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Abstract
Legumes are an important staple food group with numerous environmental and health ben-

efits associated with their cultivation and consumption. However there is significant potential
for genetic improvement across the family with flowering time likely to play a substantial role,
given its notable influence on plant productivity. Work in the long-day and vernalisation respon-
sive reference speciesMedicago truncatula has identified a FLOWERING LOCUS T (FT) homologue
MtFTa1 as a key component of the transition to flowering in cool season legumes. Whether addi-
tional FT-like genes present in M. truncatula also participate in the regulation of flowering time
remains unclear, as is how MtFTa1 and the other FT-like genes are regulated since homologues
of the core regulators of FT in Arabidopsis thaliana are absent.

This thesis investigates the role the additional FT-like genes play in the regulation of flower-
ing in M. truncatula and evaluates potential regulators, predominantly via screening of mutants
originating from the Tnt1 retrotransposonmutant population maintained by the Noble Research
Institute (Ardmore, OK, USA). In the course of this study I identified a novelMtfta1mutant which,
consistent with previously describedmutants, caused severe late-flowering and aMtftb2mutant
with only a very slight late flowering phenotype in long-day photoperiod conditions. Efforts to
identify mutant lines which knocked-down MtFTa2 and MtFTb1 were unsuccessful.

I also screened Tnt1 lines for insertions in potential FT-like gene regulators MtE1 and MtFE.
Disruption ofMtE1 caused amodest delay in flowering in one out of two previously reportedmu-
tants indicating that MtE1 plays a less prominent role in M. truncatula flowering time regulation
than the homologue E1 does in tropical legume Glycine max. Additionally, a Mtfe Tnt1 line was
found to have a late flowering phenotype in long-day photperiod conditions. Functional assays
found thatMtFE can complement the A. thaliana femutant and that theMtFE protein can interact
with NUCLEAR FACTOR Y proteins in yeast-2-hybrid assays. This is similar to FE/ALTERED PHLOEM
DEVELOPMENT (APL) in A. thaliana suggesting a conservation of function inM. truncatula. Lastly I
analysed existing RNA-Seq datasets to identify novel flowering time candidate genes. This anal-
ysis characterised the transcriptomic response inM. truncatula leaves to a short-day to long-day
photperiod shift. The results presented in this thesis contribute to the growing understanding
of how flowering time is regulated in legumes, which differs significantly from previously studied
species.
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1 | The regulation of flowering time
1.1 Introduction

In annual plants, flowering timemarks the shift between the vegetative and reproductive growth
phases of the plant. The precision with which reproduction is induced facilitates the alignment
of plant development with seasonal environmental variation in order to maximise the chance of
successful sexual reproduction. This phenomenon is a multifaceted developmental transition
which incorporates the detection, weighting and integration of both endogenous and exogenous
signals and an understanding of how plants trigger flowering has broad applications in both
ecological and agronomic contexts (Jung and Müller 2009; Morellato et al. 2016). In the latter
case, flowering has contributed to the domestication of many species (e.g. Blackman et al. 2011;
Weller et al. 2012; Soyk et al. 2016; McGarry et al. 2016; Lu et al. 2017; Wu et al. 2017) as it has
significant effects on crop productivity and yield.

In many annual species the primary determinants of flowering time are the duration of the
photoperiod and vernalisation (prolonged exposure to cold temperatures), however a number
of additional factors also contribute. At amolecular level these pathways often share core genes
in different plants. However significant differences in gene regulation, copy number and utili-
sation exist (Song et al. 2015). In addition, many reproductive strategies, such as a vernalisation
responsiveness or a perennial life-cycle, have evolved independently several times (Soltis et al.
2013; Bouché et al. 2017).

