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Abstract
Flowering at optimal times promotes the success of plant sexual reproduction and agronomic
productivity and yield. Legumes are the second most important group of crop plants, but their
flowering gene networks are less well understood than in the Brassicaceae and Poaceae. Medicago
truncatula (Medicago) is a legume model plant with powerful genetic resources and which flowers in
response to long day length and vernalisation (winter cold) conditions. A putative Medicago
Polycomb Repressive Complex 2 (PRC2) subunit VERNALISATION2 (MtVRN2) was
characterised previously in the Putterill laboratory, whose mutation led to early flowering. This
indicated that MtVRN2 represses the transition to flowering in Medicago, opposite to VRN2 function
in Arabidopsis thaliana (Arabidopsis). In addition, candidate floral integrator and homeotic genes
had elevated expression in the Mtvrn2 mutant.
An attempt was made to further characterise MtVRN2 function by analysing a candidate protein
interactor CURLY LEAF (CLF, a candidate PRC2 member) using yeast two hybrid and pull down
assays and selected candidate target genes (FLOWERING LOCUS Ta1, APETALA1, AGAMOUSLIKE11 and SEPALLATA3b) using Chromatin Immunoprecipitation (ChIP)-PCR. In addition, a
second candidate PRC2 member Medicago EMBRYONIC FLOWER2 (EMF2) was aimed to be
functionally characterised. Third, the function of six candidate flowering genes related to
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) and FRUITFULL (FUL), some
with elevated expression in the Mtvrn2 mutant, was examined by ectopic expression in Arabidopsis.
The results of ChIP-PCR using transgenic Medicago plants overexpressing epitope HA-tagged
MtVRN2 showed that MtVRN2 did not appear to bind directly to the selected candidate target genes.
The protein interaction studies suggested that MtVRN2 might not physically interact with MtCLF via
their VEFS and C5 domains respectively. The investigation of the cDNA clones of three MtEMF2like genes revealed several different potential coding sequences from the annotated genomic
sequence. Functional analysis revealed that MtEMF2 did not appear to play the same role as AtEMF2
in flowering time control.

Three MtFUL genes and three MtSOC1 genes were identified in

Medicago, as opposed to one of each in Arabidopsis. The overexpression of these six genes in
Arabidopsis indicated the potential role of three of them, MtFULa, MtFULb and MtSOC1a in
flowering time control because they accelerated Arabidopsis flowering.
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Chapter 1. Introduction
1. 1 Crop yield and flowering time control in plants
1.1.1 The significance of studying flowering time
Plants are one of main food sources of human beings. People consume plant seeds, fruits, leaves,
stems, roots and even flowers in their daily life. As predicted, global population will exceed 9 billion
by 2050 (Fig. 1.1A) and accordingly agriculture productivity must increase by 60% to feed such a
large population (Nellemann et al. 2009; Martin 2013). However, to make food supply keep pace
with the increasing population is becoming a big challenge because the yield growth of some key
crops such as wheat, rice, maize and soybean, which account for almost 60% of global human food
consumption, has nearly stabilized with an increase less than 2% per annum in the past decades (Fig.
1.1B) (Nellemann et al. 2009). In addition, issues like cropland loss, climate change, pathogens,
weeds and insects are resulting in crop yield reduction (Nellemann et al. 2009).

Fig. 1.1 Projected global population growth and production increase of common crops. (A) Global
population increased stably from 1750 to 1950 and then sharply increased from 1950 to 2000. This increase is
predicted to continue in the next five decades both in developed and developing countries, thus making global
population exceed 9 billion by 2050. This figure was taken from Nellemann et al. (Nellemann et al. 2009).
Source: UN Population Division, 2007. (B) From 1965 to 2008, the yield growth of some key crops are less
than 2% annually and the production increases mainly stem from the expansion of cropland (15%
contribution), the use of fertilizer (78% contribution) and increased cropping intensity (7% contribution). The
figure was modified from Nellemann et al. (Nellemann et al. 2009). Source: World Bank, 2009.
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Flowering at optimal times promotes the success of plant sexual reproduction and agronomic
productivity and yield. To achieve reproductive success, flowering time must be tightly regulated in
plants. The understanding of how plant genes regulate flowering time in response to environmental
stimuli will provide important tools for crop breeding, to counter the effects of increased human
population pressure and issues like climate change, thus improving crop yield. In addition, it was
also found that some flowering genes were related to plant stress tolerance, thus favouring the
breeding of stress tolerant crops (Kazan and Lyons 2016; Ke et al. 2016). For example, Arabidopsis
thaliana (Arabidopsis) photoperiodic flowering gene GIGANTEA (GI) was found to play multiple
roles in the regulation of biotic and abiotic stress tolerance such as drought tolerance, salt tolerance,
and disease resistance (Kazan and Lyons 2016). The rice flowering repressors, targeting the EARLY
HEADING DATE1 (EHD1) gene are important for rice to adapt to cold temperatures in higher
latitudes (Gómez-Ariza et al. 2015). The barley flowering gene PHOTOPERIOD1 (Ppd-H1) is
associated with drought stress tolerance (Campoli et al. 2012; Gürel et al. 2016).

1.1.2 Factors affecting plant flowering time
Plants sense environmental cues to synchronise their behaviour and development to achieve
successful reproduction. These environmental factors include day length and the period of winter
cold (vernalisation) (Amasino 2010; Preston and Sandve 2013). According to their response to day
length, plants are classified into long day plants (LDPs), short day plants (SDPs) and day neutral
plants (Amasino 2010; Andrés and Coupland 2012; Shrestha et al. 2014). Typical LDPs include
Arabidopsis, Medicago truncatula (Medicago), Pisum sativum (pea), Hordeum vulgare (barley) and
Triticum aestivum (wheat). SDPs include but are not limited to Oryza sativa (rice), Glycine max
(soybean) and Zea mays (maize). Day neutral plants flower regardless of day length, namely,
Solanum lycopersicum (tomato) and some Nicotiana tabacum (tobacco) species. Plants can also be
classified into vernalisation and non-vernalisation responsive plants depending whether vernalisation
is required for flower induction (Preston and Sandve 2013). For example, temperate climate plants
are usually vernalisation-responsive plants so that they can flower under optimum conditions in
spring (Preston and Sandve 2013). Some plants respond to both day length and vernalisation to
induce flowering. They are called LD vernalisation-responsive plants. Winter-annual Arabidopsis
accessions are typical examples (Bratzel and Turck 2015). In addition to day length and vernalisation,
some other environmental factors such as ambient temperature and light quality can also affect
flowering time (McClung et al. 2016; Sánchez-Lamas et al. 2016). Besides environmental factors,
developmental factors including plant age also play a crucial role in regulating flowering time
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(Jarillo and Piñeiro 2011; Srikanth and Schmid 2011; Wang 2014). How plants integrate
environmental and developmental cues to develop flowers is discussed below.
Flowering pathways and the genes involved are well understood in Arabidopsis and rice (Shrestha et
al. 2014; Blümel et al. 2015; Lee and An 2015). However, these pathways and genes are not always
conserved among plants and they vary from species to species. For example, a key Arabidopsis
flowering gene FLOWER LOCUS C (FLC), was not found in some legumes like pea and Medicago
(Weller and Ortega 2015). In addition, some Arabidopsis flowering genes have undergone
duplication in legumes and their functions have become divergent during evolution (Liew et al.
2014b; Weller and Ortega 2015).
In this research, Medicago, a legume model plant, was focused on to study candidate genes that
regulate flowering time in Medicago. The research on Medicago flowering time should contribute to
the understanding of flowering time in other agriculturally important legume species, such as alfalfa
and pea, thus ultimately improving their yield and productivity (Young and Udvardi 2009). Although
Medicago is a well-characterized model plant for analysis of nitrogen fixation via Rhizobium
symbiosis and has a sequenced genome, genes involved in flowering time are less understood. For
this reason, the research on Arabidopsis will be firstly discussed in this introduction due to its wellstudied flowering time control pathways. In the second part of this introduction, Polycomb protein
(PcG) complexes which play important role in epigenetic silencing and have been found important in
flowering time regulation in Arabidopsis will be described. Finally, studies on flowering time control
and flowering genes in rice, soybean, pea and Medicago will be introduced. The goals of this project
will be presented at the end of this introduction.

1.2 Flowering time pathways in Arabidopsis and the genes involved
Arabidopsis was proposed to be a model plant around 70 years ago due to its small genome size,
short life cycle, ease of crossing and cultivation and the large amount of seeds it produces (Sofo
2015). The studies of Arabidopsis laid a good foundation for an understanding of plant genetics and
molecular biology and furthermore had great reference value for the studies of other species. The
research on flowering time control in Arabidopsis has been well developed and there are at least six
flowering pathways characterized in Arabidopsis including the photoperiod pathway, vernalisation
pathway, gibberellin (GA) pathway, ambient temperature pathway, aging pathway and autonomous
pathway (Fig. 1.2) (Fornara et al. 2010; Srikanth and Schmid 2011; Verhage et al. 2014; Blümel et al.
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2015). These pathways converge on floral integrators which integrate signals from a set of flowering
pathways and then activate downstream genes to promote the floral transition.

Fig. 1.2 Arabidopsis flowering pathways and key genes involved. Flowering time is controlled through six
pathways in Arabidopsis including the photoperiod, vernalisation, ambient temperature, autonomous, aging
and GA pathways. These pathways converge on floral integrators which activate the expression of floral
meristem identity genes to promote the floral transition. The figure was taken from Fornara et al. (Fornara et
al. 2010).

Arabidopsis belongs to LDPs with long days (LDs, 16 h light/8 h dark) promoting its flowering
compared to the short days (SDs, 8 h light/16 h dark) (Amasino 2010; Shrestha et al. 2014). It was
found that genetic variation in response to environmental cues was present among different
accessions of Arabidopsis (Koornneef et al. 2004; Lempe et al. 2005). This is an adaption for plants
grown in temperate climates. For Arabidopsis, two types of natural accessions were found. One
group has a rapid life cycle and flowers rapidly without vernalisation requirement, called summer
annual Arabidopsis. The other group shows winter annual characteristics and requires vernalisation
4

to promote flowering (Gazzani et al. 2003; Amasino and Michaels 2010). The genetic mechanisms
by which Arabidopsis senses and responds to environmental stimuli will be discussed in the sections
below.

1.2.1 Photoperiod pathway
Studies of late flowering Arabidopsis mutants characterized a collection of genes relevant to
flowering time (Koornneef et al. 1991). FLOWERING LOCUS T (FT) is one of them, which was
firstly described in the Koornneef paper and then characterized as a key floral integrator (Koornneef
et al. 1991; Fornara et al. 2010; Srikanth and Schmid 2011). FT encodes a small ~23kD protein with
homology to phosphatidylethanolamine-binding (PEBP) proteins (Putterill et al. 2013; Wickland and
Hanzawa 2015). It is expressed in phloem companion cells in leaves, but FT protein acts as a long
distance signal (florigen), translocating from leaves to the shoot meristem to initiate flowering
(Jaeger and Wigge 2007; Giakountis and Coupland 2008; Turck et al. 2008). In the shoot apical
meristem (SAM), FT interacts with a bZIP transcription factor FLOWERING LOCUS D (FD) to
activate another floral integrator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1)
and floral meristem identity genes such as APETALA1 (AP1) and FRUITFULL (FUL), thus resulting
in flower induction (Amasino 2010; Andrés and Coupland 2012; Song et al. 2015).
FT has a close homologue TWIN SISTER OF FT (TSF) (82% identity in amino acid sequence) in
Arabidopsis. They share similar diurnal oscillation expression patterns in response to photoperiod,
but have different spatial patterns. FT is expressed mainly in cotyledons and leaves, while TSF is
expressed in hypocotyls (Yamaguchi et al. 2005). FT and TSF play redundant roles in promoting
flowering, but act independently in integrating flowering pathways. In addition, as a florigen, FT has
higher protein mobility than TSF (Yamaguchi et al. 2005; Jin et al. 2015; Putterill and VarkonyiGasic 2016).
FT is up-regulated by CONSTANS (CO), a key floral activation gene that is expressed in the vascular
tissue and integrates the light and clock signals in the photoperiod pathway (Turck et al. 2008; Song
et al. 2015). The expression of FT was elevated in transgenic Arabidopsis overexpressing CO.
Furthermore, the mutation of FT gene was able to strongly suppress the early flowering phenotype of
plants overexpressing CO, but the overexpression of CO could not rescue the late flowering of ft
mutants (An et al. 2004; Yoo et al. 2005). This indicates that FT genetically functions downstream of
CO and CO regulates flowering time through FT.
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CO gene encodes a zinc finger transcriptional regulator containing two B box zinc fingers and a CCT
(CO, CO-LIKE and TOC1) domain (Putterill et al. 1995). Its expression is regulated by light and the
circadian clock, oscillating with a phase of 24 hours (Suárez-López et al. 2001; Song et al. 2015).
The abundance of CO transcript is tightly correlated with the activity of GI, FLAVIN KELCH F
BOX 1 (FKF1) and CYCLING DOF FACTORs (CDFs) proteins as seen in Fig. 1.3 (Fowler et al.
1999; Imaizumi et al. 2005; Sawa et al. 2007; Song et al. 2013b). FKF1 and GI genes are expressed
under control of the circadian clock and their proteins exhibit similar diurnal expression patterns
(Imaizumi et al. 2003; Sawa et al. 2007). FKF1 senses light and physically interacts with GI protein
to form the FKF1-GI complex when exposed to blue light (Sawa et al. 2007). The FKF1-GI complex
does not interact with CO gene directly, but through CDFs, the direct transcriptional repressors of
CO gene (Fornara et al. 2009; Song et al. 2013b; Song et al. 2015). In morning of LDs, CDFs bind
the CO promoter and suppress CO transcription. FKF1 and GI proteins accumulate with time,
peaking and forming the FKF1-GI complex at the end of LDs. The FKF-GI complex subsequently
triggers ubiquitin-dependent degradation of CDFs and finally activates the transcription of CO gene
(Fig. 1.3) (Andrés and Coupland 2012; Song et al. 2015).
In addition to being regulated at the transcriptional level, CO protein also experiences lightdependent post-translational regulation (Fig. 1.3). In the dark, CO protein is ubiquitinated by an
ubiquitin ligase complex comprising CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) and
SUPRESSSOR OF PHYTOCHROME A1 (SPA1), thus triggering the degradation of CO by the 26S
proteasome (Laubinger et al. 2006; Liu et al. 2008c; Andrés and Coupland 2012). This process is
repressed by light. Therefore, the CO protein peak can only be reached at the end of a LD when
CDFs are degraded by the FKF1-GI complex.
The accumulation and stability of CO protein correlate with the activity of photoreceptors (Valverde
et al. 2004; Song et al. 2013b; Song et al. 2015). Two major types of photoreceptors are involved in
the photoperiodic pathway including blue-light receptors CRYPTOCHROME1 (CRY1) and
CRYPTOCHROME2 (CRY2) and far-red light receptors PHYTOCHROME A (PHYA) and
PHYTOCHROME B (PHYB) (Lariguet and Dunand 2005; Li and Yang 2007; Song et al. 2013b;
Song et al. 2015). PHYB mediates a COP1-independent CO protein degradation pathway in the early
morning hours. Its activity is inhibited by the active PHYA and CRYs during the rest of the day
(Srikanth and Schmid 2011; Andrés and Coupland 2012). PHYA was found to be able to inhibit
COP1-SPA complex by an unknown mechanism, while the active CRY proteins can bind either
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COP1 or SPA proteins, prevent the translocating of the COP1 protein into the nucleus and thus
inhibit efficient CO protein degradation (Valverde et al. 2004; Jang et al. 2008; Zuo et al. 2011).

Fig. 1.3 Regulation of CO at transcriptional and post-translational levels. (A) In the morning of LDs, CO
transcription is repressed by CDFs. This repression is released in the afternoon when FKF1 and GI proteins
form the FKF1-GI complex which mediates an ubiquitin-dependent degradation of CDFs. In the night and
morning hours of LDs, CO protein is guided to degradation by the COP1 complex and PHYB protein in a
COP1-independent manner. The activities of COP1 complex and PHYB protein are antagonised by CRY2 and
PHYA during the rest of the day, so that CO protein can accumulate and reach peak at the end of LDs. (B) In
SDs, FKF1 and GI cannot form an active complex to repress CDFs, which leads to the very low abundance of
CO protein to start with in SDs. The activities of COP1 complex and PHYB are inhibited by CRYs in the day.
However, the inactive CRYs are no longer able to repress the COP1 complex in the night, thus resulting in the
degradation of CO protein. Under SDs, the abundance of CO protein remains low and unchanged, which is not
enough to activate FT gene, thus preventing flowering in SDs. In this figure, CO gene is presented in green,
and proteins in orange. Dull colours represent inactive genes and proteins, while bold colours indicate active
genes and proteins. Dashed box shows weak complex formation, and the grey box shows efficient complex
formation. The clock is a 24 h clock. This figure was taken from the review of Srikanth and Schmid (Srikanth
and Schmid 2011).
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1.2.2 Vernalisation pathway
Vernalisation is a phenomenon where flowering is promoted by exposure to a prolonged period of
cold. When comparing genetic differences between winter and summer annual Arabidopsis, two
genes FRIGIDA (FRI) and FLC were identified which are responsible for the repression of flowering.
Lacking either of them would lead to early flowering (Gazzani et al. 2003; Amasino 2010; Amasino
and Michaels 2010). Winter annual Arabidopsis accessions have both functional alleles of FRI and
FLC, while summer annual accessions lack functional alleles either in FRI or FLC or both, implying
the independent evolutionary pathway of two accessions of Arabidopsis (Gazzani et al. 2003;
Michaels et al. 2003). In addition, it was found that FRI did not repress flowering genes directly but
via up-regulating the transcription of FLC (Helliwell et al. 2006; Choi et al. 2011).
FLC is a key floral repressor, encoding a MADS box protein which acts both in the vascular tissue
and SAM to repress the transcription of floral integrators FT/TSF and SOC1 by directly binding to
their promoters (Helliwell et al. 2006; Li et al. 2008; Srikanth and Schmid 2011; Berry and Dean
2015). FLC protein is able to form a heterodimer with SHORT VEGETATIVE PHASE (SVP),
another MADS box protein, to suppress FT/TSF and SOC1 expression (Li et al. 2008). It was found
that FLC and SVP shared the common binding sites in FT and SOC1 genes and the FLC-SVP
complex could strongly delay flowering time (Helliwell et al. 2006; Jeong et al. 2007; Li et al. 2008).
As seen in Fig. 1.4, the induction of flowering by vernalisation can be broken down into two stages:
the repression of FLC and the maintenance of the repressed state when the environmental
temperature turns warm. In the first two weeks of exposure to cold temperature, the expression of
FLC is reduced rapidly, which has been attributed to an antisense non-coding RNA, called COLD
INDUCED LONG ANTISENSE INTERGENIC RNA (COOLAIR) which is cold-dependent and
expressed from a promoter at the 3' end of FLC gene (Srikanth and Schmid 2011; Song et al. 2012).
COOLAIR is up-regulated to reach a peak within the same timeframe of FLC transcript reduction
(Swiezewski et al. 2009). In addition, the absence of COOLAIR was found to reduce the rate of FLC
down-regulation in the cold (Csorba et al. 2014). COOLAIR initiates the repression of FLC but is not
responsible for the maintenance of this repression (Song et al. 2012; Berry and Dean 2015). Around
three weeks vernalisation when FLC is down-regulated, another non-coding RNA, called COLD
ASSISTED INTRONIC NONCODING RNA (COLDAIR) which arises from the first intron of FLC, is
activated (Heo and Sung 2011). COLDAIR promotes the recruitment of Polycomb Repressive
Complex (PRC2) to the FLC chromatin by directly associating with PRC2 histone methyltransferase
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subunit CLF (Heo and Sung 2011). With the extended period of cold exposure, two plant
homeodomain

(PHD)

proteins

VERNALISATION

INSENSITIVE3

(VIN3)

and

VERNALISATION5 (VRN5, also known as VIL1) interact with PRC2, forming PHD-PRC2 at the
FLC nucleation region (the FLC exon1 and beginning of intron1) (Sung and Amasino 2004; Greb et
al. 2007; De Lucia et al. 2008). The activity of PRC2 is boosted by PHD-domain proteins, catalysing
the trimethylation of histone 3 at lysine 27 (H3K27me3). H3K27me3 accumulates with prolonged
exposure to cold temperature at the FLC nucleation region to initiate FLC repression (De Lucia et al.
2008; Song et al. 2012).

Fig. 1.4 Regulation of FLC during vernalisation in Arabidopsis. (A) After 1-2 weeks vernalisation, antisense RNA COOLAIR is expressed in response to the cold. The expression of FLC is down-regulated. (B)
After 3 weeks cold exposure, COLDAIR is activated and associates with PRC2 as a recruiter. With the
prolonged cold exposure, PHD-domain proteins (VIN3 and VRN5) interact with PRC2 to form PHD-PRC2 at
the nucleation region of FLC. PHD-PRC2 catalyses the trimethylation of H3K27 (H3K27me3), thus initiating
the repression of FLC. (C) When ambient temperature warms, the accumulation of H3K27me3 continues and
spreads across the whole FLC locus to maintain the repressed state of FLC. The figure was taken from the
review of Song et al. (Song et al. 2012).
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When the ambient temperature increases, VERNALISATION1 (VRN1), VERNALISATION2
(VRN2) and LIKE HETEROCHROMATIN PROTEIN1 (LHP1) proteins are involved to maintain
the repressed state of FLC (Gendall et al. 2001; Levy et al. 2002; Mylne et al. 2006). VRN1 contains
two plant specific B3 DNA binding domains and non-specifically binds chromatin (Levy et al. 2002).
VRN2 and LHP1 are subunits of PRC2 and PRC1, respectively. Their functions in gene regulation
are described in the second part of this introduction (1.3). After vernalisation, PHD-PRC2 spreads
across the whole FLC locus and H3K27me3 substantially increases across the whole gene, thus
resulting in the epigenetic silencing of FLC (Srikanth and Schmid 2011; Andrés and Coupland 2012;
Hunkapiller et al. 2012; Hepworth and Dean 2015).

1.2.3 Ambient temperature pathway
Ambient temperature-responsive flowering is mediated by the thermosensory pathway (Blázquez et
al. 2003; Song et al. 2013b). Plant flowering time and response to thermal induction vary within
species and accessions. For example, Arabidopsis Landsberg erecta (Ler) and Columbia (Col)
flowered early when the temperature was moderately increased from 23ºC to 25ºC or 27ºC in SDs
(Balasubramanian et al. 2006). Arabidopsis Ler also flowered earlier at 23ºC than at 16ºC in LDs
(Blázquez et al. 2003). In contrast, Boechera stricta, a perennial relative of Arabidopsis flowered late
at 23ºC compared with at 18ºC (Anderson et al. 2011).
Basic helix-loop-helix (bHLH) transcription factor PHYTOCHROME INTERACTING FACTOR4
(PIF4) has been identified as a central regulator of ambient temperature signalling in Arabidopsis
(Kumar et al. 2012; Quint et al. 2016). Its expression is rhythmic and tightly regulated by the
circadian clock (Nozue et al. 2007; Nusinow et al. 2011). Furthermore, it seems that its ability to
regulate flowering strongly depends on photoperiod. In SDs, PIF4 promotes flowering in response to
the thermal induction (Kumar et al. 2012). The pif4 mutant was not sensitive to temperatures and
flowered late at 27 ºC, while the overexpression of PIF4 extremely accelerated flowering in SDs
(Kumar et al. 2012). In contrast, PIF4 is not required for the thermal induction of flowering under
continuous light as the pif4 mutant flowered similar to WT plants at 22 ºC and 28 ºC (Koini et al.
2009). PIF4, together with its close homologue PIF5, regulates flowering time through FT. This is
supported by the evidence that the expression of FT was reduced in the pif4 mutant and the early
flowering phenotype of PIF4 overexpression was suppressed in the ft mutant (Kumar et al. 2012). It
was found that PIF4 protein could directly bind to the FT promoter in a temperature-dependent
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manner and this binding was promoted by elevated ambient temperature (Kumar et al. 2012;
Capovilla et al. 2015).
The latest research of Sureshkumar et al. challenged the key role of PIF4 in the thermal induction of
flowering and pointed out that most of the effects of PIF4 on thermal induction was likely to be
mediated by FLOWER LOCUS M (FLM) (Sureshkumar et al. 2016). Evidence includes that FLM is
epistatic to PIF4 and the loss of FLM activity abolishes the function of PIF4 in flowering regulation
at high temperatures (Sureshkumar et al. 2016). FLM can form a complex with SVP to suppress
flowering in a temperature-dependent manner (Lee et al. 2013; Posé et al. 2013). In response to
elevated temperatures, FLM and SVP are degraded at the transcriptional and translational levels,
respectively, thus releasing the repression of FT to promote flowering (Sureshkumar et al. 2016).
Loss of function of FLM or SVP results in the partial temperature-insensitive early flowering
(Balasubramanian and Weigel 2006; Jeong et al. 2007; Lee et al. 2013; Poséet al. 2013).
Besides PIF4, FLM and SVP, some other genes involved in the ambient temperature pathway include
EARLY FLOWERING3 (ELF3), TERMINAL FLOWER1 (TFL1), CRY2, PHYB, FCA and FVE
(Capovilla et al. 2015; McClung et al. 2016). ELF3 is a subunit of Evening Complex (EC) which
represses the expression of PIF4 at night (Nusinow et al. 2011). The mutation of ELF3 suppressed
the temperature response of phyB mutants which flowered early at 23ºC but not at 16ºC in both SDs
and LDs (Halliday et al. 2003; Strasser et al. 2009). TFL1 is a member of FT family, but acts as a
flowering repressor. The null TFL1 alleles completely abolished the temperature response of cry2
mutants that showed an exaggerated delay in flowering at 16ºC compared to 23ºC (Blázquez et al.
2003; Strasser et al. 2009). FCA and FVE were characterized in the autonomous pathway, but they
are also involved in the thermosensory pathway. This is indicated by the fact that the temperature
responsiveness is abolished in the fca and fve mutant (Blázquez et al. 2003). These regulatory factors
function in the regulation of flowering time mainly through directly or indirectly affecting FT and
TSF (Kim et al. 2011; Jung et al. 2012; Cho et al. 2012; Lee et al. 2012; Proveniers and Van Zanten
2013; Capovilla et al. 2015).
In addition to the genes mentioned above, microRNAs (miRs) also play an important role in the
ambient temperature pathway. MiR156 and miR172 are two well characterized ambient temperature
responsive miRNAs. The former is a flowering repressor and has higher expression at 16°C than at
23°C , while the latter is a flowering promoter and has opposite expression pattern to miR156 in
response to ambient temperatures (Lee et al. 2010; Zhou and Wang 2013; Kim and Ahn 2014).
MiR172 promotes flowering by repressing APETALA2 (AP2) and AP2-like transcriptional factors
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(Aukerman and Sakai 2003; Lee et al. 2010). It is regulated negatively by SVP and positively by
FVA, two proteins which play important roles in the regulation of ambient temperature pathway
(Cho et al. 2012; Jung et al. 2012). MiR172 is also down-regulated by miR156 which represses
miR172 activators SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPLs) family members
(Kim et al. 2012a). SPLs in Arabidopsis up-regulate floral integrator genes and floral meristem
identity genes to promote phase transition and thus to induce flowering (Jarillo and Piñeiro 2011;
Zhu and Helliwell 2011).

1.2.4 Autonomous pathway
Genes FCA, FY, FPA, FLK, FVE, FLOWERING LOCUS D (FLD) and LUMINIDEPENDENS (LD)
are involved in the autonomous pathway (Koornneef et al. 1998; Simpson 2004; Srikanth and
Schmid 2011) Their mutants showed a delayed flowering phenotype in both LDs and SDs (Lee et al.
1994; Sanda and Amasino 1996; Koornneef et al. 1998; Schomburg et al. 2001; Lim et al. 2004;
Simpson 2004). These genes promote flowering via repressing FLC in the autonomous pathway
(Schomburg et al. 2001; Lim et al. 2004; Simpson 2004; Liu et al. 2007; Jeon and Kim 2011; Yu et
al. 2016).
Srikanth and Schmid categorised these genes into two functional groups: chromatin remodelling and
maintenance group and the group affecting RNA processing (Srikanth and Schmid 2011). FLD and
FVE belong to the former group, regulating FLC epigenetically. FLD encodes a protein homologous
to a protein in the mammalian histone deacetylase complex (Lewis 1978). In the autonomous
pathway, FLD protein prevents the hyperacetylation of FLC and acts as a repressor of FLC (He et al.
2003; Yu et al. 2011; Yu et al. 2016). The lesion of FLD led to the hyperacetylation of histones in the
FLC chromatin and elevated FLC expression, thus resulting in the delayed flowering. FVE was
found to play a similar role to FLD in the autonomous pathway, functioning in deacetylation of FLC
and thus repressing the expression of FLC (Ausín et al. 2004; Jeon and Kim 2011; Yu et al. 2016).
FVE encodes a protein known as AtMSI4 which is the homologue of yeast MSI and mammalian
retinoblastoma-associated proteins RbAp46 and RbAp48 (Ausín et al. 2004; Yu et al. 2016). AtMSI4
might be part of retinoblastoma-containing complexes and is involved in chromatin assembling and
histone modification (He et al. 2003; Ausín et al. 2004; Yu et al. 2016).
Apart for FLD and FVE genes, other genes including FCA, FPA, FLK and FY were found to affect
RNA processing in the autonomous pathway (Simpson 2004). FCA functions in the same genetic
pathway as FLD, with FCA being epistatic to FLD with respect to flowering time (Liu et al. 2007).
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FCA protein contains two RNA recognition motifs (RRMs) and a WW protein interaction domain
(Macknight et al. 1997). It was shown that FCA was able to associate with FLC coding sequence and
to regulate the proximal polyadenylation site of the antisense RNA (Macknight et al. 1997; Liu et al.
2007). FY is an RNA 3' end processing factor and directly binds to FCA through the WW domain of
FCA and two proline-rich (PPLPP) motifs in FY (Simpson et al. 2003). FY is required for FCA
activity (Simpson et al. 2003). FPA encodes a protein containing three RNA recognition motifs
(Schomburg et al. 2001). FPA plays a redundant role with FCA in RNA-mediated silencing of FLC
(Bäurle et al. 2007). FLK is a nuclear protein containing three RNA-binding domains (Lim et al.
2004). Its mutation resulted in the elevation of FLC expression and a late flowering phenotype
independent of day length, indicating FLK participates in the autonomous pathway via FLC (Lim et
al. 2004). LD was found not to interact with RNA. However, it encodes a protein similar to a
transcriptional factor that binds to the promoter of LFY (Aukerman et al. 1999). It was shown to
directly interact with SUPPRESSOR OF FRIGIDA 4 (SUF4), an activator of FLC, to prevent its
action on the FLC locus (Kim et al. 2006).

1.2.5 Gibberellin (GA) pathway
Gibberellin is a plant hormone which controls plant growth and a wide range of developmental
processes including seed germination, elongation growth, flowering time and floral development
(Blázquez et al. 1998; Richards et al. 2001; Davière and Achard 2013). GAs that are associated with
biological activities include GA1, GA3, GA4, GA5, GA6 and GA7 (Hedden and Phillips 2000). In
Arabidopsis, GA lesions seriously affect flowering time under SDs, but have less influence in LDs
(Wilson et al. 1992). Further studies indicated that the regulation of GAs in flowering time in
Arabidopsis was not only limited to SDs but LDs under which GA contributed to promoting
flowering by upregulating FT and TSF transcript levels in the vascular tissue (Mutasa-Göttgens and
Hedden 2009; Porri et al. 2012). The application of the GA inhibitor paclobutrazol to WT
Arabidopsis delayed flowering in LDs and this delay could be reversed by exogenous GA, indicating
that GA is required for the photoperiod pathway to induce flowering (Hisamatsu and King 2008). In
addition, GA is also able to regulate the expression of FT by the degradation of DELLA proteins
which repress the transcription of FT and TSF in LDs (Yu et al. 2012; Song et al. 2013b).
Prior to showing it interacting with FT, GA was also shown to mediate flowering by regulating LFY
and SOC1 (Blázquez et al. 1997; Moon et al. 2003a). It was found that GA could increase the
activities of LFY in SDs (Mutasa-Göttgens and Hedden 2009; Porri et al. 2012). A cis regulatory
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sequence in the LFY promoter was identified to be required for LFY expression in response to GA
treatment (Blazquez and Weigel 2000). This GA-responsive sequence (GOF9) in the LFY promoter
is bound by the AtGAMYB33 protein, one of the GA-induced MYB transcription factors in
Arabidopsis. During the induction of flowering, AtGAMYB33 binds to GOF9, thus promoting the
expression of LFY (Blazquez and Weigel 2000; Olszewski et al. 2002). The mutation of this
sequence resulted in the failure of upregulation of LFY (Blázquez et al. 1998; Eriksson et al. 2006).
SOC1 expression is regulated by GA especially in SDs. Studies demonstrated that the overexpression
of SOC1 was able to compensate for flowering defects in ga mutants in SDs (Moon et al. 2003a).
Furthermore, exogenous GA could increase the expression of SOC1 (Mutasa-Göttgens and Hedden
2009; Srikanth and Schmid 2011). Another SOC1-binding gene AGAMOUS LIKE 24 (AGL24) which
binds to the SOC1 promoter was found to be up-regulated upon application of GA, implying GA can
regulate SOC1 as well as some other related genes (Srikanth and Schmid 2011; Liu et al. 2008b).
SVP is another example, which is a negative regulator of SOC1. Experiments confirmed that the
expression of SVP in ga mutants was apparently higher than that in WT plants. Furthermore, the
application of GAs to WT plants led to the decrease of SVP expression (Li et al. 2008). Recent
research found that the floral induction by GA in SDs required both functional SOC1 and SPL15.
The latter belongs to SPL family and directly activates the expression of FUL and miR172 in the
SAM to induce flowering (Hyun et al. 2016). In the soc1 mutant, the expression of FUL and miR172
is down-regulated and SPL15 protein is not sufficient to induce flowering in SDs. Similarly, in the
spl15 mutant, SOC1 on its own can not induce flowering in SDs (Hyun et al. 2016).

1.2.6 Aging pathway
Besides the autonomous and GA pathways, the aging pathway also promotes flowering under noninductive SD conditions (Wang 2014). MiR156, an evolutionarily conserved microRNA across
plants, was found to be involved in the aging pathway and to mediate the regulation of flowering
related genes (Spanudakis and Jackson 2014; Wang 2014). The overexpression of miR156 delays
flowering (Wu and Poethig 2006; Huijser and Schmid 2011). MiR156 accumulates in seedlings and
decreases over time, which is partially mediated by sugars, thus gradually releasing its repression of
some genes including a family of SPLs transcription factors (Wu and Poethig 2006; Gandikota et al.
2007; Jung et al. 2011; Yang et al. 2013c; Yu et al. 2013; Stief et al. 2014).
MiR156 targets 11 SPLs which are classified into two groups: SPL3 (SPL3, SPL4, and SPL5) and
SPL9 (SPL2, SPL6, SPL9, SPL10, SPL11, SPL13, SPL13-like and SPL15) (Spanudakis and Jackson
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2014; Wang 2014). Compared with proteins encoded by the SPL9 group members, proteins encoded
by the SPL3 group members are much smaller. MiR156 binds to 3'UTRs of the SPL3 group genes
and thus regulates their expression by transcript cleavage and post-translational inhibition (Wu and
Poethig 2006; Gandikota et al. 2007). Plants overexpressing SPL3 displayed an early flowering
phenotype irrespective of day length. However, this did not happen in the plants overexpressing
SPL9 (Wang et al. 2009; Yamaguchi et al. 2009). The acceleration of floral transition was found in
the SPL9 overexpression plants in SDs (Wang et al. 2008).
SPL3 and SPL9 proteins follow two different pathways in the leaf and shoot apex to induce
flowering. In the shoot apex, SPL3 and SPL9 directly activate AP1, LFY, FUL and SOC1, and thus
promote flowering (Wang et al. 2009; Wang 2014). In leaves, they function through miR172. SPLs
directly bind and transcriptionally activate miR172 which inhibits the activities of a cluster of AP2like transcription factors including AP2, SCHLAFMUTZE (SMZ), SCHNARCHZAPFEN (SNZ),
TARGET OF EAT1 (TOE1), TOE2, and TOE3, all of which act as flowering repressors (Wu et al.
2009; Jung et al. 2011; Jung et al. 2014; Wang 2014). The repression of these genes by miR172 will
finally induce flowering in both LDs and SDs (Mathieu et al. 2009; Zhu and Helliwell 2011;
Spanudakis and Jackson 2014).

1.2.7 Floral integrators and floral meristem and organ identity genes in
Arabidopsis
Flowering pathways are not isolated from each other, but converge on floral integrator genes such as
FT and SOC1 whose function has been described above. After integrating signals from the flowering
time pathways, floral integrators activate downstream floral meristem identity genes, thus promoting
the transition from vegetative to reproductive development. Floral meristem identity genes in turn
activate a collection of floral organ identity genes which pattern the floral meristem into organ
primordia. Floral organ identity genes promote the transcription of downstream effectors that specify
the various tissues and cell types (Krizek and Fletcher 2005; Blázquez et al. 2006; Benlloch et al.
2007; Liu et al. 2009a).
LFY and AP1 are two well-characterised floral meristem identity genes in Arabidopsis (Liu et al.
2009a; Kaufmann et al. 2010; Siriwardana and Lamb 2012). LFY is expressed in the young floral
meristems and appears in the earliest stage of floral meristem (Blázquez et al. 1997). LFY and AP1
have overlapping functions in determining floral meristem fate as the lfy ap1 double mutant showed
a complete conversion of flowers into shooty phenotype (Grandi et al. 2012). Evidence showed that
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AP1 was likely to act downstream of LFY since LFY was able to directly activate AP1 (Liljegren et al.
1999; Wagner et al. 1999). Besides being a floral meristem identity gene, AP1 also acts as a class A
gene determining the identity of the perianth organs (sepals and petals) (Krizek and Fletcher 2005).
In addition to LFY and AP1, CAULIFLOWER (CAL) and UNUSUAL FLOWER ORGANS (UFO)
also promote the floral meristem identity in Arabidopsis (Ferrándiz et al. 2000). Floral organ identity
genes include AP1 and AP2, belonging to class A homeotic genes which specify sepal identity; AP3
and PI, belonging to class B homeotic genes which specify petal and stamen identity; AG, belonging
to class C homeotic genes which specify carpel identity; and SEPALLATA (SEP) genes (SEP1, SEP2,
SEP3 and SEP4), belonging to class E homeotic genes which specify petal, stamen and carpel
identity (Ng and Yanofsky 2000; Theißen 2001; Krizek and Fletcher 2005).
In addition, Arabidopsis FUL was found to play a crucial role in flowering time control, floral
meristem identity and fruit and carpel development (Mandel and Yanofsky 1995; Gu et al. 1998;
Ferrándiz et al. 2000; Melzer et al. 2008; Balanzàet al. 2014). FUL belongs to the euFUL clade, one
of three core eudicot clades (euAP1, euFUL and AGL79) indicated by the phylogenetic analysis of
angiosperm MADS-box genes (Litt and Irish 2003; Berbel et al. 2012; Pabón-Mora et al. 2012). It is
involved in photoperiod, ambient temperature and aging pathways and its expression is upregulated
by the activity of FT, FD and SPLs in these pathways (Wang et al. 2009; Balanzàet al. 2014; Wang
2014). FUL functions redundantly with meristem identity genes AP1 and CAL to initiate floral
development (Ferrándiz et al. 2000). It was also found to play partially redundant roles with SOC1 in
promoting flowering as the single ful mutant showed a mild delayed flowering phenotype while the
ful soc1 double mutant had a later flowering phenotype (Torti and Fornara 2012; Balanzàet al. 2014).
FUL protein is able to form a heterodimer with SOC1 and SVP respectively to promote vegetative
and meristem identity transition and to counteract the repression of FLC and SVP on flowering
(Balanzàet al. 2014).

1.3 Polycomb group (PcG) proteins
1.3.1 The classic hierarchical transcriptional silencing mechanism mediated by
PRC1 and PRC2
PcG proteins were discovered to regulate the expression of HOX genes in Drosophila melanogaster
(Drosophila) and thus impact the cell development and differentiation (Lewis 1978; Struhl 1981;
Jürgens 1985). Two main PcG complexes were characterized based on their core subunits and
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enzymatic activities, called Polycomb Repressive Complex 1 (PRC1) and PRC2 (Margueron and
Reinberg 2011; Luis et al. 2012). In addition, some other PcG complexes that were identified include
Pleiohomeotic (Pho) Repressive Complex (PhoRC), Polycomb Repressive Deubiquitinase (PR-DUB)
and dRING-associated factors complex (dRAF) (Margueron and Reinberg 2011; Lanzuolo and
Orlando 2012; Luis et al. 2012 ).
Across insects, mammals and plants, the core subunits of PRC2 are highly conserved, while the
components of PRC1 are relatively diverse. There are four core units of PRC2 that were identified in
Drosophila, named Enhancer of Zeste (E(z)), Suppressor of Zeste 12 (Su(z) 12), Extra sex combs
(Esc) and Nucleosome-remodelling factor 55 (Nurf55, known as p55 or CAF1), respectively
(Margueron and Reinberg 2011; Lanzuolo and Orlando 2012; Luis et al. 2012). E(z) acts as a histone
methyltransferase which catalyses the methylation of histone H3 at Lys 27 through the SET domain
of E(z) (Margueron and Reinberg 2011; Lanzuolo and Orlando 2012). Mutation of the SET domain
strongly reduced the methyltransferase activity (Czermin et al. 2002; Müller et al. 2002). Su(z)12, a
zinc finger protein, can increase methyltransferase activity by interacting with other proteins such as
polycomb like proteins (PCLs) (Cao and Zhang 2004; Margueron and Reinberg 2011). Esc is able to
bind its N-terminus to histone H3, which is required for E(z)-dependent trimethylation of histone H3
at Lys27 (Tie et al. 2007; Suganuma et al. 2008). While Nurf55, which mediates the interactions
between proteins, can bind histones H3 and H4 with the association of Su(z)12. The binding of
Nurf55 with histones H3 and H4 leads to the recruitment of histone complexes, namely, ESC-E(z)
complex, Chromatin Assembly Factor 1 (CAF-1) and Histone Acetyltransferase complex 1 (HAT1)
to nucleosomes (Song et al. 2008; Suganuma et al. 2008).
The subunits of PRC1 in Drosophila include Polycom (Pc), Sex Comb Extra (Sce, also known as
RING), Posterior Sex Combs (Psc) and Polyhomeotic (Ph) (Müller et al. 2002; Lanzuolo and
Orlando 2012). Pc is the core chromatin-containing protein and contributes to the binding of
H3K27me3. RING monoubiquitylates H2AK119 and Psc is associated with chromatin compaction
(Gao et al. 2012). The function of Ph is still unclear.
It is usually thought that to initiate the transcriptional silencing, PRC2 is first recruited to the target
sequence. Some DNA-binding proteins like PHO and PHO-like (PHOL) in Drosophila, act as
recruiters binding specific DNA sequences such as Polycomb Response Elements (PREs) and PRC2
(Simon and Kingston 2009). Recruiters vary from species to species, including DNA-binding
proteins, transcription factors, scaffolding proteins and non-coding RNAs (Simon and Kingston 2009;
Margueron and Reinberg 2011; Kim et al. 2012a; Mozgova and Hennig 2015). Once recruited, PRC2
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catalyses the tri-methylation of histone H3 at lysine 27 to form H3K27me3, a mark of gene
repression. The accumulation of H3K27me3 attracts PRC1 to the methylated loci and then PRC1
binds the methylated loci through its Pc chromodomain. The interaction of PRC1 with H3K27me3
stabilizes the binding of PRC1 with target genes (Simon and Kingston 2009; Margueron and
Reinberg 2011). The trimethylation of H3K27 by PRC2 continues and PRC1 ubiquitylates histone
H2AK119 (H2AK119Ub), compacts local nucleosomes and impedes the activity of RNA
polymerase II, finally resulting in gene silencing (Simon and Kingston 2009; Morey and Helin 2010;
Lanzuolo and Orlando 2012 ).
It was considered for years that PRC1 and PRC2 function in a sequential manner, but it is not always
the case with the discovery of more complex working mechanisms (Del Prete et al. 2015; Mozgova
et al. 2015; Xiao and Wagner 2015; Förderer et al. 2016). It has been reported that PRC1 in
Drosophila, mammals and plants was able to combine additional components and thus form diverse
PRC1 complexes to repress gene expression independently of PRC2 (Schoeftner et al. 2006; Tavares
et al. 2012; Yang et al. 2013a; Blackledge et al. 2014). For example, PRC1 in mouse embryonic stem
cells can bind RYBP protein and thus mediate gene silencing in a PRC2-independent pathway
(Tavares et al. 2012). It was also found in plants that PRC1 sometimes acts independently of PRC2
and is recruited before PRC2 to repress gene expression (Blackledge et al. 2014; Cooper et al. 2014;
Kalb et al. 2014).
The activities of PcG proteins are antagonized by Trithorax group (TrxG) proteins which were first
identified in Drosophila (Simon and Kingston 2009). As chromatin activators, TrxG proteins catalyse
the methylation of H3K4 to form H3K4me3 which is the mark of transcriptional activation. In
addition, TrxG complex has the activity of lysine demethylase and is able to remove methyl from
H3K27me3, thus relieving the repressive state by H3K27me3 (Soshnikova 2011). Studies found that
H3K4me3 and H3K27me3 could be contained at the same promoter region which was referred as a
bivalent domain. The promoters of genes with bivalent domains are usually associated with RNA
polymerase II, indicating the presence of dynamic equivalence to ensure that genes can be activated
anytime during cell development (Soshnikova 2011).

1.3.2 Epigenetic silencing mediated by PRC2 in Arabidopsis
Unlike Drosophila, mammals and plants have more PRC2 homologue genes, indicative of their
ability to encode more diverse PRC2 subunits and consequently to generate varieties of protein
complexes. Up to now, 12 Drosophila PRC2 homologues have been identified in Arabidopsis (Table
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1.1). They include E(z) homologues MEDEA (MEA), CURLY LEAF (CLF) and SWINGER (SWN),
Su(z)12 homologues FERTILIZATION INDEPENDENT SEED2 (FIS2), VERNALISATION2
(VRN2) and EMBRYONIC FLOWER2 (EMF2), Nurf55 homologues MULTICOPY SUPPRESSOR
of IRA1-5 (MSI1-5) and Esc homologue FERTILIZATION INDEPENDENT ENDOSPERM (FIE)
(Hennig and Derkacheva 2009; Bemer and Grossniklaus 2012; Holec and Berger 2012).
Table 1.1 PRC1 and PRC2 subunits in Drosophila and Arabidopsis

PRC2

Drosophila

Arabidopsis

Functions

References

E(z)

Histone methyltransferase

(Goodrich et al. 1997;
Chanvivattana et al. 2004)

Esc

MEA
CLF
SWN
FIS2
VRN2
EMF2
FIE

Complex stability
Increase of activity of
methyltransferase
H3K27me3 binding

(Luo et al. 1999; Gendall
et al. 2001; Yoshida et al.
2001)
(Ohad et al. 1999)

Nurf55 (p55)

MSI1-5

Nucleosome binding

Pc

LHP1

RING

AtRING1a
AtRING1b
AtBMI1a
AtBMI1b
AtBMI1c
EMF1
-

H3K27me3 binding
E3 ligase activity
RNA binding
Ubiquitination of H2AK119

(Hennig et al. 2003;
Köhler et al. 2003)
(Zhang et al. 2007;
Derkacheva et al. 2013)

Su(z)12

PRC1

PSc

Ph

Ubiquitination of H2AK119
Chromatin compaction

Unknown

(Sanchez-Pulido et al.
2008; Wang et al. 2014)
(Wang et al. 2014)

-

The table was modified from the review of Mozgova and Hennig (Mozgova and Hennig 2015).

These twelve Arabidopsis PRC2 homologues are categorised into three groups (FIS2-PRC2, EMF2PRC2 and VRN2-PRC2) based on their core subunits and main functions in plant development as
seen in Fig. 1.5 (Hennig and Derkacheva 2009; Bemer and Grossniklaus 2012; Jaudal et al. 2016).
Interaction studies demonstrated that FIE physically interacted with MSI1 and E(z) orthologues
(MEA, CLF and SWN) which were also bound by Su(z) 12 homologues (FIS2, EMF2 and VRN2),
thus generating large protein complexes (Yadegari et al. 2000; Spillane et al. 2000; Luo et al. 2000;
Köhler et al. 2003; Katz et al. 2004; Chanvivattana et al. 2004).
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Fig. 1.5 Three PRC2 groups characterized in Arabidopsis and their functions in plant development. [a]
VRN2-PRC2; [b] EMF2-PRC2; [c] FIS2-PRC2. Polycomb repression functions in maintenance and
acquisition of cell fate in Arabidopsis. PcG protein complexes regulate plant developmental transition. Three
PRC2 complexes ([a], [b] and [c]) acts at different plant developmental phase. FIS2-PRC2 mainly acts in
embryo and endosperm developmental phase and regulates seed development. EMF2-PRC2 and VRN2-PRC2
function in the seed coat development, the vegetative stage and the floral transition. EMF2-PRC2 represses
floral transition in the vegetative stage while promotes flowering together with VRN2-PRC2 in response to
vernalisation. The figure was modified from the review of Xiao and Wagner (Xiao and Wagner 2015).

FIE and MSI1 subunits are contained in all three PRC2 groups and are essential for PRC2 repression
(Xiao and Wagner 2015; Förderer et al. 2016). The mutation of FIE led to the phenotypes of
endosperm overproliferation and PcG-callus, a phenomenon that a cluster of cells form embryo and
leaf-like structures without ever completing organ development (Bouyer et al. 2011). Furthermore,
genome-wide analysis indicated that H3K27me3 deposition had been abolished in fie mutants
(Bouyer et al. 2011). MSI1 is the component of many protein complexes not only PRC2 and PRC2like complexes but also Chromatin Assembly Factor 1 (CAF1), various transcription factor
complexes and histone acetyl-transferases or de-acetylases (Wu et al. 2005; Dumbliauskas et al. 2011;
Migliori et al. 2012; Förderer et al. 2016). Null msi1 alleles displays endosperm overproliferation and
embryo arrest. In addition, MSI1 is most likely to be the bridge linking PRC2 and PRC1in
Arabidopsis (Derkacheva et al. 2013).
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MEA, together with FIS2 is imprinted and only expressed from the maternal allele (Grossniklaus et al.
1998; Luo et al. 2000). The interruption of MEA or FIS2 results in embryo abortion and
delayed/abolished cellularization of endosperm (Luo et al. 2000; Yadegari et al. 2000; Köhler et al.
2003). CLF and SWN take over the role of MEA in both EMF2-PRC2 and VRN2-PRC2 complexes.
Null clf alleles led to the reduction of H3K27me3 level, mild early flowering and upward leaf curling
phenotypes (Chanvivattana et al. 2004). The mutation of SWN enhanced the clf mutant phenotypes.
H3K27me3 was lost in clf swn double mutants, furthermore, PcG-callus was developed in clf swn
mutants as shown in fie mutants, suggesting the role of PRC2 in controlling cell pluripotency,
differentiation and de-differentiation (Chanvivattana et al. 2004; Bouyer et al. 2011). Although CLF
and SWN act in a partially redundant manner, SWN cannot complement the phenotypes of early
flowering and curling leaf in clf mutants, suggesting their functional divergence during evolution
(Chanvivattana et al. 2004).
Among three Su(z) homologues, EMF2 is the most ancestral one, whereas FIS2 is the most divergent
one (Chen et al. 2009). FIS2 is Brassicaceae-specific and FIS2-PRC2 mainly acts on embryo and
endosperm development. FIS2-PRC2 prevents the formation of endosperm in the absence of
fertilization and represses endosperm and embryo proliferation after fertilization (Hennig and
Derkacheva 2009; Bemer and Grossniklaus 2012). In contrast to FIS2, EMF2 and VRN2 act in the
sporophyte (Förderer et al. 2016). EMF2-PRC2 and VRN2-PRC2 contribute to seed development by
playing a primary role in seed coat development (Roszak and Köhler 2011). In addition, EMF2PRC2 promotes the transition from embryonic to vegetative development and suppresses floral
homeotic genes including AP1, AP3, AG and SEP3 during embryo and vegetative development
(Hennig and Derkacheva 2009; Bemer and Grossniklaus 2012; Holec and Berger 2012; Xiao and
Wagner 2015; Förderer et al. 2016). To repress the floral transition during vegetative development,
EMF2-PRC2 mediates chromatin repression of FT, while during floral induction, EMF2-PRC2 and
VRN2-PRC2 suppress the FT repressors FLC and SVP to promote flowering. Double mutant
analysis found that emf2 vrn2 mutants showed a floral reversion phenotype, indicating the important
role of EMF2 and VRN2 in maintaining the identity of the inflorescence and floral meristems
(Müller-Xing et al. 2014). VRN2-PRC2 also specially responds to vernalisation. After a long term
cold exposure, VRN2-PRC2, together with VIN3 and VIN5, deposits H3K27me3 in the FLC
nucleation region to initiate repression. Once returning to the warm temperatures, the spreading of
H3K27me3 continues through mitosis and PRC1 is recruited to maintain the repression of FLC
(Song et al. 2012; Song et al. 2013a; Berry and Dean 2015)
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1.3.3 PRC1 components and their biological functions in Arabidopsis
Research on Arabidopsis showed a plant-specific PRC1 subunit LHP1, also known as TERMINAL
FLOWER2 (TFL2). It displays Pc-like function and binds H3K27me3 with the N-terminal chromodomain (Turck et al. 2007; Zhang et al. 2007). LHP1 participates in many gene repression processes
and is required for the maintenance of vernalisation-mediated repression of FLC (Berke and Snel
2015; Hecker et al. 2015; Hepworth and Dean 2015). The lhp1 mutant displays early flowering
phenotype and develops dwarf plants, mainly caused by the up-regulation of FT and ectopic
expression of some floral homeotic genes (Kotake et al. 2003). In addition to LHP1, Arabidopsis
PRC1 has two RING1 family members (AtRING1a and AtRING1b) and three BMI1 family
members (AtBMI1a, AtBMI1b and AtBMI1c) (Molitor and Shen 2013). All of them are
characterized with a RING-finger domain and a RING finger and WD-associated ubiquitin-like
(RAWUL) domain (Mozgova and Hennig 2015; Förderer et al. 2016). AtRING1 and AtBMI1
proteins act as E3-ligases to mono-ubiquitinate H2A. Besides, they may function in meristem
maintenance and flowering time control as their combined mutants display the PcG-callus phenotype
similar to fie mutants (Mozgova and Hennig 2015; Förderer et al. 2016). To date, no Ph homologues
are found in plants.
Besides currently identified PRC1 complexes, another DNA-binding protein with PRC1-like
functions was found in Arabidopsis, called EMBRYONIC FLOWER 1 (EMF1). However, EMF1
has no sequence homologues with any known PcG proteins even if they may share similar biological
functions. As a plant-specific protein, EMF1 only exists in higher plants and plays key roles in plant
vegetative development (Moon et al. 2003b; Kim et al. 2010; Kim et al. 2012c). To some extent,
EMF1 shows Psc-like activity, binding DNA and remodelling chromatin (Beh et al. 2012; Kim et al.
2012c). It is also required for the ubiquitination of H2A (Chen et al. 2010; Kim et al. 2012c; Molitor
and Shen 2013). In addition, EMF1, together with LHP1 and H3K4me3 demethylases (JMJ14,
JMJ15 and JMJ18) is able to form a PRC1-like complex (EMF1c) to regulate the expression of FT
(Wang et al. 2014). In LDs, EMF1 directly represses the FT transcription before dusk and at night
and EMF1c maintains H3K27me3 on the FT chromatin (Wang et al. 2014). The repression of FT by
EMF1c can be antagonised by the activity of CO (Wang et al. 2014).
EMF1 interacts not only with PRC1 components but also with PRC2 components such as MSI1 and
EMF2 (Kim et al. 2012c). Therefore, it was believed that EMF1 plays a role in bridging PRC1 and
PRC2 in Arabidopsis (Calonje et al. 2008; Kim et al. 2012c). Recent research on EMF1 in
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Arabidopsis development revealed that EMF1 might play a dual role, depending on the genes
involved. For genes not requiring EMF1 for H3K27me3, EMF1 may display a PRC1-like role, while
for genes requiring EMF1 for H3K27me3, EMF1 may act as a PRC2 member (Kim et al. 2012c;
Förderer et al. 2016).

1.4 Flowering time control in cereals
The genetic and environmental mechanisms that regulate flowering time are best understood in
Arabidopsis (Song et al. 2015; McClung et al. 2016; Quint et al. 2016). However, plants display
different responses to stimuli from species to species. For example, rice, is a well-characterized
model crop plant which is a typical SD promoting flowering plant, but without response to
vernalisation (Shrestha et al. 2014).
Rice shares the evolutionarily conserved regulatory model (GI-CO-FT) for photoperiodic flowering
with Arabidopsis, but it also has evolved its unique regulatory pathway for environmental adaption
(Tsuji et al. 2011; Lee and An 2015). In the conserved pathway, rice OsGI, Heading date1 (Hd1) and
Heading date 3a (Hd3a) genes were identified to be the homologues of Arabidopsis GI, CO and FT
genes and their functions in flowering time control were characterized. The conserved model of GICO-FT plays a central role in rice, but it is only active in SDs rather than LDs (Tsuji et al. 2011). In
rice, OsGI acts as the activator of Hd1. The latter plays a dual role in activating Hd3a in SDs but
repressing it in LDs (Hayama et al. 2002; Hayama et al. 2003; Doi et al. 2004). The role change of
Hd1 in SDs and LDs is due to the involvement of photoreceptor PHYB which converts Hd1 from an
activator to a repressor in LDs. This was evident by the fact that the expression of Hd3a remains high
in phyB mutants irrespective of the day length (Ishikawa et al. 2005; Ishikawa et al. 2009).
The expression of Hd3a is not only regulated by Hd1 but also by EARLY HEADING DATE1 (Ehd1),
a unique rice gene. The mutation of Ehd1 decreases the expression of Hd3a in SDs, indicating its
Hd3a activation role in SDs (Doi et al. 2004; Song et al. 2007). Ehd1 is strongly upregulated by
OsGI and OsGI-mediated light signalling in SDs (Song et al. 2007). Ehd1 also functions in activating
Hd3a in LDs. Ehd1 is suppressed by the activity of Ghd7 which is induced by phytochrome
signalling. The ghd7 mutants always express high level of Hd3a independent of the day length (Itoh
et al. 2010). In addition to Ghd7, Ehd1 is also regulated by the activities of two SOC1-like genes:
OsMADS50 and OsMADS56. These two genes antagonistically regulate the expression of Ehd1. The
former acts as an inducer while the latter as a repressor, which is supported by the fact that the
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Osmads50 mutants display an early flowering phenotype while the overexpression of OsMADS56
results in late flowering (Ryu et al. 2009).
In LDs, Hd3a is not the only target of Ehd1 as Hd3a silenced rice flowered normally in LDs
compared with the observation that the flowering time of Hd3a silenced plants was severely delayed
in SDs (Komiya et al. 2009). RICE FLOWERING LOCUS T1 (RFT1), the closest paralog of Hd3a,
was later identified from the flowering mutants (Komiya et al. 2008). It was found that the silencing
of RFT1 had no effect on flowering time in SDs, but specifically impaired flowering in LDs (Komiya
et al. 2008). Further studies found that like Hd3a, RFT1 protein moved from the leaves to shoot
apices prior to flowering, indicating RFT1 is a LD-specific florigen (Komiya et al. 2009). Therefore,
two florigens were identified in rice. When the activity of Hd3a and RFT1 was simultaneously
suppressed, flowering was completely abolished, suggesting flowering in rice is fully dependent on
the activities of Hd3a and RFT1 (Komiya et al. 2008; Komiya et al. 2009).
Unlike Arabidopsis SOC1 which functions downstream of FT, rice SOC1-like genes (OsMADS50
and OsMADS56) act on Ehd1 which is located upstream of FT-like genes (Hd3a and RFT1) (Lee et
al. 2004). In addition, three AP1/FUL clade MADS box genes, OsMADS14, OsMADS15 and
OsMADS18 are upregulated during the vegetative-reproduction transition and required for proper
specification of inflorescence meristems in rice (Kobayashi et al. 2012; Shrestha et al. 2014).
OsEMF2b, the homologue of Arabidopsis EMF2, regulates flowering genes like OsLFL1, the
repressor of Ehd1, and OsMADS4, a floral organ identity gene by epigenetic chromatin modification.
OsEMF2b, together with OsVIL2 (VIN3-like 2) represses the expression of OsLFL1 and OsMADS4
by depositing H3K27me3 on their chromatin (Yang et al. 2013b; Xie et al. 2014). The expression of
OsLFL1 increased while the expression of Ehd1, Hd3a and RFT1 decreased in Osemf2b mutants
during floral induction. In addition, the mutation of OsEMF2b delayed flowering whereas the
overexpression of OsEMF2b led to early flowering. All evidence indicated OsEMF2b acts on the
floral transition and floral organ identity in rice (Yang et al. 2013b; Xie et al. 2014).
In addition to rice, some other widely-grown cereals include wheat and barley, which are typical
temperate crops and need LDs to promote flowering (Stepanenko et al. 2012; Kamran et al. 2014).
For winter varieties of both species, vernalisation is required to induce flowering. Genetic
comparison of spring wheat and winter wheat loci identified two genes VERNALISATION 1 (VRN1)
and VERNALISATION 2 (VRN2) that are relevant to vernalisation (Kane et al. 2005). Unlike VRN1
and VRN2 in Arabidopsis, VRN1 in wheat encodes an AP1/FUL homologue that promotes flowering,
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while wheat VRN2 encodes a CCT domain protein related to CO-like and represses flowering (Yan et
al. 2004). Vernalisation is able to down-regulate the expression of wheat VRN2, thus inducing
flowering. No orthologues of FLC were found in either species, implying that vernalisation pathway
has evolved many times during plant development.

1.5 Flowering time control in legumes
Legumes are the second most important group of crop plants globally and their yield and
productivity are greatly influenced by their timing of flowering (Gepts et al. 2005; Liew et al. 2014b).
Legumes display diversity in response to photoperiod and temperatures depending on their growth
environment at low or high latitudes. The common vernalisation-responsive LD legume crops
include pea, chickpea and broad bean which usually grow at temperate regions, while the nonvernalisation responsive SD legume crops include soybean, pigeon pea, cowpea and common bean
that originate from low latitudes (Liew et al. 2014b; Weller and Ortega 2015).

1.5.1 Flowering time control in soybean
Soybean flowers in response to SDs and therefore is classified to SD legume. However, it is grown
over a wide range of latitude from equatorial up to 50 degrees north and south. This wide adaption is
enabled by natural variation in the major genes and quantitative trait loci that control flowering
(Weller et al. 2012; Benlloch et al. 2015; Weller and Ortega 2015). Soybean has experienced two
rounds of whole genome duplication, resulting in duplicated copies of most genes (Shoemaker et al.
1996; Schlueter et al. 2004; Schmutz et al. 2010; Benlloch et al. 2015; Weller and Ortega 2015). To
date, ten major genes have been reported controlling flowering and maturation of soybean, including
Early maturity 1-9 (E1, E2, E3, E4, E5, E6, E7, E8, E9) and Juvenile (J) (Kim et al. 2012b; Zhao et
al. 2016).
Genes localized on the E2-E4 loci are involved in light-dependent photoperiod pathway (Weller and
Ortega 2015). The gene at the E2 locus encodes GmGI protein, the orthologue of AtGI, while genes
at the E3 and E4 loci respectively encode GmphyA3 and GmphyA2, two photoreceptors belonging to
phytochrome family (Liu et al. 2008a; Watanabe et al. 2009; Watanabe et al. 2011). The mutation of
GmphyA3 led to early flowering and maturity phenotypes (Watanabe et al. 2009). Besides redlight/far red-light phytochrome photoreceptors, seven homologues of blue-light CRY photoreceptors
were also identified in soybean (Zhang et al. 2008). Among the seven CRYs, the expression of
GmCRY1a was characterized to show a circadian rhythm pattern (Zhang et al. 2008). The
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homologues of Arabidopsis circadian clock genes like TIMING OF CAB EXPRESSION1 (TOC1)
and CCA1 were identified in soybean. Among the four TOC1 and three CCA1 homologues,
GmTOC1 (TOC1) and GmLCL2 (CCA1) were found to display the circadian patterns, suggesting
their conserved functions in Arabidopsis and soybean (Liu et al. 2009b).
Twenty-six CO homologues were identified in soybean, falling into three clades (Fan et al. 2014).
Clade 1 contains two clusters: GmCOL1a/GmCO1b and GmCOL2a/GmCOL2b, which share the
closest homology with AtCO among all the CO homologues. GmCOL1a and GmCOL1b may be key
flowering inducers in soybean as they displays strong SD photoperiod responsiveness and their
expression coincides with the expression of GmFT5a, an Arabidopsis FT orthologue in soybean (Wu
et al. 2014). In addition, transgenic studies demonstrated that ectopic expression of GmCOL1a and
GmCOL1b could complement Arabidopsis co mutants (Wu et al. 2014). Although GmCOL2a and
GmCOL2b are also able to complement Arabidopsis co mutants, their expression in SDs is very low,
suggesting the functional divergence among soybean CO-like homologues (Wu et al. 2014).
Ten FT homologues were identified in soybean, and two genes GmFT2a and GmFT5a display
potential functions in flowering time control (Kong et al. 2010). This is supported by several facts.
For example, the expression of both genes is strong in leaves and exhibits diurnal circadian rhythm
under SDs, suggesting they are partly regulated by circadian clock genes (Kong et al. 2010). They
are controlled by PHYA-mediated photoperiod response as their expression sharply increased in
phya mutants in LDs (Kong et al. 2010). The overexpression of GmFT2a and GmFT5a in
Arabidopsis resulted in early flowering, especially for GmFT5a which showed a stronger effect on
flowering than GmFT2a (Kong et al. 2010; Thakare et al. 2011). The E9 locus was confirmed to be
GmFT2a. The mutation of GmFT2a reduced the GmFT2a transcript and delayed flowering in SDs
(Zhao et al. 2016).
Two SOC1-like homologues were cloned and characterized in soybean. They are GmGAL1/GmSOC1
and GmSOC1-like (Zhong et al. 2012; Na et al. 2013). Both genes share high homology to AtSOC1
and also to each other in amino acid sequence. Expression studies indicated that GmSOC1 and
GmSOC1-like were upregulated in the shoot apex during floral transition (Zhong et al. 2012; Na et al.
2013). Similar to the expression pattern of GmFT2a and GmFT5a in SDs and LDs, the expression of
GmSOC1a and GmSOC1-like is activated in SDs, but repressed and remains low when transferring
from SDs to LDs (Na et al. 2013). The developmental time-course expression experiment suggested
that GmFT5a was upregulated first followed by GmSOC1-like, then GmFT2a and GmSOC1,
indicating that GmSOC1 and GmSOC1-like might be promoted by GmFT2a and GmFT5a,
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respectively (Na et al. 2013). The ectopic expression of GmSOC1 in Arabidopsis and GmSOC1-like
in L. corniculatus cv. Superroot promoted flowering, suggesting the potential role of GmSOC1 and
GmSOC1-like in flowering promoting in soybean (Zhong et al. 2012; Na et al. 2013).
Besides SOC1-like genes, four FUL-like genes were identified in soybean, in which GmFULa was
further investigated in the research of Jia et al. (Jia et al. 2015). GmFULa is highly expressed in the
root independent of photoperiod and in the stem and shoot apex in SDs. Its expression was also
found in floral meristems and organs and strongly induced by SDs (Jia et al. 2015). Expression
analyses in the grafted soybean in LDs and SDs indicated that GmFULa might pleiotropically
function in flowering, reproductive transition, leaf development and maturity in soybean (Jia et al.
2015).

1.5.2 Flowering time control in pea
Pea is a classical legume model for vernalisation responsive LD legume (Weller and Ortega 2015).
Comparative physical map analyses uncovered the close synteny between Medicago and pea, which
provides the possibility to infer the chromosomal position of a gene in pea from the position of its
orthologue in Medicago (Choi et al. 2004; Hecht et al. 2005; Kim et al. 2013).
Pea has five FT-like homologues belonging to three subclades FTa (FTa1/GIGAS and FTa2), FTb
(FTb1 and FTb2) and FTc (FTc) (Hecht et al. 2011). These five FT-like genes display distinct
regulatory patterns with respect to photoperiod. The studies of expression pattern and mutants
implied that FTa and FTb genes are expressed in leaves and might play crucial roles in photoperiod
and vernalisation pathways, while FTc gene is only expressed in the shoot apex and might function
in the integration of FT-expressed signals (Hecht et al. 2011). Further studies indicated that all pea
FT genes could promote flowering when overexpressed in Arabidopsis (Hecht et al. 2011). In LDs,
pea FTb2 is particularly expressed in leaves but not in apical buds during the period when the plants
were physiologically induced to flowering (Hecht et al. 2011). Furthermore, the expression of FTb2
is photoperiod specific in LDs and closely correlates with the graft-transmissible floweringpromoting stimuli (Hecht et al. 2011). All evidence suggested that FTb2 is a florigen in pea. In
addition to FTb2, FTa1 was believed to be another florigen in pea (Hecht et al. 2011). However, the
different expression patterns of FTa1 and FTb2 in leaves implied that they may follow independent
pathways in plant development (Hecht et al. 2011).
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The screening of pea flowering mutants facilitated the isolation of genes relevant to flowering time.
For example, the early-flowering photoperiod-insensitive sterile nodes (sn) and die neutralis (dne)
mutants led to the characterization of orthologues of Arabidopsis circadian clock genes LUX
ARRHYTHMO (LUX) and EARLY FLOWERING4 (ELF4), respectively (Liew et al. 2009; Liew et al.
2014a). The isolation of the late-flowering photoperiod-insensitive phytochrome A (phyA) and late
bloomer1 (late1) and the early flowering photoperiod-sensitive late flowering (lf) and phyB mutants
characterized the orthologues of PHYA, GI, TFL1 and PHYB, while the studies of the late flowering
photoperiod-sensitive gigas (FTa1) and vegetative2 (veg2) mutants characterized Arabidopsis FT
and FD orthologues (Weller et al. 1997; Hecht et al. 2007; Liew et al. 2009; Weller et al. 2009;
Hecht et al. 2011; Berbel et al. 2012; Liew et al. 2014a; Sussmilch et al. 2015).
Pea SN, DNE and LATE1, together with HIGH RESPONSE TO PHOTOPERIOD (HR) control the
developmental regulation of genes in FT family and also regulate circadian clock functions and
photoperiod-responsive flowering (Hecht et al. 2007; Liew et al. 2009; Weller et al. 2009; Hecht et al.
2011; Liew et al. 2014a). Their roles in regulating flowering time are conserved with their
counterparts in Arabidopsis. Some other studies for pea mutants identified UNIFOLIATA (UNI),
PROLIFERATING INFLORESCENCE MERISTEM (PIM), and STAMINA PISTILLOIDA (STP)
genes correspond to the Arabidopsis LFY, AP1, and UFO genes. The mutation of these genes in pea
strongly affects floral meristem (Hofer et al. 1997; Berbel et al. 2001; Taylor et al. 2002).
VEG1 and VEG2 were characterized in pea and are essential for compound inflorescence
development (Berbel et al. 2012; Sussmilch et al. 2015). VEG1 is the orthologue of MtFULc,
belonging to the AGL79-like clade. It specifies secondary inflorescence meristem identity. The
mutation of VEG1 resulted in severe defects in secondary inflorescence meristem formation (Berbel
et al. 2012). VEG2 is a homologue of the Arabidopsis FD gene. Mutant analysis indicated that VEG2
regulates flowering and acts in all stages of inflorescence development (Sussmilch et al. 2015). Gene
expression and protein interaction analysis suggested that VEG2 protein was able to interact with
FT-like proteins in pea to regulate the expression of downstream genes including TFL1 homologues,
UNI, VEG1 and PIM throughout development of the pea compound inflorescence (Sussmilch et al.
2015).

1.5.3 Flowering time control in Medicago truncatula
While very good progress is being made in soybean and pea, molecular identification of flowering
genes in legumes is less developed than in other eudicots like Arabidopsis. One important reason is
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the great range of genome size within the legume family, from 370Mb to 13000 Mb, which makes it
more difficult to carry out genomic and genetic analysis (Choi et al. 2004; Gepts et al. 2005).
However, Medicago, a vernalisation-responsive LD plant, has many advantages for the study of
legume biology, especially for the study of flowering time control. For example, Medicago has a
relatively fast life cycle (3-4 months), which allows the growing of generations of mutants in a
relatively short time. It flowers around 60, 25, 90 and 75 days in LDs, VLDs, SDs and VSDs,
repectively. The large difference in flowering time in different conditions facilitates the screening of
mutants that display different flowering time with WT plants. It is self-fertile, which is important to
generate homozygous plants (Young and Udvardi 2009; Young et al. 2011). Even more important,
Medicago has a small sequenced genome (535Mb), a well-developed genetic and physical map, a
large number of Expression Sequenced Tags (ESTs) from different organs and a large amount of
available Tnt1 (tobacco retrotransposon) retroelement insertion mutants, making genomic and
forward and reverse genetic analyses easier (Glover 2007; Young et al. 2011; Tang et al. 2014).
Around 200 genes in Arabidopsis have been implicated in flowering-time control on the basis of
isolation of loss-of-function mutations and analysis of transgenic plants (Fornara et al. 2010). Most
of these genes can be classified into the six flowering pathways that have been described above.
Among these ~200 Arabidopsis genes, around half have homologues in Medicago (Kim et al. 2012b).
Selected homologues of Arabidopsis genes relevant to flowering are listed in Table 1.2. Some of
them are discussed in this introduction.

