able to promote
flowering in either background. DNA was extracted from leaf material, but did not
yield any results as the DNA and PCR from a number of samples was found to be
contaminated.

Figure 3.37 – Flowering time of T1 generations of lines AtCol0:DtFT and ft-10:DtFT under LD.
a) Flowering time data by rosette leaf number at 1cm bolt for T1 generation of AtCol0:DtFT overexpression lines.
AtCol0:DtFT lines 3-17 were sown at a later date without AtCol0 wild type control seed. b) Bolting data by
rosette leaf number at 1cm bolt for T1 generation of ft-10:DtFT expression lines. Red bar shows mean number of
leaves to flower for AtCol0 wild type (mean 11.7 ± 1.5 (n=20)). Yellow bar shows mean number of leaves to
flower for ft-10 mutant (mean 28.7 ± 2.2 (n=9)). Error bars denote the standard error of the mean.

Seed from a number of lines of both AtCol0:DtFT and ft-10:DtFT was collected and
sown out for the T2 screen. All lines for T2 generation of AtCol0:DtFT were found to
be segregating with a 3:1 ratio of early:late flowering (Figure 3.38a, Figure 3.38b
and Figure 3.38c) according to a Chi-squared goodness of fit test where the cut off
for early flowering was six leaves. Lines ft-10:DtFT 1 and ft-10:DtFT 3 were also
found to be segregating with a 3:1 early:late flowering ratio (Figure 3.39a and Figure
3.39b). However, line ft-10:DtFT 5 was found to be significantly different from this
ratio at p<0.05 (Figure 3.39c). As with the T1 generation, DNA was extracted from
leaf material but found to be contaminated, so PCR results were not trustworthy or
conclusive as indicators of the presence or absence of the transgene. Due to this, two
early flowering and one late flowering plants were chosen from T2 lines
AtCol0:DtFT 4, ft-10:DtFT 1 and ft-10:DtFT 5 to collect seed for screening in the T3
generation.
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Figure 3.38 – Flowering time data for AtCol0:DtFT T2 generation under LD.
Flowering time data recorded by rosette leaf number when bolt was 1 cm. a) Flowering time data for line
AtCol0:DtFT 4, b) Flowering time data for line AtCol0:DtFT 8, c) Flowering time data for line AtCol0:DtFT 16.
Red bar shows mean number of leaves to flower for AtCol0 wild type (mean 12.2 ± 1.5 (n=5)). Error bars denote
the standard error of the mean. Chi-squared test assessing goodness of fit for data to an expected 3:1 early:late
bolting phenotype show that no lines were significantly different to the 3:1 ratio (p<0.05).
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Figure 3.39 – Flowering time data for ft-10:DtFT T2 generation under LD.
Flowering time data recorded by rosette leaf number when bolt was 1 cm. a) Flowering time data for line ft10:DtFT 1, b) Flowering time data for line ft-10:DtFT 3, c) Flowering time data for line ft-10:DtFT 5. Red bar
shows mean number of leaves to flower for AtCol0 wild type (mean 12.2 ± 1.5 (n=5)). Yellow bar shows mean
number of leaves to flower for ft-10 mutant (mean 15 ± 2 (n=7)). Error bars denote the standard error of the
mean. A Chi-squared test assessing goodness of fit for data to an expected 3:1 early:late bolting phenotype
shows that lines ft-10:DtFT 1 and ft-10:DtFT 3 were not significantly different to the 3:1 ratio (p<0.05). Line ft10:DtFT 5 was significantly different to 3:1 ratio at p<0.05 if the cut off for early bolting is six leaves.

Complementation lines for DtFT T3 seed were sown and grown under an 8 hour
photoperiod (SD) at 22oC in a controlled environment cabinet (Versatile plant growth
MLR-352, Panasonic Co. Ltd). This was done to slow the bolting of the early bolters
so that a higher number of bigger leaves were available for DNA and RNA
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extraction, and to reduce the expression of endogenous AtFT when the material was
collected. Flowering time was scored as the number of rosette leaves when the bolt
was 1 cm. Both AtCol0:DtFT 4_4 and 4_17 were early flowerers at T2 and this is
also true in T3 as the majority of plants are also early. However, the lines are still
segregating as both contain a few late flowering plants in the population (Figure
3.40a and Figure 3.40b). DNA was extracted from several plants in each line for
transgene PCR. The results from lines AtCol0:DtFT 4_4 and 4_17 supported the
flowering phenotypes observed as the early flowering plants did contain the
transgene, and the late flowering plants did not. RNA was also extracted from leaf
material of several plants in each line and real time PCR performed on cDNA
synthesised from this RNA. Unfortunately, due to the small number of leaves on the
plants, it was not possible to extract RNA from the same lines as the transgene PCR
was performed on. The high expression of the DtFT transgene in early flowering
plants AtCol0:DtFT4_4_9 and 4_4_12 supports the early flowering phenotype, and
the low level and absence of the DtFT transgene in the later flowering plants in lines
AtCol0:DtFT4_4_15 and 4_4_16 also suggests the activity of DtFT is affecting the
plants ability and time to flower (Figure 3.42). The AtCol0 wild type and ft-10
mutant plants have no expression of DtFT so the DtFT real time primers (Appendix
A.2.1.1) are not able to detect the endogenous AtFT, so this is not adding to the
expression levels of DtFT found in the transformed lines (Figure 3.42).

Figure 3.40 – Bolting data for AtCol0:DtFT4 T3 generation under SD.
Flowering time data recorded by rosette leaf number when the bolt was 1 cm. a) Line AtCol0:DtFT 4_4
flowering time data, b) Line AtCol0:DtFT 4_17 flowering time data. Black bars at 60 leaves did not flower
before the end of the experiment so the actual number of leaves at bolting is unknown.
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Figure 3.41 – Transgene amplification in complementation line AtCol0:DtFT 4.
Gel pictures showing the amplification of the transgene by PCR for three T3 generation lines.

a) Line

AtCol0:DtFT 4_4, b) Line AtCol0:DtFT 4_17. Bands at 1 kb show where transgene is present. 1 kb+ ladder used.
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Figure 3.42 – Expression of DtFT transgene in AtCol0:DtFT 4 T3 generation under SD.
Real time PCR amplification of DtFT transgene driven by 35S promotor is shown. Expression was normalised to
the average expression of Atβ-tubulin, AtActin2 and AtTIP41. Error bars are of standard error of three technical
replicates.

In the lines where ft-10 was complemented with DtFT, the T3 bolting data shows that
the lines ft-10:DtFT 1_1 and 1_12 are all transformed with the DtFT and that this has
rescued the late flowering phenotype of the ft-10 mutant. All T3 plants are early
flowering in both lines compared to AtCol0 and ft-10 under the 8-hour photoperiod,
the lack of segregation could indicate that lines ft-10:DtFT 1_1 and 1_12 may be
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homozygous for the transgene (Figure 3.43a and Figure 3.43b). Figure 3.43c is the
late line ft-10:DtFT 1_C from the T2 generation, and all plants in this line are still
late, although not all are as late as AtCol0 and ft-10 mutant. All those plants which
are later than the mutant and wild type did not flower by the end of the experiment.
DNA extractions were done for several plants from each line and PCR used to detect
the transgene. All plants tested showed that the transgene was present in early
flowering lines and absent in late flowering lines, as expected (Figure 3.44). RNA
was extracted from several plants from each line and real time PCR performed to
investigate the expression levels of the DtFT transgene in the individuals. As with
the AtCol0:DtFT 4 experiments, it was not possible to extract RNA from the same
plants tested in the transgene PCR.

Figure 3.45 shows a high level of DtFT

expression in all plants tested for lines ft-10:DtFT 1_1 and 1_12 which supports the
early flowering phenotype observed, that the transgene is causing this. Very low
background levels of expression of DtFT was detected in ft-10:DtFT1_C plants
1_C_5 and 1_C_6 but this clearly was not sufficient to have any effect on flowering.
There is no DtFT expression detected able in control AtCol0 and ft-10 mutant plants.

Figure 3.43 – Flowering time data for ft-10:DtFT 1 T3 generation under SD.
Flowering time data recorded by rosette leaf number when bolt was 1 cm. a) Line ft-10:DtFT 1_1 flowering time
data, b) Line ft-10:DtFT 1_12 flowering time data, c) Line ft-10:DtFT 1_C flowering time data. Red bar shows
mean number of leaves at flowering for AtCol0 wild type (mean 49 ± 4.3 (n=8)). Yellow bar shows mean
number of leaves at flowering for ft-10 mutant (mean 48.7 ± 7 (n=3)). Black bars at 60 leaves did not flower
before the end of the experiment so the actual number of leaves at bolting is unknown. A one way ordinary
ANOVA test found that there was a significant difference (p<0.0001) between the means of lines ft-10:DtFT 1_1
and ft-10:DtFT 1_12 compared to ft-10:DtFT 1_C.
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Figure 3.44 – Transgene amplification in complementation line ft-10:DtFT1.
Gel pictures showing the amplification of the transgene by PCR for three T3 generation lines. a) Line ft-10:DtFT
1_1, b) Line ft-10:DtFT 1_12, c) Line ft-10:DtFT 1_C. Bands at 1 kb show where transgene is present. 1 kb+
ladder used. Positive control (+) was generated using DNA extracted from a plasmid known to contain the FT
transgene, negative control ( -) is a water control.
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Figure 3.45 – Expression of DtFT transgene in ft-10:DtFT 1 T3 generation under SD.
Real time PCR amplification of DtFT transgene driven by 35S promoter. Expression was normalised to the
average expression of Atβ-tubulin, AtActin2 and AtTIP41.

Error bars are of standard error of three technical

replicates.

A screen of ft-10:DtFT 5 T3 generation was also carried out in the same way as for ft10:DtFT 1. Flowering time data was collected from three lines ft-10:DtFT 5_2, 5_6
and 5_B. Figure 3.46a reveals that the early flowering phenotype of plants in line ft10:DtFT 5_2 are not as extreme as ft-10:DtFT 1_1 and that the plants are still
segregating for the transgene as two plants are later flowering than ft-10 and those
which are earlier range from 9 to 41 leaves at flowering. Plants in line ft-10:DtFT
5_6 (Figure 3.46b) are also not as early as those in line ft-10:DtFT 1_1 but all are
earlier than ft-10 with a small range of 11-24 leaves at flowering suggesting that this
line might be homozygous for the transgene. Line ft-10:DtFT 5_B was late at T2 and
is also late at T3 (Figure 3.46c). Nine plants did not bolt before the end of the
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experiment and the rest ranged from 38-52 leaves at flowering. DNA extractions
were carried out for several plants from each line and the transgene detected using
PCR. All plants tested showed that the transgene was present in early flowering
plants and absent in late flowering plants (Figure 3.47). The expression levels of
DtFT transgene in ft-10:DtFT 5_2 coincide with the flowering time data, where the
higher the DtFT expression, the earlier the plant flowers, showing an obvious link
between the two. ft-10:DtFT 5_6 is not so clear, but all plants tested have some
DtFT expression and flower earlier than ft-10 plants. ft-10:DtFT 5_B plants 5_B_1,
5_B_4, 5_B_7 and 5_B_11 all show low background levels of DtFT expression, as
does the ft-10 plant, although they are late flowering, so it maybe that there is some
slight contamination in the samples (Figure 3.48). Overall, the data from all the ft-10
mutant complementation experiments, where the transgene is present, shows that
DtFT is able to complement the function of AtFT.

Figure 3.46 – Flowering time data for ft-10:DtFT 5 T3 generation under SD.
Flowering time data recorded by rosette leaf number when bolt was 1 cm. a) Line ft-10:DtFT 5_2 flowering time
data, b) Line ft-10:DtFT 5_6 flowering time data, c) Line ft-10:DtFT 5_B flowering time data. Red bar shows
mean number of leaves at flowering for AtCol0 wild type (mean 49 ± 4.3 (n=8)). Yellow bar shows mean
number of leaves at flowering for ft-10 mutant (mean 48.7 ± 7 (n=3)). Black bars at 60 leaves did not flower
before the end of the experiment so the actual number of leaves at flowering is unknown. A one way ordinary
ANOVA test found that there was a significant difference (p<0.0001) between the means of lines ft-10:DtFT 5_2
and ft-10:DtFT 5_6 compared to ft-10:DtFT 5_B.
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Figure 3.47 – Transgene amplification in complementation line ft-10:DtFT 5.
Gel pictures showing the amplification of the transgene by PCR for three T3 generation lines. a) Line ft-10:DtFT
5_2, b) Line ft-10:DtFT 5_6, c) Line ft-10:DtFT 5_B. Bands at 1 kb show where transgene is present. 1 kb+
ladder used. Positive control (+) was generated using DNA extracted from a plasmid known to contain the FT
transgene.
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Figure 3.48 – Expression of DtFT transgene in ft-10:DtFT 5 T3 generation under SD.
Real time PCR amplification of DtFT transgene driven by 35S promoter. Expression was normalised to the
average expression of Atβ-tubulin, AtActin2 and AtTIP41.

Error bars are of standard error of three technical

replicates.

3.3.5.4.

Complementation of DtTSF

The isolation of DtTSF CDS was not straightforward and two attempts were made.
The first revealed the majority of the sequence but the 3’ end was unconfirmed
(TSFfullLRcols). The second attempt using an initial mRNA isolation step revealed
the correct 3’ end (DtTSF final). There was a one codon difference in the two
sequences as shown by Figure 3.49. The first isolation product was transformed into
AtCol0 wild type and ft-10 mutant. Unfortunately, there was not enough time to
repeat the experiment with the DtTSF final product. T1 seed was selected using
BASTA and the number of rosette leaves at 1 cm bolt was recorded.
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Figure 3.49 – Alignment report comparing DtTSF cds isolated from Dt with TSFfullLRcols used in
complementation studies.
Complementation of ft-10 mutant with DtTSF (TSFfullLRcols) began before the final sequence of DtTSF (DtTSF
final) was isolated. Red box shows where the two sequences vary. The amino acid at the site of difference
shown here is changed from Leucine in TSFfullLRcols to a Threonine in DtTSF final.
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Figure 3.50 – Flowering time of T1 generation of DtTSF transformed into AtCol0 wild type and ft-10
mutant.
a) Flowering time data by rosette leaf number at 1cm bolt for T1 generation of AtCol0:DtTSF overexpression
lines. b) Flowering time data by rosette leaf number at 1cm bolt for T1 generation of ft-10:DtTSF expression
lines. Red bar shows mean number of leaves to flower for AtCol0 wild type (mean 11.7 ± 1.5 (n=20)). Yellow
bar shows mean number of leaves to flower for ft-10 mutant (mean 28.7 ± 2.2 (n=9)). Black bars at 60 leaves did
not flower before the end of the experiment so the actual number of leaves at flowering is unknown. Error bars
denote the standard error of the mean.

AtCol0:DtTSF transformed plants all bolted after more days and with more leaves
than the AtCol0 wild type (Figure 3.50a). In the T1 transformation lines of ft10:DtTSF, all plants also bolted after more days and with more leaves than AtCol0
wild type and only three bolted with fewer leaves than the ft-10 mutant plants but
later in number of days. The rest bolted after more days and with more leaves than
the ft-10 mutant (Figure 3.50b). This suggests that the DtTSF gene is unable to
complement the function of AtFT. The phenotype of DtTSF transformed plants
showed many branches, and more inflorescence shoots which continued to grow,
giving very tall plants (Figure 3.51a and Figure 3.51b). Many of the later bolting
transformed lines produced leafy structures instead of flowers (Figure 3.51c) and
although a few converted to flowers later on, very few lines were able to produce
seed.
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Figure 3.51 – Inflorescence structures observed in DtTSF transformed plants.
a) Photograph showing the bolted plant ft-10:DtTSF 15 with highly branched inflorescences and no flowers.
Photograph taken 62 days after sowing. b) Photograph showing the bolted plant ft-10:DtTSF 4 with a large
number of long inflorescences and no flowers. Photograph taken 109 days after sowing. c) A leafy type flower
as observed on all DtTSF transformed plants. Photograph taken 62 days after sowing.

AtCol0:DtTSF 2 bolted after the end of the experiment but was the only one which
set seed and so was taken through to the next generation. Plants ft-10:DtTSF 7 and
ft-10:DtTSF 13 both bolted within the experimental time and were two of a small
number of plants which set seed. T2 seed was sown out and screened for flowering
time under a 16-hour photoperiod. Figure 3.52a shows the data for the T2 generation
of AtCol0:DtTSF 2. A Chi-squared goodness of fit test was applied and there was a
significant difference (p<0.05) to the expected 3:1 early:late flowering ratio. This is
unsurprising as the graph shows a large percentage of late flowering plants and no
early flowering lines, although some flowered around the same time as WT. DNA
was extracted from some of these lines and a PCR carried out to test whether the
transgene was present in the samples. Figure 3.53a shows that the transgene was
present in all late bolting lines, but no band in wild type bolting plant AtCol0:DtTSF
2_15 and a feint band in AtCol0:DtTSF 2_18. This is unlikely to have been due to
contamination, because there was no amplified band in the AtCol0 wild type or ft-10
mutant. The flowering time results for lines ft-10:DtTSF 7 and ft-10:DtTSF 13 were
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very similar. All plants except one bolted with more leaves than the ft-10 mutant
(Figure 3.52b and Figure 3.52c). The Chi-squared goodness of fit test also showed a
significant difference (P<0.05) to the expected 3:1 early:late bolting ratio where the
cut off for the number of leaves at bolting for early flowering was 12. The transgene
PCR results for ft-10:DtTSF 7 and ft-10:DtTSF 13 showed that those bolting around
the time of the ft-10 mutant did not contain the transgene and those which bolted
much later than the ft-10 mutant did contain the transgene (Figure 3.53b and Figure
3.53c). Together, this data suggests that DtTSF is unable to complement the function
of AtFT and may even repress flowering.
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Figure 3.52 – Flowering time data by rosette leaf number at 1cm bolt for T2 generation of DtTSF
trandsformed lines.
a) Flowering time data of line AtCol0:DtTSF 2, b) Flowering time data of line ft-10:DtTSF 7, c) Flowering time
data of line ft-10:DtTSF 13. Red bar shows mean number of leaves to bolt for AtCol0 wild type (mean 21.8 ± 2
n=8). Yellow bar shows mean number of leaves to bolt for ft-10 mutant (mean 9 ± 1.2 n=8). Error bars denote
the standard error of the mean. A Chi-squared test assessing goodness of fit for data to an expected 3:1 early:late
bolting phenotype shows that all lines were significantly different to the 3:1 ratio (p<0.05) if the cut off for early
bolting is 12 leaves.
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Figure 3.53 – Transgene amplification in complementation line AtCol0:DtTSF 2, ft-10:DtTSF 7 and ft10:DtTSF 13.
Gel pictures showing the amplification of the transgene by PCR for T2 generation. a) Line AtCol0:DtTSF 2, b)
Line ft-10:DtTSF 7, c) Line ft-10:DtTSF 13. Bands present at 1 kb show where transgene is present, absence of
the white band at 1 kb shows no transgene is present. 1 kb+ ladder used. Positive control (+) was generated
using DNA extracted from a plasmid known to contain the TSF transgene, negative control (-) is a water control.

3.3.5.5.

Diurnal time course experiment

The expression of DtFT was measured using real time PCR over a 52 hour LD time
course where plants were sampled every three hours. Figure 3.54 shows expression
is highest around the middle of the light period and low just before, during and just
after dark. This suggests that DtFT is diurnally regulated. However, some points
have large error bars so it is difficult to see exactly what the pattern is.

Normalised Expression

8
6
4
2
0

5
0.

5
3.

5
6.

5
9.

.5
12

.5
15

.5
18

.5
21

5
0.

5
3.

5
6.

5
9.

.5
12

.5
15

.5
18

.5
21

5
0.

5
3.

ZT Time

Figure 3.54 – Diurnal Time Course of DtFT.
Expression of DtFT over a 52 hour time course in LD. Lights were switched on at ZT0 (white bar) and off at
ZT16 (black bar). Expression was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41.
Error bars show the standard error of three technical replicates.
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The expression pattern of DtTSF was also investigated in this diurnal time course.
Expression of DtTSF at dawn is low and then rises steadily to ZT 6.5. Expression
then dips at ZT9-13 before rising towards the end of the light period. As night
begins, expression falls until ZT18.5, then rises and falls again before dawn (Figure
3.55). The data therefore suggest that DtTSF is diurnally regulated.

Figure 3.55 – Diurnal Time Course of DtTSF.
Expression of DtTSF over a 52 hour time course in LD. Lights were switched on at ZT0 (white bar) and off at
ZT16 (black bar). Expression was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41.
Error bars show the standard error of three technical replicates.

3.3.5.6.

Developmental time course

Leaf material was collected at weekly intervals at ZT15.5 and RNA extracted. This
was used to analyse expression across the experiment from sowing until two weeks
post-initiation of bolting. Expression levels of DtFT start very high, and then drop to
levels which at week two, three, five and six which are barely detected in the PCR
analysis. Expression levels do increase a little before initiation but drop again once
this has occurred (Figure 3.56).
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Figure 3.56 – Expression of DtFT across development.
Leaf material was collected at ZT15.5 at weekly intervals. The red arrow indicates where the plants initiated
bolting. Expression was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars
denote the standard error of three technical replicates.

The change in expression of DtTSF was also measured over development at weekly
intervals from sowing to two weeks post-bolting initiation. The expression of DtTSF
seems to be linked to the transition to flowering as levels are low early in
development before increasing rapidly until 1.5 weeks before initiation where levels
sharply fall. Expression levels then stay low until the end of the experiment (Figure
3.57).

Figure 3.57 – Expression of DtTSF across development.
Leaf material was collected at ZT15.5. The red arrow indicates where the plants initiated bolting. Expression
was normalised to the average expression of Dtα-tubulin, DtCACS and DtTIP41. Error bars denote the standard
error of three technical replicates.
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3.4.

Discussion

Five flowering time genes in Arabidopsis, CO, GI, FLC, SOC1 and FT were selected
as important genes in the flowering pathway in which to search for homologues in
rocket. Sequences for each were isolated using PCR and RLM-RACE (Invitrogen)
and used in complementation experiments of Arabidopsis mutants.

Expression

studies were also undertaken to investigate the change in gene expression over
diurnal and developmental time courses.

The genes DtCO, DtGI, DtFLC and

DtSOC1 were isolated with ease. Two FT-like sequences were isolated using the
same methods followed by mRNA isolation and PCR to verify the differences
observed between the two genes. These were named DtFT and DtTSF due to their
high homology to each of the Arabidopsis FT genes AtFT and AtTSF respectively.
The results of each of the flowering pathway gene homologues are discussed below.
3.4.1.

CONSTANS

Work has been carried out to try and isolate a CO homologue from rocket and test
whether it has the same function as AtCO and BrCO. The isolation of DtCO using
PCR and RLM-RACE (Invitrogen) proved successful with a full length CDS being
isolated from cDNA and gDNA. DtCO was found to be highly homologous to other
Brassicaceae CO orthologues (65-88% identity). The isolated DtCO CDS was then
used in complementation studies and a diurnal and developmental time course.
The transformation of DtCO in AtLer wild type and co-2 mutant backgrounds
demonstrated that DtCO is able to restore flowering time to that of the wild type or
earlier. This suggests that the DtCO gene functions as its orthologue in Arabidopsis
does. This was shown in a similar experiment where a candidate CO gene in B.
napus BnCOa1, was complemented into the co-2 mutant (Robert et al., 1998).
Under both LD and SD conditions, the T3 BnCOa1 transgenic lines flowered with
fewer leaves than the co-2 mutant and a couple less than the AtLer WT. This
difference was more pronounced however, under SD conditions. Therefore, the
DtCO studies here should be extended to the T3 generation and repeated using lines
homozygous for the transgene in both LD and SD conditions.
Studies in Arabidopsis by Suarez-Lopez et al. (2001) found that AtCO expression
was diurnally regulated. Under long day conditions, AtCO is high at dawn and drops
quickly. It then rises again from ZT8 until it peaks at ZT16. Levels fall slightly at
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ZT20 but are still relatively high and stay at this level until dawn. The group found
that this oscillation in AtCO remains even when plants are exposed to constant light
and thus this represents circadian regulation. The diurnal expression of DtCO was
found to be similar to that seen of AtCO (Figure 3.9). It would be interesting to
investigate whether this is the same in constant light and also whether the DtCO
protein levels reflect the DtCO mRNA levels observed.
The developmental time course of DtCO, shows a rise in expression from one week
after sowing until a peak at three weeks after sowing. Expression then falls by week
four where bolting is initiated shortly after (Figure 3.10).

Recent evidence in

Arabidopsis suggests that the age dependent pathway through miR172 is able to
affect the expression of CO over development (Zhang et al., 2015). In seedlings and
young plants, levels of miR172 are low and increase steadily with age. miR172 is an
inhibitor of the TOE1 gene in the circadian clock. When TOE1 is abundant early in
development, CO expression is reduced. As the plants age, the level of miR172
increases, which increases the inhibition of TOE1.

This in turn releases the

inhibition of CO by TOE1 allowing the critical levels to be reached at the end of the
long day promoting flowering (Zhang et al., 2015). This age dependent pathway
effect on AtCO could explain the developmental pattern of CO observed in rocket.
In conclusion, the data gathered in these experiments suggest that the isolated DtCO
is the functional homologue of AtCO as it can successfully complement the function
of AtCO, and is expressed in a similar way to AtCO in the diurnal and developmental
time courses.
3.4.2.

GIGANTEA

The DtGI gene was successfully isolated, cloned and sequenced from both cDNA
and gDNA. It was found to encode a protein of 1179 amino acids, six larger than its
homologue in Arabidopsis, and to be 89 and 92% homologous to both Arabidopsis
and B. rapa genes respectively. This isn’t surprising as both species and rocket are
part of the Brassicaceae family.

Attempts were made to complement the

Arabidopsis gi-3 mutant with the isolated DtGI gene but were unsuccessful. Recent
work carried out by Xie et al. (2015) demonstrated that BrGI alleles are able to
complement the Arabidopsis gi-201 mutant. The late flowering phenotype of the gi201 mutant was rescued. The isolated DtGI gene was found to be 92% homologous
to BrGI so it is expected that this homologue would be able to complement the gi87

201 mutant. A different mutant gi-3 was used in our experiments but no transformed
seed came through the BASTA selection. This could have been due to the size of the
DtGI gene, decreasing the efficiency of transformation.

The A. tumefaciens strain

containing the DtGI transgene should be retested to confirm the presence of the gene
in the vector. The mutant gi-3 was poor at germinating, so a different knockout line
could be used. The floral dip technique would be repeated in the new mutant line,
perhaps with multiple dips as the plants continue to flower, to increase the number of
transformed seed collected.

The transformed lines would then be screened for

flowering time to see if DtGI performs the same function as AtGI.
The diurnal regulation of AtGI was shown to oscillate over a long day with the
lowest level at ZT0 and a large peak at ZT10 (Fowler et al., 1999). This pattern has
been observed for DtGI in the diurnal time course over long days demonstrating that
it too is diurnally regulated. As GI is a known circadian clock gene, using the DtGI
gene to complement gi mutants which are altered in circadian rhythm (such as gi-1,
gi-2 or gi-201) (Martin-Tryon et al., 2007) could be performed to see if the DtGI
transgene is able to restore the correct circadian rhythm. Gene-editing mutagenesis
of DtGI could be attempted to create rocket plants impaired in the function of GI.
This could further reveal the function of the DtGI homologue.
AtGI expression occurs throughout plant development as it is important for many
growth and developmental changes due to its role in the circadian clock (Park et al.,
1999). It has been particularly implicated in the initiation of the circadian rhythm in
seeds and fruit setting (Mishra and Panigrahi, 2015) which could explain the DtGI
expression pattern seen in these experiments over development, where DtGI
expression is constantly low throughout the majority of the plant’s lifecycle, but with
high peaks at week one seedling stage and week six which is post-bolting (Figure
3.14).

However, the collection time for the developmental time course was at

ZT15.5, whereas the diurnal time course showed that DtGI expression peaks at
ZT10. Therefore the low expression of DtGI shown over development may be due to
the low expression of the collection time and not a true picture of the expression
change over the time course.
Further work needs to be undertaken to fully understand the nature and function of
GI in rocket, particularly the complementation studies which are needed to confirm
that the true rocket GI orthologue has been isolated. AtGI is a key photoperiodic
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pathway and circadian clock gene which seems to share a high percentage of
sequence with DtGI as well as its developmental and diurnal expression changes.
Curtis et al. (2002) found that transforming an antisense fragment of AtGI into radish
(Raphanus sativus – another Brassicaceae family member) caused a late bolting
phenotype to be produced. This could be replicated in rocket to produce late bolting
plants. These experiments could help to improve the understanding of GI and its role
in controlling flowering in crop species.
3.4.3.

FLOWERING LOCUS C

The aim of the study of DtFLC was to explore whether a gene homologous to AtFLC
is present in rocket that is able to complement the Arabidopsis FRI+flc3 null mutant,
and if so whether its expression over developmental and diurnal time courses was
similar to that of other FLC homologues. The full length DtFLC gene was easily
isolated from cDNA and gDNA using PCR and RACE-RLM (Invitrogen) and
sequenced with gene specific primers. The DtFLC gene was found to be more
homologous to S. alba and Brassica species FLC genes than to AtFLC.
AtFLC functions as a repressor of flowering and work done by Kim et al. (2007)
investigated how candidate FLC genes in Chinese cabbage (B. rapa L. ssp.
Pekinensis) behaved when complemented into Arabidopsis flc mutants. They found
that all three BrFLC genes tested caused a late flowering phenotype showing that the
candidate genes were able to complement the flc mutant and were repressors of
flowering. A similar approach was taken to investigate the function of DtFLC. The
FRI+ flc3 null mutant in Arabidopsis as well as AtCol0 wild type were transformed
with the DtFLC transgene. The resultant seeds were selected using BASTA and
assessed for flowering time. Plants displaying the expected late-flowering phenotype
were selected and taken through to T2 where flowering time was analysed and
transgene expression investigated. The results revealed that DtFLC was able to
complement the function of AtFLC in the mutant lines as a late flowering phenotype
was observed in plants in T1 and T2 generations. Overexpression of DtFLC in
AtCol0 wild type was also found to cause late flowering, although early flowering
lines were also observed in the T1 (Figure 3.17a), suggesting there might be some
silencing of the AtFLC gene in the AtCol0 wild type. The transgene expression data
showed that the late flowering phenotype is linked to the presence of the transgene in
the plant.
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FLC has been implicated in the regulation of the circadian clock through a small
number of genes where the circadian period was shortened in plants grown at 27°C
(Edwards et al., 2006). This however, does not suggest that FLC itself is diurnally
regulated or is part of the photoperiodic pathway (Srikanth and Schmid, 2011). The
expression of DtFLC over a 24 hour time course suggests that DtFLC is also not
diurnally regulated as there was very little change in expression over the light-dark
cycle in long days (Figure 3.21).
As FLC is a floral repressor the expression of FLC during development needs to
reduce in order for plants to be able to flower.

Levels begin high to prevent

precocious flowering but are reduced by vernalisation or autonomous pathways to a
level where the inhibition of floral integrator genes FT and SOC1 is released
(Michaels and Amasino, 2001). The expression pattern of DtFLC reflects this, where
levels are high initially but drop off towards the point at which initiation of bolting
begins (Figure 3.22).
Overall, the experiments carried out on DtFLC have shown that the rocket
homologue has been successfully isolated and retains the same function and
expression patterns as AtFLC despite the homology between the two being only 84%.
It has been encouraging that similar results have been seen for DtFLC as for Brassica
species FLC genes as the homology between these is much higher.
3.4.4.

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1

The experiments undertaken to investigate the function and expression of DtSOC1
demonstrate that a homologue of SOC1 has been isolated from rocket. The protein
contained the expected MADS-box and K-box domains with high homology to B.
juncea (95%) and A. thaliana (93%). Complementation studies were carried out to
the T1 generation by transforming DtSOC1 into both AtCol0 wild type and soc1-2
mutant plants. Many seedlings were selected as resistant to BASTA suggesting that
they carried the transgene but the flowering time results showed only a few flowered
with fewer leaves than AtCol0 wild type plants (Figure 3.25 and Figure 3.26). In the
soc1-2:DtSOC1 population, only half the population flowered with fewer leaves than
the soc1-2 mutant. This suggests that the complementation may only be partial, so
DtSOC1 may not share all the functionality of AtSOC1.
The experiment investigating the change in expression of DtSOC1 over time (Figure
3.29) showed a small increase in expression between week two and initiation of
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bolting.

This is different to what has been observed in Arabidopsis.

AtSOC1

expression increases steadily over development until flowering occurs (Lee et al.,
2000; Samach et al., 2000). Under short day conditions, AtSOC1 continues to be
expressed after flowering, localised to the inflorescence. This specificity in location
may explain why a drop in DtSOC1 was observed after the initiation of bolting as
leaf material was used to monitor the expression, not inflorescence material. It
would be interesting to further investigate the location and timing of DtSOC1
expression over development by sampling different tissues at weekly harvesting, and
under both long and short day conditions.
The diurnal expression of DtSOC1 was also investigated. The results showed a
variable pattern where changes over the 24-hour period were small and a couple of
time points did not have the same expression level in each of the two 24 hours’ time
periods examined. Therefore, it was concluded that DtSOC1 could be diurnally
regulated but the experiment will need repeating for verification.

It would be

interesting to repeat the experiment using short day conditions as well to see if the
diurnal regulation is kept, or modified compared to long day conditions.
In conclusion, the work carried out to investigate the function and expression of
DtSOC1 has shown that the sequence isolated was highly homologous to AtSOC1
and BrSOC1 and some plants showed the restoration of the wild type flowering
phenotype suggesting that DtSOC1 is able to complement the soc1-2 mutant and
therefore the correct homologue. However, some plants did not show the expected
phenotype which may be due to the site of integration of the transgene causing
inhibition, or the overexpression causing co-suppression or interference in other key
flowering time regulators.
3.4.5.

FLOWERING LOCUS T and FT-like genes

The FT-like genes have key roles in flowering time in Arabidopsis. It was therefore
important to isolate and investigate the function and expression of these in rocket, if
a clearer understanding of flowering time was desired. Two genes, named DtFT and
DtTSF were isolated using a GeneRacer™ Kit (RLM-RACE) (Invitrogen) and an
mRNA isolation kit (Promega) followed by PCR, cloning and sequencing. The two
CDS sequenced differed from each other and showed a high level of similarity to
AtFT (99% homologous to DtFT) and AtTSF (83% homologous to DtTSF). It was
found that the key amino acids which differentiated the function of FT and TFL all
91

matched FT in both DtFT and DtTSF, except for aa140 in DtTSF which was proline
not a glutamine residue. As this is present in the segment B region of the FT gene,
the exon 4 external loop, it may be enough to change the function from an inducer to
a repressor type FT-like gene (Lee et al., 2013; Wickland and Hanzawa, 2015).
However, more evidence is needed to support this theory. Unfortunately, it was not
possible to isolate intronic sequence for each gene so further differentiation of the
genes using this information was not possible. The CDS for DtFT and DtTSF was
used in overexpression studies in AtCol0 wild type and complementation in ft-10
mutant plants.