After three decades of work detailing the core molecular components in intensively stud-
ied annual reference species, namely Arabidopsis thaliana (L.) Heynh. (thale cress) and Oryza
sativa L. (rice), the field of flowering time research is expanding to include other angiosperm
groups. One family, the Fabaceae (legumes), especially the subfamily Papilionoideae, is of par-
ticular interest as it is globally the second most important agricultural group (after the Poaceae;
Small 2011). As a family, the legumes are also the third most diverse plant family on Earth
(The Legume Phylogeny Working Group 2013) whose growth also has considerable environmen-
tal benefit through their key roles in the facilitating the availability of limiting nutrients nitrogen
and phosphorus, which via their use in agriculture reduces the need for synthetic fertilizer use
(Vance 2001).

1
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Similar to A. thaliana, temperate (galegoid clade) legumes such as the reference species
Medicago truncatula Gaertn. accelerate their flowering in response to long-day photoperiod
conditions (LD) and vernalisation. However key regulators of flowering time in A. thaliana, such
as the photoperiodic switch CONSTANS (CO) and the vernalisation responsive FLOWERING LOCUS
C (FLC) are absent (Kim et al. 2013; Wong et al. 2014; Weller and Ortega 2015). Thus the regulation
of flowering time in species such as M. truncatula must differ.

This chapter contextualises flowering time research in legumes. It first presents the core the-
oretical models which underpin the field and outlines the key pathways in the aforementioned
intensively studied A. thaliana. It then focuses on what is proven about flowering in legumes
and how mutagenic technologies, namely insertional mutagenesis using the retrotransposon
Tnt1 are currently being employed to identify and characterise flowering time loci in M. truncat-
ula.

1.2 An overview of flowering time regulation

The impact of the seasons on determining when many plants flower has long been recognised
and the primary environmental cues, the photoperiod and vernalisation, were first experimen-
tally tested and described early in the 20th century (Garner and Allard 1920; Chouard 1960).
Since these early experiments, the study of flowering time has attracted a lot of attention with
many models proposed to explain how the alignment of flowering with the seasons is achieved
(Thomas and Vince-Prue 1997). With the advent of molecular techniques, the external coinci-
dence model and the florigen hypothesis, which address how and where flowering is induced,
have come to be supported by mechanistic underpinnings.

1.2.1 The external coincidence model

The external coincidence model is a conceptual model which addresses how the seasonal varia-
tion in the length of the photoperiod can signal floral induction. The model proposes that there
must exist an enzyme activated by conducive photoperiod conditions and that the substrate
of this enzyme must oscillate in abundance throughout the day downstream of the circadian
clock. The changing photoperiod naturally changes the window of enzyme activity so flowering
is thought to be induced when the peak of the substrate abundance coincides with the window
of enzyme activity (Pittendrigh and Minis 1964). While the original model envisioned an enzy-
matic reaction, it has since been broadened to include other biochemical reactions including
protein activation or stabilisation. This model which is consistent with experimental data and
is discussed in more detail in Section 1.3.
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1.2.2 Flowering time and the florigen hypothesis

Alongwith themechanism of floral induction, early research into flowering time askedwhere sig-
nal detection occurs. In the 1930s it was demonstrated that the photoperiod sensitivity of many
plants was localised in the leaves. Since flowering occurs at growing meristems, the florigen
hypothesis suggests that a stimulus is transported from the leaves to the shoot apical meristem
(SAM) triggering flowering upon arrival. Convincing evidence for this theory came from grafting
experiments which were able to induce flowering between related species that exhibit different
photoperiodic responses, suggesting that the stimulus was traversing the graft junctions and
overriding endogenous flowering regulators. This stimulus was soon coined “florigen” and was
demonstrated to be present in a variety of species (Zeevaart 1976; Romanov 2012).

While the evidence for florigen was convincing, physical candidates for florigen remained
elusive until the mid 2000s when attention focused on FLOWERING LOCUS T (FT) following the
cloning of the gene in A. thaliana (Kardailsky et al. 1999; Kobayashi et al. 1999). This gene
was known to cause late flowering when mutated (Koornneeff et al. 1983) and when charac-
terised was shown to be transcribed in the vascular phloem companion cells of leaves while the
phosphatidylethanolamine-binding protein (PEBP) it encoded was functional in the SAM (Kar-
dailsky et al. 1999; Kobayashi et al. 1999; Song et al. 2013). Key experiments demonstrated the
expression of chimeric FT genes (or in one case the orthologue in O. sativa) fused to a sequence
encoding a fluorescent tag induced via phloem companion cell specific promoters. The resulting
protein was observed to travel from leaf to SAM (Lifschitz and Eviatar 2006; Corbesier et al. 2007;
Tamaki et al. 2007; Mathieu et al. 2007). Thus FT is considered to be a florigen (Turck et al. 2008).