29

Table 1.2 Selected homologues of Arabidopsis genes relevant to flowering in Medicago

Light
perception/Signalling

Circadian clock

Flowering integrator

Arabidopsis

Candidate Medicago genes

Medicago Loci

PHYA
PHYB
CRY1
CRY2
CO

GI

PHYA
PHYB
CRY1
CRY2
MtCOLa
MtCOLb
MtCOLc
MtCOLd
MtCOLe
MtCOLf
MtCOLg
MtCOLh
MtCOLi
MtCOLj
MtCOLk
GI

Medtr1g085160
Medtr2g034040
Medtr5g063920
Medtr1g076190
Medtr7g018170
Medtr1g013450
Medtr3g105710
Medtr4g128930
Medtr3g082630
Medtr5g069480
Medtr7g108150
Medtr7g083540
Medtr8g104190
Medtr2g088900
Medtr1g110870
Medtr1g098160

FKF1

FKF1

Medtr8g105590

LHY

LHY

Medtr7g118330

TOC1

TOC1

Medtr3g037390

ELF3

ELF3

Medtr1g087500

ELF4

ELF4

Medtr3g070490

FT

LFY

MtFTa1
MtFTa2
MtFTb1
MtFTb2
MtFTc
MtSOC1a
MtSOC1b
MtSOC1c
MtSGL1

Medtr6g033040
Medtr7g084970
Medtr7g006630
Medtr7g006690
Medtr7g085020
Medtr7g075870
Medtr8g033250
Medtr8g033220
Medtr3g098560

AP1

MtPIM

Medtr8g066260

UFO

UFO

Medtr4g094748

AP2

AP2

Medtr5g016810

AP3

AP3

PI

PI

AG

AG

Medtr3g113030
Medtr5g021270
Medtr3g088615
Medtr1g029670
Medtr2g017865
Medtr8g087860

SOC1

Inflorescence and
floral identity
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Inflorescence and
floral identity

PRC2 subunits

TFL1

TFL1

Medtr2g086270
Medtr7g104460
Medtr1g060190
Medtr0020s0120
Medtr6g015975
Medtr7g016600
Medtr3g084980
Medtr8g097090
Medtr2g461760
Medtr4g109830
Medtr7g016630
Medtr5g013150

SEP1

SEP1

SEP3

SEP3

FUL

VRN2

MtFULa
MtFULb
MtFULc
MtVRN2

EMF2

EMF2

FIS2

Not found

Medtr1g090220
Medtr1g090230
Medtr1g090240
N/A

CLF

CLF

Medtr5g016870

SWN

SWN

Medtr1g086980

MEA

MEA

FIE

FIE

Medtr7g055660
Medtr7g109560
Medtr1g028310

MSI1

MSI

Medtr4g096880

The Medicago loci were searched through reciprocal BLASTP by the author of this thesis. The Arabidopsis
gene loci used for BLASTP came from Hecht et al. (Hecht et al. 2005).

1.5.3.1 Medicago CO-like (MtCOL) genes and circadian genes
In Arabidopsis, the photoperiod pathway uses the GI-CO-FT module. In Medicago, a single GI-like
EST which shared 68% identity with AtGI was identified, but its function is yet to be characterized
(Hecht et al. 2005). According to Wong et al., eleven CO-like homologues are present in Medicago
and eight of them were characterized (MtCOLa – MtCOLj) (Wong et al. 2014). Among eight MtCOL
genes, MtCOLa, MtCOLb and MtCOLd showed a morning-phase rhythm. MtCOLc, MtCOLg and
MtCOLh were weakly rhythmic. MtCOLe and MtCOLf displayed a clear rhythmic expression with an
afternoon and night peak in LDs, respectively (Wong et al. 2014). Compared with CO expression
rhythm in Arabidopsis in LDs, MtCOLf had the most similar expression rhythm among the MtCOL
genes. However, none of MtCOL genes were able to rescue the late flowering phenotype of
Arabidopsis co mutants. Furthermore, MtCOL proteins could not activate the Arabidopsis FT gene or
induce the expression of MtFTa1, a homologue of FT gene and also a key flowering integrator in
Medicago (Wong et al. 2014). The role of CO-like genes in promoting flowering was well
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pronounced in some species like rice, implying the conserved function of CO in regulating flowering
to some extent (Kim et al. 2008). However, this is unlikely to apply for Medicago in which MtCOL
genes do not appear to regulate flowering. Therefore, other pathways beyond CO/FT pattern might
exist and regulate flowering time in the photoperiod pathway in Medicago.
In Arabidopsis, light signals that are perceived by phytochrome proteins (PHYA and PHYB) and
cryptochrome proteins (CRY1 and CRY2) synchronize circadian clock to sense seasonal change in
day-length, ensuing the correct timing of flowering. The homologues of phytochrome and
cryptochrome proteins were identified in Medicago (Table 1.2) but their functions in flowering time
control is yet to be characterized. The expression of CO in Arabidopsis is regulated by circadian
oscillators CCA1 and LHY, which causes a basic oscillation of CO expression with a phase of 24
hours. However, only LHY homologues were found in Medicago (Hecht et al. 2005).
1.5.3.2 Medicago FT genes
There are five Medicago FT homologues that were characterized (Laurie et al. 2011). These five FTlike homologues fell into three groups: MtFTa (MtFTa1 and MtFTa2), MtFTb (MtFTb1 and MtFTb2)
and MtFTc based on the phylogenetic analysis. Expression analysis of five Medicago FT-like genes
in vernalisation long day (VLD), vernalisation short day (VSD), LD and SD conditions indicated that
the expression of MtFTa1 and MtFTa2 was upregulated by vernalisation (V). The former was
upregulated by LDs while the latter was by SDs. The expression of MtFTb1 and MtFTb2 was
elevated by LD but unchanged by vernalisation. No MtFTc transcript was detected when using whole
plants (Laurie et al. 2011). The response of MtFTa1, MtFTb1 and MtFTb2 to LD photoperiod was
further confirmed by checking their expression levels that were elevated when shifting plants from
SDs to LDs (Laurie et al. 2011). All the results provided evidence that Medicago FT-like genes
respond differently to environmental stimuli, but only MtFTa1 was found genetically so far to
promote flowering in response to LDs and vernalisation, indicating its crucial role in flowering time
control.
Arabidopsis mutant complementation analysis indicated that among the five FT-like genes, MtFTa1
and MtFTc could completely complement ft-1 mutants and resulted in early flowering. MtFTb1 was
able to partially complement ft-1 mutants, while MtFTa2 and MtFTb2 was unable to complement ft-1
mutants (Laurie et al. 2011).This implies the similar functions of MtFTa1, MtFTb1 and MtFTc with
FT in flowering control in Medicago.
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Further gain-of-function analysis, the overexpression of MtFTa1 in Medicago, confirmed its role in
promoting flowering in LDs as transgenic plants displayed a very early flowering phenotype
compared with WT plants (Laurie et al. 2011; Jaudal et al. 2013; Yeoh et al. 2013). The mutation of
MtFTa1 in Medicago delayed flowering. In addition, the flowering time of Medicago fta1 mutants in
VLD, VSD, LD and SD indicated that the fta1 mutant could not respond to vernalisation but still
respond weakly to LDs, implying that other LD response pathways might also be present, most likely
mediated by MtFTb1 since it responds to LDs and can partially complement the ft-1 mutant (Jaudal
et al. 2013; Yeoh et al. 2013). Besides MtFTa1 whose role in promoting flowering in LDs and
vernalisation conditions has been well characterized, the role of other Medicago FT-like genes is still
obscure. For example, MtFTc could fully complement Arabidopsis ft-1 mutants and led to a very
early flowering phenotype. However, mutation of MtFTc did not cause any phenotypes in flowering
time in Medicago (Laurie et al. 2011).
1.5.3.3 Medicago MADS-box genes
MADS-box proteins are transcription factors associating with a diverse range of plant developmental
processes. In Arabidopsis, MADS-box genes (MIKC class) which are relevant to flowering time
control include FLC, SOC1, SVP, AP1, FUL, CAL, AP3, PI and SEPs (Hecht et al. 2005).
Homologues of these genes, excluding FLC groups which are absent in Medicago, were identified
from Medicago ESTs and genomic sequences (Hecht et al. 2005).
Among the Medicago MADS-box sequences, three SOC1 ESTs were isolated (Hecht et al. 2005).
The one that showed the closest homology to Arabidopsis SOC1 was named MtSOC1a and the other
two were named MtSOC1b and MtSOC1c. The expression of MtSOC1a increased in early flowering
Medicago plants. These included three Medicago spring mutants that also had elevated FTa1
transcript levels. MtSOC1a was also upregulated in plants overexpressing FTa1 from a 35S:FTa1
transgene and in the Mtvrn2 mutant (Jaudal et al. 2013; Yeoh et al. 2013; Jaudal et al. 2016). In
addition, the expression of MtSOC1a in LDs was much greater than that in SDs, suggesting that the
elevation of MtSOC1 transcript might be caused by the increased abundance of MtFTa1 in LDs
(Jaudal et al. 2013; Yeoh et al. 2013). Thus, MtSOC1a is most likely to be one of the targets
downstream of MtFTa1 and plays a potential role in flowering time control. The role of SOC1-like
genes in flowering control will be further characterised in this research.
Besides MtSOC1, another MADS-box gene MtFULb, the homologue of Arabidopsis FUL, was also
upregulated in the early flowering spring mutants and transgenic Medicago overexpressing MtFTa1
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as well as in the Mtvrn2 mutant. Furthermore, the expression of MtFULb was increased with the rise
of abundance of MtFTa1 in LDs (Jaudal et al. 2013; Yeoh et al. 2013; Jaudal et al. 2016). In addition
to MtFULb, FUL has two more homologues MtFULa and MtFULc in Medicago. MtFULa and
MtFULb shared higher homology with AtFUL than MtFULc. In this project, the functions of MtFUL
genes in flowering time control is further clarified.
The functions of SOC1 and FUL are antagonised by FLC-SVP complex in Arabidopsis (Balanzàet al.
2014). However, FLC-like genes are absent in Medicago. There are two SVP-like genes (MtSVP1
and MtSVP2) identified in Medicago (Jaudal et al. 2014). They share high homology to AtSVP and
have the closest evolutionary relationship with pea SVP-like gene (PsSVP) among the legumes.
Functional analysis by overexpression of two MtSVP genes in Arabidopsis delayed flowering and
caused floral defects such as enlarged sepals, irregular symmetry of floral organ arrangement,
alterations in petal and anther number, elongated carpels, deformed siliques, sepalloid (green) petals
and long pedicels (Jaudal et al. 2014). In addition, it was found that the overexpression of MtSVP2 in
the Arabidopsis svp mutant could rescue the early flowering phenotype of the mutants, indicating
that MtSVP genes play a similar role as SVP does in Arabidopsis (Jaudal et al. 2014). In contrast with
ectopic expression in Arabidopsis, the ectopic expression of MtSVP1 in Medicago did not affect
flowering time but affected flower development, suggesting that MtSVP genes have undergone
functional divergence in Medicago (Jaudal et al. 2014).
1.5.3.4 Putative PRC2 members in Medicago
The absence of the FLC gene and the divergent function of MtSVP from AtSVP in Medicago raised
the question: what regulatory mechanisms are responsible for maintaining the vegetative state prior
to flowering in Medicago? As described in the vernalisation pathway, FLC is epigenetically silenced
by PcG complexes that are conserved in plants and animals. Three groups of PRC2 complexes were
characterized in Arabidopsis and function during plant development from seed development,
throughout the vegetative stage to the reproductive stage. Studies found two PRC2 groups (EMF2PRC2 and VRN2-PRC2) functioned in flowering time control (Kim et al. 2010; Srikanth and Schmid
2011).
A VRN2 orthologue in Medicago (MtVRN2) has been identified and characterized (Jaudal et al. 2016).
The research revealed that the Mtvrn2 mutant induced early flowering bypassing the need for
vernalisation in LDs in Medicago. The study of the ft Mtvrn2 double mutant indicated that the early
flowering was depended on the activity of MtFTa1 (Jaudal et al. 2016). Thus MtVRN2 acts as a
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flowering repressor in Medicago, different from Arabidopsis. The elevation of some candidate floral
integrators and floral homeotic genes in the Mtvrn2 mutant indicated their potential roles in
flowering time control in Medicago.
To date, no EMF2-like genes have been characterized in Medicago. However, previous phylogenetic
analysis indicated an EMF2-like gene present in Medicago (Jaudal et al. 2016). In this thesis, EMF2like genes are identified and their functions are characterized.
1.5.3.5 Comparison of key flowering and PRC2 genes in Arabidopsis and Medicago
Overall, the flowering gene families in Arabidopsis seem conserved in Medicago, although they have
undergone gene duplication and loss and the gene functions have become divergent. Figure 1.6
compares some key flowering genes and PRC2 genes in Arabidopsis and Medicago.

Figure 1.6 Comparasion of some key flowering and PRC2 genes in Arabdipsis and Medicago. The
flowering pathways and genes involved in Arabidopsis have been detailedly stated above. Floral integrators
FT/TSF and SOC1 promote flowering, while FLC represses flowering. EMF2, as a key PRC2 gene in
Arabidopsis, together with other PRC2 memebers suppresses flowering in plant vegetative stage to prevent
early flowering. EMF2 and VRN2 PRC2 complexes also repress FLC in reponse to vernalisation to promote
flowering. The flowering meritem gene FUL was also well characterised in Arabidopsis as a flowering
activator. When comparing Medicago with Arabidopsis, it was found that Medicago owns a conserved FT
homologue FTa1 which promotes flowering in LDs. However, no FLC homologues were found in Medicago.
In addition, the identified VRN2 homologue MtVRN2 acts as a flowering repressor rather than an activator as
VRN2 does in Arabidopsis. Homologues of SOC1, FUL and EMF2 genes are found in Medicago, but their
functions are still unclear.
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1.6 Aims of this work
In Arabidopsis, VRN2-PRC2 functions in the vernalisation pathway to epigenetically repress the
expression of FLC, and thus to promote flowering. A VRN2 orthologue (MtVRN2) has been
characterized in Medicago (Jaudal et al. 2016). It was found that Mtvrn2 mutants displayed an earlyflowering non-vernalisation responsive phenotype, indicating that MtVRN2 represses flowering and
may play a role in vernalisation. In addition, microarray analysis identified a group of genes which
were expressed at high levels in Mtvrn2 mutants. Therefore, the first aim of this thesis was to further
characterize the MtVRN2 protein and protein interactors and genes which might be directly regulated
by MtVRN2 in Medicago (Chapter 3 and Chapter 4).
In Arabidopsis, EMF2 plays an overlapping role with VRN2 in many plant developmental processes
including flowering time control. The mutation of EMF2 resulted in immediate flowering after
germination. In terms of the important role of EMF2 in plant development, the second aim was to
identify EMF2 homologues in Medicago and to characterize their functions in plant development.
The results are shown in Chapter 5 and Chapter 6.
As described above, MtSOC1a and MtFULb are two of a large group of genes whose transcript levels
were elevated in the Mtvrn2 mutant. Furthermore, their expression was also found to increase in the
early flowering FTa1 mutant and FTa1 overexpressing plants (Laurie et al. 2011; Jaudal et al. 2013;
Yeoh et al. 2013). Therefore, the third aim was to further characterize three Medicago FUL-like and
three SOC1-like genes and assess their ability to regulate flowering using a heterologous plant,
Arabidopsis, mainly because of a lack of Medicago ful and soc1 mutants. These results are described
in Chapter 7 and Chapter 8.
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Chapter 2. Materials and Methods
2.1 General reagents
2.1.1 Equipment and software
2.1.1.1 Equipment
The commonly used equipment was provided by Plant Molecular Biology Lab of School of
Biological Science (SBS), the University of Auckland. Other equipment shared with other labs is
listed below:


Stereo microscope: Leica M80, Infinity 2-2 camera, Infinity Capture



Fluorescence microscope: Leica Microscope, Infinity 2-1 camera, Infinity Capture



ÄKTA PurifierTM system: Amersham Bioscience, USA



Fuji Film Luminescent Image Analyser LAS-4000: Fujifilm Corporation, Japan



ABI 7900 JT Fast Real-time PCR machine: Applied Biosystems, USA



2010 Geno/Grinder®: SPEX SampePrep, USA



Gel Doc: Bio-Rad, USA



SANYO soniprep 150 sonicator: MSE, UK

2.1.1.2 Software


Multi Gauge V2.2: FujiFilm Corporation, Japan



SDS 2.4: Applied Biosystems, USA



Geneious 9.0.5: Geneious Corporation, USA



ImageJ: https://imagej.nih.gov/ij/

2.1.2 Enzymes and chemicals
All restriction enzymes came from NEB, Roche and Sigma. The digestion buffers were provided
along with the enzymes. The restriction enzymes used in this thesis are listed in Table 2.1. In
addition to restrictions enzymes, other enzymes used in this project included DNase I (Roche,
#10590900), RNase A (Sigma, #060M7000V), Lysozyme (Sigma, #65H7025) and protease K
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(Sigma, #SLBB5919V). All chemicals used for buffers, solutions and media were analytical grade
and supplied by different companies.
Table 2.1 Restriction enzymes
Restriction enzymes
NcoI
XbaI
EcoRV
KpnI
EcoRI
HindIII
XhoI
NotI
XmaI
BamHI
StuI

Restriction site
5' C^CATGG 3'
5' T^CTAGA 3'
5' GAT^ATC 3'
5' GGTAC^C 3'
5' G^AATTC 3'
5' A^AGCTT 3'
5' C^TCGAG 3'
5' GC^GGCCGC 3'
5' C^CCGGG 3'
5' G^GATCC 3'
5' AGG^CCT 3'

Use
plasmid checking
subcloning, plasmid checking
plasmid checking
plasmid checking
plasmid checking
plasmid checking
plasmid checking
subcloning
subcloning, plasmid checking
subcloning, plasmid checking
plasmid checking

2.1.3 Buffers and solutions
All the buffers and solutions used in this thesis are listed in Table 2.2.
Table 2.2 Buffers and solutions
Name
2 - 4, D

APS solution (10%)
6 - BAP

Bleach solution
(NaClO)
Blocking buffer
BlueJuiceTM Gel
loading buffer (10x)
ChIP dilution buffer

Chlorine solution
Competent cell
solution
Coomassie blue
destaining solution

Compositions and storage
dissolving 2 - 4,D in a small volume of DMSO and then
diluting to 1mg/ml with water, filter sterilisation and
stored at -20°C
10% (w/v) ammonium persulfate, stored at 4°C for one
week
dissolving BAP in a small volume of 2 M NaOH and
then diluting to 1mg/ml with water, filter sterilisation and
stored at -20°C
dilute commercial bleach (12.5-15% sodium hypochlorite
solution) to final concentration of 4.5%, stored at RT in
the dark
1x TBST, 5% (w/v) non-fat milk, making fresh
65% (w/v) sucrose, 10 mM Tris-HCl (pH7.5), 10 mM
EDTA, 0.3% (w/v) bromophenol blue, stored at 4°C
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl,
pH8.0, 167 mM NaCl, 0.1 mM PMSF, 1x protease
inhibitor
one tablet of chlorine dissolved in 1L sterile water, stored
at RT
5% (v/v) glycerol, 10% (v/v) DMSO, filter sterilisation
and stored at -20°C
25% (v/v) methanol, 5% (v/v) acetic acid, 70% H2O
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Use
plant tissue culture

SDS-PAGE
plant transformation
and tissue culture
Medicago leaf surface
sterilisation
WB
agarose gel
electrophoresis
ChIP

Medicago seed
sterilisation
yeast competent cell
preparation
Coomassie blue
destaining

Coomassie blue
staining solution
Elution buffer
Extraction buffer 1
Extraction buffer 2

Extraction buffer 3

FeEDTA (100x)
High salt wash buffer
IPTG stock (1M)
LiCl wash buffer
Low salt wash buffer
Lysis buffer
MOPS buffer (10x)
N6 major salts

NEB buffer 1 (1x)
NEB buffer 4 (1x)
NEB Smartcut buffer
(1x)
NPI-10 lysis &
equilibration buffer
NPI-20 wash buffer
NPI-250 elution
buffer
Nuclei lysis buffer
PMSF stock
(100mM)
Ponceau S staining
solution
Protease inhibitor
stock (25x)
Protein extraction
buffer
Running buffer (10x)

0.1% (w/v) Coomassie blue G, 50% (v/v) methanol, 10%
(v/v) acetic acid, 40% (v/v) H2O
1% SDS, 0.1 M NaHCO3
0.4 M sucrose, 10 mM Tris-HCl, pH8.0, 10 mM MgCl2,
5 mM β-ME, 0.1 mM PMSF, 1x protease inhibitor
0.25 M sucrose, 10 mM Tris-HCl, pH8.0, 10 mM MgCl2,
1% TritonXZ-100, 5 mM β-ME, 0.1 mM PMSF, 1x
protease inhibitor
1.7 M sucrose, 10 mM Tris-HCl, pH8.0, 2 mM MgCl2,
0.15% TritonXZ-100, 5 mM β-ME, 0.1 mM PMSF, 1x
protease inhibitor
50 mM FeSO4·7H2O, 40 mM Na2EDTA·2H2O (EDTA)
500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl, pH8.0
2.383 g of IPTG in 10 ml of sterile water, filter
sterilisation and stored in 1ml aliquots at -20°C
0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mM EDTA, 10 mM Tris-HCl, pH8.0
150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl, pH8.0
50 mM Tris-HCl (pH7.5), 250 mM NaCl, 1 mM PMSF,
1x protease inhibitor, freshly making
20 mM EDTA, 200 mM MOPS, 50 mM sodium acetate,
adjust pH to 7.0, stored at 4°C
7.5 mM MgSO4·7H2O, 280 mM KNO3, 35 mM
(NH4)2SO4, 11 mM CaCl2·2H2O, 30 mM KH2PO4, stored
at 4°C
10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 1 mM
DTT, pH7.0, stored at -20°C
50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 1 mM DTT, pH7.9, stored at -20°C
50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 100 µg/ml BSA, pH7.9
50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole,
adjust pH to 8.0 using NaOH, stored at RT
50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole,
adjust pH to 8.0 using NaOH, stored at RT
50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole,
adjust pH to 8.0 using NaOH, stored at RT
50 mM Tris-HCl, pH8.0, 10 mM EDTA, 1% SDS, 0.1
mM PMSF, 1x protease inhibitor
0.3484 g of PMSF (Sigma) dissolved in 20 ml of
isopropanol, filter sterilised and stored at -20°C
0.1% (w/v) Ponceau S, 5% (v/v) acetic acid, 95% (v/v)
H2O
one tablet of protease inhibitor (Roche) dissolved in 2 ml
of water, stored at -20°C
12.5 mM Tris-HCl (pH6.8), 1 mM EDTA (pH8.0), 8 M
urea, 5% (w/v) SDS, 2% (v/v) β-ME
192 mM glycine, 25 mM Tris base, 1% (w/v) SDS,
stored at RT
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protein staining
ChIP
ChIP
ChIP

ChIP

plant tissue culture
ChIP
protein induction
ChIP
ChIP
E. coli cell lysis
SDS-PAGE
electrophoresis
plant tissue culture

restriction
endonuclease digestion
restriction
endonuclease digestion
restriction
endonuclease digestion
protein purification
under native conditions
protein purification
under native conditions
protein purification
under native conditions
ChIP
protease inhibitor
protein staining
protease inhibitor
total plant protein
extraction
SDS-PAGE

SDS-PAGE sample
buffer (5x)
SEC buffer
SH minor salts

SH vitamins
Sonication lysis
buffer

TBE buffer (1x)
TBS buffer (10x)
TBST buffer (1x)
TE buffer
Transfer buffer (1x)
Transformation
solution
(360ul/reaction)
Tween20-H2O
Z buffer

250 mM Tris-HCl (PH6.8), 10% (w/v) SDS, 50% (v/v)
glycerol, 0.5% (w/v) bromophenol blue, 10% (v/v) β-ME
(added before use), stored at RT
20 ml Tris-HCl (pH7.5), 150 mM NaCl,
2 mM β-ME
60 mM MnSO4·H2O, 80 mM H3BO3, 3.5 mM
ZnSO4·7H2O, 6 mM KI, 1 mM Na2MoO4·2H2O,
0.8 mM CuSO2·5H2O, 0.4 mM CoCl2·6H2O
40 mM nicotinic acid, 15 mM thiamine HCl (B1), 24
mM pyridoxine HCl (B6)
20 mM Tris-HCl (pH7.5), 300 mM NaCl, 10 mM
imidazole, 10% (v/v) glycerol, 2 mM β-ME, 5 μg/ml
DNase I, 5 μg/ml RNase A, 50 μg/ml lysozyme, fresh
making
89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH8.3,
stored at room temperature (RT)
200 mM Tris base, 1.5 M NaCl, pH7.6, stored at RT
20 mM Tris base, 150 mM NaCl, 0.1% (v/v) Tween-20,
stored at RT
10 mM Tris-HCl, pH8.0, 1 mM EDTA
19.2 mM glycine, 2.5 mM Tris base, 0.1% (w/v) SDS,
20% (v/v) methanol, stored at 4°C
260 μl of 50% (w/v) PEG4000, 36 μl of 1M LiAc, 10 μl
of 1% (w/v) salmon sperm DNA, 51 μl of sterile water,
filter sterilisation and stored at RT
200 μl of tween-20 dissolved in 500 ml sterile water,
stored at RT
60 mM Na2HPO4, 40 mM NaH2PO4, 6 mM KCl, 2 mM
MgSO4, pH7.0, stored at RT

SDS-PAGE

SEC
plant tissue culture

plant tissue culture
E. coli cells lysis and
sonication

agarose gel
electrophoresis
WB
WB
ChIP
WB
yeast cell chemical
transformation
Medicago leaf surface
cleaning
filter assay

2.1.4 Media
Table 2.3 Media
Medium
Compositions
½ SH9 (schenk 5% (v/v) N6 major salts, 0.05% (v/v) SH minor salts, 0.05%
and Hildebrandt (v/v) SH vitamins, 0.5% FeEDTA (100x), 0.005% (w/v)
medium)
Myo-inositol, 1% (w/v) sucrose, adjust pH to 5.8 with KOH,
add 0.9% (w/v) Kalys agar
IM
0.44% (w/v) MS plus vitamins, 5% (w/v) sucrose, adjust pH
to 5.8 with KOH
LB-agar
1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
NaCl, adjust pH to 7.5 with NaOH, then add 1.5% (w/v) agar,
LB
1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
NaCl, adjust pH to 7.5 with NaOH
SD
0.67% (w/v) Difco w/o yeast nitrogen base, 2% (w/v) Dglucose, 1.7% (w/v) agar
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Use
Medicago tissue
culture

Arabidopsis
transformation
E. coli cell culture
E. coli cell culture
Yeast two hybrid
assay (Y2H)

SD-Leu
(AUKMWH)

SD-Leu-Trp
(AUKMH)

SD-Trp
(AUKMLH)

SH3a

SH3a broth

SH9

SOC
YEB
YN

YPD
YPD broth
YPDA

0.67% (w/v) Difco w/o yeast nitrogen base, 2% (w/v) Dglucose, 1.7% (w/v) agar, autoclave, then add 0.002% (w/v)
adenine, 0.002% (w/v) uracil, 0.006% (w/v) lysine, 0.002%
(w/v) methionine, 0.002% (w/v) tryptophan, 0.002% (w/v)
histine
0.67% (w/v) Difco w/o yeast nitrogen base, 2% (w/v) Dglucose, 1.7% (w/v) agar, autoclave, then add 0.002% (w/v)
adenine, 0.002% (w/v) uracil, 60mg/l lysine, 0.002% (w/v)
methionine, 0.002% (w/v) histine
0.67% (w/v) Difco w/o yeast nitrogen base, 2% (w/v) Dglucose, 1.7% (w/v) agar, autoclave, then add 0.002% (w/v)
adenine, 0.002% (w/v) uracil, 0.006% (w/v) lysine, 0.002%
(w/v) methionine, 60mg/l leucine, 0.002% (w/v)l histine
10% (v/v) N6 major, 0.1% (v/v) SH minor, 0.1% (v/v) SH
vitamin, 1% FeEDTA (100x), 0.01% (w/v) Myo-inositol, 3%
(w/v) sucrose, adjust pH to 5.8 with KOH, add 0.3% (w/v)
phytagel
10% (v/v) N6 major, 0.1% (v/v) SH minor, 0.1% (v/v) SH
vitamin, 1% FeEDTA (100x), 0.01% (w/v) Myo-inositol, 3%
(w/v) sucrose, adjust pH to 5.8 with KOH
10% (v/v) N6 major salts, 0.1% (v/v) SH minor salts, 0.1%
(v/v) SH vitamin, 1% FeEDTA (100x), 0.01% (w/v) Myoinositol, 2% (w/v) sucrose, adjust pH to 5.8 with KOH, add
0.7% (w/v) Kalys agar
2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl,
2.5 mM KCl, 10 mM MgCl2, 20 mM glucose
0.5g (w/v) beef extract, 0.1% (w/v) yeast extract, 0.5% (w/v)
peptone, 0.5% (w/v) sucrose, 2 mM MgSO4
0.3% (w/v) beef extract, 0.5% (w/v) bacto peptone, 0.8%
(w/v) NaCl, 1% (w/v) yeast extract, adjust pH to 7.3 with
NaOH
2% (w/v) HIMEDIA yeast extract, 1% (w/v) HIMEDIA
casein peptone, 2% (w/v) D-glucose, 1.5% (w/v) Bacto agar
2% (w/v) HIMEDIA yeast extract, 1% (w/v) HIMEDIA
casein peptone, 2% (w/v) D-glucose
2% (w/v) HIMEDIA yeast extract, 1% (w/v) HIMEDIA
casein peptone, 2% (w/v) D-glucose, 0.003% adenine, 1.5%
agar

Y2H

Y2H

Y2H

Medicago tissue
culture

Medicago
transformation
Medicago tissue
culture

E. coli cell recovery
after electroporation
Agrobacterium
(EHA105) culture
Agrobacterium
(GV3101) culture
S. cerevisiae culture
S. cerevisiae culture
S. cerevisiae culture

2.1.5 Antibiotics
Table 2.4 Antibiotics
Antibiotics
Ampicillin (Amp)
Chloramphenicol (Cam)
Gentamycin (Gent)
Kanamycin (Kan)
Rifamycin (Rif)
Spectinomycin (Spec)

Stock concentration
100 mg/ml
100 mg/ml
50 mg/ml
50 mg/ml
50 mg/ml
100 mg/ml
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Final concentration
100 mg/L
34 mg/L
50 mg/L
50 mg/L
50 mg/L
100 mg/L

2.1.6 Antibodies
Table 2.5 Antibodies and serum
Antibodies
Goat anti mouse IgG (H+L)-HRP
Goat anti mouse IgG (H+L)-HRP
(polyclonal)
Goat anti rabbit IgG (H+L)-HRP
Mouse anti-GFP (monoclonal)
Mouse anti-HA (monoclonal)
Mouse anti-HA antibody (monoclonal)
Mouse serum
Rabbit anti-GFP antibody-ChIP grade
(polyclonal)
Rabbit anti-HA antibody-ChIP grade
(polyclonal)
Rabbit anti-histone 3 antibody-ChIP grade
(polyclonal)
Rabbit anti-VRN2 (polyclonal)

Company
Santa Cruz Biotech (SC-2005)
BioRad (170-6516)

Use
Western blot (WB)
WB

JacksonImmuno Research (USA)
Clotech (JL-8)
Santa Cruz Biotech (SC-7392)
Sigma (H9658)
Sigma (M5905)
Abcam (ab290)

WB
WB
WB
WB, ChIP
ChIP
WB

Abcam (ab9110)

WB

Abcam (ab1791)

WB, ChIP

GenScript (USA)

WB

2.1.7 Amino acids
Table 2.6 Amino acid solution used for making yeast SD medium
AA code
A
H
K
L
M
U
W

Name
adenine
histidine
lysine
leucine
methionine
uracil
tryptophan

AA
Ade
His
Lys
Leu
Met
Ura
Trp

Stock conc. (mg/ml)
2 mg/ml
2 mg/ml
3 mg/ml
6 mg/ml
2 mg/ml
2 mg/ml
2 mg/ml

Final conc. (mg/L)
20 mg/L
20 mg/L
30 mg/L
60 mg/L
20 mg/L
20 mg/L
20 mg/L

2.1.8 Oligonucleotides
Table 2.7 Primers used in the thesis
Name
1g090220-Ex2F1

Sequence (5'- 3')
TGTCTGACAAGAATGCCTGG

1g090220-Ex2F2

CAAGAATGCCTGGATTTCCT

1g090220-Ex3F

CCTCTAGATACTAGTGCGGA

1g090220-Ex4F

AGTACAGGATAGATGCTAGC
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Use
forward primer for Medtr1g090220
amplification
forward primer for Medtr1g090220
amplification
forward primer for Medtr1g090220
amplification
forward primer for Medtr1g090220
amplification

1g090220-UP-F
1g090230-Ex2R

GAGGTTTTTGTTGTTCGTTGA
GCCTCCACAGCTAACTTATT

1g090230-Ex4F

GCTTGGGATAACTCTCCAAA

1g090230-Ex4R

ATAATCTCAGCTCGTTGTCC

3_MtMADS_qRT_F
(MtFULb)
3_MtMADS_qRT_R
(MtFULb)
35S_F
35S-F1
3'ocs
5th_MtSOC1a-qRT-F

AGL11-Ex6-F

AGA GCA CGC AAA ACT CAA
GGCT
AGC TCT TTG AGA CCT AAA
CCATCC AA
CACTGACGTAAGGGATGACG
TCCAACCACGTCTTCAAAGC
TCATAGGCGTCTCGCATATC
GCGTTGTTCGAGCAAGAAAGAA
TCAGGC
GGGGCTGCTTAGAGAGCCTGGC
ATTT
TGCTTAGGAGATTGAGCTGGA

AGL11-Ex7-R

AGGAAGCCTCTCAACATCATTT

AGL11-F1-11/07

AGGCTCAAATGCACTTTTTGTC

AGL11-P-F

TGCTTGCTCCAACTTTCTTTCT

AGL11-P-R

ACCATCGGACTCATAGGGAAG

AGL11-R1-11/07

GAAAGCCAACACAAGATTGACA

At2g32170-F

TCCTTTTTCATCGACACTGC

At2g32170-R

CCATATGTGTCCGCAAAATG

Atemf2-3-F

AGTGTGTCCGTTTGTACTCGA

Atemf2-3-R

ACTCCACGTGACATGTACTGA

Basta-F2

GCGTTCAAAAGTCGCCTAAG

Basta-R

GAAGTCCAGCTGCCAGAAAC

EMF2-Ex10F

TGCAGATGGTATTGATCCAAG

EMF2-Ex11F1

TTGAAGAGTTCCAGGATGTG

EMF2-Ex20R1

GFP-Rv

TCATCTTTTTCTTCTATTTTTAAC
AGG
CATGCTCGAGAAACAATGGTGA
GCAAGG
GCTCCCGGGCTTGTACAGCTCGT

GST_F

GGGCTGGCAAGCCACGTTTGG

5th_MtSOC1a-qRT-R

GFP-Fw
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forward primer in Medtr1g090220 5'UTR
reverse primer for Medtr1g090230
amplification
forward primer for Medtr1g090230
amplification
reverse primer for Medtr1g090230
amplification
forward primer for MtFULb gene
genotyping and qRT-PCR
reverse primer for MtFULb gene
genotyping and qRT-PCR
forward primer in the 35S promoter
forward primer in the 35S promoter
reverse primer in the 3’ocs terminator
forward primer for MtSOC1a gene qRTPCR amplification
reverse primer for MtSOC1a gene qRTPCR amplification
forward primer for MtAGL11 gene qRTPCR amplification
reverse primer for MtAGL11 gene qRTPCR amplification
forward primer for MtAGL11 gene qRTPCR amplification
forward primer for MtAGL11 gene qRTPCR amplification
reverse primer for MtAGL11 gene qRTPCR amplification
reverse primer for MtAGL11 gene qRTPCR amplification
forward primer used for Arabidopsis
housekeeping gene qRT-PCR
reverse primer for Arabidopsis
housekeeping gene qRT-PCR
forward primer for Atemf2-3 mutants
genotyping
reverse primer for Atemf2-3 mutants
genotyping
forward primer for Basta resistance gene
amplification
reverse primer for Basta resistance gene
amplification
forward primer for MtEMF2 Tnt1 mutant
lines genotyping
forward primer for MtEMF2 Tnt1 mutant
lines genotyping
reverse primer for Medtr1g090240
amplification
forward primer for GFP coding sequence
restriction enzyme cloning
reverse primer for GFP coding sequence
restriction enzyme cloning
forward primer for pET49b plasmid
sequencing

GW_MtEMF2_F

GW_MtEMF2_R

GW_MtSOC1a_R

GW_MtSOC1b_F

GW_MtSOC1b_R

GW_MtSOC1c_F

GW_MtSOC1c_R

GWGFP-VRN2-F

GWHA-VRN2-F
GW-MtFula-2nd-F
GW-MtFula-2nd-R

GW-MtFulb-F

GW-MtFulb-R

GW-MtFulc-F

GW-MtFulc-R

GWSOC1a-F1

HA-Fw
HA-Rv
M13F

GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCTGTCTGACAAGAAT
GCCTGG
GGGGACCACTTTGTACAAGAAA
GCTGGGTCTCATCTTTTTCTTCTA
TTTTT AACAGG
GGGGACCACTTTGTACAAGAAA
GCTGGGTTCTTCAACTAGACCTG
TGAAGTCC
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTGCTTCCTTTTGTTGC
TGCA
GGGGACCACTTTGTACAAGAAA
GCTGGGTTGAGACATTTGCCTCA
CCCT
GGGGACAAGTTTGTACAAAAAA
GCAGGCTGAAGTTGCTTTTCTTG
CTGCA
GGGGACCACTTTGTACAAGAAA
GCTGGGTCCTCAACTAGCTACAC
CTTTGG
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCGAAACAATGGTGA
GCAAGGG
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCGAAACAATGTACC
CATACGA
GGGGACAAGTTTGTACAAAAAA
GCAGGCTATATTATGGGGAGAG
GAAGGGTG
GGGGACCACTTTGTACAAGAAA
GCTGGGTAGGACTAATTAAGCA
TCCAAGGT
GGGGACAAGTTTGTACAAAAAA
GCAGGCTAATAATGGGGAGGGG
AAGAG
GGGGACCACTTTGTACAAGAAA
GCTGGGTCAAATGTACGTAATTA
TCTTTTTCTGC
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCATTCATCATCATGG
GAAGGG
GGGGACCACTTTGTACAAGAAA
GCTGGGTATCTAGTTGGTGAGAT
GATGGAG
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCGAAACAATGGTGA
GAGGAAAGACAC
CATGCTCGAGAAACAATGTACC
CATAC GATGTT
GCTCCCGGGAGCGTAATCTGGA
ACA
GTAAAACGACGGCCAGT
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Gateway forward primer for
Medtr1g090220, Medtr1g090230 and
Medtr1g090240 full length amplification
Gateway reverse primer for
Medtr1g090220, Medtr1g090230 and
Medtr1g090240 full length amplification
Gateway reverse primer for full length
MtSOC1a amplification
Gateway forward primer for full length
MtSOC1b amplification
Gateway reverse primer for full length
MtSOC1b amplification
Gateway forward primer for full length
MtSOC1c amplification
Gateway reverse primer for full length
MtSOC1c amplification
Gateway reverse primer for HA-VRN2
coding sequence amplification
Gateway forward primer for HA-VRN2
coding sequence amplification
Gateway forward primer for full length
MtFULa amplification and genotyping
Gateway reverse primer for full length
MtFULa amplification and genotyping
Gateway forward primer for full length
MtFULb amplification and genotyping
Gateway reverse primer for full length
MtFULb amplification and genotyping
Gateway forward primer for full length
MtFULc amplification and genotyping
Gateway reverse primer for full length
MtFULc amplification and genotyping
Gateway forward primer for full length
MtSOC1a amplification
forward primer for HA coding sequence
amplification
reverse primer for HA coding sequence
amplification
forward primer for pDONR221 plasmid
sequencing

M13R-pUC

CAGGAAACAGCTATGAC

MtCLF C5_Fw

GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCTCTTTTCTGGAAAA
GGATCTTG
GGGGACCACTTTGTACAAGAAA
GCTGGGTCCTATTCAACATCAGT
CTGAGTAGATG
CAGGGACCCGGTATGGCGTCAA
GCTCTCCGCCTCCG
CAGGGACCCGGTTCTTTTCTGGA
AAAGGATCTTGAAGCGGCTCTTG
ACTC
GGCACCAGAGCGTTATTCAACAT
CAGTCTGAGTAGATGTGACTTTG
GCCATTTTTTCTG
GGCACCAGAGCGTTAAGCAAGC
TTCTTTGCACGACCACTTGAAGG
AG
TGAGGAGGAACTAATTGACG
GAGTAGTGACTCGGAGAATG
CTGCTGCGTATCATTCAATC
GCCACTATTGTCTTCATTGC
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCATGGCGTCAAGCTC
TCCG
CATGCCCGGGATGGCGTCAAGC
TCT
GCTGGATCCTTAAGCAAGCTTCT
TTGC ACG
GGGGACCACTTTGTACAAGAAA
GTGGGTCTTAAGCAAGCTTCTTT
GCACGACC
ACGAACGTGAGCATCTACCC

MtCLF C5_Rv

MtCLF_1Fw
MtCLF_278Fw

MtCLF_358Rv

MtCLF_870Rv

MtCLF_Seq1
MtCLF_Seq2
MtCLF_Seq3
MtCLF_Seq4
MtCLF-Fw

MtCLF-Re-Fw
MtCLF-Re-Rv
MtCLF-Rv

MtEMF2 Ex19R1

MtEMF2-Ex14R(4.1) CTTCAGCCTCACTATCATAACC
MtEMF2-Ex18F

AGCAGTTGATGACCATGTGGA

MtEMF2-Ex19R

GGGTAGATGCTCACGTTCGT

MtEMF2-Ex1F

GTGTAGCAGAGATGAGGATGGT

MtEMF2-Ex1F(4.1)

GCGTAAAGGTGAAAGTTGGAG

MtEMF2-Ex20-F

ACAGCGTTCAGGCTCAAACT

MtEMF2-Ex20-R

AGGGGACAAAAGAATGGACGG

MtEMF2-Ex2R(4.1)

CGACGCCATAGTGATCTATC

MtEMF2-Ex3R

ATAAGGGCACAACCATCGCA
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reverse primer for pDONR221 plasmid
sequencing
Gateway forward primer for MtCLF C5
domain coding sequence amplification
Gateway reverse primer for MtCLF C5
domain coding sequence amplification
LIC cloning forward primer for full
length MtCLF amplification
LIC cloning forward primer for MtCLF
C5 domain coding sequence amplification
LIC cloning reverse primer for MtCLF
C5 domain coding sequence amplification
LIC cloning reverse primer for full length
MtCLF coding sequence amplification
forward primer for MtCLF sequencing
forward primer for MtCLF sequencing
forward primer for MtCLF sequencing
forward primer for MtCLF sequencing
Gateway forward primer for full length
MtCLF amplification
forward primer for full length MtCLF
coding sequence amplification
reverse primer for full length MtCLF
coding sequence amplification
Gateway reverse primer for full length
MtCLF coding sequence amplification
reverse primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for Medtr1g090240 gene
amplification
reverse primer for Medtr1g090240 gene
amplification
forward primer for MtEMF2 Tnt1 mutants
genotyping
forward primer for Medtr1g090240 gene
amplification

MtEMF2-Ex3R1

TGCGATGGTTGTGCCCTTAT

MtEMF2-Ex7R

GATAACAGTATGGGCAGGAG

MtEMF2-F1(exp)

AGATCTCCGGAATTCTGAGA

MtEMF2-F2(exp)

AAGGGGAAGTTTTACCGTAC

MtEMF2-Fw
MtEMF2-R1(exp)

CATGCCCGGGATGGAATGTAATT
TTAG
AGAGAGATTTTTCCATGGCC

MtEMF2-R2(exp)

ATGCTATCCCAACTACCTCT

MtEMF2-Rv

GCTGGATCCTCATCTTTTTCTTCT

MtFula-TC182438-F

GGCCCAACTTGAGCAGCAAAAT
GA GG
TGGGCGTTGCCATGGGTTTGAC

MtFula-TC182438-F
MtFulc-newRT-F

MtPDF2-F
MtPDF2-R
Mtr.43645-F

AGGGCAAGGACATTGCAGGAGC
A
TGGTGGTAGCACCTCTGGCTGAC
AA
GTGTTT TGCTTCCGCCGTT
CCAAATCTTGCTCCC TCATCTG
AGGGAGCAACTCTCAGAAGCT

Mtr.43645-R

ACCAAGAAAAGGTGGGTCCAC

Mtr.9820-F

TGGGGAGGGGAAAGATTGAGA

Mtr.9820-R

GCTGGAGAAGACAATGAGAGCA

MtSOC1b-F

TCCAGAAACAAGATCAAGGCGC
A
TGATGAGACATTTGCCTCACCCT
T
TGCCATGCTCGC AGAGAAGT

MtFulc-newRT-R

MtSOC1b-R
MtSOC1c-F
MtSOC1c-R
MtTubulin_MJ_F
MtTubulin_MJ_R
MtVNR2 VEF_Fw

MtVNR2 VEF_Rv

MtVRN2 Ex8-F
MtVRN2 Ex8-R

TCAGTTTCCACATCTGAACTTGG
ACT
GTTTGCGACGAGCACGGCATAG
AT
GCGTGGAACAAACCTTCCGCAT
GA
GGGGACAAGTTTGTACAAAAAA
GCAGGCTTCAGTGATCCTGCTCT
GCCTAC
GGGGACCACTTTGTACAAGAAA
GCTGGGTCTCAATTTGTGCCACT
GTCTGATCC
GATCTCGAAAGCGTAGACCGA
ACCCCATTCTGTATGCCTTCTG
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reverse primer form MtEMF2 Tnt1
mutants genotyping
reverse primer for Medtr1g090240 gene
amplification and sequencing
forward primer for Medtr1g090240 gene
amplification
forward primer for Medtr1g090240 gene
amplification
forward primer for Medtr1g090240
amplification
reverse primer for MtEMF2 Tnt1 mutants
genotyping
reverse primer for Medtr1g090240 gene
amplification
reverse primer for Medtr1g090240
amplification
forward primer for MtFULa genotyping
and qRT-PCR
reverse primer for MtFULa genotyping
and qRT-PCR
forward primer for MtFULc genotyping
and qRT-PCR
reverse primer for MtFULc genotyping
and qRT-PCR
forward primer for MtPDF2 qRT-PCR
reverse primer for MtPDF2 qRT-PCR
forward primer for Medicago HD-like
gene qRT-PCR amplification
reverse primer for Medicago HD-like
gene qRT-PCR amplification
forward primer for MtAGL11 gene qRTPCR amplification
reverse primer for MtAGL11 gene qRTPCR amplification
forward primer on MtSOC1b gene used
for qRT-PCR
reverse primer on MtSOC1b gene used for
qRT-PCR
forward primer on MtSOC1c gene used
for qRT-PCR
reverse primer on MtSOC1c gene used for
qRT-PCR
forward primer for MtTUBULIN gene
qRT-PCR amplification
reverse primer for MtTUBULIN gene
qRT-PCR amplification
Gateway forward primer for MtVRN2
VEFs domain coding sequence
amplification
Gateway reverse primer for MtVRN2
VEFs domain coding sequence
amplification
forward primer MtVRN2 amplification
reverse primer on MtVRN2 amplification

MtVRN2_1Fw

NF13295-F

CAGGGACCCGGTATGTGCCGGC
AAAATTCACC
ATGAACTACGTTGACGGTGCCAT
GC
GGTGAATTTTGCCGGCACATGTT
GAAT
CAGGGACCCGGTATGCCCCAAT
CTTCTGAGGA
TGTTCCGTGGGCTTGTGAGGCAT
TGCCACTGTCTGATCCCCCGTTT
GGCACCAGAGCGTTAATTTGTGC
CACTGTCTGATC
CAGGGACCCGGTGGAATTGTGG
TTTTCAACTA
CATGCCCGGGATGTGCCGGCAA
AATTCA
GCTGGATCCTCAATTTGTGCCAC
TGTC TG
ACAAGGTGGAGACACCGAAG

RT_FTLa_F
RT_FTLa_R2
SEP2-F

GTAGCA GTAGGAATCCACTAGC
ACACTCACTCTCGGTTGATTT CC
TGGGAAGAGGAAGAGTTGAGT

SEP2-F1-11/07

CATTTCGGTTGGACTTCGGT

SEP2-F2-11/07

CACAGCAGCAAGAGAAAAAGAC

SEP2-F3-11/07

ACCAATTGGCACGTAAGAAGA

SEP2-Int-F2

TGGTTTTTGCTCTCTTTGGTGG

SEP2-Int-R2

TCCACAGAAATAAGCAGAGCCT

SEP2-R

AGAGCAACTTCAGCATCACAA

SEP2-R1-11/07

CGCAAAAGTGTTTGATTCTCCA

SEP2-R2-11/07

AGATTCCGAGCAAAACCATCT

SEP2-R3-11/07

CGTTCAAATTGCAGTTCAGCA

T7F

TAATACGACTCACTATAGGG

T7R

GCTAGTTATTGCTCAGCGG

Tnt1-F
Tnt1-R

ACAGTGCTACCTCCTCTGGATG
CAGTGAACGAGCAGAACCTGTG

MtVRN2_1st_F
MtVRN2_1st_R
MtVRN2_251Fw
MtVRN2_2nd_F
MtVRN2_2nd_R
MtVRN2_428Rv
MtVRN2_65Fw
MtVRN2-Fw
MtVRN2-Rv
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LIC cloning forward primer for full
length MtVRN2 amplification
forward primer in MtVRN2 5'UTR for
qRT-PCR
reverse primer in MtVRN2 5'UTR for
qRT-PCR
LIC cloning forward primer for MtVRN2
VEFs domain amplification
forward primer for MtVRN2 qRT-PCR
reverse primer for MtVRN2 qRT-PCR
LIC cloning reverse primer for MtVRN2
amplification
LIC cloning forward primer for MtVRN2
fragment amplification
forward primer for MtVRN2 amplification
reverse primer for MtVRN2 amplification
forward primer for NF13295 Tnt1 line
genotyping
forward primer
reverse primer for MtFTa1 qRT-PCR
forward primer for MtSEP3b gene qRTPCR amplification
forward primer for MtSEP3b gene qRTPCR amplification
forward primer for MtSEP3b gene qRTPCR amplification
forward primer for MtSEP3b gene qRTPCR amplification
forward primer for MtSEP3b gene qRTPCR amplification
reverse primer for MtSEP3b gene qRTPCR amplification
reverse primer for MtSEP3b gene qRTPCR amplification
reverse primer for MtSEP3b gene qRTPCR amplification
reverse primer for MtSEP3b gene qRTPCR amplification
reverse primer for MtSEP3b gene qRTPCR amplification
forward primer for pET47b and pET49b
plasmid sequencing
reverse primer for pET47b and pET49b
plasmid sequencing
Tnt1 primer for Tnt1 mutants genotyping
Tnt1 primer for Tnt1 mutants genotyping

2.2 Bacterial growth and manipulation
2.2.1 Bacterial strains
The details of bacterial strains used in this project are listed in Table 2.8.
Table 2.8 Bacterial strains
Bacterium

Strains

Description

Use

AntibioticsR

E. coli

DH10β

It has high transformation
efficiency and is suitable for
transformation of methylated
DNA.
It is lactose permease (lacY)
mutant and is deficient
in lon andompT proteases. It
contains plasmid
encoding argU, argW, glyT,
IleX, leuW, metT, proL, thrT,
thrU, and tyrU

non-expression host for
general purpose cloning and
plasmid propagation

None

expression host allowing
expression of genes encoding
tRNAs for rare arginine
codons AGA, AGG, and
CGA, glycine codon GGA,
isoleucine codon AUA,
leucine codon CUA, and
proline codon CCC
host for the propagation of
Gateway vectors containing
ccdB gene
Medicago transformation

Cam

Rosette
(DE3)

DB3.1

Agrobacterium
tumefaciens

EHA105

GV3101

It contains thegyrA462 allele
which renders strain resistant
to toxic effects of ccdB gene
It was derived from EHA101
with C58 chromosomal
background, bearing
pEHA105 (pTiBo542DTDNA) Ti plasmid and
succinamopine gene.
It has C58 choromosal
Tobacco transformation and
background and bears
Arabidopsis transformation
pMP90 (pTiC58DT-DNA) Ti
plasmid and nopaline gene.

none

Rif

Rif, Gent

2.2.2 Bacterial growth conditions
E. coli grown in LB broth or on LB agar was usually incubated at 37°C overnight to produce enough
cells or colonies for further analysis. Other growth conditions, for example growing E. coli cells at
18°C and 28°C for three hours or overnight, were applied in this thesis for recombinant protein
induction and production. Different from E. coli, Agrobacterium grown on solid medium needed two
days to develop colonies at 28°C while Agrobacterium grown in broth would produce enough cells at
28°C overnight with shaking at 180 rpm.
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2.2.3 Bacterial transformation
2.2.3.1 Preparation of E. coli (Rosetta (DE3) and DH10β strains) electro-competent cells
A colony from a freshly streaked plate was picked to inoculate 10 ml of LB medium with or without
antibiotics (34 mg/L Cam was required for Rosetta (DE3) strain cell culture but no antibiotics for
DH10β strain). The culture was incubated at 37°C overnight with 180 rpm of shaking. Then 5 ml of
overnight bacterial culture was used to inoculate 250 ml of LB medium with or without antibiotics.
The culture was incubated at 37°C with 180 rpm of shaking until OD600 reached 0.6-0.8. Afterwards,
the bacterial cells were pelleted at 4,000 g, 4°C for 15 min. The supernatant was discarded and the
pellet was suspended with 250 ml of pre-chilled sterile water, shaking gently on ice until no
bacterium pellets were seen in centrifuge tubes. Subsequently, centrifugation and resuspension steps
were repeated for three times. For the first round repeat, 125 ml of pre-cold water was used to
resuspend the bacterial pellet. For the second and third round repeats, 2 ml and 1 ml of pre-cold 10%
sterile glycerol was respectively used for the bacterium pellet suspension. At the end, 45 μl aliquote
of glycerol-suspended bacterium was added to tubes and snap frozen in liquid nitrogen. The E.coli
competent cells were kept at -80ºC for long term storage.
2.2.3.2 E. coli competent cell transformation efficiency test
The transformation efficiency of E. coli competent cells was tested by transforming 1 µl of 1 ng/µl
pUC plasmid DNA into the competent cells and then counting the colony numbers. After
transformation, 100 µl of cell culture that was diluted in a 10-fold series was plated on LB agar
plates with 100 mg/L Amp. The agar plates were incubated at 37°C overnight. Colony numbers in
plates of the dilution series were counted and the transformation efficiency was calculated using the
formula below:
Transformation efficiency (transformants / ug of plasmid DNA) = Colony numbers on plates *1000
When transformation efficiency exceeded 106 colonies per µg of DNA, the cell batch was believed to
be suitable for transformation use.
2.2.3.3 Electroporation of E. coli competent cells
The materials used for electroporation of E. coli competent cells included 1 mm cuvettes (Bio-Rad),
SOC medium, DNA plasmid and E. coli competent cells. First, all materials except for E. coli
competent cells were pre-chilled on ice for 30 min. E. coli competent cells were thawed on ice for 5
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min before transformation. Next, 1 µl of DNA plasmid was added into 45 µl of thawed electrocompetent cells and mixed by gentle pipetting. The bacteria and DNA mixture was transferred to a
pre-chilled cuvette which was subsequently placed on the Gene PulserTM machine holder after its
outer surface was completely dried using a tissue paper to avoid popping up. A Bio-Rad Pulse
Controller was set to 25 μF, 200 ῼ at 1.8 V for 4-5 s of pulse. After pulse, the transformed competent
cells were mixture with 1 ml of pre-chilled SOC medium and recovered at 37°C for 1h with 180 rpm
of shaking before being plated onto selective agar medium.
2.2.3.4 Electroporation of Agrobacterium competent cells
Similar to E. coli cell transformation, agro-transformation required materials including 2 mm cuvette
(Bio-Rad), YEB medium, DNA plasmid and agrobacterium electro-competent cells. Materials except
for agro-competent cells were pre-chilled on ice for 30 min before transformation. DNA plasmid (1
µl) was added to 40 µl of thawed electro-competent agrobacterium cells and gently mixed by
pipetting. The mixture was subsequently transferred to a pre-chilled cuvette and put on the Gene
Pulser

TM

holder. The Pulse Controller (Bio-Rad) was set to 20 uF, 200 ῼ and 2.4 V. A pulse time

constant of 6-8 s was applied. After pulse application, the agrobacterium cells were transferred into 1
ml of YEB medium and cultured at 28°C, 180 rpm for at least 4 h (up to 16 h) before being plated on
selective agar medium.

2.3. Yeast growth and manipulation
2.3.1 Yeast strains
Two S. cerevisiae haploid strains (PJ69-4α and PJ69-4a) were used in this project for Y2H. The
genotypes of these two stains are identical except for the mating type (Table 2.9).
Table 2.9 S. cerevisiae strains
Strain
PJ69-4α
PJ69-4a

Genotype
trp1-901 leu2-3,112 ura3-52 his3-200 gal4(deleted) gal80(deleted)
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
trp1-901 leu2-3,112 ura3-52 his3-200 gal4(deleted) gal80(deleted)
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
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Used for
bait
prey

2.3.2 Yeast transformation and growth conditions
2.3.2.1 Preparation of yeast chemical competent cells
S. cerevisiae (PJ69-4α and PJ69-4a strains) yeast cells were picked from glycerol stocks and streaked
onto YPDA agar plates, respectively. They were incubated at 28°C for 2 d to develop big colonies.
One colony was picked from PJ69-4α and PJ69-4a plates respectively, to inoculate 25 ml of YPDA
broth medium which was cultured at 28°C overnight with 200 rpm of shaking. Subsequently, 75 ml
of YPDA fresh medium was inoculated with 25 ml of overnight culture and incubated at 28°C with
200 rpm of shaking until an OD600 of 0.4-0.6 was reached. Afterwards, the cell culture was
transferred into spin bottles and centrifuged at 3,000 g for 5 min. The pelleted yeast cells were first
suspended with 0.5 volume of sterile water and then centrifuged at 3,000 g for 5 min. The cell pellet
was resuspended with 0.01 volume of sterile water and spun at the same conditions. Finally, the yeast
cell pellet was suspended with 0.01 volume of sterile pre-chilled competent cell solution and
aliquoted to 50 µl per tube. The yeast competent cells were first frozen at -20°C and then moved to 80°C for long time storage. The slow freezing is essential for good survival rate of yeast competent
cells.
2.3.2.2 Transformation of yeast competent cells
Firstly, 50 µl of frozen yeast competent cells was thawed at 37°C of water bath for 15-30 s and then
pelleted at 16,000 g for 2 min. The cell pellet was suspended with 360 µl of transformation solution
containing 3 µl of DNA plasmid, 260 µl of 50% (w/v) PEG4000, 36 µl of 1 M LiAc, 10 µl of 1%
(w/v) salmon sperm DNA and sterile water. The mixture was incubated at 42°C for 40 min and then
spun at 16,000 g for 30 s. After spinning, the supernatant was removed and the pellet was
resuspended using 500 µl of sterile water. Next, 100 µl of cell suspension was used for plating and
the agar plates were incubated at 28°C until colonies were developed.
2.3.2.3 Yeast mating
S. cerevisiae yeast cells can stably exist in the mode of diploid and haploid. Haploid cells are divided
into “α” mating type and “a” mating type. Two types of haploid cells are able to mate with each other
by close contact and thus form diploid cells. In this thesis, PJ69-4α haploid cells and PJ69-4a haploid
cells that contained different DNA constructs were mated and the diploid PJ69-4a/α yeast cells were
used for yeast two hybrid (Y2H) assay. To mate haploid cells, PJ69-4α and PJ69-4a haploid cells
were first grown on SD-Leu and SD-Trp selective medium respectively, to develop single colonies.
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Afterwards, one PJ69-4α colony and one PJ69-4a colony were picked and simultaneously mixed in
one 1.5 ml Eppendorf tube containing 500 µl of YPDA medium. The mixture was incubated at 28°C
with 170 rpm of shaking for mating. After 20-24 h incubation, 100 µl of culture was plated on the
SD-Leu-Trp double selection medium for the mated diploid cells selection.

2.3.3 Plasmid isolation from yeast cells
One well isolated colony from a SD selective plate was picked and spread onto fresh SD selective
medium to form a small patch at 28°C for three days. Yeast cells were scraped from the patch using a
toothpick and then suspended in 50 µl of sterile water in a 1.5 ml Eppendorf tube. Vigorous vortex
was applied to completely suspend the yeast cells. Subsequently, 10 µl of lyticase solution (around
50 units) was added into the tube and mixed thoroughly by vortexing. The mixture was incubated at
37°C for one hour with shaking at 250 rpm. Afterwards, 20% SDS solution was added to the mixture
and vortexed vigorously for one minute, which was followed by a freeze/thaw cycle (frozen at -20°C
for 20 min and then thawed at 42°C of water bath) to completely lyse yeast cells. After that, the
plasmids were isolated using plasmid miniprep kit (Zymo Research).

2.4. Plant growth and manipulation
2.4.1 Plants grown in this project and their genotypes
The plants grown in this project are listed in Table 2.10. The plant growth conditions used in this
thesis include long days (LDs, 16 h light/8 h dark) and vernalisation long days (VLDs). Vernalisation
was performed in this research by incubating sterilised Medicago seeds at 4°C for 3 weeks prior to
being sown in soil. In LDs and VLDs conditions, the light intensity is 135-150μE and the
environmental temperature is maintained at 22°C.
Table 2.10 Plants grown in this project and their genotypes
Plant species
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Plant ecotype
Columbia (Col)
35S: MtFULa
35S: MtFULb
35S: MtFULc
35S: MtSOC1a
35S: MtSOC1b
35S: MtSOC1c
35S: MtSVP
Atemf2-3
Atemf2-3 /35S:MtEMF2

Description
WT
Arabidopsis carrying 35S: MtFULa transgene
Arabidopsis carrying 35S: MtFULb transgene
Arabidopsis carrying 35S: MtFULc transgene
Arabidopsis carrying 35S: MtSOC1a transgene
Arabidopsis carrying 35S: MtSOC1b transgene
Arabidopsis carrying 35S: MtSOC1c transgene
Arabidopsis carrying 35S: MtSVP transgene
EMF2 knockout Arabidopsis mutant
Arabidopsis Atemf2-3 mutant carrying 35S: MtEMF2
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Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula
Medicago truncatula

R108
35S: HA-VRN2
35S: GFP-VRN2
NF10103
NF5668
NF12055
NF13295
NF11737
NF18728

transgene
WT
Medicago carrying 35S: HA-VRN2 transgene
Medicago carrying 35S: GFP-VRN2 transgene
Medicago Tnt1 mutant line
Medicago Tnt1 mutant line
Medicago Tnt1 mutant line
Medicago Tnt1 mutant line
Medicago Tnt1 mutant line
Medicago Tnt1 mutant line

2.4.2 Plant seed sterilisation
2.4.2.1 Arabidopsis seed sterilisation
Arabidopsis seeds were first soaked with 1 ml of sterile water for 30 min in a 1.5 ml micro tube with
rotating. Then the water was removed and 1 ml of 4% bleach solution was added, gently rotating for
5 min. Afterwards, the bleach solution was quickly removed and seeds were rinsed with 1 ml of
sterile water for 5 times in a sterile fume hood. After washing, 1 ml of sterile water was added into
the tube and the seeds were cold-treated at 4°C for 2-3d before being sown on Rockwool or soil.
2.4.2.2 Medicago seed sterilisation
The first step of Medicago seeds sterilisation was to break barrels and release seeds inside. The
released seeds were scratched between two sand papers, forming a white mark on the surface. This
step facilitated seed germination. Around 20 seeds were sterilised with 40 ml of hypochlorous
solution (Millipore) for 20 min in a 50 ml falcon tube with gentle shaking. Afterwards, the seeds
were rinsed five times with sterile water in a fume hood. The seeds were quickly rinsed for the first
three times and then washed two times with 2 min of hand shaking. The tube was finally filled with
45 ml of sterile water and placed in the dark at 15°C with gentle shaking for 1-2 d until seeds
geminated.

2.4.3 Plant transformation mediated by Agrobacterium
2.4.3.1 Arabidopsis transformation mediated by Agrobacterium (GV3101)
2.4.3.1.1 Preparation of Arabidopsis plants for transformation
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Two blocks of Arabidopsis plants either grown on rockwool or in soil were prepared. Each block was
averagely divided into 24 squares and each square contained three seeds. Arabidopsis (Col.) seeds
were sterilised first and then sowed on hydroponics pre-wet rock wool or in seedling raising soil
compound with fertilizer. The blocks were placed in a tray with small amount of water covering the
bottom and tented with plastic for three days at 22°C under LDs (16 h light and 8 h dark). After
three days, the Arabidopsis seedlings were seen and the plastic tent was removed. The plants were
grown for 3-4 weeks until floral buds were developed. During Arabidopsis growth, the rockwool or
soil was kept wet. To the date of transformation, open flowers were removed and only floral buds
were kept. The big rock wool could be cut into small pieces to facilitate the transformation. However,
cutting wouldn’t be applied to soil-raising plants.
2.4.3.1.2 Flower dipping transformation
The plasmid carrying the gene of interest was first electroporated into Agrobacterium (GV3101).
Colonies were subsequently grown and selected on medium with appropriate antibiotics at 28°C for
two days. A fresh colony was picked to inoculate 10 ml of YN medium with proper antibiotics and
the culture was incubated at 28°C overnight with 180 rpm of shaking. After that, 1.5 ml of overnight
culture was used to inoculate 500 ml of YN medium containing antibiotics in a 3 L flask. The culture
was incubated at 28°C with 150 rpm of shaking until OD600 reached 0.8. Afterwards, agrobacterium
cells were pelleted at 4000 g, 4°C for 20 min and then resuspended in 500 ml of pre-chilled
infiltration medium containing 10 µg/L of BAP. The agrobacterium suspension was stood at RT for
at least 30 min, followed by adding 0.02% (v/v) Silwet-L77 before transformation. Next, the
agrobacterium solution was poured into 400 ml beakers with 250 ml of agrobacterium solution per
beaker. The Arabidopsis grown on rockwool was placed upside down into the beaker, immersing the
floral buds in the agrobacterium solution. The beaker together with the plants was placed into the
vacuum chamber. Vacuum was applied for 10 min, during which the bubbles were seen, indicating
the vacuum was working well. After vacuum, the plants were laid down onto tissue towels for a few
minutes to remove the extra Agrobacterium solution. Finally, the plants were returned to growth
room and grown at 22°C in LDs until seeds were harvested.
2.4.3.2 Nicotiana benthamiana transient transformation mediated by Agrobacterium (GV3101)
Agrobacterium (GV3101) containing the appropriate construct was grown in 5 ml of LB medium
with appropriate antibiotics at 28°C for overnight with shaking at 200 rpm. The OD600 of overnight
culture was measure and 1/100 of overnight culture was used to inoculate 100 ml of LB medium with
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proper antibiotics and 20 µM acetosyringone, incubating at 28°C overnight with 200 rpm of shaking.
The OD600 value of overnight culture should be around 1.0. The agrobacterium cells were harvested
at 4000 g for 10 min and resuspended in MMAi (5 g/L MS salts, 1.95 g/L MES, 20 g/L sucrose, pH
5.6 and 200 µM acetosyringone) infiltration medium, making the OD600 value at the range of 1.0-1.5.
Subsequently, the cell suspension was placed at RT for 1-3 h with gentle shaking prior to infiltration.
For infiltration, syringes (10 ml) were used to suck up the agrobacterium suspension and infiltrate the
fully expanded 5-6 weeks old N. benthamiana leaves. The leaves were harvested at three days post
infiltration.
2.4.3.3 Medicago transformation mediated by Agrobacterium (EHA105)
2.4.3.3.1 Preparation of Medicago (R108) plants
Medicago R108 seeds were first sterilised and then incubated at 15°C for germination. After 1-2 d,
the geminated seeds were sowed in seedling mix soil in white cell pots. The white cell pots were
placed on pre-wet rockwools in a germination box and covered for 3 d until seedlings germinated out
of the soil. After two weeks when the seedlings grew up, they were transferred into 2 L pots with
mixed soil and fertilizer and grown at 22°C in LDs for another two weeks before they were used for
agro-transformation.
2.4.3.3.2 Medicago transformation
Agrobacterium (EHA105) containing the appropriate DNA plasmid was grown on the selective
medium at 28°C for two days. After colony checking by PCR, one single colony was picked to
inoculate 2 ml of YEB medium with proper antibiotics. The culture was incubated at 28°C overnight
with 180 rpm of shaking. Subsequently, 200 µl of overnight culture was used to inoculate 30 ml of
YEB medium with antibiotics in a 250 ml flask and the batch was incubated at 28°C for 16 h with
180 rpm of shaking. Afterwards, agrobacterium cells were pelleted at 3,000 g, 4°C for 20 min and
then resuspended in SH3a liquid medium, making OD600 value reach 0.6. The agrobacterium
suspension solution was placed at RT for at least one hour before use.
Healthy Medicago leaves without purple spots at the back were picked (around 50 leaves per
construct). They were first immersed into Tween 20-H2O solution for 1 min and then washed three
times using sterile water with gentle shaking. After washing, the leaves were sterilised with 4.5%
bleach solution for 15 min with 80 rpm of shaking and subsequently washed five times with sterile
water in a sterile fume hood in order to completely remove the bleach remains on the leaves. After
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sterilisation, the leaves were cut into small square pieces (7 mm x 7 mm) which were put into 50 ml
of pre-prepared agrobacterium solution. For regeneration controls, the leaf discs were placed into
SH3a liquid medium rather than agrobacterium solution. During cutting, the leaves were immersed
into sterile water to avoid drying. The beakers containing leaf discs in agrobacterium solution or in
SH3a liquid medium were placed into a vacuum container and applied vacuum for 20 min. During
the vacuum, small bubbles were seen as a sign that vacuum system was working well. After vacuum,
the agrobacterium solution/SH3a liquid medium with leaf discs was put on a shaker with 40 rpm of
shaking for 1-2 h to recover the transformed explants. Finally, the agrobacterium solution was
removed and the transformed leaf discs were plated onto SH3a agar plates. The plates were sealed
with Millipore tape and incubated in the dark at 24°C two days for co-cultivation.

2.4.4 Plant tissue culture
2.4.4.1 Callus formation
After transformation, the transformed explants were evenly plated on SH3a agar plates without any
antibiotics and incubated in the dark at 24°C for two days. After two days, the explants were
transferred to SH3a agar medium with 200 mg/L Timentin and 1.5 mg/L PPT plant herbicide. These
explants were placed in the dark and incubated at 24°C for 6-8 weeks until calli were developed big
enough for embryogenesis. The medium was refreshed every 2 weeks. The contaminated plates were
replaced as soon as any contaminations were found.
2.4.4.2 Embryogenesis
When calli grew big enough, they were broken into small pieces and transferred to SH9 medium with
200 mg/L Timentin and 1.5 mg/L PPT. In this period, calli were grown at 24°C with 16 h light. The
medium was changed 3 weeks later and the calli were transferred to fresh SH9 medium with
Timentin only. They were continuously incubated at 24°C with 16 h light and the fresh medium was
applied every three weeks until roots and shoots were developed. When plant shoots grew to around
2 cm height, they were moved to ½ SH9 medium with 200 mg/L Timentin in 10 cm square plates.
One square plate usually contained 6-8 plants and it was vertically placed on the shelf at 24°C with
16 h light. Once plant roots reached the bottom of the plate, the plants were transferred into soil for
further growth.
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2.4.5. Transgenic plant selection by Basta spray
Plasmids with pB2GW7 vector backbone contain a Basta resistant gene between its left boarder (LB)
and right boarder (RB). When pB2GW7 plasmids were transformed into plants, the gene cassette
between LB and RB would insert into the plant genome, thus bringing transgenic plants a Basta
resistant character. Therefore, transgenic plants (Arabidopsis and Medicago) were selected by Basta
spray in this project. When carrying out the Basta spray, a previously made Basta resistant transgenic
line and WT plants were grown as positive and negative controls, respectively. WT plants were
divided into two groups with and without Basta spray. Transgenic seedlings were sprayed with 120
mg/L of Basta solution every two days for three times. Plants carrying Basta transgenes would
survive after spraying, otherwise, they would be killed.

2.4.6 Plant genomic DNA extraction
Around 200 mg of fresh plant tissue was collected and genomic DNA was extracted using Extract-NAmpTM Plant PCR kit (Sigma). Briefly, 50 µl of extraction buffer was added into Eppendorf tubes
containing plant tissues, ensuring that plant tissues were immersed into the extraction buffer. The
tubes were boiled at 95°C for 10 min and then same amount of dilution solution (50 µl) was added to
neutralize the inhibitory substance. The buffers were mixed well by vortexing and then quickly spun
to collect the liquid. The extracted genomic DNA was stored at 4°C for PCR use.

2.4.7 Plant phenotyping and genotyping
2.4.7.1 Plant phenotyping
Mutants or transgenic plants were phenotyped by observing their appearance and organ structure.
Flowering time was scored through counting days from sowing to the appearance of first floral bud
in LDs. For Arabidopsis, rosette leaves and cauline leaves were counted at the time of floral
transition. For Medicago, node numbers were counted at the days that first floral bud was observed.
Depending on research aims, other phenotypes were recorded.
2.4.7.2 Plant genotyping
Genotyping was performed in this research to confirm the presence of Tnt1 insertions or transgenes.
Plant genomic DNA was extracted as described in 2.4.6. Suitable primers for the target genes were
used and PCRs were performed to amplify target fragments. PCR products were separated by gel
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electrophoresis to check target bands. Sequencing was applied to further check the nucleotide
sequences of the amplified PCR products.