Work done by Kobayashi et al. (1999) showed that the

overexpression of AtTSF or AtFT in Arabidopsis gave a very early flowering
phenotype. It was expected therefore that each candidate FT-like gene from rocket
would also generate early flowering phenotypes.

The overexpression and

complementation results of DtFT did show the expected phenotype, but DtTSF
transgenic plants showed a very late flowering phenotype with indeterminate growth
(Figure 3.37-Figure 3.48 and Figure 3.50-Figure 3.53). This could be due to the
silencing of FT and TSF genes in the plants by the DtTSF transgene, so that the TFL
gene is more dominant and responsible for the phenotype (Baumann et al., 2015). It
could also be possible that the transgene of DtTSF is actually a TFL-like gene which
would also explain the phenotype. However, the sequence similarity to AtTFL is
only 70% and the key amino acids which confer inducer or repressor behaviour are
all of the inducer type (Figure 3.36).

Also, overexpression of AtTFL does not

produce normal flowers (Hanano and Goto, 2011) but the aberrations are not the
same as observed in the DtTSF complementation study (Figure 3.51). The difference
in complementation results between DtFT and DtTSF are like those observed in
sugar beet BvFT1 (repressor) and BvFT2 (inducer) (Pin et al., 2010) and in onion
AcFT1 (inducer) and AcFT4 (repressor) (Lee et al., 2013). DtFT complemented the
ft-10 mutant and early flowering was observed, suggesting that DtFT is an inducer of
flowering. DtTSF did not complement the ft-10 mutant but very late flowering was
observed suggesting that DtTSF is a repressor of flowering. This, together with the
key amino acid residue data, suggests that two FT-like genes have been found in
rocket, with opposing effects on flowering.
FT is a floral integrator gene which responds to daylength through the photoperiodic
pathway. This means it is diurnally regulated as shown by Kobayashi et al. (1999).
Experiments were undertaken in rocket using a 52 hour diurnal time course within
92

long day conditions. The diurnal time course of DtFT and DtTSF showed that DtFT
was strongly regulated with a clear pattern of expression with a wide peak around
ZT3-9 before falling towards the end of the light period (Figure 3.54). This is
different to AtFT which peaks at the end of the long day and falls overnight (Song et
al., 2015). The DtTSF diurnal pattern is more difficult to see but is generally high
during the light period before falling overnight, but seems to peak briefly in the
middle of the night (Figure 3.55).
FT and TSF are both implicated in the promotion of flowering but their expression
over development differs from each other. AtFT expression is low when the plants
are young and increases as the plant ages with a peak seen before expression falls
again (Kobayashi et al., 1999). The DtTSF time course looks more like the AtFT
developmental time course (Figure 3.57). AtTSF expression is high at early growth
stages and falls as the plants age, expression then rises again (Kobayashi et al.,
1999). The DtFT developmental time course looks more like the AtTSF expression
over development (Figure 3.56). Assessing these results suggests that the genes
identified as DtFT and DtTSF may actually be mis-identified.

However, the

developmental time course experiment material was not collected at the optimal time
for DtFT according to the diurnal expression pattern, so these results may be
different if material was collected at ZT8.
Work by Yamaguchi et al. (2005) exploring further the role and function of AtTSF
found that TSF and FT had a similar function but showed different spatial patterns of
expression. FT was found to be predominantly expressed in leaves, whereas TSF
was expressed in the hypocotyl. This distinctiveness may also be true in rocket, so it
would be interesting to test for expression of each gene in different plant tissues.
There was also a difference seen in expression across development, so different time
points could be tested (Kobayashi et al., 1999). This may help to confirm the
identity of DtFT and DtTSF.
In conclusion, two FT-like genes (DtFT and DtTSF) have been isolated from rocket
and tested for function and expression. The results were not always as expected and
so it has not been possible to fully resolve which gene is the best candidate for FT
and which for TSF. Further experiments are needed to continue to explore this, using
a variety of tissues, time points and photoperiod lengths as well as further sequencing
to isolate the gDNA sequences.
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Chapter 4. Investigating the Photoperiodic and Vernalization
Responses in Rocket
4.1.

Introduction

The purpose of this chapter is to explore the effects of a changing environment on the
growth of rocket and the corresponding expression changes of key flowering time
pathway genes. This has not previously been investigated in rocket, but
understanding these processes could lead to improved cultivation methods where the
grower could have more control over harvest timing and bolting.
Two physiological traits are investigated and discussed. These are the vernalization
and photoperiodic response. Both of these affect the plant’s ability to flower and
have a role in the flowering time pathway. Experiments were undertaken using
controlled environment cabinets so that light, temperature and time could be
manipulated, and plant material collected for gene expression analysis.
4.1.1.

Vernalization

Vernalization is the attainment or acceleration of floral competence as a consequence
of prolonged exposure to cold temperature. The cold treatment causes levels of FLC
to reduce in the plant through epigenetic change in gene expression. When the plant
is returned to a higher temperature, the change is stable enough to cause floral
promotion rather than a return to high FLC levels (Boss et al., 2004). Studies of
Arabidopsis ecotypes showed that there are two groups with the split based on their
vernalization responsiveness. Rapid cycling ecotypes will flower irrespective of
vernalization, whereas winter annual ecotypes will flower late unless exposed to a
period of vernalization (Nordborg and Bergelson, 1999; Wang, 2014). It was found
that these flowering and vernalization responsive phenotypes all centre on the action
of FLC (Song et al., 2012). Plants which are responsive to vernalization tend to be
those from seasonal climates where adaptation to extended periods of cold can be
advantageous. The stage in the plant’s lifecycle which is responsive to vernalization
varies between species as does the critical length of treatment needed in order to
fully satisfy the vernalization requirement.

Arabidopsis is able to respond to

vernalization both as seed and young plants (Nordborg and Bergelson, 1999; Strange
et al., 2011). Brassica species only respond as young plants which are beyond the
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juvenile stage (Jung and Mueller, 2009). As rocket is closely related to both of these,
it is not known at which stage of its lifecycle it is able to respond, and what the
critical length might be, or even if it has a vernalization response at all. Therefore
three treatment lengths were tested on both seed and young plants to investigate the
vernalization requirements of rocket. The temperature of the vernalization treatment
is also important as many species, such as Arabidopsis, vernalize at 4°C (Nordborg
and Bergelson, 1999), whereas others such as B. oleracea var. botrytis have an
optimum vernalization temperature of 10°C (Guo et al., 2004). The Mediterranean
plant olive (Olea europaea), was shown to vernalize at 10-13°C before flowering
(Hackett and Hartmann, 1967), so two temperatures of 4°C and 10°C were
investigated to test whether one would be more effective in satisfying the
vernalization requirement and hastening floral initiation in rocket.
4.1.2.

Photoperiodic response

The ability of a plant to measure and respond to the day length or photoperiod is
critical to its growth and development, but particularly floral transition. Most plants
fall into one of three main photoperiodic categories. The first are long day (LD)
responsive plants which flower when the photoperiod is longer than a critical length.
The second are short day (SD) responsive plants which flower when the photoperiod
is shorter than a critical length. The third are day neutral plants which flower in spite
of the photoperiod or night period length (Matsoukas et al., 2012). In LD plants,
flowering can occur quite quickly, but if LD plants are subjected to SD conditions,
they will flower much more slowly (facultative) or not at all (obligate). In facultative
LD plants such as Arabidopsis (Weigel, 1995), other pathways in the flowering
network can compensate so that the expression of FT (and other floral integrator
genes such as SOC1) is raised to the critical level for flowering. In obligate LD
plants, floral initiation doesn’t occur under SD conditions.

During crop

domestication and in breeding today, the role of the photoperiodic pathway and the
genes within it has been really important (Bluemel et al., 2015). Deviations in the
‘normal’ photoperiodic response of a species has enabled varieties of key crops, such
as wheat and barley, to be grown all over the world from constant intermediate day
conditions of the equator to the short day/long day seasonality of northern and
southern latitudes (Srikanth and Schmid, 2011).
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It is not currently known what the photoperiodic response of rocket is so
experiments were carried out in this study to investigate it. Rocket plants were
grown under three different photoperiods and the response measured in terms of
number of days to initiate bolting. One experiment was carried out using low level
incandescent lighting to provide the day extension of the 8h photoperiod in order to
try and uncouple the effects of photoperiod length response from promotion of
growth and phase transition resulting from high rates of photosynthesis. This is
possible due to the difference in wavelengths of light emitted by incandescent bulbs
(high far-red light) (Thimijan and Heins, 1983) and fluorescent bulbs (high red and
blue light) (Runkle et al., 2012).

4.2.

Methods

4.2.1.

Rocket seed

D. tenuifolia seed generation SSD4 (section 2.1.1) was used in the vernalization
experiments at 4°C. A further two generations of single seed descent was carried out
following these experiments giving rise to SSD6 seed (section 2.1.1). This was used
in the vernalization experiments at 10°C and the photoperiodic experiments.
4.2.2.

Vernalization experiments

4.2.2.1.

Seed vernalization at 4°C

Seed was sown onto damp paper towels and covered with aluminium foil and placed
at 4°C for one, two or four weeks. At the end of the vernalization period, seeds were
removed from the paper and put onto F2S soil in P40 trays at one seed per cell and
placed in the glasshouse at 20°C with a 16 hour photoperiod. The germination date
was recorded. Control seed to stay at ambient temperature was sown in the same
way but was placed into the glasshouse at 20°C for one week by which time the
seeds had germinated. These were then transferred to F2S soil in P40 trays at one
seed per cell. At four weeks post germination, plants were transplanted into 5 inch
pots of M2 soil to continue growing. Floral bud initiation and bolting was recorded.
Plant material was collected once a week at ZT9. RNA was extracted from seeds
pre-sowing and germinated seedlings at weeks one, two and four.
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4.2.2.2.

Plant vernalization at 4°C

For the plant vernalization experiment at 4°C, seed was sown directly to F2S soil in
P40 cells and put in a controlled environment cabinet (Versatile plant growth MLR351, SANYO Electric Co. Ltd) at 25oC to aid germination with 16 hour photoperiod
for five days (Light level 104 µmol s-2 m-1). The germination date was recorded and
plants grown until three weeks old (four weeks after sowing) in a glasshouse at 20°C
with 16 hour photoperiod. These were then transplanted to 5 inch pots of M2 soil.
After one week, the plants were moved to 4°C with 16 hour photoperiod to vernalize
for two, four or eight weeks. The plants were then returned to glasshouse conditions.
The number of days to initiate and then bolt was recorded. Control plants were kept
at 20°C with 16 hour photoperiod (ambient conditions) for the entirety of the
experiment.

Plant material was collected every week at ZT9 throughout the

experiment. For weeks one to three, all material above soil level was sampled from
up to six plants. From week four, newly expanded leaves were collected from five
plants and pooled together.
4.2.2.3.

Seed vernalization at 10°C

Seed was sown onto damp paper towels and covered with aluminium foil. This was
then placed into a controlled environment cabinet (Versatile plant growth MLR-352,
Panasonic Co. Ltd) at 10°C in the dark. After two weeks, all seed had germinated, so
was transplanted onto Arabidopsis mix soil in p24s and returned to 10°C but with
very low light levels (36.2 µmol s-2 m-1) as done in Nordborg and Bergelson (1999)
and Lin et al. (2005; 1999)), so plants would stay healthy but not grow very much.
Vernalization was performed at 10°C for two, four or six weeks in total and the
plants transferred to a controlled environment cabinet (Versatile plant growth MLR352, Panasonic Co. Ltd) with 22°C and 16 hour photoperiod at the end of each
treatment. At 5-6 true leaves, plants were transferred to 5 inch pots of M2 soil and
grown until initiation and bolting. Control seed to stay at ambient temperature were
kept continuously at 22°C in a controlled environment cabinet (Versatile plant
growth MLR-352, Panasonic Co. Ltd).

Germination of the control seedlings

occurred after one week, so were transferred onto Arabidopsis mix soil in p24s and
placed back into the cabinet at 22°C with 16 hour photoperiod until initiation and
bolting occurred. As for the 4°C seed vernalization experiment, plant material was
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harvested every week at ZT9 with RNA being extracted from seeds at pre-sowing
and week one and germinated seedlings destructively sampled for week’s two to six.
4.2.2.4.

Plant vernalization at 10°C

Seed was sown directly into 5 inch pots of Arabidopsis mix soil and placed into a
controlled environment cabinet (Versatile plant growth MLR-352, Panasonic Co.
Ltd) at 22°C with a 16 hour photoperiod. At four weeks after sowing, plants had six
to seven true leaves and were moved to a controlled environment cabinet (Panasonic)
at 10°C with a 16 hour photoperiod to begin the vernalization. Treatments were for
two weeks, four weeks and six weeks before returning the plants to ambient
conditions in a controlled environment cabinet at 22°C with a 16 hour photoperiod
until initiation and bolting. For plants grown as a control in ambient conditions,
seeds were kept in a controlled environment cabinet (Versatile plant growth MLR352, Panasonic Co. Ltd) at 22°C with a 16 hour photoperiod throughout the
experiment. Initiation and bolting dates were recorded, and plant material collected
throughout the experiment at weekly intervals at ZT9. This was done in the same
way as 4°C plant vernalization experiment with week one and three destructively
sampled of all material above soil level (from up to six plants) and from week four,
newly expanded leaves were collected and pooled from three plants.
4.2.3.

Photoperiodic experiments

Seeds were sown onto F2S soil in p24s and topped with vermiculite. These were
placed into a controlled environment cabinet (Versatile plant growth MLR-352,
Panasonic Co. Ltd) at 22°C with 16 hours light, 8 hours dark. The germination date
was recorded and at 10 days after sowing, 10-12 plants were moved to each of three
photoperiods (Table 4.1). In experiment 1, the first was under short day conditions
with 8 hours light and 16 hours dark, the second was under intermediate day
conditions with 12 hours light and 12 hours dark and the third was under long day
conditions with 16 hours light and 8 hours dark. In experiment 2, three photoperiods
were also used, but the difference between short, intermediate and long conditions
with day extensions using incandescent bulbs (Bell Striplite, 30W)(Light levels 33
µmol/m2/s) instead of the standard fluorescent tubes (Light levels 124 µmol/m2/s) as
used in experiment 1 (Table 4.1). The photoperiods were short day conditions with 8
hours light and 16 hours dark, intermediate day conditions with 8 hours light, 4 hours
day extension and 12 hours dark and long day conditions with 8 hours light, 8 hours
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day extension and 8 hours dark. All experiments were undertaken in controlled
environment cabinets (Versatile plant growth MLR-352, Panasonic Co. Ltd) at 22°C.
Plants were transplanted at three weeks from sowing into 5 inch pots of M2 soil and
returned to the correct photoperiod. Floral initiation and bolting was recorded for
each plant. Only floral initiation was recorded for experiment 2 as the day extension
caused the stem to elongate before floral buds appeared, so an accurate bolting date
couldn’t be acquired.
Table 4.1 – Light regimes for photoperiod experiments 1 and 2.
The light and dark period timings with bulb type for each of the photoperiods tested in each experiment.

Photoperiod

Experiment 1

Experiment 2

length
8 hours light (fluorescent

Short day

8 hours light (fluorescent bulbs)

bulbs)

Intermediate day

16 hours dark

16 hours dark

12 hours light (fluorescent

8 hours light (fluorescent bulbs)

bulbs)
4 hours day extension
(incandescent bulbs)

Long day

12 hours dark

12 hours dark

16 hours light (fluorescent

8 hours light (fluorescent bulbs)

bulbs)
8 hours day extension
(incandescent bulbs)
8 hours dark

4.2.4.

8 hours dark

Gene expression analysis using real time PCR

RNA was extracted from leaf material of vernalization and developmental time
course experiments using Z6 buffer method (Logemann et al., 1987) as outlined in
section 2.2.2. Synthesis of cDNA from 1 µg DNase treated RNA was done using a
Thermoscript cDNA synthesis kit (Invitrogen) following the manufacturer’s
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instructions. For the vernalization experiments, a mixture of RNA from samples
where DtFLC expression is likely to be highest, were combined to synthesize cDNA
to make the standard for the real time reactions. The standard was diluted 10 fold
from 100 – 10-4. All real time PCRs carried out for vernalization experiments used
DtTIP41, DtCACS and Dtα-tubulin as housekeeping genes for normalisation
(Appendix A.2.1.3). The real time PCR conditions were as outlined in section
2.2.10.

4.3.

Results

4.3.1.

Vernalization experiments

4.3.1.1.

Seed vernalization at 4°C

Rocket seeds were subjected to a vernalization treatment of one, two or four weeks at
4°C before growing to maturity under ambient conditions.

This was to assess

whether the time to take to bolt would be quicker than that of control seeds which
remained at ambient conditions for the duration of the experiment. Bolting data
showed that there is no response of the seed to cold treatment of two weeks in length,
but there is a significant difference for seed subjected to one (p<0.0005) and four
(p<0.0226) weeks of cold (Figure 4.1). The average number of days to bolt in
ambient temperature is very similar to that of a two week vernalization treatment, but
with one week of cold, the average bolting time was quicker by four days and with
four weeks vernalization treatment, the average number of days to bolt was delayed
by 2.6 days. When DtFLC expression was analysed in the seed or seedlings (Figure
4.2), the results revealed that those subjected to one week of ambient temperature
conditions had a higher level of expression than in pre-sown seeds and much higher
expression than in the vernalization treatments. This suggests that it is the cold
treatment that is affecting the DtFLC expression. However, there is little change
between vernalization treatments in the level of DtFLC expression in the seedlings
between weeks 1 to 4 indicating that the length of the vernalization treatment doesn’t
affect the DtFLC expression once the expression level has dropped initially.
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Mean number of days to bolt
Figure 4.1 – Effect on bolting time of varying the length of 4°C cold treatment on D. tenuifolia seeds.
The mean number of days to bolt of plants where the seed was subjected to cold treatment at 4°C for one, two or
four weeks. Bars show mean ± SE (n=14 (0 weeks), n=15 (1 week and 2 weeks), n=10 (4 weeks)). Error bars
denote the standard error of the mean. Student’s t-test was used to compare the number of days to bolt of each
vernalization treatment (one, two and four weeks) against the ambient conditions (0 weeks). *Statistical
significance of p<0.0005 ** Statistical significance of p<0.0226.

Figure 4.2 – Effect of the different vernalization treatments at 4°C on expression of DtFLC in D. tenuifolia
seed.
Expression of DtFLC where seed was subjected to vernalization at 4°C for one, two or four weeks. Error bars
denote the standard error of three technical replicates.
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4.3.1.2.

Plant vernalization at 4°C

The effect of different vernalization treatment lengths at the temperature of 4°C was
investigated for rocket plants. Seeds were sown and at four weeks after sowing,
were placed at 4°C for two, four and eight weeks. A subset of plants remained at
constant ambient temperatures throughout the experiment. There was no significant
difference in bolting time between the plants kept at ambient temperatures to those
subject to the different vernalization treatments (Figure 4.3). The plants which had
been subjected to eight weeks of vernalization took at least five days longer to bolt
than the controls at ambient temperature and the other vernalisation treatments. The
expression of DtFLC throughout development was investigated for each treatment.
Under ambient conditions, DtFLC expression went up until three weeks after
germination and then fell at four weeks old. The expression then increased again up
to bolting and fell after the transition to flowering had occurred (Figure 4.4a). For
those plants which had been given the vernalization treatment, the pattern of DtFLC
expression was the same as under the ambient conditions up until the vernalization
treatment started. When the vernalization treatment began, the levels of DtFLC fell
to a low level. Once low levels of DtFLC had been reached in all treatment lengths,
the level remained low, even when plants were returned to ambient conditions
(Figure 4.4). This suggests that all treatment lengths were effective in reducing the
expression of DtFLC and keeping it at a low level.
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Figure 4.3 – Effect on bolting time of varying the length of 4°C cold treatment on D. tenuifolia four week
old plants.
Mean number of days to bolt for plants subjected to cold treatment at 4°C for two, four and eight weeks. The
length of the vernalization treatment was subtracted from the number of days to bolt. Bars show mean ± SE
(n=14 (0 weeks), n=15 (2 weeks and 4 weeks), n=13 (8 weeks)). Error bars denote the standard error of the
mean. Student’s t-test was used to compare the number of days to bolt of each vernalization treatment (2, 4 and 8
weeks) against the ambient conditions (0 weeks). There was little or no significant difference in number of days

d)

9

8

7

6

5

4

3

2

1

b)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

7

6

9
10
11

5
8

7

4
6

3
5

4

2
3

2

c)

1

a)

1

to bolt between vernalization treatments and ambient conditions (p<0.05).

Figure 4.4 – Expression of DtFLC over development in vernalization treatments of different lengths.
a) Change in levels of DtFLC expression over the course of the experiment under ambient conditions, b) two
weeks vernalization treatment at 4°C, c) four weeks vernalization treatment at 4°C, d) eight weeks vernalization
treatment at 4°C. Error bars denote the standard error of three technical replicates. Bolting time of plants shown
by pink bar and period of 4°C vernalization shown in blue.
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4.3.1.3.

Seed vernalization at 10°C

The effect of vernalizing seed at the higher temperature of 10°C on seed was also
investigated. There was no significant difference in the time it took the plants to bolt
between those kept under ambient conditions compared to those which were treated
at 10°C for two and four weeks (Figure 4.5). Seeds experiencing six weeks of cold
treatment bolted eight days earlier than under ambient conditions, which is
statistically significant (p<0.0124). The expression of DtFLC was measured in presown seed, after one week at ambient conditions and after various lengths of
vernalization treatment at 10°C. Figure 4.6 shows that the vernalization treatment
dramatically reduces the expression of DtFLC by ~10 fold within one week
compared to the control ambient conditions. It then stays low up to week six.

Figure 4.5 – Effect on bolting time of varying lengths of cold treatment at 10°C on D. tenuifolia seeds.
Mean number of days to bolt of plants derived from seed subjected to cold treatment at 10°C for two, four and six
weeks. Bars show mean ± SE (n=6). Error bars denote the standard error of the mean. Student’s t-test was used
to compare the number of days to bolt of each vernalization treatment (2, 4 and 6 weeks) against the ambient
conditions (0 weeks). *Statistical significance of p<0.0124.
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Figure 4.6 – Effect of the different vernalization treatments at 10°C on expression of DtFLC in D. tenuifolia
seed.
Expression of DtFLC throughout vernalization where seeds were subjected to cold treatment of 10°C for between
one and six weeks, with expression levels examined at the end of each week of treatment. Error bars denote the
standard error of three technical replicates.

4.3.1.4.

Plant vernalization at 10°C

Plants at four weeks old were subjected to vernalization at 10°C for two, four and six
weeks. The number of days each plant underwent each treatment was recorded.
This experiment showed that there is a significant difference in bolting time between
the vernalized plants, and those kept at ambient temperature for the length of the
experiment (Figure 4.7). Unexpectedly, the vernalization treatment significantly
increased the time the plants took to bolt, 12 days longer with six week treatment
(p<0.0003), 15 days longer with four weeks of treatment (p<0.0001) and 17 days
longer with two weeks of cold treatment (p<0.0001) compared to those in ambient
conditions, despite the length of the vernalization treatment being deducted from the
total number of days to bolt (Figure 4.7). Unfortunately, it was not possible to
investigate the expression of DtFLC in this experiment due to the poor quality of the
RNA extracted from many time points across each treatment and across the
experiment.
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Figure 4.7 – Effect on bolting time of varying the length of 10°C cold treatment on D. tenuifolia four week
old plants.
Mean number of days to bolt for plants subjected to cold treatment at 10°C for two, four and six weeks. Bars
show mean ± SE (n=5 (0 weeks), n=6 (2 weeks, 4 weeks and 6 weeks)). Error bars denote the standard error of
the mean. Student’s t-test was used to compare the number of days to bolt of each vernalization treatment (2, 4
and 6 weeks) against the ambient conditions (0 weeks). *Statistical significance of p<0.0001 ** Statistical
significance of p<0.0003.

4.3.2.

Photoperiodic experiments

Three different photoperiods were tested to investigate the number of days to initiate
bolting in rocket under different day lengths. The experiment was repeated twice,
once with fluorescent bulbs providing all the light for each of the photoperiod lengths
and the second with fluorescent bulbs providing 8 hours of light and incandescent
(day extension) bulbs providing the extra 4 and 8 hours light in the 12 hour and 16
hours photoperiods respectively (Table 4.1). The data show that the plants respond
differently to each photoperiod, with shorter photoperiods delaying bolting (Figure
4.8). In experiment 1, the plants in each of the photoperiods initiated bolting with a
significant difference in the number of days between each light period length
(p<0.05) (Figure 4.8a). Also, all plants in the 12 hour and 16 hour photoperiods
were able to bolt, but three out of nine plants in the 8 hour photoperiod had not
initiated bolting by the end of the experiment (70 days).
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Figure 4.8 – Effect on bolting time of varying photoperiod lengths in D. tenuifolia plants.
Mean number of days to initiate bolting for plants grown in 8 hour, 12 hour and 16 hours photoperiods. a)
Photoperiod experiment 1 with light provided by fluorescent bulbs. Bars show mean ±SD (n=9 (16hr+12hr), n=6
(8hr)). b) Photoperiod experiment 2 with light provided by fluorescent bulbs and day extension incandescent
bulbs. Bars show mean ±SD (n=5 (8hr+8hr DE, 8hr+4hr DE), n=6 (8hr)). Error bars denote the standard
deviation. Ordinary one-way ANOVA showed a significant difference (*) between all photoperiod lengths on the
initiation of bolting time (p<0.05).

In experiment 2, the data showed a similar trend, that the longer the photoperiod, the
shorter the time it takes the plants to initiate bolting, and the bolting data in each
photoperiod length is significantly different from the next (p<0.05) (Figure 4.8b). Of
the 12 plants in the 8 hour photoperiod, only one didn’t initiate bolting by the end of
the experiment at 100 days, but there was a range of 55 days between the initiation of
bolting of the first and the last plants. This is a much greater range than observed in
experiment 1, but maybe due to experiment 2 running for an extra 30 days. When
comparing between experiments 1 and 2, there is an average delay in initiation in
experiment 2 of 15 days under a 16 hour photoperiod, of 19 days under a 12 hour
photoperiod and of 10 days under an 8 hour photoperiod. It was expected that a
difference would be seen between the two experiments for the 12 and 16 hour
photoperiods due to the effect of the day extension bulbs compared to the fluorescent
bulbs, but here a 10 day difference has also been observed between the 8 hour
photoperiods. This was unexpected as the experimental design was the same. The
two experiments were run three months apart, but used the same three controlled
environment cabinets with the same conditions, with the exception of the day
extension bulbs. The seed line used was identical and the germination rate was
comparable. The difference seen therefore may be due to a difference in timing of
starting the plants in the appropriate light regime, or the number of days at which the
plants were transplanted from p24 cells to 5 inch pots. Taking the discrepancy into
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account, the difference in the number of days to initiate bolting in the 12 hour
photoperiod is nine days, and five days in the 16 hour photoperiod. This could be
due to the lower light levels produced by the incandescent bulbs providing the day
extension in experiment 2 compared to the fluorescent bulbs used in experiment 1.
The use of incandescent bulbs would reduce the rate of growth and photosynthesis in
the plants for the time of exposure in each photoperiod.

4.4.

Discussion

4.4.1.

Vernalization experiments

In many plant species, vernalization conveys the ability of the plant to flower and can
greatly reduce the time it takes to flower (Guo et al., 2004; Hackett and Hartmann,
1967; Jung and Mueller, 2009; Strange et al., 2011). Prior to this set of experiments
it was not known whether rocket (D. tenuifolia) has a vernalization requirement, or if
it has, at which developmental stage and temperature the response is seen. Our data
shows that rocket does not respond to vernalization at 4°C, although after one week
of cold treatment as seed, there is a decrease in the mean number of days to bolt.
However, it is not enough to satisfy the vernalization requirement as the plants which
had two and four weeks of cold treatment as seed, bolted three days and seven days
later than the one week treatment, respectively (Figure 4.1).

In Arabidopsis,

Sanchez-Bermejo et al. (2012) explored the response of three accessions for their
response to vernalization. Their results showed that in the vernalization sensitive
accession, there was a big difference in flowering time between the non-vernalized
plants and the early flowering vernalized plants. In rocket, although the plants which
derived from seed treated with one week of cold treatment had some which bolted
more quickly than the non-vernalized; the difference in the number of days was
small. In the 10°C seed vernalization experiment, after six weeks of cold treatment,
there was also a reduction in the number of days to bolt compared to those at
constant ambient temperatures. However, similarly to the 4°C seed vernalization
experiments, the difference in the number of days is only small, suggesting the effect
is negligible (Figure 4.5).

When the DtFLC expression levels in the seed are

examined in both seed vernalization experiments, the results show that the levels
drop after one week of cold treatment, and remain low for the further weeks of
vernalization (Figure 4.2 and Figure 4.6). This suggests that the cold treatment is
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effective in reducing the DtFLC levels but the bolting data does not reflect this. The
experiments testing the vernalization at 4°C and 10°C of four week old plants
showed that there is no decrease in the mean number of days to bolt in response to
any of these treatments (Figure 4.3 and Figure 4.7). In some cases, the vernalized
plants can take longer to bolt than those under constant ambient conditions (Figure
4.1 – Week 4, Figure 4.3 – Week 8, Figure 4.5 – Week 2 and Figure 4.7). The 4°C
plant vernalization experiment was conducted in the glasshouse in summer-autumn,
so those plants returning to ambient conditions after the vernalization treatments
would have experienced different conditions, especially the eight week cold treated
plants, as these were transferred four weeks later into the glasshouse compared to the
four week vernalization treated plants. This meant that they will have been exposed
to a much shorter natural day length as the season’s changed and cooler
temperatures, even though day extension lighting and heating was provided. This
may account for the increase in number of days to bolt. The 10°C plant vernalization
experiment was conducted entirely in controlled environment cabinets (Versatile
plant growth MLR-352, Panasonic Co. Ltd) so the change in season would have had
no effect. All plants in this experiment were delayed in bolting when treated with
10°C vernalization despite the length of treatment.

This suggests that the cold

treatment is having adverse effects on the plants, perhaps slowing growth which the
plants take time to recover from even when returned to ambient conditions, slowing
the transition to flowering. It is unfortunate that there is no DtFLC expression data
for this experiment as this may have been informative. The DtFLC expression data
has shown that there is a reduction in the level of DtFLC in response to vernalization
at both 4°C and 10°C for treated seeds and at 4°C in 4 week old plants after just one
week, and the low levels are maintained at all treatment lengths even when returned
to ambient conditions. This suggests that rocket may have genes homologous to
VIN3, VRN1 and VRN2 in Arabidopsis that reduce the expression of FLC (Sung and
Amasino, 2004), and maintain the low levels of FLC after vernalization (Gendall et
al., 2001; Levy et al., 2002). However, the reduction of DtFLC expression during
and post-vernalization treatment is not reflected in the bolting data, suggesting that
the pathway between FLC and flowering in rocket may not be the same as
Arabidopsis.

Further experiments could explore the response of DtFLC to

vernalization by subjecting the Arabidopsis complementation lines (section 3.3.3.2),
where DtFLC is constitutively expressed by the 35S promoter, to cold treatment.
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The resulting flowering phenotype should reveal whether the gene isolated as DtFLC
functions to confer a vernalization response in the flc-3 mutant as observed in similar
Arabidopsis experiments (Michaels and Amasino, 2000).
The vernalization experiments undertaken in this study are pioneer experiments and
would need to be replicated with a larger number of plants with all stages of the
experiments undertaken in controlled environment cabinets.

The data collected

suggests that rocket is not able to respond to vernalization as seeds or four week old
plants. As a Mediterranean plant, a vernalization requirement in rocket may not be
expected as it is a rapid cycling plant. Arabidopsis accessions which are rapidcycling have loss-of-function mutations in FRI so have low levels of FLC and
vernalization has little effect (Johanson et al., 2000). However, the results in rocket
under constant ambient temperatures have high levels of FLC and yet still flower
quickly. This suggests it may have a functional FRI homologue. This will need to
be tested by isolating the FRI gene in rocket, sequencing it and looking at expression
patterns.
4.4.2.

Photoperiodic experiments

The experiments carried out in this study examined the number of days to initiate
bolting of plants grown in different lengths of photoperiod. Two different light
conditions were used, experiment 1 with fluorescent bulbs lighting the plants for the
length of the photoperiod, and experiment 2 where fluorescent bulbs were used for
the first 8 hours of light and a low light day extension using incandescent bulbs to
extend the day by 4 hours for the 12 hour photoperiod and 8 hours for the 16 hour
photoperiod. Across both experiments, the difference between photoperiod lengths
significantly affected the number of days to initiate bolting. It was observed that the
longer the photoperiod, the quicker the plants initiated (Figure 4.8a and Figure 4.8b).
The use of day extension bulbs in experiment 2 for the 12 and 16 hour photoperiod
delayed the initiation to bolting by nearly 10 days (Figure 4.8a) compared to
experiment 1 in which the fluorescent bulbs provided light for the whole photoperiod
(Figure 4.8b), when the number of days difference in the 8 hour photoperiod is
removed. This was to be expected because of the difference in light spectrum each
bulb type provides. Fluorescent bulbs provide high blue (450-495 nm) light which is
important for the stabilisation of CO through CRY1/CRY2 enabling flowering to be
promoted (Devlin, 2002; Valverde et al., 2004). Incandescent bulbs provided a
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much higher level of far-red light (700-800 nm) (Runkle et al., 2012; Thimijan and
Heins, 1983) which leads to the stabilisation of CO (Valverde et al., 2004).
However, incandescent lamps emitted a lower quantity of light, which may have
slowed the floral transition. Switching to the incandescent bulbs to extend the long
day provided some light, but not enough red and blue light to stabilize CO and
induce the expression of FT, leading to a delay in flowering (Thomas, 2006). It
would be useful to repeat these experiments and collect leaf material over a diurnal
time course close to the initiation of bolting as done in Chapter 3. This would allow
analysis of the effect the photoperiod length is having on the expression of key
photoperiodic pathway genes such as CO, GI and FT. This would shed further light
on what is happening genetically in response to the environment in rocket and how it
compares to what has been observed in Arabidopsis.
The evidence from these experiments suggests that rocket is a facultative long-day
plant as it flowers most quickly under long day conditions but is able to flower,
although more slowly, under shorter day lengths as well. This knowledge could
provide a way for growers who cultivate rocket under glass, to delay the onset of
flowering by switching to short day conditions close to their usual harvest date when
the vegetative growth is of a marketable size and quantity.
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Chapter 5. Production and Identification of Late Bolting Lines in
Rocket
5.1.

Introduction

This project aimed to produce an ethyl methanesulphonate (EMS) population of
rocket from which late bolting lines could be selected. D. tenuifolia seed resulting
from four generations of single seed descent (SSD4) was treated with two different
concentrations of EMS. Seed was sown and surviving plants were selfed and M2
seed collected. Late bolting plants were then selected from the M2 generation and
backcrossed to wild type. The resulting seed was also selfed and late bolting plants
selected in the subsequent generation. At generation M2_BC1_S1, two lines were
selected and whole genome sequencing performed on bulk segregants in order to
identify SNPs co-segregating with the late bolting phenotype.
5.1.1.