It is now understood that once in the SAM, FT is then recruited into a transcription factor
complex (Abe et al. 2005; Wigge et al. 2005; Taoka et al. 2013; Ho and Weigel 2014). This sets
in motion several interlocking transcriptional positive-feedback loops including another floral
integrator SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) and the core meristem identity loci
LEAFY (LFY) and APETALA1 (AP1; Immink et al. 2012; Jaeger et al. 2013; Pajoro et al. 2014) resulting
in the development of floral meristems which produce flowers.

Since the characterisation of FT in A. thaliana, FT-like genes which induce flowering have
been described in a broad variety of species (Ballerini and Kramer 2011; Wickland and Han-
zawa 2015; Putterill and Varkonyi-Gasic 2016). While the mobility of the proteins transcribed
from these genes has not been described outside of the aforementioned reference species, it
is assumed that this is a widely conserved function.
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1.2.3 The current state of flowering time research

Flowering time continues to be an intensively studied trait with the critical regulators being well
characterised in A. thaliana and O. sativa (Song et al. 2015). At a molecular level the primary
flowering time signals, triggered by the photoperiod and vernalisation, have been shown to be
integrated at a handful of loci, notably FT, SOC1 and SHORT VEGETATIVE PHASE (SVP). Together
they initiate the transcriptional reprogramming of the SAM to transition into an inflorescence
meristem and subsequently a floral meristem where flowering then occurs. Floral development
is then directed by a suite of MADS-box homeotic genes in a combinatorial fashion (Guo et al.
2015).

To be capable of flowering a plant must be sufficiently developed. Consequently the pho-
toperiod and vernalisation pathways are supplemented with auxiliary pathways which support
or modulate the influence of these primary flowering time pathways. The developmental stage
(Wu et al. 2009), hormone (e.g. gibberellin; Mutasa-Göttgens and Hedden 2009) and carbohy-
drate levels (Wahl et al. 2013) have all been shown to contribute to the regulation of flowering,
as have other external signals such as ambient temperature (Kumar et al. 2012; Hwan Lee et al.
2013; Yan et al. 2014), light quality (Cerdán and Chory 2003), nutrients (e.g. nitrogen; Zhang et al.
2013; Yuan et al. 2016) and environmental stresses (e.g. pathogens, salinity, drought; Kazan and
Lyons 2015). Biotic interactions such as the soil microbiota have also been shown to contribute
(Wagner et al. 2014). The manner in which these disparate flowering time pathways are known
to converge on floral integrators is summarised in Figs. 1.1A and 1.1B.

FT is a particularly important floral integrator, strongly regulated by the photoperiod, and
demonstrated to peak in expression at dusk, 16 hours after dawn (ZT16; ZT refers to zeitgeber
time which is the time since subjective dawn) in LD. This is coincident with the stabilised protein
of the transcriptional activator CO (Turck et al. 2008). However, this is a conclusion drawn from
the growth of plants in controlled laboratory settings. Recently, growth of A. thaliana in “natural”
outdoor LD conditions, very similar to laboratory LD conditions, resulted in a second peak of FT
expression at ZT4 (without altering CO expression). This caused early flowering and for known
flowering time mutants to flower earlier than previously expected (Song et al. 2018).