2.5 DNA analysis and manipulation
2.5.1 Polymerase Chain Reaction (PCR)
2.5.1.1 Colony PCR
Colony PCR was performed in this project to quickly check bacterium cells that might contained
target plasmids after transformation. To perform colony PCR, bacterium cells were first suspended in
20 μl of sterile water. A pre-boiling process at 94°C for 10 min was carried out to lyse bacterium
cells before performing normal PCR program. To decrease the effect of cell debris on PCR, cell
debris was pelleted by quick spinning after boiling. Afterwards, 1 µl of supernatant was used as PCR
template and a normal PCR program using Phire polymerase was followed.
2.5.1.2 PrimeSTAR GXL high fidelity PCR
PrimeSTAR GXL is a high fidelity DNA polymerase which is suitable for long sequence
amplification. All DNA sequences which were used for cloning in this thesis were amplified by
PrimerSTAR GXL DNA polymerase PCR. PCR reactions were set up containing 1x PrimeSTAR
GXL buffer, 200 µM dNTP, 0.3 µM forward and reverse primers, 1.25 U/50 µl PrimerSTAR GXL
DNA polymerase, 1 µl DNA template and DNase free water. A three step PCR program was
performed with 10s of denature at 98°C, 15 s of annealing at 55°C or 60°C, depending on primer
annealing temperature, and 1 min./kb extension at 68°C. Total 35 cycles was applied to obtain
enough PCR products. PCR products amplified by PrimeSTAR GXL DNA polymerase have bluntend termini which can be cloned into blunt-end vectors directly.
2.5.1.3 Phire HS PCR
Phire polymerase was used for all the routine PCR applications without high fidelity requirement in
this thesis. Phire PCR features short extension time at 10-15 s/kb. A 10 µl of Phire PCR reaction
contained 2 µl of 5x Phire buffer, 0.2 µl of 10 mM dNTP, 0.2 µl of 10 µM forward and reverse
primers, 0.2 µl of Phire polymerase, 6.2 µl of DNase free water and 1 µl of DNA template. The
program started with 30s of initial denaturation at 98°C, followed by 35 cycles of denature at 98°C
for 10 s, annealing at 55°C for 10 s and extension at 72°C for 10-15 sec./kb. The reaction ended at 4
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min of further extension at 72°C and storage at 15°C. Phire polymerase generates blunt-end PCR
products.
2.5.1.4 Touchdown PCR
Touchdown PCR was used in this project to increase the specificity of primer annealing and to avoid
non-specific DNA sequence amplification. Phire polymerase was used and PCR reactions were set
up as described in 2.5.1.3. Unlike Phire HS PCR program, touchdown program was performed at
various annealing temperatures in its first 10 cycles and then the annealing temperature was fixed at
its remaining cycles. The annealing temperature was initially set at 62°C which was much higher
than the calculated primer annealing temperatures, avoiding non-specific primer binding.
Subsequently, it decreased one degree per cycle. After 10 cycles, the annealing temperature has
lowered to 52°C. From this moment, the program continued to run another 20-25 cycles with 52°C of
annealing temperature until the PCR running was end.
2.5.1.5 Gradient PCR
To find out the best annealing temperature for primers, gradient PCR was performed. Duplicate PCR
reactions were set up containing the same reagents in which Phire polymerase was used. A
Mastercycler (Eppendorf AG, Rallba) PCR system was used to set different annealing temperatures
in one run. The range of the annealing temperature was set from 52°C to 62°C which covered
commonly used annealing temperatures for primer binding. The program performed 30-35 cycles
and then the PCR products from each reaction were separated on agarose gel by electrophoresis. The
temperature which produced a single target band was the best annealing temperature for a specific
PCR reaction.

2.5.2 Agarose gel electrophoresis
DNA fragments were separated on agarose gels by electrophoresis. The percentage of an agarose gel
was determined by the sizes of fragments that were separated. To make an agarose gel, agarose
powder or tablets was melted in TBE buffer using microwave. Redsafe DNA staining dye (1x) was
added into the melted agarose gel and mixed well by gently hand-shaking. The gel was subsequently
poured into a sealed gel rack with one or more combs. After agarose gel became solidified, comb(s)
were removed and the gel was placed in an electrophoresis tank and immersed into 1x TBE buffer.
Before samples were loaded on the gel, 1x bluejuice loading dye was mixed with samples to keep
DNA settled in the wells. The 1Kb plus DNA ladder was used to mark DNA sizes. Suitable volts
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were set at the speed of 1-6 volts per centimetre. The electrophoresis was stopped when the staining
reached 1-2 cm away to the bottom edge of the gel. DNA bands on the gel were viewed under ultra
violet using a Gel Doc 2000 system (Bio-Rad).

2.5.3 DNA fragment excision from agarose gel
Target DNA fragments were isolated through excising DNA bands from agarose gels and then
purified using a gel extraction kit. First, DNA fragments were separated on an agarose gel by gel
electrophoresis and visualized using Macrovue UV transilluminator. The target DNA fragment was
cut from the gel using a clean and sharp scalpel. The gel slice was placed into a 2 ml Eppendorf tube
and weighed. Three volumes of gel dissolving buffer were added into which was subsequently
incubated at 50°C for 10 min. The mixture was vortexed every 2-3 min until the gel slice was
completely dissolved. After that, one volume of isopropanol was added to the mixture and mixed by
vortexing. Next, the dissolved gel mixture was loaded onto columns provided by the quick gel
extraction kit (PureLink®, Invitrogen) following the instruments. After washing steps, DNA was
eluted from columns using elution buffer or sterile water, depending on the use of DNA for further
analysis.

2.5.4 Restriction enzyme digestion
Restriction enzymes were used to cut specific DNA sequence sites, which was used to check
recombinant plasmids or to obtain specific DNA fragments. Depending on the use, different volumes
of reactions were set up, which usually contained 1x reaction buffer, restriction enzymes, DNA to be
digested and water. The volume of restriction enzymes used was 0.3 units per 1 µg of DNA but less
than 1/10 of total reaction volume. The reaction was usually incubated at 37°C for 1.5-3 h, making
DNA to be cut completely. If more than two enzymes were used, the reaction buffer used for the
reaction was checked, ensuring 100% activity of each restriction enzyme. After digestion, DNA
fragments were separated by gel electrophoresis. If required, fragments were isolated by gel excision
(2.5.3) for further use.

2.5.5 Dephosphorylation
Dephosphorylation was performed after restriction enzyme digestion to prevent the self-ligation of a
linear vector. A 20 µl of dephosphorylation reaction was set up containing 1 µg of vector DNA, 2 µl
of 10x rAPid Alkaline phosphatase buffer (Roche), 1 µl (1 U) of rAPid Alkaline phosphatase (Roche)
and water. After mixing and briefly centrifuging, the mixture was incubated at 37°C for 10 or 30 min,
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depending that the linear vector had blunt ends or sticky 5' overhang ends or a sticky 5' recessive
ends. After incubation, the phosphatase was inactivated at 75°C for 2 min. The dephosphorylated
vector DNA could be used for ligation immediately or stored at -20°C for future use.

2.5.6 DNA plasmid isolation
Plasmids in bacterium cells were isolated using DNA miniprep kit (Zymo Research) or DNA
isolation kit (Roche) in this project. Bacterium cells with appropriate constructs and antibiotics were
cultured in 4 ml of LB medium at 37°C for overnight. Bacterium cells were harvested by
centrifuging at 4,000 g for 5 min and then suspended with suspension buffer provided by the kits.
Afterwards, bacterium cells were lysed using lysis buffer and then neutralized with neutralization
buffer. The mixture was centrifuged at 16,000 g for 3 min to separate plasmids and broken cell debris.
The supernatant containing plasmids was transferred to columns provided for DNA binding. Next,
the membrane to which DNA bound was washed with washing buffer provided by the kit and then
completely dried by centrifugation at 16,000 for 2 min. At the end, plasmids was eluted from the
membrane using 70°C sterile water and DNA concentration was measured using Nanodrop.

2.5.7 DNA purification and concentration
Plasmids and PCR products were cleaned and concentrated using a DNA clean & Concentrator kit
(Zymo research) in this research. First, DNA binding buffer was mixed with the DNA to be purified
by briefly vortexing. For plasmids and genomic DNA (>2 kb), two volumes of binding buffer were
mixed. While for PCR products and DNA fragments, five volumes of binding buffer were used.
Second, mixtures were transferred into fast spin columns and centrifuged at 8,000 g for 30 s. Third,
columns were washed twice using washing buffer. Finally, suitable amount of water or DNA elution
buffer was used to elute DNA from columns. DNA concentration was measured using Nanodrop.

2.5.8 DNA sequencing
Purified plasmids or PCR products were sequenced to determine the nucleotide sequence. Plasmids
or PCR products with appropriate primers were prepared and sent to Macrogen Company (Korea) for
sequencing. Standard-seq sequencing system was used. Results were sent back and analyzed using
Geneious software (V7.1.5 and V9.1.5).
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2.6. Plasmid construction
2.6.1 Cloning methods
2.6.1.1 Ligase independent cloning (LIC)
Ligase independent cloning (LIC) is a simple and fast cloning method which is achieved by simply
mixing a T4 DNA polymerase-treated expression vector and a T4 polymerase-treated PCR product in
the absence of ligase.
First, a linearized vector was produced by restriction enzyme cleavage and purified using a gel
extraction kit (Invitrogen). A total of 600 ng of linearized vector was treated with T4 DNA
polymerase in a 20 µl of reaction containing 2 µl of 10x polymerase reaction buffer, 0.5 µl of 100
mM dTTP, 1 µl of 100 mM DTT, 0.2 µl of 100x BSA and 0.4 µl of T4 DNA polymerase (3U/µl).
The reaction mixture was incubated at 22°C for 30 min and then transferred to 75°C for 20 min to
inactivate the polymerase. Due to the 3'  5' activity of T4 polymerase, nucleotide bases were
removed from 3' end until the first thymidine (T) residue was reached. After the reaction, two
specific 10-12 base overhangs in a linear expression vector were created.
Next, a PCR product with complementary overhangs was created by PCR amplification using
primers with specific overhangs (see below) and purified through a gel excision. A total of 0.2 pmol
of purified PCR product was treated with T4 DNA polymerase in a 20 µl of reaction containing 2 µl
of 10x polymerase reaction buffer, 0.5 µl of 100 mM dTTP, 1 µl of 100 mM DTT, 0.2 µl of
100xBSA and 0.4 µl of T4 DNA polymerase (3 U/µl). Due to the presence of dATP, T4 polymerase
stopped the removal of bases at both 3' end of the PCR product when the first adenosine (A) residue
was reached.
Forward primer: CAGGGCGCCATG-gene of interest
Reverse primer: GACCCGACGCGGTTA-gene of interest
When complementary overhangs were created in the vector and the PCR product, annealing was
performed between the LIC vector and the insert. The annealing reaction was set up containing 0.02
pmol of DNA insert and 20-50 ng of LIC vector. The amount of LIC vector depends on the size of
the vector and the molar ratio of vector to insert (normally 1:2 or 1:3). The reaction was incubated at
22°C for 5 min and then 1 µl of 25 mM EDTA was added and mixed. The mixture was incubated at
22°C for 5 min more before it was used for E. coli transformation.
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2.6.1.2 Cloning using restriction enzyme digestion
This cloning method was performed by ligating one or more DNA fragments with vectors through
their complementary overhangs. Briefly, restriction enzyme cleavage sites were introduced to a DNA
fragment by a PCR reaction using specific designed primers. Amplified PCR products were
separated by gel electrophoresis and then excised from agarose gels. The purified PCR product and
vector were respectively digested using the same restriction enzymes to produce the complementary
overhangs. Then digested products were separated by gel electrophoresis and the target DNA
fragment was gel purified. If the vector was digested by one restriction enzyme, dephosphorylation
was performed to prevent self-ligation. After the DNA fragment and the vector were well prepared,
ligation reaction was carried out. The molar ratio 1:3 of vector to DNA fragment was usually used to
achieve the best ligation result. A 5 µl ligation reaction included 1 µl of 10 mM ATP, 1 µl of 10x T4
ligase buffer, 1 µl of T4 ligase and digested DNA fragment and vector. The ligation reaction was
incubated at 24°C for at least 3 h or overnight to achieve the best ligation result. Finally, 1 µl of
ligation product was used for transformation and the remaining was stored at -20°C.
2.6.1.3 Gateway cloning
Gateway cloning is based on the integration of bacteriophage lambda into E. coli chromosome
through the recombination of the specific attachment sites in E. coli (attB) and in lambda (attP). The
recombination of attB and attP sites results in attL and attR sites. Accordingly, a gene of interest was
PCR-amplified with specific Gateway primers, leading to a PCR product with attB sites at both ends.
The PCR product was then cloned into a donor vector which contained attP sites through the
recombination of attB and attP sites (BP reaction), thus generating an entry clone with attL sites and
a by-product with attR sites.
To set up a 10 µl of BP reaction, 50 fmol of attB-PCR product and a donor vector were contained.
The formula to calculate the amount of attB-PCR product was seen below:
Ng (nanogram) of PCR product= (50 fmol)(N)(660 fg/fmol)(1 ng/106 fg)
N is the size of the DNA in bp.
The attB-PCR product, donor vector and TE buffer (pH8.0) were mixed firstly to reach the volume
of 8 µl. Then 2 µl of ice-thawed BP ClonaseTM enzyme mix (Invitrogen) was added to make the
final volume of 10 µl. The mixture was briefly vortexed and spun, and then incubated at 25°C for 1 h
or up to 18 h. After incubation, 1 µl of Proteinase K solution was added and the mixture was
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incubated at 37°C for 10 min to terminate the reaction. To test a BP reaction, a positive control and a
negative control were included. In the positive control reaction, attB-PCR product was replaced by 2
µl of pEXP7-tet and 2 µl of BP ClonaseTM enzyme mix was added. In the negative control reaction,
attB-PCR product was still present, but the BP ClonaseTM enzyme mix was replaced by the TE
buffer. After BP reaction, 1 µl of reaction mix was used for E. coli transformation and the entry
clone was isolated using DNA miniprep kit (Zymo Research).
When an entry clone containing the gene of interest was obtained, LR reaction was performed to
clone the gene of interest into a destination vector through the recombination of attL sites flanking at
the gene of interest in entry clone and attR sites present in a destination vector. A 10 µl of LR
reaction contained 50-150 ng of entry clone, 150 ng of destination vector, 2 µl of ice-thawed LR
ClonaseTM II enzyme mix and TE buffer (pH8.0). Positive control and negative control were
included as described in BP reaction. The mixture was incubated at 25°C for 1 h or up to 18 h.
Subsequently, 1 µl of Proteinase K was added and incubated at 37°C for 10 min to stop the reaction.
Finally, 1 µl of LR reaction mixture was used for E. coli transformation. The positive clones were
selected on selection media.

2.6.2 Vectors
The vectors used for making constructs in this thesis are listed in Table 2. 11.
Table 2.11 Vectors
Vector
pET47b(+)
(Protein structure
lab)
pET49b(+)
(Protein structure
lab)
pDONR221
(Invitrogen)
pB2GW7
(PMB lab)
pART7
(PMB lab)

pART27
(PMB lab)

Features and use
pET47b(+) vector carries an N-terminal 6xHis tag followed by a HRV 3C protease
cleavage recognition site. It was used in this project to express recombinant proteins
carrying N-terminal 6xHis tag in E. coli cells (Rosetta (DE3)).
pET49b(+) vector carries an N-terminal GST tag and 6xHis tag followed by a HRV 3C
protease cleavage recognition site. It was used in this project to express recombinant
protein with N-terminal GST and 6xHis tags in E. coli cells (Rosetta (DE3)).
Donor vector used for BP reaction in Gateway cloning. Plasmids with this vector
backbone are kanamycin resistant.
Destination vector used for LR reaction in Gateway cloning. It is a plant vector
carrying a spectomycin resistance gene for bacterium selection and a Basta gene for
plant selection. It contains a CaMV 35S promotor.
pART7 contains a CaMV 35S promoter followed by a multiple cloning site and an
ocs3’ terminator. Two NotI restriction enzyme recognition sites flanking at the sides of
promoter and terminator enable it to be an intermediate vector to transfer a cassette
containing promoter, gene of interest and terminator to the binary vector pART27.
pART27 vector is a plant binary vector carrying a lacZ gene and a kanamycin
resistance gene between its LB and RB. LacZ gene contains a NotI restriction site
which can be used to clone a gene cassette into pART27 vector. The positive clone can
be selected by white-blue screening on X-Gal medium.
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2.7 Gene expression analysis
2.7.1 Total RNA extraction and DNase treatment
Total RNA was extracted in this thesis using RNeasy plant mini kit (QIAGEN). Less than 100 mg of
plant tissue was collected in a 2 ml Eppendorf tube and quickly frozen in liquid nitrogen. The
collected tissues were ground into fine powder with the assistance of six 2 mm iron beads under
frozen status using Geno grinder (USA) at 1400 rpm for 45 s. After ground, the plant tissue was
immediately put back to liquid nitrogen, followed by adding lysis buffer that was provided by
RNeasy plant mini kit (QIAGEN). The mixture was fully homogenised by vortexing vigorously at
RT and then the lysate was transferred to a lilac spin column provided by the kit. After being spun at
16,000 g for 2 min, the supernatant of the flow-through was transferred to a new micro-centrifuge
tube without disturbing the cell-debris pellet. Half volume of 100% ethanol was added and mixed
immediately by pipetting. The mixture was then transferred to a pink spinning column provided by
the kit and centrifuged at 10,000 g for 15 s. Afterwards, the column was washed with RW1 buffer for
once and PRE buffer for twice. At each time, the flow through was discarded. After the final washing,
the column was centrifuged at 16,000 g for 1 min to completely dry the membrane. Total 45 µl of
RNase-free water was used to elute RNA into an RNase-free tube provided by the kit. RNA
concentration was measured using Nanodrop® spectrophotometer.
After RNA extraction, DNase treatment was carried out to remove DNA mixed in total RNA.
TURBO DNA-freeTM kit (Invitrogen) was used. A 50 µl of DNase treatment reaction included 5 µl
of 10x TURBO DNase buffer, 1 µl of TURBO DNase (2U), 8 µg of RNA and nuclease-free water.
The reaction was incubated at 37°C for 30 min and then stopped by adding 5 μl of DNase
inactivation reagent, mixed by hand tapping. After incubation at RT for 5 min, samples were
centrifuged at 10,000 g for 2 min. RNA supernatant was transferred to new RNase-free tubes for
cDNA synthesis or put at -80°C for long-term storage.

2.7.2 cDNA synthesis
After being treated with DNase, 1 µg of total RNA was used to synthesize cDNA. SuperScript III
First-Strand Synthesis system (Invitrogen) was used in this thesis. The kit included all the buffers
and enzymes needed for cDNA synthesis. First, 1 µg of total RNA was mixed with 1 µl of
Oligo(dT)20 , 1 µl of 10 mM dNTPs and water to make a final volume of 13 µl. The mixture was
incubated at 65°C for 5 min and then placed on ice for at least 1 min to allow primer annealing to
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RNA polyA tail. Next, 7 µl of mixture including 2 µl of 10 x RT buffer, 2 µl of dTT, 2 µl of
RNaseOUT and 1 µl of SuperScriptIII reverse transcriptase was prepared and added to the annealed
primer mixture. For a minus RT control (-RT), reverse transcriptase was replaced by 1 µl of water in
the mixture. After briefly vortexing and centrifuging, this total 20 µl of reaction was incubated at
50°C for one hour and then terminated at 70°C for 15 min. The synthesised cDNA was stored at 20°C or directly used for RT-qPCR.

2.7.3 Quantitative real time PCR (RT-qPCR)
Total 10 µl of reaction was set up including 5 µl of SYBR green PCR master mix (Applied
Biosystems), 0.5 µl of 10 μM forward primer, 0.5 µl of 10 μM reverse primer, 2 µl of 20-fold diluted
cDNA template and 2 µl of sterile water. The cDNA templates used for RT-qPCR were loaded in
triplicate into a 384-well plate. RT-qPCR reaction was performed using Applied Biosystems 7900HT
Sequence Detection System and results were analysed through software SDS2.4.

2.8. Protein operation and analysis
2.8.1 Recombinant protein extraction from E. coli
A single colony containing pET47b(+) or pET49b(+) backbone plasmids was picked to inoculate 4
ml of LB medium with 50 mg/L Kan and 34 mg/L Cam. The culture was incubated at 37°C
overnight with 180 rpm of shaking. At the next day, 700 µl of overnight culture was used to
inoculate 70 ml of LB medium containing Kan and Cam, incubating at 37°C with 180 rpm of
shaking until the culture OD at 600 nm reached 0.6. Ten milliliter culture was taken out as an
uninduced control before 1 mM of IPTG was added to the culture for recombinant protein induction.
ZnCl2 solution was added to a final concentration of 100 µM in order to promote the expression of
MtVRN2 which contains a zinc finger structure. After standing at RT for 30 min, the culture was
incubated at 37°C, 28°C and 18°C for 3 h and 18 h with 180 rpm of shaking. As a first test of
protein expression, 50 µl of the bacterial culture was taken and mixed with 5x protein loading buffer
to a final concentration of 1x buffer, heated at 95°C for 10 min. The mixture was then centrifuged at
16,000 g for 1 min, then 20 µl of supernatant was separated on a SDS-PAGE.
The remaining culture of E. coli cells was harvested by centrifugation at 4,000 g, 4°C for 10 min.
Cell pellets were subsequently lysed with lysis buffer (2 ml of lysis buffer per gram of cells) on ice
for at least 30 min, followed by sonication of the mixture (power at 4 out of 20 with 4 x 10 s bursts)
to completely break bacterial cells and shear bacterial DNA into pieces. After sonication, the
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bacterial lysate looked clear and was less viscous and 100 µl of bacterial lysate was taken as the total
protein sample. The sonicated bacterial lysate was then centrifuged to separate soluble and insoluble
proteins at 16,000 g, 4°C. The supernatant was transferred to a new tube as the soluble protein
fraction. Protein (total protein and soluble protein) concentration was determined using the Bradford
assay. Afterwards, around 40 µg of protein sample was mixed with protein loading buffer, heated at
95°C for 5 min and then separated on a SDS-PAGE. Based on experimental purpose, the pellets
(insoluble protein) can be resuspended with 1x protein loading buffer, heated at 95°C for 5 min and
then separated on a SDS-PAGE.
For a large scale recombinant protein production from E. coli cells, bacterial cells were pelleted at
4000 g, 4°C for 15 min and then resuspended with 2 ml of lysis buffer per gram cells. The
resuspended bacterium cells were incubated on ice for at least 1 h with 200 rpm of shaking before
sonication (power 8 out of 20 with 4 x 10 s bursts) was applied. The sonicated bacterial lysate was
then centrifuged to separate soluble and insoluble proteins as above.

2.8.2 Recombinant protein extraction from plant
2.8.2.1 Total protein extraction
2.8.2.1.1 Direct extraction
Around 100 mg leaf tissue was picked and frozen in liquid nitrogen. The frozen leaf material was
ground into fine power in a 2 ml Eppendorf tube with six 2.8 mm of steel beads at 1400 rpm for 45 s
using a Genogrinder (USA). Total 2 µl/mg of extraction buffer (12.5 mM Tris-HCl, pH6.8, 1 mM
EDTA pH8.0, 8 M Urea, 5% SDS, 2% β-ME) was mixed with the leaf powder and completely
homogenised using the Genogrinder at 1750 rpm for 30 s. Loading buffer (5x) was subsequently
added and the mixture was boiled at 95°C for 5 min. Afterwards, the mixture was centrifuged at
maximum speed for 10 min. The supernatant was transferred to a new tube and used for protein
analysis.
2.8.2.1.2 TCA-acetone extraction
Around 50-100 mg of leaf tissue was picked and quickly frozen in liquid nitrogen. The frozen leaves
were ground into fine powder using mortar and pestle in liquid nitrogen. Total 2 ml of pre-chilled 10%
TCA containing 0.5% β-ME solution was well mixed with the ground leaf tissue by vortexing and
then frozen at -20°C overnight. At the next day, the frozen mixture was thawed on ice and then spun

67

at 15,000 g, 4°C, for 10 min. The supernatant part (TCA) was discarded and the pellet was
resuspended and washed with 1 ml of pre-chilled acetone with 0.1% β-ME for 2-3 times. Each time
the mixture was pelleted at 4°C, 15,000 g for 10 min and the supernatant was removed until the
pellet became white and loose. Afterwards, the pellet was air dried in a flow cabinet for 20-30 min to
remove the extra acetone. Subsequently, 200 µl of lysis buffer (4 mM Tris-HCl, pH8.0, 4% CHAPs,
7 M Urea, 2 M thiourea, 1x Protease inhibitor) was used to dissolve the pellet on ice for at least 30
min. Afterwards, centrifugation at 15,000g, 4°C for 10 min was carried out to separate soluble
protein fraction (supernatant) and insoluble protein fraction.
2.8.2.2 Medicago nuclear isolation and nuclear protein extraction
Around 1 g of Medicago leaf tissue was ground into fine powder in liquid nitrogen. Total 2 ml/g of
cold lysis buffer (20 mM Tris-HCl pH7.4, 25% glycerol, 20 mM KCl, 2 mM EDTA pH8.0, 2.5 mM
MgCl2, 250 mM sucrose, add β-ME and PMSF to 1 mM before use) was added and homogenised by
gentle shaking or pipetting. The homogenate was filtered by passing through 100 µm and 40 µm
nylon mesh sequentially. The filtered homogenate was centrifuged at 1500 g, 4°C for 10 min. The
supernatant was transferred to a new pre-chilled falcon tube as cytoplasmic fraction, while the pellet
was re-suspended in 3 ml of NRBT buffer (20 mM Tris-HCl pH7.4, 25% glycerol, 2.5 mM MgCl2,
0.2% Triton X-100). The resuspension was centrifuged at 1500 g, 4°C for 10 min and the supernatant
was removed. This resuspension and centrifugation process was repeated twice until the nuclei pellet
and the supernatant became transparent. The nuclei was washed with 3 ml of NRB buffer (20 mM
Tris-HCl pH7.4, 25% glycerol, 2.5 mM MgCl2) and then resuspended with 400 μl of storage buffer
or directly used for Western blot.

2.8.3 Protein purification
2.8.3.1 Batch purification of polyhistidine-tagged proteins
Polyhistidine-tagged (6xHis) proteins were purified in this thesis using Ni-NTA agarose beads. NiNTA agarose (50%) was mixed thoroughly and 100 µl of homogeneous suspension was quickly
transferred to a 1.5 ml Eppendorf tube, making a 50 µl bed volume. The Ni-NTA agarose suspension
was sedimentated by centrifugation at 500 g for 5 min and the supernatant was removed. The agarose
beads were equilibrated with 10 bed volumes of NPI-10 buffer or lysis buffer by inverting and then
centrifuged at 500 g for 5 min to remove the supernatant. After equilibration, E. coli lysate or protein
extract was added and mixed with the Nickel charged agarose beads at 4°C for 1 h with gentle
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shaking. Afterwards, the mixture was spun to remove the supernatant. The agarose beads were
subsequently washed with 10 bed volumes of NPI-20 washing buffer for three times. After washing,
one bed volume of NPI-250 was added and mixed with the sediment gel at RT for 5 min to liberate
polydistidine-tagged proteins from the gel. After centrifugation, the supernatant was carefully
transferred to a new tube without disturbing the agarose beads. The elution step was often repeated
for several times in order to collect the protein of interest as much as possible. The sediment agarose
beads can be reused after recovering.
2.8.3.2 Gravity-flow purification of GST-tagged proteins
Around 3.2 ml of 50% glutathione slurry was filled in a 10 ml Econo-Pac disposed chromatography
column (Bio-Rad) and equilibrated with 10 bed volumes of SEC buffer (20 mM Tris-HCl, 150 mM
NaCl, T-Sep). E. coli lysate or protein extract was loaded into the column, allowing the column to
drain by gravity using a flow rate of 0.5-1 ml per min. This step was repeated once through reloading
the flow-through to the column again. Afterwards, the column was washed by adding 10 bed
volumes of washing buffer (50 mM Tris-HCl pH7.5, 150 mM NaCl), allowing the column to drain
by gravity. The washing step was repeated three times. Lastly, GST-tagged proteins were eluted from
the column by adding 5-10 bed volumes of elution buffer (50 mM Tris-HCl, pH8.0, 10 mM
glutathione). To elute the GST-tagged proteins thoroughly from the column, the elution step was
repeated twice and the eluate was collected in fractions and stored on ice.
2.8.3.3 Protein purification by size exclusion chromatography (SEC)
Hiload 16/60 Superdex 75pg (GE Healthcare) column was used in this work to separate and purify
proteins. The column was first washed with 3 mM of azide solution and then equilibrated with the
equilibration buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl, 2 mM β-ME) at the rate of 0.2 ml/min
for overnight. Proteins that have been purified through Ni-NTA agarose or glutathione beads were
concentrated using a protein concentrator column (5 kD). The concentrated protein was filtered to
remove protein aggregates before being loaded into the column. After being loaded, protein samples
were monitored by ÄKTA PurifierTM system (Amersham Bioscience, USA) and the flow-through
was collected for further WB analysis.
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2.8.4 Bradford Assay
2.8.4.1 BSA standard curve
BSA (2 µl/µl) was diluted to 1.0, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05 and 0 μg/µl using lysis buffer as the
diluent (Table 2.12). Each diluted BSA standard (20 µl) was mixed with 1 ml of 1x dye reagent in a
1 ml plastic cuvette and incubated at RT for 10 min. Subsequently, absorbance at 595 nm was
measured using a spectrophotometer (T60, Bio-Strategy). The BSA standard was made in duplicate.
Average absorbance value at 595 nm was calculated which was used for making a BSA standard
curve.
Table 2.12 Making BSA dilutions for standard curve
Dilution
Series
1
2
3
4
5
6
7
8

Final BSA
concentration (µg/µl)
1.0
0.8
0.6
0.4
0.2
0.1
0.05
0

BSA (2µg/µl)
Vol. (µl)
25
40
15
50µl from series 2
50µl from series 4
50µl from series 5
50µl from series 6
0

Diluent
Vol.(µl)
25
60
35
50
50
50
50
50

Final
Vol. (µl)
50
50
50
50
50
50
100
50

2.8.4.2 Protein sample preparation and measurement
Protein samples were diluted 10 times before being mixed with the dye reagent in order to meet the
measurement range of the dye reagent. Normally, 2.5 µl of protein sample was diluted with 22.5 µl
of lysis buffer, making the final volume to 25 µl from which 20 µl of diluted protein sample was
mixed with 1 ml of 1x dye reagent in a 1 ml of plastic cuvette and incubated at RT for 10 min.
Afterwards, absorbance at 595 nm was measured with a spectrophotometer. Concentrations of
proteins were calculated based on the BSA standard curve.

2.8.5 Western blot
2.8.5.1 SDS-PAGE
SDS polyacrylamide gel (10% and 12%) was made in this project, depending on the protein sizes to
be separated. The separating gel was poured first which contained 40% acrylamide (Ary/Bis 29:1),
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1.5 M Tris-HCl (pH8.8), 10% SDS, 10% APS and TEMED. After the separating gel had solidified, 4%
stacking gel was layered onto the separating gel with the comb inserted. The composition of stacking
gel was similar with that of separating gel except that 1.5 M Tris-HCl (pH8.8) in separating gels was
replaced by 0.5 M Tris-HCl (pH6.8).
When carrying out protein electrophoresis, a SDS polyacrylamide gel was fixed in an electrophoresis
unit and placed in a tank filled with the running buffer. Protein samples were prepared and loaded
onto the gel. Precision Plus Protein Dual Colour Standard (8-10 µl) was loaded as a MW marker.
Power at 150 volts was applied for 1 h until the blue loading dye reached to 1 cm away to the bottom.
The gel can be stained by Coomassie blue solution to check the separation of proteins and protein
bands.
2.8.5.2 Western blotting
To set up the cassette for Western blotting, two blotting pads, four filter papers and one
nitrocellulose membrane were first pre-soaked in Tris/Bis transfer buffer. Afterwards, the blotting
cassette was assembled as shown in Fig. 2.1.

Fig. 2.1 Protein membrane transfer cassette. The cassette was set up in an order to ensure proteins on the
gel were properly transferred onto the nitrocellulose membrane. It included a blotting pad, two filter papers,
the gel, the nitrocellulose membrane, the other two filter papers and a blotting pad from the bottom (the black
side of the cassette) to the top (the white side of the cassette).

The tank was filled with transfer buffer and the blotting lasted one hour at 150 mA. Afterwards, the
gel was stained with 0.1% Coomassie blue solution overnight with gentle shaking in order to check if
the membrane transfer was complete. The membrane was stained with Ponceau S solution to check
that the proteins had transferred onto the membrane. The Ponceau S staining could be easily removed
by water washing. The membrane was subsequently placed into blocking buffer and blocked at RT
for 1 h or at 4°C overnight with gentle shaking. After blocking, the membrane was washed three
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times with washing buffer. Each washing took 5 min with 200 rpm of shaking. Next, the membrane
was incubated in blocking buffer with primary and secondary antibodies respectively at RT for 1 h
followed by three times of washing. Finally, 1 ml of mixture of Supersignal West Femto Maximum
Sensitivity Substrate (ThermoFisher Scientific) was dropped onto the membrane. The membrane was
incubated in the dark for 5 min before signals were detected by using Fuji 4000 Imaging system.

2.9 Protein interaction analysis
2.9.1 Yeast two hybrid assay (Y2H)
Y2H is a broadly used technique to test the interaction of two proteins in vivo. In this research, two
vectors pDEST32 and pDEST22 which respectively contained the transcription binding domain and
activation domain were used. Complementary DNA encoding MtVRN2 VEFS domain and MtCLF
C5 domain were cloned into pDEST32 and pDEST22 vectors, thus generating four plasmids pEX32VEFs, pEX32-C5, pEX22-VEFs and pEX22-C5. All plasmids were checked by sequencing. The
pEX32 constructs contained double selective genes: a gentamycin gene and a leucine gene, while the
pEX22 constructs contained an ampicillin gene and a tryptophan gene. The presence of two selective
markers in each construct facilitated the selection of E. coli and yeast transformed cells. The pEX32
plasmids were transformed into S. cerevisiae PJ69-4a yeast cells and selectively grown on SD-Leu
medium, while the pEX22 plasmids were transformed into S. cerevisiae PJ69-4α yeast cells and
selectively grown on SD-Trp medium at 30°C for two days. Afterwards, haploid yeast cells
respectively carrying pEX32 and pEX22 constructs were mated as described in 2.3.2.3. Through
mating, haploid PJ69-4a cells mated with haploid PJ69-4α cells, thus forming diploid yeast cells
which contained both pEX32 and pEX22 plasmids, making transformed diploid cells to be able to
grow on SD-Leu-Trp double selection medium. Subsequently, a large colony on SD-Leu-Trp
medium was picked and suspended well in 100 µl of sterile water by vortexing. Then 5 µl of cell
suspension was loaded onto the selective medium SD-Leu-Trp-His with the addition of series of 3AT (2, 4, 8, 16, 32, 64 and 128 mM). The plates were incubated at 30°C for two days. The plate
replica was performed after two days incubation when yeast colonies had grown quite big. Next, new
plates were incubated at 30°C for two days. The growing status of yeast cells carrying different
plasmids was recorded.
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2.9.2 β-galactosidase assay
A fresh yeast colony was picked to inoculate 5 ml of SD dropout medium which was incubated at
28ºC overnight with 200 rpm of shaking. At the next day, 2 ml of overnight culture was used to
inoculate 8 ml of YPDA medium that was incubated at 28ºC for 3-5 h with shaking at 200 rpm until
OD600 reached 0.5-0.8. The value at OD600 was recorded. When the cells reached mid-log phase, 1.5
ml of culture was transferred into a 2 ml microcentrifuge tube and span at 10,000 g for 30 s. The
supernatant was removed and then 1.5 ml of Z buffer was added to completely suspend the cells. The
suspended cells were centrifuged again at 10,000 g for 30 s and the supernatant was discarded. The
cell pellet was resuspended with 300 µl of Z buffer and 100 µl of cell suspension was transferred to a
fresh Eppendorf tube which was placed into liquid nitrogen for 1 min to completely freeze the cells.
Subsequently, the cells were thawed in a 37ºC water bath for 1 min. The freeze/thaw step was
repeated twice to completely break the cells. Z buffer (700 µl) with β-ME was added to the broken
cells and mixed with pipetting upside down. Next, 160 µl of ortho-Nitrophenyl-β-galactoside (ONPG)
was mixed with the broken cells and the reaction was incubated at 30ºC until the yellow colour was
observed. The reaction was stopped by adding 400 µl of 1 M Na2CO3. A timer was started
immediately at the moment of adding OPNG and stopped when adding Na2CO3. Elapse time was
recorded in minutes. After the reaction was stopped, the cell debris was pelleted at 10,000 g for 10
min and 1 ml of the supernatant was transferred to a 1 ml plastic cuvette. The absorbance at 420 nm
was measured and recorded. To be within the linear range of the assay, the A420 value should be in
the range of 0.02-1.0. β-galactosidase units were calculated according to the following formula:
β-galactosidase units=1,000 x OD420 / (elapsed time in minutes * 0.1 * concentration factor x OD600)

2.9.3 Pull down assay
Pull down assay was performed in this project to study the interactions of two proteins in vitro. In
this thesis, two recombinant proteins used for pull down assay were produced from E. coli cells. One
is MtVRN2-VEFS recombinant protein with a 6xHis tag fused at its N-terminus. Another is MtCLFC5 recombinant protein with a GST tag and a 6xHis tag fused at its N-terminus. To prepare these two
proteins, E. coli cells containing MtVRN2-VEFS and MtCLF-C5 constructs were harvested and
lysed using lysis buffer as described in 2.8.1. Sonication was performed to break E. coli cells and
DNA. Centrifugation was applied at 16,000 g at 4°C for 20 min to pellet cell debris. The supernatant
(cell lysate) was collected in a new tube.
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Around 150 µl of 50% GST sepharose beads slurry were washed and equilibrated with 10 bed
volumes of cell lysis buffer before using. The beads were mixed with the same amount of GST-fused
protein and GST protein, rotating at 4°C for 2 h. After washing 3-6 times with lysis buffer, the same
amount of the beads pre-cleared cell lysate was added and incubated at 4°C for 40 min with rotation.
Afterwards, the beads were washed and bedded at 500 g for 5 min. The supernatant was carefully
removed. Sample buffer (50 µl) was added into the beads and boiled at 95°C for 5 min. The beads
were pelleted by spinning and the supernatant was separated onto a SDS-PAGE. Western blotting
was followed using the raised anti-VRN2 antibody to detect the MtVRN2-VEFS protein bound by
the MtCLF-C5 recombinant protein.

2.9.4 Chromatin Immunoprecipitation (ChIP)
2.9.4.1 Plant material and crosslinking
Around 1.5 g of fresh Medicago leaves was harvested and chopped into small pieces using sterile
blades. The plant tissue was put into a 50 ml Falcon tube. Extraction buffer 1 (30 ml) with 1%
formaldehyde (0.4 M sucrose, 10 mM Tris-HCl, pH8.0, 10 mM MgCl2, 5 mM β-ME, 0.1 mM PMSF,
1x protease inhibitor (Roche), 1% formaldehyde) was added. A few pieces of porous material were
filled into the tube to make leaf tissues completely immerse into the buffer and also to prevent leaves
floating during vacuum. Vacuum infiltration was applied at 95 Kpa for a total 20 min (10 min
vacuum plus another 10 min vacuum), making all leaves become translucent. Crosslinking was
quenched by adding 0.125 M glycine solution followed by 5 min vacuuming. Afterwards, the plant
tissues were washed with sterile water for three times and then dried between clean facial tissues.
2.9.4.2 Nuclei isolation and sonication
Cross linked plant tissues were ground into fine powder with mortar and pestle in liquid nitrogen and
then transferred into a 50 ml Falcon tube. Extraction buffer 1 (30 ml) (0.4 M sucrose, 10 mM TrisHCl, pH8.0, 10 mM MgCl2, 5 mM β-ME, 0.1 mM PMSF, 1x protease inhibitor) was added and the
mixture was homogenised by vortexing. The homogenate was filtered by passing through a 100 µm
nylon cell strainer (BD Falcon) and subsequently pelleted at 2880 g, 4˚C for 20 min. The pellet was
resuspended in 1 ml of extraction buffer 2 (0.25 M sucrose, 10 mM Tris-HCl, pH8.0, 10 mM MgCl2,
1% Triton X-100, 5 mM β-ME, 0.1 mM PMSF, 1x protease inhibitor) and then pelleted at 12,000 g,
4˚C for 10 min. After removing the supernatant, the pellet was suspended again with 300 µl of
extraction buffer 3 (1.7 M sucrose, 10 mM Tris-HCl, pH8.0, 2 mM MgCl2, 0.15% Triton X-100, 5
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mM β-ME, 0.1 mM PMSF, 1x protease inhibitor). Subsequently, the nuclei suspension was gently
overlaid onto 300 µl of extraction buffer 3 in a new 1.5 ml Eppendorf tube and spun at 16,000 g, 4˚C
for one hour. The nuclei pellet was afterwards lysed with 300 µl of nuclei lysis buffer (50 mM TrisHCl, pH8.0, 10 mM EDTA, 1% SDS, 0.1 mM PMSF, 1x protease inhibitor) on ice for 30 min.
After lysis, 300 µl of ChIP dilution buffer (1.1% Triton X-100, 1.2 mM EDTA pH8.0, 16.7 mM TrisHCl pH8.0, 167 mM NaCl, 0.1 mM PMSF, 1x protease inhibitor) was mixed with the lysate.
Sonication was performed using SANYO 150 sonicator at 8/20 amplitude microns, pulsing 10 s with
10 s break for ten times. Sonicated chromatin was frozen at -80˚C or processed for
immunoprecipitation.
2.9.4.3 Immunoprecipitation
The sonicated chromatin was centrifuged at 16,000 g, 4˚C for 5 min. The supernatant was transferred
to a new tube and then diluted with ChIP dilution buffer to a final volume of 3 ml. After dilution,
SDS concentration should be lower than 0.1% of total volume, preventing antibody being denatured.
Around 40 µl of salmon sperm-sheared DNA protein G beads and protein A beads (depending on the
antibody used) was used to pre-clear 1 ml of chromatin at 4˚C for 1 h. The beads were pelleted at
16,000 g, 4˚C for 2 min and the supernatant was transferred to a new Eppendorf tube. The
supernatant was split and 650 µl of the supernatant was used for immunoprecipitation. The antibody
was added and incubated at 4˚C overnight with gentle agitation. No antibody control was included
and processed in the same manner except that no antibody was added. After overnight incubation, 40
µl of salmon sperm-sheared DNA protein G beads or protein A beads (depending on the antibody
used) were first added and incubated at 4˚C for 2-3 h with gentle rocking. Next, the beads were pellet
at 1000 rpm for 2 min. The supernatant from antibody samples was removed, but the supernatant
from no antibody control was used as input sample. The beads were subsequently washed with 1 ml
of washing buffers in the order of low salt wash buffer (1x), high salt buffer (1x), LiCl wash buffer
(1x) and TE buffer (2x). The beads were gently agitated with washing buffer at 4˚C for 10 min and
pelleted at 1000 rpm, 4˚C for 2 min between the washing steps. At the last washing, TE buffer was
thoroughly removed using a springe.
2.9.4.4 Elution, cross-linking reversal and DNA extraction
To elute bead-bound protein-DNA complex, 125 µl of elution buffer (1% SDS, 0.1 M NaHCO3) was
added and mixed with the beads at RT for 15 min with gentle rocking. Afterwards, the beads were

75

spun and the supernatant was transferred to a new tube. The elution process was repeated once and
the supernatant was combined with the first elution supernatant.
After protein-DNA complex was eluted from the beads, cross-linking was reversed by adding 0.2 M
NaCl to the elution and incubating at 65˚C overnight. Protease K treatment was followed to remove
proteins by adding 0.01 M EDTA (pH8.0), 0.04 M Tris-HCl (pH6.5) and 0.04 mg/ml protease K,
incubating at 45˚C for one hour. DNA was extracted by using Qiagen PCR purification kit. Total 50
µl of elution buffer was used to release DNA from columns. The DNA was immediately aliquoted to
avoid contamination.
For DNA size over 10 kb, phenol-chloroform DNA extraction method was used. Briefly, one volume
of DNA sample was thoroughly mixed with 3 volumes of phenol-chloroform mixture by vortexing
and then centrifuged at 16,000 g, 4°C for 10 min. The aqueous layer (upper) was then transferred to a
new tube and one volume of chloroform was added. After mixing, the mixture was spun at 16,000 g,
4°C for 5 min. The aqueous layer (upper) was transferred to a new tube. NaOAc was added to
precipitate DNA at -20°C for one hour. DNA was pelleted at 16,000 g, 4°C for 15 min and the
supernatant was removed. DNA pellet was washed with 70% pre-chilled ethanol for twice and then
air-dried at least 30 min. Finally, 30 µl of 70°C pre-heat water was used to dissolve the DNA pellets.
2.9.4.5 Fold enrichment calculation
When ChIP-PCR was performed, DNA extracted from ChIP experiment was quantified through
qRT-PCR. To set up a 10 µl qRT-PCR reaction, 5 µl SYBR green PCR master mix, 0.5 µl forward
and reverse primers, 2 µl four fold diluted ChIP DNA and 2 µl water were included. The PCR
reaction was performed using Applied Biosystems 7900HT Sequence Detection System and results
were analysed through software SDS2.4.
To calculate the fold enrichment, 2- ∆∆Ct method was used. The formula was shown below:

Fold enrichment =

2−∆Ct {IP (target – Ref)}
2−∆Ct {Input (target – Ref)}

When taking no antibody control into account, the formula was adjusted to below:

Fold enrichment =

2−∆Ct{𝐼𝑃(𝑡𝑎𝑟𝑔𝑒𝑡−𝑅𝑒𝑓)−𝑁𝑜𝐴𝑏(𝑡𝑎𝑟𝑔𝑒𝑡−𝑅𝑒𝑓)}
2−∆𝐶𝑡 {𝐼𝑛𝑝𝑢𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡−𝑅𝑒𝑓)}
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Chapter 3. Generating and testing antibodies to the MtVRN2
protein and analysis of interactions between candidate
MtPRC2 components MtVRN2 and MtCLF
3.1 Introduction
The crucial role of PRC2 in flowering time control has been well characterized in Arabidopsis as
described in Chapter 1 (1.3). PRC2 members in Arabidopsis were functionally categorized into three
groups: FIS2-PRC2, EMF2-PRC2 and VRN2-PRC2, all of which are involved in gene silencing of
target genes by addition of the repressive chromatin mark H3K27me3. These three PRC2 groups
function throughout plant development (Del Prete et al. 2015; Mozgova and Hennig 2015; Mozgova
et al. 2015; Xiao and Wagner 2015; Förderer et al. 2016). Briefly, FIS2-PRC2 is required for
endosperm development and loss of its function leads to impaired embryo development and seed
abortion (Weinhofer et al. 2010; Hehenberger et al. 2012; Mozgova et al. 2015). EMF2-PRC2
represses reproductive development, preventing early flowering in the vegetative stage (Mozgova et
al. 2015; Xiao and Wagner 2015). VRN2-PRC2 is involved in the vernalisation pathway, stably
repressing the FLC gene after vernalisation, thus promoting flowering (Mozgova and Hennig 2015;
Mozgova et al. 2015; Xiao and Wagner 2015).
Although PRC2 members have been well characterized in Arabidopsis, the functions of their
homologues in other species are much less well understood. VRN2-like genes have been identified in
some eudicot species including Medicago. The MtVRN2 gene and its functions were characterized in
the Putterill lab (Jaudal et al. 2016). It was found that Mtvrn2 mutants had an early flowering
phenotype, suggesting that MtVRN2 repressed the transition to flowering in Medicago. Results from
a microarray experiment indicated a broad range of genes whose transcript levels were changed in
Mtvrn2 mutants. These included genes like MtFTa1, MtFULb, MtSOC1a and some other floral
homeotic genes. The early flowering phenotype of Mtvrn2 mutants was dependent on functional
FTa1. However, it was not clear if FTa1 was a direct target of MtVRN2-PRC2 complex because
H3K27me3 chromatin modification did not change much at FTa1 in the Mtvrn2 mutant compared to
WT plants (Jaudal et al. 2016).
To analyze more precisely how MtVRN2 regulates flowering time, ChIP experiments were proposed
to try and identify genes that MtVRN2 associates with and thus may be direct targets of MtVRN2.
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To achieve this, either antibodies that recognize MtVRN2 are required or an epitope-tagged version
of MtVRN2 expressed in plants would be needed. In this chapter, experiments conducted to raise an
anti-MtVRN2 antibody are described. There are two types of antigens that can be used for raising an
antibody: a MtVRN2 recombinant protein or a synthetic MtVRN2 peptide. The former has more
antibody recognition epitopes, but a large amount of purified MtVRN2 recombinant protein is
required for raising the antibody. The latter is easily obtained, but the antibody raised by a peptide
might have poor affinity compared to that was raised from the recombinant protein (Laver et al. 1990;
Halperin et al. 2011; Brown et al. 2011). In this chapter, MtVRN2 recombinant proteins were first
produced in E. coli cells and purified using different methods. Due to difficulties experienced in
obtaining the purified recombinant proteins, later a synthetic peptide was chosen to raise the
antibody.
In addition, to investigate MtVRN2 function in more detail, the interaction of MtVRN2 with a
candidate Medicago PRC2 member CLF, the homologue of AtCLF, was also studied. AtVRN2
functions by forming a complex with three other PRC2 members including AtCLF, AtFIE and
AtMSI (Chanvivattana et al. 2004; Förderer et al. 2016). AtVRN2 interacted with AtCLF through
AtVRN2 VEFS domain and AtCLF C5 domain (Chanvivattana et al. 2004). Since the VEFS domain
and C5 domain were conserved in the corresponding Medicago proteins, it was predicted that
MtVRN2 might also interact with MtCLF through these two domains. In this chapter, yeast two
hybrid (Y2H) and pull-down assays were carried out, aiming to study the interaction between
MtVRN2 and MtCLF that was mediated by the VEFS and C5 domain in vivo and in vitro.

3.2. Expression and purification of MtVRN2 recombinant proteins in E. coli
3.2.1 Parameters of the expression system
3.2.1.1 Length of recombinant proteins to be expressed
The successful production of soluble heterologous proteins in E. coli relies on many factors, with the
main ones being the length of recombinant proteins expressed, tags fused, E. coli strains and culture
conditions (Gopal and Kumar 2013; Rosano and Ceccarelli 2014). The solubility of an expressed
protein decreases considerably with the increase of its molecular weight (Rosano and Ceccarelli
2014). As a result, three different lengths of MtVRN2 protein were produced in this research, aiming
to obtain a MtVRN2 recombinant protein with fair solubility for protein purification. These three
MtVRN2 protein fragments comprised a full length MtVRN2 protein (428 aa, referred to MtVRN2-
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1), a 64 aa N-terminal truncated MtVRN2 protein fragment (364 aa, referred to MtVRN2-2) and a
protein fragment only containing MtVRN2 C-terminal domain (VEFS domain) (178 aa, referred to
MtVRN2-3). MtVRN2-1 and MtVRN2-2 contained two VRN2 functional domains (C2H2 and
VEFS), while MtVRN2-3 only had the VEFS conserved domain as seen in Fig. 3.1A.

Fig. 3.1 Three MtVRN2 protein fragments used for MtVRN2 recombinant protein production.
MtVRN2-1 is the full length MtVRN2 protein. It is 428 aa long with molecular weight (MW) of 49.0 kD.
MtVRN2-2 is the protein fragment lacking 64 aa at the N-terminus of full length MtVRN2 protein. It is 364 aa
long with MW of 41.3 kD and contains C2H2 and VEFS domains. MtVRN2-3 contains VEFS domain only. It
has 178 aa with MW of 20.5 kD. The parts with blue slashes represent the missing fragments compared with
the full length MtVRN2 protein. C2H2 and VEFS domains are labelled on the diagrams. Red numbers on the
graphs represent the initial and terminal amino acids of the MtVRN2 protein fragments.

Including functional domains in recombinant proteins commonly improves the chance that an intact
native protein will be recognized by the antibody raised against that recombinant protein (Harris et al.
2002). This is because the functional domains may form complex structures and the recognition of a
native protein by its antibody is not only affected by the epitopes exposed on the protein surface but
also affected by the tertiary structure of the protein (Harris et al. 2002).
3.2.1.2 Expression vectors and the E. coli strain
The two expression vectors pET47b(+) and pET49b(+) were selected when taking account of the
solubility and purification of the expressed recombinant proteins. As seen in Fig. 3.2, both pET47b(+)
and pET49b(+) vectors provide an N-terminal hexa-histidine (6xHis) tag fusion. The pET49b(+)
vector contains an extra GST tag gene at upstream of 6xHis tag sequence when compared with
pET47b(+) vector. Earlier studies implied that the fusion of a recombinant protein with a GST tag
would improve its solubility in some cases (Smith and Johnson 1988). In addition, two tags would
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contribute to the purification of recombinant proteins since it was unknown which tag is more
efficient in purifying the recombinant proteins beforehand. After the purification, the His and GST
tags could be removed from the recombinant proteins by the cleavage of the HRV 3C protease.

Fig. 3.2 Expression vectors for recombinant protein production. (A) Empty pET47b(+) vector. Gene of
interest is driven by the T7 promoter and tagged with a 6xHis tag at the N-terminus. (B) Empty pET49b(+)
vector. Gene of interest is driven by the T7 promoter and tagged with GST/His tags at the N-terminus. A HRV
3C protease site which can be used for the tag removal is present on the two vectors.

To produce the MtVRN2 expression vectors, the MtVRN2 cDNA encoding the three MtVRN2
recombinant protein fragments were first PCR-amplified using the LIC primers (Table 2.7) and leaf
cDNA as the template. PrimeSTAR GXL high-fidelity polymerase (Takara) and its corresponding
PCR program were applied as described in Chapter 2 (2.5.1.2). The PCR products were subsequently
separated by gel electrophoresis and a single band with expected size was obtained in each
amplification as seen in Fig. 3.3A.
The PCR products were purified using the AxyPrepTM PCR cleanup kit (AxyGEN Bioscience) and
then cloned into the pET47b(+) and pET49b(+) vectors. The LIC method (2.6.1.1) was used, finally
generating six expression plasmids (Table 3.1). The plasmids were checked by PCR using the T7
forward primer on the vectors (T7F) and the gene specific reverse primer (MtVRN2-428Rv) (Table
2.7). The bands with expected sizes were seen on the gel (Fig. 3.3B). Afterwards, the plasmids were
checked by restriction enzyme digestion and then two plasmids from each construct were sequenced
using the T7 promoter forward primer, GST specific forward primer and T7 terminator reverse
primer. The sequenced inserts were aligned with the identified MtVRN2 coding sequence and no
nucleotide changes and open reading frame shift were observed for all the sequenced inserts.
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Fig. 3.3 MtVRN2 cDNA fragment amplification and recombinant plasmid PCR checking. (A) Three
MtVRN2 cDNA fragments encoding MtVRN2-1, MtVRN2-2 and MtVRN2-3 protein fragments, respectively,
were PCR amplified using LIC cloning primers as listed and Medicago leaf cDNA as the template. The PCR
products were separated on an agarose gel and bands with expected sizes were seen. (B) The pET47b and
pET49b expression constructs were PCR checked using T7 promoter forward primer (T7F) and gene specific
reverse primer (MtVRN2-428Rv). The PCR products were separated on an agarose gel and bands with
expected sizes were observed on the gel. The pET49b constructs had bigger PCR products than pET47b
constructs because pET49b constructs contained a GST tag gene that was absent in the pET47b constructs.
The plasmids were further checked through restriction enzymes and two plasmids showing the correct bands
from each construct were sequenced.
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Table 3.1 Six MtVRN2 expression constructs used for E. coli transformation.
Plasmids

Recombinant proteins

pET47b-MtVRN2-1
pET47b-MtVRN2-2

47-MtVRN2-1
47-MtVRN2-2

pET47b-MtVRN2-3

47-MtVRN2-3

pET49b-MtVRN2-1
pET49b-MtVRN2-2

49-MtVRN2-1
49-MtVRN2-2

pET49b-MtVRN2-3

49-MtVRN2-3

Features
A 6xHis tag which can be removed through
HRV 3C protease cleavage was fused at the Nterminus of MtVRN2 recombinant proteins.
A GST tag and a 6xHis tag (GST/His) that can
be removed through HRV 3C protease cleavage
were fused at the N-terminus of MtVRN2
recombinant proteins in a tandem manner.

After sequencing, the plasmids with correct MtVRN2 inserts were transformed into E. coli cells by
electroporation (2.2.3.3). E. coli strain Rosetta (DE3) was used in this research because it carries
tRNAs commonly used in eukaryotes but rare in prokaryotes, thus facilitating the translation of
eukaryotic heterologous proteins like MtVRN2 recombinant proteins (Gopal and Kumar 2013;
Rosano and Ceccarelli 2014). In addition, as both pET47b(+) and pET49b(+) expression vectors
contain lac operator, Isopropyl β-D-1-thiogalactopyranoside (IPTG) was used for protein induction
in this research. It molecularly mimics the allolactose, a lactose metabolite that triggers transcription
of the lac operon, and thus induces the protein expression where the gene is under the control of the
lac operator.

3.2.2 Optimization of protein expression conditions
The solubility and the yield of a recombinant protein produced in E. coli cells are significantly
affected by the culture conditions like the temperature and the incubation time (Gopal and Kumar
2013). To optimise culture conditions, a small-scale trial targeting each construct was carried out,
culturing E. coli cells at different temperatures (37°C, 28°C and 18°C) for 3 h and 18 h, respectively
(Table 3.2).
Table 3.2 Culture temperatures and incubation time
Expression constructs

Recombinant proteins

pET47b-MtVRN2-1
pET47b-MtVRN2-2
pET47b-MtVRN2-3
pET49b-MtVRN2-1
pET49b-MtVRN2-2
pET49b-MtVRN2-3

47-MtVRN2-1
47-MtVRN2-2
47-MtVRN2-3
49-MtVRN2-1
49-MtVRN2-2
49-MtVRN2-3
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Culture conditions
3h

18 h

37°C
28°C
18°C
37°C
28°C
18°C

E. coli cell culture and total protein extraction were described in Chapter 2 (2.8.1). Total soluble
proteins were separeted from the total proteins by centrifugation. The concentration of total proteins
and total soluble proteins was determined by Bradford assay (2.8.4). The same amount (10 µg) of
total proteins and total soluble proteins were separated on a 10% SDS-PAGE. The proteins on the
gels were then stained with Coomassie Blue solution. The gels were photographed and the target
protein bands were quantified using ImageJ software. The band intensity was compared with the
uninduced control to identify induced proteins.
As shown in Fig. 3.4 and Fig. 3.5, all recombinant proteins were expressed in E. coli cells, but their
yield and solubility varied in different conditions. In general, recombinant protein length had a slight
influence in total protein yield, but strikingly affected the protein solubility. As seen in Fig. 3.5C and
Fig. 3.5F, the shortest recombinant proteins (pET47b-MtVRN2-3 and pET49b-MtVRN2-3)
displayed the best solubility among the recombinant proteins in all conditions. This result was in line
with previous studies that small heterologous proteins expressed in E. coli cells have better solubility
compared to large proteins (Gopal and Kumar 2013; Rosano and Ceccarelli 2014).
No evidence indicated that the GST tag improved the protein solubility in this research. It was hard
to draw conclusions on how incubation temperature and time affected the protein yield and solubility
as the protein yield and solubility were simutaneously influenced by some other factors beyond
temperature and incubation time. Overall, the temperature and incubation time did not result in
remarkable difference in protein yield for pET47 constructs, but it was noted that low temperatures
with 3 h incubation increased protein solubility. For pET49b constructs, protein yield was promoted
by high temperatures at both 3 h and 18 h incubation. However, similar to pET47 constructs, the
solubilities of pET49 MtVRN2 recombinant proteins were increased at low temperatures. It was
obvious that the yield of soluble proteins was determined by the amount of total protein and their
solubilities. To try and improve large scale protein production, the two constructs (pET47bMtVRN2-3 and pET49b-MtVRN2-3), each with the smallest MtVRN2 fragment insert and with the
best solubility, were selected for recombinant protein production.
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Fig. 3.4 Expression of MtVRN2 recombinant proteins in E. coli under different conditions. Recombinant
proteins were expressed under the induction of IPTG (1 mM) at 37°C, 28°C and 18°C for 3 h and 18 h. After
extraction, the same amount (10 µg) of total protein and total soluble protein as well as the protein ladder were
separated on 10% SDS-PAGE. The proteins were subsequently stained using Coomassie blue solution. The
expected sizes of the recombinant proteins were labelled on the top. After comparing with the protein ladder
and the expression control, the positions where the recombinant proteins are were marked with the black
arrows and they were in agreement with the expected sizes. The expression controls were the proteins
extracted from E. coli cells with the same construct but without IPTG induction. Two gels which showed total
proteins (the upper one) and total soluble proteins (the bottom one), respectively, were presented in each
group. (A) The expressed 47-MtVRN2-1 recombinant protein with expected size of 51.2 kD. (B) The
expressed 47-MtVRN2-2 recombinant protein with expected size of 43.5 kD. (C) The expressed 47-MtVRN23 recombinant protein with expected size of 22.6 kD. (D) The expressed 49-MtVRN2-1 recombinant protein
with expected size of 78.6 kD. (E) The expressed 49-MtVRN2-2 recombinant protein with expected size of 72
kD. (F) The expressed 49-MtVRN2-3 recombinant protein with expected size of 50 kD.

84

Fig. 3.5 Yields and solubilities of MtVRN2 recombinant proteins produced in different conditions. The
protein bands in Fig. 3.4 were quantified using ImageJ software and normalized with the same area of the
expression control. This protein band quantification displayed the production and solubility of the
recombinant proteins in different expression conditions. The more intense the protein band is, the higher
quantification value it has. It was also noted that the qualification value might be affected by the gel
background and the band area that the software cropped. The Y-axis of (A) (B) (D) and (E) diagrams
represents the quantification value of protein bands. The Y-axis of (C) and (F) diagrams represents the ratio of
soluble protein to total protein. (A) The yields of total recombinant proteins of pET47b constructs (pET47bMtVRN2-1, pET47b-MtVRN2-2 and pET47b-MtVRN2-3). (B) The production of total soluble recombinant
proteins of pET47b constructs (pET47b-MtVRN2-1, pET47b-MtVRN2-2 and pET47b-MtVRN2-3). (C) The
comparison of recombinant protein solubility among pET47b constructs (pET47b-MtVRN2-1, pET47bMtVRN2-2 and pET47b-MtVRN2-3). (D) The production of total recombinant proteins of pET49b constructs
(pET49b-MtVRN2-1, pET49b-MtVRN2-2 and pET49b-MtVRN2-3). (E) The production of total soluble
recombinant proteins of pET49b constructs (pET49b-MtVRN2-1, pET49b-MtVRN2-2 and pET49bMtVRN2-3). (F) The comparison of recombinant protein solubility amoung pET49b constructs (pET49bMtVRN2-1, pET49b-MtVRN2-2 and pET49b-MtVRN2-3).
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3.2.3. Purification of recombinant proteins by Ni-NTA and glutathione agarose
beads
The MtVRN2 recombinant proteins were purified prior to being used for raising the antibody. To
purify polyhistidine (6xHis) fused 47-MtVRN2-3 and 49-MtVRN2-3 recombinant proteins, Ni-NTA
agarose was used following Protino Ni-NTA batch polyhistidine tagged protein purification protocol
(2.8.3.1). The purified recombinant proteins were separated on a 10% SDS-PAGE which was then
stained with Coomassie Blue solution.
As seen in Fig. 3.6A, washing did not cause a significant loss of protein of interest as no target
protein bands were seen on the stained gel in the washing flow-through samples. The bands of
interest were clearly observed on the gel as marked with black arrows in Fig. 3.6A. However, in
addition to the target bands, multiple bands with unexpected sizes were observed in the elution lanes.
It was reasoned that these multiple bands might stem from the degradation products of recombinant
proteins or aggregates bound by Ni-NTA beads. Due to the inefficient purification of recombinant
proteins by Ni-NTA beads, glutathione agarose beads were used to purify the GST/His-tagged 49VRN2-3 recombinant protein component, aiming to obtain a single purified recombinant protein.
Similar to the purification of His-tagged proteins, the pre-equilibrated glutathione agarose beads
were incubated with the 49-MtVRN2-3 recombinant protein first and then washed three times with
washing buffer. The 49-MtVRN2-3 protein was eluted with 10 mM glutathione elution buffer at the
end. The purified 49-MtVNR2-3 protein was separated on a 10% SDS-PAGE and the bands were
observed after Coomassie Blue staining (Fig. 3.6B). Unfortunately, glutathione beads did not help
with the removal of unexpected products from the purified product. Multiple bands were still seen on
the gel (Fig. 3.6B).
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Fig. 3.6 Purification of 47-MtVRN2-3 and 49-MtVRN2-3 recombinant proteins using Ni-NTA agarose
beads and glutathione beads. (A) The 47-MtVRN2-3 (22.6 kD) and 49-MtVRN2-3 (50.0 kD) recombinant
proteins were purified using Ni-NTA agarose beads. Lane 1: The washing control which was taken from the
washing flow-through during 47-MtVRN2-3 Ni-NTA purification. This control was to detect the loss of the
47-MtVRN2-3 protein during washing steps. Lane 2-4: The three elutions of the Ni-NTA beads which bound
to the 47-MtVRN2-3 protein. Lane 5: The washing control which was taken from the washing flow-through
during 49-MtVRN2-3 Ni-NTA purification. This control was to detect the loss of the 49-MtVRN2-3 protein
during washing steps. Lane 6-8: The three elutions of the Ni-NTA beads which bound to the 49-MtVRN2-3
protein. All samples were separated on a 10% SDS-PAGE and then stained with Coomassie Blue solution.
The target bands which were marked with black arrows were seen in the lane 2-4 and lane 6-8 on the stained
gel. No bands of interest was seen in the lane 1 and lane 5, indicating that the washing steps did not cause the
loss of the protein of interest. Besides, multiple bands were seen in both eluted 47-MtVRN2-3 and 49MtVRN2-3 samples, which were believed to be degradation products or aggregates bound by Ni-NTA beads.
(B) The 49-VRN2-3 (50.0 kD) recombinant protein (marked by a black arrow) was purified using glutathione
beads. Elutions were separated on a 10% SDS-PAGE and then stained with Coomassie Blue solution. Target
proteins were observed on the gel. Compared with Ni-NTA bead, glutathione bead produced more pure
recombinant proteins. However, multiple bands below the target bands were still present.

3.2.4 Purification of recombinant proteins by size exclusion chromatography
(SEC)
Since the recombinant proteins cannot be purified via their tags, size exclusion chromatography
(SEC) was considered. SEC separates molecules based on their sizes. By passing through the beads
with pores of defined size, molecules larger than the pore size are collected first while molecules
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smaller than the pore size are collected later because they enter the pores of the beads and move
slower than the large molecules. In this research, Hiload 16/60 Superdex 75pg (GE Healthcare)
column was used. It is able to separate molecules of MW from 3 kD to 70 kD. Prior to sample
loading, the resin was washed with 3 mM of azide solution for decontamination. The resin was
subsequently equilibrated with lysis buffer overnight (2.8.3.3).
To prepare enough recombinant proteins for SEC purification, E. coli cells respectively containing
the

pET47b-MtVRN2-3 and pET49b-MtVRN2-3 constructs were grown in one liter culture at 28ºC

for 3 h. Recombinant proteins were extracted following the methods described in Chapter 2 (2.8.1).
The 47-MtVRN2-3 and 49-MtVRN2-3 recombinant proteins were first purified through columns
filled with Ni-NTA beads and glutathione beads, respectively (2.8.3.1 and 2.8.3.2). At the end, 20 ml
of eluted proteins were obtained. The eluted recombinant proteins were concentrated from 20 ml to 5
ml using 10 MW concentrators in order to increase the column separation efficiency. After the
concentration, the recombinant proteins (47-MtVRN2-3 and 49-MtVRN2-3) were filtered with 0.2
µm syringe filters (Pall life science) to remove any aggregates. In case the filtration resulted in the
loss of the recombinant proteins which might form aggregates, recombinant protein samples (47MtVRN2-3 and 49-MtVRN2-3) before and after filtration were checked by SDS-PAGE and
Coomassie Blue staining before being loaded into the SEC columns.
As seen in the lane 1 and lane 2 in Fig. 3.7, 47-MtVRN2-3 was present before and after filtration. No
loss was observed when comparing the protein bands in these two lanes. A strong 49-MtVRN2-3
protein band was seen in the lane 3 (Fig. 3.7). The 49-MtVRN2-3 protein was afterwards treated
with HRV 3C protease for overnight to cleave the GST/His tag out of the recombinant protein in
case that the GST protein fused on the 49-MtVRN2-3 stimulates immune response during antibody
raising, thus producing an antibody unspecific to MtVRN2. After cleavage, the protein mixture
(mainly GST/His and MtVRN2-3) was filtered and separated on a SDS-PAGE. From Fig. 3.7 lane 4,
it was observed that the cleavage of 49-MtVRN2-3 by HRV 3C protease was complete. The 49MtVRN2-3 band at 50 kD was not seen on the gel when comparing the lane 3 and lane 4, but
replaced by the expected GST/His protein band (29.6 kD) and MtVRN2-3 band (20.4 kD). The
filtration did not cause the loss of the protein of interest (MtVRN2-3).
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Fig. 3.7 Test of MtVRN2 recombinant proteins before and after filtration and the HRV 3C cleavage of
49-MtVRN2-3 recombinant protein. 47-MtVRN2-3 recombinant protein was filtered to remove the
aggregates before being loaded into the SEC column. To check whether the filtration might cause protein loss,
the same amount of 47-MtVRN2-3 proteins before (lane 1) and after (lane 2) filtration were separated on a 10%
SDS-PAGE. As a result, the filtration did not cause protein loss when comparing the recombinant protein
bands (22.6 kD) in the lane 1 and lane 2. The 49-MtVRN2-3 recombinant protein was digested with HRV 3C
to remove the GST and His tags. The proteins before and after HRV 3C treatment were checked on a 10%
SDS-PAGE as seen in the lane 3 and lane 4, respectively. The 49-MtVRN2-3 recombinant protein band was
present at 50.0 kD in the lane 3 but not in the lane 4, indicating the protease cleavage was efficient and
complete. Two cleavage products were shown in lane 4. They are GST/His protein (29.6 kD) and MtVRN2
recombinant protein without any tags (20.4 kD). The cleavage protein mixture shown in the lane 4 (GST/His
and MtVRN2-3) was filtered before being loaded into the SEC column.

The filtered 47-MtVRN2-3 recombinant protein was first loaded into the SEC column. The flow rate
was controlled at 0.2 ml/min. The protein was monitored by Äkta pure system (GE Healthcare). As
soon as a protein flowed through, an absorbance peak at 280 nm would show on the chromatogram
and the flow-through would be collected automatically. Disappointingly, no proteins were detected
during the experiment. It is likely that the recombinant protein interacts with the matrix or it
precipitates in the column.
The protein mixture (GST/His and MtVRN2-3) was subsequently loaded into the SEC column. After
the protein mixture flowed through the column, two protein peaks (dark blue curve) appeared on the
chromatogram as displayed in Fig.3.8A. The two peaks in light blue curve with absorbance at 254
nm represent salts. The flow-through corresponding to the two protein peaks was collected and
analyzed on a SDS-PAGE. Fig. 3.8B and Fig. 3.8C represent the protein flow-through corresponding
to the peak 1. It was observed in Fig. 3.8B that the protein mixture was not separated completely
when the flow-through was initially collected. The bands with three sizes were seen on the stained
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gel. The GST/His protein was gradually separated from the protein mixture and it accounted for the
dominant part as seen in Fig.3.8C. The MtVRN2-3 target band at 20.4 kD was not seen in the Fig.
3.8B and 3.8C. Given that the MtVRN2-3 protein (20.4 kD) is smaller than GST/His protein (29.7
kD), it was presumed that the peak 2 came from the MtVRN2-3 protein. However, no protein bands
were observed on the SDS-PAGE as displayed in Fig. 3.8D. A few explanations were proposed. First,
the amount of MtVRN2-3 protein separated by SEC is too low to be detected by Coomassie Blue
staining. Second, the MtVRN2-3 protein interactes with the matrix or it aggregates in the column,
thus resulting in the failure of the experiment. The second assumption is dominant since no 47MtVRN2-3 recombinant protein was eluted in the previous experiment either.

Fig. 3.8 Purification of MtVRN2-3 recombinant protein by SEC. (A) Two protein peaks in dark blue curve
(peak 1 and peak 2) at mAU280 was monitored by the Äkta pure system. (B) The collected protein samples
corresponding to the peak 1 were separated on a 10% SDS-PAGE and then stained using Coomassie Blue
solution. Multiple bands were seen on the gel, indicating that the protein mixture was not completely
separated in this stage. (C) More protein samples corresponding to peak 1 were separated on 10% SDS-PAGE.
It was observed that the proteins collected in this stage were mainly made up of GST/His protein. No
MtVRN2-3 recombinant protein was seen on the gel. (D) Protein samples corresponding to the peak 2 were
separated on a 10% SDS-PAGE and subsequently stained with Coomassie Blue solution. No protein bands
were observed on the gel.

90

3.3 Raising the anti-VRN2 antibody using a synthetic peptide
Since the purification of recombinant proteins was hard to achieve, a trial was carried out using a
synthetic MtVRN2 peptide to raise the antibody. Usually, several crucial peptide selection
parameters are taken into account, including peptide structure, accessibility and amino acid
composition (Trier et al. 2012). Usually, the secondary structure of a peptide where it mimics the
native protein is essential for the peptide antibody to recognize the native protein (Rubinstein et al.
2008). The flexibility and the accessibility of a peptide is also very important for recognition of the
native protein by the peptide-raised antibody, which is less likely to recognize a peptide buried in the
native protein (Rubinstein et al. 2008; Trier et al. 2012). Exposed regions like N- and C-termini are
usually good choices (Rubinstein et al. 2008). Amino acid composition usually determines the
flexibility and hydrophilicity of a peptide, for example, proline and glycine are ofter found in flexible
regions like turns and loops, while hydrophilic peptides are often surface-oriented (K. Chandrasekhar
et al. 1991; Trier et al. 2012). In addtion, the length of a peptide is usually limited to 20 amino acids.
The peptide over 20 aa might form a conformation not existing in the native protein, thus decreasing
the specificity of a peptide antibody, while too short a peptide is not preferred either because it might
be homologous to many proteins (Hancock and O'Reilly 2005; Trier et al. 2012). The optimal
peptide used for the antibody production is usually 10-15 amino acids (Hancock and O'Reilly 2005;
Trier et al. 2012).
Based on these selection parameters, a few peptide candidates were picked across the MtVRN2
protein sequence as listed in Fig. 3.9A (in blue). A 14aa peptide (cropped by red frame in Fig. 3.9A)
at the end of the C-terminus of MtVRN2 protein was finally chosen to produce the antibody. The
MtVRN2 sequence analysis, the production and purification of the antibody were all completed by
GenScript company (New Jersey, USA). The antibody was dissolved in water following the
instruction and stored in -80°C in small aliquots.
According to the antibody production procedures described by the GenScript company, this peptide
was synthesized and subsequently conjugated with keyhole limpet hemocyanin (KLH) by the
GenScript company, forming an immunogen suitable for evoking an immune response. The KLHconjugated immunogen was then injected into rabbits to produce a polyclonal antibody against the
peptide. The polyclonal antibody was affinity-purified and lyophilized for storage.
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Fig. 3.9 Predicted peptides that can be used for raising an anti-MtVRN2 antibody. (A) MtVRN2 amino
acid sequence was analysed to identify short peptides suitable for antibody raising. The suitable peptide
sequences are shown in blue in the MtVRN2 protein sequence. The one in red frame was chosen to raise the
anti-VRN2 antibody when its antigenicity, length, hydrophilicity and surface probability were considered. (B)
The antigenicity, hydrophilicity and flexibility values of the MtVRN2 amino acid sequence.