Mutagenesis by ethyl methanesulphonate

EMS is a chemical mutagen which causes changes in the DNA of the organism
which is subjected to it. It is a more effective method of inducing mutations than
ionizing radiation due to its alkylating ability (Brock, 1976). EMS functions by
donating an alkyl residue to guanine or thymine nucleotides causing a pairing error,
allowing a change in the sequence from G/C to T/A or A/T to G/C (Kim et al.,
2006b; Lai et al., 2004). The aim of the treatment is to allow many of these changes
to occur randomly across the genome giving a high mutation load and therefore an
increased likelihood of induced changes leading to beneficial phenotypes. However,
EMS is lethal in high concentrations so a compromise must be made to offset the
high mutation load against lethality.

It also affects fertility in the subsequent

generation, so this too must be considered (Stephenson et al., 2010). Both the
concentration of dose and treatment length have an effect, as does variation in the
susceptibility of seed of different plant species, and even variability between EMS
batches, making it difficult to standardise the procedure without a lot of testing (Kim
et al., 2006b; Lai et al., 2004).
5.1.2.

Utilising EMS to identify desired phenotypes

EMS-based mutagenesis is now a widely used technique for random mutagenesis
with applications found in many plant species such as A. thaliana (Brock, 1976; Kim
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et al., 2006b), Oryza sativa (Abe et al., 2012), B. rapa (Stephenson et al., 2010),
Capsicum annum L. (Arisha et al., 2015), Solanum lycopersicum (Gady et al., 2009)
and D. tenuifolia (Kenigsbuch et al., 2009). This is because it is not classed as a
transgenic approach so any varieties bred from EMS treated lines are not subject to
GM regulations (Till et al., 2006). Kenigsbuch et al.(2009; 2014) successfully used
EMS to induce mutations and select for late bolting and slow senescing rocket plants.
Their late bolting candidate ‘Rock-Ad’ was two weeks later than the wild-type,
showing that EMS treatment is a viable approach to obtain significant delay of
bolting in rocket. In our work we also aim to analyse and sequence the late bolting
lines to identify the molecular basis of the delayed bolting, something that was not
investigated in Kenigsbuch et al. (2009; 2014).
Targeted induced local lesions in genomes (TILLING) populations in numerous
species have been produced, where large numbers of seed are subjected to EMS
treatment and screened for various phenotypes, whilst structured pooling of DNA
from individuals in the population and screening these pools with gene-specific
primers and high throughput sequencing can enable plants to be identified carrying
SNPs in specific genes (Stephenson et al., 2010; Till et al., 2006; Tsai et al., 2013).
This can provide a fast way of identifying where SNPs are present and in which plant
line this occurs. This technique, however, relies on the ability to create a large
population with which to screen, which will not be possible in this project. A second
approach to fast SNP discovery was described by Abe et al. (2012) in rice, called
MutMap. The EMS treated plants were screened for the desired phenotype. These
were then backcrossed once to the wild type control and selfed, producing a
segregating F2 population. Those plants which show the desired phenotype are
pooled together and sequenced along with the wild type control and SNPs discovered
by comparing the two genomes (Figure 5.1). A similar approach to this will be used
in this project as it is expected that only one backcross and selfing generation will be
possible in the project timeline. The method will be adapted by pooling together the
F2 progeny which show the desired late bolting phenotype and F2 progeny which
show the wild type bolting phenotype and sequence these rather than the wild type
control. The SNPs identified in the sequencing should therefore reveal those only
which are linked to the late bolting phenotype as other non-linked SNPs should be
present evenly in both pools (Figure 5.1).
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Figure 5.1 – MutMap method for fast SNP discovery in an EMS population.
Plants are mutagenized with EMS, and desired mutant phenotype plants selected and backcrossed to the wild-type
parental line producing the F1 generation. These are selfed, producing the segregating F2 generation. F2 progeny
showing the mutant phenotype (orange box) are pooled and sequenced alongside the pooled wild-type phenotype
F2 progeny (purple box) and SNPs are mapped and linked to the mutant phenotype. Figure adapted from Abe et
al. (2012).

5.2.

Methods

5.2.1.

EMS treatment

EMS was acquired from Sigma Aldrich and used to treat D. tenuifolia seeds. A trial
experiment was set up to test different concentrations of EMS on genebank stock
seed (section 2.1.2.2). Once the concentration and method had been optimised, two
batches of 2000 D. tenuifolia SSD4 were treated with EMS (section 2.1.6.3), scored
for germination and planted into the field (section 2.1.7.2). Self-seed was collected
from individuals and sown out as the M2 generation into Spanish polytunnels. Late
bolting plants were then selected for backcrossing and selfing (section 2.1.6.4). Seed
for M3 generation was also sown into the field to assess segregation of the late
bolting phenotype (section 2.1.6.6), and M2_BC1 seed was sown in the glasshouse to
produce self-seed from late bolting plants. Fourteen late bolting lines were selected
for sowing of M2_BC1_S1 to assess segregation of late bolting to wild type bolting
plants (section 2.1.6.5). Of these, four were chosen and re-sown with 30 seeds per
line ready for DNA extraction and whole genome sequencing.
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5.2.2.

Whole genome sequencing

DNA was extracted from late bolting and wild type bolting plants from lines
M2_723_4_BC1_f1_2 and M2_723_4_BC1_f1_3 using the CTAB method (Stewart
and Via, 1993) and finally resuspended in DEPC-treated water. DNA was quantified
using Qubit Fluorometer (Invitrogen) and pooled into two groups, one for the late
bolting plants and one for the wild type bolting plants. A library was made by the
Genomics Facility (University of Warwick) for each pool using a Nextera® DNA
sample preparation kit (Illumina). The libraries were submitted to the Wellcome
Trust for HiSeq whole genome sequencing.
5.2.3.

Pipeline for genome assembly and SNP identification

Once the HiSeq whole genome sequencing had been performed, the data was
returned for analysis. The quality of the raw reads was examined using FASTQC
followed by trimming the ends of the reads using Trimmomatic to remove low
quality end sequence and adapter contamination. The trimmed reads were paired
into an equal number of forward and reverse pairings and FASTQC was performed
again to ensure a high quality score. The depth of sequencing was calculated using
the formula N * L/G where N=number of reads, L=read length and G=genome size.
The genome size for D. tenuifolia was estimated using the known genome size of D.
erucoides at 632 Mbp (Arumuganathan and Earle, 1991). The DiscoSNP programme
was used to compare the SNPs present between the late bolting pool sample and the
wild type bolting pool sample filtering for those with a depth of coverage of at least
30, and where the SNPs were of the expected mutation type due to the EMS
treatment (A/G, G/A, C/T, T/C). The SNPs were then further filtered to find those
which were present only in one sample but not the other (1,-1 and -1,1). Single
contigs (unitigs) containing the SNPs were BLASTed to identify which genes they
were homologous to. A de novo assembly was also built using RAY with a K-mer
value of 31. This enabled the search of the SNP sequences against the whole
genome to find which contigs they lie in and therefore a more accurate BLAST
search could be done, as more sequence data is available.
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5.3.

Results

5.3.1.

EMS mutagenesis

5.3.1.1.

EMS trial data

Germination data from EMS trial 1 showed that the higher the concentration of EMS,
the lower the number of seed that germinated (Figure 5.2a). This result was to be
expected and reflects what is reported in the literature (Stephenson et al., 2010;
Thurling and Depittayanan, 1992).

Figure 5.2 – Effect of EMS concentration on seed germination and number of days to bolt in Trial 1.
Rocket seeds were treated at three concentrations of EMS along with the negative control (0 mM). a) Percentage
of seed which germinated was recorded after 7 days for each EMS concentration. b) Mean number of days to
bolt at each EMS concentration. Error bars show the range of number of days to bolt of individuals at each EMS
concentration.

Whilst a few seeds treated with 30 mM EMS germinated, they did not survive long
enough to transplant due to post-germination lethality of the EMS treatment. Bolting
data was obtained for the seedlings that survived the EMS treatments at 10 mM and
20 mM. The data shows that there was an increase in the range of bolting times
across the population at each concentration compared to the non-treated sample (0
mM) (Figure 5.2b).

A second trial was therefore performed using lower

concentrations of EMS such as 5 mM, 10 mM and 20 mM.
The germination results of the second trial showed that using a lower concentration
of EMS meant that a higher percentage of seed germinated (Figure 5.3a). However,
the percentage germination at 10 mM and 20mM is higher than that in the first
treatment which may reflect the difference in the genotype of the seed batch used, or
the inconsistency of the EMS batches used (Stephenson et al., 2010).
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Figure 5.3 – Effect of EMS concentration on seed germination and number of days to bolt in Trial 2.
Rocket seeds were treated at three concentrations of EMS along with the negative control (0 mM). a) Percentage
of seed which germinated was recorded after 7 days for each EMS concentration. b) Mean number of days to
bolt at each EMS concentration. Error bars show the range of number of days to bolt of individuals at each EMS
concentration.

Bolting data was recorded for each plant in trial 2. The results reflect what was
observed in trial 1, which is that as the concentration of EMS increased, the range of
the number of days to bolt at each treatment increased compared to the untreated
control population (Figure 5.3b). This suggests that the EMS has introduced a
variety of mutations which affect the bolting time, and that the greater the
mutagenized load, the greater the spread of bolting times in the population.
5.3.1.2.

Production of M1 plants and M2 seed

The large scale EMS treatment was performed on 4000 SSD4 D. tenuifolia seeds
(section 2.1.2.1).

With the evidence collected from the trial experiments, two

concentrations of EMS were used (10 mM in experiment 1 and 20 mM in experiment
2) to balance the EMS lethality rate with a high mutation load. Germination was
recorded for each experiment (Figure 5.4). The germination at each concentration is
higher than in either of the previous trials, highlighting how variable the mutagenesis
effects can be even when precautions are taken to repeat exactly what was done
before. Much larger numbers of seeds were used in this experiment, however, so it
may be more representative of the EMS effects than the previous smaller trials.
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Figure 5.4 – Effect of EMS concentration on seed germination in EMS experiments 1 and 2.
2000 rocket seeds were treated at two concentrations of EMS, 10 mM in experiment 1 and 20 mM in experiment
2. Germination (%) was recorded after seven days

EMS is known to adversely affect fertility, and as the season was unfavourable for
growth of the M1 rocket plants, flies were added to the population in perforated
plastic bags to aid pollination and promote M2 seed set (section 2.1.4.1). At the
season end, the plants were cut and dried before threshing. 1127 plants in total were
threshed, 631 from experiment 1 and 496 from experiment 2.
5.3.1.3.

Screening the M2 population

Of the 1127 plants threshed, only 332 plants produced seed, 256 from experiment 1
and 76 from experiment 2. This result was not surprising as EMS treatment affects
fertility and D. tenuifolia is a natural outcrosser so does not readily produce selfed
seed (Eschmann-Grupe et al., 2004). Where possible, six seeds were sown from
each of the 332 lines but only 223 lines germinated and produced seedlings. EMS is
known to affect germination in the subsequent generation (Kim et al., 2006b), so
although disappointing, this result was also to be expected. Number of days to bolt
was recorded for this generation (Figure 5.5) as well as other phenotypic differences,
such as plant size, leaf shape and leaf colour.
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Figure 5.5 – Bolting frequency of M2 plants.
Up to four plants per M2 line were planted in Spanish polytunnels along with 94 wild type (WT) control plants
from four different WT parent lines (progeny of SSD4 WT plants sown in M1 trial). Number of days to bolt was
recorded when initiation of bolting occurred. Frequency of M2 plants for number of days to initiate bolting is
plotted. Red arrow shows the mean number of days to initiate of the WT population (46 days). Grey bars show
the number of M2 plants which initiate bolting with greater than or less than 2 standard deviations from the WT
mean.

The M2 plants showed a broad range of bolting times, with 21 individuals which
were later than the wild type mean (46 days) by two standard deviations. A total of
30 plants initiated bolting with at least seven days later than the WT mean which is
enough of a delay to be commercially interesting. These 30 plants were dug up and
moved into the glasshouse to allow controlled selfing and backcrossing to SSD6 wild
type lines. However, 25 out of the 30 late bolting plants were smaller than their
counterparts so they may have retarded development rather than a delay in bolting, or
the small size is a pleiotropic effect segregating with the late bolting phenotype.
5.3.1.4.

Screening of the M3 population

Self-seed was collected from the late individual plants from M2 and eight seeds per
plant were sown out along with wild type control plants of SSD4 and SSD6.
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Seedlings were transplanted into the field at four weeks from sowing and screened
for bolting time. This was to test whether the lines were still segregating and if the
late bolting phenotype observed in the M2 generation was still present in the M3
generation.

Figure 5.6 – Mean number of days to initiate bolting for EMS M3 generation.
Up to eight plants per M3 line and up to ten plants per wild type control line were scored for number of days to
initiate bolting. The mean number of days to initiate per line was calculated and plotted. Red bars show mean
number of days to bolt for the three SSD6 wild type lines and the blue bars show the mean number of days to
initiate bolting for the three SSD4 wild type lines. Error bars show the range of number of days to initiate bolting
per line.

Figure 5.6 shows the mean number of days to bolt for each line in the M3 generation.
The difference in the number of days between the mean of the earliest and mean of
the latest bolting lines is 13 days, with all six wild type lines lying in between. The
error bars show the range of the number of days to initiate for individuals in each
line. Some lines such as M3_680_2 and M3_662_3 have a large range of days to
initiate bolting suggesting they are still segregating. The wild type lines in blue are
SSD4 generation which the EMS treatment was performed on and show some
variation in bolting time within and between lines. The SSD6 lines in red are still
variable within each line, but there is less variation between lines than in the SSD4
suggesting these lines are more homozygous with less variability which is to be
expected. The M3 lines on the right-hand side of the red wild type bars are the most
interesting as they show in general that there are some plants in the line which are
bolting later than wild type.
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Figure 5.7 – Bolting frequency of M3 plants.
Up to eight plants per M3 line were planted in the field along with 49 wild type (WT) control plants from 6
different WT parent lines (3 SSD4 and 3 SSD6). Number of days to bolt was recorded when initiation of bolting
occurred. Frequency of M3 plants for number of days to initiate bolting is plotted. Red arrow shows the mean
number of days to initiate of the WT population (63 days = 62 days in SSD4 and 63 days in SSD6). Grey bars
show the number of M3 plants which initiate bolting with greater than or less than 2 standard deviations from the
WT mean.

Figure 5.7 shows the number of days to initiate bolting of all the M3 individual plants
in the trial. The wild type mean of 63 days is highlighted with a red arrow. The grey
bars show all the individuals which have bolted with greater than or less than two
standard deviations from the wild type mean. Twelve plants were found to be later
than the wild type by two standard deviations but six of these were recorded as small
or with abnormal growth suggesting there may be other reasons for the late bolting
rather than a delay in floral transition. All twelve individuals apart from the one in
line M3_703_3 are present in the lines whose mean is greater than that of the SSD6
(red bars) wild type lines seen in Figure 5.6. The data from this generation, although
complicated, helped to inform which M2_BC1 lines should be chosen as late bolting
candidates.
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5.3.1.5.

M2_BC1 population

Backcrossing using bud pollination was carried out on 42 plants from the M2
population using wild type SSD6 plants as the pollen donor. This included the 30
individuals identified as bolting seven days later than the wild type in the M2
generation and 12 which were still later than wild type but by a smaller margin.
Thirty five plants successfully set seed from the backcross events and were
harvested. Three seeds per backcrossed flower were sown to produce self-seed and
grown in the glasshouse. Germination of some lines was poor, but many plants also
died as young seedlings so many lines were re-sown one month later. Unfortunately,
all the wild type plants died so were re-sown, giving a comparative bolting
phenotype for the second sowing population only. The bolting phenotype for all
plants

was

recorded.
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Figure 5.8 – Bolting data for M2_BC1 generation.
Mean number of days to initiate bolting for M2_BC1 lines sown a month apart. Left-hand graph shows lines sown on 03/12/2013; right-hand graph shows lines re-sown on 06/01/2014. Red bar
shows wild type mean of 15 SSD6 plants. Error bars show range of bolting times in each line. Where error bars are absent, only 1 plant represents the line.
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The bolting data showed that there is a range of bolting times throughout the
population, with one plant (M2_BC1_190_1_f2) being much later than the latest wild
type and retaining the later bolting phenotype (Figure 5.8). However, due to the
small number of seed per cross sown and the lack of equivalent wild type plants in
one of the two populations it was very difficult to draw any firm conclusions about
which lines to take to the subsequent generation. Selfing by bud pollination was
attempted on all plants.
5.3.1.6.

Late bolting segregation in M2_BC1_S1 population

Twenty three M2_BC1 lines from nine M2 lines were continued to the next
generation. All of these lines were represented in the M3 generation, six with a late
bolting mean and two with a wild type bolting mean. Ten seeds from each of the 23
M2_BC1 lines were sown and nine lines did not germinate. Wild type SSD6 seed
were sown out alongside the EMS lines and the number of days to initiate bolting
was recorded.

124

Figure 5.9 – Bolting data for M2_BC1_S1 generation.
Mean number of days to initiate bolting of each M2_BC1_S1 line (10 plants per line). Red bar shows wild type
mean of 30 SSD6 plants. Error bars show range of bolting times in each line. Asterisks show lines where leaf
abnormalities were observed.

The bolting data showed that there were three lines which had a greater mean
number of days to initiate bolting than wild type, and three lines which had
individuals that were later than the latest wild type plant (Figure 5.9). All lines had a
range of bolting times indicating the segregation occurring within the line. However,
there is still more of a spread in the bolting data for the wild type than desired or
expected. Four lines contained a number of plants which are possible pleiotropic
mutants as they showed a mottled, deformed leaf phenotype. These were therefore
discounted from the study (Figure 5.9 and Figure 5.10).

Four lines

(M2_BC1_S1_703_1_f1_3, M2_BC1_S1_723_4_f1_2, M2_BC1_S1_723_4_f1_3 and
M2_BC1_S1_1216_1_f1_1) were chosen for a larger segregation screen for whole
genome sequencing as they had the same or later mean number of days to initiate
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bolting compared to the wild type, a wide range of bolting times indicating
segregation and a normal phenotype suggesting the late bolting observed is due to a
delay in the floral transition.

Figure 5.10 – Normal and mottled, deformed leaf type.
a) Wild type SSD6 plant showing a normal leaf type. b) A pleiotropic mutant M2_BC1_S1 plant showing a
mottled, deformed leaf type. Photos taken at 62 days after sowing.

5.3.2.

Identification of lines suitable for whole genome sequencing

Thirty seeds of the four M2_BC1_S1 lines identified in the previous bolting
phenotype screen were sown out into the glasshouse. Fifty SSD6 wild type seeds
were

also

sown

to

act

as

a

comparison

for

the

bolting

phenotype.
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Figure 5.11 - Bolting data for M2_BC1_S1 lines.
Number of days to initiate bolting was recorded for each of the four lines chosen for the larger segregation screen. a) Line M2_BC1_S1_703_3_f1_3. b) Line M2_BC1_S1_723_4_f1_2. C) Line
M2_BC1_S1_723_4_f1_3. D) Line M2_BC1_S1_1216_1_f1_1. Red bar shows the mean number of days to initiate bolting for the SSD6 wild type. Error bars denote the standard error. An
Ordinary one-way ANOVA on these lines and wild type population showed a significant difference in mean bolting time of line M2_BC1_S1_1216_1_f1_1, where it is shown to be earlier bolting
than the other lines and wild types in the population (p<0.0001).
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Plants in line M2_BC1_S1_703_3_f1_3 showed a good range of bolting times and of
segregation, with ten individuals bolting later than the wild type mean. However, six
out of these ten plants were smaller in size than normal growing plants which could
account for its late bolting phenotype so this line was not considered for whole
genome sequencing (Figure 5.11a).

Plants in line M2_BC1_S1_723_4_f1_2 had

seven individuals bolting later than the wild type with two having the small size
phenotype. The latest bolting, non-small plant bolted 18 days after the wild type
average so this line was considered for whole genome sequencing (Figure 5.11b).
Line M2_BC1_S1_723_4_f1_3 showed a range of bolting time of 30 days with five
plants bolting later than the wild type average (Figure 5.11c). No plants were found
to be smaller in size than the average, but four were observed to have a rolled leaf
phenotype. Despite this, the line was still considered a good candidate for whole
genome sequencing. The line M2_BC1_S1_1216_1_f1_1 population had a spread of
16 days in the number of days to bolt from the quickest to the slowest. Only three
plants bolted later than the wild type average and none bolted later than the latest
wild type individual (Figure 5.11d). When an ordinary ANOVA was performed on
all the populations in this screen, line M2_BC1_S1_1216_1_f1_1 was found to take a
significantly smaller number of days to initiate bolting than the rest (p<0.0001). It
was therefore not considered for whole genome sequencing.
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Figure 5.12 – Segregating populations of M2_BC1_S1 lines chosen for whole genome sequencing.
Mean number of days to initiate bolting for lines a) M2_BC1_S1_723_4_f1_2 and b) M2_BC1_S1_723_4_f1_3.
Red bar shows mean number of days to initiate bolting for wild type SSD6 population. Green bars show late
bolting plants to be pooled for whole genome sequencing. Orange bars show wild type-like bolting plants to be
pooled for whole genome sequencing. Error bars denote standard error of the mean.
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The two lines M2_BC1_S1_723_4_f1_2 and M2_BC1_S1_723_4_f1_3 considered for
whole genome sequencing were assessed for suitable plants for late bolting and wild
type-like bolting candidates. Figure 5.12 shows the late bolting plants in green and
the wild type bolting plants in orange. In line M2_BC1_S1_723_4_f1_2, plants 11
and 14 were not selected due to a small size phenotype which could be contributing
to the late bolting phenotype observed. Both lines originate from the same M2 plant
and flower which was backcrossed to wild type so share lineage and the mutation
causing the late bolting will be the same in these plants. Therefore it was possible to
pool the plants from both lines together for the sequencing.
5.3.3.

SNP identification

The DNA extracted from late bolting plants (green) and wild type-like bolting plants
(orange) (Figure 5.12) was pooled together and two libraries, one late and one wild
type bolting, made for whole genome sequencing. The sequencing was performed
and the data was analysed following the pipeline outlined in section 5.2.3. Based on
the genome size estimation of 632 Mbp, the coverage of the wild type bolting sample
is 46x, and 53x for the late bolting sample. However, when the de novo assembly
was done, the genome size was estimated at ~318 Mbp. This genome size is a
haploid value and 50% smaller than the estimate. The N50 value of the sequence
was found to be 1.9 kb with a Kmer size of 31. 609 SNPs which differed between
the wild type bolting and late bolting samples with a confidence ranking of 0.7 or
more were discovered.

Five of these had a confidence ranking of 1 so were

investigated for their homology to any known genes (Appendix A). Three of these
were found to be homologous to known genes when BLASTed. BLASTn results of
the SNP 1 sequence identified three proteins with an equal amount of homology
(17% coverage and 74% identity). These were B. napus protein C2-DOMAIN ABARELATED 2-like (involved in ABA sensing (Rodriguez et al., 2014)), B. rapa SRK54, SP11-54 genes for S receptor kinase-54 (involved in self-incompatibility
(Fujimoto et al., 2006)) and B. napus SWI/SNF complex subunit SWI3A-like (a
transcription regulatory protein (http://hintdb.hgc.jp/htp/proteins/Q8W475.html)).
However, when the same sequence was run using BLASTx, no homologous proteins
were found. SNP 2 was BLASTed using BLASTn where a coverage of 37% and
73% identity was found to B. napus 5-enolpyruvylshikimate-3-phosphate synthase
gene (a key enzyme in glyphosate herbicide resistance (Klee et al., 1987)), and a
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14% coverage, 74% identity to B. oleracea var. oleracea gibberellin 20 oxidase 1like gene (involved in GA flowering pathway (Hedden and Phillips, 2000)).
However, no homologous genes were found using BLASTx with this sequence, or
with the full contig containing this sequence. SNP 3 was found to be homologous to
B. napus disease resistance protein TAO1-like (a target of avirulence gene B (Eitas et
al., 2008)) with 50% coverage and 93% identity using BLASTn. The same protein
was identified when BLASTx was used for the SNP sequence and the contig it lies
within. A further 604 SNPs were also investigated and each BLASTed to identify
whether any are homologous to known genes. In the set of SNPs identified with a
confidence ranking of 0.8, one SNP (SNP 6, Appendix C.1.6) was found to be
homologous to B. rapa protein CENTRORADIALIS-like at a coverage of 35% and
83% identity and A. thaliana ARABIDOPSIS THALIANA CENTRORADIALIS (ATC)
gene at a coverage of 25% and 74% identity using BLASTn. No protein alignment
was found using BLASTx with the SNP sequence, but when the contig it lies within
was BLASTed using BLASTp, the same genes were identified. Both genes encode
PEBP domain containing proteins and are part of the FT/TFL family. Upon further
investigation, the SNP was located to intron 1 of the gene, which could affect the
expression of the gene in rocket, leading to the late bolting phenotype.
Once the De novo assembly had been built, the six flowering pathway genes
identified in rocket during this project were used to search the sequence. Contigs
containing these genes were identified, but no SNPs were contained in these regions.

5.4.

Discussion

An EMS population in rocket was created by treating 4000 D. tenuifolia seeds with
two concentrations of EMS. At the M2 generation, late bolting plants were selected
and backcrossed to wild type. These were selfed and the late bolting phenotype
selected. At the end of the project, two late bolting lines which originated from the
same M2 plant were chosen for genome sequencing analysis. These lines were still
segregating into wild type-like bolting and late bolting plants. DNA from each
bolting phenotype was pooled and whole genome sequencing performed to identify
SNPs which could be linked to the difference in bolting phenotype. The process to
create the EMS population through to the SNP identification took the entire life time
of the project of four years.
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The number of seeds treated with EMS at the beginning was limited to 4000, due to
the difficulty of producing enough seed by selfing to ensure a pure line. The small
number of seeds which were treated reduced the likelihood of finding individuals
with the desired phenotype. The difficulty in producing selfed seed was a problem
throughout the generations and many potentially interesting lines were lost due to a
lack of selfed seed production. Therefore this continued to hamper the selection of
late bolting lines in the population. One backcross to wild type was performed on
the M2 generation late bolting plants to reduce the number of non-causative
background SNPs and the late bolting phenotype selected for in the progeny. It
would have been useful to perform a second, and possibly a third backcross to wild
type on the late bolting lines to further reduce the number of background mutations
by 50% per backcross (Stephenson et al., 2010) but this wasn’t possible. This should
therefore be done on the late bolting lines identified for whole genome sequencing to
observe which of the SNPs identified continue to co-segregate with the late bolting
phenotype.
The late bolting phenotype selected for in this project was not very strong, and
segregation was still apparent in the M2_BC1_S1 generation. Therefore the whole
genome sequencing strategy using wild type-like bolting plants against late bolting
plants of the same lineage was used in a similar way to work done by Abe et al.
(2012) (Figure 5.1). This allowed SNPs to be identified which were caused by the
EMS treatment which varied between the two samples according to the bolting
phenotype. However, the results may have been clearer if the EMS treated lines
were taken to the M3 or M4 generation before backcrossing to wild type, to increase
the number of homozygous alleles in the late bolting lines (Thurling and
Depittayanan, 1992).

This may also have helped in reducing the pleiotropic

mutations of small size, mottled and deformed leaves which segregated along with
the late bolting in some plant lines. Natural variation was also present in the seeds
used in the EMS treatment. This was because the SSD4 seed used for the EMS
treatment was not as pure and uniform as expected, so variation in bolting time was
already present in the population before the EMS treatment was used. This has made
selection of late bolting more difficult as there was a range of bolting time in the wild
type controls as well as a range of bolting times in the EMS population. This may
have meant that some individuals scored as late may not have been late due to the
treatment, but by the natural variation, while some individuals which were not scored
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as late may have been made later by the EMS treatment, but were masked by the
natural variation in the population.
Whole genome sequencing of the late bolting and wild type bolting plants of the
segregating population revealed five high confidence SNPs with a rank of 1. When
these were BLASTed, three showed homology to known genes. SNP 1 aligned to
several genes including an ABA sensing gene, SNP 2 to a gene involved in the GA
pathway, which suggests that these SNPs might be linked to the late bolting
phenotype. The resistance gene SNP 3 is homologous to is unlikely to be causing the
late bolting phenotype but it could be genetically linked to the causative SNP due to
co-segregation. Of all the high confidence SNPs of ranking 0.7 and above, the one
most likely to be linked to the late bolting phenotype was shown to be homologous to
an FT-like gene, CENTRORADIALIS. The FT family of genes is known to be
involved in floral initiation, so a SNP present in one of these could cause a change in
the flowering phenotype. With further investigation, the SNP was found to lie in
intron 1 of the rocket FT-like gene. SNPs in introns are known to be able to affect
gene expression, or splicing, as has been seen in Platanus acerifolia (Zhang et al.,
2011). Unfortunately, the results from the whole genome sequencing arrived too
close to the end of the project for any further analysis, such as analysis of expression
of this gene, to be undertaken.
Late bolting individuals in the M3 and M2_BC1_S1 generations were taken to Elsoms
Seeds Ltd for further breeding and crossing into commercial varieties to produce
robust late bolting populations.
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Chapter 6. Targeted Mutagenesis
6.1.

Introduction

The work in this chapter is aiming to explore whether introducing a mutation into
specific gene will cause a change in the bolting phenotype of the plant. Six genes in
the flowering time pathway have been isolated in rocket and sequenced.
Experiments have been carried out to verify the function and behaviour of each gene
and compared to Arabidopsis (Chapter 3). With this understanding, it has been
possible to choose a candidate gene in the flowering time pathway of rocket which if
mutated, would be likely to produce late bolting plants. Producing plants with a late
bolting phenotype resulting from the targeted mutagenesis of a known gene would
aid our understanding of the role of this gene in the control of flowering in rocket,
and would also provide breeding material for new commercial varieties of rocket
with delayed bolting.

The method of mutagenesis would need to be carefully

considered, however, due to the legislation about genetically modified organisms as
food sources across the world.
The FT gene is a floral integrator gene which needs to be induced for flowering to
occur. If a mutation was introduced into the FT gene, it would not be able to
function to promote flowering thus delaying the floral transition. FT has been
successfully isolated in rocket (section 3.3.5.1) and is an ideal candidate for targeted
mutagenesis. The high homology (99%) between the DtFT and AtFT genes, has
allowed the constructs designed for a clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR associated system (CRISPR/Cas9) approach
to target FT in both species. This has been an important feature because it is
currently unknown whether rocket is transformable, so the techniques can be applied
to Arabidopsis where transformation is known to work and therefore test the
functionality of the FT targeted CRISPR/Cas9 system if rocket transformation proves
unsuccessful.
The use of targeted mutagenesis has enabled scientists to make specific
improvements to crops in a much shorter time frame than is possible through
conventional breeding. Over the last 20 years, the technology has rapidly evolved.
Along with this, there has been much public concern over the use of this technology
as the products produced are classed as genetically modified organisms (GMOs).
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The UK and EU have tight regulations about GMOs and currently do not allow these
products to be available for human consumption. However, a paper was written
recently which expressed the opinion that products created through the use of
targeted mutagenesis (specifically zinc finger nucleases (ZFNs) but also
encompassing transcription activator-like effector nucleases (TALENs) and
CRISPR/Cas9) pose no more of a hazard to the environment and human health than
the techniques currently being used in conventional breeding or gene transfer
methods.

In fact, the target specificity allowed by targeted mutagenesis could

minimise these hazards (EFSA Panel on Genetically modified organisms (GMO)
2012). The USA allow the creation and production of GMOs and the USDA Animal
and Plant Health Inspection Service (APHIS) are of the opinion that “Genetically
Engineered plants containing targeted deletions caused by naturally-occurring DNA
repair after the targeted break is made by zinc-finger nucleases, and in which no
genetic material is inserted into the plant genome, are not regulated articles”
(http://www.aphis.usda.gov/wps/portal/aphis/home).

This

has

allowed

the

development of crops modified using ZFNs to be pursued knowing that they will be
able to be brought to market in the USA. It is hoped that this opinion will cover the
use of TALENs and CRISPR/Cas9 in the development of GMOs as the mutation
introduction by naturally occurring DNA repair is the same. Therefore the use of a
targeted mutagenesis method, such as CRISPR/Cas9 in this work to be utilised in a
crop species is a viable breeding method which could lead to an improved variety in
a shorter time frame than by conventional breeding, with the ability to sell the
products in the USA and potentially in the near future, in Europe as well.
6.1.1.

Targeted mutagenesis methods

Targeted mutagenesis is a method which allows a change to occur in the genome of
an organism at a specific site. The ability to do this provides a huge potential to crop
breeders to quickly improve varieties, by targeting genes involved in quality, disease
resistance or drought tolerance amongst many others. Over the last 20 years, the
technology has evolved and changed, providing scientists with three methods by
which to introduce mutations into a target site within a gene of interest (Bortesi and
Fischer, 2015).
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6.1.1.1.

ZFNs

The first method to be discovered was zinc finger nucleases (ZFNs). The zinc
fingers are made up of about 30 amino acids which are linked to a zinc ion and are
able to recognise a 3 nucleotide target (Pavletich and Pabo, 1991). To increase the
specificity, often 3 or 4 zinc fingers are used together, giving a target region of 9-12
nucleotides. Each codon however, must target ANN, GNN, TNN or CNN, so the
number of available target sites within a genome is reduced (Durai et al., 2005).
Each set of zinc fingers is associated with a FokI restriction endonuclease (from
Flavobacterium okeanokoites), which enables the target DNA to be cut (Sugisaki and
Kanazawa, 1981) and a nuclear localisation signal (NLS) to target the ZFN to the
nucleus where it functions. For a mutation to be introduced, a double strand break
(DSB) of the DNA must be achieved, and the FokI enzyme is only able to do this
when it dimerises (Bitinaite et al., 1998). Therefore, to produce a functional ZFN,
two sets of zinc fingers each linked to a FokI enzyme must be targeted to the sense
and antisense strands of DNA, either side of the place where the DSB is to be made
(Figure 6.1). This technique has been used successfully in the modification of model
and crop plant species (Marton et al., 2010; Shukla et al., 2009; Townsend et al.,
2009) but is restricted by the requirements of the recognition codons needed and the
introduction of two sets of zinc fingers with FokI enzyme to cause the DSB. The
technology has been commercialised and software to help design suitable ZFNs to
target regions, and companies involved in construction of custom ZFNs are available
but are very costly and time consuming (Carroll et al., 2006; DeFrancesco, 2011).
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Figure 6.1 – Diagram of a ZFN consisting of 2 sets of zinc fingers with the dimerised FokI endonuclease.
(Porteus and Carroll, 2005). NLS - nuclear localisation signal.

6.1.1.2.

TALENs

The second method, discovered in 2007 (Roemer et al., 2007), involves transcription
activator-like effector nucleases (TALENs).