Further investigation revealed that the alteration in FT expression was attributable to a fluc-
tuation in diurnal temperatures (despite the average remaining constant) and reduced red/far-
red light ratio (Song et al. 2018). Since the growing season of wild A. thaliana does not coincide
with complete LD, these conditions cannot be said to mimic the conditions A. thaliana evolved
to experience. Nevertheless, they do emphasise that the effects of one floral signal cannot be
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understood in isolation and must be considered in the wider context of flowering time regu-
lation. In light of this, a summary of the molecular components of these auxiliary pathways
regulating FT is presented in Fig. 1.1C (with detail in Table 1.1).

Figure 1.1 – An overview of floral pathways in A. thaliana highlighting floral integrators. A is a
summary of the different floral signals regulating flowering time in A. thaliana and the
relationships among them. B summarises the different floral signals three floral
integrators; FT, SOC1 and SVP integrate. It also outlines the relationships between these
integrators. C is a summary of the molecular components of the floral pathways directly
transcriptionally regulating the potent floral integrator FT. Orange and blue arrows
indicate the binding of transcription factors/signals. See Table 1.1 for more detail on
these genes/signals. Figure created using BioRender (biorender.io).

biorender.io
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Table 1.1 – A summary of the principal floral integrators along with the transcriptional regulators of FT.

Pathway Name Symbol Comment Key reference(s)

Floral integrator AGAMOUS-LIKE 24 AGL24 Complexes with SOC1 to induce LFY expression in inflorescence
meristem development. Integrates vernalisation independent
of FLC.

Lee et al. (2008)

FLOWERING LOCUS T FT Mobile floral signal produced in leaf integrating many flowering
signals (Figs. 1.1B and 1.1C). Relocates to the SAM where, as part
of a transcription factor complex, it triggers inflorescence
meristem development through the activation of AP1
and FUL expression.

Turck et al. (2008)
Taoka et al. (2011)

FRUITFULL FUL Induced in the developing inflorescence meristem by FT
transcription factor complex. FUL forms a complex with SVP
and activates SOC1 expression. FUL also forms a complex with
SOC1 to activate LFY expression. The developmental stage of
the plant is also integrated at this locus.

Balanza et al. (2014)

SHORT VEGETATIVE
PHASE

SVP SVP both integrates and regulates many floral pathways
(Figs. 1.1A and 1.1B). In leaves it complexes independently with
both FLC and FLM-β to repress FT expression and in the SAM
represses SOC1 expression when in complex with FLC. Conversely,
when in complex with FUL, it activates SOC1 expression.

Li et al. (2008)
Balanza et al. (2014)

SUPPRESSOR OF
OVEREXPRESSION OF
CONSTANS 1

SOC1 Integrates a number of floral signals (Figs. 1.1A and 1.1B) to,
along with AGL24 and FUL, activate LFY facilitating the
development of floral meristems.

Hepworth et al. (2002)
Lee et al. (2008)

Developmental
stage

APETALA2-like AP2-like A group of AP2-like proteins (TARGET OF EAT1 and 2, SCHLAF-
MUTZE and SCHNARCHZAPFEN) repress FT. They themselves are
repressed bymiR172. This is part of the broader developmental
stage pathway where the expression of the juvenile expressed
miR156 decreases relieving repression of SQUAMOSA-PROMOTER
BINDING PROTEIN-LIKE (SPL) genes which in turn inducemiR172.
The precursor gene MIR172 is also regulated by SVP and GA and
the subsequent processing intomiR172 is regulated by GI. In ad-
dition, SPL genes act at the SAM activating SOC1 and meristem
identity genes. SPL genes are also downstream of T6P.

Zhu and Helliwell (2011)
Jung et al. (2007)
Guo et al. (2017)
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Pathway Name Symbol Comment Key reference(s)

Ambient
temperature

Autonomous pathway - This term refers to a collection of loci identified through mutant
screening which repress FLC expression in ambient temperatures.
They participate in chromatin remodelling and RNA processing
and sit within the ambient temperature pathway through
the regulation of SVP.

Blázquez et al. (2003)
Lee et al. (2007)
Berry and Dean (2015)

EARLY FLOWERING
MYB PROTEIN

EFM A vasculature specific MYB protein regulated by SVP. EFM
recruits JMJ30, an H3K36me2 demethylase, to the FT locus
repressing expression. EFM expression decreases with
increasing temperature relieving the repression of FT.