3.4 Test of the rabbit anti-VRN2 polyclonal antibody
3.4.1 Dot blot
A dot blot was performed to check the sensitivity of the new antibody. A range of amounts of the
synthetic MtVRN2 peptide (20 ng, 10 ng, 5 ng, 2.5 ng, 1.25 ng, 0.625 ng, 0.3125 ng and 0 ng) was
spotted onto nitrocellulose membranes. After drying, the membranes were blocked with blocking
buffer (1xTBST+5% non-fat milk) at RT for 2 h and then washed three times with washing buffer
(1xTBST+0.1% Tween-20). After blocking and washing, different dilutions of anti-VRN2 antibody
(1:200, 1:500, 1:1000, 1:2000 and 1:4000) were applied. The membranes were incubated with the
anti-VRN2 antibody at RT for one hour. Subsequently, the secondary antibody, 10,000-fold diluted
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Goat anti-Rabbit IgG conjugated horseradish peroxidase (HRP), was used to bind the anti-VRN2
antibody, shaking at RT for one hour. Lastly, the membranes were incubated with the detection
substrate (SuperSignal West Femto Maximun Sensitivity Substrate, Thermofisher) for five minutes
in the dark. The chemiluminescent signal was detected using Fuji-4000 system with a range of
exposure time (2 s, 4 s, 10 s, 20 s, 30 s, 40 s, 50 s, 120 s and 240 s).
It was observed from Fig. 3.10 that the greater the amount of antibody and the longer the exposure
time gave rise to a darker background, which made signal detection difficult. At the 200-, 500- and
1,000-fold dilution of the antibody, the signals were covered by the dark background when the
exposure time exceeded 20 s, 40 s and 50 s, respectively (Fig.3.10A-C). The mininum antigen
amount which was detected by 200- 500- and 1,000-fold diluted antibody was 1.25 ng, 0.625 ng and
0.625 ng, respectively. It was seen from Fig. 3.10D and Fig. 3.10E, 2,000-fold and 4,000-fold diluted
antibody displayed higher resolutions, detecting antigen down to 0.3125 ng at 240 s exposure. The
peptide amount less than 0.3125 ng was not tested in this experiment. It is also likely that the antiVRN2 antibody is able to detect the peptide less than 0.3125 ng at 2,000- and 4,000-fold dilutions.
Based on current results, the 2,000- and 4,000-fold of dilutions are the optimal working
concentrations of the anti-VRN2 antibody for Western blot.
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Fig. 3.10 Dot blot. (A) When the anti-VRN2 antibody was diluted 200 folds, it could detect 1.25 ng of
MtVRN2 peptide at the 20 s exposure. The longer exposure time led to high background and thus inhibited the
signal detection. (B) When the antibody was diluted 500 folds, it could detect 0.625 ng of MtVRN2 peptide at
the 40 s exposure. (C) When the antibody was diluted 1,000 folds, it could detect 0.625 ng of MtVRN2
peptide at the 50 s exposure. Spots were seen at the column of 0.3125 ng but the same intense spots were seen
at 0 ng as well, indicating that these spots at 0.3125 ng might be background spots. (D) When the antibody
was diluted 2,000 folds, it could detect 0.3125 ng of MtVRN2 peptide at the 240 s exposure. (E) When the
antibody was diluted 4000 folds, it could detect 0.3125 ng of MtVRN2 peptide at the 240 s exposure. (F) The
minimum amount of peptide that the antibody can detect in this experiment. No peptide amount less than
0.3125 ng was tested in this research.
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3.4.2 Detection of MtVRN2 recombinant proteins using the anti-VRN2 antibody
After the dot blot test, the anti-VRN2 antibody was checked to see if it recognised the MtVRN2
recombinant proteins (47-MtVRN2-1, 47-MtVRN2-2, 47-MtVRN2-3, 49-MtVRN2-1, 49-MtVRN22 and 49-MtVRN2-3). The six recombinant proteins were produced in E. coli cells as described in
section 3.1.2. The total protein extracted from induced E. coli cells that did not contain any
constructs was used as the negative control.
Five microliter of total soluble proteins from seven samples (six recombinant proteins plus one
negative control) were separated on a 10% SDS-PAGE. The proteins were subsequently transferred
to a nitrocellulose membrane. After transferring, the blot was cut into two pieces (Blot A and Blot B
as seen in Fig. 3. 11A-B). The two blots have the same protein samples.
Blot A was firstly incubated with the anti-VRN2 antibody and then with anti-Rabbit IgG-HRP
antibody. Fig. 3.11A indicated that the antibody was able to recognize both full length MtVRN2
recombinant proteins and MtVRN2 protein fragments containing VEFS domains (marked with blue
arrows). It was also able to detect MtVRN2 degradation products as marked with red arrows in Fig.
3.10A. This result confirmed the presence of degradation products and thus explained why multiple
bands were seen on the gels after the recombinant protein purification (Fig. 3.6). In addition to the
strong target bands, some faint bands were observed on the blot A. They were assumed to be
degradation products with lesser abundance. This was supported by the blot B that was incubated
with anti-Rabbit IgG-HRP antibody only. No bands were observed on the blot B (Fig. 3.11B),
implying that the secondary antibody is specific to primary antibody.
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Fig. 3.11 Detection of recombinant MtVRN2 proteins by anti-VRN2 antibody. (A) Total soluble protein
samples from the negative control, 47-MtVRN2-1 (47-1), 47-MtVRN2-2 (47-2), 47-MtVRN2-3 (47-3), 49MtVRN2-1 (49-1), 49-MtVRN2-2 (49-2) and 49-MtVRN2-3 (49-3) were separated on a SDS-PAGE first and
then transferred to a 0.22μm nitrocellulose membrane. Western blotting was performed using 1:2000 antiVRN2 antibody and 1:10,000 anti-rabbit IgG(H+L)-HRP antibody. The signals were detected using Fuji-4000
camera system with 5 s exposure. No bands were seen in the control, implying that the anti-VRN2 antibody
did not bind E. coli proteins. Bands labelled with blue arrows are recombinant proteins with expected sizes.
Bands labelled with red arrows were assumed to be degradation products of the recombinant proteins. Other
faint bands might come from degradation products with little amount. (B) Blot B was processed as the same as
Blot A except that no anti-VRN2 antibody was applied for Blot B. The blank blot meant that the anti-rabbit
IgG antibody was specific to the anti-VRN2 antibody.

3.4.3 Attempts to detect plant MtVRN2 protein using the anti-VRN2 antibody
It was a good sign that the antibody raised to the MtVRN2 peptide could recognize the MtVRN2
recombinant proteins from E. coli. However, this does not automatically indicate that the antibody is
able to recogize plant-derived MtVRN2 protein. Plant proteins are often expressed at very low levels
and can be post-translationally modified. Therefore, attempts were made using the anti-VRN2
antibody to detect plant-derived MtVRN2 protein through Western blot.
Total plant proteins were first extracted from Medicago WT plants (R108), Mtvrn2 mutants and
transgenic plants overexpressing MtVRN2 (2.8.2.1.1). The Mtvrn2 mutants and MtVRN2
overexpressed transgenic plants were kindly contributed by the Putterill Lab. The same amount of
total soluble proteins from 1.5 mg plant tissue were separated on a 10% SDS-PAGE and then
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transferred to a nitrocellulose membrane. The membrane was stained by Ponceau S solution in order
to check whether the amount of protein transferred to the membrane was same. Fig. 3.12A indicated
that the intensities of the bands were similar between the lanes. The blot was cut into two pieces
(Blot B and Blot C as shown in Fig. 3.12B-C). Blot B was incubated with the anti-VRN2 primary
antibody and anti rabbit IgG-HRP secondary antibody. Blot C was incubated with the secondary
antibody only. It was supposed that the difference in target band intensity between samples should be
observed on Blot B if the antibody was good enough to specifically detect plant MtVRN2 protein.
However, no visible bands were shown on the Blot B (Fig. 3.12B). A few reasons were proposed.
First, the antibody cannot recognize plant-derived MtVRN2 protein. Second, the sensitivity of the
anti-VRN2 antibody is too low to detect MtVRN2 protein. Third, the amount of MtVRN2 protein is
too low to be detected by the antibody. In addtion, no bands were seen on the Blot C (Fig. 3.12C),
indicating that the secondary antibody does not bind any plant proteins.
Later, after transgenic plants overexpressing HA-tagged MtVRN2 protein were grown (Chapter 4),
protein samples extracted from these transgenic plants were tested. The extraction of HA tagged
proteins is described in Chapter 2 (2.8.2.1.2). The same protein samples were blotted on two
nitrocellulose membranes using anti-VRN2 antibody (Blot A, Fig. 3.13A) and anti-HA antibody
(Blot B, Fig. 3.13B), respectively. When comparing the protein bands on two blots, it was observed
that HA-VRN2 protein was detected by the anti-HA antibody but not by the anti-VRN2 antibody as
shown in Fig. 3.13. This suggested it was anti-VRN2 antibody itself that resulted in the failure of
MtVRN2 detection, since the amount of proteins on the two blots was the same.
A 30 kD band was observed in all the samples on the Blot A (Fig. 3.13A), but it is unlikely to be
MtVRN2 derived because there is no difference in the band intensity between the WT and MtVRN2
overexpression samples. This band appeared to be the product of non-specific binding of anti-VRN2
antibody when its amount doubled from 2,000-fold dilution to 1,000-fold dilution. In addition, an
improved protein extraction method (TCA-acetone extraction) (2.8.2.1.2) was used in this section.
This new method might have increased the amount of total soluble proteins, which could also lead to
the non-specific binding of anti-VRN2 antibody that did not happen in Fig. 3.12A.
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Fig. 3.12 Detection of plant MtVRN2 protein by the anti-VRN2 antibody. (A) The same amount of total
soluble protein (1.5 mg plant tissue) from MtVRN2 WT plants, Mtvrn2 mutants and MtVRN2 overexpressed
plants were separated on a 10% SDS-PAGE and then transferred to a nitrocellulose membrane which was
afterwards stained with Ponceau S staining. The band intensity indicated the amount of protein stained by the
Ponceau S solution. It was seen from the picture that the amount of protein loaded on the gel were similiar. (B)
The membrane was incubated with 1:2000 anti-VRN2 antibody and 1:10,000 anti-Rabbit IgG-HRP antibody
sucessively. Signals were detected using a Fuji-4000 camera system. The expected size of the plant MtVRN2
protein is 49 kD, which was marked by the black arrow. However, no plant MtVRN2 protein bands were seen
on the blot. (C) Identical blotting was performed except that anti-VRN2 antibody incubation was omitted. No
bands were observed on the blot, indicating that the anti-Rabbit antibody did not bind plant proteins.
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Fig. 3.13 Detection of plant-derived MtVRN2 protein by the anti-VRN2 antibody and anti-HA antibody.
(A) Around 40 μg total soluble proteins were separated on a 10% SDS-PAGE and then transferred onto a
nitrocellulose membrane. The blot was incubated with 1,000-fold diluted anti-VRN2 antibody and 5,000-fold
diluted anti-Rabbit IgG-HRP antibody sucessively. Signals were detected using a Fuji-4000 camera system.
The expected HA-MtVRN2 band (52.5kD) was not observed on the blot. A band at 30 kD was seen, but it was
assumed to be the non-specific binding of the anti-VRN2 polyclonal antibody as no band intensity difference
was seen between WT and overexpression samples. (B) The same blotting process as Blot A was performed
except that anti-VRN2 antibody and anti-Rabbit IgG-HRP antibody were replaced by 2,000-fold diluted
mouse anti-HA monoclonal antibody and 4,000-fold diluted anti-Mouse IgG-HRP antibody, respectively. HAVRN2 protein (52.5 kD) was detected and the target bands were framed in blue.
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3.5 The interaction of MtVRN2 with MtCLF
3.5.1 Yeast two hybrid assay (Y2H)
The yeast two hybrid assay is an effective system for checking the interaction of two proteins in vivo.
Through introducing two plasmids, respectively containing DNA binding domain and activation
domain into yeast cells, reporter genes will be transcribed and expressed, thus enabling yeast cells to
grow on selective SD medium. In this research, yeast two hybrid was performed to test whether
MtVRN2 and MtCLF could directly interact with each other via their VEFS and C5 domains,
respectively.
3.5.1.1 The identification of VEFS and C5 domains in MtVRN2 and MtCLF
To identify the sequence of MtVRN2 VEFS domain and MtCLF C5 domain, their Arabidopsis
homologues were analyzed first and aligned with Medicago VRN2 and CLF proteins. In Arabidopsis,
the VEFS motif was defined as a conserved domain at the C-terminal part of VRN2, EMF2 and FIS2.
It is conserved in Su(z)12 homologues of plants and animals (Birve et al. 2001; Chen et al. 2009).
The AtVRN2 VEFS domain defined in the research of Chanvivattana et al. (2004) was a 166 amino
acids C-terminal motif (Fig.3.14A). When aligning MtVRN2 protein with AtVRN2 protein, a highly
conserved region was found at C-termini of both proteins where the AtVRN2 VEFS domain was
located. Based on the Medicago database annotations and the alignment results, the MtVRN2 VEFS
domain was identified in this research to be a 162 aa MtVRN2 C-terminal region that shares 70.1%
identical amino acids with the AtVRN2 VEFS domain (Fig. 3.14A).
Similarly, according to Chanvivattana et al. (2004), the AtCLF C5 domain is a 75 amino acids short
sequence containing 5 cysteine residues at the residues of 296, 299, 304, 333 and 337 (Fig. 3.14B).
The MtCLF C5 domain was identified through alignment with AtCLF protein. It was defined to be
an 81 aa conserved region where five cysteine residues exist (Fig. 3.14B). This short sequence shares
62.2% pair-wise identity with the AtVRN2 C5 domain.
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Fig. 3.14 Amino acid sequences of the MtVRN2 and AtVRN2 VEFS domains and the MtCLF and
AtCLF C5 domains as well the sequence alignment. (A) The protein sequences of AtVRN2 and MtVRN2
VEFS domains used in the research of Chanvivattana et al. (2004) and this research, respectively, were listed
on the top. The AtVRN2 and MtVRN2 VEFS domains were aligned using the Geneious free end alignment
program in Geneious (9.5.1) and they shared 70.1% pair-wise identity. (B) The protein sequences of AtCLF
and MtCLF C5 domains used in the research of Chanvivattana et al. (2004) and this research, respectively,
were listed on the top. The five conserved cysteine residues were written in red in the sequences. The AtCLF
C5 domain was aligned with the MtCLF C5 domain using the Geneious free end alignment program in
Geneious (9.5.1). The alignment uncovered the five conserved cysteine residues in the AtVRN2 and MtVRN2
C5 domains as marked in green blocks. The two C5 domains have 62.2% identical amino acids. The amino
acids in black shade are the conserved amino acids between the two aligned sequences. Green bars on the top
of the alignment represent the consensus sequences.
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3.5.1.2 The bait and prey constructs and transformation
To detect the interaction of MtVRN2 VEFS domain with MtCLF C5 domain in the Y2H system, bait
and prey constructs were first made. The bait and prey vectors used in this project were pDEST32
and pDEST22. Both vectors are Gateway destination vector. The pDEST32 vector encodes a GAL4
binding domain (BD) and a leucine selection gene, while the pDEST22 vector contains a GAL4
activation domain (AD) and a tryptophan selection gene. These two vectors were prepared through
isolating empty vectors from S. cerevisiae (2.3.3). The isolated empty vectors were subsequently
transformed into E. coli (ccdB) competent cells. E. coli cells containing pDEST32 and pDEST22
empty vectors were cultured and pDEST plasmids were isolated. The isolated pDEST empty vectors
were checked by restriction enzyme digestion as shown in Fig.3.15A, ensuring they are pDEST32
and pDEST22 vectors.
The coding sequences of MtVRN2 VEFS domain and MtCLF C5 domain were PCR amplified using
Medicago R108 leaf cDNA as the template and Gateway cloning primers. The bands with expected
sizes were seen on the gel (Fig. 3.15C). The PCR product was purified using the DNA Cleanup &
Concentrator-5 kit (Zymo Research) and then cloned into Gateway pDONR221 entry vector (2.6.1.3).
The MtVRN2-VEFS and MtCLF-C5 insertion were checked by PCR amplification and restriction
enzyme digestion before their nucleotide sequences were confirmed through sequencing. The
expected bands were obtained as seen in Fig. 3.15D. Subsequently, the insertions were sequenced
and no nucleotide changes were found. The sequenced MtVRN2-VEFS and MtCLF-C5 were finally
inserted into pDEST32 and pDEST22 destination vectors through Gateway cloning LR reaction
(2.6.1.3), thus generating two bait constructs (pEXP32-C5 and pEXP32-VEFS) and two prey
constructs (pEXP22-C5 and pEXP22-VEFS).
The Bait and prey constructs as well as pDEST32 and pDEST22 empty vectors were afterwards
transformed into yeast competent cells. In this research, two haploid S. cerevisiae yeast strains
(PJ69-4α and PJ69-4a) were used. The pDEST32 bait plasmids (pEXP32-C5, pEXP32-VEFS and
pDEST32 empty vector) were transformed into PJ69-4α cells, while pDEST22 prey plasmids
(pEXP22-C5, pEXP22-VEFS and pDEST22 empty vector) were transformed into PJ69-4a cells
(2.3.2.2). After transformation, yeast cells containing bait plasmids and prey plasmids were selected
on the synthetic dropout (SD) agar medium lacking leucine (SD-Leu) and tryptophan (SD-Trp),
respectively.
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Fig. 3.15 Preparation of pDEST vectors and cloning of the MtVRN2 VEFS domain and MtCLF C5
domain. (A) The isolated pDEST22 and pDEST32 empty vectors were digested using NcoI and KpnI
restriction enzymes. The digestion products were separated on an agarose gel. The digestion of pDEST22
vector was not complete as an uncut band was seen on the top of the lane. The digestion of pDEST32 was
complete. The bands shown on the gel were consistent with the expected bands, indicating the isolated
plasmids were pDEST22 and pDEST32 empty vectors. (B) The predicted bands of pDEST22 and pDEST32
circular vectors cleaved by KpnI and NcoI restriction enzymes through ApE program. (C) The PCR
amplification of MtCLF C5 domain and MtVRN2 VEFS domain using Medicago R108 leaf cDNA as
template. Gateway cloning primers MtCLF C5_Fw and MtCLF C5-Rv were used for the C5 domain
amplification and MtVRN2 VEFS_Fw and MtVRN2 VEFS_Rv were used for the VEFS domain
amplification. The expected bands were marked with the white arrows. The PCR fragment of the MtCLF C5
domain and MtVRN2 VEFS domain is 307 bp and 550 bp, respectively. (D) pDONR221-MtCLF-C5 and
pDONR221-MtVRN2-VEFS plasmids were checked through PCR amplification. The same primers used for
PCR amplifications were used and the expected bands were 307 bp for the MtCLF C5 domain and 550 bp for
the MtVRN2 domain as shown on the gel.
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3.5.1.3 Detection of HIS3 reporter gene by Y2H
To test the interaction of two proteins that were respectively fused with GAL4 binding domain and
GAL4 activation domain, yeast cells should simultaneously contain bait and prey plasmids. To
achieve this, transformed haploid PJ69-4α and PJ69-4a yeast cells were mated (2.3.2.3). The mating
between two haploid cells is listed in Table 3.3. The interaction between pDEST32 and pDEST22
empty vectors was used as negative control, while the interactions of VEFS or C5 bait with
pDEST22 empty vector prey were used to test the self-activation of the bait constructs and
meanwhile to decrease false positives. In addition, three known interaction controls that were kindly
provided by Plant and Food Research (P&F), were included in this project as shown in Table 3.3.
Table 3.3 Mating of yeast haploid cells carrying different bait and prey plasmids
Bait plasmid

Prey plasmid

(SD-Leu)

(SD-Trp)

pDEST32

pDEST22

Negative control

SD-Leu-Trp-His +

pEXP32-C5

pEXP22

C5 self-activation control

3AT (0, 2, 4, 8, 16,

pEXP32-C5

pEXP22-VEF

Interaction of C5 and VEF

32, 64, 128 mM)

pEXP32-VEF

pEXP22

VEF self-activation control

pEXP32-VEF

pEXP22-C5

Interaction of C5 and VEF

pEXP32-Krev1

pEXP22-RalGDS-wt

Strong positive interaction control

pEXP32-Krev1

pEXP22-RalGDS-m1

Weak positive interaction control

pEXP32-Krev1

pEXP22-RalGDS-m2

Negative interaction control

Used for

Selected on
(SD-Leu-Trp-His)

After mating, diploid cells were selected on SD-Leu-Trp double selective medium to ensure they
contained both bait and prey plasmids. If the proteins of interest could interact with each other, the
reporter genes would be expressed. In this thesis, two reporter genes HIS3 and LacZ were detected
for the sake of avoiding false positives. HIS3 gene encodes histidine which is an essential element
for the survival of yeast cells. Therefore, the detection of HIS3 gene expression could be
implemented through growing yeast cells on selective medium lacking histidine but with different
concentrations of 3-AT (Table 3.3). The aim of addition of 3-AT, an inhibitor of histidine, was to
eliminate the background caused by self-activation and to judge the interaction strength between the
two proteins.
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The mated diploid cells containing the bait and the prey plasmids were firstly grown on SD-Leu-Trp
medium. When yeast colonies developed big enough (2-3 mm in diameter), they were suspended in
sterile water and subsequently 2 μl of cell suspension was transferred onto SD-Leu-Trp-His selective
medium with 3-AT, incubating at 28°C for 2-3 days. The interaction between the two proteins was
scored by observing the growth of yeast cells on the selective medium. The experiment was
independently repeated twice.
As seen in Fig. 3.16A and Fig. 3.16B, no negative control colonies grew on the medium lacking
histidine, indicating the medium used in this experiment was made properly. Furthermore, pDEST32
and pDEST22 vectors themselves were unable to self-activate. The growth of strong positive control
colonies was inhibited when the amount of 3-AT in selective medium was more than 64 mM. In
contrast, colonies of weak positive control only grew on the selective medium in which the 3-AT
was less than 2 mM.
It was observed from Fig. 3.16A-B, MtCLF C5 domain as the bait and MtVRN2 VEFS as the prey
could strongly activate GAL4 transcription factor. However, this did not automatically mean that the
activation came from the interaction of C5 domain and VEFS domain, because MtCLF C5 domain
itself could strongly activate the GAL4 binding domain as seen in Fig. 3.16A and Fig. 3.16B (32C5/22). In Fig. 3.16A, the growth of the colonies bearing pEX32-C5 bait and pDEST22 prey was
inhibited by 64 mM of 3-AT. In contrast, a few small colonies bearing pEX32-C5 bait and pEX22VEFS prey were still seen at the same concentration of 3-AT. Therefore, it cannot exclude the
possibility that the C5 domain was able to weakly interact with the VEFS domain. However, this was
not observed in Fig. 3.16B. Colonies were seen in both 32-C5/22 and 32-C5/22-VEFS at 64 mM of
3-AT, indicating the difference between 32-C5/22 and 32-C5/22-VEFS observed in Fig. 3.16A might
not be due to the interaction of two proteins but some other factors.
It was found in Fig. 3.16 that the VEFS domain could result in slightly self-activation. In addition, no
interaction was found when VEFS domain as the bait and C5 domain as the prey as the colonies in
32-VEFS/22 and 32-VEFS/22-C5 samples stopped growing at the condition that 3-AT in the
medium was beyond 2 mM. In summary, no evidence showed that MtVRN2 interacted with MtCLF
through the VEFS domain and C5 domain when checking the expression of HIS3 gene in these two
Y2H experiments.
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Fig. 3.16 Yeast two hybrid assay to check the interaction between MtVRN2 and MtCLF. Mated yeast
cells were spread onto SD-Leu-Trp medium first to develop big colonies. The mated yeast cells were picked
and suspended into sterile water. The cell suspension was then spotted onto the SD-Leu-Trp-His selective
medium with an incremental 3-AT. The plates were incubated at 28°C for 2-3 days until the colonies grew big
enough on the SD-Leu-Trp medium. Colonies on SD-leu-trp-his+3-AT medium were checked and compared
with the controls. 32/22: pDEST32 empty vector as the bait and pDEST22 empty vector as the prey. 32-C5/22:
C5 domain as the bait and pDEST22 empty vector as the prey; 32-C5/22-VEFS: C5 domain as the bait and
VEFS domain as the prey; 32-VEFS/22: VEFS domain as the bait and pDEST22 empty vector as the prey; 32VEFS/22-C5: VEFS domain as the bait and C5 domain as the prey; +/+: strong positive control; +/-: weak
positive control; -/-: negative control. (A) and (B) showed the two independent Y2H experiments.

3.5.1.4 Detection of LacZ reporter gene by β-Galactosidase assay
In addition to HIS3, another reporter gene LacZ was checked in this thesis in order to eliminate the
effect of false positives. The expression of LacZ gene was detected by β-Galactosidase assay using
ONPG as the substrate. The details of how the β-Galactosidase assay was performed can be found in
Chapter 2 (2.9.2).
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The β-Galactosidase units reflected the expression level of LacZ gene whose transcription was
activated by the interaction of two proteins of interest. In other word, it reflected the interactions
between the bait and the prey proteins. The higher the β-Galactosidase unit is, the stronger the two
proteins interact with each other. This was confirmed by the positive control and negative control
included in the experiment. As seen in Fig. 3.17, the β-Galactosidase units showed the significant
difference among the strong positive, weak positive and negative controls, indicating the experiment
was well performed. The β-Galactosidase unit shown in the empty vector control 32/22
(pDEST32/pDEST22) was as low as the negative control, suggesting that the pDEST32 and
pDEST22 empty vector did not cause self-activation. No distinctive differences in β-Galactosidase
unit was found between 32-C5/22 (pEX32-C5 as bait, pDEST22 empty vector as prey) and 32C5/22-VEFS (pEX32-C5 as bait, pEX22-VEFS as prey), neither was between 32-VEFS/22 (pEX32VEFS as bait, pDEST22 empty vector as prey) and 32-VEFS/22-C5 (pEX32-VEFS as bait, pEX22C5 as prey), implying that MtVRN2 VEFS domain did not interact with MtCLF C5 domain.
Additionally, it was found that the MtCLF C5 domain and MtVRN2 VEFS domain themselves could
activate the GAL4 binding domain. The result of β-Galactosidase assay was consistent with that of
HIS3 gene detection.

Fig. 3.17 Interaction study between MtVRN2 and MtCLF through β-galactosidase assay. The βgalactosidase unit was presented by mean ± SD with three technical replicates. Values on the bars indicated
average values of β-galactosidase units. 32/22: pDEST32 empty vector as the bait and pDEST22 empty vector
as the prey. 32-C5/22: C5 domain as the bait and pDEST22 empty vector as the prey; 32-C5/22-VEFS: C5
domain as the bait and VEFS domain as the prey; 32-VEFS/22: VEFS domain as the bait and pDEST22
empty vector as the prey; 32-VEFS/22-C5: VEFS domain as the bait and C5 domain as the prey.
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3.5.2 Testing MtVRN2 VEFS and MtCLF C5 interaction in vitro by pull down
assay
Besides checking the interaction of MtVRN2 VEFS domain and MtCLF C5 domain in vivo, the
interaction between the two domains in vitro was investigated using a pull down assay. Prior to
performing the pull down assay, the MtCLF-C5 expression construct was made by cloning the C5
domain coding sequence into pET49b(+) vector. The MtCLF-C5 recombinant protein was then
expressed in E. coli (Rosetta DE3) cells, producing a 38.8 kD protein with 6xHis and GST tags fused
at its N-terminus. The MtVRN2-VEFS expression construct used in this section was pET47bMtVRN2-3 (3.1) which expressed a MtVRN2-VEFS recombinant protein with an N-terminus fused
6xHis tag. Details about performing a pull down assay are described in Chapter 2 (2.9.3).
The MtCLF-C5 and MtVRN2-VEFS recombinant proteins expressed in E. coli cells were firstly
separated on a SDS-PAGE that was later stained with Coomassie Blue solution. The MtCLF-C5
recombinant protein (38.8 kD) was well produced in E. coli cells at 28°C for 3 h as seen in the lane 2
and lane 3 in Fig. 3.18. The MtVRN2-VEFS recombinant protein band (22.6 kD) was not seen on the
gel, which was assumed to be caused by the low expression compared with the previous result (Fig.
3.4C).
Based on the protocol from Chanvivattana et al. (2004), the VEFS recombinant protein was mixed
with the same amount of C5 recombinant protein and GST protein, respectively. The mixtures were
incubated with glutathione agarose beads at 4°C for 2 h and subsequently spun to remove the
supernatant. The removed supernatant was kept as the binding control. The pelleted beads were then
washed three times. The washing flow-through was retained as the washing control. After washing,
the beads were boiled with 50 µl of 1x sample buffer at 95°C for 5 min. Finally, the beads were
pelleted and the supernatant was separated on a 10% SDS-PAGE. Western blot was followed to
detect the VEFS protein using the anti-VRN2 antibody.
Fig. 3.19A showed the membrane stained by Ponceau S solution. The C5 recombinant protein and
GST protein bands were observed in elution samples (lane 1 and lane 2) and input samples (lane 3
and lane 4). The VEFS recombinant protein bands were not detected by Ponceau S in elution and
input samples (lane 1, lane 2 and lane 5).
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Fig. 3.19B presented the blot incubated with anti-VRN2 antibody. The VEFS protein was detected
by the anti-VRN2 antibody. Its bands at the expected size were framed with yellow rectangles in Fig.
3.19B. The anti-VRN2 antibody is specific to the MtVRN2-VEFS protein as no bands were seen in
the C5 protein and GST protein input lanes (lane 3 and lane 4 in Fig. 3.19B). Furthermore, the blank
lanes of the washing controls (lane 8 and lane 9) implied that the washing steps did not cause the loss
of the bound VEFS protein. Based on these findings, it was confirmed that the bands shown in the
lane 1 and lane 2 in Fig. 3.19B were VEFS protein in origin. However, no evidence indicated that the
VEFS protein in lane 1 was pulled down by the C5 recombinant protein, because a similar band was
also observed in the GST pull-down control (lane 2). In addition, it was also found that the binding
of C5 protein to VEFS protein was very weak as most VEFS protein was lost when comparing the
VEFS bands in the VEFS input control (lane 5) and C5+VEFS binding control (lane 6). Therefore, it
is most likely that the VEFS protein shown in the lane 1 originates from the interaction of the VEFS
protein with GST protein or with glutathione beads rather than with the C5 recombinant protein.

Fig. 3.18 Expression of the MtCLF-C5 and MtVRN2-VEFS recombinant proteins in E. coli cells.
Proteins were extracted from E. coli cells. The same amount (20 µg) of total and total soluble protein were
separated on a 10% SDS-PAGE and then stained with Coomassie Blue solution. The MtCLF-C5 band at
expected size (38.8 kD, marked with the black arrow) was seen in the total and total soluble protein samples
(lane 2 and lane 3). The expected size of the MtVRN2-VEFS protein (22.6 kD) was marked with the black
arrow but the target protein band was not seen on the stained gel.
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Fig. 3.19 Detection of the VEFS recombinant protein pulled by the C5 recombinant protein through
Western blot. (A) Ponceau S staining. Lane 1: the eluted VEFS protein pulled by the C5 protein. Lane 2: the
eluted VEFS protein pulled by the GST control protein. Lane 3: C5 protein input. Lane 4: GST protein input.
Lane 5: VEFS protein input. Lane 6: C5 and VEFS binding control that was taken from the flow through
after the incubation of C5 and VEFS mixture with glutathione beads. Lane 7: GST and VEFS binding control
that was taken from the flow through after the incubation of GST and VEFS mixture with glutathione beads.
Lane 8: the washing flow through of glutathione beads with GST-C5 and VEFS attaching on. Lane 9: the
washing flow through of glutathione beads with GST and VEFS attaching on. The GST-C5 recombinant
proteins in the elution and input samples (lane 1 and lane 3) as well as the GST proteins in the elution and
input samples (lane 2 and lane 4) were clearly seen on the membrane. The His-VEFS recombinant protein
(lane 1, lane 2 and lane 5) was not seen on the membrane when staining with Ponceau S. (B) The MtVRN2VEFS recombinant proteins were detected in the eluted pull down samples (lane 1 and lane 2), input samples
(lane 5) and binding samples (lane 6 and lane 7). No difference was found between the bands in the lane 1 and
lane 2. When comparing the bands in the lane 5, lane 6 and lane 7, it was obviously that most VEFS protein
was lost and the amount of the VEFS protein that pulled down by the recombined C5 protein was very little.
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3.6 Summary and discussion
The first section of this chapter aimed to raise an anti-VRN2 antibody which can be used for IP
and/or ChIP experiments. To achieve this, six MtVRN2 recombinant proteins carrying His or
GST/His tag at N-terminus were first produced in E. coli cells. Their production and solubility in
different incubation conditions were checked by staining proteins on a SDS-PAGE. Then, two
recombinant proteins (47-MtVRN2-3 and 49-MtVRN2-3) with relatively high solubility were picked
and produced in E. coli cells. The attempts were made to purify the recombinant proteins using NiNTA agarose beads, glutathione agarose beads and SEC, but these were not successful.
Next, a short MtVRN2 peptide was selected and synthesized to raise the anti-VRN2 antibody. The
raised rabbit polyclonal anti-VRN2 antibody was subsequently checked by dot blot and Western blot
using the recombinant proteins and plant-derived proteins to ensure the antibody was able to
recognize MtVRN2 protein. It was in the second section of this chapter, the interaction between
MtVRN2 and MtCLF via the VEFS domain and C5 domain was investigated in vivo and in vitro
through yeast two hybrid and pull down assays in order to find out the potential VRN2-PRC2
members in Medicago.

3.6.1 The degradation of MtVRN2 recombinant proteins and dimerization of
VEFS protein fragment
In this research, the MtVRN2 recombinant proteins were purified based on their fused tags and their
protein sizes. When the purified proteins were separated on the gels, multiple bands were seen no
matter whether they were purified by Ni-NTA or glutathione agarose beads. The Western blot using
the anti-VRN2 antibody to detect the recombinant proteins confirmed that the multiple bands were
recombinant proteins and their degradation products.
Based on the bands shown on the blot in Fig. 3.20A, a major cleavage site was predicted between the
140th and 180th amino acid of the MtVRN2 protein sequence (counting from the N-terminus) as
shown in Fig. 3.20B. The MtVRN2 recombinant proteins (47-MtVRN2-1, 47-MtVRN2-2, 49MtVRN2-1 and 49-MtVRN2-2) were cut in this cleavage site, generating two fragments. One
fragment was fused with GST/His or His tag, which was unable to be detected by the anti-VRN2
antibody because the recognition epitope by the antibody was located at the C-terminus of MtVRN2
protein. Another fragment containing the VEFS domain could be detected by the antibody. The MW
of the MtVRN2 degradation fragment which contains the VEFS domain was around 30 kD, as
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observed in the lanes of 47-1, 47-2, 49-1 and 49-2 in Fig. 3.20A. In addition to this major cleavage
site, other minor cleavage sites might exist as multiple faint bands lower than the expected bands
were observed on the blot. One of them might be present in the VEFS domain (red dashed line in Fig.
3.20B), thus producing a VEFS fragment around 13kD as framed in blue in Fig. 3.20A. This small
band was present in all the recombinant protein detection blots.
For the 47-MtVRN2-3 recombinant protein, in addition to the predicted VEFS degradation band at
13 kD, no other bands below the target band but two bands above were seen on the blot, where they
are marked with the red arrows (lane 47-3, Fig. 3.20A). These two bands were inferred to be
dimerization products. Although SDS and reducing agent β-Mercaptoethanol were applied, they are
not always effective to break down dimers into monomers. In some cases, dimerization mechanisms
like the presence of some special amino acid sites or formation of interchain disulfide links can
improve the resistance of a protein dimer to reducing agents and harsh conditions, which have been
reported in some studies (Kolodziejski et al. 2003; Grigorian et al. 2005). If the red arrow marked
bands in the 47-MtVRN2-3 sample were of real dimer-origin, they were most likely to be
heterodimers composing the 47-MtVRN2-3 protein and an E. coli protein, as its size was larger than
the expected 47-MtVRN2-3 homodimer (45.2 kD).
In regard to the 49-MtVRN2-3 recombinant protein, it was assumed to be cleaved at a site within the
GST tag. The cleavage produced a small GST fragment and a 49-MtVRN2-3 fragment. The latter
was detected by the anti-VRN2 antibody and showed a band at 40kD as marked by the red arrow in
the lane of 49-3 in Fig. 3.20A. The degradation of recombinant proteins explained why the
recombinant proteins were unable to be purified using Ni-NTA and glutathione agarose beads.
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Fig. 3.20 Western blot to detect MtVRN2 recombinant proteins using anti-VRN2 antibody and the
predicted cleavage sites in the MtVRN2 recombinant proteins. (A) Six MtVRN2 recombinant proteins
were detected by the anti-VRN2 antibody with expected sizes of 51.2 kD (47-MtVRN2-1), 43.5 kD (47MtVRN2-2), 22.6 kD (47-MtVRN2-3), 78.6 kD (49-MtVRN2-1), 72.0 kD (49-MtVRN2-2) and 50.0 kD (49MtVRN2-3). The bands at 30 kD and those framed in blue were supposed to be MtVRN2 protein degradation
products. Two predicted VEFS heterodimer bands were observed in the 47-3 lane, as marked by the red
arrows. The band marked with the red arrow in the 49-3 lane was assumed to be 49-MtVRN2-3 degradation
product with a cleavage site on the GST protein sequence. (B) The 49-MtVRN2-1 and 47-MtVRN2-1 proteins
were taken as the examples. The full length MtVRN2 protein was cleaved at the site predicted between the
140th and 180th amino acid of the MtVRN2 protein sequence as shown in the figure. The cleavage generated
two products: one fused with GST/His or His tag and another contained VEFS domain. Only the fragment
with the VEFS domain was able to be recognized by the anti-VRN2 antibody and shown on the blot. This also
applied to the 49-MtVRN2-2 and 47-MtVRN2-2 proteins, but not to the 49-MtVRN2-3 and 47-MtVRN2-3
proteins because this cleavage site was not contained in the 49-MtVRN2-3 and pET47-MtVRN2-3
recombinant proteins. In addition, another common cleavage site as marked with red dashed line might exist,
thus producing a small VEFS protein fragment at 13 kD.
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3.6.2 Specificity of the peptide-raised anti-VRN2 antibody tested by Western blot
In this research, a polyclonal anti-VRN2 antibody was raised from rabbits and antigen affinitypurified. It was validated by Western blot. The results showed that the anti-VRN2 antibody could
specifically recognize the recombinant proteins produced in E. coli cells but not MtVRN2 protein
extracted from Medicago plants. A Western blot experiment was later carried out using the antiVRN2 antibody and an anti-HA antibody to detect the HA-VRN2 recombinant protein extracted
from Medicago plants. The experimental conditions and treatments were controlled to be identical
except for the different primary and secondary antibody used. The comparative analysis showed that
the HA-VRN2 recombinant protein was detected by the anti-HA antibody, but not by the anti-VRN2
antibody, excluding the possibility that protein extraction caused the failed detection of the antiVRN2 antibody. Because the protein was detected in a denatured status, it is unlikely that the protein
tertiary structure affected the detection. Therefore, it was inferred that the failure to detect plant
derived MtVRN2 protein resulted from the low sensitivity of the antibody. The dot blot has
confirmed that the minimum amount of the peptide detected by the antibody was 0.3125 ng when the
antibody was diluted 2,000- and 4,000-fold and the exposure time was controlled at 240 s. However,
this might change when performing Western blot to detect the intact MtVRN2 protein. For example,
when detecting the recombinant proteins produced in E. coli cells, 2,000-fold diluted anti-VRN2
antibody and 2 s exposure led to the overexposed bands in some lanes (Fig 3.7), mainly due to the
high amount of recombinant proteins present on the blot.
Accordingly, a few factors were assumed to cause the failure of detection of the plant-derived
MtVRN2 protein by the anti-VRN2 antibody. First, the abundance of plant-derived MtVRN2 protein
was too low to be detected. Under this circumstance, the extension of exposure time and increase in
the amount of antibody did not improve the detection because the exposure time over 60 s and too
much antibody led to very dark background and non-specific binding. Second, the sensitivity of the
anti-VRN2 antibody was low. This was confirmed by the comparison of anti-VRN2 antibody with
anti-HA antibody to detect the same amount of HA-VRN2 recombinant protein. Target bands were
seen on the blot using the anti-HA antibody, but not on the blot using the anti-VRN2 antibody. To
perform ChIP experiments, I therefore made the HA-VRN2 transgenic plants and used the anti-HA
antibody for the ChIP experiments, which was further described in Chapter 4.
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3.6.3 The interaction of MtVRN2 with MtCLF via the VEFS domain and the C5
domain
In the research of Chanvivattana et al. (2004), the authors initially studied the interaction sites of
CLF with EMF2 by truncating the full length proteins into fragments and found that the CLF C5
domain and EMF2 VEFS domain are essential to maintain the interaction of CLF and EMF2
(Chanvivattana et al. 2004). Further studies showed that the orthologues of CLF and EMF2 in
Arabidopsis could interact with each other through these two conserved domains (Chanvivattana et
al. 2004). In this research, I followed the idea of Chanvivattana et al. and investigated the interaction
of MtCLF with MtVRN2 via their conserved C5 and VEFS domain through yeast two hybrid and
pull down assays. Unfortunately, no interaction was found between the MtCLF C5 domain and
MtVRN2 VEFS domain. However, this does not necessarily mean that MtVRN2 could not interact
with MtCLF because other domains in these two proteins might be required for the interaction.
As input for the protein pull down assays performed in this research, the VEFS recombinant protein
unfortunately was not able to be seen on the Coomassie Blue stained gel (Fig. 3.21A). This was
inferred to be caused by the low expression or degradation or both. However, the VEFS recombinant
protein expression conditions were the same when compared with the previous experiment (Fig.
3.21B) with the current one (Fig. 3.21A). Therefore, the low expression was unlikely to be the reason
that the the VEFS protein was not detected by the Coomassie Blue staining. When taking into
account the degradation, it was observed that a band at 13 kD in the VEFS sample (lane 4, Fig.
3.21A) was much stronger than that in other protein samples, while other bands in the VEFS sample
displayed similar intensity with those in other samples. This suggested that the band at 13 kD in the
VEFS sample was most likely to be a mixture of the VEFS recombinant protein degradation product
with an E. coli protein. This degradation product (13 kD) had been detected by the anti-VRN2
antibody in previous results (Fig. 3.11). It was assumed that the severe degradation of the VEFS
recombinant protein in the pull-down assay might have occurred in the process of protein extraction
due to insufficient protease inhibitors added or other unknown reasons. If the low amount of VEFS
recombinant protein is the main reason that caused the failure of the pull down assay, to use equal
and high abundance of C5 and VEFS proteins might be helpful to improve pull-down assay
performance. To achieve this, the C5 and VEFS recombinant proteins can be first produced in E. coli
cells in a large scale and then purified using their fused tags, thus to obtained purified recombinant
proteins and reduce the influence of low amount of proteins in pull-down assay.
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Fig. 3.21 Comparison of the VEFS recombinant protein production in two independent experiments. (A)
The expressed VEFS recombinant protein was used for the pull down assay. The expected position of the
VEFS band was marked with a black arrow. No VEFS bands (Lane 4) was seen on the Coomassie Blue
stained gel. A stronger band was seen at 13 kD which was assumed to be the VEFS protein degradation
product. This band must have the same size as a E. coli protein as it can be seen in other samples but with
different intensity. (B) The VEFS protein was expressed in different conditions in order to optimise the
conditions of protein expression. A band at the expected size (22.6 kD, marked with a black arrow) was seen
in all the conditions.
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Chapter 4. Generation of HA and GFP-tagged MtVRN2
Medicago transgenic plants and Chromatin
Immunoprecipitation analysis
4.1 Introduction
In Chapter 3, an anti-VRN2 antibody was raised against a synthetic MtVRN2 C-terminal peptide.
This antibody was to be used for Chromatin Immunoprecipitation (ChIP) experiments, aiming to find
genes that MtVRN2 directly binds to. However, Western blotting test using this antibody showed
that it could not detect plant MtVRN2 protein. Thus, in order to detect MtVRN2 in plants,
commercially available antibodies to epitope tags were considered next.
In this chapter, transgenic Medicago plants carrying an HA (Influenza virus hemagglutinin) or GFP
(Green fluorescence protein) tag at the N-terminus of a MtVRN2 protein were regenerated from
transformed plant cells. Afterwards, the tagged MtVRN2 protein produced in transgenic plants was
tested by Western blot. The transgenic plants with the best HA-MtVRN2 expression levels were
selected for ChIP use. Prior to performing the ChIP, experimental factors including plant materials,
cross-linking and sonication were tested. At the end, quantitative real time PCR (qRT-PCR) was
carried out using the ChIP DNA as templates and primers from a few selected candidate Medicago
genes (AGL11, SEP3b, AP1 and FTa1) which had been shown to be regulated, directly or indirectly,
by MtVRN2 according to Jaudal et al. (2006).

4.2 Generating HA-VRN2 and GFP-VRN2 transgenic Medicago plants
4.2.1 Cloning work
Cloning procedures to make HA-VRN2 and GFP-VRN2 expression constructs are shown in Fig. 4.1.
The coding sequences of 3xHA (three HA protein repeats) and GFP were PCR isolated from the
previously made constructs pART/HA and pGTE/GFP (Revco number 3637 and 4132, respectively),
in the Putterill Lab. Restriction sites Xhol and XmaI were respectively introduced into 5' and 3' ends
of the PCR products. The MtVRN2 coding sequence was PCR amplified using leaf cDNA (R108)
which was provided by the Putterill Lab, as the template. XmaI and BamHI restriction sites were
introduced into 5' and 3' ends of the MtVRN2 PCR product, respectively. After purification, the
3xHA and GFP PCR fragments were digested with XhoI and XmaI restriction enzymes, while the
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MtVRN2 PCR fragment was digested by XmaI and BamHI restriction enzymes (2.5.4). The digested
3xHA, GFP and MtVRN2 PCR fragments were ligated into Xhol and XmaI cleaved pART7 vector,
thus generating two plasmids: pART7-HA-VRN2 and pART7-GFP-VRN2. The ligation reaction was
described in Chapter 2 (2.6.1.2). The target genes in these two plasmids were checked by PCR as
shown in Fig. 4.2. The correct clones were sequenced to ensure that the HA and GFP sequences were
translationally fused with the MtVRN2 sequence. In case of PCR and sequencing errors, two
plasmids from each construct were sequenced. The sequencing results showed that the inserts in the
plasmids were correct and in frame. No nucleotide changes were observed when aligning with the
annotated sequences. The primers used for cloning and sequencing are listed in Table 2.7.

Fig. 4.1 Cloning procedures making HA and GFP tagged MtVRN2 constructs for plant transformation.
The 3xHA tag and GFP tag and MtVRN2 coding sequences were PCR amplified and then ligated into pART7
vector through matched restriction enzyme sites. Fused HA-VRN2 and GFP-VRN2 fragments were isolated
by PCR from pART7 vector and then cloned into plant binary vector pB2GW7 through Gateway cloning. The
cassettes between left border (LB) and right border (RB) contained in pB2GW7-HA-VRN2 and pB2GW7GFP-VRN2 plasmids were transformed into plant cells to generate HA and GFP tagged MtVRN2 transgenic
plants.
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Fig. 4.2 PCR isolation and amplification of 3xHA, GFP and MtVRN2 coding sequences and plasmid
checking by Phire PCR. (A) The GFP and 3xHA tag sequences were PCR isolated from pGTE/GFP and
pART/HA plasmids using GFP-specific primers (GFP-Fw and GFP-Rv) and HA-specific primers (HA-Fw
and HA-Rv), respectively. Xhol and XmaI restriction sites were introduced into 5' and 3' ends of the PCR
products by the GFP and HA primers. The MtVRN2 coding sequence was PCR amplified using leaf cDNA as
template. XmaI and BamHI restriction sites were added into 5' and 3' ends of the PCR products by the
MtVRN2-Fw and MtVRN2-Rv primers. (B) The pART7-HA-VRN2 plasmids were PCR checked using 35S
forward primer (35S-F1), HA-specific reverse primer (HA-Rv), MtVRN2 gene specific forward primer
(VRN2_2nd_F) and 3'ocs terminator reverse primer (3'ocs). The combinations of 35S-F1 and HA-Rv primers
and VRN2-2nd_F and 3'ocs primers amplified a 274 bp band and a 249 bp band as expected, respectively. (C)
The generated pART7-GFP-VRN2 plasmids were PCR checked using 35S forward primer (35S-F1), GFPspecific reverse primer (GFP-Rv), MtVRN2 gene specific forward primer (VRN2_2nd_F) and 3'ocs terminator
reverse primer (3'ocs). The combinations of 35S-F1 and GFP-Rv primers and VRN2-2nd_F and 3'ocs primers
amplified a 889 bp band and a 249 bp band as expected, respectively.

To make constructs used for plant transformation, the pB2GW7 vector was used, which carries the
Basta resistant gene for transgenic plant selection. The HA-VRN2 and GFP-VRN2 fragments were
isolated from the sequenced pART7-HA-VRN2 and pART7-GFP-VRN2 plasmids through PCR
amplification using Gateway cloning primers (Fig. 4.3A). The PCR products were gel purified (2.5.3)
and cloned into pDONR221 entry vector through Gateway cloning BP reaction (2.6.1.3). The
pDONR221 clones were first checked by colony PCR (2.5.1.1) and then isolated from E. coli cells.
The isolated pDONR221-HA-VRN2 and pDONR221-GFP-VRN2 plasmids were checked by PCR
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and afterwards sequenced. The sequencing results confirmed the correct open reading frames (ORFs)
of the tagged MtVRN2 proteins (Fig. 4.3C). No nucleotide changes were observed. Later on,
Gateway cloning LR reaction was followed to generate two constructs pB2GW7-HA-VRN2 and
pB2GW7-GFP-VRN2 that were used for plant transformation (2.6.1.3). The HA-VRN2 and GFPVRN2 inserts in these two constructs were PCR checked before transforming as seen in Fig. 4.3D.

Fig. 4.3 Making pB2GW7-HA-VRN2 and pB2GW7-GFP-VRN2 constructs. (A) The HA-VRN2 (1454 bp)
and GFP-VRN2 (2078 bp) fragments were isolated by PCR from pART7-HA-VRN2 and pART7-GFP-VRN2
plasmids using GWHA-VRN2-F/MtVRN2-VEFs-Rv and GWGFP-VRN2-F/MtVRN2-VEFs-Rv Gateway
cloning primers. The PCR products were separated on a 1% agarose gel and the bands with expected sizes
were seen. The target HA-VRN2 and GFP-VRN2 bands were excised from the gel and purified using gel
purification kit (Invitrogen) (See 2.5.3). (B)(C) pDONR221-HA-VRN2 and pDONR221-GFP-VRN2 clones
were checked by PCR using the same Gateway cloning primers. Two checked plasmids from each construct
were sequenced using vector and gene specific primers, ensuring that no errors in translation region. (D) The
pB2GW7 constructs were PCR checked using the same Gateway cloning primers before transformation. All
clones that were checked gave the correct bands with expected sizes.
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4.2.2 Plant transformation and regeneration of transgenic plants
Transgenes 35S:HA-VRN2 and 35S:GFP-VRN2 were transformed in Medicago, which was
mediated by agrobacterium (EHA105) as described in Chapter 2 (2.4.3 and 2.4.4). Fig. 4.4 shows the
regeneration process of a Medicago transgenic plant from callus to a whole plant (~ 5 months). At
the beginning, 50 leaf discs from 4-5 week-old Medicago (R108) were prepared for each construct.
They were transformed with agrobacterium containing HA-VRN2 or GFP-VRN2 constructs and
incubated on the media with herbicide (1.5 mg/L PPT) for selection. Ten leaf discs were prepared for
each control. Regeneration controls were transformed with Agrobacterium containing the constructs
but incubated on the media without herbicide. Selection control was transformed with SH3a medium
only and grown on the media with herbicide selection (1.5 mg/L PPT). Timentin (100 mg/L) was
used in all the media to inhibit the overgrowth of Agrobacterium.
In the first week, all explants, including transgenic explants and control explants looked green and
similar to each other. From the third week, transgenic and transformation control explants became
yellow and their explant edges started curving towards the medium. Small calli were observed at the
edges of explants. However, selection control explants were still flat and plant tissue was dying,
indicating that the PPT selection worked very well. In the fifth week, calli on transgenic explants
and transformation control explants were clearly seen. Without PPT selection, calli on regeneration
control explants grew much bigger than those on transgenic explants. At this stage, plant cells of
selection control explants were completely killed by PPT. The media was refreshed regularly and
changed with the development of calli. At the tenth week, calli has grown big enough to be
transferred from Petri dishes into transparent plastic pots. Some explants were lost over time because
of the contamination and overgrowth of Agrobacterium.
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Fig. 4.4 Regeneration of transformed Medicago plants. Column 1 represents selection control. Explants in
selection control were transformed without agrobacteria and treated with 1.5 mg/L of PPT. Leaf tissue died
after 5 weeks on the selection medium, indicating the medium worked well for transformed plant selection.
HA-VRN2 and GFP-VRN2 transformation control (column 2 and column 4) were included. The explants in
these two controls were transformed with agrobacteria containing HA-VRN2 and GFP-VRN2 constructs and
grown on the medium without PPT selection. Calli developed in these two controls grew faster than that
grown on selection medium because of lack of selection pressure. Column 3 and column 5 represent
transformed HA-VRN2 and GFP-VRN2 explants which were grown on medium with 1.5mg/L PPT. Calli
were observed at the third week and green plant cells were seen at the tenth week under 16 h light/8 h dark
photoperiods (LD). After shoots and roots had developed, individual plants were transferred into square plates
(6-8 plants/plate) and grew vertically on the tray at 24°C in LDs. The plants were finally grown in soil for
further analysis.

4.2.3 Genotyping and phenotyping of transgenic plants
After the regenerated plants were transferred from medium to soil, they were sprayed with Basta
solution (120 mg/L) three times in case of any escaped non-transgenic plants from herbicide
selection. After Basta spraying, the surviving transgenic plants were genotyped using gene specific
primers as shown in Fig. 4.5 to confirm the presence of 35S:HA-VRN2 and 35S:GFP-VRN2
transgenes. Genotyping results revealed that all the tested plants contained either 35S:HA-VRN2 or
35S:GFP-VRN2 transgenes. Those plants were grown at 22⁰C in LDs and phenotyped.

Fig. 4.5 Primers used for the HA-VRN2 and GFP-VRN2 transgenic plant genotyping. The primer
combinations of 35S-F1 with HA-Rv and GFP-Rv were used to check the presence of 35S promoter and HA
or GFP tags. Primers of HA-Fw or GFP-Fw and VEFs-Rv were used to check the presence of MtVRN2 gene
when genotyping.
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Most transgenic plants flowered at 17-20 nodes, but there were four transgenic plants that flowered
very early at 5-12 nodes as seen in Fig. 4.6A. To investigate the correlation of MtVRN2 expression
and the flowering time phenotype, RT-qPCR was performed to quantify the total and endogenous
MtVNR2 transcript levels in the early flowering transgenic plants (HA-VRN2 33, 81, 39 and 57 lines)
and some relatively late flowering transgenic plants (HA-VRN2 13, 44, 45, 75, 94 lines and GFPVRN2 3, 5, 7, 8, 9 lines). The regenerated WT plant (RG-15) was used as a control. As seen in Fig.
4.6B-C, both total and endogenous MtVRN2 transcripts in the early flowering transgenic plants were
remarkably lower than those in normal flowering transgenic plants and the WT plant, indicating that
MtVRN2 gene was co-suppressed in the early flowering transgenic plants. The MtVRN2 gene was
universally overexpressed in the qRT-PCR tested normal flowering transgenic plants except for HAVRN2-75 whose MtVRN2 expression was slightly lower than the WT plant. No difference was found
in endogenous MtVRN2 expression level among the selected normal flowering transgenic plants.
Previous research in the Putterill Lab has found that Medicago FTa1 was a key Medicago flowering
regulator gene and its expression was elevated in Mtvrn2 mutants (Laurie et al. 2011; Jaudal et al.
2016). In this thesis, FTa1 transcript in the selected transgenic plants was analyzed by RT-qPCR. It
was found in Fig. 4.6D that the expression of FTa1 was elevated in the early flowering transgenic
plants which displayed down-regulated total and endogenous MtVRN2 expression levels.
The expression of FTa1 in the selected normal flowering transgenic plants was varied. As seen in Fig.
4.6D, GFP-VRN2-3, GFP-VRN2-5 and GFP-VRN2-8 lines showed slightly higher FT1a expression
than the WT plant, while the other HA-VRN2 and GFP-VRN2 normal flowering plants displayed
lower FTa1 expression level when compared with the WT plant. This was especially displayed in the
HA-VRN2-13 and GFP-VRN2-7 transgenic plant lines in which the expression level of FTa1 was
less than one tenth of that in WT plant. Perhaps the insertion of the transgenes in plant genome
disturbed other flowering or flowering regulation genes, thus leading to the various expression levels
of MtVRN2 and FTa1 genes.
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Fig. 4.6 Quantitative transcripts of the endogenous VRN2, total VRN2 and FTa1 in HA-VRN2 and
GFP-VRN2 transgenic plants by RT-qPCR. (A) The node numbers on the primary axis in transgenic plants
at the time of developing first floral bud were counted. These numbers that were labelled on the top of the bars
indicated the flowering time of transgenic plants. (B) The expression of endogenous MtVRN2 gene in the
selected plants was quantified by RT-qPCR using primers on the 5' UTR of the MtVRN2 gene. This region
was excluded from the MtVRN2 transgene. (C) Total MtVRN2 expression in the selected plants was quantified
by using primers simultaneously amplifying both the endogenous MtVRN2 gene and MtVRN2 transgene. (D)
The expression of Medicago FTa1 gene in the selected plants was quantified by using FTa1 specific primers.
The data represents as mean ±SD (standard deviation from three technical replicates).

4.3 Test of tagged MtVRN2 protein by Western blot
4.3.1 Rabbit anti-HA and anti-GFP polyclonal antibody
To test whether the tagged MtVRN2 protein could be detected by commercial anti-HA or anti-GFP
antibodies, Western blot analysis was performed. Leaves were harvested from transgenic plants
overexpressing HA-VRN2 and GFP-VRN2 proteins. Total plant proteins were extracted using the
TCA-acetone extraction method (2.8.2.1.2). Bradford assay was followed to measure the total
soluble protein concentrations. Taking account that MtVRN2 is a nuclear protein and to reduce the
influence of cytoplasmic proteins in the Western blot, total nuclei proteins were extracted
independently of the total protein extraction. The details of nuclei isolation and total nuclei protein
extraction are described in Chapter 2 (2.8.2.2).
After protein extraction, 40 µg of total soluble proteins (TSPs) and 20 μl of total nuclei proteins
(TNPs) were first separated on a 10% SDS-PAGE and then transferred onto a 0.2 µm nitrocellulose
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membrane. Rabbit anti-HA polyclonal antibody (Ab9110, Abcam) and Rabbit anti-GFP polyclonal
antibody (Ab290, Abcam) were used to recognize the HA and GFP tagged recombinant proteins,
respectively. The abundance of antibodies used for Western blot followed the Supplier’s instructions.
Goat anti-rabbit IgG (H+L) conjugated HRP antibody (1:5000 dilution) was used as the secondary
antibody. Finally, the chemiluminescence signals were detected by using a Fuji 4000 camera system
(2.8.5).
Fig. 4.7 showed HA-VRN2 fusion protein was detected by 4,000-fold diluted Rabbit anti-HA
polyclonal antibody. The molecular weight of the HA-VRN2 fusion protein was predicted to be 52.8
kD, while MtVRN2 protein itself is 49 kD. Five transgenic plant lines (13, 44, 45, 52 and 94) in
which four lines showed transcriptionally overexpressing HA-VRN2, but the line 52 was not checked
due to its poor extracted RNA quality. These lines together with a randomly selected Medicago WT
plant (R108) were checked by Western blot. TSPs from the five transgenic plants and WT plant,
along with TNPs from the 44 and 45 transgenic plants and WT plant, were analyzed by Western blot.
Among the HA-VRN2 TSP samples, only 44 gave a clear band with the expected size. The 13, 45
and 52 samples displayed faint bands at the expected size as shown in the red frame in Fig. 4.7. No
HA-VRN2 target band was observed in the 94 sample. As far as TNPs samples were concerned, no
HA-VRN2 proteins were detected in any of the samples. It was inferred that the HA-VRN2 protein
might have been lost during nuclei isolation or its abundance was too low to be detected by the
antibody. In addition to the target bands, a very strong band at the size between 37 kD and 50 kD
was observed in all the samples. This band was most likely to originate from the non-specific binding
of anti-HA polyclonal antibody with a cytoplasmic protein, because it was not only present in the
transgenic plant samples but also in the WT sample. In addition, this band was not observed in the
nuclei protein samples, indicating it was neither a HA-VRN2 fusion protein degradation product nor
a non-specific binding of the secondary antibody.
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Fig. 4.7 Detection of HA tagged MtVRN2 protein by Western blot. Total soluble proteins (TSPs) were
extracted from five transgenic plant lines (13, 44, 45, 52 and 94) and a WT plant (2.8.2.1.2). Total nuclear
proteins (TNPs) were extracted from the 44 and 45 transgenic plants and a WT plant. Around 40 µg of TSPs
and 20 µl of TNPs were first separated on a 10% SDS-PAGE and then Western blotting was performed using
4,000-fold diluted anti-HA polyclonal primary antibody and 5,000-fold diluted anti-Rabbit IgG-HRP
secondary antibody. Chemiluminescence signals were detected using a Fuji 4000 camera system. The HAVRN2 target bands with expected size (52.8 kD) were framed in red and indicated by a black arrow. A clear
band with expected size was seen in the 44 sample. Faint bands with expected size could be seen in the 13, 45
and 52 samples. The target band was neither seen in the 94 sample nor in the total nuclear protein samples. A
strong band at around 43 kD was seen in all the TSP samples. This band was assumed to be non-specific
binding of the anti-HA polyclonal antibody with a cytoplasmic protein as it was present both in the transgenic
plant samples and the WT sample.

Fig. 4.8 showed the detection of GFP-VRN2 fusion protein by the Rabbit anti-GFP polyclonal
antibody. Two GFP-VRN2 transgenic plants (8 and 9) and a WT plant were checked. TSPs and
TNPs were extracted from those plants and analyzed using the Western blot. The molecular weight
of GFP-VRN2 fusion protein is predicted to be 76.1 kD. As seen in Fig. 4.8, the GFP-VRN2 fusion
protein bands where the black arrow marked, were absent in both TSPs and TNPs samples. A band at
the size around 33 kD was observed in the TSPs samples of transgenic plants and the WT plant, but
not in the TNPs samples, suggesting this band might result from the non-specific binding of antiGFP polyclonal antibody with a cytoplasmic protein. It was unlikely to be a GFP-VRN2 fusion
protein degradation product because it was present in both transgenic plant samples and the WT
sample.
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Fig. 4.8 Detection of GFP tagged MtVRN2 protein by Western blot. Total soluble proteins (TSPs) were
extracted from two transgenic lines (8 and 9) and a WT plant (2.8.2.1.2). Total nuclear proteins (TNPs) were
extracted from these plants as well. Around 40 µg of TSPs and 20 µl of TNPs were first separated on a 10%
SDS-PAGE and then Western blotting was performed using 2,000-fold diluted anti-GFP polyclonal primary
antibody and 5,000-fold diluted anti-Rabbit IgG-HRP secondary antibody. Chemiluminescence signals were
detected using a Fuji 4000 camera system. The position (76.1kD) where the expected GFP-VRN2 protein
band is was marked with a black arrow. Unfortunately, no target bands were observed in all the transgenic
plant samples. A band at the size around 33 kD was seen in all the TSP samples. This band was assumed to be
non-specific binding of the anti-GFP polyclonal antibody with a cytoplasmic protein as it was present both in
the transgenic plant samples and the WT sample.

To check whether the protein extraction resulted in the loss of tagged proteins and thus the poor
detection by their antibodies, histone 3 protein, a common nuclear protein, was used as the positive
extraction control and detected by the Rabbit anti-H3 polyclonal antibody (ab1791, Abcam) using
the same protein samples in Fig. 4.7 and Fig. 4.8. In addition to the TSPs and TNPs samples, total
cytoplasmic proteins (TCPs) which were separated during the nuclei protein extraction from the HAVRN2 44 and 45 transgenic plants, were included to check the loss of nuclei proteins during nuclei
isolation. As seen in Fig. 4.9, histone 3 protein (17 kD) was seen in all the TSPs and TNPs samples.
The histone 3 protein band is very strong and no different among the samples, indicating that the
protein extraction was well performed. Therefore, it is unlikely that the poor detection of the tagged
proteins was caused by the protein extraction. In addition, histone 3 protein bands were observed in
the TCPs samples as well, but they were not as strong as those in the TNPs samples, suggesting that
little nuclei protein was lost during nuclear protein extraction.
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Fig. 4.9 Detection of histone 3 protein by Western blot. To check whether protein extraction cause the loss
of protein of interest, thus leading to the poor detection of HA-VRN2 and GFP-VRN2 proteins by their
antibodies, histone 3 was used as the positive extraction control and detected by the anit-H3 antibody in the
Western blot. The same protein samples (TSPs and TNPs) extracted from GFP-VRN2 8 (GFP-8), HA-VRN2
44 (HA-44) and 45 (HA-45) and WT plant (WT), as well as two total cytoplasmic protein samples from 44 (SHA-44) and 45 (S-HA-45) were separated on a 10% SDS-PAGE. Western blotting was performed using
3,000-fold diluted anti-H3 polyclonal primary antibody and 5,000-fold diluted anti-Rabbit IgG-HRP
secondary antibody. Chemiluminescence signals were detected using a Fuji 4000 camera system. The position
(17 kD) where the expected histone 3 protein band is was marked with a black arrow and the histone 3
proteins bands with expected size were framed in red.

Based on the above results and analysis, it was inferred that the abundance of the tagged proteins in
total proteins was very low, making it difficult to be detected by the antibodies. In addition, as seen
the blots shown in Fig. 4.7 and Fig. 4.8, both Rabbit anti-HA polyclonal antibody and Rabbit antiGFP polyclonal antibody were able to bind non-specific plant proteins, thus producing a non-specific
band stronger than the target band. Therefore, these two antibodies were not suitable for ChIP
experiment. To avoid the non-specific binding of antibody with non-relevant proteins, a mouse antiHA monoclonal antibody was then used in this research to replace the polyclonal antibodies.
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4.3.2 Mouse anti-HA monoclonal antibody (H9658, Sigma)
Western blot was performed using the same protein samples in Fig. 4.7 and mouse anti-HA
monoclonal antibody (H9658, Sigma) to detect HA tagged MtVRN2 proteins. As seen in Fig. 4.10,
strong bands with the expected HA-VRN2 size (52.8 kD) were seen in the 44 and 45 samples on the
blot. The same sized bands were seen in the 52 samples, but not as strong as those in the 44 and 45
samples. This 52.8 kD band was not seen in the WT sample, confirming the band were HA-VRN2
protein in origin. The bands at 52.8 kD were barely seen in the 44 and 45 TNPs samples, which
might be caused by the low abundance of proteins loaded on the gel as the concentration of TNPs
was much lower than that of TSPs. No other strong bands were shown on the blot, indicating that
mouse anti-HA monoclonal antibody was able to specifically recognize HA-VRN2 fusion protein.

Fig. 4.10 Detection of HA-VRN2 fusion proteins using the mouse anti-HA monoclonal antibody. The
same protein samples used in Fig. 4.7 were used (40 µg) and separated on a 10% SDS-PAGE. Western
blotting was performed using 2,000-fold diluted mouse anti-HA monoclonal primary antibody and 4,000-fold
diluted anti-mouse IgG-HRP secondary antibody. Chemiluminescence signals were detected using a Fuji 4000
camera system. HA-VRN2 protein bands with expected size (52.8 kD) were seen in all the TSPs samples
except for the WT plant. The 52.8 kD band in the 44 and 45 samples was stronger than that in the 52 sample.
The bands at 52.8 kD were barely seen in the TNPs samples. The bands with expected size were framed in red.
The position where the expected size is was marked with a black arrow.
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4.4 Optimization of the ChIP experiments
4.4.1 Preparation of 35S:HA-VRN2 transgenic plants
After confirming that the anti-HA monoclonal antibody was able to specifically recognize HA tagged
MtVRN2 protein, progenies of HA-VRN2 13, 44 and 45 transgenic plants were grown in LDs for
ChIP use. To test the HA-VRN2 protein abundance in these transgenic plants, total soluble proteins
were extracted from 14 day old Medicago leaf tissues for Western blot analysis. As seen in Fig.
4.11A, the abundance of HA-VRN2 protein in the transgenic individuals was variable, which was
assumed to be caused by the segregation of the 35S:HA-VRN2 transgene. To verify the assumption,
genotyping was performed to check the presence of the 35S:HA-VRN2 transgene in each plant.
From Fig. 4.11B, it was found that as expected, segregation occurred in the HA-VRN2-44 and HAVRN2-13 transgenic lines and the transgene was missing in some individuals. This could partially
explain the empty lanes shown in the 13 and 44 samples on the blot. In addition, it was found that the
abundance of HA-VRN2 protein was greatly affected by the transcript level of the HA-VRN2
transgene. Taking the HA-VRN2-13 transgenic line as an example, the HA-VRN2 protein band was
scarcely seen in the 13-1 and 13-3 samples even though these two transgenic plants contained
35S:HA-VRN2 transgene. When comparing the overall MtVNR2 expression level in transgenic line
13 with that in the 44 and 45 lines, it was found that the expression level of MtVRN2 in the 13 line
was only one third of that in 45 and 45 lines (Fig. 4.6C).
Considering that a large amount of plant tissue was required to perform ChIP, seeds from 45-4, 45-5
and 45-6 transgenic lines and WT plants (R108) in Fig. 4.11 were harvested and grown in LDs. The
14 day old transgenic plants and WT plants were grouped in order to generate three biological
replicates suitable for ChIP use (G1 to G9 as seen in Fig. 4.12). These groups were checked by
Western blot to ensure that HA-VRN2 protein was in a detectable level. It was seen in Fig. 4.12A
that the HA-VRN2 protein was detected in all the groups, but the protein abundance in each group
was variable. In contrast to the amount of total protein loaded on SDS-PAGE (Fig. 4.12B), it was
concluded that group 1 (G1), group 2 (G2), group 3 (G3) and group 5 (G5) had relatively high HAVRN2 protein levels.
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Fig. 4.11 Detection of HA-VRN2 proteins using mouse anti-HA monoclonal antibody and genotyping of
HA-VRN2 transgenic plants. (A) Seeds harvested from the HA-VRN2 13, 44 and 45 transgenic lines were
grown in LDs. The HA-VRN2 proteins extracted from newly-grown progeny plants were detected using
4,000-fold diluted anti-HA monoclonal antibody and 4,000-fold diluted anti-mouse IgG-HRP secondary
antibody. Chemiluminescence signals were detected using the Fuji 4000 camera system. The HA-VRN2
protein bands were framed in red. The abundance of HA-VRN2 protein was variable among the 13, 44 and 45
offsprings, which was assumed to be caused by the segregation of transgene. (B) Genotyping was performed
using two pairs of primers (35S-F2/HA-Rv and HA-Fw/VRN2-Ex8R) to check the 35S:HA-VRN2 transgene.
The genotyping showed that segregation occurred in the 13 and 44 transgenic lines.
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Fig. 4.12 Detection of HA-VRN2 proteins in the plant groups used for ChIP experiment. (A) Protein was
TCA-acetone extracted from Medicago leaves from the 9 groups. G1-G3 groups originate from the 45-6
transgenic line. G4-G6 groups come from the 45-4 transgenic line and G7-G9 groups from the 45-7 transgenic
line. Total soluble protein (15 μl) was separated on a 10% SDS-PAGE and then transferred to a nitrocellulose
membrane. Protein of interest was bound with 2,000-fold diluted anti-HA monoclonal antibody and then
bound to secondary antibody conjugated with HRP. Chemilluminescence signal was captured at 20 s exposure
by the Fuji LAS-4000 system. (B) The total protein concentration was determined by Bradford assay. The
amount of total soluble proteins loaded on the gel was calculated.