These have been adapted from

Xanthomonas spp. virulence factors AvrBs3, which are released into the plant to
cause disease (Swarup et al., 1992). The TALENs are made up of 1.5-33.5 tandem
repeats, and each repeat consists of 33-35 amino acids. The amino acids at positions
12 and 13 are able to recognise and therefore target a single nucleotide (Deng et al.,
2012). A TALEN consisting of at least 11.5 tandem repeats (a 12-bp target site)
gives a strong binding to the target site, but the greater the number of repeats, the
better the target specificity (Morbitzer et al., 2010). TALENs also contain a NLS, so
are able to enter into the nucleus and bind with the DNA, and as with ZFNs, are
linked to a FokI restriction endonuclease to confer the DNA cutting ability.
TALENs therefore, must also be used in pairs, so the FokI can dimerise to produce a
DSB in the target DNA (Mahfouz et al., 2011) (Figure 6.2). TALENs can be
designed much more easily than ZFNs as each repeat recognises one nucleotide, so
repeats specific to the desired nucleotides can be joined together to target a specific
site in a gene of interest. However, as with ZFNs, two TALENs must be introduced
in to the target organism for the mutation to be caused (Cermak et al., 2011).
TALENs have been used successfully to introduce mutations into plants, in both
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monocot and dicot species (Christian et al., 2013; Shan et al., 2013a; Zhang et al.,
2013). TALEN technology has also been commercialised with companies able to
provide design and production services at a much lower cost and timeframes than for
ZFNs (Cermak et al., 2011; DeFrancesco, 2011; Reyon et al., 2012; Xiao et al.,
2013).

Figure 6.2 – A pair of TALENs showing orientation and function when aligned to a target gene.
N - FokI nuclease. (Wright et al., 2014)

6.1.1.3.

CRISPR/Cas9

The third method of targeted mutagenesis, discovered in 2012, is the clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR associated system
(cas9). CRISPR/Cas9 is found in bacteria and archaea as a defence mechanism
against invading foreign DNA (Jinek et al., 2012). The organism uses the incoming
DNA to produce target RNA linked to the Cas9 protein, which is then able to cut and
disable any further exogenous DNA of the same type. Scientists have utilised the
CRISPR/Cas9 system of Streptococcus pyogenes to produce an efficient, functional
targeted mutagenesis method (Bortesi and Fischer, 2015). The Cas9 protein is an
endonuclease capable of causing a DSB, and in S. pyogenes (and other bacteria and
archaea) is linked with two RNAs, a CRISPR RNA (crRNA) which determines the
specificity of the CRISPR, and a trans-activating CRISPR RNA (tracrRNA) which is
necessary for stabilisation of the CRISPR/cas9 structure. The target region must be
upstream of a protospacer-adjacent motif (PAM) site for the Cas9 to cause a DSB
(Hsu et al., 2013). To ease the targeting and construction of the CRISPR/Cas9, the
tracrRNA and crRNA have been combined to give one single guide RNA (sgRNA)
which is able to combine the specificity and stabilisation of the structure (Jinek et al.,
2012). The sgRNA is 120 nucleotides long and includes the 20 nucleotide target
region which must be upstream of a PAM site (5’-NGG or less efficient 5’-NAG) for
the DSB to occur (Hsu et al., 2013; Pattanayak et al., 2013). Due to the nature of the
138

Cas9 protein targeting and cutting, the DSB will be made three nucleotides upstream
from the PAM, within the sgRNA target region (Mali et al., 2013) (Figure 6.3).
Despite its short history, this method has been applied widely, to both mammalian
systems (particularly mice, zebrafish and humans (Hsu et al., 2013; Li et al., 2013a;
Mali et al., 2013; Wang et al., 2013)), and to plants (both model and crop species
(Jiang et al., 2013; Li et al., 2013b; Nekrasov et al., 2013; Shan et al., 2013b)). It
has been successful in producing mutations at target sites, but with varied
efficiencies (Bortesi and Fischer, 2015). The major advantages of the CRISPR/Cas9
system over ZFNs and TALENS are the speed and low cost of production of the
construct, and that only a single molecule needs to be introduced to an organism to
cause a DSB, rather than two, so transformation occurs more easily and more
efficiently. This is why it is the method of choice for this study. However, one
disadvantage for the use of CRISPR/Cas9 is the greater occurrence of off-target
mutations (Fu et al., 2013). It has been found that the sgRNA only needs the 8-12
nucleotides nearest the PAM site to be correct and specific for the targeting and DSB
to take place, with mismatches in the rest of the 20 nucleotides being tolerated
(Pattanayak et al., 2013).

This therefore increases the likelihood of the

CRISPR/Cas9 being able to bind elsewhere in the genome. However, this is less of a
problem in plants as these unwanted mutations can be easily bred out and constructs
can

be

optimised

to

reduce

off-target

cuts.
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Figure 6.3 – CRISPR/Cas9 system.
The Cas9 protein is located to the target DNA by the sgRNA, adjacent to the PAM. The DSB is made three
nucleotides upstream from the PAM site (Black triangles). The 3’ end loop structures of sgRNA aid the
specificity and stabilisation of the CRISPR/Cas9 (Carroll, 2013).

6.1.1.4.

DNA repair mechanisms

All three methods rely on errors made by the naturally occurring DNA repair
systems, non-homologous end joining (NHEJ) or homologous recombination (HR) to
go from a DSB to a mutation by the insertion or deletion (InDel) of nucleotides.
NHEJ tends to be the more frequently used method of repair as it doesn’t require any
additional information, but it means that the InDel is random. However, both can be
utilised by the researcher to introduce a specific sequence of DNA into the target
region by transforming in a piece of donor DNA together with the CRISPR/Cas9. In
NHEJ, the donor DNA is also cut by the Cas9 nuclease and joined into the gene
sequence at the DSB site. In HR, the donor DNA acts as a template for the DSB site
to be repaired by nucleotide substitution (Figure 6.4).
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Figure 6.4 – Comparison of NHEJ (a+b) and HR (c+d) methods of DNA repair.
a) Repair mechanism causes insertion (green) or deletion (red) of nucleotides. b) If donor DNA carrying the
CRISPR target sequence at each end is added with the CRISPR/Cas9 construct, this too will be cut and then
inserted into the gene. c) The addition of donor DNA carrying a single nucleotide at the site of mutation, when
the target DNA is cut, this will be used as a template in the DNA repair and so incorporated. d) Where larger
insertions are desired, a donor DNA carrying this between sequences homologous to those on either side of the
cut site, the matching DNA is lined up after the cut has been made and used as a template as the repair occurs
(Bortesi and Fischer, 2015).

6.1.2.

Optimisation of CRISPR/Cas9 methods

6.1.2.1.

Construction of plant specific CRISPR/Cas9

The CRISPR/Cas9 system from S. pyogenes has been adapted for targeted
mutagenesis in humans (Cong et al., 2013b), but has also needed to be adapted for
use in plants. Work done by Feng et al. (2013) optimised the Cas9 construct so it
would be functional in plants, by replacing the promoters with two 35S promoters
from Cauliflower Mosaic Virus (CaMV) and adding a Nos terminator. The CRISPR
sgRNA also needed a plant specific promoter, so they used the Arabidopsis AtU6-26
promoter and fused this to the 85bp chimeric guide RNA sequence which contains
restriction enzyme sites to allow the insertion of the specific 20 nucleotide CRISPR
target sequence. It was this research group that provided the Cas9 and AtU6-26
constructs for use in this project.
6.1.2.2.

Delivery of CRISPR/Cas9 into plant cells

Many plant species, including A. thaliana, Nicotiana benthamiana, Oryza sativa and
Triticum aestivum, have been successfully gene-edited using CRISPR/Cas9. There
has been a variety of methods used to introduce the CRISPR/Cas9 construct into the
plant (Bortesi and Fischer, 2015).

Leaf agro-infiltration has been used in both
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Arabidopsis and N. benthamiana and uses A. tumefaciens to deliver the
CRISPR/Cas9 plasmid into the plant cells.

It is a commonly used method for

transformation, and has shown success with CRISPR/Cas9, but with a mutation
frequency of 2.7-13.8% (Jiang et al., 2013; Li et al., 2013b; Nekrasov et al., 2013;
Upadhyay et al., 2013).

PEG-protoplast transfection is also a commonly used

technique and has been employed with more success than agro-infiltration. The
mutation frequency has varied from 1.1-38.5% and used in Arabidopsis and N.
benthamiana (Li et al., 2013b), rice (Jiang et al., 2013; Shan et al., 2013b), wheat
(Wang et al., 2014) and maize (Liang et al., 2014).

However, this method is

dependent on having species which are amenable to protoplast isolation and
transformation. Agro-transformation using the floral dip method has been used
repeatedly in Arabidopsis and gives a wide range of mutation frequencies, from 0.0480%, depending on the exact CRISPR/Cas9 used and the genes it is targeted to
(Fauser et al., 2014; Feng et al., 2013; Mao et al., 2013). Agro-transformation of
callus has been used as a viable transformation method in rice, with mutation
frequencies ranging from 0-100%, but with most >50%. This is again dependent on
the CRISPR/Cas9 construct used and genes targeted (Feng et al., 2013; Mao et al.,
2013; Miao et al., 2013). For this study, protoplast isolation and transformation, and
agro-transformation by floral dipping will be the methods of choice due to the high
mutation frequencies seen in the literature and the amenability of Arabidopsis to both
methods. Attempts will be made to transform rocket plants as well using both
methods; floral dipping which hasn’t been tried before and protoplast isolation which
has been achieved (Chatterjee et al., 1988; Sikdar et al., 1990), although
transformation of rocket protoplasts has not been reported.

6.2.

Methods

6.2.1.

CRISPR design and construction

6.2.1.1.

CRISPR target site sequence design

The coding sequence for FLOWERING LOCUS T (FT) from rocket (DtFT) has been
isolated (section 3.3.5.1) and was used to design the CRISPR target sequences. The
DtFT gene coding sequence has only one base difference to the Arabidopsis FT
(AtFT) gene so it is expected that the CRISPRs that are designed to DtFT sequences
not including this SNP will also work on AtFT. Four regions of the gene were
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chosen to design the CRISPR target sequences to, to increase the likelihood that one
may work efficiently and cause the late bolting phenotype (Figure 6.5). Feng et al.
(2013) and Jiang et al. (2013) provided guidance on how to design the CRISPRs
which included the requirement for a PAM site (NGG) to be adjacent to the CRISPR
target sequence for the system to be functional. Constructs FT-1 and FT-2 were
designed by analysing the DtFT sequence for a suitable site, and constructs FT-96
and FT-136 were designed using E-CRISP (www.e-crisp.org) and MIT
(www.crispr.mit.edu) methods. At one end of the CRISPR target sequence, a BbsI
restriction site and a G nucleotide must be included in the primer to allow the
subsequent reactions for the construction to take place.

Each CRISPR target

sequence also contains a restriction site for post-mutagenesis analysis. The CRISPR
target sequences were ordered as primers (Invitrogen) with forward and backward
sequences covering the same region so that they could be annealed together to create
a double stranded piece of DNA for the construct (Appendix D.2.1).
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Figure 6.5 – DtFT cds with sequences targeted by the CRISPR constructs highlighted.
Four CRISPR constructs were designed to different sequences in the DtFT cds. Orange – FT-96, Blue – FT-1 (brown depicts the region of overlap of FT-96 and FT-1 sequences), Red – FT-136,
Green – FT-2. PAM sites are shown by red boxes.
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6.2.1.2.

Creating the CRISPR-Cas9 constructs (carried out at Hangzhou

Normal University under guidance from Dr Zhiming Yu)
Primer pairs for each CRISPR target sequence were annealed together, and ligated
into a pBluescript SK+ plasmid containing the AtU6-26 promoter and sgRNA
provided by Dr. Botao Zhang, Chinese Academy of Sciences, Shanghai (Feng et al.,
2013) which had been cut at the BbsI restriction site (Figure 6.6-Step1). The plasmid
was transformed into E.coli and colony PCR was performed using M13 primers and
CRISPR specific primers to test for the presence of the FT CRISPR target sequence
in the AtU6-26+sgRNA construct.

Positive clones were mini-prepped (section

2.2.8.2) and digested with SalI and KpnI restriction enzymes. To make the transient
constructs in pBluescript SK+, the Cas9 protein with its 35S promoter DNA
(adapted for use in Arabidopsis and received from Dr. Botao Zhang, Chinese
Academy of Sciences, Shanghai) (Feng et al., 2013) was also digested with SalI and
KpnI restriction enzymes. This was ligated to the AtU6-26-sgRNA CRISPR unit
(Figure 6.6-Step2) and transformed into E.coli.
miniprepped.

Colonies were picked and

Digestion reactions were set up using SalI and KpnI restriction

enzymes to check for the presence of all construct components in pBluescript SK+
(AtU6-26-sgRNA+CRISPR+35S-Cas9).

To make the stable constructs in

pCAMBIA1300, the Cas9 protein with its 35S promoter DNA was digested with SalI
and EcoRI restriction enzymes and the pCAMBIA1300 vector digested with KpnI
and EcoRI restriction enzymes. These digested products along with the AtU6-26sgRNA+CRISPR target sequence digested product were ligated together and
transformed into E.coli (Figure 6.6-Step2). Colonies were picked, miniprepped and
digested using KpnI and EcoRI to check for the presence of all construct components
in pCAMBIA1300 (AtU6-26-sgRNA+CRISPR+35S-Cas9 (Figure 6.6)). Each of the
four CRISPR constructs in the pCAMBIA 1300 or pBluescript SK+ vector was
transformed into EC100 cells via electroporation. This was then plated onto LB
(10:5:10)/1.5% (w/v) agar plus the antibiotic and incubated at 37oC for 16-18 hours.
Clones were picked and used to inoculate 8ml LB (10:5:10) plus antibiotic before
miniprepping using a Plasmid DNA Extraction kit (Thermo Scientific) to extract the
CRISPR construct plasmid DNA (section 2.2.8.2) and sequencing the DNA.
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Figure 6.6 – Complete construction of AtU6-26-CRISPR-Cas9.
Step 1 – AtU6-26 promoter + tracrRNA is ligated to double stranded FT-CRISPR target sequence. Step 2 –
AtU6-26-sgRNA+CRISPR unit is ligated to Cas9 and Cas9 promoter unit to give the complete CRISPR/Cas9
construct. This part of the construct is the same for both transient and stable transformation approaches, but the
vector backbone is different. NLS – nuclear localisation signal

6.2.2.

Stable transformation

6.2.2.1.

Floral dip transformation of Arabidopsis and D. tenuifolia

The CRISPR construct DNA was used to transform A. tumefaciens (strain
c58pGV3101) cells (section 2.2.9). A large volume solution of the transformed cells
was produced and used for floral dipping of Arabidopsis Col0 (Clough and Bent,
1998) and D. tenuifolia (rocket) SSD6 plants. Arabidopsis plants were allowed to
self and set seeds, but the rocket plants were bud pollinated to ensure self-seeds were
produced (section 2.1.4.2). Seeds were collected and threshed (section 2.1.5).
6.2.2.2.

Selection of CRISPR transformed plants

Seeds were sterilised by placing into glycine packets and arranging in a plastic box
so packets don’t overlap. 100 ml 10% Sodium hypochlorite solution was put in a
beaker and 3 ml 32% hydrochloric acid poured on top to release the chlorine gas.
The plastic box was sealed and left in a fume hood for 16-18 hours. Seed packets
were removed and aerated for 20 minutes in a sterile flow cabinet before plating.
Arabidopsis Col0 and rocket wild type seeds were mixed with 0.1% sterile agarose
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solution and spread evenly onto plates made of 2.2 g/l MS, 30g/l sucrose and 7 g/l
agar (pH5.7-5.8). Wild type and CRISPR-transformed Arabidopsis Col0 and rocket
seeds were mixed with 0.1% sterile agarose containing 100 µg/ml Cefataxime and
spread evenly onto plates made of 2.2 g/l MS, 30g/l sucrose and 7 g/l agar (pH5.75.8) containing 20 µg/ml Hygromycin B. All plates were stratified at 4oC for three
days. These were then kept in the dark at 22oC for germination and hygromycin
selection to take place (about seven days). The plates were then put into a 16 hour
photoperiod for 3-4 days until the plants were big enough to be transplanted onto
soil. Plants which had survived the selection and were large and green compared to
the rest, were picked off the plate and transplanted into Arabidopsis mix soil
(Levington F2s : sand : vermiculite fine grade 6:1:1) at one per cell in p24 trays and
placed into Panasonic controlled environment cabinets under 22oC, 16 hour light, 8
hour dark conditions. Rocket plants were transplanted a second time into M2 soil in
5 inch pots at 5-6 leaves. Bolting was measured by rosette leaf number at 1 cm bolt
for Arabidopsis transformants and leaf number at floral initiation for rocket
transformants.
6.2.2.3.

Identification of InDels caused by CRISPR constructs

Leaf material was collected from all CRISPR transformed plants and DNA extracted
using the CTAB method (Stewart and Via, 1993) (section 2.2.1). For Arabidopsis
lines, the full length FT gene was amplified using AtFT_5’UTR_1F and
AtFT_3’UTR_1R primers by PCR and the product purified using a Qiagen PCR
purification kit (section 2.2.5).

The products were then sequenced using AtFT

specific primers and compared to the wild type (WT) Arabidopsis FT gene sequence
(Appendix D.2.2). This process was not carried out for rocket transformants as the
full length DtFT gDNA gene has not currently been isolated.

For further

confirmation of InDels causing the late bolting phenotype the CRISPR target
sequences were cloned. PCR was used to amplify shorter sequences from AtFT to
cover the regions to which CRISPR FT-1 and FT-2 had been designed to (Figure 6.5
and Appendix D.2.3). These were A-tailed and products were PCR purified using a
Qiagen PCR purification kit and eluted in 20 µl before quantifying (section 2.2.5).
Each was then ligated into pGEM-T easy vector system. Five clones from each
transformation were picked and plasmid DNA extracted (section 2.2.8.2) and
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sequenced using M13 primers and compared with WT AtFT and CRISPR FT-1 or
FT-2 sequence to see if any InDels were present.
6.2.3.

Transient transformation

6.2.3.1.

Protoplast isolation

Two methods for isolating protoplasts were used. Method 1 had been optimised for
use with Arabidopsis leaf material (Yoo et al., 2007), but was used in these
experiments for both Arabidopsis and rocket. 3-4 week old plants were used and the
newest, fully expanded leaves were picked. Leaf tips and petioles were cut away and
the leaves finely sliced. These were placed into freshly made enzyme solution
containing 20 mM MES (pH 5.7), 1.5% (w/v) cellulose Onozuka R10 (Duchefa),
0.4% (w/v) maceroenzyme R10 (Duchefa), 0.4 M mannitol and 20 mM KCl
(warmed to 42oC), and submerged. A vacuum was applied to draw the enzyme
solution into the air spaces in the tissue and leaves placed on a tilting platform for 12 hours. An equal volume of cold W5 solution (2 mM MES (pH 5.7), 154 mM
NaCl, 125 mM CaCl2 and 5 mM KCl) was added and this was filtered through a 70
µm sieve. The protoplast solution was centrifuged at 100 g for 3 min at 4oC and the
supernatant removed carefully. Protoplasts were resuspended in 2 ml MMG solution
(4 mM MES (pH 5.7), 0.4 M mannitol and 15 mM MgCl2) and kept on ice.
The second method had been optimised for Eruca sativa and D. muralis (Chatterjee
et al., 1988; Sikdar et al., 1987; Sikdar et al., 1990) and was used for both
Arabidopsis and rocket leaf material. The leaf material was harvested and sliced as
described above, but the enzyme solution contained 0.6 M mannitol, 0.2% (w/v)
CaCl2.H2O, 0.25% (w/v) cellulose Onozuka R-10 (Duchefa) and 0.5% (w/v)
pectinase (Sigma) at pH 5.8. The leaf pieces were submerged and the plate put at
28oC in the dark for 16-18 hours. The cell solution was washed through a 70 µm
sieve using 20 ml of 20% (w/v) sucrose solution and centrifuged at 100 g for 3 min at
4oC. After the supernatant was removed, 10 ml Sikdar’s osmoticum (0.6 M mannitol
and 0.2% (w/v) CaCl2.H2O) was used to resuspend the cells and centrifuged at 100 g
for 3 min at 4oC.

The supernatant was removed and another 10 ml Sikdar’s

osmoticum added and the centrifugation repeated. Once the supernatant had been
removed, the protoplasts were finally resuspended in 5 ml Sikdar’s osmoticum and
kept on ice.
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Following protoplast isolation using either method, the protoplast suspension was put
onto a Fuchs-Rosenthal haemocytometer and all non-disrupted cells counted under a
light microscope (Olympus BH-2) and the total number of cells per ml calculated.
100 µl cells were mixed with 0.5 µl (5 mg/ml) Fluorescein Diacetate (FDA) and
covered for 10 mins. The cell suspension plus FDA was then applied to the FuchsRosenthal haemocytometer and fluorescing cells counted using a fluorescent
microscope (Nikon Optiphot) to estimate the number of viable cells per ml.
6.2.3.2.

Protoplast transformation

A 5 ml cell culture was used to inoculate 500 ml LB (10:5:10) plus 100 µg/ml
Ampicillin and incubated at 37oC for 16-18 hours. A Plasmid Maxi kit (Qiagen) was
used to extract the plasmid DNA from the cell culture in large enough quantities for
the protoplast transformation protocol to be used several times according to the
manufacturer’s instructions. Plasmid maxi-preps were also used to prepare sufficient
plasmid DNA from the vector pG201 expressing Green Fluorescent protein (GFP),
vector pGY-1 expressing Yellow Fluorescent protein (YFP) and pGY-1 expressing
mCherry (Weis et al., 2013). Plasmid pG201-GFP was donated by Dr Daniel Tome,
University of Warwick and pGY-1-YFP and pGY-1-mCherry plasmids were donated
by Dr Ruth Schäfer, University of Warwick.
To perform the protoplast transformation from Method 1(Yoo et al., 2007), a fresh
PEG-calcium solution was made (1 g PEG 4000, 0.625 ml 0.8 M mannitol, 0.25 ml 1
M CaCl2, 1.625 ml H2O). The protoplast solution was diluted with MMG to reach
200,000 cells/ml, or 400,000 cells/ml depending whether a single or double
transformation was to be carried out. The desired CRISPR and fluorescent reporter
plasmid DNA was put into a 2 ml tube and protoplasts added on top in the amounts
shown in Table 6.1. The PEG-calcium solution was added and the tube flicked until
all solutions had combined. The solution was put at room temperature for 30 min
before adding 500 µl cold W5 to stop the reaction. Cells were centrifuged at 100 g
for 3 min and the supernatant removed. 500 µl W1 solution (4 mM MES (pH 5.7),
0.5 M mannitol and 20 mM KCl) was used to resuspend the cells, and tubes were
covered with breathable Nescofilm and put on a windowsill for 24 hours. Cells were
then analysed using a fluorescent microscope (Nikon Optiphot) or a fluorescent
activated cell sorting (FACS) machine (BD Influx™ Cell Sorter) depending on
whether the reporter plasmid used contained GFP or YFP.
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Table 6.1 – Quantities of protoplast cells, plasmid and PEG-calcium solution used for transformation of
protoplast cells.
Adapted from Yoo et al.(2007)

Single transformation

20,000 protoplasts

40,000 protoplasts

60,000 protoplasts

Plasmid

4 μg

8 μg

12 μg

100 μl

200 μl

300 μl

PEG

100 μl + vol. plasmid

200 μl + vol. plasmid

300 μl + vol. plasmid

Double transformation

40,000 protoplasts

80,000 protoplasts

120,000 protoplasts

Plasmid 1

4 μg

8 μg

12 μg

Plasmid 2

4 μg

8 μg

12 μg

Protoplast solution

100 μl

200 μl

300 μl

100 μl + vol. plasmids

200 μl + vol. plasmids

300 μl + vol. plasmids

Protoplast

solution

(200,000 cells/ml)

(400,000 cells/ml)
PEG

6.2.3.1.

Regeneration of protoplasts to produce plants

The method for regenerating protoplasts was adapted from Sikdar et al. (1990) who
had developed this for D. muralis.

In this experiment, protoplasts from both

Arabidopsis and D. tenuifolia were used as the starting material.
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Table 6.2 – Media recipes needed for regenerating protoplasts
(Sikdar et al., 1990)

Media Name

Basal Salts used

Sugar

Hormones

Agar

Media pH

None

5.8

None

5.8

0.5%

5.8

0.8%

5.8

0.8%

5.8

0.8%

5.8

content
M8PS2

Kao and

0.6M

0.2mg/l 2,4-D,

Michayluk

glucose

0.5mg/l NAA,

vitamin solution

0.5mg/l BAP,
0.5mg/l GA3

M8PS21

DP1

Kao and

0.4M

0.2mg/l 2,4-D,

Michayluk

glucose,

0.5mg/l NAA,

vitamin solution

0.0291M

1mg/l BAP,

sucrose

0.5mg/l GA3

Murashige and

0.0874M

0.4mg/l 2,4-D,

Skoog

sucrose

0.3mg/l NAA,
1mg/l BAP,
0.5mg/l GA3

D1

half strength

0.0436M

1mg/l NAA,

Murashige and

sucrose

1mg/l BAP,

Skoog
D13

D13-H

0.5mg/l GA3

Murashige and

0.0874M

1mg/l BAP,

Skoog

sucrose

0.5mg/l GA3

Murashige and

0.0874M

None

Skoog

sucrose

Under sterile conditions, 100,000 cells/ml were pipetted onto a 35 mm petri dish and
2 ml M8PS2 media was added and gently mixed. The plate was put into a Panasonic
controlled environment cabinet at 24oC in the dark for 10 days. On day 5, the first
cell division should occur. On day 10, protoplasts should be at the 16-64 cell stage
and were transferred to 2 ml M8PS21 media. This was placed back at 24oC in the
dark for another 10 days. On day 20, protoplasts should have formed a globular or
heart shaped embryo and these were carefully transferred to 3 ml DP1 media. Plates
were returned to dark conditions but the temperature increased to 25oC. On day 30,
greenish nodule microcalli should be visible and excised before transferring to 3 ml
D1 media and placed into 25oC, 16 hour photoperiod under low intensity lights
conditions for 15 days. On day 45, shoot development should have begun and these
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calli transferred onto 55 mm petri dishes containing D13 media and placed under the
same conditions as the previous step. At day 60, roots would have begun to initiate
and calli transferred to 55 mm petri dishes containing D13-H media and returned to
the Panasonic cabinet under the previous step conditions.

By day 66-70, the

complete plantlet should have formed and when this is clear, the plantlet should be
transferred to soil and grown in shade for 7 days and then uncovered.

6.3.

Results

6.3.1.

Analysis of transformed plants

6.3.1.1.

Production of CRISPR constructs

The double stranded oligos for each of the FT CRISPR targets were ligated together
with the AtU6-26 and 35S-Cas9 units to produce the CRISPR/Cas9 constructs. Each
construct was ligated into pCAMBIA1300 and pBluescript SK+ to enable both stable
and transient transformation. Sequencing using M13 and CRISPR-specific primers
was carried out to ensure the CRISPR target region DNA was correctly inserted into
the construct.
Eight constructs were successfully produced from four CRISPR target regions in two
different vectors. Both CRISPR FT-96 constructs were designed and made by Dr
Zhiming Yu at Hangzhou Normal University. Figure 6.7 shows an alignment for the
four constructs highlighting the CRISPR target regions embedded into the AtU6-26
unit.

This sequence was observed in both pCAMBIA1300 and pBluescript

constructs. The confirmation of all eight constructs allowed the transformation of
plants

and

protoplasts

to

be

started.
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Figure 6.7 – Alignment of CRISPR constructs showing insertion of CRISPR target regions.
Alignment performed on sequences isolated for each CRISPR construct using DNA Lasergene 9 core suite MegAlign showing successful integration of the CRISPR target region DNAs (red
box) into the AtU6-26-tracrRNA (unboxed region).
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6.3.1.2.

Selection of CRISPR construct transformed plants

The CRISPR constructs were transformed into Arabidopsis and rocket using
Agrobacterium-mediated floral dipping. Seeds were harvested from the transformed
plants and sterilised before sowing onto MS plus hygromycin plates for the selection
of transformed seeds.

This process was carried out twice to ensure enough

transformed plants were recovered. The number of surviving plants was recorded
(Table 6.3). Experiment 1 provided good numbers of transformed Arabidopsis plants
for constructs FT-1, FT-2 and FT-96. Arabidopsis FT-136 seeds were not sown out
in this experiment. Six transformed rocket plants were recovered in experiment 1,
one with the FT-2 construct and five with the FT-96 construct. Rocket FT-136 seeds
were not sown out in this experiment.

Experiment 2 was more successful for

Arabidopsis transformed plants as a higher number of plants survived. Arabidopsis
FT-96 seeds were not sown out in this experiment. However, no transformed rocket
plants survived the hygromycin selection.
Table 6.3 – Number of transformed plants surviving hygromycin selection for each experiment.
Arabidopsis and rocket plants were transformed with each of four stable CRISPR/Cas9 constructs. Seeds were
harvested and hygromycin used to select for transformed seeds. The number of surviving plants for each
construct and plant background was recorded.

n/a – these transformed seeds were not sown out in this

experiment.

Number of surviving transformed
plants
Plant

Construct

Experiment 1

Experiment 2

Arabidopsis

FT-1

14

16

Arabidopsis

FT-2

11

24

Arabidopsis

FT-96

14

n/a

Arabidopsis

FT-136

n/a

13

Rocket

FT-1

0

0

Rocket

FT-2

1

0

Rocket

FT-96

5

0

Rocket

FT-136

n/a

0
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6.3.1.3.

Bolting phenotypes of At:CRISPR and Dt:CRISPR transformed

plants
The seedlings which survived the hygromycin selection in each experiment were
transplanted onto Arabidopsis mix soil and grown in a controlled environment
cabinet at 22°C under long day conditions.

The flowering time in LD of the

transformed Arabidopsis plants was measured using rosette leaf number (no more
rosette leaves are formed after a plant starts to flower). AtCol0 was used as the wild
type control and the bolting phenotype of these plants varied between experiments, in
experiment 1, AtCol0 started flowering at 42 days and 15.5 leaves (average of four
plants), and was the wild type control for the transformed lines FT-96, FT-1 and FT2. In experiment 2, AtCol0 flowered at 33 days and 10.5 leaves (average of four
plants) and was the wild type control for FT-1, FT-2 and FT-136. The discrepancy
between the two values could have been due to the experimental conditions, where
the timing of transplanting varied between experiment 1 (three days post
germination) and experiment 2 (twelve days post germination), or the fungal
contamination of the agar plates that occurred in experiment 1 that may have stressed
the seedlings, or that covering transplanted seedlings with propagator lids in
experiment 2 for a few days could have sped up development due to warmer growing
conditions. These experiments comprise of a screen, therefore statistical analysis
could not be performed on the data due to the small number of plants in each
experiment. When mutated plants are identified and selfed, the T2 generation is
expected to segregate with a 3:1 ratio where valid statistical analysis can be
performed.
The flowering time results for CRISPR construct FT-96 transformed T1 Arabidopsis
plants show that only one plant was later than the wild type (Figure 6.8). This plant,
FT-96_14 bolted seven days later and with 10.5 leaves more than the AtCol0 wild
type population (Table 6.4) so was chosen for sequencing of the AtFT gene to
investigate whether a mutation was present.
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Figure 6.8 – Flowering time of Arabidopsis plants transformed with CRISPR FT-96 construct.
Number of leaves at bolting for Arabidopsis plants transformed with CRISPR FT-96 construct in experiment 1
(FT-96_1-_14). Black bars show transformed plants and red bar shows average flowering time for AtCol0 wild
type. Error bar represents standard error of AtCol0 wild type mean flowering time.

Plants transformed with the CRISPR FT-1 construct flowered later than wild type in
both experiments 1 and 2. In experiment 1, there were four lines flowering at least
five days later with more than five leaves later than the wild type control and five
lines flowering later with more than five leaves later compared to wild type in
experiment 2, although all lines flower later in number of days than the wild type
(Figure 6.9a and 6.9b, Table 6.4). Two lines in experiment 1 were noticeably later
flowering than the wild type control by 24.5 leaves, although the number of days
later is variable (Figure 6.10). This suggests that the CRISPR FT-1 construct has in
many cases caused a mutation which has led to a disruption of FT function and
delayed flowering. The late bolting plants from both experiments were investigated
for possible mutations in the AtFT gene.
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Figure 6.9 – Flowering time of Arabidopsis plants transformed with CRISPR FT-1 construct in
experiments 1 and 2.
a) Number of leaves at bolting of Arabidopsis plants transformed with CRISPR FT-1 in experiment 1 (FT-1_1_13). b) Number of leaves at bolting of Arabidopsis plants transformed with CRISPR FT-1 in experiment 2 (FT1_A-_P). Black bars show transformed plants and red bar shows average bolting time for AtCol0 wild type
(n=4). Error bars represent standard error of AtCol0 wild type mean flowering time.
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Figure 6.10 – Flowering phenotype in LD of late bolting Arabidopsis lines FT1_4 and FT1_5 compared to
wild type (WT).
a) Late bolting phenotype observed for FT1_4 compared to WT (AtCol0), b) Late bolting phenotype observed for
FT1_5 compared to WT (AtCol0). Photos taken 44 days after sowing.

The CRISPR FT-2 construct transformed Arabidopsis plants in experiment 1 showed
that five transformed lines had more leaves than the AtCol0 wild type average. Only
one plant flowered with more than five leaves than AtCol0, and no plants flowered
later in number of days than the wild type (Figure 6.11a, Table 6.4). Figure 6.12
shows plant FT2_3 compared to WT where the late bolting phenotype is observed
although it is only by 4.5 leaves. The transgenic lines from experiment 2 seem to be
more affected by the CRISPR FT-2 construct with all but one plant showing a later
phenotype by number of days and leaves, and seven plants where the difference
compared to wild type is more than five leaves (Figure 6.11b).
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Figure 6.11 – Flowering time of Arabidopsis plants transformed with CRISPR FT-2 construct in
experiments 1 and 2.
a) Number of leaves at bolting of Arabidopsis plants transformed with CRISPR FT-2 in experiment 1 (FT-2_1_11). b) Number of leaves at bolting of Arabidopsis plants transformed with CRISPR FT-2 in experiment 2 (FT2_A-_W). Black bars show transformed plants and red bar shows average bolting time for AtCol0 wild type
(n=4). Error bars represent standard error of AtCol0 wild type mean flowering time.
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Figure 6.12 – Flowering phenotypes of Arabidopsis transformed line FT2_3 compared to AtCol0 wild type
(WT).
Late Flowering phenotype observed for FT2_3 compared to WT (AtCol0). Photos taken 44 days after sowing.

The flowering time results for plants transformed with CRISPR FT-136 construct
show that six plants flowered with more leaves than the wild type with the latest of
these being five days later with 3.5 more leaves (Figure 6.13). This suggests that the
construct may not have been effective at introducing a mutation into the FT gene
causing a major change in the expression of FT.
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Figure 6.13 – Flowering time of Arabidopsis plants transformed with CRISPR FT-136 construct.
Number of leaves at flowering for Arabidopsis plants transformed with CRISPR FT-136 construct in experiment
2 (FT-136_1-_13). Black bars show transformed plants and red bar shows average flowering time for AtCol0
wild type (n=4). Error bar represents standard error of AtCol0 wild type mean flowering time.