Yan et al. (2014)

FLOWERING LOCUS M FLM FLM undergoes alternate splicing in response to changes in
temperature. At ambient temperatures of ∼16 ◦C the protein
transcribed from the FLM-β transcript forms a complex with
SVP to repress FT expression. As the temperature increases
the FLM-β transcript becomes less common and other FLM
transcripts are degraded by nonsense-mediated mRNA decay.
This relieves the repression of FT.

Hwan Lee et al. (2013)
Posé et al. (2013)
Sureshkumar et al. (2016)

PHYTOCHROME INTERACTING
FACTOR

PIFs PIF3, PIF4 and PIF5 can activate FT expression when present
in the phloem but require temperature mediated depletion of
H2A.Z histones to do so. These transcription factors are also
repressed by active phytochromes, so are thought to function
in SD when inactive phytochromes accumulate. Note that the
importance of this PIFs in this context it contested by
Galvão et al. (2015)

. Kumar et al. (2012)
Galvão et al. (2015)

Carbohydrate Trehalose-6-phosphate T6P T6P is a trace sugar which cycles in a manner correlated to
diurnal sucrose levels. It is thus believed to act as a resource
signalling molecule. Loss of T6P via conditional
trehalose-6-phosphate synthase 1 mutants severely reduces
FT expression in the leaf. In the SAM T6P also regulates
the manner in which developmental stage of the plant
controls flowering (although not via SOC1 or FUL).

Dijken et al. (2004)
Wahl et al. (2013)
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Pathway Name Symbol Comment Key reference(s)

Gibberellin DELLA proteins - GA regulated DELLA proteins sequester CO protein preventing
activation of FT expression. DELLA proteins also bind FLC
enhancing the repression of FT and SOC1. They can also
affect the ambient temperature pathway.

Wang et al. (2016)
Xu et al. (2016)
Li et al. (2016)

Photoperiod GIGANTEA GI GI encodes a nuclear pleotropic protein which is both regulates
and is regulated by the circadian clock (discussed later in Box:
1.1). GI plays a key role in the photoperiodic regulation of flow-
ering and discussed in more detail in Section 1.3.

Sawa et al. (2007)
Sawa and Kay (2011)
Mishra and Panigrahi (2015)

CONSTANS CO An external coincidence mechanism in LD makes CO the
central component of the photoperiod pathway.
CO provides sequence specificity to the NF-CO complex to
activate FT expression.

Putterill et al. (1995)
Suárez-López et al. (2001)
Song et al. (2015)

CRYPTOCHROME-INTERACTING
BASIC HELIX-LOOP-HELIX

CIB Activates FT expression in the presence of blue light by forming
a complex with CRYPTOCHROME 2.

Liu et al. (2008)
Liu et al. (2013)

CYCLING DOF FACTOR CDF Circadian clock regulated CDFs repress the expression of CO.
They are degraded by a ubiquitin ligase complex mediated
by the GI-FKF1 complex. This degradation facilitates CO
expression. Additionally, CDF1 can also repress FT expression.

Imaizumi et al. (2005)
Sawa et al. (2007)
Fornara et al. (2009)
Song et al. (2012)

NUCLEAR FACTOR Y NF-Y NF-Y proteins form trimeric transcription factor complexes
which in this context recruit CO as the NF-YA-like protein.
Through chromatin looping they antagonise polycomb-group
proteins present at the FT promoter which relieves the
associated repression and induces FT transcription. The floral
inducer FE is also thought to be part of this complex.

Cao et al. (2014)
Gnesutta et al. (2017)
Luo et al. (2018)
Abe et al. (2015)
Shibuta and Abe (2017)

Photoperiod
and Giberellin

TEMPRANILLO TEM The TEM genes are a pair of transcription factors (with AP2 and
B3-domains) which directly repress the expression of FT in a
redundant manner. Their expression decreases with plant
development and is controlled by the circadian clock. TEM
genes also repress genes in the biosynthesis of giberellins.