4.4.2 ChIP crosslinking and sonication optimization
ChIP procedures are summarized in Fig. 4.13. To achieve a successful ChIP experiment, three steps
were optimized in this thesis. They were plant material selection, crosslinking and sonication as
shown in Fig. 4.13. As described above, the transgenic plants used for ChIP experiment have been
grown and Western blot analysis has found out the groups (G1, G2 and G3) which came from the
same transgenic line (45-6) could be used for ChIP. To obtain suitable sized chromatin fragments
(500 bp-1000 bp) for ChIP-PCR, crosslinking and sonication conditions were optimized. Plant tissue
used for crosslinking and sonication optimization came from groups 7, 8 and 9 (G7, G8 and G9) (Fig.
4.12).
To prepare plant materials, Medicago leaves (1.5 g) were harvested and processed as described in
Chapter 2 (2.9.4.1). The processed leaf tissue was immersed into crosslinking solution containing 1%
formaldehyde and subjected to vacuum infiltration for 10 min or 20 min continuously. However, this
was not sufficient to infiltrate all the leaves. It was observed that 10 min vacuum followed another 10
min vacuum application could make all the leaves turn translucent. The slow release of pressure
helped leaf infiltration.
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After crosslinking and nuclei isolation (2.9.4.2), nuclei were lysed in lysis buffer and then chromatin
was sheared into fragments through sonication. In this project, a SANYO 150 sonicator and a micro
tip provided with the machine were used. Three sonication pulses at two power settings were trialed
in this experiment as seen in Table 4.2.
Table 4.2 Optimization of sonication pulse and power application.
Sonication pulse

Power setting

8 times of 10 seconds

10 times of 10 seconds

10 times of 15 seconds

(8 x10')

(10 x10')

(10 x15')

20% (4/20)

40% (8/20)

40% (8/20)

To try and keep each sonication process consistent, the depth of the sonication tip in each sample
tube was fixed by making a mark on the sonication tip. To avoid chromatin fragment degradation,
the tubes with samples were placed on the ice all the time during sonication and afterwards.
Unsonicated samples starting with the same amount of plant material and processed in the same way
as sonicated samples were included in the experiment as a control. After sonication, sample pre137

clearing, antibody incubation and IP steps were omitted in the sonication optimization experiment.
Crosslinking reversal and protease K treatment was immediately followed to release the DNA and
remove the proteins. RNase treatment (+RNase) was subsequently applied to remove RNA so that
accurate DNA fragment ranges could be observed. Non-RNase treatment (-RNase) sample was
included as a control. DNA was extracted from one fifth of each sample. In terms of the large DNA
(over 10 kb) in the unsonicated sample, a phenol-chloroform DNA extraction method was used to
extract large DNA fragments (2.9.4.4).
Fig. 4.14 showed the agarose gel photos on which sheared DNA fragments were separated. As seen
in Fig. 4.14A lane 1 and lane 2, a strong band appeared on the top of the gel in both +RNase and RNase unsonicated samples, indicating the DNA extraction process worked well. When the power
was set at 20% (4/20), pulse of 8x10' was not sufficient to shear all the chromatin into small pieces
because a smear and a band at the top of the gel were still seen in both +RNase and -RNase samples
(lane 5 and lane 6 in Figure 4.14A). At 40% power, pulse of 10x15' was able to shear the chromatin
into around 200-850 bp fragments (lane 3 and lane 4 in Fig. 4.14A), which was suitable for ChIPPCR use. RNA did not affect the observation of DNA fragment significantly in Fig. 4.14A as the
band smear shown in +RNase and -RNase samples had no big difference.
To test whether the sonication setting (8/20, 10x15') was repeatable, the same procedure was
repeated as shown in Fig. 4.14B. This repeat returned a DNA fragment range from 200 bp to 650 bp
(lane 4 and lane 6 in Fig. 4.14B), which were much more suitable for ChIP-seq but too short for
ChIP-PCR analysis. However, it was seen that RNase worked very well in this repeat experiment as
the strong band smears at the bottom of the gel in -RNase samples disappeared in +RNase samples
when comparing lane 1, 3 and 5 with lane 2, 4 and 6 in Fig. 4.14B.
To obtain suitable chromatin fragments for ChIP-PCR, one more trial was carried out with a
shortened pulse time. With the same power (40%, 8/20) and times (10 times), pulse time was
shortened from 15 s to 10 s for each sonication. Compared with 10x15', 10x10' pulse increased the
DNA fragment sizes to 300-1000 bp as seen in the lane 2 and lane 4 of Fig. 4.14C. RNase also
worked in Fig. 4.14C, removing RNAs from the DNA samples when comparing the samples with
and without RNase. For some unknown reason, DNA bands were not shown or only weakly shown
in the -RNase samples. At the end, 40% (8/20) power and 10x10' sonication pulse were chosen for
the ChIP experiments.
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Fig. 4.14 Sonication optimisation. (A)
Chromatin from 1.5 g of leaf material was
sonicated at two settings (4/20, 8x10' and 8/20,
10x15'). Unsonicated sample from the same
amount of leaf tissue was used as a control. After
DNA extraction, each sample was equally divided
into two parts. One part was treated with RNase
and another part was not. Lane 1: Unsonicated
sample without RNase treatment. A large band
was seen on the top. Lane 2: Unsonicated sample
with RNase treatment. A large band was seen on
the top. Lane 3: Sonicated sample (8/20, 10x10')
without RNase treatment. A 200-850 bp smear
was seen. Lane 4: Sonicated sample (8/20,
10x10') with RNase treatment, A 200-850 bp
smear was seen. Lane 5: Sonicated sample (4/20,
8x10') without RNase treatment. A 250 bp-10 kb
smear was seen. Lane 6: Sonicated sample (4/20,
8x10') with RNase treatment. A 250 bp-10 kb
smear was seen. (B) Chromatin from 1.5 g of leaf
material was sonicated at 8/20 power, 10 x15'
pulse. Lane 1: Unsonicated sample without
RNase treatment. A large band was seen on the
top. A small smear was seen at the bottom which
was assumed to be RNAs. Lane 2: Unsonicated
sample with RNase treatment. A large band was
seen on the top. No RNA was seen after RNase
treatment. Lane 3 and lane 5: Sonicated sample
(8/20, 10x15') without RNase treatment. A 150300 bp smear was seen. Lane 4 and lane 6:
Sonicated sample (8/20, 10x15') with RNase
treatment. The 150-300 bp smear in lane 3 and 5
disappeared after RNase treatment. A 200-650 bp
DNA smear was seen. (C) Chromatin from 1.5 g
of leaf material was sonicated at 8/20 power,
10x10' pulse. Lane 1 and lane 3: Sonicated
sample (8/20, 10x10') without RNase treatment. A
150-1000 bp smear was seen. Lane 2 and lane 4:
Sonicated sample (8/20, 10x10') with RNase
treatment. A 300-1000 bp smear was seen. RNAs
at small sizes were removed when compared with
lane 1 and lane 3. Lane 5: Sonicated sample
(8/20, 10x15') without RNase treatment. A 150650 bp smear was seen. Lane 6: Sonicated sample
(8/20, 10x15') with RNase treatment. A 200-650
bp smear was seen, in line with Fig. 4.14B. RNAs
at small sizes were removed when compared with
lane 5 and lane 6.
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4.5 Efforts to identify genes directly bound by MtVRN2
4.5.1 HA-tagged MtVRN2 ChIP experiments
ChIP-PCR experiment was performed using the HA-VRN2 transgenic plants (group 1 to 3 in Fig.
4.12) and WT plants. Mouse anti-HA monoclonal antibody (H9658, Sigma) and rabbit anti-histone
H3 antibody (ab1791, Abcam) were used in this experiment. The latter was used to bind histone 3
protein as an experimental positive control. Protein G beads (16-201, Millipore) and protein A beads
(16-157C, Millipore) were used to bind the anti-HA antibody and anti-H3 antibody, respectively. To
compare the DNA-protein complex immunoprecipitated by the antibodies, input sample, which
contained all chromatin was prepared. To eliminate the background caused by the non-specific
binding of the beads, a no antibody control was included in the experiment. The flow chart shown in
Fig. 4.15 displays the origins of IP samples, input samples and no antibody control samples. The
immunoprecipitation procedure is described in Chapter 2 (2.9.4.3). After immunoprecipitation, beads
were washed and DNA-protein complex was eluted from the beads. De-crosslinking and protease K
treatment were followed as described in 2.9.4.4. All DNA (100%) from IP samples and no antibody
control samples, as well as 20% of DNA from input samples was column extracted using PCR
purification kit (Qiagen), ending at 50 µl.

4.5.2 Investigation of putative MtVRN2-bound genes by ChIP-PCR
4.5.2.1 Primer efficiency test for qPCR
Our previous research (Jaudal et al, 2016) has revealed a large number of genes whose transcripts
were elevated in Mtvrn2 mutants. These genes include floral integrator genes, floral homeotic genes
and some other transcription factors. Based on previous research, the flowering integrator FTa1 and
a few candidate Medicago floral homeotic genes including AP1, AGL11 and SEP3b were focused on
in this project. Before performing qPCR, primers were designed along the genomic sequences of the
genes as seen in Fig. 4. 16. Their amplification efficiencies were tested using a series of 2-fold
diluted leaf cDNAs. This work identified four primer pairs in the AGL11 gene, four primer pairs in
the AP1 gene and five primer pairs in the SEP3b gene, all of which produced a single PCR product
and had efficiencies from 95% to 100%. These primers were used for qPCR. The five primer pairs on
the FTa1 gene were provided by the Putterill Lab, which have been used for ChIP-PCR in previous
studies (Jaudal et al. 2016). The primer nucleotide sequences are listed in Table. 2.7.
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Fig. 4.15 Flow chart from sample pre-clearing to immunoprecipitation in ChIP experiments. The
sonicated samples from transgenic plants and WT plants were centrifuged and the supernatant was pre-cleared
using protein A or protein G beads, depending on which antibody (anti-HA or anti-H3) was used in the
following step. The pre-cleared sample was then mixed with the antibody, incubated at 4ºC for 2 h with gentle
rotation. Afterwards, the antibody-protein-DNA complex was pulled out using protein A or protein G beads.
After incubation, the samples were centrifuged to separate the beads and the supernatant. After removing the
supernatant, the beads were washed and the DNA-protein complex was eluted from the beads as the IP
samples. To prepare the input and no antibody (NoAb) controls, the same amount of samples were processed
as the IP samples except no antibody was added in antibody incubation step. The input samples were taken
from the supernatant after IP step, while the final eluted fraction from the beads was used as the no antibody
(NoAb) control.
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Fig. 4.16 Schematic diagrams of Medicago AGL11, AP1, FTa1 and SEP3b genes. Exons (black boxes),
introns (thin black lines) and primers used (short blue lines) for ChIP-PCR amplifications. The gene identifiers
of the AGL11, AP1, FTa1 and SEP3b genes are Medtr3g005530, Medtr8g066260, Medtr7g084970 and
Medtr8g097090, respectively.

4.5.2.2 Analysis of putative MtVRN2 binding sites on the four selected genes by ChIP-PCR
Quantitative real time PCR was performed using the tested primers and ChIP-extracted DNA as
templates. A 10 µl reaction was set up including 5 µl of SYBR mix, 0.5 µl of 10 µM forward primer
and reverse primer, 2 µl of four-fold diluted ChIP DNA and 2 µl of water. The samples were loaded
in triplicate and three biological replicates were performed. The Medicago TUBULIN gene was used
to normalize the reactions.
The fold enrichment was calculated as described in Chapter 2 (2.9.4.5). When comparing the DNA
abundance immunoprecipitated by the anti-HA antibody, no difference was found between HAVRN2 transgenic plants and WT plants in the selected gene regions as seen in Fig. 4.17. Furthermore,
when comparing the Ct values of all selected gene regions between IP samples (27-29) and no
antibody control samples (29-30), no difference was seen. This applied to both HA-VRN2 transgenic
plants and WT plants. Therefore, no evidence was shown that the anti-HA antibody successfully
pulled down any DNA in the ChIP experiments. As a control, anti-H3 antibody was used in the ChIP
experiments. When comparing the DNA abundance immunoprecipitated by the anti-H3 antibody, no
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difference was seen between HA-VRN2 transgenic plants and WT plants as shown in Fig. 4.18. This
is in accordance with what might be expected because histone 3 protein is present in all chromatin.
However, a large difference was found in the Ct values between IP samples (22-26) and no antibody
control samples (>32 or undetermined), indicating that the anti-H3 antibody had successfully
immunoprecipated plant chromatin and that the ChIP processes had been performed correctly.
Therefore, it was inferred that the failure of DNA immunoprecipitation by the anti-HA antibody was
not caused by a technical fault in the experiments. According to the results, the genes selected
appeared not to be the direct targets of MtVRN2 protein.

Fig. 4.17 Investigation of the putative gene regions which might be bound by HA-VRN2 protein. Fold
enrichment was calculated relative to Medicago TUBULIN gene. NoAb control was used to normalize the IP
data. The data was presented by mean ± SE (n=3) with three biological replicates. No difference was found in
fold enrichment between transgenic plants and WT plants in all the selected gene regions. The variation
among the three biological replicates produced large standard error bars. (A) Four AGL11 gene regions were
checked and they respectively belong to the promoter, exon1, intron 1 and exon 6 to exon 7. (B) Five SEP3b
gene regions were checked and they are two SEP3b promoter regions, the exon 1, intron 1 and intron 2. (C)
Four AP1 gene regions were checked and they are the promoter, exon 1, intron 1 and exon 7 to exon 8. (D)
Five FTa1 gene regions were checked and they belong to two promoter regions, the exon 1, exon 2 and intron
3.
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Fig. 4.18 The qualification of DNA immunoprecipated by anti-H3 antibody. Fold enrichment was
calculated relative to Medicago TUBULIN gene. The data was presented by Mean ± SE with three biological
replicates. No difference was found in fold enrichment between transgenic plants and WT plants as histone 3
was widely expressed in both types of plants. The variation among the three biological replicates produced
high standard error bars. (A) Four AGL11 gene regions were checked and they respectively belong to the
promoter, exon1, intron 1 and exon 6 to exon 7. (B) Five SEP3b gene regions were checked and they are two
SEP3b promoter regions, the exon 1, intron 1 and intron 2. (C) Four AP1 gene regions were checked and they
are the promoter, exon 1, intron 1 and exon 7 to exon 8. (D) Five FTa1 gene regions were checked and they
belong to two promoter regions, the exon 1, exon 2 and intron 3.

4.6 Summary and discussion
4.6.1 Expression and detection of tagged MtVRN2 proteins
In the first section of this chapter, two constructs were made with 3xHA and GFP genes fused at the
N-terminus of MtVRN2 gene, respectively. The fusion HA-VRN2 and GFP-VRN2 genes driven by the
35S promoter were transformed into Medicago leaf tissues mediated by Agrobacterium (EHA105).
Next, the transformed plant leaf discs were regenerated into whole HA and GFP tagged MtVRN2
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transgenic plants under the selection of PPT. Initially, total 52 and 57 leaf discs were transformed
with HA-VRN2 and GFP-VRN2 constructs, respectively. Around 60% leaf discs in each construct
were lost during the regeneration process because of contamination or overgrowth of Agrobacterium.
The regenerated transgenic plants were subsequently screened by Basta spray in case of any escaped
regenerated plants.
The HA-VRN2 and GFP-VRN2 proteins were subsequently extracted from the transgenic plants and
detected using two polyclonal antibodies (Rabbit anti-HA polyclonal antibody and Rabbit anti-GFP
polyclonal antibody). It was found that these two polyclonal antibodies had non-specific binding.
The detection signal of HA-VRN2 protein by the anti-VRN2 polyclonal antibody was very weak and
no GFP-VRN2 proteins were detected by the anti-GFP polyclonal antibody. It is most likely that the
affinities of these two polyclonal antibodies to the non-relevant proteins they bound to were much
stronger than to the tagged proteins, thus leading to no signals or the weak signals. In addition, the
low abundance of the tagged proteins in total plant protein extracts might be the main reason causing
the poor signals. As seen in Fig. 4.7, the one (44) with the best HA-VRN2 expression level obviously
had a stronger target band than other samples with lower expression levels. Subsequently, an antiHA monoclonal antibody was tested by Western blot using the same HA-VRN2 samples as those
used for polyclonal antibody detection. The result confirmed that the monoclonal antibody (mouse
anti-HA monoclonal antibody) could specifically recognize the HA tagged MtVRN2 protein and
produced a stronger target band than the polyclonal anti-HA antibody. In line with previous results,
the signal intensity produced by the monoclonal anti-HA antibody was also closely related to HAVRN2 expression levels.
Another interesting result from the analysis of the transgenic plants was the apparent co-suppression
of the MtVRN2 gene in a few transgenic plants. This reduction in MtVRN2 transcript level correlated
with early flowering and elevated FTa1 expression. Thus the flowering and gene expression
phenotypes supported a role for MtVRN2 in repressing the transition to flowering and the FTa1 gene.
These results were included in a paper from the Putterill lab on which I was a co-author (Jaudal et al.
2016).
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4.6.2 Research on the genes potentially bound by the MtVRN2 protein through
ChIP-PCR
In the second part of this chapter, ChIP-PCR was performed to investigate potential Medicago genes
(AGL11, AP1, SEP3b and FTa1) directly bound by the MtVRN2 protein. Prior to performing ChIP
experiments, ChIP conditions were optimized including plant materials, crosslinking and sonication.
The HA-VRN2 transgenic plants were grown. They were grouped and divided into three biological
replicates in which the abundance of HA-VRN2 protein was detected by Western blotting using the
anti-HA monoclonal antibody. The three groups with the highest HA-VRN2 abundance were used
for ChIP experiments. For the optimization of crosslinking, the extracted DNA which has been
crosslinked with 0%, 1% and 3% formaldehyde was compared. However, no difference was found
between 1% and 3% formaldehyde (data not shown). Therefore, formaldehyde concentration of 1%
that was usually used in other studies was selected for crosslinking in the ChIP experiments. To
obtain the most suitable chromatin fragments for ChIP-PCR, sonication conditions including the
power setting, burst duration and burst times were optimized. At the end, the settings of 40% power
and 10 times 10 s bursts were applied to obtain a chromatin fragment range from 300-1000 bp. After
the ChIP experiments, qRT-PCR was followed using primers covering promoter regions, exons and
introns of the four genes. The primer efficiency was tested prior to qRT-PCR and only those primer
pairs with amplification efficiency from 0.95 to 1.0 were used. To monitor ChIP processes, anti-H3
antibody was used as a control in the ChIP experiments. It was found that anti-H3 IP samples had
much more abundant DNA than the no antibody controls, indicating that the ChIP experiments were
performed well. In contrast, the abundance of DNA in anti-HA IP samples was similar to that in no
antibody controls, suggesting that these genes were unlikely to be directly bound by the MtVRN2
protein.
To explain the results, a few hypotheses are put forward. First, these four genes are not directly
bound by the MtVRN2 protein. Their elevated expression levels in Mtvrn2 mutants, in the research
of Jaudal et al. (2016), might be caused by other factors, for example, the expression changes of their
regulators. Second, the genes might be directly bound by the MtVRN2 protein, but the binding sites
are not located on the gene regions covered by qRT-PCR primers. Third, the abundance of the HAVRN2 protein in total protein extracts is too low to be pulled down by the anti-HA monoclonal
antibody. This is suggested by using HA-tagged SVP protein (SVP-HA) as the control in Western
blot. The SVP-HA protein is a kiwifruit SVP protein with 6xHA fused at its C-terminus and was
kindly provided by Varkonyi-Gasic Lab at Plant and Food Research (Mt Albert, Auckland). As seen
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in Fig. 4.19, when the same amount of total proteins (20 µg) were separated on a SDS-PAGE and
signals detected using NBT/BCIP substrate solution (Cat. 34024, Thermal Fisher Scientific), the
signals from SVP-HA proteins were much stronger than that from HA-VRN2 proteins. It is likely
that the six HA repeats fused on the SVP protein increase the signals as only three HA repeats were
fused on the MtVRN2 protein in my project. In addition, it indicated that the abundance of HAVRN2 protein in total proteins was very low.

Fig. 4.19 Comparison of SVP-HA detection and HA-VRN2 detection by Western blot. Total 20 µg of
total soluble proteins were separated on a 4-15% premade acrylamide gel (Bio Rad) and then transferred to a
PVDF membrane. The membrane was blocked with TBST+5% non-fat milk and then incubated with 1:2000
anti-HA monoclonal antibody (H9658, Sigma). After washing, 1:2000 anti-mouse IgG secondary antibody
(A3562, Sigma) was used and signals were detected with 1x NBT/BCIP substrate solution at RT for a few
minutes. The left side of the ladder showed the SVP-HA protein bands. They are clear and strong. In contrast,
the bands of HA-VRN2 protein samples (framed in red and indicated by a black arrow) on the right side of the
ladder were very weak and barely seen in the sample of 44 and 52. No bands were shown in the WT control
(RG).

In addition to the reasons mentioned above, some other factors might affect the ChIP experiments
such as the age of the plant tissues. It was found that leaves picked from different ages of plants
greatly affected the crosslinking efficiency and final DNA yield. The younger the leaves were, the
easier the crosslinking was performed and the more DNA was extracted. The leaves used in this
project were picked from 43 day-old plants, while the leaves used for ChIP optimization were
younger (28-32 day-old LD plants and 30 day-old VLD plants). Furthermore, it was also observed
that the sonicated DNA fragment range in each test varied. It may be that the DNA fragment ranges
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obtained in the real ChIP experiment were not suitable for ChIP-PCR. The short DNA fragments
would lead to the difficulty in protein binding site detection.
To successfully perform a ChIP for the investigation of the genes directly bound by MtVRN2, the
plant tissues should be further optimized. For example, growing more transgenic plants with high
HA-VRN2 expression to increase the abundance of HA-VRN2 protein and using younger plant
leaves like 14 day-old or 18 day-old plants to increase the DNA yield. In addition, a DNA shearing
machine from Covaris can be used to obtain suitable and reproducible DNA fragments, which will
help to achieve a good result because suitable DNA fragments will facilate antibody binding and also
PCR amplification. Furthermore, in order to find out more genes which might be directly bound by
MtVRN2, ChIP-seq could be carried out instead of ChIP-PCR.
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Chapter 5. Identification of the MtEMF2 gene and analysis of
its expression in Medicago
5.1 Introduction
AtEMF2 is one of the three Su(z)12 homologues in Arabidopsis and is a member of the EMF2-PRC2
complex (Birve et al. 2001). Mutations in the AtEMF2 gene in Arabidopsis resulted in early
flowering by bypassing the vegetative stage, indicating the important role of EMF2 in maintaining
vegetative development (Yang et al. 1995; Chen et al. 1997). Consistent with this, genes required for
floral meristem identity and floral organ identity like AP1 and AG showed increased expression in
Atemf2 mutants (Yang et al. 1995; Chen et al. 1997; Yoshida et al. 2001; Moon et al. 2003b). The
expression of the floral integrator gene FT was also elevated in Atemf2 mutants, indicating that
EMF2 also delays the transition to flowering (Moon et al. 2003b).
The research on the evolution of VEFS-domain-containing PcG proteins indicated that EMF2
homologues are widely found among land plants (Chen et al. 2009). In addition, Chen et al. also
suggested that the EMF2 gene is the ancestor of VRN2 and FIS2 and may be the prototype of the
VEFS family in Arabidopsis, which might also apply to other angiosperms. So far, AtEMF2
homologues have been characterized in rice, broccoli and bamboo. These studies revealed that the
AtEMF2-like proteins also regulate flowering (Xu et al. 2010; Liu et al. 2012; Xie et al. 2014). For
instance, mutation of rice EMF2 (OsEMF2b) caused late flowering whereas the overexpression of
OsEMF2b resulted in early flowering (Xie et al. 2014). Broccoli EMF2 (BroEMF2.1) could partially
rescue Atemf2 mutant phenotypes (Liu et al. 2012). The introduction of antisense bamboo EMF2
(DlEMF2) into WT Arabidopsis caused the reduction of AtEMF2 transcript and led to early
flowering (Xu et al. 2010). ESTs of EMF2-like genes in legumes including pea, Medicago, soybean
and Lotus were mentioned (Hecht et al. 2005). However, the functions of these EMF2-like genes
were not identified and are unclear in legumes.
In this Chapter, Medicago EMF2-like proteins were first searched for by BLASTP using AtEMF2
protein in the Medicago genome database and NCBI. Three predicted proteins were identified with
homology to AtEMF2. Multiple MtEMF2 cDNA sequences were experimentally identified by the
author of this thesis through RT-PCR amplification and sequencing. The sequenced MtEMF2 cDNAs
were then translated into predicted proteins which were further analysed for homology to AtEMF2
and some other legume EMF2-like proteins. At the end of this chapter, the gene expression pattern of
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MtEMF2 was analysed through in silico and RT-qPCR profiling. The functions of the MtEMF2
genes were explored in the next chapter.

5.2 Identification of MtEMF2-like genes
5.2.1 BLAST search and alignment analysis
To identify AtEMF2 homologues in Medicago, protein BLAST search (BLASTP) was performed
using full length AtEMF2 (AT5G51230) protein sequence against the non-redundant protein
sequences database (NCBI) with the organism limited to Medicago truncatula (taxid: 3880). The
BLASTP showed up four hits with e-value cut-off at 3e-09. The hit with the highest score was
MtVRN2 (accession number: ALM55021.1), followed by three MtEMF2-like proteins with the
accession numbers of XP_003591652.2, XP_003591651.2 and XP_003591650.1. The same
BLASTP result was obtained in the Medicago genome database (JCVI, v4.0). Another BLASTP
search was followed using the four protein sequences against non-redundant protein sequences
database (NCBI) with the organism limited to Arabidopsis thaliana (taxid: 3702). As a result,
AtVRN2 was returned to be the top hit for ALM55021.1 (MtVRN2), while AtEMF2 was the top hit
for the three MtEMF2-like proteins whose locus IDs are adjacent: Medtr1g090220 (predicted 177 aa
protein), Medtr1g090230 (predicted 196 aa protein) and Medtr1g090240 (predicted 692 aa protein).
In order to distinguish them, they were named as follows: MtEMF2a (Medtr1g090220), MtEMF2b
(Medtr1g090230) and MtEMF2c (Medtr1g090240) in this thesis.
Chen et al. (2009) described AtEMF2 as a 631 amino acid protein containing an N-terminal (N-ter)
domain, an E5-E10 domain, a C2H2 zinc finger domain, an E15-E17 domain and a VEFS (Cterminal) domain as shown in Fig. 5.1A. Compared with AtEMF2, AtVRN2 (445 aa) and MtVRN2
(428 aa) proteins have an abbreviated N-ter domain and a divergent E15-E17 domain. They lack the
E5-E10 domain, but share the conserved C2H2 and VEFS domains with AtEMF2 (Chen et al. 2009;
Jaudal et al. 2016). To investigate the homology of MtEMF2a, MtEMF2b and MtEMF2c to AtEMF2
and AtEMF2 domains, a multiple protein sequence alignment was performed. According to the
sequence alignment (Fig. 5.1B and Table 5.1), MtEMF2a and MtEMF2b displayed very low
homology to the overall AtEMF2 amino acid sequence (7.7% and 11.9%, respectively), but they
exhibited relatively high homology to the AtEMF2 N-terminal region (33.3%) and E5-E10 region
(25.1%), respectively. The sequence alignment shown in Fig. 5.1B suggested that MtEMF2a and
MtEMF2b were most likely to be partial EMF2-like proteins as they lacked most AtEMF2 domains
especially the C2H2 and VEFS functional domains that are widely present in Su(z)12 homologues
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(Chen et al. 2009). In contrast to MtEMF2a and MtEMF2b, MtEMF2c showed 21.9% identity with
AtEMF2 in overall protein sequence, which was still lower than the 35.7% identity of MtVRN2 with
AtEMF2. It contained all the AtEMF2 domains except for the N-terminal domain. Furthermore, it
displayed high homology to C2H2 and VEFS domains, 57.2% and 49.6% in pair-wise identity.
Therefore, MtEMF2c was selected as the most promising MtEMF2 candidate among the three
EMF2-like proteins in Medicago.
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Fig. 5.1 AtEMF2 domain organization and the alignment of AtEMF2 with Medicago EMF2-like
proteins. (A) AtEMF2 protein contains five regions: N-terminal, E5-E10, C2H2, E17-E19 and VEFS. In these
five regions, C2H2 and VEFS are well conserved among Su(z)12 homologues, while the other three regions
are relatively divergent (Chen et al. 2009). (B) Protein sequences of AtEMF2, MtEMF2a, MtEMF2b and
MtEMF2c were aligned using Global alignment with free end gaps program in Geneious (9.1.5). MtEMF2a
and MtEMF2b only showed homology to the AtEMF2 N-terminal and E5-E10 domains, respectively.
MtEMF2c did not have the N-terminal domain but contained all other AtEMF2 domains. It shared the most
amino acids in C2H2 and VEFS domains with AtEMF2. In this figure, the AtEMF2 domains were marked
with lines in different colours. The black and grey colours shown in the alignment indicate similarities among
aligned amino acid sequences. Amino acids shaded in black have higher similarities than in grey. They are
either identical or have similar biochemical properties, suggesting their structural or functional importance.
The amino acids shaded in black are usually well conserved, while those shaded in grey are less conserved.
However, when a fragment (for example the C-terminal end of MtEMF2c) that is present at the N-terminus or
C-terminus of a sequence does not have any other sequences to be compared with, the fragment will be shaded
in black automatically by the Geneious alignment program. This black shade is not considered to be conserved.
This applies to all the alignments in this thesis.

Table 5.1 Amino acid pair-wise identity between MtEMF2a, MtEMF2b, MtEMF2c, AtEMF2 and
AtEMF2 domains.
Pair-wise identity (%)

MtEMF2a

MtEMF2b

MtEMF2c

(Medtr1g090220)

(Medtr1g090230)

(Medtr1g090240)

AtEMF2

7.7

11.9

21.9

AtEMF2 _ N-terminal

33.3

2.1

13.6

AtEMF2_ E5-E10

0.5

25.1

9.3

AtEMF2_C2H2 Zinc finger

2.6

0

57.7

AtEMF2_E15-E17

2.4

0

9.1

AtEMF2_ VEFS

12.5

11.8

49.6

MtEMF2a (Medtr1g090220)

-

12.1

3.7

MtEMF2b (Medtr1g090230)

12.1

-

7.3

MtEMF2c (Medtr1g090240)

3.7

7.3

-

Note: Multiple protein sequence alignment was performed using MUSCLE alignment program in Geneious
(v9.1.5). Four groups of protein sequences were aligned. One group contained MtEMF2, MtEMF2b and
MtEMF2c protein sequences. The other three groups included full length AtEMF2, five AtEMF2 protein
domain fragments and either MtEMF2a, MtEMF2b or MtEMF2c, respectively.
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5.2.2 The identification of MtEMF2c (Medtr1g090240) coding sequence
5.2.2.1 MtEMF2c cDNA PCR amplification
According to the JCVI Mt4.0v1 annotation, the MtEMF2c coding sequence is 2079 bp long and
contains 17 exons. To amplify the MtEMF2c cDNA sequence, primers (Table 2.7) were designed
along the exons as shown in Fig. 5.2A. The PCR template was cDNA that had been synthesised from
cotyledons, apices, leaves and flowers of the R108 Medicago accession in the Putterill lab (2.7.2).
Initially, attempt was made to amplify the predicted full length MtEMF2c coding sequence using the
EMF2-Ex1F1 forward primer (including the annotated ATG translation start codon) and EMF2Ex20R1 reverse primer (including the annotated TAG translation stop codon). The PCR products
were separated by agarose gel electrophoresis and weak bands with different sizes were seen (Fig.
5.2B). A similar result (Fig. 5.2C) was obtained when using the EMF2-Ex1F1 forward primer and
EMF2-Ex20R reverse primer (a primer that had been verified as efficient in amplifying MtEMF2c
genomic DNA), suggesting that the poor PCR amplification might result from the forward primer or
the cDNA itself. To clarify this, other primers that nested within the cDNA sequence and efficiently
and specifically amplified MtEMF2c genomic DNA (data not shown), were used to amplify the
MtEMF2c cDNA using the same templates and PCR program (Touchdown PCR).
It was seen from Fig. 5.2D-J that none of the primer combinations that included the forward primers
on exon 1 (EMF2-Ex1F(4.1) and EMF2-Ex1F) were able to amplify the EMF2c cDNA efficiently. In
contrast, the MtEMF2c cDNA fragments were well amplified when using primer combinations
containing the same reverse primers (EMF2-Ex11R and EMF2-Ex20R) but different forward primers
on other exons (EMF2-Ex2F1, EMF2-Ex3F and EMF2-Ex11F), implying that the predicted
MtEMF2c exon 1 may not be the component of MtEMF2c cDNA. The weak PCR bands amplified
by the exon 1 primers might originate from a MtEMF2c pre-mRNA or a very low abundant
processed transcript.
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Fig. 5.2 PCR primers used to amply MtEMF2c cDNA and PCR products separated on agarose gels. (A)
Primers were designed along the annotated MtEMF2c exons. They were used for PCR amplification,
sequencing and phenotyping. 1F1: MtEMF2-Ex1F1 forward primer including ATG translation start codon on
the exon1. 1F(4.1): MtEMF2-Ex1F(4.1) forward primer located in the middle of EMF2c exon 1. 1F:
MtEMF2-Ex1F forward primer located at the end of MtEMF2c exon 1. 2F1: MtEMF2-Ex2F1 forward primer
located in the middle of MtEMF2c exon 2. 3F: MtEMF2-Ex3F forward primer located at the beginning of
MtEMF2c exon 3. 3R1: MtEMF2-Ex3R1 reverse primer located on the exon 3. 19R1: MtEMF-Ex19R1
reverse primer located on the exon 19. 20R: MtEMF2-Ex20R reverse primer located on the MtEMF2c exon
17. 20R1: MtEMF2-Ex20R1 reverse primer including TAG stop codon on the exon 17. (B) The annotated full
length MtEMF2c cDNA was amplified using Touch down PCR program and 1F1/20R1 primers. The cDNA
templates came from cotyledons (C), apices (A), leaves (L) and flowers (F). The bands shown on the gel were
very weak and varied in size. The expected band size is 2079 bp. (C) To exclude the inefficient primer
binding, touch down PCR was performed again using 1F1/20R primers and the same cDNA templates. The
PCR amplification was still poor. The expected band size is 2055 bp. (D) (E) (F) The MtEMF2c cDNA
fragments were amplified using the nested primers: 1F(4.1), 3R1, 11R and 20R. All these primers were shown
specific and efficient in amplifying the MtEMF2c genomic DNA. The expected bands are 2018 bp
(1F(4.1)/20R), 400 bp (1F(4.1)/3R1) and 1404 bp (1F(4.1)/11R). As seen, the bands shown on the gel were
faint and not always as expected. (G) (H) The other two nested forward primers 3F and 11F were used,
combined with 20R reverse primer to amplify the same cDNA templates. As seen on the gel, strong bands
with expected sizes were obtained. 3F/20R: 1638 bp. 11F/20R: 710 bp. Therefore, the possibility was
excluded that the poor cDNA quality caused the failure of PCR amplification by 1F(4.1) primer combinations.
(I) The nested forward primer 1F on the exon1 was trialled and combined with 3R1, 19R1 and 20R reverse
primers. PCR reactions using 3F forward primer with the same reverse primers were used as controls. Only
leaf cDNA was used as the PCR template. The expected sizes were shown on the gel. From the gel, it was
seen that MtEMF2c cDNA fragments were well amplified when using the 3F primer combinations, but this
did not happen to the 1F primer combinations, suggesting that the sequence of the MtEMF2c exon1 might not
be the same as annotated. (J) Since all the forward primers on the exon1 was unable to amplify the MtEMF2c
cDNA effectively, another nested forward primer on the exon 2 (2F1) was trialled to amplify the MtEMF2c
cDNA fragments with 11R and 20R reverse primers. 11F/20R were used as the template control. As shown on
the gel, the strong expected PCR bands were obtained when using the 2F1 primer pairs.
(B-I): Touch down PCR program with Phire polymerase was used in these PCR reactions (2.5.1.4); (J)
Normal Phire PCR program with Phire polymerase was used in this PCR amplification (2.5.1.3).

Based on the PCR results, the longest well-amplified MtEMF2c cDNA fragment, referred to as
MtEMF2c_2F1/20R, was amplified by the MtEMF2-2F1 and MtEMF-Ex20R primers (Fig. 5.2J).
The MtEMF2c_2F1/20R PCR product was subsequently purified and sequenced for nucleotide
identification. To avoid PCR errors, two MtEMF2c_2F1/20R fragments from independent PCR
reactions were sequenced. Afterwards, the sequenced cDNA fragment was aligned with the
annotated EMF2c cDNA as shown in Fig. 5.3. It was observed from the alignment that a seven
nucleotide insertion and ten nucleotide deletion occurred in the sequenced MtEFM2c_2F1/20R
fragment, which corresponded to the annotated MtEMF2c exon 2 and exon 3, respectively. In
addition, several amino acid changes were found across the sequence, which was assumed to be
caused by the difference between Medicago ecotypes, as the annotated MtEMF2c cDNA came from
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Jemalong A17 while the ones sequenced in this research came from Medicago R108. According to
the sequenced cDNA fragments, the translation start codon was predicted to be located on the
EMF2c exon 4 (marked with the red arrow in Fig. 5.3). This produced the longest open reading
frame (ORF), encoding a predicted 516 aa protein. The protein encoded by the MtEMF2c_2F1/20R
cDNA fragment was referred to MtEMF2c_L (L indicated the cDNA derived from leaf tissue).
However, it should be noted that the MtEMF2-Ex2F1 primer used for the PCR amplifications was
located in the middle of the exon 2. The sequenced MtEMF2c_2F1/20R cDNA fragment only
covered part of the exon 2 sequence. There were still sixty nucleotides upstream of the MtEMF2Ex2F1 primer in the annotated exon 2. These sixty nucleotides might also be in MtEMF2c transcripts
and include an in-frame translation start codon, thus producing a predicted MtEMF2c protein longer
than the MtEMF2c_L.

Fig. 5.3 Nucleotide sequence alignment between the predicted MtEMF2c cDNA and the sequenced
MtEMF2c cDNA fragment (MtEMF2c_2F1/20R). The nucleotide insertion and deletion shown in the
MtEMF2c_2F1/20R sequence were framed in blue. The predicted ATG translation start codon was marked
with the red arrow. The amino acid sequences translated from the cDNA sequences were shown under the
nucleotide sequences. The horizontal green bars and grey bars represent the consensus sequence and the
annotated MtEMF2c exons, respectively. The gaps in the green bars represent the nucleotide changes between
the two aligned sequences.
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In other work carried out in parallel, further analyse was performed with regard to the weak EMF2c
PCR bands originally obtained using MtEMF2-Ex1F1 and MtEMF2-Ex20R1 primers and the cDNA
templates from cotyledons, leaves and flowers. Two consecutive PCRs were carried out. Briefly, the
MtEMF2c cDNA was PCR amplified using MtEMF2-Ex1F1 and MtEMF2-Ex20R1 primers and the
cDNA templates from cotyledons, leaves and flowers. A touch down PCR program was performed in
which Phire polymerase was used (2.5.1.4). The amplified cDNA from each PCR reaction was
divided into two. One aliquot was checked on an agarose gel (Fig. 5.4A) and the other was used as
the second PCR template. In the second PCR, the same primers were used and the normal Phire
PCR program was carried out (2.5.1.3). To account for PCR errors, four independent reactions were
set up using the same template. Afterwards, the PCR products from the second PCR were checked by
agarose electrophoresis as shown in Fig. 5.4B. It was seen that the amplified cDNA fragments varied
in size. This further verified the inference that the MtEMF2c exon 1 might come from the immature
MtEMF2c mRNA, thus leading to the amplification of multiple patterns of pre-mRNA. After the
second PCR, the PCR products from the same template were combined and then sent to Macrogen
(Korea) for purification and sequencing.

Fig. 5.4 The consecutive PCR amplification of MtEMF2c cDNA using MtEMF2-Ex1F1 and MtEMF2Ex20R1 primers. (A) The predicted full length MtEMF2c cDNA was first amplified using MtEMF2Ex1F1/MtEMF2-Ex20R1primers. The PCR reaction was triplicated for each template (C1/C2/C3: Cotyledon;
A1/A2/A3: Apex; L1/L2/L3: Leaf; F1/F2/F3: Flower). The PCR bands were weak and varied in size as seen
in the orange frame. (B) The second PCR was performed using the first PCR product as the template and the
same primers. Four independent PCR reactions were set up using the same template. The amplified cDNA
fragments were separated and observed to be different in size in spite of the same template. The PCR products
from the same template were combined, purified and sequenced in Macrogen (Korea).
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5.2.2.2 Sequencing analysis of the RT-PCR amplified MtEMF2c cDNA fragments
The amplified MtEMF2c cDNA fragments by MtEMF-Ex1F1 and MtEMF2-Ex20R1 primers from
C2, C3, A1, L2, L3 and F2 (Fig. 5.4B) were sequenced using multiple primers. The nucleotide
sequence alignment of the sequenced cDNA fragments with the annotated cDNA uncovered a
divergent region from the exon 1 to the exon 4 as shown in Fig. 5.5. The remaining region from the
exon 4 to the exon 17 was consistent among the sequenced cDNA fragments and the annotated
cDNA except for some nucleotide changes in the sequenced cDNA fragments. The changes were
believed to originate from the genome sequence difference between Jemalong A17 and Medicago
R108 rather than PCR or sequencing errors as the nucleotide changes were the same within the five
sequenced cDNA fragments. Interestingly, none of sequenced cDNA fragments corresponded to the
annotated MtEMF2c cDNA in the database.
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Fig. 5.5 Alignment of the annotated MtEMF2c cDNA with the sequenced MtEMF2c cDNA fragments.
Multiple alignment was performed using MUSCLE program in the Geneious (9.1.5). The green bars on the
top represent the consensus sequence. The bars shown in other colours on the top represent less or no
consensus sequences. The black horizontal bars represent the regions with different splicing forms. The
horizontal lines represent the nil nucleotide. The grey and pink bars represent predicted exons and introns,
respectively. The vertical lines as cropped by the blue frame represent the nucleotide changes between the
annotated EMF2c cDNA and the sequenced cDNAs. Compared with the annotated MtEMF2c cDNA, the
MtEMF2c_F2 cDNA contained the intron 1, intron 2 and intron3. The MtEMF2c_L3 cDNA contained the
intron 1. The MtEMF2c_C3/L2 contained the intron 1 and intron 2. The MtEMF2c_A1 lacked most part of
the exon 1 (247 lost out of 290 nucleotide acids) and all exon 2. The MtEMF2c_C2 missed the end of the exon
1 (28 out of 290 nucleotide acids). In addition, the exon 2 shown in the five sequenced cDNA fragments had a
23bp nucleotide insertion at the 3’ end of the predicted exon 2 and a 10bp nucleotide deletion at the 3’ end of
the predicted exon 3, in line with the previous sequencing result in Fig. 5.3.

To position the translation start codon of each sequenced cDNA fragment and to translate the cDNA
fragments into the EMF2-like proteins, the longest ORFs were searched through Geneious (9.1.5)
program as shown in Fig. 5.6. According to the ORFs, the five cDNA fragments were translated into
five EMF2-like proteins with the translation initiated from the exon 4 (MtEMF2c_F2), exon 2
(MtEMF2c_L3), intron 2 (MtEMF2c_C3/L2) and exon 1 (MtEMF2c_A1 and MtEMF2c_C2). As
these cDNA fragments were most likely to be pre-mRNA in origin, the proteins encoded by them
might not be the real MtEMF2 proteins. Therefore, it was necessary to try and distinguish the real
MtEMF2 proteins from the five EMF2-like protein candidates. The proteins whose translation start
site fell on exon 1 and intron 2 were first excluded because the exon 1 was unlikely to be the
translation start site, which has been indicated by the PCR results, and the sequencing of
MtEMF2c_2F1/20R has confirmed that the intron 2 was absent in the mature mRNA. Thereupon, the
proteins encoded by the MtEMF2c_C3/L2, MtEMF2c_A1 and MtEMF2c_C2 cDNA fragments were
excluded. Subsequently, the proteins encoded by the EMF2c_L3 and EMF2c_F2 were compared.
When the entire exon 2 was present and the intron 2 and intron 3 were spliced out of the mature
mRNA, it was reasonably believed that the protein, referred as MtEMF2c_L3 (580 aa) with the
translation start codon on the exon 2, was likely to be one of the real MtEMF2 proteins. However, it
was noted that the MtEMF2c exon 2 might be spliced during pre-mRNA processing according to
sequences of MtEMF2c_A1 and MtEMF2c_C2, thus producing a transcript without the exon 2.
Given the exon 2 has been successfully PCR amplified from cDNA in previous results, it was
assumed that at least two MtEMF2 transcripts were present. One contained the exon 2 and encoded a
580 aa protein (MtEMF2c_L3) (Fig. 5.6). Another that was predicted not to have the exon 2
encoded a 516 aa protein with the translation start codon on the exon 4. Becuase the 516 aa protein
was the same as the one predicted using the MtEMF2c-2F1/20R cDNA fragment, it still followed the
name of MtEMF2c_L.
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Fig. 5.6 The longest ORF of each sequenced cDNA fragment. The ORFs were searched through Geneious
program (9.1.5). The horizontal blue bars represent the longest ORFs in which the exons from 5-17 were not
listed. The length of the coding sequences and the proteins encoded by the coding sequences were labelled on
the blue bars. The predicted translation start codon was written in red at 5' end of each ORF. The conceptual
MtEMF2c cDNA was 2079 bp long and produced a predicted 692 aa protein. The predicted ORFs of
MtEMF2c_F2, MtEMF2c_L3, MtEMF2c_C3/L2, MtEMF2c_A1 and MtEMF2_C2 were 1551 bp, 1743 bp,
1731 bp, 1710 bp and 1929 bp long, encoding the MtEMF2c proteins with sizes of 516 aa, 580 aa, 576 aa, 569
aa and 642 aa, respectively.

Based on the above analysis, it was likely that two MtEMF2c protein variants (MtEMF2c_L3 and
MtEMF2c_L), originating from differential MtEMF2c mRNA splicing, existed in Medicago. Protein
BLAST using MtEMF2c_L and MtEMF2c_L3 as inquiry both returned AtEMF2 as the top hit. The
protein alignment of MtEMF2c_L and MtEMF2c_L3 with AtEMF2 showed that they shared 31.9%
and 31.1% identical amino acids with AtEMF2 in overall protein sequence, respectively. In addition,
the protein alignment uncovered that neither MtEMF2c_L nor MtEMF2c_L3 contained N-terminal
domain. Both of them shared a divergent E15-E17 domain and the conserved C2H2 and VEFS
domains with AtEMF2. MtEMF2c_L lacked the E5-E10 domain completely, while MtEMF2c_L3
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still contained partial E5-E10 domain corresponding to E8-E10 region of AtEMF2. Details are
discussed below in the homology analysis.
5.2.2.3 MtEMF2a (Medtr1g090220) and MtEMF2b (Medtr1g090230) genes
MtEMF2a (Medtr1g090220) and MtEMF2b (Medtr1g090230) are the other two EMF-like proteins
identified through BLASTP searches. MtEMF2a annotated on JCVI (v4.1) has five exons with the
translation start codon on the exon 2. MtEMF2b annotated on JCVI (v4.1) contains six exons with
the start codon on the exon 1. MtEMF2a, MtEMF2b and MtEMF2c are adjacent to each other on
chromosome 1 as shown in Fig. 5.7A. Protein sequence alignments shown in Fig. 5.1B indicated that
MtEMF2a and MtEMF2b were partial EMF2-like proteins, corresponding to the AtEMF2 N-ter
region and E5-E10 region, respectively. In addition, it was observed that the two predicted MtEMF2c
proteins (MtEMF2c_L and MtEMF2c_L3) lacked the N-ter region and the E5-E10 region when
aligning with AtEMF2. Therefore, it was inferred that MtEMF2a, MtEMF2b and MtEMF2c might
encode one large MtEMF2 protein.
To test this, cDNA from cotyledons, leaves and flowers were first PCR amplified using the forward
primer (1g090220-Ex3F) on the MtEMF2a exon 3 and reverse primers (MtEMF2-Ex3R1 or
MtEMF2-R1) on the MtEMF2c exon 3 and exon 4. The PCR products were separated by gel
electrophoresis as seen in Fig. 5.7C. The PCR bands shown on the left and right side of the ladder
had the same separation pattern but were different in size. This difference was in line with the
nucleotide gap between the MtEMF2-Ex3R1 and MtEMF2-R1 primers, indicating that the bands
shown on the gel were MtEMF2a and MtEMF2c in origin. To verify this, the bands framed in Fig.
5.7C were gel purified and sequenced. The sequenced PCR fragments contained two exons of
MtEMF2a (exon 3 and exon 4) and four exons of MtEMF2b (exon 1, exon 2, exon 3 and exon 4),
followed by the MtEMF2c exon 3. This result implied that the cDNAs of MtEMF2a, MtEMF2b and
MtEMF2c were consecutive. To further confirm this, another PCR was carried out using the forward
primer (1g090220-UP-F) on the 5' UTR of MtEMF2a and reverse primer (MtEMF2c-Ex20R1
containing translation stop codon) on the MtEMF2c exon 17. A clear PCR band with expected size
was seen in Fig. 5.7D.
To identify the full length coding sequence of the predicted large MtEMF2 protein, Gateway cloning
primers (GW-MtEMF2-F/R) were used to amplify the predicted full length large MtEMF2 cDNA
(translation start codon and stop codon were included) which was subsequently cloned into
pDONR221 vector by Gateway cloning BP reaction (2.6.1.3). The plasmids containing the amplified
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cDNA fragments (Fig. 5.7D-E) were sequenced later on. The sequencing results revealed that the
large MtEMF2 coding sequence, referred as MtEMF2L, initiated from the translation start codon of
MtEMF2a, covered three exons of MtEMF2a (exon 2-4), four exons of MtEMF2b (exon 1-4) and
fifteen exons of MtEMF2c (exon 3-17) and stopped at the translation stop codon of MtEMF2c (Fig. 5.
7G).
The MtEMF2L coding sequence is 2373 bp long and encodes a 790 aa protein. The BLASTP using
MtEMF2L as inquiry returned AtEMF2 as the top hit. The pair-wise identity of MtEMF2L with
AtEMF2, MtVRN2 and AtVRN2 was 33.7%, 31.5% and 23.5%, respectively, similar to that of
MtEMF2c_L and MtEMF2c_L3. Unlike MtEMF2c_L and MtEMF2c_L3, MtEMF2L was conserved
with AtEMF2 in domain organization, containing the N-terminal domain, E5-E10 domain, C2H2
domain, E15-E17 domain and VEFS domain. MtEMF2L is 164 aa longer than AtEMF2, which
mainly stemmed from an insertion in the E15-E17 region of MtEMF2L. A predicted MtEMF2L-like
protein was found in soybean which is discussed in next section.
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Fig. 5.7 Identification of the large MtEMF2 (MtEMF2L) coding sequence. (A) The gene map of MtEMF2a
(Medtr1g090220), MtEMF2b (Medtr1g090230) and MtEMF2c (Medtr1g090240) on Medicago chromosome 1
(JBrowse of Medicago chromosome 1. http://medicago.jcvi.org/medicago/jbrowse). (B) Primers used for
amplifying cDNA fragments between MtEMF2a, MtEMF2b and MtEMF2c. UP-F (forward): 1g090220-UP-F;
3F (forward): 1g090220-Ex3F; 2R (reverse): 1g090230-Ex2R; 4F (forward): 1g090230-Ex4F; 4R (reverse):
1g090230-Ex4R; 3R1 (reverse): MtEMF2-Ex3R1; R1 (reverse): MtEMF2-R1. (C) PCR products amplified
by 1g090220-Ex3F/MtEMF2-Ex3R1 and 1g090220-Ex3F/MtEMF2-R1 primer pairs. The PCR products
framed in orange were gel purified and afterwards sequenced for nucleotide identification. (D) The whole
MtEMF2a, MtEMF2b and MtEMF2c cDNA was amplified using 1g090220-UP-F forward primer (ATG
included) and MtEMF2c-Ex20R1 reverse primer (TAG included). Clear PCR bands were seen on the gel. (E)
Full length MtEMF2L cDNA was PCR amplified using the Gateway cloning primers. A single and strong
PCR band was seen on the gel. (F) The PCR product amplified by Gateway cloning primers was cloned into
pDONR221 entry vector using Gateway BP reaction. The plasmids were subsequently sequenced to confirm
the nucleotide sequence of the cDNA inserted into the vector. (G) The exons of MtEMF2a, MtEMF2b and
MtEMF2c that were included into the large sequenced cDNA fragment. The predicted translation start codon
(ATG) and stop codon (TGA) were labelled in the figure.
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5.3 The homology of MtEMF2 proteins to Arabidopsis and Fabaceae EMF2-like
proteins
5.3.1 Homology analysis of EMF2-like proteins
To investigate the evolutionary relationships of AtEMF2 homologues in Arabidopsis, Medicago and
some other legume species, multiple protein sequence alignment was performed and a phylogenetic
tree was generated based on the sequence alignment. To obtain AtEMF2 homologues in Arabidopsis
and legumes, protein BLAST using full length AtEMF2 protein sequence against non-redundant
protein database (NCBI) were performed in Arabidopsis (taxid: 3702) and Fabaceae (taxid: 3803).
The BLASTP returned 41 sequences. After removal of repeat and partial sequences and the
Brassicaceae-specific protein FIS2, 18 predicted full length protein sequences were retained. These
sequences originate from Arabidopsis, Medicago, soybean, Glycine soja (wild soybean), Vigna
angularis (red bean) and Phaseolus vulgaris (common bean). The sequence alignment of the
predicted full-length proteins in which the original annotated versions of MtEMF2a, MtEMF2b and
MtEMF2c were replaced by the MtEMF2c_L, MtEMF2c_L3 and MtEMF2L, was performed using
MUSCLE program in Geneious (version 9.1.5). A phylogenetic tree was generated using neighbourjoining methods with 50% support threshold. The tree was resampled using bootstrap method with
500 times replicates.
As seen in Fig. 5.8, the legume AtEMF2 homologues were divided into two groups: proteins that
grouped with the three MtEMF2-like proteins and a second group that included MtVRN2. The
former group includes three soybean proteins (GLYMA_10G193800, GLYMA_20G069800 and
GLYMA_10G118800),

two

wild

soybean

proteins

(Glysoja_EMF2_034025

and

Glysoja_EMF2_039604), one red bean protein (Vigna_L48_09g105200), one common bean protein
(PHAVU_007G241500g) and the three Medicago EMF2-like proteins (MtEMF2c_L, MtEMF2c_L3
and MtEMF2L). The second group includes two soybean proteins (GLYMA_11G036800 and
GLYMA_01G206000), one wild soybean protein (Glysoja_VRN2_018911), one red bean protein
(Vigna_L48_06g015000), one common bean protein (PHAVU_002G000500g) and the Medicago
VRN2-like protein (MtVRN2_5g013150).
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Fig. 5.8 Phylogenetic tree of EMF2 homologues in Arabidopsis and some legume species. EMF2
homologues in Arabidopsis and some legumes were searched by BLASTP. A total of 18 predicted full length
EMF2 homologues were included and aligned using MUSCLE program in Geneious (version 9.0.5). The
annotated MtEMF2a, MtEMF2b and MtEMF2c proteins were replaced by the MtEMF2 proteins (in blue
frame) encoded by the sequenced cDNA fragments. A phylogenetic tree was generated using neighbourjoining methods with 50% support threshold. The tree was resampled using bootstrap method with 500 times
replicates. Overall, the legume EMF2 homologues could be divided into a legume EMF2-like clade and a
legume VRN2-like clade.

Compared with the relatively similar protein length among the VRN2-like proteins (400-450 aa), the
length of the predicted EMF2-like proteins was more variable (436-790 aa). MtEMF2L (790 aa) is
the longest among the predicted legume EMF2-like proteins. The one that was most similar to
MtEMF2L in size is GLYMA_10G193800 (762 aa). They shared 31.6% pair-wise identity to each
other. Compared with MtEMF2L, MtEMF2c_L and MtEMF2c_L3 are more comparable with the
AtEMF2 and other predicted legume EMF2-like proteins in size. However, this does not improve
their homology to the AtEMF2 and to the other legume EMF2-like proteins. Table 5.3 listed the pairwise identity scores between AtEMF2 homologues. It was found that MtEMF2L was most similar to
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common bean EMF2-like protein (#7, PHAVU_007G241500g, 608 aa) among the AtEMF2
homologues, sharing 36.1% overall consensus protein sequence. In addition, MtEMF2L also showed
high homology with another soybean EMF2-like protein (#9, GLYMA_10G118800). Their pair-wise
identity is 34.1%. On the other hand, MtEMF2c_L3 shared the highest amino acid pair-wise identity
with the soybean EMF2-like protein GLYMA_20G069800 (#8) (28.6%), followed by wild soybean
EMF2-like protein (#10, Glysoja_EMF2_039604) (25.5%). MtEMF2c_L showed higher homology
to VRN2-like proteins than to EMF2-like proteins, probably because it lacks the N-terminal and E5E10 domains, some features of EMF2-like proteins, thus leading to the low pair-wise identity with
EMF2-like proteins in multiple sequence alignment.
Among the predicted legume EMF2-like proteins, common bean EMF2-like protein (#7) had the
highest protein sequence identity with AtEMF2 (#11) with pair-wise up to 53.0%. Soybean EMF2proteins followed with 52.0% (#8, GLYMA_10G118800) and 41.8% (#7, GLYMA_20G069800)
pair-wise identity to AtEMF2 (#11). Interestingly, the pair-wise identity of the two wild soybean
EMF2-like

proteins

(#10

and

#2)

with

AtEMF2

displayed

the

opposite

pattern.

Glysoja_EMF2_039604 (#10) showed high homology with AtEMF2 (43.4% pair-wise identity),
while Glysoja_EMF2_034025 (#2) only shared 14.8% identical amino acid with AtEMF2 (#11).
This also happened in soybean. There are three soybean EMF2-like proteins (#1, #8 and #9) found
by BLASTP searches. Two soybean EMF2-like proteins (#9, GLYMA_10G118800 and #8,
GLYMA_20G069800) have high homology with AtEMF2 (52.0% and 43.3%, respectively), while
the homology of the third one (#1, GLYMA_10G193800) with AtEMF2 is comparably low (28.7%
pair-wise identity). The pair-wise identity of MtEMF2L (#4), MtEMF2c_L3 (#5) and MtEMF2c_L
(#6) with AtEMF2 (#11) was 32.0%, 21.5% and 19.4%, respectively, different from the previous
alignment result. This might result from the different algorithms between the two sequence
alignment and multiple sequence alignment.
Compared with EMF2-like proteins, VRN2-like proteins obviously have more consensus amino acid
sequences with pair-wise identity from 34.8% to 91.7%. Among legume EMF2-like proteins, some
had relatively low homology with other EMF2-like and VRN2-like proteins, including soybean
EMF2-like protein (#1), wild soybean EMF2-like protein (#2), red bean EMF2-like protein (#3) and
MtEMF2c proteins (#5 and #6), while some were still highly homologous to other legume EMF2like and VRN2-like proteins like common bean EMF2-like protein (#7), two soybean EMF2-like
proteins (#8 and #9) and wild soybean EMF2-like protein (#10).
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Table 5.3 Pair-wise identity (%) of EMF2 homologues.
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

69

26.4

31.6

23

20

31.6

24.9

32.4

25

28.7

18.4

21.8

14.8

21.8

20.5

22.1

21.3

15.6

18.4

8.7

8.9

16.9

8.1

16.8

11.3

15

7.1

10.1

11.6

10.9

11.4

11.1

10.1

20.8

14.9

13.6

21.6

18.6

21.8

16.5

20.4

13.3

15

7.7

15.6

14.9

15.6

15.4

72.6

62.9

36.1

27.7

34.1

26.3

32

18.1

20.5

14.1

21

19.5

21.9

20.7

79.9

23

28.6

22.7

25.5

21.5

20.2

23.1

15.2

23.9

22

24.8

24

19.6

23.9

19.2

23.8

19.4

23

26.2

17.5

27.3

25.3

28.7

27

65.7

83.9

66.4

53

28.8

32.5

22.3

33.4

30.8

32.6

31.6

68.9

65.3

41.8

32.2

35.2

22.1

36.4

33.1

35.5

36.4

73.7

52

29.3

32.3

21.1

33.4

30.8

32.5

31.3

43.4

37.2

40.8

27.4

42.2

38.8

41

38.8

32.4

35.7

24.3

37.1

34.8

36.3

35.8

53.3

35.4

52.7

50.4

52.1

46.9

63.3

82.5

78.4

80

71.7

77.7

69.3

68.4

62.3

91.7

89.5

82.4

84.9

78.1

1

GLYMA_10G193800

2

Glysoja_EMF2_034025

69

3

Vigna_L48_09g105200

26.4

15.6

4

MtEMF2L

31.6

18.4

20.8

5

MtEMF2c_L3

23

8.7

14.9

72.6

6

MtEMF2c_L

20

8.9

13.6

62.9

79.9

7

PHAVU_007G241500g

31.6

16.9

21.6

36.1

23

19.6

8

GLYMA_20G069800

24.9

8.1

18.6

27.7

28.6

23.9

65.7

9

GLYMA_10G118800

32.4

16.8

21.8

34.1

22.7

19.2

83.9

68.9

10

Glysoja_EMF2_039604

25

11.3

16.5

26.3

25.5

23.8

66.4

65.3

73.7

11

AtEMF2_AT5G51230

28.7

15

20.4

32

21.5

19.4

53

41.8

52

43.4

12

AtVRN2_AT4G16845

18.4

7.1

13.3

18.1

20.2

23

28.8

32.2

29.3

37.2

32.4

13

MtVRN2_5g013150

21.8

10.1

15

20.5

23.1

26.2

32.5

35.2

32.3

40.8

35.7

53.3

14

GLYMA_01G206000

14.8

11.6

7.7

14.1

15.2

17.5

22.3

22.1

21.1

27.4

24.3

35.4

63.3

15

Glysoja_VRN2_018911

21.8

10.9

15.6

21

23.9

27.3

33.4

36.4

33.4

42.2

37.1

52.7

82.5

77.7

16

GLYMA_11G036800

20.5

11.4

14.9

19.5

22

25.3

30.8

33.1

30.8

38.8

34.8

50.4

78.4

69.3

91.7

17

PHAVU_002G000500g

22.1

11.1

15.6

21.9

24.8

28.7

32.6

35.5

32.5

41

36.3

52.1

80

68.4

89.5

84.9

18

Vigna_L48_06g015000

21.3

10.1

15.4

20.7

24

27

31.6

36.4

31.3

38.8

35.8

46.9

71.7

62.3

82.4

78.1

84.2
84.2

Note: The pair-wise identity scores of MtEMF2c_L, MtEMF2c_L3 and MtEMF2L with other EMF2 homologues were marked in light blue. The first three top pairwise identity scores of MtEMF2 proteins with other EMF2-like homologues were marked in orange. The pair-wise identity scores of AtEMF2 with other EMF2
homologues were marked in green.
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5.3.2 Domain organization of legume EMF2 homologues
The protein sequence alignment and predicted domains of all 16 legume proteins, together with
AtEMF2 and AtVRN2 is shown in Fig. 5.9A. The domains are compared below in more detail, with
a main focus on the ten proteins of the EMF2-like legume group (Fig. 5.8).
5.3.2.1 N-terminal region
The majority of the EMF2 homologues shared a conserved N-terminal domain with AtEMF2, except
for MtEMF2c_L, MtEMF2c_L3 and soybean EMF2-like protein (#7, GLYMA_20G069800) which
lacked the N-terminal region and part of E5-E10 region (Fig. 5.9A and Table 5.4). A short sequence
located at the beginning of the N-terminal domain, from the first methione residue to the second
methione residue of the AtEMF2 protein sequence, was referred to N-ter cap (Chen et al. 2009). The
N-ter cap is present in the majority of EMF2-like group members but absent in the VRN2-like group
members. The second methionine residuce in the AtEMF2 N-ter cap may be replaced by other amino
acids. In the legume EMF2-like proteins, it was replaced by serine, proline or arginine.
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Fig. 5.9 Multiple alignment of AtEMF2 homologues in Arabidopsis and some legumes. (A) Multiple
alignment of the eighteen selected AtEMF2 homologues was performed using MUSCLE program in Geneious
(9.1.5). The alignment revealed the conserved domain organization among EMF2-like proteins and VRN2like proteins. Bars represent the aligned protein sequences and horizontal lines indicated no sequences were
aligned. (B) The N-ter cap is present in the AtEMF2 protein and majority of legume EMF2-like group
proteins, but absent in the VRN2-like group proteins. The second methionine residue (framed in red) in the
AtEMF2 N-ter cap was replaced by other amino acids in the legume EMF2-like group. N-terminal region was
conserved within AtEMF2 homologues.

Table 5.4 Pair-wise identity of the N-terminal region in AtEMF2 and some legume EMF2-like
proteins.
1

2

3

4

5

6

7

8

100

32.5

33.3

44.7

47.1

47.1

46

32.5

33.3

44.7

47.1

47.1

46

15.7

19.3

19.3

19.3

25.3

38.3

39.5

39.5

35.8

93.1

93.1

61.7

100

64.2

1

GLYMA_10G193800

2

Glysoja_EMF2_034025

100

3

Vigna_L48_09g105200

32.5

32.5

4

MtEMF2L

33.3

33.3

15.7

5

PHAVU_007G241500g

44.7

44.7

19.3

38.3

6

GLYMA_10G118800

47.1

47.1

19.3

39.5

93.1

7

Glysoja_EMF2_039604

47.1

47.1

19.3

39.5

93.1

100

8

AtEMF2_AT5G51230

46

46

25.3

35.8

61.7

64.2

64.2
64.2

Note: The N-terminal protein sequences from AtEMF2 and seven legume EMF2-like proteins were aligned
using MUSCLE program in Geneious (9.1.5). MtEMF2c_L, MtEMF2c_L3 and soybean GLYMA20G069800
were excluded from the alignment because they did not contain the N-terminal region.

5.3.2.2 E5-E10 region
All the 10 legume EMF2-like proteins contain an E5-E10 region except for MtEMF2c_L, while the
VRN2-like group lacks it (Fig 5.9A). Both MtEMF2c_L3 and MtEMF2L displayed stronger
homology in E5-E10 region with the soybean EMF2-like proteins (GLYMA_20G069800 and
GLYMA_10G118800) and common bean EMF2-like protein (PHAVU_007G241500g) as marked in
Table 5.5. It was noticed that wild soybean EMF2-like protein (Glysoja_EMF2_039604, marked in
orange in Table 5.5) showed very distinct homology pattern to the listed EMF2-like proteins. It
exhibited very low homology in E5-E10 region to some EMF2-like proteins including MtEMF2L,
soybean

EMF2-like

protein

(GLYMA_10G193800),

wild

soybean

EMF2-like

protein

(Glysoja_EMF2_034025), red bean EMF2-like protein (Vigna_L48_09g105200), but showed high
homology to the rest of the listed EMF2-like proteins including MtEMF2c_L2, common bean
EMF2-like

protein

(PHAVU_007G241500g)

and

soybean

EMF2-like

proteins

(GLYMA_20G069800 and GLYMA_10G118800). Overall, the amino acid sequences in this region
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are well conserved among legume EMF2-like proteins and the AtEMF2 protein, suggesting the
potential conserved function of the E5-E10 domain.
Fig. 5.5 Pair-wise identity of the E5-E10 region within AtEMF2 and legume EMF2-like proteins.
1

2

3

4

5

6

7

8

9

10

100

36.6

33.9

35.9

31.1

33.6

28.8

9.5

23.6

36.2

33.1

0

33.1

42.2

29.4

5.6

23.9

32.3

33.3

28.7

35.6

26.3

5.4

18.8

100

51.1

59.2

46.8

16.2

37

53.4

55.2

55.2

36.2

32.8

94.2

81.3

28.8

45

97.1

33

46.6

36.8

41.8

1

GLYMA_10G193800

2

Glysoja_EMF2_034025

100

3

Vigna_L48_09g105200

36.6

36.2

4

MtEMF2L

33.9

33.1

32.3

5

MtEMF2c_L3

35.9

0

33.3

100

6

PHAVU_007G241500g

31.1

33.1

28.7

51.1

53.4

7

GLYMA_20G069800

33.6

42.2

35.6

59.2

55.2

94.2

8

GLYMA_10G118800

28.8

29.4

26.3

46.8

55.2

81.3

97.1

9

Glysoja_EMF2_039604

9.5

5.6

5.4

16.2

36.2

28.8

33

36.8

10

AtEMF2_AT5G51230

23.6

23.9

18.8

37

32.8

45

46.6

41.8

16
16

Note: The E5-E10 region protein sequences from AtEMF2 and nine legume EMF2-like prtoeins were aligned
using MUSLE program in Geneious (9.1.5). MtEMF2c_L was not included in the alignment because it does
not have the E5-E10 region. The three top pair-wise identity scores of MtEMF2L and MtEMF2c_L3 with
other aligned proteins were marked in blue. Wild soybean Glysoja_EMF2_039604 displayed very low
homology in the E5-E10 domain with some other legume EMF2-like proteins. Its pair-wise identity scores in
the E5-E10 region with other legume EMF2-like proteins were marked in orange.

5.3.2.3 C2H2 and VEFS conserved domains
The C2H2 and VEFS domains are highly conserved in EMF2 homologues across Arabidopsis and
legumes (Fig. 5.10 and Table 5.6), indicating their functional significance. However, there are
exceptions: wild soybean EMF2-like protein (#2, Glysoja_EMF2_034025) does not have a C2H2
domain and red bean EMF2-like protein (#3, Vigna_L48_09g105200) has a very divergent C2H2
domain which lacks the conserved cysteine and histidine residues, indicating they may not be
functional zinc finger domains. All other EMF2-like and VRN2-like proteins shared the conserved
C2H2 zinc finger structure as shown in Fig. 5. 10A.
In terms of the VEFS domain, AtVRN2 has a unique acidic-W/M tail at the C-terminus, which was
not observed in other EMF2 homologues. Part of the C-terminal VEFS domain was predicted to be
missing

in

Glysoja_EMF2_034025

(#2,

wild

type

soybean

EMF2-like

GLYMA_01G206000 (#14, soybean VRN2-like protein) as seen in Fig. 5.10B.
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proteins)

and

Fig. 5. 10 The C2H2 and VEFS domain protein sequence alignments within EMF2 homologues. (A) The
C2H2 domain protein sequences from 18 EMF2 homologues were aligned using MUSCLE program in
Geneious (9.1.5). The conserved cysteine and histidine residues were marked by red triangles. (B) The VEFS
domain protein sequences from 18 EMF2 homologues were aligned using MUSCLE program in Geneious
(9.1.5). A C-terminal tail (in red frame) was observed in AtVRN2 only, which was shaded in black
automatically by the Geneious alignment program but it is not conserved with any other sequences.
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Table 5.6 Pair-wise identity of the C2H2 and VEFS domains of AtEMF2 with other EMF2
homologues.
C2H2 domain

VEFS domain

AtEMF2_AT5G51230

AtEMF2_AT5G51230

65.5

77

1

GLYMA_10G118800

2

Glysoja_EMF2_034025

0

13.3

3

Vigna_L48_09g105200

14.5

43.7

4

MtEMF2L

62.9

48.9

5

MtEMF2c_L3

62.9

48.9

6

MtEMF2c_L

62.9

48.9

7

PHAVU_007G241500g

77.1

74.8

8

GLYMA_20G069800

78.6

75.6

9

GLYMA_10G193800

81

48.1

10

Glysoja_EMF2_039604

64.3

77

11

AtEMF2_AT5G51230

100

100

12

AtVRN2_AT4G16845

62.9

74.1

13

MtVRN2_5g013150

73.9

75.6

14

GLYMA_01G206000

72.5

15.2

15

Glysoja_VRN2_018911

72.5

77.8

16

GLYMA_11G036800

53.6

78.5

17

PHAVU_002G000500g

75.4

77

18

Vigna_L48_06g015000

71.4

78.5

Note: Overall, the majority of EMF2 homologues share the very conserved C2H2 and VEFS domains with
AtEMF2 except for Glysoja_EMF2_034025 which does not have the C2H2 domain and has a very short
VEFS domain (The pair-wise identity scores of its C2H2 and VEFS domains with AtEMF2 were marked with
blue and orange, respectively), Vigna_L48_09g105200 which lacks a functional cystein and a histine residue
in the C2H2 domain (Its C2H2 domain pair-wise identity with AtEMF2 were marked with blue), and
GLYMA_01g206000 which only contains part of the VEFS domain (Its VEFS domain pair-wise identity with
AtEMF2 were marked in orange).