6.3.1.4.

Rocket transformants

The flowering phenotype for Dt:CRISPR transformed plants was measured by leaf
number at initiation of bolting.

Dt:CRISPR FT-96 and Dt:CRISPR FT-2

transformed plants only successfully made it through the hygromycin selection in
experiment 1, so there is no data available for experiment 2. However, due to plate
contamination in experiment 1, no wild type plants from non-selection media plates
were recovered, so the bolting data is a little unreliable as the transgenic lines are
being compared to wild type plants grown on soil from seed. Figure 6.14 shows the
bolting phenotype for the transformed plants where four plants are later than the wild
type with one being more than five leaves later.
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Figure 6.14 – Bolting phenotype of D. tenuifolia plants transformed with CRISPR FT96 and CRISPR FT2
constructs.
Number of leaves at initiation of bolting for rocket transformed with CRISPR FT-96 (FT-96_1-_5) or CRISPR
FT-2 (FT-2_1) in experiment 1. Black bars show transformed plants and red bar shows average bolting time for
Dt wild type (n=3). Error bar represents standard error of Dt wild type mean flowering time.

6.3.1.5.

Sequencing results for At:CRISPR transformed plants

Leaf material from late flowering At:CRISPR transformed plants was collected and
DNA extracted. PCR was used to amplify the full length AtFT gene (Appendix) and
the products purified using a Qiagen PCR purification kit. Direct sequencing using
primers covering the AtFT gene was carried out. Sequencing results were analysed
using DNA Lasergene 9 core suite SeqMan and MegAlign packages to create and
align contigs. The site in the AtFT gene where a mutation caused by the
CRISPR/Cas construct is expected to be within the 20 nucleotide CRISPR target
sequence. Therefore these regions of the FT sequence in the CRISPR transformants
were aligned with the relevant CRISPR target sequence along with that part of the
AtFT sequence from AtCol0. Table 6.4 shows all the potential CRISPR transformed
lines which have the late bolting phenotype, along with the result of the direct
sequencing.
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Table 6.4 – Summary of direct sequencing of FT PCR products from late bolting CRISPR transformed
Arabidopsis plants

Plant Name

Flowering time (No. of
leaves later than WT)

Mutation detected?

FT-96_14

10.5

No

FT-1_3

9.5

No

FT-1_13

20.5

Single A Insertion

FT-1_4

24.5

Unclear

FT-1_5

24.5

Single A Insertion

FT-1_C

5.5

No

FT-1_M

5.5

No

FT-1_G

6.5

No

FT-1_K

11.5

Unclear

FT-1_F

16.5

Unclear

FT-2_6

5.5

No

FT-2_H

5.5

No

FT-2_I

5.5

No

FT-2_T

6.5

No

FT-2_A

7.5

No

FT-2_Q

7.5

No

FT-2_G

8.5

No

FT-2_E

11.5

No

The direct sequencing results revealed that despite the late bolting phenotype of 17
individual transformed plants, only two have a change in the FT gene introduced by
the CRISPR/Cas9 construct. Both lines have an insertion of an A nucleotide, four
nucleotides in from the PAM site, within the CRISPR FT-1 sequence (Figure 6.15).
No other mutations were found in the rest of the AtFT gene in either the two
CRIPSR/Cas9 mutated lines or the 17 late lines.

Figure 6.15 – Alignment of CRISPR FT-1 transformed Arabidopsis FT gene sequences showing mutations.
Blue box shows the Adenine insertion, red box shows CRISPR PAM site.
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As some of the direct sequencing results did not detect a change in the AtFT gene,
the CRISPR target region from seven late flowering FT-1 plants and four late
flowering FT-2 plants were selected for cloning and sequencing. Four or five
colonies from each cloned late flowering line were sequenced. The results revealed
that there were no InDels present in the clones carrying products isolated from
CRISPR FT-2 transformed plants FT2_A, FT2_E, FT2_G or FT2_Q. This suggests
that the late flowering phenotype observed is not due to a mutation in the AtFT gene
caused by the CRISPR FT-2 construct. It could instead be due to off-target
mutations or by stress of antibiotic selection and transplanting to soil. Table 6.5 sets
out the sequencing results found in clones from AtFT gene PCR products of CRISPR
FT-1 transformed plants. The sequencing results for these were more encouraging.
All late flowering CRISPR FT-1 transformed lines had at least one clone where a
mutation (usually an A insertion or deletion) was present (Figure 6.16), and that the
type of mutation was the same in all clones from the same line, except for FT1_4. In
this case, clones 1 and 3 showed no change in the sequence, clone 4 had an A
nucleotide deletion, and clone 5 had a 22 nucleotide insertion (Table 6.5, Figure
6.16).

Figure 6.16 – Alignment of CRISPR FT1 transformed and cloned Arabidopsis FT gene sequences showing
mutations.
Clone number is indicated by the last number in the sequence names. Blue box contains the Adenine
insertion/deletion, green box contains the 22 nucleotide insertion. Red box contains CRISPR PAM site.
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Table 6.5 – Sequencing results from cloning PCR products from late flowering CRISPR FT-1 transformed
plants.
PCR products were cloned into pGEM-T easy and a number of clones sequenced using M13 primers.
Sequencing results were aligned to AtFT and CRISPR FT-1 to see if any InDels were present.

Plant
Name

Colony Number

InDel Present?

Sequence Change

FT1_13

1

Yes

Single A Insertion

2

Poor quality
sequence

3

Yes

Single A Insertion

4

Yes

Single A Insertion

5

Yes

Single A Insertion

1

No

2

Yes

Single A Insertion

3

Yes

Single A Insertion

4

Yes

Single A Insertion

5

Yes

Single A Insertion

1

Poor quality
sequence

2

Yes

Single A Deletion

3

Yes

Single A Deletion

4

No

5

No

1

No

2

No

3

Yes

4

No

5

No

1

Yes

Single A Insertion

2

Yes

Single A Insertion

3

Yes

Single A Insertion

4

Yes

Single A Insertion

1

Yes

Single A Insertion

2

No

3

Poor quality
sequence

4

No

5

Poor quality
sequence

1

No

2

Poor quality

FT1_F

FT1_G

FT1_K

FT1_5

FT1_3

FT1_4

Single A Insertion
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sequence
3

No

4

Yes

Single A Deletion

5

Yes

23 Nucleotide
Insertion

6.3.2.

Transient transformation

6.3.2.1.

Protoplast isolation

Protoplast isolation was done using the two methods outlined above, on both
Arabidopsis and rocket leaf tissue. Table 6.6 is a summary of all experiments carried
out over a five month period. Using method 1 (Yoo et al., 2007), there is little
difference in the number of protoplasts isolated from Arabidopsis compared to
rocket. This showed that it was possible to isolate rocket protoplasts as well as
Arabidopsis and in similar quantities. Once it became obvious that rocket protoplasts
were not being efficiently transformed (section 6.3.2.2) or regenerating (section
6.3.2.3), the use of FDA to record the number of viable protoplasts became
important. The use of FDA allows the viability of the isolated protoplasts to be
estimated. The FDA is taken up by living cells and fluoresces green when exposed
to UV/GFP light setting. The fluorescing protoplasts can then be counted on a
haemocytometer using a fluorescent microscope. Optimisation of method 1 began
by adjusting the concentration of mannitol in the enzyme solution, as this affects the
osmolality of the protoplasts. The standard method used 0.4M mannitol, which
works well for Arabidopsis. Concentrations of 0.4M, 0.6M, 0.65M and 0.7M were
tried on rocket leaf material.

The number of protoplasts isolated at each

concentration was similar, but the viability varied. It is difficult to draw conclusions
based on these results for the best concentration of mannitol to use as over several
experiments at 0.6M mannitol, viability went from 0 to 20% and at 0.4M there was
variation between 3.8%-30% and 0.65M and 0.7M concentrations were only tested
once. The second method (Chatterjee et al., 1988; Sikdar et al., 1987; Sikdar et al.,
1990) was tried on rocket leaf material to see if the viability of cells produced would
be better than method 1. Two attempts both yielded cells at a viability of ≥30%
which was greater than seen with method 1. However, in subsequent isolations, the
viability was only 3.5%. This can probably be accounted for by the change of
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pectinase enzyme used, as the activity of pectinase (and the other enzymes in the
procedure) can vary between packages and manufacturers.
Table 6.6 – Summary of protoplast isolations from Arabidopsis and rocket leaf material.
Standard method 1 contains 0.4M mannitol, brackets in table show what the mannitol concentration was changed
to in those isolations (n/d – viability not determined) (Appendix D.1)

Arabidopsis
Date
Isolation

of

Rocket

Method

Number of
Cells

Method

Number
Cells

of

Viability

1/5/14

1

300,000
cells/ml

1

164,000
cells/ml

n/d

7/5/14

1

242,000
cells/ml

1

64,000 cells/ml

n/d

13/5/14

n/a

n/a

1

258,000
cells/ml

n/d

19/5/14a

1

210,000
cells/ml

1

142,000
cells/ml

n/d

19/5/14b

1

204,000
cells/ml

1

154,000
cells/ml

n/d

21/5/14

n/a

n/a

1

266,000
cells/ml

n/d

27/5/14

1

238,000
cells/ml

1

264,000
cells/ml

n/d

14/7/14

1

228,000
cells/ml

1

270,000
cells/ml

n/d

28/7/14

1 (0.6M)

224,000
cells/ml

n/d

11/8/14

1 (0.65M)

230,000
cells/ml

12.35%

11/8/14

1 (0.7M)

230,000
cells/ml

15.14%

13/8/14

1 (0.6M)

388,000
cells/ml

20%

22/8/14

1

Not measured

30%

26/8/14

1 (0.6M)

242,000
cells/ml

0

26/8/14

2

462,000
cells/ml

37%

9/9/14

1

350,000
cells/ml

21.37%

11/9/14

2

262,000
cells/ml

30%

15/9/14

1

228,000
cells/ml

11.5%

15/9/14

1 (0.6M)

201,200
cells/ml

15%
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17/9/14

2

266,680
cells/ml

3.5%
(new
pectinase)

22/9/14

1

275,000
cells/ml

3.8%

25/9/14

2

246,680
cells/ml

3.5%
(new
pectinase)

6.3.2.2.

Protoplast transformation

Arabidopsis protoplasts isolated using method 1 (Yoo et al., 2007) were used in
single PEG-mediated uptake transformations with GFP and double transformations
with GFP and mCherry or CRISPR plasmids. This was done by gently mixing 100
µl protoplasts (200,000 cells/ml for single transformation and 400,000 cells/ml for
double transformation) with a PEG-calcium solution and plasmid DNA.

The

solution was incubated at room temperature for 30 min before stopping the reaction
with cold W5.

Following centrifugation, the supernatant was removed and the

protoplasts resuspended in W1 solution, covered with Nescofilm and left at room
temperature for 24 hours. An aliquot of protoplasts was taken the following day and
observed under a fluorescent microscope. Transformation of Arabidopsis protoplasts
was attempted twice with a single plasmid and four times with a double
transformation (appendix). It was found that the single transformations worked as
GFP fluorescence was observed (Figure 6.17).

Three out of the four double

transformations attempted were found to work as fluorescence was observed in some
cells. This showed that the GFP plasmid had successfully been transformed into the
cells, but there was no way of testing whether the CRISPR plasmid was also
transformed into the cells. Both results meant that when Arabidopsis protoplasts
were put through the FACS machine, the GFP fluorescing ones could be detected
and sorted (Figure 6.18). Therefore it was shown that Arabidopsis protoplasts could
be transformed with CRISPR constructs as single transformations, or in double
transformations with CRISPR constructs together with a GFP plasmid.
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Figure 6.17 – Transformed Arabidopsis protoplast fluorescing with GFP
(isolated cells from 19/5/14)

Figure 6.18 – FACS result for Arabidopsis protoplasts transformed with GFP (isolated cells from 27/5/14).
X axis shows fluorescence emitted at 580nm +/- 15 from 565 to 595. When excited with the 488nm laser it
represents autofluorescence. Y axis shows fluorescence emitted at 530nm +/- 20 from 510 to 550. When excited
with the 488nm laser it represents GFP fluorescence. Dark green – small cells or debris, blue – good size cells,
not transformed, light green – good cells, GFP transformed

Attempts at single or double transformations of rocket protoplasts achieved little
success. Figure 6.19a shows transformed cell lines where no fluorescence is seen. In
one experiment (21/5/14), cells transformed with GFP and mCherry (Figure 6.19b),
or YFP and mCherry (Figure 6.19c) show the expected fluorescence, suggesting that
the technique works, but this was not able to be replicated at a later date.
Unfortunately, transformations using a GFP and CRISPR construct did not yield any
fluorescing protoplasts.

GFP-transformed rocket cells were analysed using the
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FACS machine (Figure 6.20). The results show that many cells were detected by the
machine, but that the results for the non-transformed and transformed cells were the
same, that no GFP fluorescence was detected and so the cells could not be sorted.

Figure 6.19 – Transformed rocket protoplasts.
a) Rocket protoplasts transformed with GFP, but no green fluorescence observed (isolated cells from 19/5/15).
The red cell colour is due to autofluorescence of the chloroplasts. b) Rocket protoplasts transformed with GFP
and mCherry. White arrow points to a cell which has been transformed with both plasmids as it is fluorescing
both green and red (isolated cells from 21/5/15). c) Rocket protoplasts transformed with YFP and mCherry.
White arrow points to a cell which has been transformed with both plasmids as it is fluorescing both yellow and
red (isolated cells from 21/5/15)

Figure 6.20 – FACS result for transformed and non-transformed rocket protoplasts from protoplast
isolation 27/05/14.
a) Non-transformed rocket protoplast control sample, no GFP transformed cells present. b) Rocket protoplasts
transformed with GFP, no GFP transformed cells present. X axis shows fluorescence emitted at 580nm +/- 15
from 565 to 595. When excited with the 488nm laser it represents autofluorescence. Y axis shows fluorescence
emitted at 530nm +/- 20 from 510 to 550. When excited with the 488nm laser it represents GFP fluorescence.
Dark green – small cells or debris, blue – good size cells, not transformed, light green – good cells, GFP
transformed

6.3.2.3.

Regeneration of protoplasts

Both transformed and untransformed Arabidopsis and rocket protoplasts, were plated
a number of times over the course of the experiment onto media M8PS2 to try to
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regenerate cells into whole plants. The number of cells plated varied from 10,000400,000 cells/ml to see if the quantity of protoplasts used had any effect of the
number that were able to regenerate, or if clumping of cells due to the high number
would inhibit regeneration. After 10 days incubation at 24oC in the dark, a few
plates contained small cell masses suggesting that proliferation had occurred, so
these were transferred onto media M8PS21 (Figure 6.21).

Figure 6.21 – Rocket protoplasts at regeneration day 10.
White arrow points to a clump of cells which could be protoplasts that have divided to 16-64 cell callus, so were
transferred to media M8PS21. Green arrow points to possible fungal contaminants.

The progress of one plate containing Arabidopsis cells transformed with GFP at day
16 was observed under a microscope (Figure 6.22). This showed some round cells
which were possibly the protoplasts still present, although undivided and a large
amount of filamentous material which could have been fungal contamination. Many
plates were discarded by day 20 due to the presence of a greenish filamentas type
mass of material. According to Sikdar et al. (1990), by day 20 a globular or heartshaped embryo should be present.

This was never observed during these

experiments due to fungal contamination.
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Figure 6.22 – Arabidopsis protoplasts at regeneration day 16.
White arrow points to a clump of protoplast cells. Black arrow points to possible fungal contamination.

6.4.

Discussion

6.4.1.

Production of CRISPR transformed plants

A. tumefaciens and floral dipping was used to transform the CRISPR/Cas9 construct
into Arabidopsis and rocket. Four different CRISPRs designed to FT were
transformed in and all produced T1 plants after hygromycin selection. Late flowering
lines were recovered which is what was expected if the CRISPR/Cas9 had functioned
to cut the FT gene. Upon analysis of the lines by direct sequencing, only two
showed a sequence change of an additional Adenine inserted at the expected position
three nucleotides upstream from the PAM (Table 6.4, Figure 6.15). However, after
cloning the PCR amplified fragments from FT-1 and FT-2 late bolting plants, more
were found to have mutations within the CRISPR target sequence in the AtFT gene (

172

Table 6.5, Figure 6.16). This was only true however for FT-1. The cloning revealed
that all the late flowering plants tested here contained a mutation in at least one of the
sequenced clones. For two lines, FT-1_13 and FT-1_5, all clones obtained which
provided good sequence contained a single Adenine insertion, suggesting that the
mutation could be homozygous in the plant. This would be due to the CRISPR/Cas9
causing the DSB in the germ cell from which the plant was derived. More clones
would need to be sequenced to verify this and the segregation of the T2 generation
analysed. Not all clones obtained from lines FT-1_F, FT-1_K and FT-1_3 contained
the additional Adenine. This suggests that the insertion is heterozygous in these
plants and analysis of T2 segregation would verify this. The Adenine insertion
causes a disruption in the open reading frame in the FT gene, leading to a stop codon
being introduced five codons downstream from the insertion site. Therefore after
transcription, the translation would lead to a 39 amino acid peptide of the AtFT gene
being produced and the plant would no longer have a functional FT gene. This could
explain the late flowering phenotype observed in these plants. In two lines, FT-1_G
and FT-1_4, the mutation seen in some clones is a deletion of an Adenine. The
sequencing of the other clones from those lines gave WT sequence, so the plants are
heterozygous for the Adenine deletion. The Adenine deletion in the FT gene disrupts
the open reading frame, and a stop codon is introduced two codons down from the
deletion site. This would mean that the plant would no longer have a functional FT
protein, explaining the late bolting phenotype observed in these plants. One
sequenced clone for FT-1_4 also has a large insertion of 22 nucleotides where the
same Adenine as in the Adenine deletions is also deleted. The plant is likely to be
heterozygous for this insertion as it was only found in one clone. Due to the deletion
of the Adenine and the insertion of a random 22 nucleotides, the open reading frame
is maintained, so the FT gene would continue to be translated. The insertion would
introduce seven new amino acids (Arginine is replaced by a tryptophan and is
followed by leucine, glycine, aspartic acid, tryptophan, tryptophan, leucine and
glycine before re-joining the correct amino acid sequence) (Figure 6.23). This could
cause a change in the protein structure, perhaps affecting its binding affinity and
reducing its functionality, so making the plant late bolting.
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Figure 6.23 – Alignment of AtFT protein sequence against the translated FT1_4_5 clone sequence showing
the additional amino acids.
The FT1_4_5 clone sequence of the FT gene was translated in frame from the same start codon as found in AtFT.
This was then aligned to the AtFT amino acid sequence to show where the additional sequence due to the
CRISPR/cas9 FT-1 construct has changed the translation. Red line shows identical sequence, blue line shows
where there is a difference.

The late flowering phenotype observed in the other transformed plants may be due to
off target site mutations caused by the CRISPR cutting elsewhere in the genome.
The 12 nucleotides upstream from the PAM are the most crucial to the specific
targeting of the CRISPRs (Pattanayak et al., 2013), so these were blasted against the
A. thaliana genome for all the CRISPR target sequences that were used in these
experiments to see what may be possible off-target sites (Table 6.7).
Table 6.7 – Blast results for 12 nucleotide sequence from PAM site for all CRISPRs to investigate possible
off-target sites.
Blastn used to search for 100% identity matches to CRISPR target sequences in Arabidopsis thaliana genome.
Red text denotes where sequence has been found in blasting full CRISPR sequence as well as the 12 nucleotides
blasted here.

CRISPR sequence

Blastn results (100% homology)

FT-136 - TCTCAGGTTCAA

UB-like protease 1B
leucine-rich receptor-like protein kinase
pentatricopeptide repeat-containing protein
aminopeptidase
sucrose-phosphatase 2
Afadin/α-actinin-binding protein (73% homology to 20 bp FT136 sequence)
adenine nucleotide α-hydrolase domain-containing protein
kinase
actin-related protein 8A and actin-related protein 8B (ARP8)
gene
G-type lectin S-receptor-like serine/threonine-protein kinase
ARM repeat superfamily protein
ethylene-responsive transcription factor RAP2-4
RST1 (RST1)

FT-1 - ATGGCCAAAGAG

phosphatidate cytidylyltransferase
nodule inception protein-like protein 8
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AT4G19120
long chain acyl-CoA synthetase 4
uncharacterized protein
S-adenosyl-L-methionine-dependent methyltransferase
putative methyltransferase PMT21
phosphoenolpyruvate carboxylase family protein
S-adenosyl-L-methionine:jasmonic
methyltransferase

acid

carboxyl

jasmonic acid carboxyl methyltransferase
long chain acyl-CoA synthetase 4 (LACS4)
cytochrome P450, family 87, subfamily A, polypeptide 2
putative serine/threonine protein kinase
monomeric G protein SGP2
mRNA for disease resistance like protein
TIR-NBS-LRR class disease resistance protein
non-specific phospholipase C2
FT-2 - AGCAACCCTCAC

TWIN SISTER of FT (68% homology to 20 bp FT-2 sequence)
glyoxal oxidase-related protein
clone U11796 putative flowering signals mediating protein FT
(At1g65480)
At3g28750 unknown protein

FT-96 - AAAGGTTACTTA

glutamine synthetase 2
3-epi-6-deoxocathasterone 23-monooxygenase
pentatricopeptide repeat-containing protein
At4g36380
cytochrome P450 (68% homology to 20 bp FT-2 sequence)
Subtilase 5.4
protein IQ-domain 16
putative glutamate-ammonia ligase precursor, chloroplast
(At5g35630)
DM2A, DM2B, DM2C, DM2D, DM2E, DM2F, DM2G, and
DM2H genes
protein TRANSPARENT TESTA 12
nucleotide-sugar transporter family protein

From the Blast results, all four CRISPRs have many possible off-target sites, which
may be why some lines were late flowering but did not have a mutation in the FT
gene. The most interesting of these is FT-2. Late bolting plants were seen for this
CRISPR transformed line, but none had a mutation in the CRISPR target site of the
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AtFT gene. When the off-target sites were checked, AtTSF (TWIN SISTER OF FT)
was found to be one of the hits. When the CRISPR FT-2 whole 20 bp sequence was
blasted, there was only a 68% homology to the AtTSF sequence, where just 13
nucleotides matched out of the 20, which is why this sequence was still considered a
viable option. AtTSF is also found in the flowering time pathway and acts in the
same way as FT but with a weaker effect. A mutation could therefore be present in
the late bolting FT-2 plants in the AtTSF gene instead of AtFT. This should be
verified by sequencing and cloning the AtTSF gene as performed for AtFT to see if
this is the case. The Arabidopsis clone U11796 putative flowering signals mediating
protein FT was also found to match 100% of the 12 nucleotide sequence of CRISPR
FT-2 but wasn’t visible when BLASTed using the 20 bp sequence. It still could be a
credible off-target site where a mutation introduced could alter the flowering
phenotype. This could be verified by cloning and sequencing the gene from the late
flowering FT-2 plants. For the FT-96 and FT-136 CRISPRs there are no
immediately obvious flowering related off-target sites. The late flowering in those
plants with no sequence change in the FT gene could also be the result of stress on
the plants having been through the hygromycin selection and transferred to soil, but
this would become evident when they are re-tested more thoroughly in the T2
generation. There was a difference in flowering time between the AtCol0 WT plants
in experiments 1 and 2 by five leaves, so this may have occurred in the transformed
plants between experiments as well. The number of plants which were wild type
bolting which came through the hygromycin screen could be due to the plant being
transformed by the resistance gene containing vector, but where the CRISPR failed
to cut the FT gene, or a cut was made but the DNA repair restored the DSB correctly,
so no mutation occurred, or introduced a mutation in an off-target site that didn’t
affect flowering.
Further analysis of the mutated lines is necessary to test whether the mutations are
carried through to the T2 generation (Jiang et al., 2014). This could also shed light
on whether late flowering lines found not to have a mutation in the FT gene produce
late flowering progeny. The T2 generation of the late flowering lines where the
cloning of the AtFT region showed different results could make the mutation and
phenotype much clearer through segregation of these traits. Putative late bolting
lines were also seen in rocket, but due to the lack of proper WT controls which had
been through the media selection stage, this data is not very well supported. It was
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also not possible to test whether there was a mutation present at all in the CRISPR
site as the isolation of DtFT from gDNA isn’t feasible at this stage. Further work is
needed to isolate a full length DtFT gene from gDNA and therefore design working
primers to this to amplify the region where the CRISPRs are targeted to. If there is
an introduced mutation in the DtFT in the late bolting lines this would show that
floral dipping is a viable method of transformation in rocket, despite the drawbacks
of low seed production, and that the CRISPR/Cas9 system can also function in
rocket. Both would give huge advantages to the continuation of breeding
programmes in rocket. The work in this study using Arabidopsis has shown that
different mutations types have been introduced into the AtFT gene using the
CRISPR/Cas9 system. A deletion of an Adenine produced the desired late flowering
phenotype, which if replicated in rocket would qualify it as a safe GMO for sale in
the USA and possibly Europe if the legislation changes.
6.4.2.

Transient expression in protoplasts

The experiments performed to isolate protoplasts from Arabidopsis and rocket using
two different methods have shown that protoplasts can be made from leaf material of
each species in similar quantities. However, it was found that using FDA as a
measure to estimate the viability of the isolated protoplasts was vital if
transformation and regeneration were to be successfully carried out afterwards. The
viability was not measured for Arabidopsis, but transformation of the GFP plasmid
was shown to be effective by microscopy and FACS, so enough live cells must have
been present for this to work. Viability in rocket protoplasts varied quite a lot within
and between methods and isolations from 0 to 37%, but the onward experiments
showed little success. To make a recommendation for which method to use in future
experiments, further testing and optimisation of each method 1 and method 2 is
needed due to the low viability of protoplasts. Sikdar et al. (1987) were able to
regenerate protoplasts into whole plants using protoplast solution where the viability
was 80%. Protoplast viability of a maximum of 37% is therefore not high enough for
subsequent transformation and regeneration experiments to work effectively.
Transformation of Arabidopsis protoplasts using the PEG calcium method outlined
in section 6.2.3.2 with GFP, YFP or mCherry plasmids in either single of double
transformations was shown to work with fluorescence microscopy and FACS.
Where a double transformation was performed with GFP or YFP and CRISPR/Cas9,
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the fluorescence of the GFP or YFP was observed, but until callus or plants are
regenerated it is not possible to test whether the CRISPR/Cas9 had also been
transformed in. In rocket, only in one experiment did the protoplast transformation
using the PEG calcium method work as shown by fluorescence microscope
observation. This could be due to the low viability of cells after the isolation and the
efficiency of the PEG calcium transformation. If both of these were optimised, the
transformation efficiency may improve and be repeatable. However, other methods
such as electroporation of protoplasts could be tried (Velasquez et al., 2012) to see if
rocket is amenable to transformation in this way. The same problem of identifying
whether the CRISPR/Cas9 plasmid had been transformed in is also true in rocket.
The construct in pCAMBIA1300 has a hygromycin resistance gene within it, so a
method could be optimised to treat the transformed protoplasts with hygromycin
before plating for regeneration. Direct DNA extraction of transformed protoplasts
could also be tried before PCR performed to see if the construct is present and if an
InDel is present in the FT gene (Li et al., 2013b). If the protoplasts were treated with
hygromycin after transformation, this would increase the concentration of
transformed cells in the extraction. If relying on a fluorescent tag for identification
of transformed protoplasts is to be used effectively, then building a CRISPR/Cas9
construct with GFP incorporated in it would be sensible. Double transformations do
not work as effectively as single transformations. So protoplasts transformed with
both the CRISPR/Cas9 and GFP plasmids will produce a mixture of cells with one
plasmid, or the other, or both. When enrichment of GFP carrying cells by FACS is
used, the protoplasts collected at the end will be a mixture of GFP single
transformants and GFP and CRISPR/Cas9 double transformants, and therefore loses
the percentage of CRISPR/Cas9 single transformed cells.

If the CRISPR/Cas9

construct has the GFP tag within it, a single transformation can be used, and all cells
captured in FACS will contain the desired CRISPR/Cas9 plasmid.
The use of a FACS machine to detect and separate the GFP transformed protoplasts
is an effective way of isolating GFP labelled cells from a solution for further analysis
and DNA/RNA extraction. However, it is not an ideal method to use for these
experiments as the protoplasts carrying the GFP-expressing plasmid were required
for regeneration. To try and prevent the contamination of the regenerating cells, the
cells must be kept in sterile conditions. The sheath fluid which pumps round the
FACS machine, carrying the cells through the lasers for detection and separation,
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isn’t sterile and the machine isn’t set up to run a sterilising solution through prior to
the protoplast carrying sheath fluid. Therefore, contaminants could be picked up
from this stage. Also, for the regeneration to be successful, the cells must be viable
in order to be able to divide and proliferate. The mechanical stress on the protoplasts
running through the machine, and the force at which they hit the collecting solution
after separation, can cause the cells to rupture. This could be improved by increasing
the number of transformed cells in the starting solution to compensate for those
which are ruptured in the sorting and by optimising the collection fluid osmolality
and height from which the sorted cells are dropped from.
The regeneration of Arabidopsis and rocket protoplasts was undertaken with the aim
of producing plants which had been modified by the CRISPR/Cas9 system in the FT
gene. The regeneration method for this outlined by Sikdar et al. (1990) was used as
it had been optimised for D. muralis. Difficulties were found in replicating the
success observed by this group and no cell lines made it past day 25. The procedure
was carried out in a class II cabinet and sterile technique improved over time, but
with no effect. The protoplasts tended to clump together when plated, so different
concentrations were applied from 104-106 to try and improve this. Plates were
consistently contaminated, so all media and components were sterilised by
autoclaving or filter-sterilisation.

This should be effective enough to overcome

contamination, but it didn’t improve the problem.

Milton® sterilising tablets

(Troclosene sodium) were dissolved in water and the solution added to each media to
provide further sterilisation. This did prevent fungal and bacterial contaminants from
growing, but no regeneration of protoplasts was seen in these plates, so it may also
have had a negative effect on the plant cells present. Overall, the regeneration of
Arabidopsis and rocket protoplasts was unsuccessful, despite changing cell
concentrations plated, improvements in sterile technique and ensuring all media was
prepared correctly and sterile.
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Chapter 7. General Discussion
7.1.

Isolation and characterisation of Arabidopsis flowering time
gene homologues in rocket

The flowering time pathway in Arabidopsis is a complex network of genes which
responds to environmental and endogenous signals to bring about the competence to
flower. The application of this knowledge to crop plants has begun, with key genes
and pathways being elucidated in monocot and dicot plants and both long day and
short day responsive plants. Rocket is a relatively new crop plant to the UK and the
understanding of its floral pathways could help to tackle one of the issues associated
with its cultivation, namely early bolting. Five key flowering pathway genes were
chosen for study in rocket as they lie at convergent points between flowering
pathways in Arabidopsis. These were CO, GI, FLC, SOC1 and FT. Each gene was
isolated from rocket cDNA using PCR and RLM-RACE and cloned into A.
tumefaciens for complementation studies in relevant Arabidopsis mutants. The full
length genes including introns were isolated via PCR using primers designed to 5’
and 3’ UTR sequence outside of the CDS and sequenced. Real time primers were
designed to regions within the gene enabling the change in gene expression to be
observed over time in both diurnal and developmental time course experiments. The
experiments undertaken were successful in isolating the CDS for all the genes of
interest including two FT-like genes, DtFT and DtTSF. All genes were transformed
into their equivalent Arabidopsis mutants and DtCO, DtSOC1, DtFLC and DtFT
were found to complement their respective mutation and thus be functional
orthologues. The complementation using DtGI failed to yield any T1 plants after the
BASTA selection so the experiment will need repeating. DtTSF was unable to
complement the ft-10 mutant but the flowering time phenotype was altered. It
produced very late flowering plants with aberrant flowers, unlike DtFT which
produced the expected early flowering phenotype. In hindsight, it would have been
useful to also transform isolated CDS from each gene in Arabidopsis into its
equivalent mutant plant as a direct comparison for the rocket complementation
results. To gain further understanding of the rocket flowering time gene
homologues, the expression of each gene was investigated over diurnal and
developmental time courses. It was found that DtCO, DtGI, DtSOC1, DtFT and
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DtTSF were diurnally regulated whilst DtFLC was not. This is consistent with their
Arabidopsis homologues (Fowler et al., 1999; Kobayashi et al., 1999; Srikanth and
Schmid, 2011; Suarez-Lopez et al., 2001), providing more evidence that each is a
true orthologue (except DtTSF). The developmental time course was also
informative. DtCO, DtFT and DtTSF showed an increase in expression at the time
point before bolting was initiated, whereas DtFLC showed a slight decrease in
expression before bolting. The expression of DtGI and DtSOC1 appeared not to
change before bolting occurred. It would be worth repeating both time course
experiments as only one biological replicate was used and results did not always
show clear patterns, making interpretation difficult. The developmental time course
was also reliant on all genes tested being expressed most highly at the point of
material collection (ZT15.5), which according to the diurnal expression results was
not the case. It should therefore be repeated again using a more optimal collection
time for all genes. From the evidence gathered so far, it seems as though all the
genes investigated have the same role in the flowering time pathway as their
Arabidopsis homologues. This is except for DtTSF which is a repressor rather than
an inducer of flowering according to the ft-10 complementation results. This
suggests that rocket has multiple FT-like genes with opposing functions, like the FT
genes discovered in sugar beet (Pin et al., 2010) and onion (Lee et al., 2013). Future
experiments could include diurnal time course experiments using short days to test if
the expression patterns are still similar to Arabidopsis SD expression. A diversity set
for Diplotaxis could be gathered and the number of days to bolt measured to see if
there are differences within this population compared to the Dt WT used in this
project. Lines bolting earlier and later than WT could then be used to investigate
changes in expression over developmental and diurnal time courses of the six
flowering time genes isolated, and each of these genes sequenced in the early and
late bolting lines to see if any SNPs are present in these genes which may explain the
difference in bolting phenotype. Other genes involved in the flowering pathway
could be isolated and function investigated such as FKF1, FRI, FD, miR156,
miR172, SVP, TFL, autonomous pathway genes and key circadian clock genes (for
example PRR (Cavaiuolo et al., 2015)). The interactions between these and the Dt
flowering time genes that we have already isolated could then be investigated.
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7.2.

Understanding

the

vernalization

and

photoperiodic

requirements of rocket
The vernalization and photoperiodic pathways are two key pathways involved in the
perception of and response to environmental conditions. Different responses to
vernalization and photoperiod have led to different ecotypes with Arabidopsis
(Strange et al., 2011) and different varieties of crop plants such as wheat and oilseed
rape (Bluemel et al., 2015; Srikanth and Schmid, 2011).