Castillejo and Pelaz (2008)
Osnato et al. (2012)

Vernalisation FLOWERING LOCUS C FLC FLC forms a complex with SVP to repress FT expression in the
leaves and SOC1 in the apex. It is silenced following
vernalisation and this repression is maintained
epigenetically.

Helliwell et al. (2006)
Li et al. (2008)
Hepworth and Dean (2015)
Berry and Dean (2015)
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Research into flowering time in reference species is now at an exciting frontier with research
moving beyond the simple single locus genetic studies which form the foundation of this field to
more comprehensive regulatory modelling approaches. These studies try to capture the robust-
ness, dynamic nature, and spatial control of the underlying gene networks (Salazar et al. 2009;
Jaeger et al. 2013; Satake et al. 2013; Seaton et al. 2015; Valentim et al. 2015; Burghardt et al. 2015).
Regulatory modelling is facilitating research into previously unexplored areas, such as the way
plants differ in their response to the rate of enviromental change. Consequently, studies are
being published examining circadian rhythms, transcriptome dynamics and flowering time in
plants grown in fluctuating field conditions (Nagano et al. 2012; Matsuzaki et al. 2015; Burghardt
et al. 2015; Izawa 2015).

Outside of A. thaliana and O. sativa, the understanding of flowering time regulation in a
diverse range of species is advancing at a rapid pace with loci associated with flowering time
being continuously described. While frequently these are identified as homologues of described
loci in the reference species, it is not uncommon for novel candidates to also play a part.

1.3 Photoperiodic control of flowering time

The alignment of the photoperiod with internal rhythms is a core environmental signal for many
plant species. With regards to flowering time, plants can be broadly characterised by the con-
ditions under which they accelerate their flowering; LD, short-day photoperiod conditions (SD)
or day-neutral photoperiod conditions where the species are insensitive to photoperiodic vari-
ation.

1.3.1 Photoperiodic control in Arabidopsis thaliana

In A. thaliana flowering is accelerated when the plants are exposed to LD. This is achieved by
way of a double external coincidence mechanism between the period of light exposure and
endogenously regulated periods of light-sensitivity, ultimately resulting in the accumulation of
the B-box family protein CO in the late afternoon. CO then up-regulates the floral integrator FT,
triggering flowering (Fig. 1.2; Turck et al. 2008; Song et al. 2015).

At the transcriptional level there are two families of transcription factors currently described
to regulate CO. Firstly, there is a group of well characterised transcriptional repressors, known
as CYCLING DOF FACTORs (CDFs). In a redundant manner these genes form a complex with a
TOPLESS (TPL) protein and bind the CO promoter and directly represses transcription of CO in
the morning (Imaizumi et al. 2005b; Fornara et al. 2009; Goralogia et al. 2017). Degradation of
the CDFs then occurs in the evening of LD freeing up the promoter of CO to be bound by the
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FLOWERING BHLH (FBHs) transcription factors, a second family of transcription factors which act
as activators binding to the E-box cis-elements in the promoter of CO (Ito et al. 2012).

While CDFs are regulated transcriptionally by the circadian clock (Fig. 1.2 and Box: 1.1; Martín
et al. 2018), the de-repression of CO is largely dependent on the post-transcriptional degrada-
tion of the CDFs via ubiquitination. This tightly controlled process occurs via the the circadian
regulated GIGANTEA (GI) protein forming a complex with the light sensitive FLAVIN-BINDING,
KELCH REPEAT, F-BOX 1 (FKF1) which is activated by blue light in the late-afternoon of LD. This
complex can form because the expression of GI shifts in LD to synchronise with active FKF1
(Sawa et al. 2007) in a classic example of the external coincidence mechanism discussed in sec-
tion Section 1.2.1. At least one CDF protein (CDF1) also acts at the next step in the pathway
to transcriptionally repress FT. In this context the degradation of CDF1 by the FKF1-GI complex
contributes to the upregulation of FT in the afternoons of LD (Song et al. 2015).