5.3.2.4 E15-E17 region
The C2H2 and VEFS domains are connected by the E15-E17 domain, which is the most variable
region in EMF2 homologues both in total length and in amino acid sequence across Arabidopsis and
legumes. When aligning the amino acid sequences of E15-E17 domains of legume EMF2-like
proteins and AtEMF2, it was found that the legume EMF2-like proteins could be classified into two
groups based on the alignment as seen in Fig. 5.11.
Group

1

comprises

PHAVU_007G241500g

(#5,

common

bean

EMF2-like

protein),

GLYMA_20G069800 (#6, soybean EMF2-like protein), GLYMA_10G118800 (#7, soybean EMF2-
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like protein) and Glysoja_EMF2_039604 (#8, wild soybean EMF2-like protein). They had a shorter
E15-E17 region when compared with group 2 members which include GLYMA_10G193800 (#1,
soybean EMF2-like protein), Glysoja_EMF2_034025 (#2, wild soybean EMF2-like protein),
Vigna_L48_09g105200 (#3, red bean EMF2-like protein) and MtEMF2L (#4, Medicago EMF2-like
protein). Group 1 members shared a conserved E15-E17 region either in total length or amino acid
sequences within the group members or with AtEMF2 as shown in Table 5.7 and Fig. 5.11A. In
contrast, group 2 members had a longer and divergent E15-E17 region.
In addition, wild soybean and red bean were found to have two copies of EMF2-like genes which
respectively belonged to group 1 and group 2. Soybean has three copies of EMF2-like genes. Two
copies are located on chromosome 10 (#1 and #7) which were classified into group 2 and group 1,
respectively, while the other copy (#6) which is located on the chromosome 20 belonged to group 1.
All the analysis suggested that the E15-E17 domain in legume EMF2-like proteins may have
undergone gene duplication and functional divergence during evolution, which was in line with the
previous domain analysis. The common bean EMF2-like protein fell in the group 1, while MtEMF2L
fell in the group 2.
Table 5.7 Pair-wise identity of the E15-E17 domain within AtEMF2 and the legume EMF2-like
proteins.
1

Group 2

Group 1

2

3

4

5

6

7

8

9

97.8

24.1

19.6

13.2

12.8

12.8

12.3

10.7

21.0

16.7

10.4

10.0

10.4

10.0

8.7

17.4

9.7

9.2

9.7

9.7

11.1

11.9

11.4

11.9

11.9

11.4

85.7

89.0

87.9

32.5

91.2

90.1

31.7

98.9

31.7

1

GLYMA_10G193800_E15-E17

2

Glysoja_EMF2_034025_E15-E17

97.8

3

Vigna_L48_09g105200_E15-E17

24.1

21.0

4

MtEMF2L_E15-E17

19.6

16.7

17.4

5

PHAVU_007G241500g_E15-E17

13.2

10.4

9.7

11.9

6

GLYMA_20G069800_E15-E17

12.8

10.0

9.2

11.4

85.7

7

GLYMA_10G118800_E15-E17

12.8

10.4

9.7

11.9

89.0

91.2

8

Glysoja_EMF2_039604_E15-E17

12.3

10.0

9.7

11.9

87.9

90.1

98.9

9

AtEMF2 AT5G51230.1_E15-E17

10.7

8.7

11.1

11.4

32.5

31.7

31.7

30.9
30.9

Note: The E15-E17 region protein sequences from AtEMF2 and eight legume EMF2-like proteins were
aligned using MUSLE program in Geneious (9.1.5). MtEMF2c_L and MtEMF2c_L2 were not included in the
alignment because they have the same E15-E17 region as MtEMF2L. Group 1 sequences have shorter and
much more conserved with each other than are proteins in group 2.
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Fig 5.11 Alignment of the E15-E17 regions of legume EMF2-like proteins and AtEMF2 and the
phylogenetic tree based on the alignment (A) The E15-E17 region protein sequences from AtEMF2 and
eight legume EMF2-like proteins were aligned using MUSLE program in Geneious (9.1.5). MtEMF2c_L and
MtEMF2c_L2 were not included in the alignment because they have the same E15-E17 region as MtEMF2L.
(B) A phylogenetic tree was generated based on the E15-E17 domain alignment. Neighbour-joining methods
was used in Geneious (V9.1.5) with 50% support threshold. The tree was resampled using bootstrap method
with 500 times replicates. It was seen from the phylogenetic tree that the legume EMF2-like proteins can be
divided into two groups based on the length and conservation of the E15-E17 domains. Group 1 members
have shorter but more conserved E15-E17 amino acid sequences with AtEMF2 than group 2 members. The
amino acid sequences in the E15-E17 regions of group 2 members are less conserved with low homology to
each other and to AtEMF2.
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5.4 Expression profiles of MtEMF2 genes in Medicago (R108)
5.4.1 In silico expression of MtEMF2 genes in Medicago
In addition to the RT-PCR analyses described above, the MtEMF2 expression pattern was also
profiled using in silico resources. First, the GeneChip database in the Medicago truncatula Gene
Expression Atlas (MtGEA: http://bioinfo.noble.org/gene-atlas/) was used. The nucleotide sequences
of the MtEMF2a, MtEMF2b, MtEMF2c, MtEMF2c_L, MtEMF2c_L3 and MtEMF2L were blasted
against Mt Affy Chip target sequences database (MtGEA: http://bioinfo.noble.org/gene-atlas/) with
e-value threshold cut-off at 1e-5. No hits were returned when submitting MtEMF2a and MtEMF2b
nucleotide sequences. Ten hits were returned for MtEMF2c, MtEMF2c_L, MtEMF2c_L3 and
MtEMF2L genes. However, none of these hits was proven to be MtEMF2 gene target according to
the annotations.
Next, RNA-seq data documenting the transcription of MtEFM2a, MtEMF2b and MtEMF2c in
different tissues was reviewed on the JCVI JBrowse (http://medicago.jcvi.org/medicago/jbrowse,
Mt4.0). It was seen in Fig. 5.12 that the exon coverage of MtEMF2a, MtEMF2b and MtEMF2c
transcripts in the leaf blade, bud, nodule, open flower and seedpod was very low. Furthermore,
MtEMF2a and MtEMF2b transcripts were barely detected in the selected tissues except in the root.
Some MtEMF2c exons were detected in the bud and open flower but not all. Relatively, the
transcripts of MtEMF2a, MtEMF2b and MtEMF2c in the root appeared to be the most extensive
compared with that in other tissues because nearly all the MtEMF2L exons were covered by the RNA
Seq data in the root.
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Fig. 5.12 RNA-Seq data of MtEFM2a, MtEMF2b and MtEMF2c in JCVI Genome Jbrowse (Mt4.0,
(http://medicago.jcvi.org/medicago/jbrowse). The gene structures were shown on the top. The transcript
coverages were shown by the blue bars. The reads were not normalized. The RNA Seq data of MtEMF2a,
MtEMF2b and MtEMF2c from the four weeks old blade, bud, nodule, open flower, root and seedpod were
included. The reads of the MtEMF2 exons were very low in these tissues except for that in the root.
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As the level of gene expression cannot be determined using the raw RNA Seq data, the normalized
RNA Seq data was then searched by inputting the gene identifiers on MedicMine Medicago
truncatula genome database (http://medicmine.jcvi.org/medicmine/begin.do). The gene expression
levels in the leaf blade, bud, flower, nodule, root and seedpod were shown based on the normalized
RNA Seq data using Fragments Per Kilobase of transcript per Million mapped reads (FPKM) as the
unit. As seen in Fig. 5.13, the expression patterns of MtEMF2a, MtEMF2b and MtEMF2c were
different. The transcript of MtEMF2c was detected in all the listed tissues, but the transcript of
MtEMF2a was only detected in the bud and nodule, while that of MtEMF2b was only seen in the
seedpod. In addition, it was found that the expression of MtEMF2c in the bud and seedpod was much
higher than that in other tissues.

Fig. 5.13 Expression levels of MtEMF2a, MtEMF2b and MtEMF2c in the blade, bud, flower, nodule,
root and seedpod. The gene identifier was input in the MedicMine Medicago truncatula genome database
(http://medicmine.jcvi.org/medicmine/begin.do) and the gene expression level that was based on the
normalized RNA Seq expression was shown. Green, orange and blue bars represent MtEMF2a, MtEMF2b and
MtEMF2c, respectively. The values on the bars represent gene expression levels with the unit of fragments per
kilobase of transcript per million mapped reads (FPKM).

5.4.2 The expression of MtEMF2c quantified by qRT-PCR
A qRT-PCR experiment was afterwards performed to profile the expression pattern of MtEMF2c
using cDNAs from cotyledons, monofoliate leaves, shoot apices, trifoliate leaves, inflorescences and
flowers. These tissues were harvested in a LD developmental time course (5 d, 12 d, 27 d, 57 d, 80 d
and 86 d). Total mRNA was extracted and cDNA was synthesized from these tissues (2.7).
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MtEMF2-Ex20F and MtEMF2-Ex20R primers which were located on the last exon of MtEMF2c
(exon 17) were used to amplify the MtEMF2c cDNA fragment. The efficiency of the primers was
tested beforehand to ensure that the primers were suitable for qRT-PCR use. Medicago
PROTODERMAL FACTOR 2 (MtPDF2) gene was used as the normaliser.
It was observed from Fig. 5.14A that MtEMF2c was universally expressed in all the tested tissues. It
had the highest expression levels in leaves, with lower expression in shoot apices, flower buds and
flowers. The expression of MtEMF2c in apices and leaves increased with development prior to
flowering and then decreased after flowering as shown in Fig. 5.12B and Fig. 5.12C.

Fig. 5.14 Expression levels of MtEMF2c in Medicago. (A) The expression of MtEMF2c in cotyledons,
monofoliate leaves, shoot apices, trifoliate leaves, inflorescences and flowers over LD developmental time
course was quatified by qRT-PCR. (B) The expression of MtEMF2c in shoot apices increased over the time
(12 d, 27 d, 40 d, 57 d and 80 d) before flowering and decreased after flowering. (C) The expression of
MtEMF2c in trifoliate leaves increased over a developmental time course (12 d, 27 d, 40 d, 57 d and 80 d)
prior to flowering and decreased after flowering. MtPDF2 was used to normalize the reaction. Three technical
replicates and three biological replicates were performed. The data was presented as Mean ± SE based on
three biological replicates.
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5.6 Summary and discussion
5.6.1 Three MtEMF2 transcript variants were identified by PCR and sequencing
Based on the Medicago genome annotation, three conceptual Medicago EMF2-like proteins
(MtEMF2a, MtEMF2b and MtEMF2c) were originally identified through BLASTP in this chapter.
The alignment of the predicted MtEMF2 protein sequences with AtEMF2 demonstrated that
MtEMF2c was the most promising MtEMF2 protein both in domain organization and in overall
amino acid identity. In contrast to MtEMF2c, MtEMF2a and MtEMF2b were not comparable with
AtEMF2 in protein length and structure.
The coding sequence of MtEMF2c was first attempted to be PCR amplified using the primers at the
both ends of the annotated cDNA. However, the PCR amplification was very poor when using the
primers on the predicted MtEMF2c exon 1. The nested primers in the cDNA sequence were
afterwards tested and it was found that the predicted MtEMF2c exon 1 was unlikely to be contained
in the mature MtEMF2c mRNA. The closest forward primer towards the 5' end of the predicted
MtEMF2c cDNA which was able to efficiently amplify the MtEMF2c cDNA was located on the
exon 2. The cDNA fragment amplified by this forward primer (MtEMF2-Ex2F1) and the reverse
primer (MtEMF-Ex20R) at 3' end of the cDNA encoded a 516 aa protein (MtEMF2c_L) with
translation start codon on the exon 4. The subsequent two consecutive PCR confirmed the inference
that the MtEMF2c exon 1 was not part of the coding sequence and also revealed another putative
MtEMF2c variant (MtEMF2c_L3) whose translation start codon fell on the exon 2. Besides the two
MtEMF2c variants, a large MtEMF2 gene (MtEMF2L) was identified through amplifying an
uninterrupted cDNA fragment spanning the MtEMF2a, MtEMF2b and MtEMF2c. The MtEMF2
cDNA amplification was summarized in Fig. 5.15 and Table 5.8.
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Fig. 5.15. MtEMF2c cDNA PCR amplification. (A) The conceptual MtEMF2c gene structure is shown on
the top. The predicted translation start codon and stop codon are marked in red. Primers used for PCR
amplifications were designed based on the predicted MtEMF2c cDNA sequence. The dashed and solid lines
indicate the poor and efficient PCR amplifications, respectively. The red solid line represents the predicted
full length MtEMF2c cDNA sequence which was later amplified using two consecutive rounds PCRs and
sequenced. The blue solid line represents the longest cDNA fragment which was efficiently amplified using
one round PCR. This cDNA fragment was sequenced and it encodes a 516 aa protein (MtEMF2c_L). (B)
MtEMF2a, MtEMF2b and MtEMF2c are adjacent genes on Medicago chromosome 1 as shown on the top.
The predicted exons of MtEMF2a, MtEMF2b and MtEMF2c are marked in red, blue and grey, respectively.
Primers were designed based on the annotated sequences. The solid lines indicated the PCR products that
were efficiently amplified using the designed primers. The blue solid line represents the longest cDNA
fragment amplified using one round PCR. This cDNA fragment covers the three MtEMF2 genes and was
afterwards sequenced for the nucleotide sequence confirmation. It encodes a 790 aa protein (MtEMF2L).
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Table. 5.8 Medicago EMF2 cDNA fragments summary.
2F1/20R

1F1/20R1

Up-F/20R1

PCR

One round

One round touchdown PCR followed by one round Phire

One round

program

Phire PCR

PCR

Phire PCR

cDNA

MtEMF2c_

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2c

fragment

L

_F2

_L3

_C3/L2

_A1

_C2

Ex1

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex2

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex3

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex4

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex5

n/a

n/a

n/a

n/a

n/a

n/a

x

Ex1

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex2

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex3

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex4

n/a

n/a

n/a

n/a

n/a

n/a

v

Ex5

n/a

n/a

n/a

n/a

n/a

n/a

x

Ex6

n/a

n/a

n/a

n/a

n/a

n/a

x

Ex1

n/a

v

v

v

partial

partial

x

Int1

n/a

v

v

v

x

x

x

Ex2

partial

v

v

v

x

x

x

Int2

x

v

x

v

x

x

x

Ex3

v

v

v

v

v

v

v

Int3

x

v

x

x

x

x

x

Ex4-17

v

v

v

v

v

v

v

Protein

516aa

516aa

580aa

576aa

569aa

642aa

790aa

Translation

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2c

MtEMF2a

start codon

Exon 4

Exon 4

Exon 2

Intron 2

Exon 1

Exon 1

Exon 2

31.9%

31.9%

31.1%

30.8%

31.0%

27.8%

33.7%

N-terminal

x

x

x

x

x

x

v

E5-E10

x

x

partial

partial

partial

v

v

C2H2

v

v

v

v

v

v

v

E15-E17

v

v

v

v

v

v

v

VEFS

v

v

v

v

v

v

v

MtEMF2c

MtEMF2b

MtEMF2a

Primer

Homology to
AtEMF2

MtEMF2L

Note: n/a: not applicable; x: not present; v: present. Partial: having part of the nt sequence or domains.
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5.6.2 Expression analysis of MtEMF2 genes and their transcripts analysis
5.6.2.1 Expression analysis of MtEMF2 by RNA Seq data and qRT-PCR
The expression patterns of MtEMF2a, MtEMF2b and MtEMF2c in the 4 weeks old leaf blade, bud,
nodule, root, flower and seedpod were profiled using the normalized RNA Seq data from MedicMine
Medicago truncatula genome database. Based on this data, MtEMF2a was expressed in the bud and
nodule, MtEMF2b was only expressed in the seedpod and MtEMF2c was expressed in all the
selected tissues. In the qRT-PCR experiment, only MtEMF2c was checked in expression as the
primers used for the qRT-PCR were located on the MtEMF2c exon. According to the qRT-PCR
result, MtEMF2c was expressed in all the checked tissues including cotyledons, monofoliates, apices,
leaves, buds and flowers.
It was noted from the RNA Seq data that the expression of MtEMF2a, MtEMF2b and MtEMF2c was
not spatially consistent. This seemed to conflict with the conclusion that MtEMF2a, MtEMF2b and
MtEMF2c composed one large MtEMF2L gene. An explanation is that the MtEMF2L transcript was
too rare to be read by the RNA Seq. Furthermore, it is most likely that MtEMF2a and MtEMF2b
function independently of the MtEMF2c in a tissue-specific manner, in addition to acting as part of
the MtEMF2L. This can explain why the expression of MtEMF2a and MtEMF2b was detected in
some tissues but not in one tissue simultaneously. To profile the expression pattern of MtEMF2L,
qRT-PCR can be carried out in future using the primers on the MtEMF2a and MtEMF2b genes,
respectively.
5.6.2.2 Dominant MtEMF2 transcript in Medicago
The normalized RNA Seq data (MedicMine Medicago truncatula genome database) suggested that
the MtEMF2L transcript was unlikely to be the dominant MtEMF2 transcript in Medicago because
the MtEMF2L transcript level was too low to be detected. The other two sources of RNA Seq data
were referenced to explore the dominant MtEMF2 transcript in Medicago. One originated from JCVI
Genome JBrowse (Mt4.0) and another from the Putterill Lab (unpublished). Based on the Jbrowse
RNA Seq data, the relatively intact transcripts of MtEMF2a, MtEMF2b and MtEMF2c were only
detected in the root as seen in Fig. 5.16A. The reads of MtEMF2c transcript might be contributed by
both MtEMF2L and MtEMF2c_L as the MtEMF2c exon 2 which only exists in the MtEMF2c_L3
was not detected. However, it is also likely that the MtEMF2c_L3 transcript was too low to be
detected. This was further confirmed by the RNA Seq data from the Putterill Lab in which transcripts
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from the leaf tissue was detected. As seen in Fig. 5.16B-D, no MtEMF2a and MtEMF2b transcripts
were detected in leaves, in line with the Jbrowse RNA Seq data from leaves (Fig. 5.12). The
predicted MtEMF2c exons were detected, but the MtEMF2c exon 1, exon 2 and exon 3 were
excluded. This was consistent with the conclusion that the MtEMF2c exon 1 was not contained in the
MtEMF2c cDNA. The presence of exon 2 and exon 3 in the MtEMF2c_L3 cDNA has been
confirmed by the sequencing results. Therefore, the reasonable explanation that they were not
detected is due to the low abundance as both the exon 2 and exon 3 are short exons with 135 nt and
70 nt, respectively. Based on the above analysis, it was concluded that MtEMF2c_L, which encodes a
516 aa MtEMF2c_L protein, was the dominant MtEMF2 transcript in Medicago.
The sequencing of cDNA fragments amplified from the MtEMF2c exon 1 to the exon 17 revealed a
divergent exon 1 to exon 2 region. It was assumed that the MtEMF2c exon 1 might belong to
MtEMF2c promoter or maybe part of 5' UTR. The alternative promoter and 5' UTR have been
reported in many studies, which are important in gene regulation (Zhang et al. 2004; Hughes 2006;
Pankratova 2008). It is likely that alternative splicing of the MtEMF2c cDNA at 5' end may play a
role in gene regulation as the splicing exhibited tissue-specificity to some extent as seen in Table 5.7.
In order to experimentally position the real transcription start site, a few techniques can be
considered including Rapid Amplification of 5' cDNA Ends (5'-RACE) and Cap Analysis of Gene
Expression (CAGE) (Shiraki et al. 2003; Kodzius et al. 2006; Leenen et al. 2015).
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Fig. 5.16. RNA Seq data from JCVI Genome Jbrowse and the Putterill Lab. (A) The root RNA Seq data
from JCVI Genome Jbrowse database (http://medicago.jcvi.org/medicago/jbrowse, Mt4.0). The predicted
gene structures of MtEMF2a, MtEMF2b and MtEMF2c are shown on the top. The RNA Seq coverage and
reads corresponding to the exons were shown by the blue blocks. (B) The leaf RNA Seq data on MtEMF2a
from the Putterill Lab. Only the transcript of the annotated MtEMF2a exon 4 was detected in this experiment
although this exon was not present in the MtEMF2L cDNA. (C) The leaf RNA Seq data on MtEMF2b from
the Putterill Lab. No transcripts was detected for MtEMF2b. (D) The leaf RNA Seq data on MtEMF2c from
the Putterill Lab. Most MtEMF2c exons except for the exon 1 (predicted 290 nt), exon 2 (predicted 114 nt),
exon 3 (predicted 73 nt) and exon 8 (predicted 54 nt) were detected. The absence of trasncripts mapping to the
first three predicted exons framed by the red rectangle suggested that MtEMF2c_L which encoded a protein
with translation start codon on the exon 4 was most likely to be the dominant MtEMF2 transcript in Medicago.
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5.6.3 The homology of MtEMF2 proteins to AtEMF2 and some other legume
EMF2-like proteins
The phylogenetic tree agreed with the hypothesis that EMF2 was the ancestor of VRN2, which
applied to the listed legume species. From the protein sequence alignment, it was observed that
EMF2-like proteins were more divergent, while VRN2-like proteins were relatively conserved in
protein sequences and length within legumes. Compared with Medicago, common bean and red bean,
soybean has more copies of EMF2-like proteins and VRN2-like proteins, which might result from
the whole genome duplication of soybean during evolution. In addition, it was found that two copies
of soybean EMF2-like proteins and VRN2-like protein formed an EMF2-like and a VRN2-like sister
cluster, respectively. The clusters were divergent in protein sequence and length compared with
another copy of soybean EMF-like and VRN2-like proteins. This implied the functional
differentiation of EMF2-like proteins during evolution.
Further domain analysis between AtEMF2 and legume EMF2-like proteins showed that most EMF2like proteins are conserved in domain organization. Some like MtEMF2c_L, MtEMF2c_L3 and
soybean EMF2-like (GLYMA_20G069800) do not contain an N-terminal region. Besides the
conserved C2H2 and VEFS domains, the E5-E10 region was conserved among legume EMF2-like
proteins, implying its potential conserved function. However, it was not present in the MtEMF2c_L
and only partially present in MtEMF2c_L3. A simple serine repeat which is unique to the Medicago
EMF2-like proteins were found in the E5-E10 region, which might be the residue of a transposon
insertion during evolution (http://www.repeatmasker.org/). Comparatively, E15-E17 is the most
divergent region both in amino acid and in length. The legume EMF2-like proteins can be
categorised into two groups based on their E15-E17 domain length and homology. Group 1 members
have shorter E15-E17 regions and higher homology to AtEMF2 than group 2 members.
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Chapter 6. Analysis of MtEMF2 gene function in Arabidopsis
and Medicago
6.1 Introduction
Three MtEMF2 variants (MtEMF2c_L, MtEMF2c_L3 and MtEMF2L) were identified in Chapter 5,
and were predicted to encode a 516 aa, 580 aa and 790 aa protein, respectively (Table 5.8). In this
chapter, their functions were explored through Atemf2 mutant complementation and reverse genetics.
In the first part, MtEMF2L was overexpressed in the Atemf2 mutant to test whether MtEMF2L could
rescue the phenotypes of the Atemf2 mutant. In the second part, MtEMF2 Tnt1 retrotransposon
insertion mutant lines were screened, with the aim of finding lines in which MtEMF2 genes were
knocked out and thus enabling an investigation into the functions of MtEMF2 in flowering time
control and plant development in Medicago.

6.2. Attempts to complement the Atemf2 mutant with the MtEMF2L gene
6.2.1 Generating a MtEMF2L construct for plant transformation
To explore whether Medicago EMF2-like genes have similar functions as AtEMF2, attempts were
made to rescue the Atemf2 mutant phenotype by overexpressing the MtEMF2L gene in the Atemf2
mutant. MtEMF2L protein covered 95.5% and 100% of MtEMF2c_L3 and MtEMF2c_L protein
sequences, respectively. Furthermore, MtEMF2L showed the closest homology to AtEMF2 in
domain organization and amino acid sequence among the three MtEMF2 protein variants. To make
the construct used for the plant transformation, the MtEMF2L full length cDNA was first PCR
amplified using Gateway cloning primers (GW-EMF2-F and GW-EMF2-R) and the leaf cDNA as
the template. As seen in Fig. 5.7E (Chapter 5), MtEMF2L was successfully amplified and the band
shown on the gel was the expected size. The PCR product were subsequently gel purified and cloned
into pDONR221 vector using Gateway cloning BP reactions (2.6.1.3). The plasmids were checked
by gel electrophoresis and then purified for sequencing as described in Chapter 5 (5.2.2.3).
Subsequently, the sequenced MtEMF2L cDNA encoding the full length MtEMF2L protein (790aa)
was transferred to plant binary vector pB2GW7 by Gateway cloning LR reaction, generating a
35S:MtEMF2L construct (2.6.1.3). This construct was afterwards transformed into Arabidopsis
mediated by Agrobacterium (GV3101).
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6.2.2 Selection of Atemf2 heterozygotes for transformation
To perform the complementation experiment, the Atemf2-3 mutant line was used, in which the
AtEMF2 gene was mutated with a 35 bp nucleotide deletion (Yoshida et al. 2001). The Atemf2-3
mutants were grown in LD conditions. Because the knockout of EMF2 gene severely affects plant
development, no emf2 homozygotes but only heterozygotes were used for plant transformation. In
order to distinguish the Atemf2 heterozygous mutants from WT plants, PCR genotyping was
performed using primers shown in Fig. 6.1. As seen in Fig. 6.1, two bands (220 bp and 185 bp) were
shown in the Atemf2 heterozygous plants, while only one band (220 bp) was seen in the WT plants.

Fig. 6.1 Genotyping of Atemf2-3 mutants. A 35 bp fragment was deleted at the AtEMF2 locus in the Atemf23 mutant line. The length difference could be recognized by separating PCR products on 2% agarose gels.
Primers (Atemf2-3-F and Atemf2-3-R) at the both ends of the deletion site were used to amplify the AtEMF2
gene. The 220 bp band indicates the wild type AtEMF2 locus while the 185 bp band represents the mutated
AtEMF2 locus. The Atemf2 heterozygotes were marked with white arrows.

After genotyping, the WT plants were removed and the Atemf2 heterozygous plants with flower buds
were transformed with 35S:MtEMF2L construct mediated by Agrobacterium (GV3101) using floral
dipping (2.4.3.1.2). The transformed plants were grown in LDs until seeds were harvested.

6.2.3 Genotyping of T1 transgenic plants carrying 35S:MtEMF2L
The seeds (T1 generation) harvested from the transformed plants were sown on rockwool. Seedlings
carrying the 35S:MtEMF2L transgene were selected through Basta spraying (120 mg/L). After Basta
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selection, 55 plants survived. These transgenic plants were subsequently PCR genotyped to confirm
the presence of 35S:MtEMF2L transgene and to check the genotype of the AtEMF2 allele in the
transgenic plants. It was seen from Fig. 6.2A and Fig. 6.2C that all the 55 plants carried the
35S:MtEMF2L transgene when being genotyped using the 35S promoter forward primer (35S-F1)
and MtEMF2L specific reverse primer (MtEMF2-Ex3R1). The genotyping of the AtEMF2 allele
using Atemf2-3-F and Atemf2-3-R primers showed that among these 55 transgenic plants, 8 were
Atemf2 homozygotes (emf2/emf2), 27 were Atemf2 heterozygotes (EMF2/emf2) and 20 were WT-like
plants (EMF2/EMF2) (Fig. 6.2B-C).

Fig. 6.2 Genotyping of transgenic Arabidopsis Atemf2 mutants carrying 35S:MtEMF2L transgene. (A)
The 35S:MtEMF2L transgene was checked by PCR using the 35S promoter specific forward primer (35S-F1)
and the MtEMF2L gene specific reverse primer (EMF2-Ex3R1), which produced a 988 bp fragment as shown
on the gel. This band was absent in the WT plant. (B)(C) The EMF2 allele of the transgenic plants was PCR
genotyped using emf2-3-F and emf2-3-R primers. Due to a 35 bp nucleotide deletion in the Atemf2 allele,
Atemf2 homozygotes (emf2/emf2) only exhibited the emf2 band (185bps), Atemf2 heterozygotes (EMF2/emf2)
displayed the emf2 band (185 bps) and EMF2 band (220 bp), while WT-like Atemf2 had EMF2 band only
(220 bp).
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6.2.4 Phenotyping of Atemf2 homozygotes overexpressing MtEMF2L
The transgenic plants could be divided into two groups based on the phenotypes they displayed: the
WT-like and the Atemf2-like. The former developed normal rosette leaves and behaved like WT
plants throughout the development. The latter behaved like Atemf2 homozygotes which missed out
the vegetative stage and directly flowered at the seedling stage. The genotyping indicated that all the
EMF2/emf2 (heterozygote at the AtEMF2 locus) and EMF2/EMF2 (WT at the AtEMF2 locus)
transgenic plants belonged to the former group, while all the emf2/emf2 (homozygote at the AtEMF2
locus) transgenic plants belonged to the latter group, suggesting that MtEMF2L was unable to rescue
the phenotypes of the Atemf2 homozygotes. However, when compared with the emf2/emf2 mutants
without 35S:MtEMF2L, some emf2/emf2 transgenic plants overexpressing MtEMF2L had elongated
shoots and developed more cauline leaves (Fig. 6.3A-B).

Fig. 6.3 Phenotypes of Atemf2 homozygotes and heterozygotes carrying 35S:MtEMF2L transgene. (A)
The homozygous Atemf2 mutant without 35S:MtEMF2L transgene flowered early bypassing the vegetative
stage. (B) The homozygous Atemf2 mutant with 35S:MtEMF2L transgene overall displayed the similar
phenotypes as the emf2/emf2 mutant without 35S:MtEMF2L, but it had elongated shoot and more cauline
leaves. (C) The heterozygous Atemf2 mutant and WT-like mutant with 35S:MtEMF2L transgene had similar
phenotypes as WT plants. The photographs (A) and (B) were taken by microscope with 160x magnification.
The height of the Atemf2 homozygous mutant was around 3-5mm. The photos were taken at 19 days old.

To further investigate whether the difference was caused by the overexpression of MtEMF2L, forty
T2 transgenic plants were grown from four selected transgenic lines (P996-4, P996-8, P996-18 and
P996-41) as shown in Fig. 6.5A. After segregation, total 42 emf2/emf2 plants (Atemf2 homozygotes)
were obtained from these transgenic lines. The subsequent PCR genotyping confirmed that 30 out of
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42 emf2/emf2 plants carried 35S:MtEMF2L transgene (Fig. 6.4). All the emf2/emf2 plants were
photo-graphed at 24 days old and their phenotypes were compared between the emf2/emf2 plants
with and without 35S:MtEMF2L insertion. However, no obvious difference in phenotype was
observed. The phenotypes of elongated shoot and more cauline leaves which were found in some T1
emf2/emf2 transgenic plants were observed both in the emf2/emf2 plants with and without
35S:MtEMF2L, suggesting these phenotypes might result from growth variation rather than the
overexpression of MtEMF2L.

Fig. 6.4 Genotyping of T2 emf2/emf2 transgenic plants. (A)(B)(C) Transgenic emf2/emf2 plant genotyping
was performed by PCR using Atemf2-3-F and Atemf2-3-R primers. PCR products were separated on 2%
agarose gels. The expected band for emf2/emf2 plants is 185 bp. (D)(E)(F) The 35S:MtEMF2L transgene in
the same transgenic plants was checked by PCR using 35S-F1 and EMF2-Ex3R1 primers. The expected band
is 988 bp. Samples with expected bands are emf2/emf2 carrying 35S:MtEMF2L transgene, otherwise, they are
emf2/emf2 without 35S:MtEMF2L insertion. The emf2/emf2 with 35S:MtEMF2L include P996-4 (2, 16, 30),
P996-8 (1, 5, 7, 11, 15, 18, 19, 27, 28, 29, 30, 31, 33, 34, 36, 37), P996-18 (28, 36), P996-41 (3, 4, 7, 8, 17, 26,
28, 29, 37). Q222 (0, 7, 10) are emf2/emf2 mutants without 35S:MtEMF2L that were used for controls.
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6.2.5 Flowering time of transgenic plants overexpressing MtEMF2L
To check the effect of overexpression of MtEMF2L on flowering time, flowering time was scored
among the T1 EMF2/emf2 (heterozygote at the AtEMF2 locus) and EMF2/EMF2 (WT at the
AtEMF2 locus) transgenic plants carrying the 35S:MtEMF2L transgene. A total 25 EMF2/emf2 and
19 EMF2/EMF2 transgenic plants were scored by counting the rosette leaves and cauline leaves. On
the whole, the EMF2/emf2 transgenic plants flowered later (11-18 total leaves) while the
EMF2/EMF2 transgenic plants flowered earlier (7-14 total leaves) than WT (Col.) plants (10-13 total
leaves) (Fig. 6.5 A-C). On average, the EMF2/emf2 transgenic plants had 3.5 total leaves more than
WT plants, while the EMF2/EMF2 transgenic plants had 2 total leaves less than WT plants at the
time of floral transition (Fig. 6.5D).
The late flowering phenotype of T1 EMF2/emf2 transgenic plants was inherited by the T2
EMF2/emf2 plants overexpressing MtEMF2L. Seeds from the four T1 EMF2/emf2 transgenic lines
(P996-4, P996-8, P996-18 and P996-41) were sown and T2 plants were grown in LD conditions.
After segregation, the EMF2/emf2 and EMF2/EMF2 transgenic plants were distinguished by PCR
genotyping. Their flowering time was scored and the results showed that the EMF2/emf2 transgenic
plants in all the four transgenic lines flowered later than the EMF2/EMF2 transgenic plants and WT
plants (Fig. 6.6A-D). The early flowering phenotype shown in the T1 EMF2/EMF2 transgenic plants
was not exhibited in the T2 EMF2/EMF2 transgenic plants. Four EMF2/EMF2 T2 transgenic lines
from P996-1, P996-30, P996-43 and P996-45 were grown in LD conditions. Only the offspring from
the P996-1 transgenic line displayed early flowering phenotype like their T1 parent. The transgenic
plants in the other three transgenic lines flowered at the similar time as WT plants (Fig. 6.6E).
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Fig. 6.5 Flowering time of EMF2/emf2 and EMF2/EMF2 T1 transgenic plants with 35S:MtEMF2L and
WT plants. (A) The EMF2/emf2 (heterozygote at the AtEMF2 locus) transgenic plants carrying
35S:MtEMF2L transgene flowered at the total leaf number of 9-18. (B) The EMF2/EMF2 (WT at the Atemf2
locus) transgenic plants carrying 35S:MtEMF2L transgene flowered at the total leaf number from 7 to 14. (C)
The WT (Col) plants flowered at the total leaf number from 10-13. (D) Average total leaf numbers of
EMF2/emf2 (n=25) and EMF2/EMF2 (n=19) transgenic plants and WT (n=24) plants at the time of floral
transition showed significant difference. Data is shown as mean ± SE (** means P < 0.001). Green bars and
bars with green oblique lines in (A)(B)(C) represent the samples whose MtEMF2L expression levels were
quantified by qRT-PCR. Seeds from the samples with green oblique lines were sown to grow T2 plants.
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Fig. 6.6 Flowering time of T2 transgenic lines with 35S:MtEMF2L. (A) T2 plants (Q214) from P996-4
EMF2/emf2 T1 plant. (B) T2 plants (Q215) from P996-8 EMF2/emf2 T1 plant. (C) T2 plants (Q216) from
P996-18 EMF2/emf2 T1 plant. (D) T2 plants (Q217) from P996-41 EMF2/emf2 T1 plant. After segregation,
EMF2/EMF2 (WT-like Atemf2) and EMF2/emf2 (heterozygous Atemf2) transgenic plants were obtained and
their flowering time was scored and compared with WT plants (Q223). On average, EMF2/EMF2 (WT-like
Atemf2) transgenic plants flowered at the time similar to WT plants, while EMF2/emf2 (heterozygous Atemf2)
transgenic plants flowered significantly later than WT plants (E) T2 plants (WT-like Atemf2 with
35S:MtEMF2L) from Q218, Q219, Q220 and Q221 lines, respectively corresponding to P996-1, P996-30,
P996-43 and P996-45 EMF2/EMF2 (WT-like Atemf2) T1 transgenic lines were compared with WT plants
(Q223). They behaved like their T1 parents in flowering time. Q219 line flowered significantly earlier than
other transgnic lines and WT plants, while the other three lines have similar flowering time as WT plants
(Q223). All data was shown as Mean ± SE. "**" stands for statistical significance with P < 0.001 when
comparing the flowering time of transgenic plants with WT plants.
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6.2.6 Gene expression analysis of transgenic Arabidopsis overexpressing
MtEMF2L
6.2.6.1 The expression of MtEMF2L in the selected transgenic plants
To explore the correlation of flowering time with the overexpression level of MtEMF2L, qRT-PCR
was performed to check the expression of MtEMF2L in selected transgenic plants displaying the
typical early or late flowering phenotype (Fig. 6.5). In addition, two WT plants and a few transgenic
plants with similar flowering time to the WT plants were included as controls. Three primer pairs
were used for qRT-PCR amplification, including primers of At2g32170 housekeeping gene which
was used as a reference gene to calibrate RT-PRC reaction and two pairs of MtEMF2L primers that
are located on the exon 11 and exon 17 of MtEMF2c (Medtr1g090240), respectively.
From Fig. 6.7A, it was observed that the MtEMF2L was overexpressed in all the Arabidopsis
transgenic plants. The expression level varied among the transgenic plants but no correlation was
found between the MtEMF2L expression level and the flowering time when comparing Fig. 6.7A and
Fig. 6.7B.
6.2.6.2 The expression of AtEMF2 in the selected transgenic plants
As described in 6.2.5 and shown in Fig. 6.6E, one EMF2/EMF2 transgenic line (P996-30) and its
descendants (Q219 line) displayed an early flowering phenotype. To investigate whether this
phenotype was caused by the co-suppression of the endogenous AtEMF2 gene, another qRT-PCR
was performed using the same cDNA in the 6.2.6.1 section but the AtEMF2 specific primers to detect
the expression of AtEMF2 in the selected transgenic plants. It was found from Fig. 6.7C that the
expression of AtEMF2 in the transgenic plants was not significantly different to WT plants,
indicating that the overexpression of MtEMF2L had no effect on the expression of AtEMF2. In
addition, the expression of AtEMF2 in the transgenic plants which displayed early flowering
phenotype, for example, P996-30 and P996-1 transgenic lines, was similar to that of the WT plants,
suggesting that the early flowering phenotype might be caused by the disruption of other genes due
to the insertion of the 35S:MtEMF2L transgene.

195

Fig. 6.7 Expression of MtEMF2L and endogenous AtEMF2 gene in the Arabidopsis T1 transgenic plants.
(A) Flowering time of the selected T1 transgenic plants and WT plants. Total leaf numbers were counted at
the time of floral transition. The value on the top of each bar represents the days at floral transition. (B)
Expression levels of MtEMF2L in the selected T1 Arabidopsis transgenic plants and WT Arabidopsis were
quantified by qRT-PCR. The At2g32170 Arabidopsis gene was used to normalize the reactions. (C) The
expression of AtEMF2 in the selected T1 transgenic plants and WT plants was quantified by qRT-PCR. The
At2g32170 Arabidopsis gene was used to normalize the reactions. MtEMF2-Ex11-F/R and MtEMF2-Ex20F/R
primer pairs were used to amplify the MtEMF2L gene. Atemf2-1_P3/F and AtEMF22-1_P4-R primers were
used to amplify the AtEMF2 gene. Error bars stand for standard deviation of the three technical replicates.
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6.3 Screening of candidate MtEMF2 Tnt1 mutant lines
6.3.1 Summary of candidate Tnt1 mutant lines
Loss-of-function study is crucial to identify the functions of a gene by observing the phenotypes
caused by the loss of gene function. For Medicago reverse genetic studies, Tnt1 insertion mutants
were produced at the Samuel Roberts Noble Foundation (https://www.noble.org/). Tnt1 mutant lines
therefore could be searched by BLASTN against Flanking Sequence Tags (FSTs) database on the
Noble website (http://medicago-mutant.noble.org/mutant/blast/blast.php). The genomic sequences of
MtEMF2a, MtEMF2b and MtEMF2c were used to BLAST against Medicago Tnt1 mutant FSTs
database. FSTs with significant scores (>90) and E-values (< e-161) were selected and subsequently
aligned with the MtEMF2 genomic sequences to position the Tnt1 insertions on the MtEMF2 genes.
Through BLAST searches, six potential Tnt1 mutant lines (NF10103, NF5668, NF12055, NF13295,
NF11737 and NF18728) were obtained. They all showed at least one Tnt1 insertion in one of the
MtEMF2 genes either in the exons or in the introns according to the sequence alignment. The mutant
seeds were ordered from the Noble Foundation and the mutant plants were grown in LD with and
without vernalisation (VLD and LD). The mutants were genotyped and phenotyped to check the Tnt1
insertion and effect of the insertion on the flowering time. In addition, qRT-PCR was performed,
aiming to find out whether MtEMF2 gene was knocked out/down in these mutant lines.
Table 6.1 summarizes the Tnt1 mutant lines studied in this thesis. Tnt1 insertions were found in three
mutant lines (NF12055, NF13295 and NF18278) at the MtEMF2 loci. However, none of the three
lines has the Tnt1 insertion in the exons based on the genotyping results. No Tnt1 insertion were
found in NF10103, NF5668 and NF11737 lines in the MtEMF2 genes. Flowering time in LD-V and
VLD conditions was scored in the six mutant lines, but it did not exhibit any correlation with the
Tnt1 insertion. No evidence from the gene expression analysis showed that the Tnt1 insertions had
resulted in the MtEMF2 expression reduction when compared with WT plants. The details how the
six Tnt1 mutant lines were genotyped and phenotyped are presented below.
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Table 6.1 Summary of Tnt1 mutant lines screened in this project.
Tnt1 mutant

Tnt1 position indicated

Tnt1 position indicated

line

by the sequence

by the genotyping

alignment

Flowering time compared with
WT plants
VLD

LD

NF10103

MtEMF2c exon2

No Tnt1 in MtEMF2 gene

Slightly early

No difference

NF5668

MtEMF2c exon 15 or

No Tnt1 in MtEMF2 gene

Slightly early

No difference

-

No difference

intron 15
NF11737

MtEMF2c intron 13

No Tnt1 in MtEMF2 gene

NF12055

MtEMF2c exon 1

MtEMF2c exon 1 *

Slightly early

Slightly late

NF13295

MtEMF2b exon 6

MtEMF2b exon 6 **

Slightly early

No difference

NF18728

MtEMF2c intron 10 or

MtEMF2c intron 10 ***

No difference

No difference

exon11
Note: * The MtEMF2c exon 1 was absent in the cDNA sequences of MtEMF2c_L, MtEMF2c_L3 and
MtEMF2L. As it was located upstream of MtEMF2c_L and MtEMF2c_L3, it was most likely to be part of the
promoter of MtEMF2c_L and MtEMF2c_L3. Because MtEMF2L covered MtEMF2a, MtEMF2b and
MtEMF2c, the MtEMF2c exon 1 belongs to the MtEMF2L intron. ** The MtEMF2b exon 6 belongs to the
MtEMF2L intron based on the cDNA sequencing result. *** The MtEMF2c intron 10 was contained in the
genomic sequences of MtEMF2c_L, MtEMF2c_L3 and MtEMF2L.

6.3.2 NF10103 mutant line
The alignment of NF10103 FST with MtEMF2c (Medtr1g090240) genomic sequence indicated that a
Tnt1 transposon was inserted in the MtEMF2c exon 2 (Fig. 6.8A). To confirm this, PCR genotyping
was performed using the Tnt1-specific primers (Tnt1-F and Tnt1-R) and the gene-specific primers
(MtEMF2-Ex1F and MtEMF2-Ex3R1). The genomic DNA extracted from NF10103 mutants which
were grown in LD conditions was used as the PCR template. As seen in Fig. 6.8B, no Tnt1-specific
bands were observed on the gel when using Tnt1-specific primers and gene-specific primers,
indicating that NF10103 was a false positive MtEMF2 mutant line.
The scoring of flowering time did not display any difference in days to first flower and in node
number between the NF10103 mutants and the WT plants under LDs (Fig. 6.9). However, it was
found that NF10103 mutants on average flowered 7 days earlier and 2 nodes less than WT plants at
the time of floral transition under VLD conditions. Considering no Tnt1 transposon existed in
MtEMF2c gene in this mutant line, it was inferred that the earlier flowering phenotype under VLD
conditions was contributed by other factors such as the mutation of other genes or environmental
factors.
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Fig. 6.8 Genotyping of NF10103 mutants. (A) The position of Tnt1 transposon (black triangele) in
MtEMF2c gene was predicted through sequence alignments. The blue line indicates the NF10103 FST
sequence and the short red line is the Tnt1 LTR sequence. Tnt1 might insert in the MtEMF2 gene in two
directions as shown. (B) PCR genotyping was carried out using Tnt1-specific primers (Tnt1-F and Tnt1-R)
and gene-specific primers (EMF2-Ex1F and EMF2-Ex3R1). Wild type bands were seen on the gel but no Tnt1
bands were shown.

Fig. 6.9 Flowering time of NF10103 mutants and R108 WT plants. There are 11 and 13 NF10103 seeds
grown under LD and VLD conditions, respectively. R108 WT plants were grown at the same conditions. Days
to flowering and node numbers at the floral transition were scored for mutants and WT plants. (A) Days to
flowering of NF10103 mutants and R108 WT plants at LD and VLD conditions was scored. No difference
was found between NF10103 mutants and R108 WT plants in LDs. However, NF10103 mutants flowered
significantly ealier than WT plants in VLDs. (B) Node numbers of NF10103 mutants and R108 WT plants in
LD and VLD conditions were counted at the floral transition. No difference was found between NF10103 and
R108 plants in LDs but node numbers of NF10103 mutants are significantly less than that of WT plants in
VLDs. Data is presented by mean ± SE. "**" stands for statistical significance with P < 0.001 when
comparing flowering time of mutants with WT plants under the same condition.
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6.3.3 NF5668 mutant line
No Tnt1 Long Terminal Repeat (LTR) sequence tag was found in the NF5668 flanking sequence.
Therefore, four possible Tnt1 insertions in the MtEMF2c might exist according to the sequence
alignment. As seen in Fig. 6.10A, Tnt1 transposon might locate either in the exon 15 or intron 15 in a
sense or an antisense direction. The PCR genotyping was performed using Tnt1-specific primers
(Tnt1-F/Tnt1-R) and the gene-specific forward primer on the exon 15 (MtEMF2-Ex18F) and the
reverse primer on the exon 16 (MtEMF2-Ex19R1). The genotyping did not find any Tnt1 insertions
in the NF5668 mutant line at the MtEMF2c locus because no PCR products were obtained when
using Tnt1-specific primers and gene-specific primers (Data not shown). The PCR error was
excluded by using positive controls.
In terms of flowering time, the NF5668 mutants flowered earlier than WT plants under VLD
conditions. However, no difference in flowering time was found between the NF5668 mutants and
WT plants under LDs (Fig. 6.10B). Therefore, the early flowering phenotype under VLD conditions
was assumed to be caused by other genes mutated in the NF5668 line.
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Fig. 6.10 NF5668 mutant line. (A) The possible positions of Tnt1 transposon (black triangle) in MtEMF2c
gene was predicted through genomic sequence alignments. The blue line indicates the NF5668 FST sequence.
The primers shown on the graph were used for PCR genotyping. F: MtEMF2-Ex18F; R: MtEMF2-Ex19R1.
(B) Days to flowering of NF5668 mutants and R108 WT plants was scored under LD and VLD conditions. (C)
Node numbers of NF5668 mutants and R108 WT plants were counted at the days of flowering in LDs and
VLDs. Overall, NF5668 mutants flowered similar to WT plants when comparing days to flowering and node
numbers at the floral transition in LDs. Significant difference in flowering time (days to flowering and node
number) was observed between NF5668 mutants and R108 WT plants under VLD conditions, most likely to
be caused by other genes disturbed in the NF5668 line. The data is shown as mean ± SE. "**" stands for
statistical significance with P < 0.001.

6.3.4 NF11737 mutant line
The alignment of the NF11737 FST with MtEMF2c genomic sequence indicated two adjacent Tnt1
transposons in the MtEMF2c gene. Both transposons were located in the MtEMF2c intron 13 as seen
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in Fig. 6.11A. The genotyping using Tnt1 and gene specific primers did not detect any Tnt1
insertions in the MtEMF2c gene in this mutant line. The mutants were grown in LDs only and no
difference in flowering time was found between the mutants and WT plants. However, an interesting
barrel phenotype was observed. The barrels born by NF11737 mutants are very curvy and their
surface are very smooth without any spikes compared with WT barrels (Fig. 6.11C). It was assumed
that other gene was disrupted in this mutant line, which caused the smooth barrel phenotype.

Fig. 6.11 NF11737 mutant line. (A) The Tnt1 transposon positions in MtEMF2c gene in the NF11737 line
were predicted. The blue line indicates the NF11737 FST sequence and the short red line is the Tnt1 LTR
sequence. Primers used for genotyping were shown on the graph. F2: MtEMF2-F2; R2: MtEMF2-R2; R:
MtEMF2-Ex14R(4.1). (B) The average days and nodes numbers of NF11737 mutants and R108 WT plants at
the floral transition in LDs. No difference was found in flowering time between the NF11737 mutants and WT
plants in LDs (C) NF11737 mutants developed the barrels lacking spikes and thus with a much smoother
surface compared with WT plants.

6.3.5 NF12055 mutant line
The sequence alignment indicated that a Tnt1 transposon in the NF12055 line was inserted in the
predicted MtEMF2c exon 1 in a sense direction (Fig. 6.12A). The insertion was further confirmed by
the PCR genotyping and the following PCR product sequencing. The genotyping result shown in Fig.
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6.12B demonstrated that six out of seven available NF12055 mutants are heterozygous and one is
WT-like at the allele where Tnt1 transposon was inserted. All the seven mutants were grown in LDs
and their flowering time was compared with that of WT plants grown at the same conditions.
NF12055 mutants flowered at 14-15 nodes, while WT plants flowered at 13-17 nodes. There were no
difference in flowering time between the NF12055 heterozygotes and WT plants.

Fig. 6.12 Genotyping of NF12055 mutants. (A) The location of Tnt1 transposon in the MtEMF2c gene in the
NF12055 mutant line was predicted through sequence alignments. Primers shown was used for genotyping.
1F(4.1): EMF2-EX1F(4.1); Ex3R1: MtEMF2-3R1. (B) The PCR genotyping was carried out using Tnt1-R
primers and gene specific primers (1F(4.1) and Ex3R1). The allele where Tnt1 insertion was located was
amplified by the Tnt1-R/EMF2-Ex1F(4.1) primers, while the allele without Tnt1 insertion could be amplified
by the gene-specific primers.

To obtain NF12055 homozygous mutants, seeds were harvested from the NF12055-2 and NF120557 mutant lines. The next generation of NF12055 mutants were grown in LD and VLD conditions.
The genotyping was carried out using the same Tnt1 and gene specific primers to check the Tnt1
insertion in the MtEMF2c gene. As listed in Table 6.2, a total 36 plants were obtained from the
NF12055-2 line in which homozygotes accounted for 56.8%, heterozygotes 24.3% and WT-like
18.9%. For NF12055-7 mutant line, total 67 mutants were genotyped in which 16 are homozygotes,
32 are heterozygotes and 19 are WT-like plants.
Table 6.2 Segregation of NF12055-2 and NF12055-7 mutant lines.
NF12055-2

NF12055-7

Homozygotes

21

16

Heterozygotes

9

32

WT-like plants

6

19

Total

36

67
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Flowering time was scored among NF12055-2 and NF12055-7 homozygotes and WT plants. As
shown in Fig. 6.13A and Fig. 6.13B, NF12055 homozygotes from NF12055-2 and NF12055-7 lines
flowered later than WT plants in LDs, but earlier than WT plants in VLDs. To check whether the
flowering time phenotype correlated with the expression of MtEMF2c gene, qRT-PCR was
performed to measure the expression of MtEMF2c in some selected mutants and a WT plant. As seen
in Fig. 6.13C, the expression levels of MtEMF2c gene in the selected homozygotes, heterozygotes
and the WT plant were similar. Even among the mutants, no correlation was found between the
flowering time and the MtEMF2c expression level. It was inferred that the flowering time phenotype
displayed in the NF12055 mutant lines might result from the mutation of other genes or
environmental factors.
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Fig. 6.13 Flowering time of NF12055 homozygotes and R108 WT plants in LDs and VLDs as well the
expression of MtEMF2c in the selected NF12055 mutants and the WT plant. (A) Average days to
flowering of NF12055 homozygotes and R108 WT plants were compared in LDs and VLDs. (B) Average
node numbers of NF12055 homozygotes and R108 WT plants were compared at the floral transition in LDs
and VLDs. Overall, NF12055 homozygotes flowered significantly later than WT plants in LDs but showed
crosscurrent in VLDs. "**" stands for statistical significance with P < 0.001. (C) The expression of MtEMF2c
in four NF12055 homozygotes, two NF12055 heterozygotes and one WT plant were quantified by qRT-PCR.
Their flowering time was listed in the table on the right. No correlation was found between MtEMF2c
expression and flowering time in the mutants. MtPDF2 gene was used to normalize the reactions. The data
was shown by Mean ±SE. Standard error was calculated based on the three technical replicates.

6.3.6 NF13295 mutant line
Based on the Tnt1 LTR sequence in the NF13295 FST and the sequence alignment of the FST with
MtEMF2c, a Tnt1 transposon was predicted to insert in the predicted MtEMF2b exon 6. The Tnt1
insertion was checked through PCR genotyping and the sequencing of the amplified PCR product.
Nine seeds were obtained from Noble foundation and grown in LDs. The genotyping result indicated
that 8 out of 9 plants are NF13295 heterozygous and one is homozygous at the allele of Tnt1
insertion. The homozygous mutant flowered at 15 nodes and the heterozygous mutants flowered at
13 to 15 nodes, similar to WT plants which flowered at 13-17 nodes.

Fig. 6.14 Tnt1 insertion in the NF13295 line and genotyping of NF13295 mutants. (A) The Tnt1
transposon (black triangle) position in the MtEMF2b gene was predicted through sequence alignments. The
NF13295 FST sequence and Tnt1 LTR sequence were indicated by blue and red lines, respectively. Pimers
used for genotyping were exhibited. (B) Genotyping was performed using Tnt1-R primer and the genespecific primers (13295-F: NF13295-F; 2R(4.1): MtEMF2-Ex2R(4.1)). The Tnt1 specific band was amplified
in homozygous and heterozygous mutants but not in WT plants. Gene-specific bands were amplified in
heterozygous mutants and WT plants only.
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Seeds were harvested from NF13295-5 and NF13295-8 lines. The next generation mutants were
grown in LD and VLD conditions. Total 76 plants from the NF13295-5 line and 15 plants from the
NF13295-8 line were grown and genotyped. The segregation ratio was close to 1:2:1 (homozygote:
heterozygote: WT-like plant) (Table 6.4).
Table 6.4 Segregation of NF13295-5 and NF13295-8 lines.
NF13295-5

NF13295-8

Homozygotes

20

4

Heterozygotes

41

7

WT-like plants

15

4

Total

76

15

Flowering time was scored within NF13295 homozygous mutants and WT plants in LD and VLD
conditions. As seen in Fig. 6.15A-B, homozygous mutants grown in LDs on average flowered 8 days
later than WT plants, but no difference in node number was found between the NF13295
homozygous mutants and the WT plants. To check whether the late flowering in days resulted from
the expression change of the MtEMF2 gene, qRT-PCR was carried out. However, no significant
difference in the MtEMF2 expression was observed among the selected mutants and the WT plant as
seen in Fig. 6.16.
In VLD conditions, homozygous mutants flowered earlier than WT plants both in days to flowering
and in node number at the floral transition. To further explore whether the insertion of Tnt1 in the
MtEMF2b gene contributed to the early flowering phenotype in VLD conditions, more NF13295
mutants including homozygotes, heterozygotes and WT-like mutants were grown and their flowering
time was compared in VLD conditions (Fig. 6.15C-D). Homozygous mutants displayed early
flowering phenotype when compared with WT plants, However, no significant difference in
flowering time was found among the mutants and WT-like mutants, indicating that the early
flowering phenotype observed in VLD conditions might have been caused by Tnt1 insertions in other
genes rather than in the MtEMF2b gene.
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Fig. 6.15 Flowering time of NF13295 mutants and R108 WT plants in LDs and VLDs. (A) Average days
to flowering of NF13295 homozygotes and R108 WT plants were compared under LD and VLD conditions.
It was found that NF13295 homozygotes flowered earlier than WT plants in VLDs. (B) Average node
numbers were compared between the homozygous NF13295 mutants and WT plants at the LD and VLD
conditions. It was found that NF13295 homozygotes had less node numbers compared with WT plants at the
time of floral transition in VLD conditions. (C)(D) The average days to flowering and node number of
NF13295 homozygotes, heterozygotes, WT-like mutant plants and R108 WT plants. NF13295 homozygotes
flowered earlier than WT plants in VLDs. However, difference in flowering time was not found between the
NF13295 homozygotes and WT-like mutant plants. The data is presented by Mean ± SE. "**" and "*" stand
for statistical significance in flowering time between mutants and WT plants. The former is P < 0.001 and the
latter is P < 0.05.

207

Fig. 6.16 Expression of MtEMF2c gene in the selected NF13295-5 mutants and WT plant. P577-1 is WT
plant sample. No close correlation was found between the MtEMF2 gene expression level and the flowering
time in the slected mutants. The qRT-PCR reactions were normalized by MtPDF2 gene. The data is shown by
Mean ± SD with three technical replicates. Days and node numbers of the plants at the time of floral transition
was recorded as listed in the table.

6.3.7 NF18728 mutant line
6.3.7.1 Genotyping of NF18728 mutants
The sequence alignment and the Tnt1 LTR sequence in the NF18728 FST indicated that there were
two Tnt1 insertions in the MtEMF2c gene. They are respectively located in the predicted MtEMF2c
intron 10 and exon 11 as shown in Fig. 6.17A. Nine seeds from Noble Foundation were sown and the
mutants were grown in VLD conditions. Genotyping was performed using the Tnt1 and gene specific
primers. Only one Tnt1 insertion was detected in the intron 10. No Tnt1 insertion existed in the exon
11. The insertion was further confirmed through PCR product sequencing. The genotyping also
showed that 2 out 9 plants are homozygous, 4 are heterozygous and 3 are WT-like mutants at the
allele where Tnt1 was inserted (Fig. 6.17B).

208

Fig. 6.17 Genotyping of the NF18728 mutant line. (A) The Tnt1 insertions in the MtEMF2c gene were
predicted through sequence alignments. The NF18728 FST sequence and Tnt1 LTR sequence were indicated
by blue and red lines, respectively. Pimers used for genotyping were exhibited. (B) PCR genotyping was
performed using Tnt1-R primer and gene-specific primers (EMF2-Ex10F and EMF2-Ex11R). Tnt1 specific
bands were amplified in homozygous and heterozygous mutants but not in WT plants. Gene-specific bands
were amplified in heterozygous mutants and WT plants only.

6.3.7.2 Phenotyping of NF18728 mutants
When scoring the flowering time of the mutants and WT plants, no significant difference was found.
The mutants flowered at 17 to 20 days with 5-7 nodes, while the WT plants flowered at 17-19 days
with 6-7 nodes in VLD conditions. The similar flowering time was displayed among the NF18728
homozygotes, heterozygotes and WT plants. The two homozygous mutants (NF18728-3 and
NF18728-6) did not produce any barrels. However, it could not conclude this sterile phenotype was
caused by the Tnt1 insertion in the MtEMF2c gene as one of the NF18728 WT-like mutant did not
give any barrels either.
To further explore the phenotypes of this mutant line, seeds were harvested from four heterozygous
mutant lines (NF17827-2, NF18728-7, NF18728-8 and NF18728-9) and sown. The plants were
grown in LD and VLD conditions. Genotyping was performed using the same Tnt1 and gene specific
primers. The segregation analysis revealed that the Tnt1 insertion locus was not in accordance with
Mendelian inheritance law when studying the segregation ratio among the homozygotes,
heterozygotes and WT-like mutants (Table 6.5).
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Table 6.5 Segregation of NF18728 lines.
LD

VLD

NF18728-7

NF18728-8

NF18728-2

NF18728-9

Homozygotes

4

6

0

9

Heterozygotes

11

12

15

17

WT-like plants

3

12

28

13

Total

18

30

43

39

Flowering time was scored in all the NF18728 mutants and WT plants. As seen in Fig. 6.17, all
plants including homozygotes, heterozygotes and WT-like mutants in the NF18728-7 and NF187288 lines which were grown in LDs developed the first floral bud significantly later than R108 WT
plants. However, this late flowering phenotype was not exhibited on the node number. In addition, no
difference was found flowering time among homozygotes, heterozygotes and WT-like mutants in
these two lines at the LD condition. This suggested that different flowering time between the mutants
and WT plants might resulted from environmental factors or other interrupted gene rather than
MtEMF2 gene itself.
The same conclusion was made from the mutants grown in VLDs. Although mutants in NF18728-2
and NF18728-9 lines had less node numbers than R108 WT plants, the flowering time was exhibited
similar among the homozygotes, heterozygotes and WT-like mutants in both lines (Fig. 6.17). No
NF18728-2 homozygotes were obtained, but heterozygous and WT-like mutants in the NF18728-3
line flowered at the similar time.
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Fig. 6.17 Flowering time of NF18728 mutant lines in LDs and VLDs. (A) Days to flowering of NF18728-7
and NF18728-8 lines in LDs and NF18728-2 and NF18728-9 lines in VLDs. (B) Node numbers of NF18728-7
and NF18728-8 lines in LDs and NF18728-2 and NF18728-9 lines in VLDs. In LDs, homozygotes,
heterozygotes and WT-like mutants in NF18728-7 and NF18728-8 lines flowered later than WT plants, but no
difference in flowering time was exhibited among them in both lines. In VLDs, homozygotes, heterozygotes
and WT-like mutants in the NF18728-9 line showed early flowering phenotype when compared with WT
plants. However, there was no difference in flowering time among homozygotes, heterozygotes and WT-like
mutants in both lines. All data is presented by mean ± SD. "**" and "*" stand for statistical significance with
P < 0.001 and P < 0.05, respectively, when comparing mutants with WT plants.

6.3.7.3 The expression of MtEMF2c in the selected mutants and WT plants
To check the expression of MtEMF2 in these mutants, qRT-PCR was performed. For some reason,
the expression of MtEMF2 in all the checked mutants was lower than that of the WT plants as seen in
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Fig. 6.18. However, it was also concluded that the reduction of MtEMF2 expression level was not
caused by the interruption of MtEMF2 gene by the Tnt1 insertion as the WT-like mutants in which
no Tnt1 insertion at the MtEMF2 locus also showed low MtEMF2 expression as the homozygotes.

Fig. 6.18 Expression of MtEMF2 in the selected NF18728-7 mutants and the WT plant. Some mutants in
the NF18728-7 line were selected including homozygotes, heterozygotes and WT-like plants to check the
expression levels of MtEMF2c. It was found that the expression of MtEMF2c in the NF18729-7 mutants was
overall lower than that in the WT plant. However, this low expression level of MtEMF2c was not correlated
with flowering time. The data was shown as Mean ± SD of three technical replicates. The values on bars
represent node numbers of mutants at the time of floral transition.

6.3.7.4 Other phenotypes shown among NF18728 mutants
Among NF18728 mutants grown in LD conditions, some displayed distinct reduced internode length
phenotype as shown in Fig. 6.19. The plants displaying this phenotype have very compact structure
and their average shoot length was around 6 cm (Fig. 6.19A). Some plants displayed a relative mild
short internode phenotype with 16 cm shoot (Fig. 6.19B). Those plants are much shorter than WT
plants which have 42 cm shoot (Fig. 6.19C). This phenotype appeared among the NF18728
homozygotes, heterozygotes and WT-like mutants, implying this phenotype was caused by the
mutation of other genes rather than MtEMF2 gene.
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Fig. 6.19 Short internode length phenotype in NF18728 mutant lines. (A) Typical short internode length
phenotype. The longest shoot of the plant shown is around 6 cm. (B) This mutant had relative mild phenotype
but was still dwarf compared with R108 WT plant. (C) The R108 WT plant was the same age as plants shown
in (A) and (B) but much taller than those two mutants.

6.4 Summary and discussion
6.4.1 The complementation of Atemf2 mutants by MtEMF2L
In chapter 5, a large MtEMF2 gene (MtEMF2L) was identified through cDNA sequencing. The
MtEMF2L protein displayed the closest homology to AtEMF2 in domain organization and the amino
acid sequence among the identified MtEMF2 genes. In this chapter, MtEMF2L was used for the
Arabidopsis emf2 mutant complementation. It was expressed in the emf2 mutants and the transgenic
emf2 mutants were genotyped and phenotyped. Unfortunately, no signs showed that the
35S:MtEMF2L transgene could rescue the phenotypes of the Atemf2 homozygotes, suggesting a
potential different function of MtEMF2L from AtEMF2.
An interesting phenotype was found within the transgenic plants that the heterozygous emf2 mutants
(EMF2/emf2) carrying 35S:MtEMF2L transgene flowered significantly later than the WT-like
(EMF2/EMF2) transgenic plants carrying 35S:MtEMF2L transgene and WT plants. They had 3 total
leaves more than WT plants on average. Overall, the WT-like Atemf2 (EMF2/EMF2) transgenic
plants overexpressing MtEMF2L flowered at the similar time as WT plants, indicating that the
MtEMF2L gene did not function on Arabidopsis flowering pathways. Besides, the gene expression
analysis indicated that the expression levels of MtEMF2L had no correlation with the flowering time
of the plants where it was overexpressed. There were two WT-like Atemf2 transgenic lines which
flowered earlier than WT plants and this early flowering phenotype was passed to the next generation.
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Further gene expression analysis on the endogenous EMF2 gene demonstrated that this early
flowering phenotype was caused neither by the suppression of EMF2 gene nor by the overexpression
of MtEMF2L gene. It was most likely that the insertion of MtEMF2L transgene disturbed other
flowering-related genes, thus leading to the early flowering phenotype.
At the initiation of this project to study the function of Medicago EMF2-like genes, MtEMF2L was
selected because it shows the closest homology with AtEMF2 in protein sequence and domain
structure. However, the transcript analysis in Chapter 5 suggested that MtEMF2L transcript was not
the dominant MtEMF2 transcript while the MtEMF2c_L transcript was. Although MtEMF2L protein
shared the common protein sequence of MtEMF2c_L, it was also likely that MtEMF2L formed a
different protein structure from MtEMF2c_L because MtEMF2L contains N-terminal and E5-E10
regions which are lost in MtEMF2c_L, thus resulting in the divergent functions between MtEMF2L
and MtEMF2c_L. To investigate whether MtEMF2c_L acts more like AtEMF2 than MtEMF2L, the
similar complementation experiment can be performed by overexpressing MtEMF2c_L in Atemf2
mutants.

6.4.2 Medicago Tnt1 mutant lines for reverse genetics study
In this Chapter, six MtEMF2 Tnt1 mutant lines were screened. Two lines (NF12055 and NF18728)
contained a Tnt1 insertion in the MtEMF2c gene and one line (NF13295) contained a Tnt1 insertion
in the MtEMF2b gene. The genotyping results indicated that the Tnt1 transposon was inserted in the
predicted MtEMF2c exon 1, MtEMF2b exon 6 and MtEMF2c intron 10, respectively, in the
NF12055, NF13295 and NF18728 lines. However, these insert locations were absent in the MtEMF2
cDNA through cDNA sequencing in Chapter 5. Therefore, it is most likely that the Tnt1 insertions in
these locations are spliced out during transcript processing. This can explain why the expression
levels of MtEMF2 gene were unchanged among the mutants and WT plants in the NF12055 and
NF13295 lines. Further gene expression analysis confirmed that the reduction of MtEMF2 expression
in the NF18728 line did not associate with the Tnt1 insertion in the MtEMF2 gene because the
mutants without Tnt1 insertion at the MtEMF2 locus also showed low MtEMF2 expression level. It
was inferred that a gene which might regulate MtEMF2 gene was likely to be disrupted by the Tnt1
insertion, thus resulting in the expression change of MtEMF2 gene.
Unfortunately, the current available Tnt1 lines did not provide enough information to determine the
role of MtEMF2 in Medicago. The reduced MtEMF2 expression level and the unchanged flowering
time in the NF18728 line suggested that the flowering time regulation might not be the dominant role
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of MtEMF2 genes in Medicago. In the study of broccoli EMF2-like genes, BoEMF2 genes affect leaf
morphologic features, vegetative growth and flower development in broccoli (Liu et al. 2012). The
knocking out/down of the BoEMF2 genes resulted in the curly leaves, short stems and aberrant
flowering organs (Liu et al. 2012). In regard to NF18728 mutant line, short stems were widely
observed among the mutants and curly leaves were also observed in some plants, indicating the
MtEMF2 gene is likely to function on plant development. However, it is difficult to further
characterise its function in this line as the knocking down of MtEMF2 might only cause mild
phenotypes which is most likely to be masked by dominant phenotypes caused by other disrupted
genes. Therefore, to characterize the function of MtEMF2, other molecular methods like RNAi or
CRISPR/Cas9 can be used to completely knock out the MtEMF2 gene, thus observing the
phenotypes caused by the loss-of-function of MtEMF2 gene.
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Chapter 7. The effect of overexpression of three candidate
MtFUL Medicago flowering genes on flowering time and organ
development in Arabidopsis
7.1 Introduction
Research on Medicago flowering time has highlighted the role of the floral integrator gene FTa1
which strongly promotes the transition to flowering (Laurie et al. 2011). In contrast, an important
function for the Polycomb gene MtVRN2 in repressing Medicago flowering was identified recently
(Jaudal et al. 2016). In this Chapter and in Chapter 8, experiments carried out to analyse the function
of two other groups of candidate Medicago flowering genes, the MADS box FUL and SOC1 genes,
respectively is presented. These genes were selected for study because of the well documented role
of SOC1 and FUL homologues in the regulation of flowering time and the ensuing development of
flowers and fruit (FUL) in Arabidopsis and other plants like soybean, rice, poppy and wheat
(Ferrándiz et al. 2000; Lee and Lee 2010; Kinjo et al. 2012; Kobayashi et al. 2012; Pabón-Mora et al.
2012; Jia et al. 2015). For example, AtFUL has been characterised in Arabidopsis as having multiple
roles including the timing of flowering, inflorescence meristem identity and leaf and fruit
development. The mutation of FUL led to silique elongation defects and significantly delayed
flowering time (Gu et al. 1998; Ferrándiz et al. 2000). AtFUL is involved in several flowering time
pathways (photoperiod, ambient temperature and age pathways) by interacting with some other genes
including FT, SVP, SOC1 and LFY (Ferrándiz et al. 2000; Ferrándiz and Fourquin 2014). AtSOC1
was identified as a key flowering integrator activated by the flowering activator CO in LD
photoperiods and repressed by the key floral repressor FLC. It regulates floral meristem development
with other factors including AP1 and LFY (Lee and Lee 2010). Some other studies also showed that
AtFUL and AtSOC1 might act together to repress perennial traits in Arabidopsis (Melzer et al. 2008;
Lee and Lee 2010).
In particular in Medicago, two of the Medicago genes, MtSOC1a and MtFULb, showed elevated
transcript levels in early flowering mutants and regulation by FTa1 and MtVRN2. For example, three
MtFTa1 mutants (spring 1, spring2 and spring3) that overexpress MtFTa1, displayed an early
flowering phenotype and the increased transcript abundance of MtFULb and MtSOC1a in these
mutants (Jaudal et al. 2013; Yeoh et al. 2013). Analysis of fta1 late flowering mutant plants
indicated that FTa1 was required for high accumulation of transcripts of these genes (Jaudal et al.
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2015). The research on the MtVRN2 gene also revealed the increased expression of MtFTa1,
MtFULb and MtSOC1a genes in the early flowering Mtvrn2 mutants (Jaudal et al. 2016). All of these
results thus indicated that MtFULb and MtSOC1a might be involved in Medicago flowering time
control. In addition, the reduction of expression of MtFUL and MtSOC1 genes in Mtvrn2 mutants
also suggested that MtFUL and MtSOC1 genes might be the direct or indirect targets of MtVRN2
and/or MtFTa1.

7.1.1 Previous work in the Putterill Lab on Medicago FUL genes (MtFUL)
Three Medicago FUL-like genes have been identified, named MtFULa, MtFULb and MtFULc
(Hecht et al. 2005; Jaudal et al. 2015; Berbel et al. 2012). Their gene identifiers are Medtr2g461760
(MtFULa), Medtr4g109830 (MtFULb) and Medtr7g016630 (MtFULc). All three MtFUL protein
sequences had the typical MIKC domain sequence of MADS box transcription factors, a MADS-box
domain (M),

conserved intervening region (I-box), a keratin-like motif (K-box) and a more

divergent carboxyl terminus (C) as shown in Fig. 7.1A (Pařenicová et al. 2003). Phylogenetic
analysis of the predicted proteins indicated that although all these proteins were in the
AP1/SQUA/FUL MADS-box group, AtFUL, MtFULa and MtFULb proteins belong to the euFUL
clade, while MtFULc protein is more closely related to the AGL79 clade as seen in Fig. 7.1B (Litt
and Irish 2003; Berbel et al. 2012; Jaudal et al. 2015). Developmental time courses of gene
expression of the three genes in leaves and shoot apices as analysed by qRT-PCR have also been
reported (Jaudal et al. 2015) (see discussion in this chapter).
In this chapter, my research on the three MtFUL genes is presented. Some of these results have been
published in Jaudal et al. paper on which I am an author (Jaudal et al. 2015). The work in this
chapter, includes in silico analysis of MtFUL-like genes and MtFUL gene expression in different
Medicago tissues (from roots to seed pods) from publicly available microarray and RNA-Seq data.
This is followed by the results of selection and characterisation of Arabidopsis transgenic plants
carrying 35S:MtFUL transgenes.
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Fig. 7.1 Alignment and Phylogenetic tree analysis from Medicago, pea and Arabidopsis. (A) Alignment
was performed using predicted Medicago FUL-like proteins and AtFUL protein. Typical domains were
marked with horizontal bars. Highly conserved amino acids were shaded black and the less conserved ones
were shaded grey. (B) Unrooted phylogenetic tree including Medicago, pea and Arabidopsis full length FULlike proteins. The tree was generated using neighbour-joining method with 1000 times bootstrap resampling in
Geneious (v.9.1.5). Numbers on the tree stand for the bootstrap values based on 1000 replicates. The figure
was taken from the paper of Jaudal et al. (Jaudal et al. 2015).
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7.2 Bioinformatic analysis of MtFUL genes
7.2.1 Reciprocal BLAST analysis
In order to analyse the latest version of the Medicago genome (Mt4.0) (Tang et al. 2014), I
performed reciprocal BLAST searches using AtFUL and the three MtFUL protein sequences against
the non-redundant protein sequence database (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi). The
five top Medicago hits that were returned when using AtFUL as the query were MtFULa, then
MtFULb, MtPIM, MtAP1 and finally MtFULc. When using MtFULa, MtFULb and MtFULc as
queries against the Arabidopsis protein database, AtFUL was returned as the top hit for all three
sequences. This confirmed that MtFULa and MtFULb were the closest Medicago relatives of AtFUL,
but MtFULc was more distantly related and not an orthologue of AtFUL. The protein sequence
alignment using MUSCLE was consistent with this analysis. MtFULa and MtFULb respectively
shared 64.4% and 64.2% identical amino acids with AtFUL, while MtFULc only shared 51.0%
conserved protein sequence with AtFUL. Furthermore, MtFULa and MtFULb displayed much closer
relationship with each other sharing 69.1% overall protein sequence than with MtFULc. They had
50.2% and 55.6% identical amino acids with MtFULc, respectively.