Understanding the

vernalization and photoperiodic requirements of rocket could lead to breeding of new
varieties which respond differently, and therefore have different phenotypes.
Studies done on the vernalization requirements of Arabidopsis and Brassica showed
that within the Brassicaceae family there are differences in vernalization treatment
length, temperature and in the growth stages that are sensitive to vernalization (Guo
et al., 2004; Jung and Mueller, 2009; Nordborg and Bergelson, 1999). Therefore
experiments were set up with rocket to test two vernalization temperatures, at two
different growth stages, over three treatment lengths. The results revealed that rocket
does not have a vernalization requirement as the cold treatment did not reduce the
time the plants took to bolt consistently, under either temperature. This could be due
to its origins in the Mediterranean where the lack of a vernalization response would
not be a disadvantage.

This is similar to B. napus varieties grown in the

Mediterranean where the lack of a vernalization requirement is important to its early
flowering phenotype (Dahanayake and Galwey, 1999).

However, when the

expression of DtFLC was analysed, in both 4°C and 10°C seed vernalization
experiments, after just one week of cold the level of DtFLC expression was reduced
to very low levels and remained low for the duration of the treatment. This was also
observed in the 4°C four week old plant vernalization experiment where DtFLC
expression was reduced in the plant in the cold treatment and remained low even
when the plants were returned to ambient temperatures. These results suggest that
the vernalization pathway is still present in rocket as DtFLC expression was reduced,
but there was no subsequent reduction in the bolting time of the treated plants, so this
isn’t enough to induce flowering in rocket. This may be due to some lesion in the
flowering time pathway between DtFLC and the floral integrator genes. It could also
be that DtFLC is not expressed highly enough to repress flowering in rocket as it
flowers rapidly, so the reduction in expression during vernalization is not significant
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enough to deviate from its normal flowering habit.

This would be similar to

Arabidopsis ecotypes Ler, Da and Shakhdara which have a low expression of AtFLC
but flower rapidly and are classified as summer annuals. It was found that the AtFLC
in Ler, Da and Shakhdara did not contain any mutations in the CDS compared to
Col0, but the low expression was due to mutations in intron 1 (Ler) or 5’ UTR (Da
and Shakhdara) sequences (Michaels et al., 2003). The work done in this project
using the DtFLC CDS to complement the Arabidopsis FRI+flc3 mutant showed that
DtFLC is a functional orthologue of AtFLC. Further experiments to express an
active AtFLC allele in rocket and observe the effect on bolting time could be done as
carried out in Michaels et al. (2003).

Spring type B. napus does not have a

vernalization requirement (Rakow et al., 2011) and this was found to be due to the
sequence difference at the FLC locus on chromosome A10. Hou et al. (2012)
analysed BnFLC expression in winter type Tapidor and semi-winter type Ningyou7
and found that BnFLC expression dropped over vernalization in both varieties, but
much more quickly in the Ningyou7, which is less sensitive to vernalization than
Tapidor. The difference in vernalization responsiveness between the two varieties
tested, and other spring types was shown to be a miniature inverted-repeat
transposable element (MITE) which was inserted upstream of the start codon of the
BnFLC.A10 gene in vernalization sensitive winter type varieties such as Tapidor. It
would be interesting to insert this MITE sequence into an equivalent location
upstream of DtFLC to see if there is a change in the vernalization requirement of
rocket. It is theorised that the non-vernalizing spring types of B. napus evolved into
the winter types when the crop was moved from its origins around the Mediterranean
to northern latitudes due to the insertion of the MITE near the BnFLC.A10 locus
through selective breeding (Hou et al., 2012).
The vernalization experiments carried out here were pilot experiments to investigate
if rocket has a vernalization requirement. The evidence has suggested that it does
not, but repeats of these experiments could be carried out using an identical seed line
for each temperature, with a larger number of plants used in each treatment and more
biological repeats included for a higher confidence in the real time PCR DtFLC
expression results. It would also be interesting to include the investigation of other
vernalization responsive genes, such as VIN3, VRN1 and VRN2, as well as
downstream flowering pathway genes such as DtSOC1 and DtFT to try and elucidate
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the apparent break in the flowering pathway between the reduced DtFLC expression
and a reduction in the number of days to bolt.
The photoperiodic requirement of rocket has not been defined.

Therefore

experiments were set up to test the response of rocket to different photoperiods.
Rocket plants were subjected to LD (16 hour light), intermediate day (12 hours light)
and SD (8 hour light) conditions and the number of days to initiate bolting was
recorded. The experiment was repeated twice, the first with light from fluorescent
bulbs for the duration of the photoperiod and the second with fluorescent light for the
first 8 hours of the photoperiod, followed by day extensions with incandescent bulbs
to make up the remaining photoperiod duration. This was to reduce the growth
difference between the photoperiodic treatments. The results showed that rocket was
able to flower in all photoperiods but flowered much more quickly under long day
conditions. This was true in both experiments, however all plants took longer to
flower in experiment 2, despite the experimental set up being the same. Where the
incandescent bulbs were used to extend the day length from 8 hours to 12 hours and
16 hours, there was a lengthening in the time it took the plants to initiate. This could
be because the day extension incandescent bulbs did not provide the light quantity
for optimal growth, but were enough to induce flowering. The discrepancy between
the two experiments in the 8 hour photoperiod could have been due to the timing of
transplanting or the beginning of the specific photoperiod treatment after
germination. Therefore repeating the experiment using the day extension bulbs,
would be wise to reduce the discrepancy between the initial two experiments, using a
larger number of plants per photoperiod, but also including a diurnal time course for
each photoperiod to investigate the expression of diurnally regulated genes, DtCO,
DtGI, DtSOC1, DtFT and DtTSF.

Overall the photoperiod experiments in this

project have demonstrated that rocket is a facultative LD plant.
Studies in Arabidopsis have explored the pattern of ecotype distribution alongside
the flowering time response particularly in relation to photoperiod and vernalization
responses (Caicedo et al., 2004; Lempe et al., 2005; Stinchcombe et al., 2004). They
have linked the different degrees of response to differences in the functionality of
FRI and FLC. This may also explain the vernalization response of rocket, where
DtFLC expression is lowered, but no change in bolting is observed. With further
investigation, particularly of a FRI homologue in rocket, a greater understanding of
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vernalization in Mediterranean crops could be reached.

Nelson et al. (2014)

investigated the photoperiod responsiveness of summer annual type B. napus
varieties from Europe and Australia. They found that there was variation in all the
varieties screened and the response was closely linked to the ambient temperature
floral induction pathway. They also suggested that there was a link between the
response to photoperiod and the vernalization requirement of some varieties as the
quantitative trait loci (QTL) mapping wasn’t as clear as anticipated. This may be the
case in rocket so changing the photoperiod length under which the vernalization
experiments were conducted could provide further insight into these flowering time
pathways. A Diplotaxis diversity set could be tested using similar experiments to
those outlined in this work for photoperiod and vernalization requirements. This
may help determine if there are varieties and species which are more sensitive than
the Dt WT used here and how the role of genes such as FLC and FRI may differ
between them.

7.3.

Identification of LB rocket lines from an EMS population

The aim of this project was to identify rocket plants which are delayed in bolting (i.e.
late bolting, LB) so that they could be introduced into breeding programmes to
obtain a market leading variety. Currently, in the UK GMOs cannot be utilised so
any new varieties must be found using methods which are not deemed GM. EMS
has long been used as a method of random mutagenesis followed by selective
breeding to identify novel or desired phenotypes in crop plants (Gady et al., 2009;
Stephenson et al., 2010; Thurling and Depittayanan, 1992). It was therefore the
method of choice for this project in rocket. Rocket seeds of generation SSD4 were
treated with two concentrations of EMS, germinated and grew to bolting. Flowers
were pollinated using flies to ensure selfed seed was produced. Selection for the late
bolting phenotype began at the M2 generation and candidate plants were backcrossed
to wild type to reduce the number of background mutations. The selection of late
bolting plants continued until two lines at generation M2_BC1_S1 were chosen.
These were segregating into late bolting and wild type bolting plants so genomic
DNA was extracted from plants in each line. The DNA from the late bolting plants
was pooled together and the DNA from the wild type bolting plants was pooled
together.

These two sets of pooled DNA were turned into libraries and were

sequenced by the Wellcome Trust. The whole genome sequence data was processed
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and analysed and a de novo assembly constructed. The results revealed that five high
quality SNPs with a rank 1 confidence were present between the wild type bolting
and late bolting samples, but only three showed any homology to known genes. It is
unlikely that this is due to the SNP being mis-called due to the stringency applied to
the analysis, but could be due to the SNPs being present in UTR or promoter
sequence of a gene, thus enabling it to have an effect on the bolting phenotype, but
its location is outside what is currently entered into the NCBI database
(http://www.ncbi.nlm.nih.gov/). Of the three SNPs, two showed homology to a
number of genes with coverage of 37% or lower. This has made interpretation
difficult as genes with different functions were identified, so more work is needed to
fully understand which genes the SNPs are present in. SNP 3 was found to be
homologous to a B. napus disease resistance protein TAO1-like when the SNP
sequence (Appendix C.1.3) was BLASTed using BLASTn and BLASTx, but also
when the contig containing the SNP sequence was BLASTed. There is therefore
more confidence in this being the correct gene, however, it is unlikely that this SNP
will be contributing to the late bolting phenotype, but it may be linked and so could
have co-segregated with the causative SNP. A further 604 SNPs which had a rank of
0.7 or higher were investigated. This revealed one SNP at a rank of 0.8 (SNP 6,
Appendix C.1.6) which showed a high homology to a FT-like gene and therefore
could be linked to the late bolting phenotype. It was found that this SNP was present
in intron 1 of the gene and therefore could be involved in regulation of gene
expression, perhaps by alternative splicing (Zhang et al., 2011). Further work is
needed to fully understand the SNPs identified and which genes they are present in,
to be able to sure of their link to the late bolting phenotype. This could be done by
further analysis of the sequencing data, but also through verification of the SNPs by
PCR and studying the expression of identified genes in both the wild type bolting
and late bolting plants.
The two late bolting lines identified in this study need to be selfed for those plants
which were late bolting in the segregating population, and the late bolting phenotype
selected for.

A further self-generation should help increase the number of

homozygous alleles in the plants and help create true breeding lines.

Another

backcross to WT could also be done to reduce the number of non-causative SNPs by
50% (Stephenson et al., 2010) and late bolting plants identified, followed by at least
three self-generations to increase the number of homozygous alleles. The robustness
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of the late bolting lines could be tested by growing under field conditions and
varying the growth temperature in controlled environment cabinets to see if the lines
are still late bolting compared to WT under all conditions. This robustness of the
phenotype is crucial as growers will expect the lines to be late bolting despite the
environmental conditions the plants are cultivated under.
The production of the de novo assembly of the whole genome sequence is the first of
its kind in D. tenuifolia and could be a huge asset to the breeding of rocket. The
rocket flowering time homologues were used to BLAST the de novo assembly, and
matching contigs were found for all of them, although the full coverage of the genes
by contigs was not always possible. Other Arabidopsis flowering time genes could
be used to search the de novo assembly for rocket homologues and this information
used to design markers for marker assisted breeding for identification of late bolting
lines or for targeted mutagenesis specifically in these genes using CRISPR/Cas9 as
exampled in Chapter 6. This could also be broadened to search for genes known to
be involved with other traits, such as disease resistance, to breed better varieties. The
drawback with this however, is that the assembly has been constructed using EMS
mutagenized plants rather than wild type, so some sequences may contain SNPs due
to the EMS treatment. The whole genome sequencing data could also be a resource
to design SNP markers, but this also would be limited to the SNPs present for this
specific plant line which are associated with the bolting phenotype.

7.4.

Targeted mutagenesis of FT using CRISPR/Cas9 in rocket and
Arabidopsis

The ability to introduce mutations in a specific location has been around for about 20
years (Bortesi and Fischer, 2015). The technology has rapidly evolved from ZFNs,
to TALENs and now CRISPR/Cas9, with each advancement bringing a lower cost,
higher specificity and ease of design. CRISPR/Cas9 was the chosen method in this
work and collaboration with Professor Yiguo Hong’s lab in Hangzhou Normal
University allowed several CRISPR/Cas9 constructs to be made targeting common
sequences in the AtFT and DtFT genes. Using floral dipping, these constructs were
transformed into Arabidopsis and rocket. Seed was set and threshed for each before
selection for transformants began. The T1 generation were assessed for flowering
phenotype, and late flowering Arabidopsis plants were found for FT-1, FT-2 and FT187

96.

The DNA was extracted and the AtFT gene sequenced for all of these

individuals. This showed that plants transformed with the CRISPR/Cas9 construct
FT-1 had mutations present in the target site of AtFT of either an inserted Adenine or
a deletion of an Adenine.

One individual showed an insertion of 22 random

nucleotides. All the mutations changed the AtFT gene such that it could no longer
produce a normal functioning FT protein, leading to the change in flowering time
phenotype observed.

No mutations in the target sequences of FT-2 or FT-96

transformed plants were found, despite the apparent late flowering phenotype. Two
rocket plants transformed with CRISPR/Cas9 FT-96 construct were observed to be
later bolting than wild type, but sequencing of the DtFT to confirm whether a
mutation is present or not has not yet been carried out. Good progress has been made
in this project with the CRISPR/Cas9 mutagenesis of DtFT and AtFT, but if the
project were to be repeated, then starting this work at an earlier point would be an
advantage as a more thorough investigation of the late flowering lines could have
been done, carrying through to the T2 and possible T3 generation. The mutations
DtFT in the late bolting rocket lines could also have been found.
Work was done to isolate rocket and Arabidopsis protoplasts and attempts made to
transform these cells and regenerate them into whole plants. This was with the aim
of providing a method by which the CRISPR/Cas9 constructs could be transiently
transformed into the plants without the use of A. tumefaciens. The tests showed that
protoplasts can be isolated from both species, but further optimisation is needed for
rocket as only a small number of isolated protoplasts were viable. This proved a key
step in the process as only viable cells could be transformed and regenerated.
However, further optimisation is also needed for the transformation to increase the
number of cells successfully transformed, and for the regeneration as this was
unsuccessful in both species. A method to select for transformed protoplasts would
also be an advantage to increase the number of transformed cells entering the
regeneration process, so transformed plants are recovered. GFP-tagged plasmids
were transformed into Arabidopsis and rocket protoplasts and a FACS machine used
to sort the fluorescent cells. However, this only worked for Arabidopsis and gave
small numbers of transformed cells which were unsuccessful in the subsequent
regeneration. The FACS method could provide a possible way of enriching samples,
but the current CRISPR/Cas9 constructs would need to be redesigned to carry a GFP
tag, and the process optimised so sorted cells were viable enough to regenerate.
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Another method of introducing the CRISPR/Cas9 constructs into rocket could be
through virus transfection.

Viruses such as Potato Virus X (PVX) and Turnip

Mosaic Virus (TuMV) have been successfully used as vectors to introduce foreign
genes into plants (Baulcombe et al., 1995; Chapman et al., 1992; Sanchez et al.,
1998; Tourino et al., 2008). This technology could be utilised to introduce the
CRISPR/Cas9 construct into rocket, providing a virus vector can be found which can
infect rocket. The advantage of a virus system is similar to that of transforming and
regenerating protoplasts, where the CRISPR/Cas9 would introduce the mutation into
the cells and the progeny would carry the mutation, but not the construct, as PVX
and TuMV do not move through the germ line.
Once the CRISPR/Cas9 has been optimised for FT in rocket where an efficient
transformation method has been determined, this technology can then be used for the
other key flowering pathway genes to introduce mutations and observe the effect on
the bolting phenotype in rocket. It could also be used more widely in other crop
species, as long as the sequence for the target gene has been elucidated. This has the
potential of producing plants with specific mutations giving desired phenotypes,
speeding up breeding programmes and addressing some of the pressing issues in
agriculture today.

7.5.

Conclusions

The aim of this PhD was to produce late bolting rocket lines which can be used to
cross into a commercial line where leaf shape, size and taste are uniform across the
crop, to create a potential market leading variety. Five objectives were identified in
order to give direction to the project so that the aim was achieved.

•

Isolate homologues of flowering pathway genes.

Six flowering pathway genes CO, GI, FLC, SOC1, FT and TSF were successfully
isolated from rocket. Each was transformed into the equivalent Arabidopsis mutant
background and all were shown to complement the mutant flowering phenotype
except for DtGI which failed to produce transgenic T1 seed, and DtTSF which
produced plants which flowered even later than the late flowering ft-10 mutant.
DtCO, DtSOC1 and DtFT all restored the flowering phenotype of the late flowering
mutant to that of wild type, or gave earlier flowering lines. DtFLC restored the
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flowering phenotype of the early flowering mutant to that of wild type, or produced
later flowering lines. Further analysis of the Dt flowering genes was done using
developmental and diurnal time course experiments.

•

Investigation of vernalization and photoperiodic flowering requirements of
rocket

The experiments used to explore these physiological traits of rocket showed that
rocket did not have a vernalization requirement as there was no reduction in the
number of days to bolt of rocket (seed or plants) vernalized at either 4°C or 10°C.
However, a drop in DtFLC expression levels was observed after just one week of
cold treatment showing that this is a response at the molecular level which is not
manifested in a reduced flowering time. The photoperiod experiments showed that
rocket is a facultative LD flowering plant as it could flower under all three
photoperiod length investigated, but flowered most quickly under a 16 hour
photoperiod.

•

Create an EMS population of rocket to select for late bolting lines

An EMS population of rocket was created in this project by treating seeds with two
different concentrations of EMS. The late bolting phenotype was selected for from
the M2 generation. After one backcross to wild type and selfing the progeny, two
late bolting lines were identified for further investigation.

•

Use high throughput whole genome sequencing to try to determine the
causative SNPs within late lines

The

two

identified

late

bolting

lines

M2_BC1_S1_723_4_f1_2

and

M2_BC1_S1_723_4_f1_3 had the same M2 lineage so contained the same EMS
mutation. Therefore both lines were sown out and the population segregated into late
bolting and wild type bolting plants. DNA was extracted from all the plants and
pooled for all the late bolting plants in both lines, and for all the wild type bolting
plants in both lines. Two libraries were made, one for each bolting phenotype and
sequenced using whole genome sequencing. A sequence analysis pipeline was set up
190

to clean, quality check and assemble the reads before SNP identification began. Five
high confidence (rank 1) SNPs were found to differ between the late bolting and wild
type bolting samples, and a sixth SNP (rank 0.8) which was located to a FT-like
gene, suggesting these could be the mutations responsible for the late bolting
phenotype.

•

Manipulate rocket flowering pathway genes using CRISPR technology

Following the successful isolation of the rocket flowering time gene homologues,
DtFT was chosen as the target for manipulation using CRISPR/Cas9. This was
because FT is a key floral integrator gene where a mutation would change the
flowering phenotype of the plant. DtFT also has a high sequence homology to AtFT
providing the ability to test the system in both Arabidopsis and rocket. Four FT
CRISPR/Cas9 constructs were made and transformed into Arabidopsis and rocket
plants.

Late bolting lines were observed in both Arabidopsis and rocket, and

CRISPR-mediated mutations in the AtFT gene were confirmed by PCR and
sequencing of the target region.

Overall, all the objectives were met in the project and novel discoveries made. The
aim of the project was achieved as late bolting lines were produced and have been
passed to Elsoms Seeds Ltd, the industrial sponsor of the project, for inclusion into
their rocket breeding programme to produce market leading varieties. If this project
were to be repeated in another crop with similar aims, a larger number of seeds of a
pure breeding line should be used in the EMS treatment to increase the likelihood of
discovering plants with the desired phenotype. More time and resources should be
allocated to the mutagenized population so it could be used in TILLING as well as
backcrossed and selfed a number of times for whole genome sequencing as was done
in this project. The selection and isolation of flowering time genes in rocket worked
well and the approach could be employed in a similar approach for key genes
associated with other desired traits. This provided a candidate gene (DtFT) for the
CRISPR/Cas9 experiments which successfully produced late bolting plants in
Arabidopsis and rocket, and could be an approach used for other genes in other
crops. This would provide mutagenized plants with the desired phenotype using two
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techniques, so market leading varieties could be produced and sold both now and in
the future, if the GMO legislation in Europe changes.

7.6.

Future Work

The research undertaken in this project is the first of its kind in rocket and therefore
provides scope for future work.
The gene isolation work in Chapter 3 has demonstrated that it is possible to find
homologues in rocket of Arabidopsis flowering time genes, which were shown to
have a high sequence identity and similarity in function and expression patterns.
This understanding could lead to the investigation of further important flowering
time pathway genes such as FRI, FKF1 and FCA using the same techniques, but also
could allow other key genes involved in biotic and abiotic stress, pathogen resistance
and glucosinolate content to be explored to lead to further potential crop
improvements. The incorporation of a rocket diversity set into these investigations
could prove useful in providing a source of natural genetic variation which could be
crossed into commercial rocket lines to improve traits such as disease resistance and
holding ability.
The work carried out in Chapter 4 has provided a valuable insight into some of the
physiological traits of rocket. The vernalization experiments have shown that rocket
does not have a vernalization requirement but it would be interesting to investigate
further the apparent break in the vernalization pathway between the cold response
drop in DtFLC levels and the lack of response in the flowering time. This could be
done by repeating the experiments for more robust data and extended to include other
genes thought to be involved in vernalization such as VIN3, VRN1 and VRN2, as well
as the key flowering time genes, particularly SOC1 and FT.

The photoperiod

experiments demonstrated that rocket is a facultative long day plant, taking longer to
flower under short days compared to long days. This work could be furthered by
exploring the expression of key flowering time genes in diurnal time courses in each
of the day lengths tested, using both fluorescent and incandescent bulbs as carried
out here. Another physiological trait which could be investigated is the time taken to
bolt in rocket in different temperatures.

The ambient temperature pathway in

Arabidopsis has shown to be important in flowering (Fornara et al., 2010; Jarillo and
Pineiro, 2011), so similar experiments could be carried out from 16°C to 30°C
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conditions. This could provide further insight into ideal conditions for cultivating
rocket for high quality produce with delayed bolting.
The EMS population of rocket carried out in Chapter 5 provided two late bolting
candidate lines where late bolting and wild type bolting individuals were pooled and
sequenced to discover the causative SNPs. Six high confidence SNPs were identified
as different between the late and wild type bolting pools and linked to possible genes.
This result came at the very end of the project so further work to fully identify the
correct genes in which the SNPs lie and their effect on bolting time needs to be done.
This could be done by confirmation of the SNPs by PCR and investigating the
expression of the SNP carrying genes to see if there is a difference between those in
the wild type plants and late bolting plants. Other work could involve finding mutant
Arabidopsis lines in each candidate gene and screening for flowering time, followed
by complementation studies of the rocket genes to see if flowering time is restored.
Further breeding of the two late bolting lines used in the whole genome sequencing,
as well as other possible lines found in earlier generations to reduce the number of
non-causative SNPs as well as to select for those lines with other marketable
phenotypes could be carried out by Elsoms Seeds Ltd.
The targeted mutagenesis using CRISPR/Cas9 technology work undertaken in
Chapter 6 produced transformed late bolting Arabidopsis T1 plants with mutations in
the FT gene.

Rocket plants were also transformed with the FT targeted

CRISPR/Cas9 construct and a late bolting phenotype observed in one of these plants.
Both plant species should be screened for bolting phenotype and presence of the FT
mutation in the T2 generation to provide further evidence of successful mutagenesis.
Transforming rocket and Arabidopsis protoplasts with CRISPR/Cas9 construct was
attempted but not successful, so optimisation of the protoplast isolation and
transformation system is needed, followed by the finding of a suitable regeneration
method to enable the production of whole plants from the transformed protoplasts.
Other methods of transformation of plants with CRISPR/Cas9 constructs such as a
virus delivery system should be investigated, and other key flowering time genes
targeted to produce the desired late bolting phenotype.
Pursuing all these areas of research could further the understanding of applying
knowledge gained from model plants into crops, but also into crop improvement
programmes in industry. Continuing the partnership between academia and industry
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is vital if this is to be done effectively to ultimately provide new crops and varieties
with which to combat some of the issues of global climate change and food security.

7.7.

Elsoms Seeds Ltd and CASE award

This project was funded by a BBSRC CASE award with Elsoms Seeds Ltd. This has
meant a partnership between our research group and Elsoms Seeds was set up. As
well as financially supporting the work, including the purchase of a laptop,
contributing to the cost of whole genome sequencing and glasshouse costs, they
provided work experience and an insight into how the company works. I spent three
months based at the head office in Spalding, where I learnt about the company and
their facilities, and took part in the annual open days.

I was trained in bud

pollination which proved invaluable for producing selfed rocket lines, and in seed
quality assessment using germination tests. I was also able to grow and assess some
of my rocket experiments there as they have extensive glass and field sites. I was
able to contribute to Elsoms breeding programmes by working in their lab on parsnip
DNA extraction and marker assisted breeding using SRAP primers and PCR.
Elsoms have been able to benefit from this project by including a number of late
bolting rocket lines from M3 and M2_BC1_S1 generations into their breeding
programme. They will also receive a copy of the de novo assembly from the whole
genome sequencing to use in SNP marker assisted breeding, as well as a resource for
exploring other traits. Elsoms Seeds Ltd has been a great company to be partnered
with and is constantly looking to improve their breeding strategy and crop varieties.
Rocket is a key crop for them as shown by the collaboration with the University of
Warwick with this work, and in pursuing future projects furthering this work,
particularly using the CRISPR/Cas9 technology. They also currently have a second
rocket PhD project looking at breeding better tasting varieties and understanding the
genetics and biochemistry of this, in collaboration with the University of Reading.
Together, it is hoped that new, better varieties can be produced, helping them to be
market leaders in this crop.
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Appendix A.
A.1. Primers used to isolate gene sequences
A.1.1.

CONSTANS

A.1.1.1. Degenerate primers used for CDS isolation
CO_4_F - ATGTTSAAACAAGAGAGTAACRACAT
CO_4_R - TAGCAAGTGGGTTTGCAGAATGAA
CO_5_R - TGTATCTCAGGACCCTRGCTTCTC
A.1.1.2. Primers used for RACE PCR
GSP_5’_CO_1_R (RACE) - AGGGAACAACCATGAAGCCGTCTCTT
GSP_5’_CO_2_R (RACE) - CTGATGTGTGTTGAGTGGAGGCCAAG
GSP_5’_nest_CO_1_R (RACE) - ACTCACAGACCGGGACACGTTTATGG
GSP_3’_CO_1_F (RACE) - AGATGTTCACTCCGCAAACTCGCTTG
GSP_3’_CO_2_F (RACE) - CTTGGCCTCCACTCAACACACATCAG
GSP_3’_nest_CO_1_F (RACE) - CATGGACTACAAGTTCCCCGGTCAAT
A.1.1.3. Primers used for full length CDS and gDNA isolation
DtCO_full_2_F - ATGTTGAAACAAGAGACTAACAACATG
DtCO_full_1_R - CGTTATTTTTGACCGTAGGATGA
A.1.1.4. GATEWAY primers
DtCO_full_att_2_F GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTTGAAACAAGAGACTAA
CAACATG
DtCO_full_att_1_R GGGGACCACTTTGTACAAGAAAGCTGGGTCGTTATTTTTGACCGTAGGAT
GA
A.1.1.5. Primers used in transgene amplification PCR
pB2GW7_prom_1_F - CGGATTCCATTGCCCAGCTATCTGT
pB2GW7_term_1_R - GATTTTTGCGGACTCTAGCATGGCC
A.1.2.

GIGANTEA

A.1.2.1. Degenerate primers used for CDS isolation
GI_1_F - AAGCGACTTTTAGACGATGTGCTG
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GI_1_R - TCAAACCATAAGCAGCTTCCCATA
GI_2_F - AGCTGCTGAAGATTATGCATCTGG
GI_2_R - ATACAGCTGAACCTCACAGGCAAG
GI_3_F - ATGTCTGAGCTTCGTGCTATGGTC
GI_3_R - TGAGGAAATTCGCAAGATCAGAAG
GI_4_F - ATGCATTGTCTGGGTTGATGAGAT
GI_4_R - AGATCTGATGCACTTGCGAGAATC
Dt_GI_1R - TCCATTTTGTTGCTCCCTCTTG
Dt_GI_2R - AGGTTGGAGTGGGGTAGCAACA
A.1.2.2. Primers used for RACE PCR
GSP_5’_GI_R (RACE) - CAACCGCCCATCTTGGTGTGGAAGG
GSP_5’_GI_nest_R (RACE) - CTGATACCAAGGGGAGCAGCAAG
GSP_3’_GI_F (RACE) - TCAGATGAAGGGTCAGGGAGTAGA
GSP_3’_GI_nest_F (RACE) - GCAAGGATGGAGACAGGTAGTTGATG
A.1.2.3. Primers used for full length CDS isolation
Dt_GI_full_1_F - GATGACTTCTCCTACTTCTTCTGAG
Dt_GI_full_1_R - TTATTGGGACGACATTGATATGGTAC
A.1.2.4. GATEWAY primers
DtGI_full_comp_att_1_F GGGGACAAGTTTGTACAAAAAAGCAGGCTGATGACTTCTCCTACTTCTTC
TGAG
DtGI_full_comp_att_1_R GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTGGGACGACATTGATAT
GGTAC
A.1.2.5. Additional primers used in sequencing reactions
DtGI_seq_1_R – CCAAGAGGCGAGTTCTGAATTTCT
DtGI_seq_2_R – CTTTGCTCTCTGTATCTCCATTTTG
DtGI_seq_3_R – ATATGATCCCTAGAAGTTTCTGGTG
DtGI_seq_1_F – ATTCTGGCAAGTGCATCTGATCTTC
DtGI_seq_2_F – AGCTACTGAAGATTATGCATCTGG
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DtGI_seq_4_R – TAAGGAAATTCGCTAGATCAGAAG
Dt_GI_RT_1_F – GATCTTCTTCTGAGAGCAACTGA
Dt_GI_RT_1_R – CTAACACTGGTTGTATTGCTCTTG
A.1.3.

FLOWERING LOCUS C

A.1.3.1. Degenerate primers used for CDS isolation
FLC_1_F - TACAGCTTCTCCTCCGGCGATAAC
FLC_1_R - CAGCTTCGGCTCCCACAAGATTAT
FLC_2_F - TCAAGATCCTTGATCGATATGGGA
FLC_2_R - GCTCTAGTTACGGAGAGGGCAGTC
FLC_3_F - GTGGATAGCAAGCTTGTGGAATCA
FLC_3_R - TAGTGGGAGAGTTACCGGAAGAT
A.1.3.2. Primers used for RACE PCR
GSP_5’_FLC1-3_R (RACE) – TCCAACTGAACGAGGGAACCGACAC
GSP_5’_FLC2_R (RACE) – CTGCCCATGAAAAAGGGACAGAAG
GSP_5’_FLC2_nest_R (RACE) – GGGACAGAAGAAGCGGTAAAAGACAAGG
GSP_3’_FLC1-3_F (RACE) – CCCTCTCCGTAACAAGAGCTAGGAA
GSP_3’_FLC1-3_nest_F (RACE) – CAATCTTCCGGTAACCTCCCACTGAA
GSP_3’_FLC2_F (RACE) – GCCCTTGTCTTTTACCGCTTCTTC
GSP 3’_FLC2_nest_F (RACE) – GCAGCAAGCTTGTGGGATCAAATGTC
GSP 3'_FLC1-3_nest_F (RACE) – GCTGGAAGAGGAGAACCATGTTTTGG
A.1.3.3. Primers used for full length CDS isolation
Dt_FLC_fulllength_1F – ATGGGGAGGAAGAAACTTGA
Dt_FLC_full length_1R – CTAATTAAGCAGTGGGAGTGTTAC
A.1.3.4. Primers used for full length gDNA isolation
DtFLC_5'_UTR_1_F – TGGTAACCCAACCTCAAGATCAAA
DtFLC_3'_UTR_1_R – GGATGCTTAAGGAAGCTCGAAGTA
A.1.3.5. GATEWAY primers
DtFLC_full_comp_att_1_F GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGGAGGAAGAAACTTGA
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DtFLC_full_comp_att_1_R GGGGACCACTTTGTACAAGAAAGCTGGGTCTAATTAAGCAGTGGGAGTG
TTAC
A.1.3.6. Additional primers used in sequencing reactions
DtFLC_intron1_in1_F – TTCTTGTTGTCTCCGCCTCT
DtFLC_intron1_in1_R – TCCCATAGTTGCACACTGGT
DtFLC_intron1_in2_F – TTTACCCCACACCTAATGAACAC
DtFLC_intron_1_R – CCATGTCCATAGAAAAACAGTAGCA
DtFLC_intron_6_F – AGCCTTTAGGCTCCTAGAGAAAGC
DtFLC_exon1_F – CTTCTCCAAACGACGCAATGGTCTC
DtFLC_exon2_F – GATCGATATGGAAAGCAACATGATG
DtFLC_exon2_R – CTTTAAGATCATCATCATGTTGCTTTC
DtFLC_exon3_F – CGTCAGTCAAAACCTCTGAACTGTG
DtFLC_exon3_R – AGTTCCAGTAGCTCGTGGTGTGAACCA
DtFLC_exon4_F – GCTTGAGGAGTCAAACGTCGATAATG
DtFLC_exon4_R – CATTAGTTCTGTCTTCCTAGCTCTT
DtFLC_exon5_F – AGAAAAGGAGAAATTGCTGGAAGAGGAG
A.1.4.

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1

A.1.4.1. Degenerate primers used for CDS isolation
SOC1_1_F – TGGTGAGGGGCAAAACTCAGATGAA
SOC1_1_R – TGCAGCTAGAGCTTTCTCCTTTTGCTTG
SOC1_2_F – TGAATTCGCCAGCTCCAATATGCAA
SOC1_2_R – TGGGCTACTCTCTTCATCACCTCTTCCA
A.1.4.2. Primers used for RACE PCR
GSP_5’_SOC1_R (RACE) – GGTGCTGACTCGATCCTTGGTATG
GSP_5’_SOC1_nest_R (RACE) – GCACTGAGAGCTCAAAGGCTTTCTT
GSP_3’_SOC1_F (RACE) – CGGAAACTCTTGGGAGAAGGCATAG
GSP_3’_SOC1_nest_F (RACE) – GAGCAGCTCAAGCAAAAGGAGAAAG
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A.1.4.3. Primers used for full length CDS isolation
Dt_SOC1_full_3_F - GAGATGGTGAGGGGAAAAACTCAGAT
Dt_SOC1_fulllength_1R - GTTCACTTTCTTGAAGAACAAGGTA
A.1.4.4. Primers used for full length gDNA isolation
Dt_SOC1_5'UTR_1_F – ATAACTACAAGGAGAAGGGATCCT
Dt_SOC1_3'UTR_1_R – GAGGCAGCTCAGTTTTAAAGAA
A.1.4.5. GATEWAY primers
Dt_SOC1_full_att_3_F GGGGACAAGTTTGTACAAAAAAGCAGGCTGAGATGGTGAGGGGAAAAA
CTCAGAT
Dt_SOC1_full_att_1_R –
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCACTTTCTTGAAGAACAA
GGTA
A.1.4.6. Primers used in transgene amplification PCR
pB2GW7_prom_1_F – CGGATTCCATTGCCCAGCTATCTGT
Dt_SOC1_fulllength_1R – GTTCACTTTCTTGAAGAACAAGGTA
A.1.4.7. Additional primers used in sequencing reactions
DtSOC1_seq_1_F – TGATCACACACCCGTACACC
Dt_SOC1_UTR_1_R – TCCTTGGTATGCCTCAGATAACGA
A.1.5.