7.2.2 In silico expression profile of MtFUL genes in the Medicago truncatula
Affymetrix GeneChip database
To further analyse the functions of the MtFUL genes, I searched the in silico expression profiles of
MtFUL genes in Medicago in a wide range of tissues. The profiles were identified by searching
Medicago truncatula Affymetrix GeneChip database (http://mtgea.noble.org/v3/index.php). The
cDNA sequences of MtFULa, MtFULb and MtFULc were first used as BLAST queries against the
Mt Affymetrix Chip Target Sequences database (http://mtgea.noble.org/v3/index.php) with e-value
threshold at 1e-5. Significant top hits were returned and the probeset IDs (E-value=0) that fully
matched MtFULa, MtFULb and MtFULc query sequences are Mtr.39313.1.S1_at (MtFULa),
Mtr.44860.1.S1_at (MtFULb) and Mtr.14533.1.S1_at (MtFULc). The selected probeset ID was then
submitted in order to obtain the expression profiles of MtFUL genes. The data used to profile the
expression patterns of MtFUL genes was limited to the microarray data of tissue samples originating
from 28 day-old plant roots, petioles, leaves, stems, vegetative buds, flowers, pods and seeds which
were grown in standard conditions (VLD) (Benedito et al. 2008).
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As seen in Fig. 7.2A-C, MtFULa and MtFULb were both highly expressed in flowers and pods and
also detectable in other organs. MtFULc had a different expression pattern. It was mainly expressed
in roots and flowers, but its expression level in flowers was nearly 4 fold less than MtFULa and
MtFUlb.

7.2.3 In silico expression profile of MtFUL genes in Medicago using RNA Seq
data from MedicMine Medicago genome database
The gene expression level based on the normalized RNA Seq data was available in MedicMine
Medicago genome database (http://medicmine.jcvi.org/medicmine/begin.do). This provided a view
of transcript level of MtFUL genes in the blades, buds, roots, nodules, flowers and seedpods with
FPKM as the unit (Fig. 7.2D-F).
As seen in Fig. 7.2 D-F, the transcripts of MtFULa and MtFULb were detected in all the listed tissues.
They both mainly expressed in the open flower and the seedpod, but the expression level of MtFULb
in these two tissues was higher than that of MtFULa. Comparatively, their expression in other
tissues were rather low, but it can still be observed that MtFULb had relatively high expression in the
blade and the bud when compared with MtFULa. Compared with MtFULa and MtFULb, MtFULc
had a completely different expression pattern. It was most expressed in the open flower and the root.
In addition, its transcripts were very low in the nodule and the seedpod and undetectable in the blade
and the bud.
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Fig. 7.2 Expression profiles of MtFULa, MtFULb and MtFULc in different Medicago tissues. (A)(B)(C)
The expression patterns of MtFULa, MtFULb and MtFULc in Medicago profiled from the microarray data in
Medicago truncatula Affymetrix GeneChip database (Version 3 from http://mtgea.noble.org/v3/index.php)
(D)(E)(F): The expression patterns of MtFULa, MtFULb and MtFULc in Medicago profiled from RNA Seq
data in MedicMine Medicago truncatula genome database (http://medicmine.jcvi.org/medicmine/begin.do).
FPKM stands for reads per kilobase of transcript per million mapped reads.
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7.3 Flowering time of Arabidopsis overexpressing MtFUL genes
The initial cloning work to generate the three gene expression constructs, consisting of the 35S
promoter from the Cauliflower Mosaic Virus (CMV) fused upstream of the MtFUL cDNA sequences
and inserted into the plant binary vector pB2GW7 by Gateway cloning (35S:MtFULa, 35S:MtFULb
and 35S:MtFULc), Arabidopsis floral dip transformation, selection of T1 plants and harvest of T2
seeds was performed previously in the Putterill lab.
I progressed the project from this point on. T2 seeds (n=1-10) from multiple independent
35S:MtFULa, 35S:MtFULb and 35S:MtFULc transgenic lines (7, 6 and 8) respectively, were sown
on soil. Segregating transgenic seedlings were selected by Basta spraying. The presence of
35S:MtFUL transgenes were confirmed by PCR genotyping using gene-specific primers (MtFULa:
MtFULa-TC182438-F/R, MtFULb: GW-MtFulb-F/R, MtFULc: MtFulc-newRT-F/R) and Basta
primers (Basta-F2/R) (2.1.8). For each line, flowering time was recorded and the average total leaf
number at flowering was calculated. In addition, the expression levels of MtFUL genes in three early
flowering transgenic plants selected from 35S:MtFULa, 35S:MtFULb and 35S:MtFULc lines
respectively, were detected by qRT-PCR. The data is shown in Table 7.1 and Fig. 7.3. On the whole,
most of the transgenic lines from 35S:MtFULa and 35S:MtFULb displayed an early flowering
phenotype. Four out of seven 35S:MtFULa transgenic lines and four out of six 35S:MtFULb
transgenic lines flowered distinctly earlier than WT plants. In contrast, the flowering time of
35S:MtFULc transgenic lines except for P355-4 line was fairly close to that of WT plants. From Fig.
7.3D-F, it was seen that the MtFUL genes were overexpressed in the transgenic Arabidopsis.
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Table 7.1 Flowering time of T2 transgenic lines carrying 35S:MtFULa, 35S:MtFULb and
35S:MtFULc constructs.
Lines
WT (Col)
35S:MtFULa

P353-Col
P355-1
P355-2
P355-5

Total numbers of the

flowering

(Mean±SE)

plants

13-16

14.4±0.37

10

8.9±0.38

**

10

8.5±0.56

**

10

12.9±0.46

*

10

*

10

**

10

7-11
6-11
10-15
11-13

12.2±0.20

P356-1

6-10

8.3±0.42

P356-2

13-16

P357-1

15±0.77

8-10

9.6±0.40

6

6.0±0.0

3

**

**

5
1

P357-2

11

11.0±0.0

**

P357-3

8-11

9.4±0.44

**

9

7.9±0.46

**

10

8.0±0.58

**

10
10
10

P358-1
P358-2
35S:MtFULc

Average total leaf Nr.

P355-6

P356-3
35S:MtFULb

Total leaf Nr. range at

6-10
5-12

P358-3

8-15

12.0±0.68

*

P359-1

11-15

13.1±0.46

*

P359-2

12-16

14.6±0.43

P359-3

11-14

P359-4

11-16

14.8±0.57

P359-5

10-15

12.3±0.52

P359-12

12-6

14.3±0.40

P355-4

7-13

P355-7

12-15

11.7±0.30

**

10.6±0.58

*

**

13.6±0.60

1

10
10
10
10
10
10
5

"**" and "*" stand for statistical significance with P < 0.001 and P < 0.05, respectively. They indicate that the
transgenic lines have significant difference from WT plants in flowering time.
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Fig. 7.3 Flowering time of T2 35S:MtFUL transgenic lines and the expression of MtFUL genes detected
by qRT-PCR. Flowering time of each transgenic line was quantified by calculating average total leaf number
of each line. The error bar reflects standard error. "**" and "*" stand for statistical significance with P < 0.001
and P < 0.05, respectively, indicating that the transgenic lines have significant difference from WT plants in
flowering time. (A) Average total leaf numbers of T2 35S:MtFULa transgenic lines. (B) Average total leaf
numbers of T2 35S:MtFULb transgenic lines. Only one plant was scored in P357-1 and P357-2 transgenic
lines. Therefore, no error bars were shown in these two lines. (C) Average total leaf numbers of T2
35S:MtFULc transgenic lines. (D) The expression of MtFULa in selected early flowering T2 35S:MtFULa
transgenic lines. (E) The expression of MtFULb in selected early flowering T2 35S:MtFULb transgenic lines.
(F) The expression of MtFULc in selected early flowering T2 35S:MtFULc transgenic lines. The flowering
time in total leaf number of each plant is shown on the graph. The qRT-PCR reactions were normalized to
At2g32170 gene and the data shown is mean ±SD of the three technical replicates.
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7.4 The effects of overexpression of MtFUL genes on Arabidopsis architecture
To observe the influence of overexpressing MtFUL genes on Arabidopsis development, photos were
taken throughout the development of T2 35S:MtFUL transgenic plants which were grown in LD
conditions. Fig. 7.4 displays representative early flowering T2 transgenic plants at the time of floral
transition. As seen in Fig. 7.4, 35S:MtFULb transgenic plants flowered earliest with 3-5 rosette
leaves at the time of floral transition. 35S:MtFULa transgenic plants flowered later than
35S:MtFULb plants but earlier than 35S:MtFULc plants. They developed 5-7 rosette leaves at the
time of the floral transition. 35S:MtFULc transgenic plants looked similar to WT plants with 8
rosette leaves at the time of flowering. Comparing the white bar scale (representing 5mm) shown on
these photos, it was clear that the size of 35S:MtFULb transgenic plants was much smaller than that
of WT plants, while the 35S:MtFULa and 35S:MtFULc transgenic plants were more similar in size
to WT plants.
The height of the T2 transgenic plants was measured when they grew up. As seen in Fig. 7.5, the
height of 35S:MtFULa and 35S:MtFULc transgenic plants was similar to that of WT plants, while
35S:MtFULb transgenic plants were much shorter than WT plants. The short inflorescence of the
35S:MtFULb transgenic plants correlated with the production of terminal flowers. Terminal flowers
were frequently observed in 35S:MtFULb transgenic lines but never in 35S:MtFULa and
35S:MtFULc lines.
It was also found that 35S:MtFUL transgenic plants, especially 35S:MtFULb plants, had a much
looser floral organ structure compared with WT plants (Fig. 7.6). The sepal length and petal width
were measured from 20-30 flowers randomly picked from the plants in each T2 transgenic line. As
seen in Fig. 7.7, the length of sepals and width of petals in 35S:MtFULb lines are significantly
shorter than that of WT plants. Compared with WT plants, 35S:MtFULa transgenic plants showed a
mild small sepal and petal phenotype, but this phenotype was not observed in 35S:MtFULc
transgenic lines.
Finally, when the seeds were harvested, it was found that siliques obtained from all 35S:MtFULb
lines were non-shattering and seeds born from these siliques are smaller and darker than WT seeds.
One of 35S:MtFULa transgenic lines also displayed the same phenotype but none of 35S:MtFULc
transgenic lines showed this phenotype. Siliques and seeds in other 35S:MtFULa lines as well as in
all 35S:MtFULc lines behaved like that of WT plants.
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Fig. 7.4 Photographs of T2 transgenic Arabidopsis carrying 35S:MtFUL constructs at the time of the
transition to flowering. All plants were grown in LD conditions. (A) Plant selected from P355-1 transgenic
line carrying 35S:MtFULa construct. (B) Plant selected from P355-2 transgenic line carrying 35S:MtFULa
construct. (C) Plant selected from P356-1 transgenic line carrying 35S:MtFULa construct. (D) Plant selected
from P357-3 transgenic line carrying 35S:MtFULb construct. (E) Plant selected from P358-1 transgenic line
carrying 35S:MtFULb construct. (F) Plant selected from P358-2 transgenic line carrying 35S:MtFULb
construct. (G) Plant selected from P359-1 transgenic line carrying 35S:MtFULc construct. (H) Plant selected
from P359-3 transgenic line carrying 35S:MtFULc construct. (I) Plant selected from P359-5 transgenic line
carrying 35S:MtFULc construct. (J) Plant selected from P398 WT plants. All white bars shown in the photos
represent 5 mm. The longer the white bar is, the smaller the plant is. The table on the right showed the
constructs, transgenic lines and the number of rosette leaf of selected transgenic plant at the time of floral
transition.
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Fig. 7.5 Mature T2 transgenic Arabidopsis carrying 35S:MtFUL constructs. (A) Plant from 35S:MtFULa
P355-1 line, 28 days old, 187mm. (B) Plant from 35S:MtFULa P355-2 line, 28 days old, 200mm. (C) Plant
from 35S:MtFULa P356-1 line, 28 days old, 240mm. (D) Plant from 35S:MtFULb P357-3 line, 28 days old,
140mm. (E) Plant from 35S:MtFULb P358-1 line, 28 days old, 100mm. (F) Plant from 35S:MtFULb P358-2
line, 28 days old, 95mm. (G) Plant from MtFULc P359-1 line, 28 days old, 170mm. (H) Plant from
35S:MtFULc P359-3 line, 28 days old, 160mm. (I) Plant from MtFULc P359-5 line, 28 days old, 170mm. (J)
WT P398, 28 days old, 150mm. The white bar shown in the figure is 1 cm. Heights given were measured
from the rosette base to the top of the plant. Terminal flowers shown in 35S:MtFULb lines (D, E and F) were
marked with white arrows.

Fig. 7.6 Flowers of WT and
MtFUL transgenic plants.
(A) A terminal flower comprised
of two flowers observed in
35S:MtFULb lines. (B) Flowers of
WT plants. (C) Flower comparison
among WT plants and 35S:MtFUL
transgenic plants. The white bars
in (A) and (B) represent 1 cm.

Fig. 7.7 Measurement of sepal length and petal width in WT plants and 35S:MtFUL transgenic plants.
(A)(B) Compared with WT plants, FULa and FULb transgenic lines had much shorter sepals and thinner
petals. Flower sepal length and petal width in FULc lines are similar to that in WT plants. The alphabets
shown on the top of the bars represent statistical significance between WT and FUL transgenic lines. The
same alphabet stands for no significance, while the different alphabets means statistical significance with P <
0.05. FlowerThe data is shown by mean ±SE.
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7.5 Summary and discussion
In this chapter, I carried out reciprocal BLAST analyses which confirmed two of the MtFUL genes,
MtFULa and MtFULb, as likely Medicago orthologues of AtFUL. Next, the in silico expression
patterns of the three genes were explored using publicly-available microarray and RNA-Seq data.
Finally, the effect of the overexpression of three MtFUL genes in Arabidopsis was investigated,
aiming to analyse their roles in flowering time control and floral organ development.

7.5.1 Comparison of gene expression profiles
Previously, in order to investigate the potential roles of MtFUL genes in Medicago flowering time
control, the expression patterns of MtFUL genes were investigated by the Putterill group (Jaudal et al.
2015). The gene expression in WT Medicago (R108) was quantified by qRT-PCR in a
developmental time course at LD and VLD conditions. The expression of MtFTa1 was profiled
together with MtFUL genes due to its crucial role as a flowering integrator. The previous studies
found that MtFULa and MtFULb had quite similar expression patterns with MtFTa1 and their
transcript levels increased in leaves and shoot apices prior to flowering both in LD and VLD
conditions, consistent with a role in controlling the transition to flowering (Jaudal et al. 2015).
Compared with MtFULa and MtFULb, MtFULc displayed a completely different expression pattern.
Its expression was very low in leaves throughout the plant development but sharply increased in
shoot apices after flowering in LD conditions. All three MtFUL gene transcripts were detected in
floral buds and open flowers. High levels of gene expression were shown to require functional
MtFTa1, which was confirmed by the result that the expression of MtFUL genes was sharply reduced
in the leaves and apices of fta1 knockout mutants (Jaudal et al. 2015). In this work, these
developmental time courses in leaves and shoot apices was complemented by examining the tissuespecific expression of the genes from microarrays and RNA Seq that was publicly available. It was
found that the gene expression patterns profiled from microarrays and RNA Seq, respectively, were
roughly in agreement. According to these two databases, MtFULa and MtFULb were more expressed
in the open flower and the seedpod but less in the blade and the vegetative bud, while MtFULc was
mainly expressed in the root and open flower. This partially coincided with the qRT-PCR result that
MtFULa, MtFULb and MtFULc were highly expressed in the flowers. Furthermore, their expression
in 27 day-old leaves was rather low. In the published time course (Jaudal et al. 2015), the expression
of MtFULa and MtFULb in leaves increased with time prior to flowering, while the expression of
MtFULc remained low.
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7.5.2 Overexpression of the MtFUL genes in Arabidopsis
The increase in MtFULa and MtFULb gene expression prior to the floral transition and regulation by
FTa1 (Jaudal et al. 2015), indicated that MtFULa and MtFULb were good candidates for regulating
flowering time. This was supported by overexpressing MtFULa and MtFULb genes in Arabidopsis.
The transgenic Arabidopsis overexpressing MtFULa and MtFULb displayed an obvious early
flowering phenotype, especially for transgenic plants overexpressing MtFULb, coinciding with the
result that MtFULb had the most similar expression pattern with MtFTa1 among the three MtFUL
genes. Transgenic plants overexpressing MtFULc behaved like WT plants in flowering time, which
was in accordance with the expression pattern of MtFULc that was fairly low in leaves before
flowering. The regulation of MtFULc in flowering time thus seemed unlikely. Research on its
orthologue in pea (PsFULc/VEG1) provided some hints in its role in meristem development. Both
MtFULc and PsFULc proteins belong to the AGL79 clade of AP1/SQUA/FUL genes. Pea VEG1 is
expressed during and after floral transition and regulates secondary inflorescence meristem
development (Berbel et al. 2012). Pea veg1 mutants never flowered but kept branching, which was
also observed in the Mtfulc mutant found in the Putterill lab (Putterill, unpublished). Thus all the
evidence suggested that MtFULc, similar to VEG1 in the pea, might play a major role in
inflorescence meristem identity rather than in flowering time control.
Apart from early flowering, a phenotype of terminal flowers was observed in 35S:MtFULb
transgenic lines. The appearance of terminal flowers resulted in the premature termination of
inflorescence development, and thus produced a dwarfed plant. This phenotype has been observed in
the AtFUL and AP1 overexpressing transgenic plants, similar to that shown in tfl1 mutant (Ferrándiz
et al. 2000), implying that MtFULb might repress TFL1 in Arabidopsis. In addition, non-shattering
siliques were observed in 35S:MtFULa and 35S:MtFULb transgenic lines, especially in MtFULb
lines. The same phenotype was observed in 35S:AtFUL transgenic plants and was believed to be
caused by the repression of SHP1/2 genes (Ferrándiz et al. 2000; Ferrándiz and Fourquin 2014).
When reviewing the in silico expression pattern of MtFUL genes generated from microarray data, it
was found that the expression of MtFULb increased in the seed filling stage compared with the
consistent expression of MtFULa and MtFULc during seed development. This suggested that
MtFULb, among three MtFUL genes, might play an important role in seed development. This was
reflected by the small and dark seeds generated in 35S:MtFULb transgenic plants. This phenotype
was only observed in 35S:MtFULb transgenic lines but not in 35S:MtFULa and 35S:MtFULc lines.

231

Overall, it was concluded that MtFULa and MtFULb are likely to play a role in regulating the floral
transition. MtFULb might also function in seed and barrel development. MtFULc appears to control
secondary inflorescence meristem identity, but not the transition to flowering. In order to fully
understand the functions of MtFULa and MtFULb genes in Medicago, loss-of-function and gain-offunction studies should be performed in Medicago.
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Chapter 8. The identification of Medicago SOC1-like genes and
overexpression in Arabidopsis
8.1 Introduction
Arabidopsis SOC1 (AtSOC1) is one of the well-studied floral integrators in Arabidopsis (Lee and
Lee 2010; Immink et al. 2012). Belonging to the MIKC type II MADS box family, it has a conserved
MADS box, an Intervening (I) region, a Keratin-like (K) box and a C-terminal domain. AtSOC1
functions in promoting flowering transition in the vernalisation, photoperiod and GA pathways
(Moon et al. 2003a; Seo et al. 2009; Lee and Lee 2010). SOC1 is upregulated by FT and
downregulated by FLC in photoperiod and vernalisation pathways respectively. It is also upregulated
in GA pathway mediated by miR156-SPL mechanism. SOC1 together with AGL24 directly activates
LFY to promote floral transition (Srikanth and Schmid 2011). An Arabidopsis SOC1 clade, also
known as the TM3 clade, has been identified with 6 members: SOC1, AGL14, AGL19, AGL42,
AGL71 and AGL72 (Alvarez-Buylla et al. 2000). They function in, but are not limited to flowering
time control (Alvarez-Buylla et al. 2000; Schönrock et al. 2006; Dorca-Fornell et al. 2011; GarayArroyo et al. 2013; Pérez-Ruiz et al. 2015; Munjal Vibhuti et al. 2016).
SOC1-like genes have been identified in some other species, like maize (ZmSOC1), kiwifruit
(AcSOC1), rice (OsMADS50) and petunia (UNS, FBP21 and FBP28) (Ferrario et al. 2004; Lee et al.
2004; Zhao et al. 2014; Voogd et al. 2015). It was found that the overexpression of ZmSOC1 and
AcSOC1 genes in Arabidopsis led to an early flowering phenotype. In rice, the overexpression of
OsMADS50 resulted in such an flowering phenotype that transgenic rice flowered at callus stage
(Lee et al. 2004; Zhao et al. 2014; Voogd et al. 2015). Three SOC1-like genes were identified in
petunia. The overexpression of UNS in petunia and FBP21 in tobacco promoted flowering (Ferrario
et al. 2004; Preston et al. 2014). Loss-of-function studies further confirmed the conserved role of
SOC1-like genes in flowering time control. Rice OsMADS50 mutants displayed a late flowering
phenotype and elongated internode numbers, while transgenic petunia in which SOC1-like genes
were silenced flowered late, especially triple silenced petunia which showed an extreme late
flowering phenotype (Lee et al. 2004; Preston et al. 2014). All this evidence suggested the conserved
role of SOC1-like genes in regulating flowering across the plants.
SOC1-like genes in Medicago were first reported in the Hecht et al. paper, in which three SOC1-like
ESTs were identified (Hecht et al. 2005). Further studies in the Putterill lab found that one of these,
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MtSOC1a, together with MtFULb, a MADS box gene described in Chapter 6, was upregulated in
transgenic plants overexpressing MtFTa1 and in spring and Mtvrn2 mutants, thus its expression
correlated with early flowering (Jaudal et al. 2013; Yeoh et al. 2013; Jaudal et al. 2016). All evidence
thus indicated that MtSOC1 genes, especially the MtSOC1a gene, might play a potential role in
flowering time control. In this research, the structure of Medicago SOC1-like proteins were analysed
and their phylogenetic relationships were explored within the AtSOC1/TM3 clade and some other
legume SOC1-like proteins. Next, the in silico expression patterns of SOC1-like genes were profiled.
Finally, SOC1-like genes were overexpressed in Arabidopsis to investigate their roles in flowering
time control and plant development.

8.2 Bioinformatic analysis of MtSOC1 genes
To identify SOC1-like genes in the Medicago genome, AtSOC1 (At2g45660) homologues in
Medicago were first searched through BLASTP using AtSOC1 full length sequence against Mt4.0V1
protein database (JCVI, http://blast.jcvi.org/Medicago-Blast/index.cgi). Four top hits in the following
order Mt8g033250, Mt8g033220, Mt7g075870 and Mt4g102530 were returned. Reciprocal BLAST
searches were followed using the obtained top hits against non-redundant protein sequences database
in

which

the

organism

was

limited

to

Arabidopsis

thaliana

(taxid:

3701)

(NCBI,

http://blast.ncbi.nlm.nih.gov/Blast.cgi). The reciprocal BLAST results indicated that the three
Medicago SOC1-like genes are MtSOC1a (Medtr7g075870), MtSOC1b (Medtr8g033250) and
MtSOC1c (Medtr8g033220) which all returned AtSOC1 as their top hit. AGL19, another
Arabidopsis TM3 clade protein, was returned as the top hit of Mt4g102530, indicating Mt4g102530
was more similar to AGL19-like protein.
The multiple sequence alignment of MtSOC1-like proteins with AtSOC1 displayed the conserved
MADS-box, I region, K-box and C-terminal domains in MtSOC1a, MtSOC1b and MtSOC1c
proteins (Fig. 8.1). The pair-wise identity of MtSOC1a, MtSOC1b and MtSOC1c with AtSOC1 was
66.98%, 65.60% and 65.14%, respectively. In addition, it was observed that MtSOC1b and
MtSOC1c have highly conserved sequences with identical amino acids up to 92.86%.
To further clarify the evolutionary relationships of SOC1 and SOC1-like proteins in Arabidopsis and
legumes, a phylogenetic tree was generated covering the TM3 clade (AtSOC1, AGL14, AGL19,
AGL42, AGL71 and AGL72) and AtSOC1 homologues in legumes (Medicago, soybean, pea,
cowpea, wild soybean). To obtain the protein sequences used for the phylogenetic tree, a BLASTP
search was carried out using AtSOC1 full length sequence against non-redundant protein sequences
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database (NCBI) with organisms limited to Arabidopsis thaliana (taxid: 3702) and Fabaceae (taxid:
3803). Sequences with high scores and significant e-values (e-value<2e-47) were exported to and
aligned in Geneious (version 9.0.5). Their accession numbers in Genebank (NCBI) was listed in Fig.
8.2. An unrooted phylogenetic tree was afterwards generated based on the aligned sequences using
the neighbour-joining method in the Geneious tree builder program. The tree was resampled using
bootstrap with 500 times replicates. The support threshold was set to 70%.
The phylogenetic tree in Fig. 8.2 revealed that MtSOC1a has the closest evolutionary relationship
with PsSOC1a among the listed legume species. It was found that MtSOC1a is evolutionarily closer
to AtSOC1 than either MtSOC1b or MtSOC1c. Forming a sister clade to AtSOC1, MtSOC1b and
MtSOC1c are closely related to PsSOC1b. Additionally, AGL19-like proteins were found in
Medicago (Medtr4g102530), soybean (Gm_NP001240979) and wild soybean (GsAGL19).

Fig. 8.1 The multiple alignment of AtSOC1 with MtSOC1a, MtSOC1b and MtSOC1c proteins. The
proteins were aligned using MUSCLE program in Geneious (V9.1.5). The conserved domains in AtSOC1,
MtSOC1a, MtSOC1b and MtSOC1c proteins were labelled with horizontal bars in different colours. Highly
conserved amino acids were shaded black. Less conserved ones were shaded grey.
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Fig. 8.2 Unrooted phylogenetic tree. The table on the left showed the proteins and their accession numbers
that were used for generating the phylogenetic tree. Proteins were aligned using MUSCLE program and the
unrooted phylogenetic tree was generated based on the aligned proteins. Neighbour-joining method in the
Geneious was used. The number on the tree was generated based on 500 times resampling replicates using the
bootstrap method. The support threshold was set to 70%. MtSOC1a, MtSOC1b and MtSOC1c were framed in
blue.

8.3 In silico expression profiles of MtSOC1 genes
8.3.1 Profiling MtSOC1 expression patterns using microarray data from
Affymetrix GeneChip database
The expression patterns of MtSOC1 genes were profiled by BLAST searching Medicago Affymetrix
GeneChip database (Version 3, http://mtgea.noble.org/v3/index.php) using MtSOC1 nucleotide
sequences as queries. The unique probeset ID respectively targeting to MtSOC1a (Mtr.47174.1.S_at)
and MtSOC1b (Mtr.38212.1.S_at) was found, but no probeset ID targeting to MtSOC1c was
available. When searching for the MtSOC1c gene, the top probeset ID shown up was the one
targeting to MtSOC1b. The expression profiles of MtSOC1a and MtSOC1b in Medicago were
obtained after their probeset IDs were submitted. The expression data was limited to 28 day-old
Medicago roots, petioles, leaves, stems, vegetative buds, flowers, pods and time-course seeds which
were grown at standard conditions (Benedito et al. 2008).
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As seen in Fig. 8.3A, the expression of MtSOC1a was predominant in petioles and remained high in
leaves, stems and vegetative buds. Its expression in roots levelled off to 30% in leaves but was still 4
fold more than that in flowers, pods and seeds. MtSOC1b was predominantly expressed in roots.
Compared to its high expression in roots, its expression in other organs was rather low. The
microarray data for MtSOC1c was not available in the current database. The high expression of
MtSOC1b in roots agreed with the Hecht et al. paper which pointed out that MtSOC1b and MtSOC1c
ESTs were obtained predominantly in roots (Hecht et al. 2005). From current expression profiles, it
was predicted that MtSOC1a is mainly expressed in vegetative stage, but whether it functions on
flowering transition as AtSOC1 does is to be characterized yet. Likewise, the high expression of
MtSOC1b and MtSOC1c in roots indicated their different roles from MtSOC1a.

Fig. 8.3 Expression
profiles of MtSOC1a
and MtSOC1b in
Medicago.
(A) MtSOC1a was
largely expressed in the
petiole, leaf, stem and
vegetative bud, but less
expressed in the flower,
pod and seed.
(B) MtSOC1b was
mainly expressed in the
root, but poorly
expressed in other
organs. Relatively, its
expression in the leaf
and the vegetative bud
were higher than that in
the petiole, stem, flower,
pod and seed.
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8.3.2 Profiling MtSOC1 expression patterns using RNA Seq data from
MedicMine Medicago truncatula genome database
To further profile the expression of MtSOC1 genes in Medicago, RNA Seq data available from
MedicMine Medicago truncatula genome database (http://medicmine.jcvi.org/medicmine/begin.do)
was used to investigate the expression levels of MtSOC1a, MtSOC1b and MtSOC1c in the blade, bud,
nodule, open flower, root and seedpod of Medicago. From the database, it was found that MtSOC1a
was mainly expressed in the bud, followed by that in the blade and the root as seen in Fig. 8.4. It was
undetected in the seedpod and nearly undetected in the flower and nodule. MtSOC1b was highly
expressed in the root, followed by that in the nodule as shown in Fig. 8.4. It was undetected in the
blade and seedpod and barely detected in the bud and flower. MtSOC1c was predominantly
expressed in the root and nodule and mildly expressed in the blade and bud. It was barely expressed
in the flower and not detected in the seedpod (Fig. 8.4).

Fig. 8.4 In silico expression patterns of MtSOC1 genes profiled using RNA Seq data from MedicMine
Medicago truncatula genome database (http://medicmine.jcvi.org/medicmine/begin.do). MtSOC1 gene
identifiers were submitted and the gene expression levels in the blade, bud, nodule, flower, root and seedpod
were shown up based on the normalized RNA Seq data. According to the raised expression levels, MtSOC1a
was not expressed in the seedpod and poorly expressed in the nodule and flower. It was mainly expressed in
the blade, bud and root with similar expression levels. MtSOC1b was predominantly expressed in the root and
nodule. It was nearly undetected in other tissues. MtSOC1c was mainly expressed in the root but it also had
high expression in the nodule, blade and bud. It was not detected in the seedpod and barely detected in the
flower.
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When comparing the expression levels of MtSOC1a, MtSOC1b and MtSOC1c in the same organ, it
was found that none of them was expressed in the seed pod. Furthermore, their expression in the
flower was extremely low. The expression levels of MtSOC1a and MtSOC1c in the blade and bud
were close and higher than that of MtSOC1b. Both MtSOC1b and MtSOC1c were predominantly
expressed in the root and nodule and their transcripts in these two organs were much higher than
MtSOC1a. The MtSOC1 expression patterns profiled using the RNA Seq data were overall consistent
with those profiled using microarray data, indicating that the in silico expression patterns might be
reliable for investigating the expression patterns of MtSOC1 genes in Medicago.

8.4 Overexpression of MtSOC1 genes in Arabidopsis
8.4.1 Isolation of MtSOC1 genes and Arabidopsis transformation
To explore the roles of MtSOC1 genes in flowering regulation, the genes were overexpressed in
Arabidopsis. To achieve this, MtSOC1 genes were isolated and transformed into Arabidopsis. First,
the coding sequences of MtSOC1 genes were identfied in the JCVI Medicago database (Mt4.0v1). As
a result, two MtSOC1a transcripts (Medtr7g075870.1 and Medtr7g075870.2), one MtSOC1b
transcript

(Medtr8g033250.1)

and

two

MtSOC1c

transcripts

(Medtr8g033220.1

and

Medtr8g033220.2) were returned. When aligning the MtSOC1a transcript sequences, it was found
that the MtSOC1a transcript 1 (Medtr7g075870.1, 642 bp), encoding a 213 aa protein, had three
consecutive nucleotide insertion in the exon 2 compared with the transcript 2 (Medtr7g075870.2,
639bp) which encodes a 212 aa protein. The alignment of MtSOC1c transcript sequences showed that
the MtSOC1c transcript 2 (Medtr8g033220.2, 675 bp), encoding a 224 aa protein, lacked 18
nucleotides at its 3' end when compared with the MtSOC1c transcript 1 (Medtr8g033220.1, 693 bp),
encoding a 230 aa protein.
Next, Gateway cloning primers were designed on the 5' UTR region (forward primer) and 3' UTR
region (reverse primer) of each MtSOC1 gene, aiming to amplify the cDNA sequences encoding full
length MtSOC1 proteins (2.1.8). To obtain the cDNA template, total RNA was isolated from 12 dayold Medicago R108 leaf tissue and cDNA was synthesized (2.8.1 and 2.7.2). The cDNA sequences
encoding full length MtSOC1 proteins were PCR amplified using designed Gateway cloning primers
and synthesized cDNA as the template. As shown in Fig. 8.5A, a single band with expected size was
seen on the gel for each MtSOC1 gene, indicating that the primers used were specific to their target
gene. The PCR products were gel purified and then cloned by BP recombination (2.6.1.3) into the
pDONR221 entry vector, making three constructs: pDONR221-MtSOC1a, pDONR221-MtSOC1b
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and pDONR221-MtSOC1c. These three constructs were first checked by PCR using the same
Gateway cloning primers as seen in Fig. 8.5B and then sequenced to confirm the nucleotide sequence
of the gene of interest.
The sequencing results revealed that the transcripts of MtSOC1a, MtSOC1b and MtSOC1c that were
amplified from Medicago R108 leaves are Medtr7g075870.2 (MtSOC1a, 639 bp), Medtr8g033250.1
(MtSOC1b, 675 bp) and Medtr8g033220.2 (MtSOC1c, 675 bp), encoding the full length MtSOC1a
(212 aa), MtSOC1b (224 aa) and MtSOC1c (224 aa) proteins, respectively. Comparing the
sequenced MtSOC1 cDNAs with the nucleotide sequences annotated in the database (JCVI), no
nucleotide and amino acid sequences were changed for MtSOC1a. A few nucleotide and amino acid
changes were found in the sequenced MtSOC1b and MtSOC1c cDNA and protein sequences, which
was assumed to be caused by the different Medicago ecotypes because sequences showm in the
database came from Jemalong A17 while what I sequenced came from Medicago R108.
The sequenced MtSOC1 cDNA fragments were finally cloned into pB2GW7 plant binary vector
using the Gateway cloning LR reaction (2.6.1.3), generating three constructs respectively carrying
35S:MtSOC1a, 35S:MtSOC1b and 35S:MtSOC1c transgenes (Fig.8.5C). These three constructs were
respectively introduced into WT Arabidopsis (Col) mediated by Agrobacterium (GV3101) using the
floral dipping method (2.4.3.1.2). The transformed Arabidopsis were grown in LD conditions until
seeds were harvested.
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Fig. 8.5 Isolation and checking of MtSOC1 genes by PCR. (A) The cDNAs encoding full length MtSOC1
proteins were PCR amplified using Gateway cloning primers (MtSOC1a: GWSOC1a-F1/R; MtSOC1b:
GWSOC1b-F/R; MtSOC1c: MtSOC1c-F/R) and 12 day-old Medicago R108 leaf cDNA as the template,
producing the single PCR product for MtSOC1a (702bp), MtSOC1b (832 bp) and MtSOC1c (782 bp). The
PCR products were cleaned up using DNA clean & Concentrator-5 kit (Zymo research, 2.5.7) and then cloned
into pDONR221 vector through BP Gateway cloning reaction. (B) The pDONR221 plasmids containing
MtSOC1 genes were checked by PCR using the same Gateway cloning primers. Two plasmids from each
cloning experiment were sequenced using M13F and M13R-pUC primers which are located on the
pDONR221 vector. (C) MtSOC1 genes were cloned into pB2GW7 vector by LR Gateway cloning reaction.
The pB2GW7 constructs were checked by PCR using the same Gateway cloning primers before Arabidopsis
transformation.

8.4.2 Growing Arabidopsis transgenic plants overexpressing MtSOC1 genes
8.4.2.1 Flowering time of T1 MtSOC1 transgenic plants
T1 seeds harvested from 35S:MtSOC1a, 35S:MtSOC1b and 35S:MtSOC1c transformed Arabidopsis
were sown on pre-wet rockwool. Transgenic plants were selected at two weeks old through Basta
spraying (120 mg/L). Surviving plants were grown in LD conditions. Flowering time was scored by
counting rosette leaves and cauline leaves at the time of floral transition. As seen in Fig. 8.6 (A-D), 5
out of 15 plants in 35S:MtSOC1a transgenic line flowered earlier than WT plants, in which four
241

individuals showed extreme early flowering phenotype with total leaf numbers from 4 to 6,
compared with 9-15 leaves of WT plants. Transgenic plants in 35S:MtSOC1b transgenic line did not
display any early flowering phenotype, while only one plant in 35S:MtSOC1c transgenic line
flowered slightly earlier than WT plants.
In order to investigate the correlation between the flowering time and the expression of MtSOC1
genes, qRT-PCR was performed to compare the expression levels of MtSOC1 genes in the earliest
flowering individuals and the latest flowering individuals. It was found from Fig. 8.6 (E-G) that
earliest flowering plants displayed a much higher MtSOC1 gene expression levels than the latest
flowering plants. This applied to all 35S:MtSOC1a, 35S:MtSOC1b and 35S:MtSOC1c transgenic
lines. The distinct difference in MtSOC1 gene expression levels between the earliest and latest
flowering individuals implied the potential role of three MtSOC1 genes in flowering time control.
This was especially shown in 35S:MtSOC1a line in which four plants (Nr. 26, Nr. 2, Nr.3 and Nr.1)
that displayed an extreme early flowering phenotype were checked. It was observed that the
overexpression level of MtSOC1a gene correlated with the flowering time, suggesting that
overexpression of MtSOC1a genes in Arabidopsis promoted flowering.
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Fig. 8.6 Flowering time and expression levels of MtSOC1 genes in T1 transgenic plants carrying
35S:MtSOC1, 35S:MtSOC1b and 35S:MtSOC1c constructs. (A) 35S:MtSOC1a transgenic plants flowered
at total leaf number from 4 to 13 in LDs. (B) 35S:MtSOC1b transgenic plants flowered at the total leaf
numbers from 9 to15 in LDs. (C) 35S:MtSOC1c transgenic plants flowered at the total leaf numbers from 7
to15 in LDs. (D) WT (Col) plants flowered at the total leaf numbers from 9 to 15 in LDs. (E-G) The
expression levels of MtSOC1a, MtSOC1b and MtSOC1c genes in the selected earliest flowering and latest
flowering transgenic plants and WT plants. The data was shown as mean ± SD of three technical replicates,
normalized to At2g32170 gene. The values on the bars represent the total leaf numbers of transgenic plants
and WT plants at floral transition. T2 seeds were harvested from the individuals marked with red arrows.
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8.4.2.2 The effect of overexpression of MtSOC1 genes on the development of T1 transgenic
plants
Apart from the influence in flowering time, the overexpression of MtSOC1 genes was also found to
affect plant development and floral patterning. As seen in Fig. 8.7, the four earliest flowering
35S:MtSOC1a transgenic plants (Nr.26, Nr.1, Nr.2 and Nr.3) were about half the size of WT plants
at the same age. 35S:MtSOC1c transgenic plant (Nr. 14) which flowered earliest was even shorter
than 35S:MtSOC1a early flowering transgenic plants, but it developed more secondary stems than
35S:MtSOC1a early flowering plants. 35S:MtSOC1b transgenic plants did not show any difference in
height when compared with the WT plants. Besides the difference in height, loose flower structure
was observed in 35S:MtSOC1a and 35S:MtSOC1c early flowering transgenic plants, while this
phenotype was not observed in 35S:MtSOC1b transgenic line. Furthermore, flowers in the earliest
flowering 35S:MtSOC1c plant (Nr. 14) displayed a small petal and short sepal phenotype.
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Fig. 8.7 Transgenic plants overexpressing MtSOC1a, MtSOC1b and MtSOC1c genes and flowers picked
from transgenic plants and WT plants. (A) 35S:MtSOC1a early flowering transgenic plant (Nr. 1). (B)
Randomly picked 35S:MtSOC1b transgenic plant. (C) 35S:MtSOC1c early flowering transgenic plant (Nr. 14).
Photos were taken when the plants were 70-day old. WT plants was not photographed, but they looked similar
to 35S:MtSOC1b transgenic plants. (D) Flowers picked from 35S:MtSOC1a (Nr. 1), 35S:MtSOC1b (randomly
picked), 35S:MtSOC1c (Nr. 14) and WT plants (randomly picked). 35S:MtSOC1a and 35S:MtSOC1c lines
had much looser flowers structure when compared with WT plants. Flowers in 35S:MtSOC1b line looked
similar to WT flowers. Flowers in the transgenic lines looked smaller than WT flowers and this difference was
further described below.

Seeds were harvested from plants marked with red arrows in Fig. 8.6. It was found that the very early
flowering individuals (Nr. 26, Nr.2 and Nr. 3) in 35S:MtSOC1a line developed smaller and thinner
siliques than WT plants, as shown in Fig. 8.8A. Seeds born by these abnormal siliques were smaller
and darker compared with seeds from WT plants. In addition, the small seeds geminated poorly. No
seeds were obtained from 35S:MtSOC1a Nr.1 transgenic plant. Transgenic plants in 35S:MtSOC1b
line produced the similar siliques and seeds as WT plants. Except that Nr. 14 in 35S:MtSOC1c line
showed similar phenotypes in siliques and seeds as 35S:MtSOC1a early flowering transgenic plants,
other transgenic plants in 35S:MtSOC1a and 35S:MtSOC1c lines acted as WT plants.

Fig. 8.8 Comparison of siliques from randomly selected WT plants and early flowering 35S:MtSOC1a
and 35S:MtSOC1c transgenic plants. Siliques developed by early flowering plants in 35S:MtSOC1a and
35S:MtSOC1c lines are only 1/3 of the sizes of normal siliques. The abnormal siliques had less seeds than WT
siliques. Seeds produced by abnormal siliques are small and dark (not shown).
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8.4.2.3 Phenotyping of 35S:MtSOC1 T2 transgenic plants
To further explore the effect of MtSOC1 genes on flowering time and plant development, T2
transgenic seeds from T1 transgenic plants (35S:MtSOC1a line: Nr. 26, Nr. 2, Nr.3 and Nr. 16;
35S:MtSOC1b line: Nr. 16, Nr. 15 and Nr. 13; 35S:MtSOC1c line: Nr. 14 and Nr. 6) were sown on
soil. The transgenic seedlings were selected by spraying Basta (120mg/L). The survived T2
transgenic plants were grown in LD conditions.
For 35S:MtSOC1a lines, one progeny of Nr. 26 and two progenies of Nr. 2 T1 plants survived after
Basta spraying, but they died at a very early stage with the reason unknown. One Nr. 3 T1 plant
progeny survived and it flowered early with total leaf number at 5, just like its parent (which also
flowered at 5 total leaves). None of the Nr. 16 (flowered at 8 leaves) progeny showed an early
flowering phenotype as shown in Fig. 8.9A. For 35S:MtSOC1b lines, a few plants derived from Nr.
15 (flowered at 9 leaves) and Nr. 16 (flowered at 9 leaves) T1 plants displayed slight early flowering
phenotype with total leaf numbers at 9 or 10 compared 11 to 14 total leaf numbers of WT plants.
Most T2 transgenic plants in 35S:MtSOC1b lines flowered at the similar time as WT plants. As far as
35S:MtSOC1c lines were concerned, the only progeny of Nr. 14 (flowered at 7 leaves) T1 plant
flowered early at the total leaf number of 8. One third of 35S:MtSOC1c Nr. 6 line (flowered at 10
leaves) progenies flowered slightly earlier than WT plants as shown in Fig. 8.9C.
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Fig. 8.9 Flowering time of T2 transgenic plants from 35:MtSOC1a, 35:MtSOC1b and 35:MtSOC1c lines.
(A) 35S:MtSOC1a T2 lines. The progeny of Nr.3 T1 transgenic plant flowered very early as its parent did.
None of Nr.16 T2 plants showed early flowering phenotype. (B) Four plants (15-10, 16-6, 16-8 and 16-9) in
35S:MtSOC1b T2 lines flowered slightly early. (C) The progeny of Nr. 14 T1 plant flowered at total leaf
number 8. Seven out of nineteen plants in 35S:MtSOC1c Nr.6 T2 line flowered slightly early. (D) WT plants
flowered at the total leaf number from 11 to 14.

In terms of the short sepals and small petals observed in T1 transgenic plants, similar phenotypes
were observed in some T2 transgenic plants. Around 10 flowers from each transgenic line were
randomly picked and the sepal length was measured. The results shown in Fig. 8.10A demonstrated
the sepal length of transgenic plants in 35S:MtSOC1a, 35S:MtSOC1b and 35S:MtSOC1c T2 lines
were significantly shorter than that of WT plants (P < 0.05). In all the transgenic plants, early
flowering ones like MtSOC1a-3-1 and MtSOC1c-14-1 especially displayed the short petal phenotype.
In addition, MtSOC1a-3-1 transgenic plants had much looser flowers than other transgenic plants,
while MtSOC1c-14-1 transgenic plants had small and defective flowers as shown in Fig. 8.10G and
Fig. 8.10I.
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Fig. 8.10 Sepal length comparison among MtSOC1 transgenic lines and WT plants. (A) Around 10
flowers were randomly picked from each MtSOC1 transgenic line and WT plants. The sepal length was
measured and signicance testing among groups was carried out using variance analysis. It was found that the
sepal length in all transgnic lines is significantly shorter than that in WT (P < 0.01). The alphabets on the top
of the bars represent significance level. The same alphabet means no significance and the different alphabet
means statistical significance with P < 0.01. (B) 35S:MtSOC1a-3 line. Transgenic plants in this line flowered
earlier than WT plants and displayed obvious loose flower and short sepal phenotypes. (C) 35S:MtSOC1a-16
line. The flowering time of this line was similar to WT plants, but transgenic plants in this line also developed
flowers with short sepals. (D) 35S:MtSOC1b-13 line. (E) 35S:MtSOC1b-15 line. (F) 35S:MtSOC1b-16 line.
(D-F) On the whole, 35S:MtSOC1b lines did not show early flowering phenotype, but transgenic plants in
these lines still developed flowers with short sepals. The short sepal phenotype shown in 3S:MtSOC1b lines
was not as strong as that shown in 35S:MtSOC1a and 35S:MtSOC1c lines. (G) 35S:MtSOC1c-14 line.
Transgenic plants in this line flowered earlier than WT plants and had flowers with short sepals and petals. (H)
35S:MtSOC1c-6 line. (I) A typical flower with small and defect petals in MtSOC1c-14-1 transgenic plant. (J)
WT plant flower. The scale bar shown on the picture is 1 mm.
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8.5 Summary and discussion
In this chapter, three MtSOC1 genes (MtSOC1a, MtSOC1b and MtSOC1c) were identified. The
proteins encoded by these three genes were highly conserved with AtSOC1 in domain organization
and overall amino acid sequences. MtSOC1a shared the most identical amino acids with AtSOC1,
followed by MtSOC1b and MtSOC1c that formed a sister clade with high homology to each other.
Evidence showed that MADS-box proteins in Angiosperms have undergone gene duplication and
functional divergence during evolution (Theissen et al. 2000; Irish 2003). In Arabidopsis, AtSOC1,
together with AGL14, AGL19, AGL42, AGL71 and AGL72 formed a TM3 clade, playing roles in
flowering control, floral meristem identity, floral organ development and fruit and root development
(Schönrock et al. 2006; Lee and Lee 2010; Dorca-Fornell et al. 2011; Garay-Arroyo et al. 2013;
Pérez-Ruiz et al. 2015). Other studies provided the evidence that the members of the TM3 clade have
been found in other species including Medicago (Lee and Lee 2010). This is in agreement with the
phylogenetic analysis that an AGL19-like protein was found in Medicago.

8.5.1 Comparison of in silico expression patterns of MtSOC1 genes with
expression patterns profiled by qRT-PCR
The expression patterns of MtSOC1 genes were profiled in this thesis through online available
microarray data and RNA Seq expression data. On the whole, the expression patterns of MtSOC1a,
MtSOC1b and MtSOC1c obtained through these two sources of database were broadly consistent. All
three MtSOC1 genes have poor expression in open flowers and seedpods and various expression in
leaves, buds and stems, in line with the expression pattern of AtSOC1 whose expression was fairly
low in open flowers due to the repression by AP1, AG and SEP2 proteins at the late stage of
development (Lee and Lee 2010). According to the in silico expression profiles, MtSOC1a was most
expressed in the petiole, leaf, stem and vegetative bud prior to flowering, implying its potential role
in flowering control and floral transition. Both MtSOC1b and MtSOC1c were highly expressed in
nodules and roots, suggesting their potential functions in these tissues. From the microarray data, it
was found that MtSOC1b was expressed in leaves and buds (vegetative buds) and the expression
levels were higher than that in flowers and seedpods. However, such an expression was not observed
in the RNA Seq expression data. It was assumed that the tissues used for the microarrays and RNA
Seq might lead to the expression difference. According to the RNA Seq expression, in addition to
being highly expressed in roots and nodules, MtSOC1c was also expressed in leaves and buds with
the similar expression level as MtSOC1a. Therefore, it was predicted that MtSOC1a and MtSOC1c
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may contribute to flowering time control, but MtSOC1a was likely to play the dominant role in floral
transition. It was most likely that MtSOC1b and MtSOC1c have redundant functions beyond
flowering time control given their high expression in roots and nodules.
Data available from qRT-PCR performed by the Putterill lab (unpublished) detailed the expression
patterns of MtSOC1 genes throughout Medicago development in LDs. It was found that the
expression of MtSOC1a increased in leaves and apices over time and reached the peak after
flowering in leaves but before flowering in apices. MtSOC1b was scarcely expressed in leaves and
apices prior to flowering, but its expression sharply increased after flowering in these two organs.
MtSOC1c had similar expression pattern with MtSOC1a in leaves and apices. The difference was that
MtSOC1a was most expressed in apices prior to flowering while MtSOC1c was after flowering. The
results also indicated that the expression levels of three MtSOC1 genes in buds were very low and
barely detectable in flowers. When comparing the expression levels of MtSOC1 genes in the leaf,
bud and flower, it was found that the expression patterns from qRT-PCR were in agreement with the
in silico expression patterns from microarray data and RNA Seq data. The expression of MtSOC1a in
apices further verified the inference that MtSOC1a functions dominantly in floral transition and
flowering control, while MtSOC1c might have overlapping functions with MtSOC1a.

8.5.2 The overexpression of MtSOC1a and MtSOC1c genes in Arabidopsis
promoted flowering
The functions of MtSOC1 genes were studied through overexpressing MtSOC1 genes in Arabidopsis.
The early flowering phenotype was frequently observed in 35S:MtSOC1a lines, somewhat in
35S:MtSOC1c lines, but barely in 35S:MtSOC1b lines. This observation was consistent with the
prediction derived from their expression patterns that MtSOC1a and MtSOC1c might promote
flowering. Comparing the transgenic plants respectively overexpressing MtSOC1a, MtSOC1b and
MtSOC1c, it was observed that the transgenic plants carrying 35S:MtSOC1a flowered earlier than
those carrying 35S:MtSOC1b and 35S:MtSOC1c, indicative of a more dominant role of MtSOC1a in
flowering time control.
In our previous research, it was found that MtSOC1a expression was elevated in the Medicago spring
mutants overexpressing MtFTa1, in addition, the expression of MtSOC1a was found increased in
Mtvrn2 mutants, suggesting MtSOC1a might be involved in the photoperiod and vernalisation
pathways in Medicago (Jaudal et al. 2013; Jaudal et al. 2016). The latest data from the Putterill’s
group (unpublished) indicated that the upregulation of MtSOC1a in leaves and apices was partially
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dependent on functional MtFTa1. The expression level of MtSOC1a in WT plants and fta1 mutants
showed no difference in the early developmental stage with cold treatment but began to diverge after
returning to warm temperatures. MtSOC1a transcript increased sharply to the peak prior to flowering
in WT plants but only weakly at the same time in Mtfta1 mutants. This happened both in leaves and
apices. Some other MtSOC1a regulatory pathways were predicted to result in the eventual rise of
MtSOC1a transcript in fta1 mutants. The expression of MtSOC1b and MtSOC1c in apices was found
to fully depend on functional MtFTa1. The transcripts of MtSOC1b and MtSOC1c in the early
developmental stage were nearly undetectable in both WT plants and fta1 mutants. Their transcripts
in the apices rose to the peak after flowering when returning to the warm conditions in WT plants but
were still barely detectable in fta1 mutants. Cold treatment was not found to affect the expression of
MtSOC1 genes.
The qRT-PCR analysis performed using the earliest and latest flowering T1 transgenic plants
carrying 35S:MtSOC1 transgenes displayed a positive correlation between the early flowering time
and the overexpression level of MtSOC1 genes. The expression of MtSOC1 genes in the earliest
flowering transgenic plants was obviously greater than those in the latest flowering transgenic plants.
However, an overexpression threshold of MtSOC1 genes seemed present in promoting flowering. As
seen in Fig. 8.5E, Nr. 26 in 35S:MtSOC1a line flowered earliest and the expression level of
MtSOC1a in it was nearly 85-fold higher than that in Nr. 23, the latest flowering 35S:MtSOC1a
transgenic plant. The other three transgenic plants in 35S:MtSOC1a line, which flowered early, also
displayed high expression level of MtSOC1a. Like plants in 35S:MtSOC1a line, transgenic plants in
35S:MtSOC1b and 35S:SOC1c lines also showed the similar correlation that the higher the transgene
was expressed, the earlier the plants flowered. When comparing the earliest flowering individuals in
MtSOC1b and MtSOC1c lines, it was observed that Nr. 14 in MtSOC1c line showed early flowering
phenotype when MtSOC1c was overexpressed 16 fold higher than the WT-like transgenic plant
(Nr.18), while 8-fold overexpression of MtSOC1b did not result in early flowering, but the possibility
cannot be excluded that MtSOC1b does not function in flowering time control as described in
expression pattern analysis.

8.5.3 The overexpression of MtSOC1 genes affected plant development
Besides an early flowering phenotype, abnormal floral organs such as short sepals and petals and
defect flowers were found in some transgenic lines overexpressing MtSOC1 genes, especially the
lines showing the early flowering phenotype. In Arabidopsis, AtSOC1 protein has regulatory
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functions through interacting with other genes including flowering genes, floral homeotic genes and
some other transcription factor genes. For example, it binds zinc-finger TF gene SUPERMAN (SUP),
involved in the control of cell proliferation of stamen and carpel primordia (Ito et al. 2003; Immink
et al. 2012). AtSOC1 was also found to bind AUXIN RESPONSE TRANSCRIPTION FACTOR3
(ARF3/ETTIN) gene, affecting perianth organ number spacing, stamen formation, and regional
differentiation in stamens and gynoecium (Sessions et al. 1997; Immink et al. 2012). Therefore, it
was assumed that the observed abnormal flower development in 35S:MtSOC1 transgenic plants
might result from the interference with other genes by MtSOC1 genes, thus leading to the improper
floral development in the transgenic Arabidopsis. The same phenotypes have been observed in
transgenic Arabidopsis overexpressing kiwifruit SOC1 genes, indicating that SOC1-like genes might
be conserved in impacting flower development through interacting with other genes (Voogd et al.
2015).
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Chapter 9. Concluding discussion
9.1 Introduction
The significance of flowering time control in plant reproduction has been described in Chapter 1.
The major flowering time pathways and related flowering time genes as well as PcG complexes have
been well characterized in Arabidopsis and provided a reference for the study of flowering time
control in other species. However, these flowering time pathways and genes involved are not always
conserved in other species. They exhibit diversity within species and accessions due to the adaption
of plants to local environments during evolution. The Putterill lab has characterized several
important genes controlling flowering time in Medicago including FTa1, a key flowering integrator
and activator, and MtVRN2, the homologue of AtVRN2 but acting as a flowering repressor in
Medicago. In addition, a set of genes were found upregulated in the fta1 mutant and Mtvrn2 mutant
and predicted to play a potential role in flowering time control (Laurie et al. 2011; Jaudal et al. 2013;
Yeoh et al. 2013; Jaudal et al. 2016). Based on the previous studies in the Putterill lab, Medicago was
used as the model plant and two potential Medicago PRC2 subunits MtVRN2 and MtEMF2, and six
candidate Medicago flowering genes (three FUL-like genes and three SOC1-like genes) were
focused on in this thesis. Attempts were made to characterise their functions in flowering time
control and plant development in Medicago.
In this Chapter, research aims, experimental results and some achievements in regard to the
characterization of MtVRN2 protein, MtEMF2 gene, FUL-like genes (MtFULa, MtFULb and
MtFULc) and SOC1-like genes (MtSOC1a, MtSOC1b and MtSOC1c) are summarized and presented.
The factors that might have affected the results and future work are also discussed.

9.2 The investigation of MtVRN2 and MtCLF protein interaction
PRC2 proteins are highly evolutionary conserved. They are not only present in plants and mammals,
but also found in unicellular eukaryotes, algae and yeast (Ketel et al. 2005; Shaver et al. 2010; Jiao
and Liu 2015; Gall Trošelj et al. 2016). In Drosophila, PRC2 is composed of four core subunits: E(z),
Su(z)12, ESC and P55. Due to gene duplication, Arabidopsis has three E(z) homologues (MEA, CLF
and SWN), three Su(z) 12 homologues (FIS2, EMF2 and VRN2), one ESC homologue (FIE) and
five P55 homologues (MSI1-5) (Mozgova and Hennig 2015; Mozgova et al. 2015). The important
role of PRC2 in maintenance of transcriptional repression is conserved via depositing the chromatin
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repressive mark H3K27me3 on target genes (Del Prete et al. 2015). The trimethylation of H3K27 is
executed through the histone methyltransferase (HMTase) activity of E(z). However, E(z) is unable
to efficiently catalyse the methylation of histone 3 on its own. Studies on worms, flies and mammals
reported that the other two subunits, Su(z)12 and ESC, at minimum, were required for boosting the
enzymatic activity of E(z) (Cao and Zhang 2004; Chanvivattana et al. 2004; Pasini et al. 2004; Ketel
et al. 2005; Nekrasov et al. 2005).
Studies on flies and mammals have indicated that Su(z)12 could directly bind to E(z) via its VEFS
domain (Pasini et al. 2004; Yamamoto et al. 2004; Ketel et al. 2005). However, the E(z) region that
interacts to Su(z)12 VEFS domain was not precisely mapped in these studies. The first precise
mapping of E(z) region which interacts with Su(z)12 in the plant (Arabidopsis) was reported in the
research of Chanvivattana et al. (2004). This study pointed out that the C5 domain contained in E(z)
homologues (MEA, CLF and SWN) and the VEFS domain in Su(z)12 homologues (FIS2, VRN2 and
EMF2) were required for the interaction of E(z) homologues and Su(z)12 homologues in Arabidopsis
(Chanvivattana et al. 2004). Consistent with this, the research of Ketel et al. (2005) on fly Su(z)12E(z) interaction found a region in the middle of E(z), named domain II, which was required for stable
binding of E(z) to Su(z)12 (Ketel et al. 2005). Domain II was found to include C5 domain which
shows conserved cysteine spacing arrangement (CRRCX2DCX2HX(22-27)CX3CY) (Ketel et al. 2005).
In addition, a region which contains the C5 domain in mouse E(z) homologue EZH2 was reported to
be able to interact with the VEFS domain of mouse Su(z)12 (Yamamoto et al. 2004). All this
evidence showed that the role of C5 and VEFS domains in mediating the interaction of E(z) and
Su(z)12 is most likely conserved in plants, flies and mammals.
In this research, the VEFS and C5 domains in MtVRN2 and MtCLF proteins were identified
respectively, aiming to check whether MtVRN2 and MtCLF can interact with each other via these
two domains and find out the putative PRC2 members in Medicago. Through Arabidopsis and
Medicago sequence alignments, the MtCLF C5 domain in this thesis was defined as an 81 aa protein
sequence with five conserved cysteine residues, which shared 62.2% identity with the AtCLF C5
domain. The MtVRN2 VEFS domain defined in this thesis was a 162 aa MtVRN2 C-terminal
fragment which shared 70.1% identity with the AtVRN2 VEFS domain. Following the idea of
Chanvivattana et al. (2004), yeast two hybrid and pull down assays were performed to check the
interaction of the MtVRN2 VEFS domain and MtCLF C5 domain. However, the results indicated
that these two domains were not able to interact with each other under the conditions of my
experiments.
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Although the interaction of the C5 domain with VEFS domain has been successfully detected in
Arabidopsis through yeast two hybrid and pull down assays, it did not mean this interaction could
automatically apply to other species beyond Arabidopsis. In addition, the yeast two hybrid assay
itself has limitations in detecting protein-protein interactions. For example, the interactions between
proteins assayed by yeast two hybrid are often conformation-dependent, depending on a given
protein being used in the bait or prey constructs. This was observed in my experiments such that the
interaction signals evoked by using the C5 domain as the bait were much stronger than using the C5
domain as the prey. It was also found that the MtCLF C5 domain was able to self-activate the
transcriptional activation domain, which might block the detection of C5-VEFS interaction. In
addition, the proteins expressed in the yeast system might lack correct post-translational modification,
especially for the proteins originating from high eukaryotes like plant proteins, thus leading to false
negatives. Furthermore, the proteins with weak or transient interactions are likely to escape the
screening (Brückner et al. 2009). With regard to the pull down assay, degradation appeared to occur
in the VEFS fusion proteins. It is likely that the degradation resulted in the loss of binding sites
required for the C5-VEFS interaction. Another possible reason is that the abundance of the input
VEFS fusion protein was much less than that of the input C5 fusion protein, thus explaining the
failed pull down assay.
In addition, the human PRC2 crystal structure analysis through high resolution electron microscopy
revealed a peptide region containing three lysine residues (K210/K217/K227) in the first SANT
domain of EZH2, that associates with the Su(z)12 VEFS domain (Ciferri et al. 2012). This region is
upstream of the C5 domain and its function in E(z) and Su(z)12 is still unknown. The study of Ciferri
et al. uncovered a complex protein interaction network among PRC2 members. Some domains like
SANT are not only involved in protein interactions but also contribute to stabilization of protein
interactions (Ciferri et al. 2012). In my research, only two domain fragments were studied. It is likely
that the regions which function in the stabilization of protein interactions were not included, thus
leading to the failed detection of C5-VEFS interaction. To further investigate the interaction between
MtVRN2 and MtCLF proteins, HA-tagged full length MtVRN2 protein (HA-VRN2) and GFPtagged full length MtCLF protein (GFP-CLF) were transiently co-expressed in Nicotiana
benthamiana leaves (Appendix 2). Western blot results showed that the HA-VRN2 protein could be
detected by the anti-HA antibody, but the detection was very weak and only faint target bands were
seen on blots. In addition, the GFP-CLF protein was undetectable using the anti-GFP antibody,
which makes the co-immunoprecipitation of HA-VRN2 and GFP-CLF proteins impossible to assay
(Appendix 2). There are several factors that might be responsible for the failure of GFP-CLF protein

255

detection. Among these include the poor performance of the polyclonal anti-GFP antibody and the
low abundance or degradation of target proteins. To improve experimental performance, monoclonal
anti-GFP antibodies can be trialled and infiltrated leaves can be harvested in different days post
infiltration to optimise HA-VRN2 and GFP-CLF recombinant protein yield. In addition, protein
extraction methods can be further improved to prevent protein degradation during extraction.

9.3 Studying putative flowering genes directly regulated by MtVRN2
Su(z)12 is one of the four core subunits of Drosophila PRC2 (Mozgova and Hennig 2015). It is
required for histone methyltransferase activity and silencing of PRC2 target genes (Cao and Zhang
2004). Research on Drosophila PRC2 revealed that Su(z)12 associates with Nurf55 to form a
minimal nucleosome-binding complex, which is essential for nucleosome binding (Nekrasov et al.
2005). In Arabidopsis, the direct association of Su(z) homologues VRN2 and EMF2 with some
transcription factor genes such as FLC, LONG VEGETATIVE PHASE1 (LOV1) and ABSCISIC ACID
INSENSITIVE3 (ABI3) leads to epigenetic silencing of these genes by PRC2 (De Lucia et al. 2008;
Kim et al. 2010). The research of Jaudal et al. revealed a range of genes whose transcript levels were
elevated in the Mtvrn2 mutant (Jaudal et al. 2016). These genes include floral integrator genes, floral
homeotic genes and other transcription factors (Jaudal et al. 2016). In this research, four candidate
Medicago genes (FTa1, AP1, AGL11 and SEP3b) were slected, which were elevated in expression in
the Mtvrn2 mutant compared with WT and performed ChIP experiments to find out whether they are
directly bound by the MtVRN2 protein.
First, an anti-VRN2 antibody was raised, which was intended to be used for ChIP experiments.
However, Western blot results showed that, although this anti-VRN2 antibody detected the
recombinant MtVRN2 proteins produced in E. coli, it was unable to detect the plant-derived
MtVRN2 protein. Next, in order to use commercial antibodies to epitope tags, HA- and GFP-tagged
MtVRN2 transgenic plants were successfully regenerated in this project. Some HA-VRN2 transgenic
lines flowered much earlier than other transgenic lines and WT plants. Further expression analysis
showed that the expression of both total and endogenous MtVRN2 was co-suppressed, with
accompanying upregulation of FTa1 in early flowering transgenic lines (4.2.3). These findings were
published in the Jaudal et al. paper on which I was a co-author (Jaudal et al. 2016).
A few commercial antibodies to HA and GFP tags were tested using the tagged proteins extracted
from HA-VRN2 and GFP-VRN2 transgenic plants. A mouse anti-HA monoclonal antibody was
confirmed to be able to specifically recognize HA-VRN2 protein, thus it was used in ChIP
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experiments later on. After ChIP experimental conditions were optimised, ChIP-PCR was performed.
However, the results did not show any evidence that FTa1, AP1, AGL11 and SEP3b genes are
directly bound by the MtVRN2 protein.
Some reasons that might explain the failed detection of protein-DNA interaction in this project have
been discussed in Chapter 4 (4.6.2) and these include sonication, immunoprecipitation and the nature
of the PCR-amplified gene regions. However, it is possible that these genes are not the direct targets
of MtVRN2 protein. As the homologue of FT, FTa1 is a key flower regulator in Medicago. Its gainof-function mutation and overexpression in Medicago promote flowering (Jaudal et al. 2013; Yeoh et
al. 2013). In the research of Jaudal et al. (2016), the transcript level of FTa1 in the Mtvrn2 mutant
was elevated, but the H3K27me3 level, a PRC2 repressive marker, at the FTa1 locus was similar
between Mtvrn2 mutants and WT plants, indicating that FTa1 might not be a direct target of
MtVRN2 protein (Jaudal et al. 2016). Consistent with this, the ChIP results showed that the amount
of DNA immunoprecipitated by the anti-HA antibody was similar between HA-VRN2 transgenic
plants and WT plants. In the research of Jiang et al., the authors pointed out that the FT gene was
directly bound by CLF and repressed by EMF2-PRC2 in the vegetative stage (Jiang et al. 2008).
Further studies by Kim et al. showed that FT was not directly targeted by the EMF2 protein even
though it was upregulated in the emf2 mutant (Kim et al. 2010). The authors assumed that the
upregulation of FT gene was caused by the down-regulation of its negative regulators like TARGET
OF EAT1 (TOE1) and TEMPRANILLO (TEM), which are also targeted by the PRC2 complex (Kim
et al. 2010). This might also apply to the upregulation of FTa1 in the Mtvrn2 mutant. However, the
direct negative regulators of FTa1 in Medicago are still unclear.
AP1, AGL11 and SEP3b are floral homeotic genes. They function in floral organ specification in
Arabidopsis (Smaczniak et al. 2012b). These three genes, together with other floral homeotic genes
like PI, AP3, AG and transcription factors form a complex interconnected network to control
themselves and each other via direct regulatory interaction (Pelaz et al. 2001; Sundström et al. 2006;
Immink et al. 2012; Smaczniak et al. 2012b). For example, AP1 was reported to be negatively
regulated by AP3/PI heterodimer, while the latter is repressed by SOC1 via direct interaction to
prevent mature floral meristem differentiation (Sundström et al. 2006; Immink et al. 2012).
Interestingly, SOC1 is potentially repressed by AP1, SEP3 and AG, thus generating a regulatory loop
(Immink et al. 2012). The research of Smaczniak et al. showed that MADS-box proteins including
SEP3, AP3, PI and AG not only interact with each other but also form a large complex with other
transcription factors and chromatin-associated proteins to play regulatory roles (Smaczniak et al.
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2012b). In the research of Jaudal et al., the genes with elevated expression in the Mtvrn2 mutant
include not only AP1, AGL11 and SEP3b genes, but also MtSOC1a, AG and PI genes (Jaudal et al.
2016). Therefore, it is likely that the increased transcript levels of these genes in the Mtvrn2 mutant
is not due to the release of repression from MtVRN2-PRC2, but due to the transcription changes of
their regulators which might be direct targets of MtVRN2 protein.

9.4 Characterisation of MtEMF2 genes and their functions in Medicago
9.4.1 Identification of MtEMF2 genes
The second major aim of this thesis was to characterize EMF2-like genes in Medicago and to
investigate their roles in flowering time control and plant development. Through BLASTP in
Arabidopsis and Medicago database, three adjacent EMF2-like genes were obtained and named
MtEMF2a, MtEMF2b and MtEMF2c. The cDNA sequence of MtEMF2c was first identified using
PCR amplification and sequencing. The results showed that at least two MtEMF2c transcripts are
present in Medicago and neither of them is consistent with the predicted MtEMF2c shown on the
database. Compared with the annotated MtEMF2c transcript, both the two sequenced MtEMF2c
transcripts lacked the predicted exon 1 and contained the predicted exons from 3 to 17 (the last exon),
but one had the predicted exon 2 and the other did not. In addition, some nucleotide changes were
observed along the sequenced MtEMF2c cDNA sequences, which might be caused by the difference
between ecotypes of Jemalong A17 and Medicago R108. Subsequently, the sequences of MtEMF2a
and MtEMF2b cDNAs were identified. Further analysis indicate that MtEMF2a, MtEMF2b and
MtEMF2c comprise a large MtEMF2 cDNA (MtEMF2L).

In summary, MtEMF2L has four

annotated MtEMF2a exons (1-4), four annotated MtEMF2b exons (1-4) and fifteen annotated
MtEMF2c exons (3-17).
The three identified MtEMF2 transcripts encode a 516 aa protein (MtEMF2c_L), a 580 aa protein
(MtEMF2c_L3) and a 790 aa protein (MtEMF2L). MtEMF2c_L is the predominant MtEMF2
transcript as indicated by gene expression analysis and RNA Seq data obtained from the Medicago
Genome JBrowse and the Putterill lab.
qRT-PCR had been attempted in this research using the primers on the last exon of MtEMF2c. As all
the three MtEMF2 transcripts contain the last exon of MtEMF2c, the qRT-PCR results could not
distinguish which one of the three transcripts had been amplified. However, the results indicated that
MtEMF2 transcripts are universally present in cotyledons, leaves, apices, buds and flowers. This is in
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line with the Yoshida et al. paper in which the authors pointed out that AtEMF2 is expressed in
developing embryos, in both vegetative (SAMs, leaf primordia and young leaves) and reproductive
shoot meristems (inflorescence and floral meristems) and in lateral organ primordia like main shoots
(Yoshida et al. 2001). AtEMF2 is also highly expressed in root tips (Yoshida et al. 2001). In my
research, the MtEMF2 expression was not checked in embryos and roots but the RNA Seq data from
the Medicago Genome JBrowse indicates that it is expressed in roots, consistent with AtEMF2.

9.4. 2 A model showing the potential EMF2-like protein evolution pathways
The homology analysis performed among EMF2 homologues in Arabidopsis and selected legumes
indicates that MtEMF2L shares the highest homology and most conserved domain organization with
AtEMF2 among the three Medicago EMF2-like proteins. In contrast to MtEMF2L, MtEMF2c_L
lacks the N-terminal and E5-E10 regions, while MtEMF2c_L3 lacks the N-terminal region but it has
part of the E5-E10 region. This was also found in GLYMA_20G069800, one of the soybean EMF2like proteins. On the whole, legume EMF-like proteins share moderately conserved N-terminal and
E5-E10 regions and highly conserved C2H2 and VEFS regions. Although MtEMF2c_L,
MtEMF2c_L3 and GLYMA_20G069800 do not have N-terminal domains, they still share conserved
C2H2 and VEFS domains. MtEMF2c_L3 and GLYMA_20G069800 also share part of the conserved
E5-E10 region with other legume EMF2-like proteins. In all the aligned legume EMF2-like
sequences, wild soybean EMF2-like protein Glysoja_EMF2_034026 is an exemption. It contains all
domains except for the most conserved C2H2 and VEFS domains.
In the research of Chen et al., the authors showed the strong sequence similarity between EMF2 and
VRN2 class proteins and proposed that VRN2 might have arisen from a duplication of an EMF2-like
ancestor in Arabidopsis (Chen et al. 2009). According to Chen et al., one of the EMF2-like copies
diverged due to the lack of selection pressure, thus forming a VRN2-like sequence (Chen et al. 2009).
In accordance with this hypothesis, a similar evolution pathway might have occurred in legumes. The
very high homology in protein sequence and domain structure between AtVRN2 and legume VRN2like proteins indicates that they might have arisen from a common VRN2-like ancestor. After lineage
divergence, AtVRN2 acquired a 52 aa C-terminal tail which is specific for AtVRN2. From the
phylogenetic tree and pair-wise identities in legumes and Arabidopsis, it is likely that the duplication
event of EMF2-like ancestor might have independently arisen multiple times (Fig. 9.1), in line with
the hypothesis of Chen et al (Chen et al. 2009).
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The EMF2-like copies from a common EMF2 ancestor might have evolved following an independent
pathway as predicted in Fig. 9.1. Among the selected legume EMF2-like proteins, the common bean
EMF2-like

protein

(PHAVU_007G241500g),

two

soybean

EMF2-like

proteins

(GLYMA_20G069800 and GLYMA_10G118800) and the wild soybean EMF2-like protein
(Glysoja_EMF2_039804) are likely to have originated from the same EMF2-like ancestor copy with
AtEMF2, as they all exhibit very high homology in protein sequence and domain structure with
AtEMF2. Furthermore, it was inferred that GLYMA_20G069800 might have arisen from the
duplication of GLYMA_10G118800 during a whole genome duplication event since they share
nearly the same protein sequences except that GLYMA_20G069800 lacks the N-terminal and part of
the E5-E10 regions.
In addition to the legume EMF2-like proteins described above, other legume EMF2-like proteins
including the three Medicago EMF2-like proteins (MtEMF2L, MtEMF2c_L and MtEMF2_L3), one
soybean EMF2-like protein (GLYMA_10G193800), one wild soybean EMF2-like protein
(Glysoja_EMF2_034025) and one red bean EMF2-like protein (Vigna_L48_09g105200) are
divergent in protein length and sequence. These proteins were assumed to have evolved from a
different EMF2-like ancestor copy (Fig. 9.1). This group of proteins features a long and divergent
E15-E17 domain which was predicted to have arisen from an insertion event during evolution. In
addition, the soybean EMF2-like protein GLYMA_10G193800 and wild soybean EMF2-like protein
Glysoja_EMF2_034025 have identical N-terminal, E5-E10 and E15-E17 regions, but the latter lacks
the conserved C2H2 and VEFS domains. This observation suggests that the loss of C2H2 and VEFS
domains might have occurred during evolution. The same phenomenon was also observed in the
research of Chen et al., in which the authors indicated that a VEFS domain-containing gene might
lose its VEFS domain as shown in HvEMF2_1 protein (Chen et al. 2009).
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Fig. 9.1 A model showing the potential EMF2-like gene evolution pathways in Arabidopsis and the
selected legume species. EMF2 ancestor is hypothesized to have duplicated multiple times and the figure
shows the three independent duplication events. Number 1 duplication event produces an EMF2-like copy that
might have lost the N-terminal domain due to the lack of selection pressure over time, thus forming a VRN2like sequence. Number 2 duplication event produces an EMF2-like sequence which might have become the
ancestor of Arabidopsis EMF2 and some other legume EMF2-like genes. As AtEMF2 and the legume EMF2like genes in this group originate from the same ancestor, they share high homology in protein sequence and
domain structure. It is likely that one of soybean EMF2-like copies (GLYMA_20G069800) might have arisen
from the duplication of GLYMA_10G118800 during whole genome duplication because these two proteins
have 88.1% identical amino acid sequence and GLYMA_20G069800 lacks the N-terminal domain which
might be caused by the lack of selection pressure. Number 3 duplication event produces an EMF2-like
sequence which might have undergone a gene insertion event, thus resulting in a long E15-E17 region.
Legume EMF2-like genes in this group all contain a long and diverse E15-E17 region. Grey: EMF2 ancestor.
①②③: three independent duplication event.

Differences in protein sequence and domain structure were found among the EMF2-like proteins in
one species. For example, wild soybean has two EMF2-like proteins: Glysoja_EMF2_034025 and
Glysoja_EMF2_039604. The former lacks the C2H2 and VEFS domains and has a long E15-E17
domain, while the latter remains conserved with AtEMF2 in protein sequence and domain structure
and has a short E15-E17 domain. This suggests that once a gene copy is no longer under strong
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selection, it might diverge in sequence and function, consistent with the hypothesis of Chen et al. on
the evolution of VRN2-like proteins from an EMF2-like ancestor (Chen et al. 2009). This was also
observed in soybean. Among the three soybean EMF2-like proteins, two were predicted to arise from
the same EMF2-like ancestor copy with AtEMF2. Only GLYMA_10G118800 is conserved with
AtEMF2

both

in

amino

acid

sequence

and

domain

structure.

Its

predicted

copy

GLYMA_20G069800 is likely to have undergone domain deletion during evolution due to the lack
of selection pressure. All these evidences suggest that some EMF2-like proteins have undergone
gene duplication events and have developed new functions during evolution.
In this thesis, three Medicago EMF2-like proteins were predicted from the sequenced cDNAs
including MtEMF2c_L3 and MtEMF2c_L, which appear to be encoded by the alternative spliced
MtEFM2c, and MtEMF2L which is encoded by a large cDNA from assembled sequences of
annotated MtEMF2a, MtEMF2b and MtEMF2c. However, this finding does not exclude the
possibility that MtEMF2a and MtEMF2b also encode independent EMF2-like proteins, respectively.
Therefore, two hypotheses were proposed regarding the Medicago EMF2-like protein evolution
pathways (Fig. 9.2). First, MtEMF2a, MtEMF2b and MtEMF2c are parts of one Medicago EMF2like gene which has three alternative spliced forms, thus encoding three Medicago EMF2-like
proteins: MtEMF2L, MtEMF2c_L3 and MtEMF2c_L. Second, MtEMF2a, MtEMF2b and MtEMF2c
are three independent Medicago EMF2-like genes. However, they might have lost some domains
during evolution as predicted by Chen et al .(2009).
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Fig. 9.2 A model showing the potential Medicago EMF2-like gene evolution pathways. Two Medicago
EMF2-like genes evolution pathways were predicted. First, Medicago has only one copy of EMF2-like gene
(MtEMF2L). MtEMF2a, MtEMF2b and MtEMF2c are parts of MtEMF2L. MtEMF2L alternatively splices and
produces multiple proteins (MtEMF2L, MtEMF2c_L and MtEMF2c_L3), functioning in a spatial and
temporal manner. Second, Medicago have three copies of EMF2-like genes (MtEMF2a, MtEMF2b and
MtEMF2c). Due to the lack of selection pressure, two copies of EMF2-like genes (MtEMF2a and MtEMF2b)
lost most domains and might play other roles beyond EMF2 or lost their roles completely.

9.4.3 MtEMF2L may not play the same role in flowering time control as AtEMF2
The roles of Medicago EMF2-like genes were explored in this thesis by complementing the Atemf2
mutant and screening Medicago Tnt1 mutant lines. In the mutant complementation experiment, the
MtEMF2L gene was overexpressed in the homozygous Atemf2 mutants. However, the results showed
that MtEMF2L was not able to rescue the phenotypes of the Atemf2 mutant, indicating that
MtEMF2L might play a different role from AtEMF2.
Studies on EMF2 homologues indicated that their function is conserved in monocot plants like rice
and bamboo (Li et al. 2006; Xu et al. 2010). However, it was also found that the broccoli EMF2-like
proteins were only able to partially rescue Atemf2 mutants and had different functions from AtEMF2,
even though both broccoli and Arabidopsis belong to the Cruciferae family and the broccoli EMF2like proteins (BoEMF2.1 and BoEMF2.2) share very high homology to AtEMF2, 90.8% and 83.2%,
respectively (Liu et al. 2012). In contrast to the high pair-wise identity between broccoli EMF2
proteins and AtEMF2, MtEMF2L only shares 32.7% identity (which is the highest among Medicago
EMF2-like proteins) with AtEMF2. Furthermore, MtEMF2L is not the dominant Medicago EMF2like transcript according to the RNA Seq analysis. The sequence and functional divergence of
263

MtEMF2L from AtEMF2 can be explained by the legume EMF2-like protein evolution pathway
predicted in the above section (9.4.2), suggesting that the Medicago EMF2-like proteins and
AtEMF2 could have arisen from two different EMF2-like ancestor copies.
It is also noted that MtVRN2 which has 55.6% identical protein sequence with AtVRN2 acts as a
repressor in Medicago rather than a promoter as VRN2 does in Arabidopsis (Jaudal et al. 2016). On
the one hand, this further confirms the hypothesis that the functions of some homologous genes in
Arabidopsis and legumes have diverged, on the other hand, the role of Medicago EMF2-like genes in
flowering time control is likely to be replaced by that of MtVRN2, as one of the main roles of
AtEMF2 is acting as a repressor to repress flowering in the vegetative stage. However, it does not
exclude the possibility that the Medicago EMF-like genes and MtVRN2 may function redundantly in
flowering time control.
In regard to the screening of Medicago Tnt1 mutant lines for searching MtEMF2 knockout mutants,
six potential lines were explored and three of them were found to have a Tnt1 insertion in the
MtEMF2 genes. However, gene expression analysis showed that the expression of the MtEMF2
genes in these three Tnt1 mutant lines was not affected by the Tnt1 insertions. In addition, the
changes in flowering time do not seem to correlate with the Tnt1 insertions in the MtEMF2 genes. It
is likely that the Tnt1 insertions in the MtEMF2 genes might have been spliced out during premRNA processing as they were all inserted in the introns of the genes. To narrow down the
screening of Tnt1 mutant lines specific for the MtEMF2 genes in the future, the sequences of
MtEMF2 genes can be provided to the Samuel Roberts Noble Foundation so that primers specific for
screening the MtEMF2 genes can be designed to target flanking sequence tags (FSTs), thus
increasing the possibility of finding more MtEMF2 Tnt1 mutant lines.

9.5 The characterisation of six Medicago MADS-box genes
Arabidopsis MADS-box genes constitute a large gene family which plays important roles in the
regulation of plant development, especially in the specification and development of angiosperm
flowers (Alvarez-Buylla et al. 2000; Ng and Yanofsky 2001; Irish and Litt 2005; Smaczniak et al.
2012a). SOC1 and FUL are two well characterized MADS-box genes in Arabidopsis, whose
functions in flowering time control and floral meristem and organ identity have been described in
Chapter 1. In this thesis, three Medicago FUL-like genes and three Medicago SOC1-like genes are
characterised and their potential roles in flowering time control and plant development are
investigated.
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9.5.1 Functional characterisation of Medicago FUL-like genes
Three Medicago FUL-like genes (MtFULa, MtFULb and MtFULc) were identified in the Putterill lab.
In this thesis, the in silico expression patterns of these three genes are explored and the data with
those profiled by qRT-PCR are compared. The results showed that the expression patterns obtained
from different sources (microarray, RNA Seq and qRT-PCR) were overall consistent. Briefly,
MtFULa and MtFULb have similar expression patterns and are mainly expressed in shoot apices,
mature leaves, buds, flowers and seedpods. MtFULc has a different expression pattern from MtFULa
and MtFULb. It is barely expressed in leaves, but dominantly expressed in the post-flowering shoot
apices, buds, flowers and roots. Phylogenetic tree analysis demonstrated that MtFULa and MtFULb
belong to the FUL clade, while MtFULc belongs to the AGL79 clade of AP1/SQUA/FUL genes. The
expression patterns of MtFULa and MtFULb profiled in this research agree with those reported for
euFUL genes from core eudicots and FUL-like genes from basal eudicots. These genes are expressed
in leaves, bracts, cauline leaves, inflorescence and floral meristems, most or all floral organs, fruits,
and ovules (Gu et al. 1998; Alvarez-Buylla et al. 2000; Robles and Pelaz 2005; Jaakola et al. 2010;
Berbel et al. 2012; Pabón-Mora et al. 2012; Pabõn-Mora et al. 2013; Jaudal et al. 2015; Jia et al.
2015). In regard to MtFULc, its Arabidopsis orthologue AGL79 is also highly expressed in roots,
indicating their potential role in root development (Pařenicová et al. 2003).
The functional studies conducted by overexpressing MtFUL genes in Arabidopsis revealed the
potential role of MtFULa and MtFULb in flowering time control and floral meristem identity. These
results were published in a paper that I was a co-author (Jaudal et al. 2015). The overexpression of
MtFULa and MtFULb in Arabidopsis promoted flowering and affected floral morphology, which
was not observed in MtFULc transgenic lines. The research on pea VEG1 gene, the orthologue of
MtFULc, indicated that VEG1 functions in secondary inflorescence meristem development as pea
veg1 mutants never flowered but kept branching (Berbel et al. 2012). This was also observed in the
Mtfulc mutant found in the Putterill lab (Putterill, unpublished). Thus, this evidence suggests that
MtFULc, similar to pea VEG1, might mainly function in inflorescence meristem identity rather than
in flowering time control.
Previous studies indicated that euFUL and euAP1 clade arose from a gene lineage duplication event
(Litt and Irish 2003). The AP1/FUL clade might have undergone multiple duplication events,
resulting in functional divergence during angiosperm evolution. In Arabidopsis, FUL functions
redundantly with AP1 in specifying floral meristem identity, but independently functions in fruit
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development and determinacy (Mandel and Yanofsky 1995; Gu et al. 1998; Melzer et al. 2008). Pea
FUL-like gene VEG1 functions in compound inflorescence development (Berbel et al. 2012).
Soybean GmFULa plays potential roles in reproductive transition, flowering, leaf development and
maturation of soybean (Jia et al. 2015). Poppy FUL-like genes function in axillary meristem growth,
floral meristem and sepal identity and fruit development. In addition, the roles of FUL-like genes in
cell modification and secondary metabolite production were also reported (Jaakola et al. 2010;
Bemer et al. 2012). Accordingly, it was speculated that MtFULa, MtFULb and MtFULc might have
arisen from one or more gene duplication events and became divergent in protein sequence and
function. Based on my research, MtFULa and MtFULb genes are likely to function redundantly in
flowering control. However, they are also likely to play independent roles in other plant
developmental processes. For example, MtFULb transcript increases during the seed filling stage,
which was not observed for MtFULa and MtFULc, indicating that MtFULb might also function in
seed development. In case of MtFULc, mutant analysis has indicated its function in inflorescence
meristem identity while high gene expression in roots suggests possible function in root development.

9.5.2 Identification of Medicago SOC1-like genes and their function
characterisation
In this thesis, I identified three MtSOC1 genes (MtSOC1a, MtSOC1b and MtSOC1c) through
reciprocal BLAST searches. Their sequences are highly similar to AtSOC1 and to each other,
especially MtSOC1b and MtSOC1c which share 92.9% identity in full length nucleotide sequence.
The phylogenetic analysis revealed that MtSOC1a had the closest phylogenetic relationship with
AtSOC1 among the three Medicago SOC1-like proteins.
In Arabidopsis, SOC1 is mainly expressed in developing leaves and meristems and its expression
increases with the developmental age (Samach et al. 2000). Consistent with this, the qRT-PCR
analysis on MtSOC1 genes, performed by the Putterill lab (unpublished), showed that the expression
of MtSOC1a and MtSOC1c increased in leaves and apices over a developmental time course and
reached the peak prior to flowering, indicating their potential role in flowering time control. It was
also found from the qRT-PCR analysis that MtSOC1b was scarcely expressed in leaves and apices
prior to flowering, but highly expressed in leaves and apices post flowering, suggesting its different
role from MtSOC1a and MtSOC1c. The in silico expression patterns of MtSOC1 genes profiled in
this thesis by searching publicly-available microarray and RNA Seq databases overall conformed
with the qRT-PCR results. MtSOC1a is also expressed in other tissues including nodules, roots and
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seedpods. Both MtSOC1b and MtSOC1c are highly expressed in nodules and roots, but not in
seedpods. This is different from the expression pattern of GmGAL1 (GmSOC1), which is similar to
MtSOC1a and MtSOC1c in developing leaves and in flowers but its expression becomes high in pods
during the reproductive stage (Zhong et al. 2012).
The multiple copies of MtSOC1 genes in Medicago reflect the gene duplication events which
occurred in other eudicots like kiwifruit and petunia (Preston et al. 2014; Voogd et al. 2015). The
gene duplication event likely resulted in functional divergence, which is supported by the difference
in temporal and spatial expression of the MtSOC1 genes. The ectopic expression of MtSOC1 genes in
Arabidopsis indicated that MtSOC1a plays a potential role in promoting flowering as the
overexpression of this gene in Arabidopsis resulted in an early flowering phenotype, which was not
shown in MtSOC1b transgenic lines and not obvious in MtSOC1c transgenic lines. With highly
conserved sequences, MtSOC1b and MtSOC1c might act redundantly beyond flowering time control
given their high expression in roots and nodules. In addition, the floral morphology was changed in
all transgenic lines overexpressing MtSOC1 genes, especially the early flowering transgenic lines.
The change in floral morphology might be due to altered interaction of MtSOC1 genes with other
genes, thus affecting the floral organ identity (Sundström et al. 2006; Immink et al. 2012) .

9.6 Summary and future work
In summary, the aim of this project was to further characterize the role of MtVRN2 in gene
regulation and flowering time control by analysing genes directly or indirectly bound by MtVRN2.
To understand the genes regulated by MtVRN2-PRC2 is important to establish flowering time
regulatory networks in Medicago and other legume species. Four genes (FTa1, AP1, AGL11 and
SEP3b) whose transcript levels were elevated in the Mtvrn2 mutant were checked and they were
found not to be the direct targets of MtVRN2 by ChIP-PCR. In the future, ChIP-seq can be
performed with more genes to understand MtVRN2 flowering time regulatory pathway.
The interaction of MtVRN2 with MtCLF was primarily investigated in this thesis through their
VEFS and C5 domains. This research initiated the studies of PRC2 and its members in legumes.
Although the interaction between VEFS and C5 domain was not found in this thesis, experiences in
improving experimental performance were accumulated. In the future, other techniques such as mass
spectrometry can be used to study protein interactions. In addition, full length MtVRN2 and MtCLF
proteins can be used in protein interaction experiments instead of protein fragments.
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Medicago EMF2-like genes were identified and their functions were explored in this project. The
identified MtEMF2 gene sequences were submitted to GenBank, thus updating the current MtEMF2
gene annotations and also providing a more accurate MtEMF2 gene atlas for Medicago R108.
Functional studies carried out by Arabidopsis emf2 mutant complementation revealed different
functions between MtEMF2L and AtEMF2. The homology analysis among Arabidopsis EMF2 and
some legume EMF2-like proteins generated a model potentially showing how EMF2-like proteins
evolved from independent EMF2 ancestors. This can be used as a reference to study other legume
EMF2-like proteins. In the future, the functions of MtEMF2 genes need to be further explored. For
example, the predominant MtEMF2 transcript (MtEMF2c_L) which was predicted in this thesis can
be used for Atemf2 mutant complementation experiments to check whether it can act similar to
AtEMF2. In addition, attempts to obtain more MtEMF2 knockout mutant lines (Tnt1 mutant lines) or
knockout transgenic plants could be aimed for MtEMF2 gene function studies.
In this thesis, six candidate Medicago flowering genes including three MtFUL genes (MtFULa,
MtFULb and MtFULc) and three MtSOC1 genes (MtSOC1a, MtSOC1b and MtSOC1c) were also
characterized. The expression patterns and overexpression of Medicago FUL-like genes in
Arabidopsis revealed their diverged functions. MtFULa and MtFULb mainly function in flowering
time control, while MtFULc functions in inflorescence meristem identity. Part of the results were
published in the Jaudal et al. paper on which I was a co-author (Jaudal et al. 2015).
Three Medicago SOC1-like genes were identified in this thesis. This work provides accurate
sequences of SOC-like genes in Medicago R108. The in silico expression analysis and
overexpression of Medicago SOC1-like genes in Arabidopsis indicated different roles among
MtSOC1 genes. MtSOC1a appeared to function in flowering time control, while the function of
MtSOC1b and MtSOC1c is still to be characterized (Jaudal, Che, Putterill manuscript in draft).
This study on Medicago FUL-like and SOC1-like genes expands our understanding of their functions
in flowering time control. In addition, this study reveals that flowering genes might have undergone
gene duplication and functional divergence during evolution. Overall, the findings in this thesis can
be used as a reference in studying flowering time genes in other legume species.
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Appendices
Appendix 1: ChIP-PCR raw Ct values
Table A1. AGL11 (promoter) AGL11-P-F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

19.862

20.189

Ct2

19.893

Ct3
Ave.
Ct
Ct1

19.959

anti-H3 ab

WT

HAVRN2

19.317

19.462

20.159

19.537

20.223

19.450

19.905

20.190

25.397

Ct2
Ct3
Ave.
Ct
Ct1

Replicate 3

anti-HA ab

WT

HAVRN2

19.783

-

19.497

19.716

19.483

19.561

19.435

19.481

24.452

28.413

25.543

24.481

25.509

anti-H3 ab

WT

HAVRN2

18.640

19.249

19.967

18.603

20.235

18.727

19.687

20.101

28.387

22.152

28.555

28.138

24.422

28.102

25.483

24.451

33.747

Ct2
Ct3
Ave.
Ct

33.484

anti-HA ab

WT

HAVRN2

WT

20.680

22.218

19.955

21.755

18.951

20.948

22.295

19.926

21.970

18.975

20.949

22.267

20.009

21.958

18.657

19.058

20.859

22.260

19.963

21.894

22.476

27.788

28.242

23.661

23.471

27.167

26.093

22.368

22.399

28.429

27.149

23.555

23.459

27.444

26.329

28.346

22.391

22.356

28.257

-

23.715

23.407

26.758

26.377

28.357

28.290

22.304

22.410

28.158

27.695

23.644

23.446

27.123

26.266

32.427

29.895

29.996

30.770

30.628

28.971

-

30.735

31.444

28.701

28.427

-

33.407

29.243

29.068

31.148

32.392

28.843

29.392

31.328

31.368

28.519

28.839

33.220

33.503

29.504

29.594

32.751

30.398

28.605

29.470

33.126

30.786

29.595

28.697

33.112

29.547

29.553

31.556

31.139

28.806

29.431

31.729

31.199

28.938

28.654

Table A2. AGL11 (Ex 1) AGL11-9820-F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab

Replicate 2

anti-HA ab

anti-H3 ab

Replicate 3

anti-HA ab

anti-H3 ab

anti-HA ab

HAVRN2

WT

HAVRN2

WT

HAVRN2

WT

HAVRN2

WT

HAVRN2

WT

HAVRN2

WT

Ct1

20.259

20.510

19.729

19.959

22.800

23.388

20.816

20.897

21.368

22.851

20.422

22.605

Ct2

20.264

20.492

19.935

19.783

-

23.030

20.619

20.506

21.231

22.815

20.539

22.472

Ct3
Ave.
Ct
Ct1

20.345

20.691

-

19.945

23.029

-

20.575

20.732

21.360

22.764

20.546

22.652

20.289

20.564

19.832

19.896

22.914

23.209

20.670

20.712

21.320

22.810

20.502

22.576

25.744

24.740

29.190

28.854

23.216

23.358

29.958

30.583

24.117

23.953

27.791

26.664

Ct2

25.915

25.072

29.366

28.729

23.321

23.342

29.684

30.965

23.997

23.866

27.895

26.774

Ct3
Ave.
Ct
Ct1

25.833

24.982

29.543

28.966

23.393

23.351

30.144

30.396

23.971

24.111

27.586

27.207

25.831

24.931

29.366

28.849

23.310

23.350

29.929

30.648

24.028

23.977

27.757

26.882

33.248

-

30.553

30.733

33.187

34.357

30.936

31.030

32.156

32.474

30.262

29.315

Ct2

33.636

34.139

30.058

30.430

32.479

33.719

31.014

31.439

33.345

31.220

29.934

29.237

Ct3
Ave.
Ct

33.452

33.018

30.388

30.896

-

32.688

31.358

31.277

-

31.743

30.603

29.295

33.445

33.578

30.333

30.686

32.833

33.588

31.103

31.249

32.750

31.812

30.266

29.282
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Table A3. AGL11 (Int 1) AGL11-F1/R1-11/07 (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.333

20.610

Ct2

20.248

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.783

19.751

20.461

19.807

20.175

20.637

20.252

Replicate 3

anti-HA ab

WT

HAVRN2

20.409

20.719

19.778

20.090

19.762

19.708

20.570

19.784

25.447

24.678

Ct2

25.489

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.033

19.322

20.600

19.089

20.319

20.505

19.746

20.273

28.676

28.354

22.268

24.387

28.717

29.001

25.499

24.527

28.733

28.301

25.478

24.531

28.709

28.552

30.012

30.179

29.875

29.091

Ct2

29.786

30.238

30.251

30.083

Ct3
Ave.
Ct

29.836

30.426

30.264

29.878

30.281

30.130

anti-HA ab

WT

HAVRN2

WT

21.853

22.972

20.785

22.547

19.334

21.663

22.936

20.729

22.425

18.980

19.346

22.070

23.287

20.718

22.524

20.608

19.034

19.334

21.862

23.065

20.744

22.499

22.711

28.492

23.827

23.574

27.392

26.975

22.567

28.701

28.466

23.806

23.802

27.639

26.643

22.326

22.586

28.883

28.643

23.885

23.706

27.562

26.907

22.297

22.621

28.692

28.554

23.839

23.694

27.531

26.842

29.733

29.483

29.764

31.417

30.256

29.458

29.279

29.523

29.707

28.797

29.423

30.661

31.388

29.660

28.663

29.569

29.974

29.693

29.490

28.917

32.229

30.700

29.744

29.574

29.581

29.749

29.711

29.257

29.368

31.436

30.782

29.621

29.172

Table A4. AGL11 (Ex 6-7) AGL11-Ex6F/7R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.581

20.907

Ct2

20.534

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.916

19.859

20.880

19.856

20.531

20.873

20.549

Replicate 3

anti-HA ab

WT

HAVRN2

21.007

21.286

19.972

20.757

19.935

19.991

20.886

19.903

25.569

24.678

Ct2

25.750

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.314

19.717

20.922

19.306

20.663

21.223

19.941

20.809

29.272

28.166

24.701

28.917

25.756

24.849

25.692

anti-HA ab

WT

HAVRN2

WT

22.700

23.293

21.226

22.822

19.540

22.695

23.318

21.487

22.772

19.169

19.578

22.849

23.493

21.287

22.913

21.144

19.263

19.612

22.748

23.368

21.333

22.836

22.688

22.721

28.903

29.503

24.856

24.422

27.763

27.315

27.946

22.665

22.677

29.147

28.955

24.694

24.414

27.592

27.087

28.909

28.633

22.551

22.854

28.992

29.402

25.196

24.378

27.857

27.392

24.743

29.033

28.249

22.635

22.751

29.014

29.287

24.915

24.405

27.737

27.264

32.931

-

30.721

30.205

31.194

32.314

30.737

29.883

33.239

31.581

30.814

28.937

Ct2

32.353

32.884

31.279

31.425

-

32.128

28.820

29.269

-

-

32.301

29.651

Ct3
Ave.
Ct

33.249

-

30.478

30.715

-

31.966

29.894

30.544

34.236

32.842

31.139

30.147

32.845

32.884

30.826

30.782

31.194

32.136

29.817

29.899

33.737

32.212

31.418

29.578
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Table A5. SEP3b (promoter 1) SEP2-F1/R1-11/07 (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.173

20.480

Ct2

20.261

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.694

19.749

20.583

19.611

20.433

20.636

20.289

Replicate 3

anti-HA ab

WT

HAVRN2

20.311

20.981

19.723

20.304

19.630

19.798

20.566

19.645

25.314

23.964

Ct2

24.987

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.821

19.244

20.531

18.887

20.395

20.848

19.757

20.337

29.770

28.638

24.240

29.001

24.951

24.203

25.084

anti-HA ab

WT

HAVRN2

WT

21.933

22.886

20.596

22.814

19.521

21.710

22.968

20.771

22.596

18.947

19.402

22.109

22.954

20.719

22.618

20.787

18.885

19.389

21.917

22.936

20.695

22.676

21.827

22.116

29.118

29.591

23.609

23.694

27.736

26.963

28.810

21.813

22.231

28.984

30.008

23.631

24.314

27.853

26.830

29.492

28.749

21.788

22.455

29.257

29.519

23.784

23.567

27.531

27.305

24.136

29.421

28.733

21.809

22.267

29.119

29.706

23.675

23.859

27.706

27.032

33.743

33.581

31.228

31.134

-

32.632

29.367

30.263

30.685

31.547

31.316

30.787

Ct2

33.120

32.807

30.619

31.346

30.963

-

28.999

29.857

36.395

32.374

30.519

30.321

Ct3
Ave.
Ct

34.154

35.896

31.965

30.770

30.947

30.970

30.853

30.970

35.796

32.575

29.917

30.290

33.672

34.095

31.271

31.083

30.955

31.801

29.740

30.363

34.292

32.165

30.584

30.466

Table A6. SEP3b (promoter 2) SEP2-F2/R2-11/07 (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

19.530

19.708

Ct2

19.382

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.310

19.195

19.843

19.229

19.834

19.732

19.582

Replicate 3

anti-HA ab

WT

HAVRN2

18.991

19.316

19.339

19.277

19.107

19.534

19.761

19.215

26.173

25.308

Ct2

26.254

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.235

18.525

19.466

17.949

19.130

19.145

19.356

19.133

28.106

28.396

25.274

28.220

26.423

25.122

26.283

anti-HA ab

WT

HAVRN2

WT

20.490

22.094

20.007

21.920

18.575

20.296

21.975

19.730

21.716

17.978

18.427

20.534

22.239

19.767

21.736

19.309

18.054

18.509

20.440

22.102

19.835

21.791

23.330

23.462

27.405

28.643

24.759

24.133

27.584

26.755

28.533

23.138

23.543

27.809

28.693

24.722

24.360

27.200

26.256

28.343

28.297

23.399

23.457

27.201

28.844

24.841

24.209

27.347

27.540

25.235

28.223

28.409

23.289

23.487

27.472

28.726

24.774

24.234

27.377

26.850

33.507

32.006

29.841

30.687

-

31.185

29.140

29.494

31.451

31.065

29.793

29.427

Ct2

31.724

31.690

30.144

30.493

31.291

32.293

28.621

29.245

-

30.904

29.905

28.994

Ct3
Ave.
Ct

-

33.559

30.750

31.789

31.227

31.237

28.907

29.800

32.485

33.084

29.572

30.293

32.615

32.418

30.245

30.989

31.259

31.572

28.889

29.513

31.968

31.684

29.757

29.571
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Table A7. SEP3b (Ex 1) SEP2-F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

19.415

19.676

Ct2

19.366

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.854

19.020

19.561

19.124

19.436

19.630

19.405

Replicate 3

anti-HA ab

WT

HAVRN2

20.373

20.975

19.202

20.528

18.962

19.078

19.622

18.980

25.390

24.209

Ct2

25.219

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.907

18.943

20.415

18.860

20.332

20.976

19.100

20.411

28.001

27.891

24.389

27.869

25.247

24.258

25.285

anti-HA ab

WT

HAVRN2

WT

20.544

21.833

19.470

21.737

18.973

20.278

21.903

19.617

22.012

18.853

18.974

20.501

22.127

19.602

21.428

20.789

18.873

18.963

20.441

21.954

19.563

21.726

22.390

22.496

27.518

29.087

23.470

23.362

26.820

26.290

28.250

22.479

22.422

27.982

29.377

23.435

23.187

26.645

26.358

27.594

28.783

22.462

22.480

27.685

29.215

23.792

23.314

26.837

26.193

24.285

27.821

28.308

22.444

22.466

27.728

29.226

23.566

23.288

26.767

26.280

-

32.408

29.878

29.796

31.748

31.178

29.087

29.967

32.319

30.767

28.974

28.823

Ct2

33.590

32.451

29.820

30.120

32.021

32.214

28.968

29.031

30.292

30.870

29.084

29.312

Ct3
Ave.
Ct

33.339

33.152

29.368

29.438

32.893

32.176

29.316

30.139

31.381

29.970

28.910

28.978

33.465

32.670

29.689

29.785

32.220

31.856

29.124

29.712

31.331

30.536

28.989

29.038

Table A8. SEP3b (Int 1) SEP2-Int1-F2/R2 (threshold 0.2)
Ct
valu
e

Inpu
t

IP

No
Ab

Ct1
Ct2
Ct3
Ave.
Ct
Ct1
Ct2
Ct3
Ave.
Ct
Ct1
Ct2
Ct3
Ave.
Ct

Replicate 1
anti-H3 ab
HAVRN2

Replicate 2

anti-HA ab

WT

HAVRN2

20.976

21.330

20.938

anti-H3 ab

WT

HAVRN2

20.127

20.289

21.341

20.301

20.855

21.339

20.923

Replicate 3

anti-HA ab

WT

HAVRN2

21.042

-

20.090

20.903

20.313

20.354

21.336

20.247

26.224

25.028

26.215

25.029

26.121

anti-H3 ab

WT

HAVRN2

19.416

19.951

21.343

19.408

21.186

21.620

20.244

21.044

30.011

29.756

29.194

29.313

25.182

29.635

26.186

25.079

anti-HA ab

WT

HAVRN2

WT

22.765

23.526

21.268

22.978

19.908

22.544

24.222

21.209

23.111

19.329

19.809

22.713

23.364

21.218

23.036

21.482

19.385

19.889

22.674

23.704

21.231

23.041

22.599

22.881

29.414

29.556

24.736

24.460

28.401

27.466

22.743

23.090

28.623

30.959

24.812

24.597

28.508

27.739

28.993

22.830

22.976

28.670

29.678

24.858

24.831

28.799

27.285

29.613

29.354

22.724

22.982

28.903

30.064

24.802

24.630

28.569

27.497

-

32.923

-

31.277

31.820

32.268

-

30.439

34.047

30.882

30.288

29.741

32.429

33.622

31.436

30.706

30.522

32.957

30.371

30.449

31.523

32.901

31.269

30.482

-

-

30.962

31.527

-

31.389

29.256

30.534

38.255

30.580

30.307

30.474

32.429

33.273

31.199

31.170

31.171

32.205

29.814

30.474

34.608

31.454

30.621

30.232
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Table A9. SEP3b (Int 2) SEP2-F3/R3-11/07 (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

19.754

19.827

Ct2

19.794

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.629

19.436

19.751

19.454

19.806

19.893

19.785

Replicate 3

anti-HA ab

WT

HAVRN2

19.381

19.852

19.245

19.135

19.516

19.260

19.824

19.533

25.321

24.543

Ct2

25.390

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.362

18.732

19.796

18.255

19.857

19.692

19.314

19.458

29.116

28.876

24.470

29.445

25.344

24.525

25.352

anti-HA ab

WT

HAVRN2

WT

20.782

21.969

19.912

21.786

18.768

20.414

22.108

19.873

21.777

18.435

18.783

20.811

22.121

19.835

21.738

19.780

18.351

18.761

20.669

22.066

19.873

21.767

22.391

22.600

28.567

29.676

23.700

24.660

27.749

27.155

28.486

22.296

22.432

28.589

29.217

23.696

23.700

27.923

26.865

28.864

28.521

22.293

22.574

28.867

29.295

23.682

23.793

27.718

27.222

24.512

29.141

28.627

22.327

22.536

28.674

29.396

23.693

24.051

27.796

27.081

34.171

33.275

30.010

31.006

32.361

31.576

30.500

29.557

38.082

31.748

29.190

29.334

Ct2

-

32.915

30.656

30.181

32.433

33.654

29.014

29.773

33.041

32.758

29.750

28.985

Ct3
Ave.
Ct

33.422

33.308

30.872

30.097

-

30.858

29.958

29.935

32.459

-

30.397

29.075

33.796

33.166

30.513

30.428

32.397

32.029

29.824

29.755

34.527

32.253

29.779

29.132

Table A10. FTa1 (promter A) MtFTa1_ProA_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.487

20.907

Ct2

20.558

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.086

20.252

20.730

20.053

20.739

20.626

20.595

Replicate 3

anti-HA ab

WT

HAVRN2

20.473

20.820

20.197

20.174

19.920

20.128

20.754

20.019

25.613

24.789

Ct2

25.509

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.050

19.298

20.282

18.976

20.255

20.196

20.193

20.301

28.997

28.659

24.966

29.973

25.538

24.878

25.553

anti-HA ab

WT

HAVRN2

WT

20.722

22.642

20.129

22.387

19.217

20.736

22.604

20.173

22.459

19.171

19.183

20.652

22.678

20.180

22.469

20.433

19.065

19.233

20.703

22.641

20.161

22.438

22.343

22.624

28.946

30.239

23.057

23.387

26.850

26.494

28.641

22.393

22.495

28.733

29.828

23.267

23.308

26.814

26.201

29.595

28.719

22.429

22.532

28.606

29.403

23.512

23.359

27.156

26.551

24.877

29.521

28.673

22.388

22.551

28.762

29.823

23.278

23.351

26.940

26.415

33.397

33.646

30.249

30.262

32.793

32.078

30.657

29.979

31.997

30.986

30.068

29.411

Ct2

33.224

37.891

30.651

30.592

31.363

32.730

29.849

30.230

33.365

31.533

29.644

28.937

Ct3
Ave.
Ct

34.984

33.219

30.643

30.946

32.000

33.844

29.424

30.389

30.893

33.149

30.314

28.744

33.868

34.919

30.514

30.600

32.052

32.884

29.976

30.199

32.085

31.889

30.009

29.030
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Table A11. FTa1 (promter B) MtFTa1_ProB_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

16.906

17.576

Ct2

17.044

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

15.926

16.072

17.088

16.042

16.931

16.971

16.960

Replicate 3

anti-HA ab

WT

HAVRN2

17.058

17.024

16.206

17.420

15.836

16.089

17.212

15.935

21.040

20.517

Ct2

20.904

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

15.457

15.739

17.072

15.694

17.465

18.033

16.123

17.314

25.052

24.455

20.505

24.961

21.102

20.514

21.015

anti-HA ab

WT

HAVRN2

WT

16.671

17.685

15.539

17.813

15.820

16.714

17.671

15.567

17.412

15.511

15.867

16.919

17.700

15.772

17.484

17.376

15.554

15.809

16.768

17.686

15.626

17.570

18.427

18.424

24.821

25.290

18.936

18.973

22.488

22.241

24.678

18.456

18.724

26.872

25.293

18.735

18.856

22.517

22.242

24.942

24.520

18.347

18.665

24.768

25.428

18.867

18.870

22.491

22.241

20.512

24.985

24.551

18.410

18.604

25.487

25.337

18.846

18.900

22.499

22.241

29.406

28.554

26.518

26.519

28.072

27.597

25.631

26.529

28.018

27.063

25.140

24.562

Ct2

29.871

28.932

26.387

26.438

28.028

27.652

25.480

25.946

27.666

26.724

25.017

24.840

Ct3
Ave.
Ct

29.385

28.597

26.704

26.410

28.251

27.915

25.614

25.923

27.876

26.506

25.193

24.787

29.554

28.694

26.537

26.456

28.117

27.721

25.575

26.133

27.853

26.764

25.117

24.729

Table A12. FTa1 (Ex 1) RT_FTLa_F/R2 (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.087

20.316

Ct2

20.076

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.693

19.690

20.239

19.661

20.301

20.399

20.155

Replicate 3

anti-HA ab

WT

HAVRN2

19.988

19.971

19.753

20.137

19.598

19.763

20.318

19.651

25.006

24.412

Ct2

25.182

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

18.832

18.792

20.034

18.816

19.949

20.163

19.736

20.024

28.489

28.073

24.381

28.149

25.181

24.305

25.123

anti-HA ab

WT

HAVRN2

WT

20.762

22.356

19.874

22.148

18.925

20.642

22.425

19.956

21.966

18.750

18.775

20.948

22.438

19.940

22.113

20.056

18.799

18.830

20.784

22.406

19.923

22.075

21.983

22.175

27.494

28.086

23.176

23.177

26.472

25.889

27.756

22.078

22.158

27.415

28.771

23.270

22.964

26.453

25.813

27.963

27.577

21.962

22.215

27.968

28.233

23.255

23.194

26.583

26.113

24.366

28.200

27.802

22.008

22.183

27.625

28.363

23.234

23.112

26.502

25.939

35.182

32.716

29.925

29.707

31.580

39.630

29.211

29.090

31.741

30.732

29.490

29.475

Ct2

33.936

-

30.373

30.259

33.381

30.179

28.866

29.105

30.726

30.903

29.480

28.120

Ct3
Ave.
Ct

32.336

36.684

30.103

29.995

30.663

32.098

29.238

29.490

31.234

29.916

28.680

28.580

33.818

34.700

30.134

29.987

31.875

33.969

29.105

29.228

31.234

30.517

29.217

28.725
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Table A13. FTa1 (Ex 2) FTa1-Ex2-F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.855

21.027

Ct2

21.138

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.010

20.250

21.127

20.142

21.444

21.266

21.146

Replicate 3

anti-HA ab

WT

HAVRN2

21.117

21.196

20.220

20.941

20.052

20.240

21.140

20.068

25.548

24.857

Ct2

25.561

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.464

20.453

21.130

19.501

21.048

21.583

20.237

21.036

28.762

28.623

25.007

29.148

25.764

24.763

25.624

anti-HA ab

WT

HAVRN2

WT

21.434

22.819

20.347

22.333

19.944

21.426

22.654

20.535

22.522

19.477

24.109

21.425

22.831

20.426

22.442

21.303

19.481

21.502

21.428

22.768

20.436

22.432

22.640

22.685

28.092

29.081

23.794

23.636

27.371

26.572

28.612

22.636

22.925

28.238

28.785

23.794

23.771

27.269

26.783

29.097

28.874

22.819

23.895

28.669

29.723

23.794

23.622

26.701

26.711

24.876

29.002

28.703

22.698

23.168

28.333

29.196

23.794

23.677

27.114

26.689

32.548

36.615

30.718

29.925

30.692

31.188

29.376

30.715

30.575

31.307

29.702

29.238

Ct2

33.338

32.569

30.223

31.208

32.681

31.582

30.104

29.411

30.388

33.122

29.540

28.223

Ct3
Ave.
Ct

33.845

33.109

31.970

31.183

31.978

32.824

29.745

30.634

30.426

30.829

28.568

29.188

33.244

34.098

30.970

30.772

31.784

31.865

29.742

30.254

30.463

31.753

29.270

28.883

Table A14. FTa1 (Int 3) FTa1_Int3_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.847

21.107

Ct2

20.796

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.094

20.084

21.318

20.151

20.892

21.103

20.845

Replicate 3

anti-HA ab

WT

HAVRN2

21.186

21.323

20.298

20.851

20.080

20.166

21.176

20.108

25.802

24.914

Ct2

25.749

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

19.485

19.557

21.365

19.492

20.904

21.107

20.183

20.980

29.511

28.950

24.850

29.555

25.745

24.980

25.766

anti-HA ab

WT

HAVRN2

WT

21.193

22.522

20.049

22.165

19.590

21.104

22.525

20.173

22.242

19.553

19.871

21.099

22.594

20.389

22.186

21.265

19.510

19.673

21.132

22.547

20.204

22.198

22.832

22.868

28.622

28.898

23.796

23.700

26.995

26.789

28.885

22.652

22.809

28.773

28.787

24.190

23.786

27.261

27.134

28.964

28.807

22.785

22.820

29.000

29.483

23.949

23.861

27.556

26.822

24.915

29.343

28.881

22.756

22.833

28.798

29.056

23.978

23.782

27.271

26.915

-

32.447

31.242

31.222

30.795

-

29.770

29.922

31.980

31.235

29.947

29.309

Ct2

33.762

-

31.155

30.640

31.370

32.257

29.705

30.642

32.449

31.638

29.282

30.179

Ct3
Ave.
Ct

33.615

-

30.090

30.346

30.706

32.160

29.869

30.208

-

30.302

30.579

29.491

33.688

32.447

30.829

30.736

30.957

32.208

29.781

30.257

32.214

31.058

29.936

29.660
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Table A15. AP1 (promoter A) AP1_ProA_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

21.942

22.321

Ct2

22.055

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.932

21.058

22.307

20.946

21.879

22.240

21.958

Replicate 3

anti-HA ab

WT

HAVRN2

22.523

23.046

20.984

22.884

21.065

21.013

22.289

20.981

26.776

25.752

Ct2

26.875

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.374

21.049

22.945

20.904

23.535

23.047

21.018

22.981

30.241

30.927

25.942

30.791

26.598

25.944

26.750

anti-HA ab

WT

HAVRN2

WT

22.530

23.342

20.971

23.025

20.888

22.599

23.957

21.119

23.059

20.937

20.943

22.606

23.466

21.074

23.277

23.013

20.738

20.960

22.578

23.588

21.054

23.120

23.738

23.937

29.954

31.299

24.704

24.454

28.893

28.273

30.329

23.682

23.794

30.419

30.708

24.767

25.319

29.052

27.794

30.374

30.247

23.966

23.957

30.016

31.746

24.792

24.687

28.316

28.233

25.879

30.468

30.501

23.795

23.896

30.130

31.251

24.754

24.820

28.753

28.100

-

33.764

32.173

32.952

32.298

33.060

31.622

31.897

31.529

32.531

30.989

30.420

Ct2

35.788

-

32.403

31.967

-

32.427

31.311

31.146

35.448

34.025

31.662

30.480

Ct3
Ave.
Ct

34.235

36.369

32.028

32.815

32.934

32.926

31.884

32.041

-

33.095

30.821

31.086

35.012

35.067

32.201

32.578

32.616

32.805

31.606

31.694

33.488

33.217

31.157

30.662

Table A16. AP1 (Ex 1) AP1_Ex1_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

20.479

20.249

Ct2

20.250

Ct3
Ave.
Ct
Ct1

anti-H3 ab

19.617

19.726

20.203

19.636

20.093

20.298

20.274

anti-HA ab

WT

HAVRN2

19.794

19.844

19.928

19.860

19.632

19.679

20.250

19.628

25.813

24.841

Ct2

25.622

Ct3
Ave.
Ct
Ct1
Ct2
Ct3
Ave.
Ct

WT

HAVRN2

Replicate 3
anti-H3 ab

WT

HAVRN2

18.624

18.782

19.760

18.598

20.142

19.963

19.778

19.932

28.363

28.915

24.901

28.092

25.668

25.002

25.701

anti-HA ab

WT

HAVRN2

WT

20.449

22.169

19.759

22.106

18.852

20.419

22.294

19.683

21.982

18.594

18.889

20.417

22.275

19.712

21.834

19.855

18.606

18.841

20.428

22.246

19.718

21.974

22.597

22.692

27.313

28.885

23.478

23.439

26.927

26.566

29.208

22.598

22.803

27.332

29.774

23.513

23.442

26.983

26.755

28.626

29.001

22.569

22.761

27.576

28.854

23.642

24.111

27.174

26.735

24.915

28.360

29.041

22.588

22.752

27.407

29.171

23.544

23.664

27.028

26.685

33.775

32.380

30.710

30.684

32.766

33.565

29.310

30.627

31.206

33.535

29.227

29.410

32.665

32.357

30.812

31.331

38.264

39.229

29.200

30.140

28.188

32.972

29.236

28.360

30.442

30.439

31.390

31.193

30.075

29.932

31.308

30.715

29.571

29.320

30.655

30.818

34.140

34.662

29.528

30.233

30.234

32.407

29.345

29.030

33.220

32.369

276

Table A17. AP1 (Int 1) AP1_Int1_F/R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

23.081

23.316

Ct2

22.948

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

21.852

21.747

23.222

21.993

23.034

23.331

23.021

Replicate 3

anti-HA ab

WT

HAVRN2

23.788

23.661

21.884

26.491

21.963

21.875

23.290

21.936

27.083

26.689

Ct2

27.391

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

21.845

21.864

23.929

21.873

24.035

23.757

21.835

24.771

31.565

30.330

26.468

31.111

27.281

26.471

27.252

anti-HA ab

WT

HAVRN2

WT

23.726

24.699

22.378

24.971

21.920

23.640

24.698

22.262

24.173

22.198

21.969

24.025

24.582

22.287

24.121

23.782

21.972

21.918

23.797

24.660

22.309

24.422

24.561

24.640

30.455

31.031

25.830

25.748

29.646

29.109

30.874

24.514

-

30.783

31.027

25.873

26.999

29.613

29.249

31.232

30.907

24.526

24.733

30.698

32.724

25.860

26.366

29.764

29.538

26.543

31.303

30.704

24.534

24.687

30.645

31.594

25.854

26.371

29.674

29.299

35.574

36.071

32.754

32.665

33.091

35.325

31.256

31.720

35.621

33.794

30.725

32.440

Ct2

34.414

35.112

32.351

33.055

34.260

31.903

31.166

31.617

37.123

33.940

31.976

31.673

Ct3
Ave.
Ct

35.828

34.810

32.525

33.716

33.252

33.083

32.097

32.120

34.832

33.949

31.616

31.903

35.272

35.331

32.543

33.145

33.534

33.437

31.506

31.819

35.858

33.894

31.439

32.005

Table A18. AP1 (Ex 7-8) AP1-Ex7-F/AP1-Ex8-R (threshold 0.2)
Replicate 1
Ct
value

Input

IP

No
Ab

anti-H3 ab
HAVRN2

Ct1

Replicate 2

anti-HA ab

WT

HAVRN2

21.253

21.738

Ct2

21.337

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.492

20.684

21.740

20.606

21.281

21.882

21.291

Replicate 3

anti-HA ab

WT

HAVRN2

22.841

22.225

20.636

22.205

20.801

20.594

21.787

20.633

26.018

25.026

Ct2

26.454

Ct3
Ave.
Ct
Ct1

anti-H3 ab

WT

HAVRN2

20.100

20.536

22.226

20.243

22.159

22.115

20.638

22.402

29.465

29.232

25.220

29.613

26.256

26.169

26.243

anti-HA ab

WT

HAVRN2

WT

22.393

23.031

20.852

22.815

20.471

21.995

22.879

20.800

22.897

21.597

21.082

21.922

22.824

21.107

22.624

22.189

20.647

20.696

22.103

22.911

20.919

22.779

23.346

23.245

28.715

30.048

23.936

24.292

27.853

26.816

29.328

23.058

23.223

28.920

29.682

23.926

23.915

27.339

26.597

29.736

29.072

23.330

23.273

28.857

29.914

23.919

24.045

27.901

26.688

25.472

29.605

29.211

23.244

23.247

28.831

29.881

23.927

24.084

27.698

26.701

33.759

33.109

30.943

30.564

31.542

30.026

30.883

33.174

31.189

30.464

29.502

Ct2

35.030

33.636

31.118

33.235

32.136

31.977

30.158

30.182

33.552

39.849

30.725

29.597

Ct3
Ave.
Ct

33.729

34.355

31.178

31.663

32.927

32.483

29.849

30.744

33.330

33.734

30.542

29.505

34.173

33.700

31.080

31.821

32.201

32.230

30.011

30.603

33.352

34.924

30.577

29.535
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Appendix 2. The transient expression of HA tagged MtVRN2 and GFP tagged
MtCLF proteins in Nicotiana benthamiana (N. bethamiana)
HA tagged full length MtVRN2 (HA-MtVRN2) and GFP tagged full length MtCLF (GFP-MtCLF)
proteins were respectively expressed and co-expressed in 4 week-old Nicotiana benthamiana leaves
for protein interaction studies. The procedures of leaf infiltration mediated by Agrobacterium
(GV3101) are described in Chapter 2 (2.4.3.2). Total plant proteins were extracted using TCA
protein extraction method (2.8.2.1.2) and Western blot was performed using the anti-HA antibody
(Sigma (H9658)) and anti-GFP antibody (Abcam (ab290)).
GFP-MtCLF nucleotide sequence used for protein expression was shown below. Bases in red
indicated GFP cDNA. Bases in black represented the sequenced MtCLF cDNA from Medicago
R108 leaves. Translation start codon and stop codon were labelled in yellow. Protein linker between
GFP and MtCLF proteins was marked in green.
ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAA
ACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTT
CATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGT
GCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCG
ACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAA
GCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTG
AACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCC
CCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGAC
CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGA
CGAGCTGTACAAGCCCGGGATGGCGTCAAGCTCTCCGCCTCCGCCTTCCCCGTCTTCTTCTTCCAGATCCGA
CCCTCCGCTCGATCCTTCCACAAAGAAAGCGGAGGAAACAAGTCCTGCAGTTAAAGATGTGTTAGCGGTTA
TTGAATCTTTGAAGAAACAAGTTGCTGCAAAACGAATTGTTACAGTCAAGACTAGAGTGGAAGAAAATAG
ACAGAAACTGATTGCTACAACTAACCAGCTATGGAAATCGTCGGCGGAGAGGACATGCGGCATTGCCGAT
ACAGATAGAGGTCTGGATTTGCTGAGTAAGAGGCAAAAAGAAGCAATTGATATGCATAATGGTATTCGTG
CCGGTAATGATGATGGCGAGAGCAATGGTTATAATGGAGATGACCATGGTTCTACGGCAGTTCTTCTAGGA
TCTAATTATGCTGTAAAGAATGCTGTTCGGCCTATTAAATTACCTGAAGTAAAAAGATTGCCTCCTTACACT
ACTTGGATTTTTCTGGACAGAAATCAAAGAATGACAGAGGATCAATCAGTATTAGGTCGGAGGCGTATTTA
TTATGATCAAAATGGTGGTGAAGCACTTATTTGCAGTGACAGTGAGGAGGAACTAATTGACGAAGAAGAG
GAAAAAAGAGAATTCGTAGAATCAGAAGATTTTATACTTCGCATGACTATCAGAGAATTTGGTTTATCTGA
TGTTGTTTTGGAGATCCTGGCTCAGTGCTTTTCTAGAAAAACTAGTGACATTAAGGTCAGATATGAAACTTT
TTGCAATGAAGACAATAGTGGCGAGGATTCTAAAAATGGAGATGCACAAGATAATTCCCAAATTGACGAT
TCTTTTCTGGAAAAGGATCTTGAAGCGGCTCTTGACTCTTTTGACAACCTATTTTGTCGCCGATGTCGTGTTT
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TCGATTGCAGATTACATGGATGCTCTCAGGATCTTGTCTTCCCGGCTGAGAGGCAACCTTCGTGGACTCCTC
CTAACACTGAAGATGTACCATGTGGGCCAAATTGTTTCCGAACGGTACTTAAGGCAGAAAAAATGGCCAA
AGTCACATCTACTCAGACTGATGTTGAAGACAAATCCTCTGGTGGTGCTCTATCTAGGAAAAAGTCTTCCG
GTAGAAGGCGTATAAAATGCAGCCAAAGTGAAAGCGCTTCATCTAATGCTAGGAACATATCTGAGAGTAG
TGACTCGGAGAATGGTCCTGGACGGGATGCTGCTTCAGGCTCCCACTCAGCCCCACCTAAAACTAAACCAG
TGGGGAAAAGTGGAATCGGTAAGAGAAACAGTAAGCGAGTGGCAGAACGCGTTCCAGTTTGCATGCAGAA
ACGGCAGAAGAAAACAGTAGCTTCTGATTCTGATTCCATTAGTGAAGCTCCTGACCGCTCATTGAATGATA
TGGTTTCTGACCCACATGTTATGAGTGGGGAAGACAACATGAGGAAAGAAGAATTTGTGGATGAAAACAT
TTCAAAACAAGAATTGGCTGATAATAAATCTTGGAAAACTCTTGAAAAAGGGCTTTTAGAAAAAGGAATG
GAGATTTTTGGCAAAAACAGCTGCCTAATAGCCAGGAATCTCTTAAATGGTCTAAAGACATGTTGGGATGT
TTTCCAGTACATAAATTGTGAAGAAGGGAAGTTGTCTGGTTCTACTGGGGATGCTACAAATTCTCTCGTGG
AAGGCTATTCCAAGGGTAATAATGAAGTGAGAAGAAGGTCAAAATTTTTACGTAGAAGAGGAAGAGTCCG
TCGTTTAAAGTATACCTGGAAATCTGCTGCCTATCATTCAATCAGGAAAAGAATTACAGAGAGAAAGGATC
AGCCCTGCCGACAGTACAATCCATGTGGATGCCAATCAGCTTGTGGAAAGGAGTGTCCTTGTCTTCTAAAT
GGAACCTGCTGTGAGAAGTACTGTGGATGCCCCAAGAGTTGTAAAAATCGATTTCGAGGCTGTCATTGTGC
GAAGAGTCAATGCCGAAGTCGTCAATGTCCATGCTTTGCTGCAGATAGGGAATGTGATCCAGATGTTTGTA
GGAACTGTTGGGTCAGCAGCTGTGGTGATGGCACTCTTGGGATTCCTAGTCAAAGAGGGGATAATTATGAA
TGTAGAAACATGAAGCTTCTTCTCAAACAGCAGCAAAAGGTTCTTCTTGGACGGTCTGATGTGTCTGGCTG
GGGAGCCTTCTTAAAGAATAGCGTTGGTAAGCATGAATACCTTGGAGAGTATACCGGAGAGTTGATTTCTC
ACCGGGAAGCAGATAAGCGAGGAAAGATATATGACCGTGAAAATTCATCTTTTCTCTTTAATCTGAATGAT
CAGTTTGTTCTTGATGCTTATCGAAAGGGTGATAAATTGAAGTTTGCAAACCACTCTCCTGTTCCAAATTGT
TACACGAAGGTTATTATGGTTGATGGAGATCATAGGGTAGGAATATTTGCTAAGGAACGAATTAATGCTGG
TGAGGAGCTGTTTTATGATTACCGTTACGAGCCCGATAGAGCTCCTGCTTGGGCTCGAAAGCCAGATGCCC
CTGGATTGAAAAAAGAAGACGGTGCTCCTTCAAGTGGTCGTGCAAAGAAGCTTGCTTAA

HA-MtVRN2 nucleotide sequence used for protein expression was shown below. Bases in red
indicated 3xHA cDNA. Bases in black represented the sequenced MtVRN2 cDNA from Medicago
R108 leaves. Translation start codon and stop codon were labelled in yellow. Protein linker between
the HA and MtVRN2 proteins was marked in green.
ATGTACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCCTATCCA
TATGACGTTCCAGATTACGCTCCCGGGATGTGCCGGCAAAATTCACCGGTGCATAATTCCGGTGAAGAAGA
AATTACAGCTGATGAAAGTCTTTTGATTTATTGCAAACCTGTTGAATTCTACAATATTCTCTATCGTCGTTCT
CTTCACAATCCTACTTTTCTTAAGAGATGTTTGCGCTATAAAATAAAAGCAAAGCAAAAAAGGAGGTTGCG
AGCAGGAATTGTGGTTTTCAACTATAGGGACTGTTACAATGCGCTTCGAAAGACTGAAGTGACTGAAGACT
TTTCTTGTCCATTTTGCTTGATGCAGTGTGCGAGCTTTAAGGGTTTGCGATTTCATCTTTGTGCATCACATGA
TCTATTCAACTTTGAGTTCTGGGTCACCGATGATTACCAAGCAGTGAACGTCTCTGTAAAAACTGACATATT
GAGATCAGAGAATGTTGCTGATGGAGTAATTCCACAATCACAAACCTTCTTCTTCTGTTCAAGATCTCGAA
AGCGTAGACCGAGAGGCTCCGTTCAAAATGGGAAGCATGCCAATGTAAATTTCCTGAAGTTGGATTCACCA
GAAGGCATACAGAATGGGGTTCTACAGAAAGACAACGATATCCTGTCCAGCAAAGGGGAGAATATGTCAA
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GAGCATCTCGTAGTGAGAAGAATTTGCAGAATGAGGGAAATGGTGGGGTAAAATTTGGTCCTGATCATCCT
AGTGCTATGGATTACGCAGAACATGTTGAATCTAGTTTTAACATTCCAGGTGCTTCAATTGCCATGCCCCAA
TCTTCTGAGGACCCTGAATGTAGCAAATCAATATATAAAAGTGATCCTGCTCTGCCTACTAAAGCAAAGAA
GTTAAATGCAGACCGTTCAGACTCAAAAAGTCGTATGCTCCTGCAGAAGAGGCAGTTCTTTCACTCACACA
GAGTTCAGCCCATGGCACTGGAACAAGTGTTGTCAGACCGTGATAGTGAAGATGAAGTTGATGATGGAGTT
GCTAACCTGGAAGATAGAAGGATGCTTGATGATTTTGTTGATGTTTCCAAAGATGAAAAGCAGCTCATGCA
TCTCTGGAACTCTTTTATGAGAAAACAAAGGGTACTGGCTGATGGTCATGTTCCGTGGGCTTGTGAGGCAT
TTTCCAAGCATTATGCAAAAGAGCTGAATTCATCCCGAACTTTATTTTGGTGTTGGAGATTATTCATGGTCA
AACTTTGGAATCATGGGCTTCTTGATGCATCAACAATGAACAACTGCAGTATAATATTGGAAAGCAACCAA
AACGGGGGATCAGACAGTGGCACAAATTGA

Fig. A1. The detection of HA-MtVRN2 and GFP-MtCLF proteins by Western blot. HA-MtVRN2 and
GFP-MtCLF proteins were extracted from 3 days post infiltrated N. bethamiana leaves. Lane 1: WT control
sample; Lane 2: HA-MtVRN2 sample; Lane 3: Co-expressed HA-MtVRN2 and GFP-MtCLF sample; Lane
4: GFP-MtCLF sample. HA-MtVRN2 protein was detected by the anti-HA antibody. Two bands with
predicted size were seen in the lane 2 and lane 3 on the left blot. However, the bands were very weak. GFPMtCLF protein was detected by the anti-GFP antibody. Two bands were seen in the lane 3 and lane 4 on the
right blot. These two bands were not expected but not shown in the WT and HA-MtVRN2 samples, indicating
these two bands might originate from the degradtion of GFP-MtCLF protein. The GFP-MtCLF protein at the
expected size was not seen on the blot.
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Appendix 3. Nucleotide sequences of Medicago EMF2-like genes
MtEMF2c_L (encoding a 516aa protein): translation start codon and stop codon were labelled in
yellow.
TGTAGTCGACCCCACTTGGAGGAGTATGATTTTGAAAATAAGGGCACAACCATCGCAATTCAAGATCTCCG
GAATTCTGAGATTGTGAGTACATCAAAGAGTGTTCATATCAAAATATTTGCTGAAGAGTTTGGGGCCATGG
AAAAATCTCTCTACCATGCAAATACTATCAATGATGTACCATCATCATCAGCATCATCATCATCATCAACAC
CATCATCACCATCGTCATCATCGTCATCTTCTCGCATTATTCGGTCGAAAGAAGGAAGAGTGGCATTTAATT
ACAGGTATTACAAAAACAGATTGCAGAGAAGGGAAGTCACTGAGAATTTCTCCTGCCCATACTGTTATCTA
AGATGTGCAAGCTATAAGGGTCTAAGATGTCACTTGTTAGCATCACATGATCTTCTCAACTTTGAATTCTCG
GCATCGGAAGATTGTCTGGCTGTTAATGTATCTAAGAAATATGATATCTGGAAATTTGAGTTTATTGCAGAT
GGTATTGATCCAAGATTGCAGACTTTTATGCATTGTGGCAAGCGAACCATACAGGTTAGGCCAGAAGCTGC
ACGTTTTGAAGAGTTCCAGGATGTGGACTCACCGGCTTTAGCTGATAATGCCGACCCACCCGTATTAGCTA
CGGATGTGGATCTACCGATCCTAGCTAATGATTTAGACTCTCCGATCTTAGCCATAACTAATAATGCAGAC
CCACCGGTCTTAGCTATGGATTTGGACCCACTGGTCCTAGCTAATGATGCTGACTCTCCAGTCTTGGCCTTA
ACTAATAATGCAGACCCACCAGTCTTAGCTATGGATGTGGACCCACCGGTCTTGGCTAATGATGTAGGCTC
ACCGGTCTTAGCTAATGATGTAGGCTCACCGGTCTTAGCTAATGATGTAGACTCGCCAGTCTTAGCTATGG
ATTCAGATCCACCAATCATGGCTATTGATGAAGACCCACCGATCTTGGCTATGGATGCAGATCCACCGGTC
TTTGATTCTGGAACTACTTTAGAAGATATTGAATTTTTGAAGAAGGCGGGCGGAAATTCTGCAACTACATC
AGGGGTTGCAAACACAAATGTTGTACCTAATCTCAATCCAGATTGTGTCCCACCAGTATCTGAGCATGATA
ACGGGACTCCTTCAGCGCAACAGGCTGGCAATACAAGGAAGTTACCAGTTGAGGAAATTACCCCACAAAT
GATAGCCCAGTTGGAGAAGCGCGAATTTTATCATTCTCACAAAGCCCAGCCAATGTCACTTGAAGAAGTTC
TATCAGGTTATGATAGTGAGGCTGAAGTTGATAATGAAGTTTTAGACATTGAAGACAGATGGAGACTTAAT
CTTCATGATAATGCGACCAAAGAAGAGAAGCAGTTGATGACCATGTGGAACTCGTTTATTCGGAGGCAAC
GTGTGCGGGTAGATGCTCACGTTCGTTGGGCATGCAAGGCTTTCACAATTAAGCATGGCTCTGAGATTGTT
AAATCGCGCGAATTATCTAAGGATTGGACAGCGTTCAGGCTCAAACTATATACTGAGGGTCTTATAGATGC
AAAGATCATCAATGATTGCGGTACTGTTCTCAAACATTACCGGGCAAATCCTGATATCGGATTCCCAGAAC
GAAAGATACCGTCCATTCTTTTGTCCCTAGTTAAAAATAGAAGAAAAAGATGA

MtEMF2c_L3 (encoding a 580aa protein): translation start codon and stop codon were labelled in
yellow.
TTAGCAAAAGGCAAAGCATTTCTAGCGTAAAGGTGAAAGTTGGAGATCATATCATACCACAAGTTACACA
GTTTAAATATCTTGTAATCCATCGAATTCAAGCTGGGTGGTTGAAACGAAGGAGTGCCTCAACTGTTTTATG
TGATGCGAAAGTACCGCTTTGTAAGGGAAATTTTTATTGGACATCGGTAAGATCGACGATGTTGTACGGAA
CAGAGTGTTGGGTGGTAAAGAACCAACACGAACATAAAGTAAGTGTAGCAGAGATGAGGATGGTGCGTTG
AATGTATGGTAAAACTAGATGAGATAGAATTAGAAATGACAACATTAGAGAGAGAGTTGGGGTAGAACTT
ATAGTAGAATAGATGGTAGTAACTAGACTTAAGTGGTTTGGGCATGTAGAGAGAAGACATGTGGATTATGT
AGCAAGGAGAGTAGTTCAGATGGAGGGGAGTTAGATAACTAGAGGTAGGGGTAGACATAGAAAATCTATA
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CAAGAAACTATTATGAAGGATCTAGAAATAAATGAGTTGGAGAAAGACATGGTTTTTGATAGATCACTATG
GCGTTGTTTATTCATGTAGTCGACCCCACTTGGAGGAGTATGATTTTGAAAATAAGGGCACAACCATCGCA
ATTCAAGATCTCCGGAATTCTGAGATTGTGAGTACATCAAAGAGTGTTCATATCAAAATATTTGCTGAAGA
GTTTGGGGCCATGGAAAAATCTCTCTACCATGCAAATACTATCAATGATGTACCATCATCATCAGCATCAT
CATCATCATCAACACCATCATCACCATCGTCATCATCGTCATCTTCTCGCATTATTCGGTCGAAAGAAGGAA
GAGTGGCATTTAATTACAGGTATTACAAAAACAGATTGCAGAGAAGGGAAGTCACTGAGAATTTCTCCTGC
CCATACTGTTATCTAAGATGTGCAAGCTATAAGGGTCTAAGATGTCACTTGTTAGCATCACATGATCTTCTC
AACTTTGAATTCTCGGCATCGGAAGATTGTCTGGCTGTTAATGTATCTAAGAAATATGATATCTGGAAATTT
GAGTTTATTGCAGATGGTATTGATCCAAGATTGCAGACTTTTATGCATTGTGGCAAGCGAACCATACAGGT
TAGGCCAGAAGCTGCACGTTTTGAAGAGTTCCAGGATGTGGACTCACCGGCTTTAGCTGATAATGCCGACC
CACCCGTATTAGCTACGGATGTGGATCTACCGATCCTAGCTAATGATTTAGACTCTCCGATCTTAGCCATAA
CTAATAATGCAGACCCACCGGTCTTAGCTATGGATTTGGACCCACTGGTCCTAGCTAATGATGCTGACTCTC
CAGTCTTGGCCTTAACTAATAATGCAGACCCACCAGTCTTAGCTATGGATGTGGACCCACCGGTCTTGGCT
AATGATGTAGGCTCACCGGTCTTAGCTAATGATGTAGGCTCACCGGTCTTAGCTAATGATGTAGACTCGCC
AGTCTTAGCTATGGATTCAGATCCACCAATCATGGCTATTGATGAAGACCCACCGATCTTGGCTATGGATG
CAGATCCACCGGTCTTTGATTCTGGAACTACTTTAGAAGATATTGAATTTTTGAAGAAGGCGGGCGGAAAT
TCTGCAACTACATCAGGGGTTGCAAACACAAATGTTGTACCTAATCTCAATCCAGATTGTGTCCCACCAGT
ATCTGAGCATGATAACGGGACTCCTTCAGCGCAACAGGCTGGCAATACAAGGAAGTTACCAGTTGAGGAA
ATTACCCCACAAATGATAGCCCAGTTGGAGAAGCGCGAATTTTATCATTCTCACAAAGCCCAGCCAATGTC
ACTTGAAGAAGTTCTATCAGGTTATGATAGTGAGGCTGAAGTTGATAATGAAGTTTTAGACATTGAAGACA
GATGGAGACTTAATCTTCATGATAATGCGACCAAAGAAGAGAAGCAGTTGATGACCATGTGGAACTCGTTT
ATTCGGAGGCAACGTGTGCGGGTAGATGCTCACGTTCGTTGGGCATGCAAGGCTTTCACAATTAAGCATGG
CTCTGAGATTGTTAAATCGCGCGAATTATCTAAGGATTGGACAGCGTTCAGGCTCAAACTATATACTGAGG
GTCTTATAGATGCAAAGATCATCAATGATTGCGGTACTGTTCTCAAACATTACCGGGCAAATCCTGATATC
GGATTCCCAGAACGAAAGATACCGTCCATTCTTTTGTCCCCTGTTAAAAATAGAAGAAAAAGATGA

MtEMF2L (encoding a 790aa protein): translation start codon and stop codon were labelled in yellow.
GTTGATGTTTAAGCTGCAATACGGAGTTTGTTCTCAGATACGCAGAGGTTCCCGTTCYGTTAAATGTGTTTA
TATCCTAGACTTGTCTGACAAGAATGCCTGGATTTCCTGTTACGGCTGATGAACCATGTGATTTTACAAGCA
CAGATCAACAACCTAGACCTCTAGATACTAGTGCGGATTTATCTGTAGCAGAGAAAGTCGCTGGGGAATGG
ACTCTTACAGGTTTTTGCAAGCCTATAGAGTTTTACAACGTTCTTCTTCATCGTCCGCGATTATTCCTTCCAA
GATGTTTGAAGTACAGGATAGATGCTAGCCAAGAGAAAAGGATACAAATGACAGTTATACTCTCATGGAG
CAATGAAGAAACACAAAGTATGTTTCCTTTGTACATCAGTCTAGCAAGGCGTGATCTTAATAATGAAGATG
CTGATTATTCTGCTGTTTATCTACTCAGTCAGATATTAACCTTTCGAGGTTCCTCCGGCATTGATGGGATAA
ATGAAATCAAAGCAAAGTTTGTGCTCTCTGAAGTTAATAAGTTAGCTGTGGAGGCTAGAGCTGGCTCACTT
TTTCTCTTGTTTTTCACCACTGAGGGAAACTCAAATTCATCATCTAGAGTCAATGCAAGCCTAGGGCCTTCA
GATCAGACTTCTCATGAACCAATAGCCGAAAATACCTGCTTATATGGGAAAATTTCTTTTCAATCAATTTAT
ACGGCTTGGGATAACTCTCCAAATTTCCGTTGGGGACAACGAGCTGAGATTATGACTCCTCTCAATTTGCTT
CCATGTATTTTAAAGTATGATTTTGAAAATAAGGGCACAACCATCGCAATTCAAGATCTCCGGAATTCTGA
GATTGTGAGTACATCAAAGAGTGTTCATATCAAAATATTTGCTGAAGAGTTTGGGGCCATGGAAAAATCTC
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TCTACCATGCAAATACTATCAATGATGTACCATCATCATCAGCATCATCATCATCATCAACACCATCATCAC
CATCGTCATCATCGTCATCTTCTCGCATTATTCGGTCGAAAGAAGGAAGAGTGGCATTTAATTACAGGTATT
ACAAAAACAGATTGCAGAGAAGGGAAGTCACTGAGAATTTCTCCTGCCCATACTGTTATCTAAGATGTGCA
AGCTATAAGGGTCTAAGATGTCACTTGTTAGCATCACATGATCTTCTCAACTTTGAATTCTCGGCATCGGAA
GATTGTCTGGCTGTTAATGTATCTAAGAAATATGATATCTGGAAATTTGAGTTTATTGCAGATGGTATTGAT
CCAAGATTGCAGACTTTTATGCATTGTGGCAAGCGAACCATACAGGTTAGGCCAGAAGCTGCACGTTTTGA
AGAGTTCCAGGATGTGGACTCACCGGCTTTAGCTGATAATGCCGACCCACCCGTATTAGCTACGGATGTGG
ATCTACCGATCCTAGCTAATGATTTAGACTCTCCGATCTTAGCCATAACTAATAATGCAGACCCACCGGTCT
TAGCTATGGATTTGGACCCACTGGTCCTAGCTAATGATGCTGACTCTCCAGTCTTGGCCTTAACTAATAATG
CAGACCCACCAGTCTTAGCTATGGATGTGGACCCACCGGTCTTGGCTAATGATGTAGGCTCACCGGTCTTA
GCTAATGATGTAGGCTCACCGGTCTTAGCTAATGATGTAGACTCGCCAGTCTTAGCTATGGATTCAGATCC
ACCAATCATGGCTATTGATGAAGACCCACCGATCTTGGCTATGGATGCAGATCCACCGGTCTTTGATTCTG
GAACTACTTTAGAAGATATTGAATTTTTGAAGAAGGCGGGCGGAAATTCTGCAACTACATCAGGGGTTGCA
AACACAAATGTTGTACCTAATCTCAATCCAGATTGTGTCCCACCAGTATCTGAGCATGATAACGGGACTCC
TTCAGCGCAACAGGCTGGCAATACAAGGAAGTTACCAGTTGAGGAAATTACCCCACAAATGATAGCCCAG
TTGGAGAAGCGCGAATTTTATCATTCTCACAAAGCCCAGCCAATGTCACTTGAAGAAGTTCTATCAGGTTA
TGATAGTGAGGCTGAAGTTGATAATGAAGTTTTAGACATTGAAGACAGATGGAGACTTAATCTTCATGATA
ATGCGACCAAAGAAGAGAAGCAGTTGATGACCATGTGGAACTCGTTTATTCGGAGGCAACGTGTGCGGGT
AGATGCTCACGTTCGTTGGGCATGCAAGGCTTTCACAATTAAGCATGGCTCTGAGATTGTTAAATCGCGCG
AATTATCTAAGGATTGGACAGCGTTCAGGCTCAAACTATATACTGAGGGTCTTATAGATGCAAAGATCATC
AATGATTGCGGTACTGTTCTCAAACATTACCGGGCAAATCCTGATATCGGATTCCCAGAACGAAAGATACC
GTCCATTCTTTTGTCCCCTGTTAAAAATAGAAGAAAAAGATGA
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Appendix 4. Medicago FUL-like gene RNA Seq data in Medicago Genome
JBrowse
Figures below showed the gene structures of MtFULa, MtFULb and MtFULc and their possible
alternative splicing and expression in different tissues.
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Appendix 5. Medicago SOC1-like gene RNA Seq data in Medicago Genome
JBrowse
Figures below showed the gene structures of MtSOC1a, MtSOC1b and MtSOC1c and their possible
alternative splicing and expression in different tissues.
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