FLOWERING LOCUS T

A.1.5.1. Degenerate primers used for CDS isolation
FT_1_F – GGCCAAAGAGAGGTGACTAATGG
FT_1_R – TAACACACAATCTCATTGCCAAAGG
FT_2_F – TGGATCCAGATGTTCCAAGTCCTA
FT_2_R – CACGGGAAGGCCGAGATTGTA
A.1.5.2. Primers used for RACE PCR
GSP_5’_FT_R2 (RACE) – GGAGGTGAGGGTTGCTAGGACTTGG
GSP_5’_FT_nest_R2 (RACE) – TGAACCTGAGAAGGCCTTAGATCC
GSP_3’_FT_F2 (RACE) – CCTTTGGCAATGAGATTGTGTGTTA
GSP_3’_FT_nest_F2 (RACE) – TGCTGAGATCTACAATCTCGGCCTTC
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A.1.5.3. Primers used for full length CDS isolation
Dt_FT_fulllength_2F - CATGTCTATAAATATAAGAGACCCTC
Dt_FT_fulllength_1R - TCTAAAGTCTTCTTCCTCCGCAG
A.1.5.4. GATEWAY primers
Dt FT full 2 att F –
GGGGACAAGTTTGTACAAAAAAGCAGGCTCATGTCTTATAATATAAGAG
ACCCTC
Dt_FT_full_2_att_R –
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAAAGTTCTCTTCCTCCGC
AG
A.1.5.5. Primers used in transgene amplification PCR
pB2GW7_prom_1_F - CGGATTCCATTGCCCAGCTATCTGT
Dt_FT_fulllength_1R - TCTAAAGTCTTCTTCCTCCGCAG
A.1.6.

TWIN SISTER OF FT

A.1.6.1. Degenerate primers used for CDS isolation
FT_1_F – GGCCAAAGAGAGGTGACTAATGG
FT_1_R – TAACACACAATCTCATTGCCAAAGG
FT_2_F – TGGATCCAGATGTTCCAAGTCCTA
FT_2_R – CACGGGAAGGCCGAGATTGTA
A.1.6.2. Primers used for RACE PCR
GSP_5’_FT_3_R (RACE) – TTTTCCAAAAGCTGTTCCAGTTG
GSP_5’_FT_nest_R (RACE) – GAGATATTCTCGGAGGTGAGGGTTG
GSP_3’_FT_F (RACE) – ATCCCTGCTACAACTGGAACAACC
GSP_3’_FT_nest_F (RACE) – GTTTCGACAGCTTGGGAGGCAAA
GSP_3’_FT_F2 (RACE) – CCTTTGGCAATGAGATTGTGTGTTA
GSP_3’_FT_nest_F2 (RACE) – TGCTGAGATCTACAATCTCGGCCTTC
A.1.6.3. Primers used for full length CDS isolation
DtTSF_fulllength_1F – CATGTCTTTAAGTCAGAGAGATCCTC
DtTSF_fulllength_1R – TCTATGTTCTTCTTCCTCCGCAG
DtTSF_5’UTR_1_F – GTTGAAAGTTGAGATCAAATATCATG
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DtTSF_3’UTR_1_R – CTTAAGAGGAACGAGGGATGGA
A.1.6.4. GATEWAY primers
Dt_TSF_full_comp_att_1_ F –
GGGGACAAGTTTGTACAAAAAAGCAGGCTCATGTCTTTAAGTCAGAGAG
ATCCTC
Dt_TSF_full_comp_att_1_R –
GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAAAGTCTTCTTCCTCCGC
AG
A.1.6.5. Primers used in transgene amplification PCR
pB2GW7_prom_1_F - CGGATTCCATTGCCCAGCTATCTGT
DtTSF_fulllength_1R - TCTATGTTCTTCTTCCTCCGCAG

A.2. Other Primers
A.2.1.1. RLM-RACE kit primers
GSP 5’ RACE primer F – CGACTGGAGCACGAGGACACTGA
GSP 5’ RACE nested primer F – GGACACTGACATGGACTGAAGGAGTA
GSP 3’ RACE primer R – GCTGTCAACGATACGCTACGTAACG
GSP 3’ RACE nested primer R – CGCTACGTAACGGCATGACAGTG
A.2.1.2. Primers for colony screening and clone sequencing
M13 F – TGTAAAACGACGGCCAGT
M13 R – GGAAACAGCTATGACCATG
A.2.1.3. Primers for rocket real time PCR
DtTIP41_RT_1_F – CCATACTGTGGTAGCGGAGTTGTT
DtTIP41_RT_1_R – AGACTAGCTTCCCCCTCAGGACTT
DtCACS_RT_1_F – CCTAGTGGTCGGAGAAAAGAGGAA
DtCACS_RT_1_R – GTGCCGTCAATCTCAGAAGTCAGT
Dtα-tubulin_RT_1_F – GTTCCCAAAGACGTTAATGCTG
Dtα-tubulin _RT_1_R – TTGGAGGTTGGTAGTTGATTCC
DtFLC_RT_1_F – CGTAACAAGAGCTAGGAAGACAGA
DtFLC_RT_1_R – CGCAAGATTATTCTTCTCCATC
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DtFT_RT_1_F – GTGTGTTACGAAAATCCAAGTCC
DtFT_RT_1_R – GATTGTAGATCTCAGCAAACTCG
DtSOC1_RT_1_F – AAAGACTCAAGTGTTTAAGGAT
DtSOC1_RT_1_R – ACTTTCTTGGTTCTTATTTGAC
DtCO_RT_1_F – CGGTAACTGGAAACTCTTACACC
DtCO_RT_1_R – GTTTTTAGGGAACAACCATGAAG
DtGI_RT_1_F – GATCTTCTTCTGAGAGCAACTGA
DtGI_RT_1_R – CTAACACTGGTTGTATTGCTCTTG
DtTSF_RT_1_F – CCGAGTTGCATTGATGTTGTTC
DtTSF_RT_1_R – CCATTCTCTCTCTGACAGTTGAAG
A.2.1.1. Primers used for Arabidopsis complementation of DtFT T3 real
time PCR
At_ACTIN2_RT_1_F – TGTCGCCATCCAAGCTGTTCT
At_ACTIN2_RT_1_R – GTGAGACACACCATCACCAGAAT
At_TIP41_RT_1_F – ATGGTGTGCTTATGAGATTGAGAG
At_TIP41_RT_1_R – ATACCCTTTCGCAGATAGAGACTG
AtTUBBY_RT_1_F – TGGCAAGATGAGCACAAAAG
AtTUBBY_RT_1_R – AGACCTCGGGGAGCTATG
Dt_FT_RT_1_F – GTGTGTTACGAAAATCCAAGTCC
Dt_FT_RT_1_R – GATTGTAGATCTCAGCAAACTCG
A.2.1.2. Primers used for Arabidopsis complementation of DtFLC T2 real
time PCR
At_ACTIN2_RT_1_F – TGTCGCCATCCAAGCTGTTCT
At_ACTIN2_RT_1_R – GTGAGACACACCATCACCAGAAT
At_TIP41_RT_1_F – ATGGTGTGCTTATGAGATTGAGAG
At_TIP41_RT_1_R – ATACCCTTTCGCAGATAGAGACTG
AtTUBBY_RT_1_F – TGGCAAGATGAGCACAAAAG
AtTUBBY_RT_1_R – AGACCTCGGGGAGCTATG
DtFLC_RT_2_F – GGTTCCCTCGTTCAGTTGGAA
DtFLC_RT_2_R – CTCCATCTGGCTAGCCAAAAC
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Appendix B.
B.1.1.

Gene and protein sequences of isolated flowering time genes in

rocket
B.1.1.1. CDS for DtCO
ATGTTGAAACAAGAGACTAACAACATGAGTAATAGAGAGGCACGAGCCTGTGACACA
TGCCGTTCaACCATATGCACCGTGTACTGCCATGCTGACTCAGCCTACTTATGCAAT
AGCTGTGATGCTCAAGTCCACTCAGCCAACCGCGTTGCTTCCCGCCATAAACGTGTC
CCGGTCTGTGAGTCATGTGAGCGTGCCCCTGCTGCTTTTATGTGCGAAGCAGATGAC
GTGTCTCTATGCACAGCCTGTGATGAAGATGTTCACTCCGCAAACTCGCTTGCAAAA
CGCCATCATCGAGTTCCCGTTGTGCCGGTAACTGGAAACTCTTACACCCCCTTGGCC
TCCACTCAACACACATCAGTGACCGAGCCAGAGAAGAGAGTGGTGTTAGAGGATGAT
AAAGAGACGGCTTCATGGTTGTTCCCTAAAAACAGTGACGATCACAACAACAACAAC
AACCAGAACAATGAGTTGTTGTTTAATGATGACTATCTAGACCTTGCTGATTACAAC
TCCAGCATGGACTACAAGTTCCCCGGTCAATACAATCAACATCAACATAAACAAGAC
TGCACCGTACCACAGACAAACTACGGTGGTGATAGAGTTGTTCCACTCAAAATTGAA
GAAACAAGAGGAAACGTGCACCACAAGCAACATAATATCACATATGGCTCCTCAGAG
TGTCACTACAACTACAATGGTTCCATAAACCATAACGCATACAATCCATCAGTGGAA
ACTGACTTTGTCCCGGAGCCGACACGTGACACAACAGTTTCACACCAAAAGACTCCC
AAAGGGAACAGAGAAGCCAGAGTCCTGAGATACAGAGAGAAGAAGAAGAGAAGAAAG
TTTGAGAAGACAATAAGGTATGCTTCAAGGAAGGCATATGCAGAGAGAAGACCAAGG
ATCAATGGACGATTTGCAAAGATGAGTGAAACTGAAGCAGAGGAGCAAGAGTTCAAC
AGAATGCTAATGTACTATGACACTACAGGATATGGCATTGTTCCTTCATCCTACGGT
CAAAAATAA
B.1.1.2. gDNA for DtCO (black – non coding sequence, red – coding sequence)
ATCATCTCACTTACTACATATCTGAAAGTTAACATGTTGAAACAAGAGACTAACAAC
ATGAGTAATAGAGAGGCACGAGCCTGTGACACATGCCGTTCAACCATATGCACCGTG
TACTGCCATGCTGACTCAGCCTACTTATGCAATAGCTGTGATGCTCAAGTCCACTCA
GCCAACCGCGTTGCTTCCCGCCATAAACGTGTCCCGGTCTGTGAGTCATGTGAGCGT
GCCCCTGCTGCTTTTATGTGCGAAGCAGATGACGTGTCTCTATGCACAGCCTGTGAT
GAAGATGTTCACTCCGCAAACTCGCTTGCAAAACGCCATCATCGAGTTCCCGTTGTG
CCGGTAACTGGAAACTCTTACACCCCCTTGGCCTCCACTCAACACACATCAGTGACC
GAGCCAGAGAAGAGAGTGGTGTTAGAGGATGATAAAGAGACGGCTTCATGGTTGTTC
CCTAAAAACAGTGACGATCACAACAACAACAACAACCAGAACAATGAGTTGTTGTTT
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AATGATGACTATCTAGACCTTGCTGATTACAACTCCAGCATGGACTACAAGTTCCCC
GGTCAATACAATCAACATCAACATAAACAAGACTGCACCGTACCACAGACAAACTAC
GGTGGTGATAGAGTTGTTCCACTCAAAATTGAAGAAACAAGAGGAAACGTGCACCAC
AAGCAACATAATATCACATATGGCTCCTCAGAGTGTCACTACAACTACAATGGTTCC
ATAAACCATAACGTAAGACTTTTTTTTTATATATTTTCTCCTCTTTTCATTTTACAC
GCAAATCACATATTAATTACTAACAATTGATAGGTGGTACATAGAACTTTTTATAAT
AATTAAAAAAGGTTGCTTCTCTTTAGTCCTCTTACCAAGGGGATTGATCAGAATTGT
CTTTGTTTTTTTTTTAGGCATACAATCCATCAGTGGAAACTGACTTTGTCCCGGAGC
CGACACGTGACACAACAGTTTCACACCAAAAGACTCCCAAAGGGAACAGAGAAGCCA
GAGTCCTGAGATACAGAGAGAAGAAGAAGAGAAGAAAGTTTGAGAAGACAATAAGGT
ATGCTTCAAGGAAGGCATATGCAGAGAGAAGACCAAGGATCAATGGACGATTTGCAA
AGATGAGTGAAACTGAAGCAGAGGAGCAAGAGTTCAACAGAATGCTAATGTACTATG
ACACTACAGGATATGGCATTGTTCCTTCATCCTACGGTCAAAAATAACGAGTACTAG
ATTGCCAAAAAACCTGTAAAATACTGTTTAGTTTGAGATTATGAGGTCTGGTGAAAT
GATTACTTATTCCGCTAT
B.1.1.3. Protein sequence of DtCO
MLKQETNNMSNREARACDTCRSTICTVYCHADSAYLCNSCDAQVHSANRVASRHKRV
PVCESCERAPAAFMCEADDVSLCTACDEDVHSANSLAKRHHRVPVVPVTGNSYTPLA
STQHTSVTEPEKRVVLEDDKETASWLFPKNSDDHNNNNNQNNELLFNDDYLDLADYN
SSMDYKFPGQYNQHQHKQDCTVPQTNYGGDRVVPLKIEETRGNVHHKQHNITYGSSE
CHYNYNGSINHNAYNPSVETDFVPEPTRDTTVSHQKTPKGNREARVLRYREKKKRRK
FEKTIRYASRKAYAERRPRINGRFAKMSETEAEEQEFNRMLMYYDTTGYGIVPSSYG
QK
B.1.1.4. CDS of DtFLC
ATGGGGAGGAAGAAACTTGAAATCAAGCTAATCGAGAACAAAAGTAGCCGACAAGTT
ACCTTCTCCAAACGACGCAATGGTCTCATCGAGAAAGCTCGTCAGCTGTCCGTTCTT
TGTGACGCATCCGTTGCTCTTCTTGTTGTCTCCGCCTCTGGAAAGCTCTACAGCTCC
TCCTCCGGTGATAACCTGGTCAAGATCTGTGATCGATATGGAAAGCAACATGATGAT
GATCTTAAAGCCTTGGATCGTCAGTCAAAACCTCTGAACTGTGGTTCACACCACGAG
CTACTGGAACTTGTGGAAAGCAAGCTTGAGGAGTCAAACGTCGATAATGTAAGTGTC
GGTTCCCTCGTTCAGTTGGAAGAGCACCTTGAAAACGCCCTCTCCGTAACAAGAGCT
AGGAAGACAGAACTAATGTTGAAGCTTGTGGAGAACCTTAAAGAAAAGGAGAAATTG
CTGGAAGAGGAGAACCATGTTTTGGCTAGCCAGATGGAGAAGAATAATCTTGCGAGA
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GCTGAAGCTGATGATATGGAGGTGTCACCTGGACAAATCTCCGACATCAATCTTCGG
GTAACACTCCCACTGCTTAATTAG
B.1.1.5. gDNA of DtFLC (black – non coding sequence, red – coding sequence)
GAANCAAAATAANACGCTCAATATCTCCGGNGACTTGGTAACCCAACCTCAAGATCA
AATTAGGGCACAAAGCCCTGTCGGAGACACCAAGCCATGGGGAGGAAGAAACTTGAA
ATCAAGCTAATCGAGAACAAAAGTAGCCGACAAGTTACCTTCTCCAAACGACGCAAT
GGTCTCATCGAGAAAGCTCGTCAGCTGTCCGTTCTTTGTGACGCATCCGTTGCTCTT
CTTGTTGTCTCCGCCTCTGGAAAGCTCTACAGCTCCTCCTCCGGTGATAAGTACGAC
TTCTCCTCTTCTGGGTTTTATATTTTTCTCTTGTTAATTACTAACCTTTTCAAGAAA
AGTATAACTATTATTTTTTTTTTTTAAATATTTCCTGCGAATCTAGTGKGGTTTTAT
CAGTTTGTGTGTTGCTACTGTTTTTCTATGGACATGGGARATTCCAAATCAAATGAA
GAACAATGTTGTGATGAGCTAAAGCTTCTTACTTTTGTCTTTTCTTTTCTCTCTCTC
TTCTTCTTCTTCTTCTCACAATTTTCTGCATGGATTTTTTTTTATTGGTAAAAAAAT
TGCATGTCCCTCAARATCTTTTTGACACGTTGTGATGCATAACTGATGTTGCTTAGT
GAAGTTTATATCCATCTTTGATTGTTAGTTCATCAATTGTTGTTTAGCTGTAGGAAC
TCCTTTTGTTTGARAAGGGTAAATGATTCATGTTTCTTTATGTTGTTAGGGTAATTA
AATCCATTGGATCTCTCAAATCTGTATGCAGTGAAATGCACTTTGGGGAGATCTATA
GAATGGCTGTAAGCTTGATACTGAATAGGTTCCTAACTGATTTTTAATGKGCATAGT
AGTTTTGAATTTTGGTAGCTTCTAAAAATACAGATTCACAATGAGTTACTTAGTTGA
TCCAGAGTATCGATAGCGGTTCTTTTGATCGCAAGCGTTGTGTGCGTATATAAGTCT
TTACCCCACACCTAATGAACACTAATTCGTCTATTTTTAGACTAATTAAATTTTATA
TTTCTCTTGGATTTTCGTACAATGCAATGCAAATCCATGTAGATAAAATTAGTGGAA
TTGATGGTATATTAATAGATCATCAAGTCTGCGCTTATAGGKACACCCAGGTGTGCA
ACTAKGGACTAAAATATTTTAGGTCTAAATGTTTTCTARAAGTTTTCYCTCCCTTTC
ACTGATTTGTTGATATAAGATTATCTCAAGCTTTTAGCTTCGCACCCACATATTTAC
GGCACATGCATATGCTACATTAATATTGTGTAATTGGATTATAGCTTTGTTCATTTG
AATTGACAACCTACAACATTGTAGCTTTTATTATGGTAATGTACAATCACACAACCT
TGCATCTGTTTGTGTTTCTTGTGTGGAAATTGACAATAACCAAACGTGCTTCCTTTC
GTGCCTCTTGGAAACCAACAACCTCACTGAAACCATTTTCTTCATGGGAAAATTCCA
ACCCCTTATCGAAATTTGAATTTGTTGTAGGGTTTACTCAACCCTATAATATTAACC
AACTGGTTGTAGTGTTTTGGCAATGTTAGTGAAGATCGCAGGTCATGTCTCACTTTA
GTTAATACGTGTTCACTCTATGAGTGTTAGGTCCAGATGTGGAATAGCTAGTCGAGA
TTAGTTATATGTGAGTAAAAGAAGAAAGGCTTTCAGAACCTGGAATTTGACCTTTAG
TTACTCTATAACGCATTTGTGCAAAAAGCTTAACTTCTAACACAAAACTGTTGAATT
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AATGGAACTGTTTTTCAAATTTTGCTTGGACTTCTATAAACTCATAAATAAGAAAAT
TTTGTCCGTCTTCAGCTGTTGCTTCTATGGATTACCTTTACGCCCTAATAGTTCCGT
TTGCATTTACGTTTACGATTGCGTTTCCGTGTTCTAGTTTTCTAATAACTAGAATGT
CTTAAGCACAAACGTGTGGCAAGGAAAGAAACAATTGGGGCCTGTGATTAGGGTTCC
TGTGTACCTTACTTTTTACACTGCTTAAAAATCATAAGAGTGAAAGTTACAAAATAA
GAAACTAGTATTTACATAAACTTAAATACTAGTTTTCTGCAATGATAATGAAAACTA
TATATGTGAAAATCAAATTTTGTCTCTAATTGTCTCTTCCGTGCCCTATACATGYTT
TATAGTTTCCAGTGCGGCTTTCAAGGGTGGCGGCATSTTTGMTCCTAACATATTTTG
ATWTTMTYTTGTCTTCTCTCCAGCCTGGTCAAGATCTGTGATCGATATGGAAAGCAA
CATGATGATGATCTTAAAGCCTTGGTAATACAAATATCTTTTATTTGATGAAATTTG
TTAGACTAAATTTAATTATGGCGTAGAAGTTTGTTTCATTTTGATCAGTAGCAATTC
ATGTAGCTTTGAGGTTTGATTTTTTGATTGAGGGGGAGGGGTATAGAAGGCATTAGC
ACGCACGTACTTAGCGTTACACATATAATTACTATTTTGGAGCTGTAGGTATCAAAG
TTTGTTTTCAAGATCATGAAAGTTTGATGGTCCTTTAGGGCTAGTTGTTTGATAGGA
TTGGGTAAACACATGTTTGGCACCTCAAAATTGTGGAGATCTAGTTTTAGGAATTGC
GGTATTAATCAGTTTATTATTTATTACTTTCCTTAATGATCCCTGTATATGAGATGA
TGGATTCTCATGGATAACTAATTTTCAAAGCTTATATCACTTCTCCGTGGACAGGAT
CGTCAGTCAAAACCTCTGAACTGTGGTTCACACCACGAGCTACTGGAACTTGTGGAA
AGGTTAGTGTTAACTAAAACTTTTTCTCTCCTTTGATCACAAAGGAATTAGGGTTTC
TTGTCAATCTATGAATATTTCCAGCAAGCTTGAGGAGTCAAACGTCGATAATGTAAG
TGTCGGTTCCCTCGTTCAGTTGGAAGAGCACCTTGAAAACGCCCTCTCCGTAACAAG
AGCTAGGAAGGTACGTTGCTTCGGTGATGTCTTCTCTTTTCTTACTTTGGTTTTAAA
GATCAACCGTGCGCTTATATTTATTACTTTGTTGCAGACAGAACTAATGTTGAAGCT
TGTGGAGAACCTTAAAGAAAAGGTTAGATATATGCTTCCAAGATTATAGCACTTAAG
TTATATAATACATATTGTAGTCGTGTTGTGTTAGTTTATCCAAGTCTGCTATCATAA
GGTCGCGAACCTATCTCAAACCTATTGCCAATGGATCTTTAGTCTTTTCAGGATCAT
TAGAATGTTTTGAATGAAAAAATCTGATGTTAGGTCTATAAACTTTATCTATGAGTA
AAATGATGTGTTGATCTCTAAACAGGAGAAATTGCTGGAAGAGGAGAACCATGTTTT
GGCTAGCCAGGTAACTAAAGTTTTTTTTGTAACGGTTTAAGTTTGTACCCATTGTCA
CAGTTCAAGTTTATAATGCTACTTTTACCTAAGGCTAATTATATAACTAGAAAAGGG
AAGATTACATGGTCTGGGGAACCTAAACCAAAAAAAAGGGAACCTAAACCAAAATGA
AGCCTTTAGGCTCCTAGAGAAAGCTATTTTGCAGGCTTATGCTTGCAAACTTAAAAT
TAAAAGCTCAAAAGTCAGAAACAGAAATTGTGAAACAAGATTCATATTGGTTATCAG
TGTAAATTTGTGGTAGGAAAATAATATTTAATTAATATAGGATGACATAGAGAGAGA
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AGTGAATAGTGTTTTAATTATTTCTAAAGAGATGAAAACTATGTTTGACCTAATATA
TATTTATGTTACAGATGGAGAAGAATAATCTTGCGAGAGCTGAAGCTGATGATATGG
AGGTGTCACCTGGACAAATCTCCGACATCAATCTTCGGGTAACACTCCCACTGCTTA
ATTAGTCAACCTTTAATCGGCGAATGAATAAAAGCCAAAACATATAAGTAAAGCAAG
ATGATGTGTAATTATCCCCTTGTAAAGGGTGTACGTTGTATAATCATAATACTCTTT
CCTGCCGAGAGGCTTCGGGTGTAAAAGTATTTGAGATTTATGTAAAATAGAAAATCT
ATGTAAGATACTTTGAAACTTTGTACCTTTGTACCTTTGTAGAGAGAGATAGAGTTA
CTTCGAGCTTCTTTAAAGCAT
B.1.1.6. Protein of DtFLC
MGRKKLEIKLIENKSSRQVTFSKRRNGLIEKARQLSVLCDASVALLVVSASGKLYSS
SSGDNLVKICDRYGKQHDDDLKALDRQSKPLNCGSHHELLELVESKLEESNVDNVSV
GSLVQLEEHLENALSVTRARKTELMLKLVENLKEKEKLLEEENHVLASQMEKNNLAR
AEADDMEVSPGQISDINLRVTLPLLN
B.1.1.7. CDS for DtFT
ATGTCTATAAATATAAGAGACCCTCTTATAGTAAGCAGAGTTGTTGGAGACGTTCTT
GATCCGTTTAATAGATCAATCACTCTAAAGGTTACTTATGGCCAAAGAGAGGTGACT
AATGGCTTGGATCTAAGGCCTTCTCAGGTTCAAAACAAGCCAAGAGTTGAGATTGGT
GGAGAAGACCTCAGGAACTTCTATACTTTGGTTATGGTGGATCCAGATGTTCCAAGT
CCTAGCAACCCTCACCTCCGAGAATATCTCCATTGGTTGGTGACTGATATCCCTGCT
ACAACTGGAACAACCTTTGGCAATGAGATTGTGTGTTACGAAAATCCAAGTCCCACT
GCAGGAATTCATCGTGTCGTGTTTATATTGTTTCGACAGCTTGGGAGGCAAACAGTG
TATGCACCAGGGTGGCGCCAGAACTTCAACACTCGCGAGTTTGCTGAGATCTACAAT
CTCGGCCTTCCCGTGGCCGCAGTTTTCTACAATTGTCAGAGGGAGAGTGGCTGCGGA
GGAAGAAGACTTTAG
B.1.1.8. Protein sequence of DtFT
MSINIRDPLIVSRVVGDVLDPFNRSITLKVTYGQREVTNGLDLRPSQVQNKPRVEIG
GEDLRNFYTLVMVDPDVPSPSNPHLREYLHWLVTDIPATTGTTFGNEIVCYENPSPT
AGIHRVVFILFRQLGRQTVYAPGWRQNFNTREFAEIYNLGLPVAAVFYNCQRESGCG
GRRL
B.1.1.9. CDS for DtGI
ATGACTTCTCCTACTTCTTCTGAGAAGTGGACCGATGGTCTTCAGTTCTCTTCCTTG
TTATGGTCTCCTCCACGTGACCCTCAACAACATAAGGATCAAGTCGTTGCTTATGTT
GAATACTTTGGTCAGTTCACATCAGAGCAATTCCCTGATGATATTGCTGAGTTGGTC
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CGGAATCAGTATCCATCAACTGAGAAGCGGCTTTTGGATGATGTGTTGGCTATGTTC
GTCCTCCATCATCCTGAGCATGGTCATGCGGTCATCCTTCCAATCATTTCATGTCTC
ATCGATGGCTCTTTAGTGTACAGCAAGGAAGCTCATCCTTTTGCCTCTTTCATATCT
TTAGTTTCCCCAAATAGTGAGAATGACTATTCAGAGCAATGGGCTTTGGCGTGCGGA
GAAATTCTCCGCATTTTGACCCATTACAATCGTCCCATATACAAGAGGGAGCAACAA
AATGGAGATACAGAGAGCAAAGCTTCTACTAGTGGCAGTGGGTCTCCTACGCTTTCA
GAGACTAAGGTTGCATCACCAGGACAGAATGAAAGGAAACCGTTAAGGCCTTTGTCT
CCTTGGATCAGTGATATACTACTTGCTGCTCCCCTTGGTATCAGAAGTGACTACTTT
CGTTGGTGTAGTGGTGTTATGGGTAAATATGCTGCTGGAGAGCTCAAGCCACCTACC
ATTGCTTCTCGAGGATCTGGTAAACATCCTCAATATATGCCTTCCACACCAAGATGG
GCGGTTGCTAATGGAGCTGGTGTCATACTGAGTGTTTGTGATGATGAAGTTGCTCGG
TATGAGACTGCTACGCTAACAGCTGTTGCTGTCCCTGCACTTCTTCTTCCTCCCCCA
ACGACATCTTTAGATGAGCATTTAGTTGCTGGCCTTCCAGCTCTTGAGCCATATGCA
CGTTTGTTTCATAGATATTATGCTATTGCAACTCCAAGTGCTACTCAGAGACTTCTT
CTTGGACTCTTAGAAGCACCACCGTCTTGGGCTCCAGATGCACTAGATGCTGCTGTA
CAGCTTGTGGAACTCCTTCGAGCTACTGAAGATTATGCATCTGGTGTAAGGCTTCCC
AGGAATTGGATGCATTTGCACTTCTTGCGTGCAATAGGAATTGCTATGTCTATGAGG
GCAGGTGTGGCTGCTGATGCTGCAGCTGCTTTACTTTTCCGCATACTCTCACAACCG
GCACTGCTTTTTCCTCCACTAAGCCAAGCTGAAGGAGTAGAAATTCAGAACTCGCCT
CTTGGTGGCTACAGTTCAAATCATAGAACGCAGGCAGAAGTTTCAGCAGCAGAAGCA
ACCATTGAAGCCACTGCTCAAGGAATTGCCTCAATGCTTTGTGCTCATGGTCCTGAA
GTTGAGTGGAGAATCTGCACTATATGGGAAGCTGCTTATGGATTGATCCCTTTAAAC
TCCTCAGCGGTTGATCTTCCAGAAATCATTGTTGCTACCCCACTCCAACCTCCTATC
TTGTCATGGAATCTGTACATTCCACTCCTCAAAGTACTTGAGTATCTTCCACGTGGG
AGTCCTTCCGAGGCATGCTTGATGAAAATATTTGTTGCCACTGTGGAAACAATCCTC
AGCAGAACTTTCCCACCAGAAACTTCTAGGGATCATATCAGGAAAGCTAGATCGAGT
TTAACCACGAGATCAGCGACCAAAAACCTTGCTATGGCTGAGCTTCGTGCTATGGTC
CATGCTCTCTTTTTAGAATCATGCGCTGGTGTGGAGATAGCTTCACGCTTGCTTTTT
GTTGTGTTGACTGTATGTGTTAGCCATGAAGCACAGTCTAGTGGGAGCAAGAGACGG
AGAAGCGAAGATGCTAGTAGCACTGCAGAGGAGAATCAACATGTGTCTGACAATCAA
ACTAGTAACCGTAAAAGTAGGAGTGTCAAGGGACAAGGACCTGCGGCAGCATTTGAT
TCATACGTTCTCGCTGCTGTGTGTGCTCTTGCCTGTGAGGTTCAGCTGTATCCTATG
ATCTCTGGAGGGGGAAACTTTTCCAACTCTGCAGTGGCTGCAACCATTACAAAGTCT
GTAAAGATAAATGGTTCATCTAACGAGTACGGATCTGGGATTGACTCTGCAATTAAG
229

CATACACGCCGTATCTTGGCGATTCTTGAGGCACTCTTTTCATTGAAACCATCTTCT
GTGGGGACTCCATGGAGTTACAGCTCAAGCGAGATAGTTGCTGCGGCCATGGTTGCA
GCTCATATCTCAGAACTGTTCAGACGTTCAAAGGCCTTGACGCATGCGTTGTCTGGG
TTGATGAGGTGCAAATGGGACAAGGAGATTCATAAAAGAGCATCGTCGTTGTATAAC
CTCATCGATGTTCACAGCAAAGTTGTAGCATCCATTGTAGACAAAGCTGAACCCTTA
GAAGCATACCTTAAGAATGCACCTCTCCAGAAGGATGCGCTGACTTGTCTTAACTGG
AAACAACAGAACACATCAGGGTTTGGTACAGCGGCGGTGATGTCCACGTCACGTAAT
GAAATGACTCCAAGAGGAGGTAACAACCATAAGTGTGCTAGACATTCAGATGAAGGG
TCAGGGAGTAGATCCTCCTCCTCAGAGAAGGGTATCAAAGATCTGCTGTTGGATGCT
TCTGATCTAGCGAATTTCCTTACAGCTGATAGGCTCGCAGGGTTTTACCGTGGTACA
CAAGTGCTTTTGAGGTCTATACTTGCGGAGAAACCTGAGCTTTCCTTCTCCGTTGTT
TCGCTGTTGTGGCATAAACTGATCGCTTCTCCTGAAATCCAGCCCACCGTTGAGAGC
ACCTCTGCTCAGCAAGGATGGAGACAGGTAGTTGATGCACTATGCAATGTCGTATCT
GCAACGCCAGCAAAAGCAGCTGCAGCCGTTGTTCTTCAGGCCGAGAGAGAGTTGCAG
CCATGGATAGCGAAAGATGATGAAGAAGGTCAGAAAATGTGGAAAATAAACCAAAGG
ATAGTGAAAGTGATGGTGGAACTCATGAGAAACCATGACAGGCCTGAGTCACTGGTG
ATTCTSGCAAGTGCATCTGATCTTCTTCTGAGAGCAACTGATGGAATGCTTGTTGAC
GGAGAAGCTTGTACATTACCTCAACTTGAGCTACTTGAAGCCACGGCAAGAGCAATA
CAACCAGTGTTAGCTTGGGGACCATCTGGACTAGCAGTGGTTGATGGTTTATCCAAT
CTATTGAAGTGTCGTCTACCGGCAACAATAAGGTGCCTGTCACACCCAAGCGCACAC
GTACGTGCCTTGAGCACATCAGTACTACGAGACATCATGAACCAAAGCGGCATAACC
ACCGCCACCACCAAGGCAACACCAAAACCACCGCCAACAATAACAACAGAGAAGAAC
GGAACGGACAGTCCGTCCTACCGGTTCTTCAACGCGGCTGCAATAGACTGGAAAGCA
GACATACAAAAGTGTTTGAACTGGGAAGCTCACAGCTTGCTGTCCACGACAATGCCA
ACACAGTTTCTTGACACGGCGGCTCGGGAATTAGGATGTACCATATCAATGTCGTCC
CAATAA
B.1.1.10.

gDNA of DtGI (black – non coding sequence, red – coding

sequence)

AGAACTCTATAACTCTTCAGCTTCGATTTAGTGTAGTATAGTAGATCAAGAACTGTT
ACGACTTATTGGTTAGAAAAAACAGGCTGTAACCATATTATCCCTAGATGACTTCTC
CTACTTCTTCTGAGAAGTGGACCGATGGTCTTCAGTTCTCTTcCTTGTTATGGTCTC
CTCCACGTGACCCTCAACAACATAAGGTACTACTAACAATAATAAAGAAGCATCAGT
TTTTTTTATAAGCTGTCTCATCCATGAACCGGTCTTGATATGTGGTTACTGATTGTC
TTTCTGCTTTAGGATCAAGTCGTTGCTTATGTTGAATACTTTGGTCAGTTCACATCA
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GAGCAATTCCCTGATGATATTGCTGAGGTACTTGTTGTGTCTTATGTTGTTTATTGT
AATTTACTGAATAAAAGCTTCTCTCAGTAGTGATGATTTACTGAATTTATATAAATT
ATCTCTGTATCAGTTGGTCCGGAATCAGTATCCATCAACTGAGAAGCGGCTTTTGGA
TGATGTGTTGGGTATGTATGAGCTTCTATATCAAACACTTATGATCCATACTTCTTT
GTTTTGAATGGTTTAATCTGATTCTCTGGCTTGCTGATGAAACAACAGCTATGTTCG
TCCTCCATCATCCTGAGCATGGTCATGCGGTCATCCTTCCAATCATTTCATGTCTCA
TCGATGGCTCTTTAGTGTACAGCAAGGAAGCTCATCCTTTTGCCTCTTTCATATCTT
TAGTTTCCCCAAATAGTGAGGTAAAAATAGTTTCTCACAAGTGTTAGTTTAAGACTT
GTCTCTGTGGAAAGTGGTAACTCTTTTTTTTTTTGGTATGCTGACATAAATGTTTTC
ACGATCTTAACAGAATGACTATTCAGAGCAATGGGCTTTGGCGTGCGGAGAAATTCT
CCGCATTTTGACCCATTACAATCGTCCCATATACAAGAGGGAGCAACAAAATGGAGA
TACAGAGAGCAAAGCTTCTACTAGTGGCAGTGGGTCTCCTACGCTTTCAGAGACTAA
GGTTGCATCACCAGGACAGAATGAAAGGAAACCGTTAAGGCCTTTGTCTCCTTGGAT
CAGTGATATACTACTTGCTGCTCCCCTTGGTATCAGAAGTGACTACTTTCGTTGGTA
AGTAGATTATGTTACTTGATATCTTGTGCTCTCAGGGACTGTGGATTAAAGTTCTAT
AGTGTGCTTAAGCTTCAACTAAAAAAGTTGTTGTATATATCTACAGGTGTAGTGGTG
TTATGGGTAAATATGCTGCTGGAGAGCTCAAGCCACCTACCATTGGTGAGTTTCCAT
CACCTGTGTGGCTATTAGAATGGGTTGTGAGTTACGTCTTAAAACACTCACGCTTAG
TACTTTCCTACTTTTGCAGCTTCTCGAGGATCTGGTAAACATCCTCAATATATGCCT
TCCACACCAAGATGGGCGGTTGCTAATGGAGCTGGTGTCATACTGAGTGTTTGTGAT
GATGAAGTTGCTCGGTATGAGACTGCTACGCTAACAGCTGTTGCTGTCCCTGCACTT
CTTCTTCCTCCCCCAACGACATCTTTAGATGAGCATTTAGTTGCTGGCCTTCCAGCT
CTTGAGCCATATGCACGTTTGTTTCATAGGTAGTGTTTCTAAACACACCCTTTGGAT
TGTGCTTACTGGATTCATAGGCTGTTTAGAATTGCTTCTCACTTTCTTGTTCTAATA
ACAGATATTATGCTATTGCAACTCCAAGTGCTACTCAGAGACTTCTTCTTGGACTCT
TAGAAGCACCACCGTCTTGGGCTCCAGATGCACTAGATGCTGCTGTACAGCTTGTGG
AACTCCTTCGAGCTACTGAAGATTATGCATCTGGTGTAAGGGTAAGCGTAATATGAA
TCCTTTAaTCACTCTCaAGTCTCAACAAAGATGATTGTGTCCCTTGTTACACACTAT
ATATGAGATTTGTTGGCATACATTGTGTCATGGATTAGCTCTGAATACACTCTCTTT
TCTTTATTTAGCTTCCCAGGAATTGGATGCATTTGCACTTCTTGCGTGCAATAGGAA
TTGCTATGTCTATGAGGGCAGGTGTGGCTGCTGATGCTGCAGCTGCTTTACTTTTCC
GCATACTCTCACAACCGGCACTGCTTTTTCCTCCACTAAGCCAAGCTGAAGGAGTAG
AAATTCAGAACTCGCCTCTTGGTGGCTACAGTTCAAATCATAGAACGCAGGCATGGT
TCCCATTTGTATCTCTTTTCTTTTTTTGCTAATCTACCAAGTTATCTCTGATATGAA
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AATTATATTGAGACTGACTAGTAACACAATCCTTTATTGTTCACCAGGCAGAAGTTT
CAGCAGCAGAAGCAACCATTGAAGCCACTGCTCAAGGAATTGCCTCAATGCTTTGTG
CTCATGGTCCTGAAGTTGAGTGGAGAATCTGCACTATATGGGAAGCTGCTTATGGAT
TGATCCCTTTAAACTCCTCAGCGGTTGATCTTCCAGAAATCATTGTTGCTACCCCAC
TCCAACCTCCTATCTTGTCATGGAATCTGTACATTCCACTCCTCAAAGTACTTGAGT
ATCTTCCACGTGGGAGTCCTTCCGAGGCATGCTTGATGAAAATATTTGTTGCCACTG
TGGAAACAATCCTCAGCAGAACTTTCCCACCAGAAACTTCTAGGGATCATATCAGGA
AAGCTAGATCGAGTTTAACCACGAGATCAGCGACCAAAAACCTTGCTATGGCTGAGC
TTCGTGCTATGGTCCATGCTCTCTTTTTAGAATCATGCGCTGGTGTGGAGATAGCTT
CACGCTTGCTTTTTGTTGTGTTGACTGTATGTGTTAGCCATGAAGCACAGTCTAGTG
GGAGCAAGAGACGGAGAAGCGAAGATGCTAGTAGCACTGCAGAGGAGAATCAACATG
TGTCTGACAATCAAACTAGTAACCGTAAAAGTAGGAGTGTCAAGGGACAAGGACCTG
CGGCAGCATTTGATTCATACGTTCTCGCTGCTGTGTGTGCTCTTGCCTGTGAGGTTC
AGCTGTATCCTATGATCTCTGGAGGGGGAAACTTTTCCAACTCTGCAGTGGCTGCAA
CCATTACAAAGTCTGTAAAGATAAATGGTTCATCTAACGAGTACGGATCTGGGATTG
ACTCTGCAATTAAGCATACACGCCGTATCTTGGCGATTCTTGAGGCACTCTTTTCAT
TGAAACCATCTTCTGTGGGGACTCCATGGAGTTACAGCTCAAGCGAGATAGTTGCTG
CGGCCATGGTTGCAGCTCATATCTCAGAACTGTTCAGACGTTCAAAGGCCTTGACGC
ATGCGTTGTCTGGGTTGATGAGGTGCAAATGGGACAAGGAGATTCATAAAAGAGCAT
CGTCGTTGTATAACCTCATCGATGTTCACAGCAAAGTTGTAGCATCCATTGTAGACA
AAGCTGAACCCTTAGAAGCATACCTTAAGAATGCACCTCTCCAGAAGGATGCGCTGA
CTTGTCTTAACTGGAAACAACAGAACACATCAGGGTTTGGTACAGCGGCGGTGATGT
CCACGTCACGTAATGAAATGACTCCAAGAGGAGGTAACAACCATAAGTGTGCTAGAC
ATTCAGATGAAGGGTCAGGGAGTAGATCCTCCTCCTCAGAGAAGGGTATCAAAGATC
TGCTGTTGGATGCTTCTGATCTAGCGAATTTCCTTACAGCTGATAGGCTCGCAGGGT
TTTACCGTGGTACACAAGTGCTTTTGAGGTCTATACTTGCGGAGAAACCTGAGCTTT
CCTTCTCCGTTGTTTCGCTGTTGTGGCATAAACTGATCGCTTCTCCTGAAATCCAGC
CCACCGTTGAGAGCACCTCTGCTCAGCAAGGATGGAGACAGGTAAAAGCCTTTCCCA
TCTTGCTTACAGTTTACTTGATGTTTTTGTGGCTCTTCACGAGTCCAAGTCCTCAAG
AAGCTAGACTTCATTCACTGATCATGTTTCTCATGTATCAGGTAGTTGATGCACTAT
GCAATGTCGTATCTGCAACGCCAGCAAAAGCAGCTGCAGCCGTTGTTCTTCAGGTAC
CTTATCATGAATAACACACCTGTGTAAAGATTAAGACCAATCAACTGCAGAAAACAT
ATGGCTTATATAACCATGGTCTTGTTTCAAAGATTTACTTCTATGATCTAGTATGTT
GAATGGTTGGTCTTGTGTTTAATATATACAGGCCGAGAGAGAGTTGCAGCCATGGAT
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AGCGAAAGATGATGAAGAAGGTCAGAAAATGTGGAAAATAAACCAAAGGATAGTGAA
AGTGATGGTGGAACTCATGAGAAACCATGACAGGCCTGAGTCACTGGTGATTCTGGC
AAGTGCATCTGATCTTCTTCTGAGAGCAACTGATGGAATGCTTGTTGACGGAGAAGC
TTGTACATTACCTCAACTTGAGGTAATAACACTATACACCTTCATAGATTTAAGGGT
TTGCCCTTCCTCTGCCTAGACTTAAAAGCGTTTTTTTCTTTGCTCTGACTTGCAGCT
ACTTGAAGCCACGGCAAGAGCAATACAACCAGTGTTAGCTTGGGGACCATCTGGACT
AGCAGTGGTTGATGGTTTATCCAATCTATTGAAGGTAAAGCATGAGCCTATCTGTGT
TGATCAGTAAACAAACTTTGGTGCTGACGTTATGTGTGTGTTTTGTGATTCATTCTA
GTGTCGTCTACCGGCAACAATAAGGTGCCTGTCACACCCAAGCGCACACGTACGTGC
CTTGAGCACATCAGTACTACGAGACATCATGAACCAAAGCGGCATAACCACCGCCAC
CACCAAGGCAACACCAAAACCACCGCCAACAATAACAACAGAGAAGAACGGAACGGA
CAGTCCGTCCTACCGGTTCTTCAACGCGGCTGCAATAGACTGGAAAGCAGACATACA
AAAGTGTTTGAACTGGGAAGCTCACAGCTTGCTGTCCACGACAATGCCAACACAGTT
TCTTGACACGGCGGCTCGGGAATTAGGATGTACCATATCAATGTCGTCCCAATAACA
CGAGCAGTACCTGCCTTCTTTAAAAATGATGTGGAAGTAGACCGACCAATACGACGT
TGTACTTTTGTATTTAGTATATGTGTATGATGATGATGAGTGAC
B.1.1.11.

Protein sequence for DtGI (1179 letters)

MTSPTSSEKWTDGLQFSSLLWSPPRDPQQHKDQVVAYVEYFGQFTSEQFPDDIAELV
RNQYPSTEKRLLDDVLAMFVLHHPEHGHAVILPIISCLIDGSLVYSKEAHPFASFIS
LVSPNSENDYSEQWALACGEILRILTHYNRPIYKREQQNGDTESKASTSGSGSPTLS
ETKVASPGQNERKPLRPLSPWISDILLAAPLGIRSDYFRWCSGVMGKYAAGELKPPT
IASRGSGKHPQYMPSTPRWAVANGAGVILSVCDDEVARYETATLTAVAVPALLLPPP
TTSLDEHLVAGLPALEPYARLFHRYYAIATPSATQRLLLGLLEAPPSWAPDALDAAV
QLVELLRATEDYASGVRLPRNWMHLHFLRAIGIAMSMRAGVAADAAAALLFRILSQP
ALLFPPLSQAEGVEIQNSPLGGYSSNHRTQAEVSAAEATIEATAQGIASMLCAHGPE
VEWRICTIWEAAYGLIPLNSSAVDLPEIIVATPLQPPILSWNLYIPLLKVLEYLPRG
SPSEACLMKIFVATVETILSRTFPPETSRDHIRKARSSLTTRSATKNLAMAELRAMV
HALFLESCAGVEIASRLLFVVLTVCVSHEAQSSGSKRRRSEDASSTAEENQHVSDNQ
TSNRKSRSVKGQGPAAAFDSYVLAAVCALACEVQLYPMISGGGNFSNSAVAATITKS
VKINGSSNEYGSGIDSAIKHTRRILAILEALFSLKPSSVGTPWSYSSSEIVAAAMVA
AHISELFRRSKALTHALSGLMRCKWDKEIHKRASSLYNLIDVHSKVVASIVDKAEPL
EAYLKNAPLQKDALTCLNWKQQNTSGFGTAAVMSTSRNEMTPRGGNNHKCARHSDEG
SGSRSSSSEKGIKDLLLDASDLANFLTADRLAGFYRGTQVLLRSILAEKPELSFSVV
SLLWHKLIASPEIQPTVESTSAQQGWRQVVDALCNVVSATPAKAAAAVVLQAERELQ
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PWIAKDDEEGQKMWKINQRIVKVMVELMRNHDRPESLVIXASASDLLLRATDGMLVD
GEACTLPQLELLEATARAIQPVLAWGPSGLAVVDGLSNLLKCRLPATIRCLSHPSAH
VRALSTSVLRDIMNQSGITTATTKATPKPPPTITTEKNGTDSPSYRFFNAAAIDWKA
DIQKCLNWEAHSLLSTTMPTQFLDTAARELGCTISMSSQ
B.1.1.12.

CDS for DtSOC1

ATGGTGAGGGGAAAAACTCAGATGAAGCGAATAGAGAATGCAACAAGCAGACAAGTG
ACTTTCTCTAAGCGAAGAAATGGATTGTTGAAGAAAGCCTTTGAGCTCTCAGTGCTT
TGTGATGCTGAAGTTTCTCTGATCATCTTCTCTGCTAAGGGAAAGCTTTATGAATTC
GCCAGCTCCAATATGCAAGATACCATAGATCGTTATCTGAGGCATACCAAGGATCGA
GTCAGCACCAAACCGGTTTCTGAAGAAAATTTGCAGCATTTGAAACATGAAGCAGCA
AACATGATGAAGAAAATTGAACAACTTGAAGCTTCCAAACGGAAACTCTTGGGAGAA
GGCATAGGATCATGTTCGATAGAGGAGCTGCAGCAAATTGAGCTACAACTTGAGAAA
AGTGTCAAATGTATTCGAGCAAAAAAGACTCAAGTGTTTAAGGATCAAATTGAGCAG
CTCAAGCAAAAGGAGAAAGCTCTAGCTGCAGAAAACAAGACGCTCGCTGAAAAGTGT
GGATCTCATATGATCGAAGTTTGGTCAAATAAGAACCAAGAAAGTGGAAGAGGGGAC
GAGGAGAGTAGCCCAAGTTCTGAAGTAGAGACACAGTTGTTCATTGGGTTACCTTGT
TCTTCAAGAAAGTGA
B.1.1.13.

gDNA of DtSOC1 (black – non coding sequence, red – coding

sequence)

TTTAGAACAAAAAGAAGGAAGTGTGAGTTTTGTTTCTTGTTTCTTTTATTACACACA
AATAGATGAAACGAGGAAAGTTATTACTTCTTTAGTTACTTGCATAAAAAGATCCTT
CCTTTCTCAGTGAATCTAGTTTGATCATCTTCTCTCTCTTTTTTTTCTCGTAGCTCC
TCCAGTAATGCTTATATAGTCTCCTATATCTTCTTATTTATACACAATCCTGCTTCT
TAGTTCACTCTTCTATTAATCTCCTTACAAGCTTCGTGGTTAGGTTTTCAATATTTA
TTAATCCTTTTGGCCACCGGTAAGATCTTTTCTTCATGACCTTTCTTGCTTTTTGCT
TTCTAATCTTGGATTAGTCTGATAGATCTGCTTTCGTTTTTATTTATTTGATGTTTT
GTATCTGAGTTTTGTTATGCTTTTTTTTTGTTTCGGCTAAATCTCATGAAAGTTTGC
ATATTTTCAGTTAATTCCAAGGACAAATTAACATTAAAGTTGCATCTTTCATTCGTT
TTTAAGCAATCTCTATGTCACAAACTAATAGATGTGTACTTTATACTGTCTTGCTTT
TTGAGTACTTAATCATCTTCATCTCTCGTTGACTTAATCAACCTTCACACACACACA
AAAAAGAAAAAATCAAATCCCAGGGGAAAATGGGTCGTTTTATGTGTTGAGGTGGTT
TGCACCACTAATCTCATGTTCTCTTCGATAAACCAAAAAAAAAAACAAAAATTGAAT
AAATATGTTTTTTTTTTACTGTGAAAGTGAAATTAAACAAGGAGAAAGAGATGGTGA
GGGGAAAAACTCAGATGAAGCGAATAGAGAATGCAACAAGCAGACAAGTGACTTTCT
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CTAAGCGAAGAAATGGATTGTTGAAGAAAGCCTTTGAGCTCTCAGTGCTTTGTGATG
CTGAAGTTTCTCTGATCATCTTCTCTGCTAAGGGAAAGCTTTATGAATTCGCCAGCT
CCAAGTACGTTCTCTTTTATATATATCATCTACAGAGAAAGGGAGAGAGAGAAAAAA
AGTTTTGTTTATATCCCTTGGTTTTAAATATGGATCTGTTGGCTGTTTATGGAATCA
AATCTCTTTGACGTTTGCGTACTATTCGAGAGAGTGCTAAGTGAATTTCTTGGTTTC
TACCACTGTAGGGATATTATTAAAGTAAAACTAATTAAATCATCATGCTTAATCCTC
TGATATGTCTCTCTCACATATTTTGTTTCTGAATTATGATAAAACTTAAAATATCAA
AGAACTATCTGTGAAATACTTTGCACTTGTTATATATAAGATCATGATCACACACCC
GTACACCTCCTTGAGTTTCTATTAAACACTTTCTTGAGTTCATTCAGAAATAATAAA
CATGTTGCAATTAGTAGTCTTTTGGTAAGAGATGATACTAAATCTGGTATAATTAAT
CTGATTTGTTACTGCTTTAAGAAAAATCATATATTGCCATTAGTGCTGACTAGGAAA
TTGTTTCACCAATTCTAATTAAAAATCATGCATGTTTCAATTCATGCTCATTCTTAG
TATTATGTAGTTAAGTTGCATGTTTTGTTGCTATTGTTTCGGATTTTGCATCCAAAT
CTCATGCCAGAATCTAAATGTGTAATAAGAAAGAAGTAATCTTATACTGTTAGGTAG
AAGGGAAACCAAATGTACTTTTGATGAATTATTACATCTGTAAATAGAAAAAGCCAG
CTTTTGATCAGATGTTTCAGACGGTTTGTTGTACTTCTTTCTCTCAACCTAACTTAA
TTTAAAGTAAAGaGACTCACATGTTTTTTGGTTTTCCAAAATGTTGGGGGAAATATC
ACATATAGTACACGACTTTCTAAGTTGTGTCCTTAAGACTTGTGATATAACTTCACC
TAAGAACTTTTGATGTTCTTATTTTATCTGTTTTTGAAATCGAGAAATATTGATTTG
GTTTCTTGTTTTGTGCTAACTTAATCTGTAAATCATTTTCAATGTTTTAACAGTATG
CAAGATACCATAGATCGTTATCTGAGGCATACCAAGGATCGAGTCAGCACCAAACCG
GTTTCTGAAGAAAATTTGCAGGTTAAATATGATATTTTGTGCCATTATTAATCCAAC
TCTAATATGAAATAAATTGGCTTAAGAAAAGTATCATATACAGTCTACATAATCTCA
AGCCACATATTAAGGATAATTACATACACTAACATTTTGTGTTATAACCAATAGCAT
TTGAAACATGAAGCAGCAAACATGATGAAGAAAATTGAACAACTTGAAGCTTCCAAA
CGGTTGGTGATTCAATACAAACACATTATTGACTTGGATTATTGTATACATATCTTT
AATAAGAGTTTGATCATATTGAGTATTTTCTTACTTTAATTAGGAAACTCTTGGGAG
AAGGCATAGGATCATGTTCGATAGAGGAGCTGCAGCAAATTGAGCTACAACTTGAGA
AAAGTGTCAAATGTATTCGAGCAAAAAAGGTGTATATATCATGCCCACATCATTGTT
CTTATAAAAGCCACTGAGATAAGTTCTAACTTAGTTACTCGTCTCTATTAGACTCAA
GTGTTTAAGGATCAAATTGAGCAGCTCAAGCAAAAGGTAATGAGACTCAAGTAGTGG
AACACTCCAACTTGATAATCTTCTTGTGCTTAGTTCTTACAATTGGTATAAAAAAAT
CTTTGCAGGAGAAAGCTCTAGCTGCAGAAAACAAGACGCTCGCTGAAAAGGTACGTA
CAATATATTCTATGGTTCTCTAGTTAGGGTTTCACCTGCACATCGTTTTCTTGTAAA
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AACGAATATCTTAAATGGTTCTCAAGTTTCTGCACTTGCACATCGTTTTCTTTTATT
CTTTTGTGATAGTTAACAGTTTGGTTCTTTTTTTTTGGGTTATTCGATCGTCATGCT
CATGACCTTGATCTATGTGTTTGTTCTATCTTCTTTGCATCTATTAGTCTTGTGTAT
ATATTAACAATAATTTTATTACAGTGTGGATCTCATATGATCGAAGTTTGGTCAAAT
AAGAACCAAGAAAGTGGAAGAGGGGACGAGGAGAGTAGCCCAAGTTCTGAAGTAGAG
ACACAGTTGTTCATTGGGTTACCTTGTTCTTCAAGAAAGTGAACAAACGACTCTTCC
AAAAACAAAAACAAAAACATAAAGCAAAATTTTAAGTAAAAATGGGCTTAGCAGTGA
ATGTACAAGTACAAGTAACAAAACTCTAAACTGCTTCTGTTGTTGTCTTCTTTCTCT
CTTCTTTAAA
B.1.1.14.

Protein sequence for DtSOC1

MVRGKTQMKRIENATSRQVTFSKRRNGLLKKAFELSVLCDAEVSLIIFSAKGKLYEF
ASSNMQDTIDRYLRHTKDRVSTKPVSEENLQHLKHEAANMMKKIEQLEASKRKLLGE
GIGSCSIEELQQIELQLEKSVKCIRAKKTQVFKDQIEQLKQKEKALAAENKTLAEKC
GSHMIEVWSNKNQESGRGDEESSPSSEVETQLFIGLPCSSRK
B.1.1.15.

CDS for DtTSF (plus 5’&3’UTR) (black – non coding sequence,

red – coding sequence)

GATTGGTTGAAAGTTTAGATCAAATATCATGTCTTTAAGTCAGAGAGATCCTCTTGT
GCTTGCAAGAGTTGTGGGTGATGTTGTTGATCCTTTCATGAGATTGATCTCTCTTAG
AGTAACTTATGGCCAAAGACAGGTTATAAATGGAATGGATCTAAGGACTTCTGAAGT
TCTAAATAAACCAACGGTCGAGATTGGAGGAGATGACCTCAGAAATTTCTACACTTT
GGTTATGGTGGATCCAGATGTGCCAAGTCCAAGCAACCCTCACCTCCGAGAATATCT
CCATTGGTTGGTGACTGATATACCTGCAACAACTGGAACAGCTTTTGGAAAAGAGTT
GGTGTGCTATAAGAATCCATGTCCCACTTCAGGAATTCACCGAGTTGCATTGATGTT
GTTCCGACAACTCGGAAGACAAACCGTTTATGCACCCCAGTGGCGCCCACGCTTCAA
CACTCGTGAGTTCGCTGAGAACTACAATCTTGGTCTACCCGTTGCTGCCGTCTTCTT
CAACTGTCAGAGAGAGAATGGCTGCGGAGGAAGAAGAACATAGAAGAGTATCCATCC
CTCGTTCCTCTTAAGTAATATCCATTTAAAGGTTCTTGTTGTAATAAGAAATATAAT
GATTATGATATGACTAAACATAAGGTGACGCATGCATGCGGACATCTATATAAAGTA
TATGTAATAACTAATAATTGAGAGGGCCGAGGAATGAAAAATGAGTGTGTTCTACTT
GTTAAAAAAAAAAAAAAAAAAAAA
B.1.1.16.

Protein of DtTSF

MSLSQRDPLVLARVVGDVVDPFMRLISLRVTYGQRQVINGMDLRTSEVLNKPTVEIG
GDDLRNFYTLVMVDPDVPSPSNPHLREYLHWLVTDIPATTGTAFGKELVCYKNPCPT

236

SGIHRVALMLFRQLGRQTVYAPQWRPRFNTREFAENYNLGLPVAAVFFNCQRENGCG
GRRT
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Appendix C.
C.1. SNPs identified in whole genome sequencing
C.1.1.

SNP 1) 85295 C1_0 C2_18 C1_14 C2_0 A/G

ttctatgtatttcttaaagctcatcttggtcaaccacaaacagcttttagaaagata
taagtttagacgagtatatttagttcttgtaatcggccgacaatttatgcatatgat
attaatacaaaattatccggatcctttacatattttataacattatattatttacat
caatgaccggatatgcaatccacagtaggtacatcaatgatcagaagtctcaaccat
cagagcctccttgttcatttttctaaagttggataattatgacatgctgcagatttt
ttgtaaacttttctctataaatatgcataatttctttatgtgggacttgaaacccaa
gcctccttatgtagAATTATTAATGCACCTTTTATCAAACCACTA/GAACCAAGAAG
GCTTCCACTAGCCTCCTTGTtcagaccattattgtttcttgttagtgttaatcaaat
gttactatttacaaatgaggaaaccgaaaacaatatgataactagaaccataaacat
aagttcattgggaaaccataaacaatttaaaaaccagattaaacccctcaaaagcat
agttcaaataaaccaagataaacaagtctgtataatcgagatttttttctgcggaat
caaaaataaaatggcatttacttatctttgtttcatcatattgtatactatcttaca
caaactaaaactgctatgtaacctagaaagtaaattaatggcgaagtttttctctct
gacaacgccgccaaatttgacagggctgtgtttcagggttt
C.1.2.

SNP 2) 76246 C1_8 C2_0 C1_0 C2_9 A/G

ttgattcagtccataatttgtggtatcaaaacagaaaaagttaggcatgaacaaaat
cttttttttttcttttggtgaagattttgataacaaagtcggtgttcacattttgtg
gtatagttttagtaacatgaatccatgtacatgtatttggtatagttttgtgatcaa
agcagagtgttttcccatgttatctactataaacacagtccacacattactcattac
ttatccaacatcacccgtccatgtatatcttgtctgcaaatcatccatccatgcatc
acccatctacacatcaccttaataatatctacaattgttgtttctattaaggggaaa
ttgtccacattatgtggctgaccaacaataaggtgtatcacatgtaaaaagtgtttt
taagtgtaaaaaaaagtcaaaaagtgtcgcttagtgtaataaactctagtttgtata
ggtaatgaattttgttttgtttctacttctcccctcttggttttgcatttgccttat
ctccaaaagatctatgcgtgttaacttccttaaatagcttatcatcactagcttttc
agatgcactaaattatccacgtgtaatgatctttatccacgtctaaggccattcgca
gtggtcacattttactaggctacctgacgataaaaactattattaaaattagaaaca
agaaatagaaaacaagaaatgagagaaacgtgtccgtggaaaaatatgttttatttg
atctgagaggttaattctacagatgtcagcgccacatgtttccatactttaaatatt
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aatattttaattattttatcttaaaatactaatatataactatagagacgttggtaa
aGAAATGCACTAATAATGATGCTTTAACTCCA/GATGTCACTTTTCTACATCATAAA
TCTAATActataaagaatagtataaga
C.1.3.

SNP 3) 77982 C1_0 C2_8 C1_12 C2_0 C/T

tgtaggtttgttctcattgttccccattgtagttgcctctctttttgcattcttaat
gatcagactcaatgtcaaaagaaatagtttcagtttctgtaattatggcagttcatt
atgcttacgatcagctagagtcgatctttacaaggatgttgatcatggcatagtaac
aaatgcctcttaaagctagtaaataagaaaatattattgaagcagaaagtgaccata
gccttgcagataatttcgtcaacaataattcctaaacccattgaggtcaaacccaag
cgcctccatttcgccaccaaacaaatttattttgtatcactcagttcaactcttcca
tactgtcaagaacatctgggagcatcctcaggcttttgaaacctcgcatgctcaatt
tagcaagatctggccaagaccttacagatgatggaacttcttctataccagtatttt
ccagatccagatagccaattcttgtagaaatctctggaaacgttttcagttgtgtgc
agtgactgaggtcaagatgatatatagagactccatgttgatgttggttggaagaac
cttgagattcttgcatcccaccatcttaaggtgtgtcagacttgagagattctggat
ccaagaaggaatctccaccaGACTTTCACAAGCATTGAGTACTAATATCTC/TAAGA
TTCTTGGCATTTGACACATTAGGGACgtctttcaagtttaaggagtaagacatatcc
atcagcttgagatgtcgaagccgctgtacatatggaaagtggaaatagacaaatcaa
aaacacatataatatgttgagcaaatctcccaaaagaaattgaaataagtttttttt
taccaaaaatataaaatggctaaaaagtttattcaaaacagtagaagatcattttac
atttgttt
C.1.4.

SNP 4) 141907

C1_0 C2_8 C1_8 C2_0 A/G

ctaatacgaagcataagcatagtttcatttcgtctggccagaaaaatgaagattttg
ttcctaacaggaattgaacttaaaatctatggactgtatatacattatcccaaattt
tatttttaccattagattaccaccggttaccggttgattacattatcaattattact
ttcttatgacaagtgataaaatttatagataaataatacaagtagtattcactttct
cttacaatggatatatatattatgtaaatggtactaaaatgtaacatcaagatagaa
aatagtggatttagaggagaaagtgatctgttcaaaaaaaagaggagaaagtgaaag
aatggcaaggcttacttttaattgctttgcttcaaaaggagtatcctttgtagatct
aatgtatgatatcgtaagtacgttataatactcagattaggtacaatagacacaaaa
ctaatcgacaagggacagaaagacccgatttaagtatacatatatattttagtcaaa
aaaaaagagtatacgtatatataatatattatacttatatttctaaagaagtgacta
agcaaaatacttgtaacgtaacgtacgttggtaaactaacataacattaagcagtaa
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ataaatatgattgtcaatgcttattttagtCTGGTAAAATATTGTAGTAAGATCTTT
CTCA/GAGCAAACATGAAATATACTAATGGTTGGAAggatggtctagtctctggaac
acataaaaagaaatatgccttgtttactatttctattttatgtcgaatattggagtt
tatgtaaaggtggt
C.1.5.

SNP 5) 63435 C1_0 C2_9 C1_13 C2_0 C/T

ttgtacttggctcgatcaactgaaagaattccaaattcaaaaaaattggaattccac
agttacttgtaaggttttattgatttgtgtattgtgtttaaaaatgcactaaggcct
tagacctctagcattcATATTGAATTTTCAGCTTTTCTGAGTTTATC/TTATATAAC
TAACTTATATTATAAAGAAGTCcacataccacttaaaacgcccttgttttttttctt
aatacaaattgtatgtgtggttttttatcttcagatactgatgtaggtaaaatggtt
gatgatcttctgttgaattctaattacctcgcaacagaaagaactacttttaatgtc
tcagagagtaaagtggttgtgttttgggatataattggttgtcccatggccattaga
cattggaaagatattcctataatcatcaaaactgctctggaaatggcaggatacatg
agtgagctagaaat
C.1.6.

SNP 6) 109293 Q1_72 Q2_0 , A/G rank_0.81507,

ttcttcactaaactaatgatatttgataaattaacttatactgaagaaaaagaaaaa
tttgtagggcgcacatccgttcctggtaatcgcatctcatatgtccacatgttttta
actaccaaatgatcagttatcaacccgcaattctttgatttgatacatgcaagtcaa
tctaagttttttttttgctcgctaacgtcaaactttgtgtttcacaaatccagtatg
aaacacaaaaactagcacatactgtattgttttgaagtctaattaatatataagctg
atattttaagcatatctacacatgaaattaaccgCCAAGTTACCTTAAAATATCCAT
ATAGAGGA/GTTCAAGTACTGGTACTACTATATGTTAATAcatcgggtattgtctat
aatacgaaatatcagttatgtatgtgtatatatttacatcagaagaccaaaatatat
ccatcaaatattaaatagactgtaacaagaaaatccaagtttattcaaatcacaaac
agtacaacacacacatatataaacatgatactatagagctgcttcccgttattaaga
tgtaga
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Appendix D.
D.1. Protoplast isolation results
Arabidop
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1/5/14
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1/5/14
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242,000
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7/5/15
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1
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13/5/1

1
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4
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1
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1
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Gfp+crispr

1

142,000

n/a

Gfp+crispr

5
19/5/14

1

210,000

n/a

Gfp+crispr
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4

1
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Gfp+crispr
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1

154,000

n/a
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1
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4
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r
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1

238,000

n/a

gfp
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1
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224,000
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1
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12.35
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4
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5

4
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4
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2
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1

350,000
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5
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11/9/1

2

262,000
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1 (0.4M)

228,000

11.5

1 (0.6M)

201,200

15

2
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4
15/9/1
4
15/9/1
4
17/9/1
5

Gfp+crispr

(new
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se)

22/9/1

1

275,000

4

3.8

Gfp+crispr

(17.3
sterile)

25/9/1

2

246,680

4
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D.2. Primers used in targeted mutagenesis experiments
D.2.1.

CRISPR FT target primers

CRISPR_FT_1_F – GATTGGTTACTTATGGCCAAAGAG
CRISPR_FT_1_R – AAACCTCTTTGGCCATAAGTAACC
CRISPR_FT_2_F – GATTGCTCGGAGGTGAGGGTTGCT
CRISPR_FT_2_R(2nd) – AAACAGCAACCCTCACCTCCGAGC
CRISPR-FT-96(n102)96-98-For – GATTGTCACTCTAAAGGTTACTTA
CRISPR-FT-96(n102)96-98-Rev – CTAAGTAACCTTTAGAGTGACAAA
CRISPR_FT-136(133-155)_F – GATTGGCTTGTTTTGAACCTGAGA
CRISPR_FT-136(133-155)_R – AAACTCTCAGGTTCAAAACAAGCC
D.2.2.

Primers for the isolation of AtFT

AtFT_5'UTR_1_F – CACAGAGAAACCACCTGTTTGTTCA
AtFT_3'UTR_1_R – AGGCATCATCACCGTTCGTT
AtFT_full_1_F – AGATGTCTATAAATATAAGAGACCCTCTT
AtFT_full_1_R – GAAGCCATCTAAAGTCTTCTTCCTCC
AtFT_seq_1_R – GTGTAAGAAGCACTGAAGAAACTA
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AtFT_seq_2_R – GTTCCAGTTGTAGCAGGGATATC
AtFT_seq_1_F – GCATAAGTGATTATTATTTAGGATAA
D.2.3.

Primer pairs used in PCR for cloning of shorter AtFT fragments

CRISPR FT-1 – AtFT_full_1_F – AGATGTCTATAAATATAAGAGACCCTCTT
X AtFT_seq_1_R – GTGTAAGAAGCACTGAAGAAACTA
CRISPR FT-2 – AtFT_seq_1_F – GCATAAGTGATTATTATTTAGGATAA X
AtFT_seq_2_R – GTTCCAGTTGTAGCAGGGATATC
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