Regulation of CO also occurs at the protein level with FKF1, enhanced by blue light, and
PSEUDO-RESPONSE REGULATORs (PRRs) from the circadian clock (Box: 1.1) binding directly to
CO. The binding of these proteins confers stability to the CO protein as it is otherwise actively
degraded by the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), in complex
with SUPPRESSOR OF PHYA-105 (SPA) family members through the night and into the morning
(Song et al. 2012; Song et al. 2015; Hayama et al. 2017). This complex is progressively inhibited
during the day via the blue light photoreceptor CRYPTOCHROME 2 (CRY2) binding the COP1 and
SPA proteins. The red light photoreceptor PHYTOCHROME B (PHYB) also destabilises CO (Song
et al. 2015). The complex regulation of CO protein is also an external coincidence mechanism.

To activate FT, CO through its CCT-domain, acts as a subunit of a NUCLEAR FACTOR-Y (NF-Y)
complex conferring the required sequence specificity to the transcription factor complex. NF-Y
complexes are thought to be “pioneer” transcription factor complexes which facilitate transcrip-
tion by changing the conformation of the chromatin and recruiting chromatin modifiers along
with other transcription factors. In this case, NF-Y and NF-CO complexes bind to both distal and
proximal enhancers of FT, and through chromatin looping antagonise polycomb-group proteins
present at the FT promoter and relieve the associated repression. This allows activation of FT
transcription (Cao et al. 2014; Gnesutta et al. 2017; Liu et al. 2018b; Luo et al. 2018).
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Figure 1.2 – A schematic summary of the photoperiod pathway in A. thaliana which is present in the
leaves and induces flowering in LD. The resulting FT protein is a mobile signal which
moves from the leaves to the SAM. See main text for more detail. Figure created using
BioRender (biorender.io).

Recent work has also shown that FE, a phloem-specific MYB-related protein known to be
essential for development of the vasculature (Bonke et al. 2003; Furuta et al. 2014) is likely re-
cruited by this NF-CO complex (Shibuta and Abe 2017). FE has been shown to contribute to the
the photoperiodic induction of flowering via the transcriptional activation of FT in a LD specific
manner (Abe et al. 2015) and work by Shibuta and Abe (2017) demonstrated that FE requires CO
to influence flowering time. Furthermore, FE is able to interact with CO and the NF-Y complex
protein NF-YB2 in vitro. Consequently the function of FE is hypothesised to be an intermediate
protein between the NF-CO complex and epigenetic modifier(s) of the FT locus, in a similar man-
ner to the SHAQKYF-class EARLY FLOWERING MYB PROTEIN (EFM; Table 1.1) which FE resembles
(Abe et al. 2015). How FE itself is regulated is currently unknown.

biorender.io
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Independently of CO, light regulates FT through a family of BHLH transcription factors called
the CRYPTOCHROME-INTERACTING BASIC HELIX-LOOP-HELIX (CIB) which activate FT by forming
a complex with CRY2 in the presence of blue light. This complex then directly binds to the
promoter of FT inducing expression. Surprisingly, despite CRY2 being an important component
of the complex, the stability of this complex is mediated by another blue light photoreceptor
ZEITLUPE (Song et al. 2015).

Box 1.1- The circadian clock

The circadian clock is the crux of how a plant orientates itself to time. Overall, approxi-
mately one in three A. thaliana genes are regulated by the circadian clock (Covington et al.
2008) which is entrained by environmental cues such as the photoperiod (Nakamichi 2011;
Nohales and Kay 2016). A simplified model arranges the key loci into three interlinked de-
layed negative feedback loops, which sequentially repress the transcription of each other
to induce oscillation, forming what is known as a repressilator. However transcriptional
activators also exist which confer robustness to these oscillations (Nohales and Kay 2016).
It is crucial to recognise that the oscillation is an emergent phenotype of the network of
genes, not the function of individual clock genes (Nakamichi 2011; Pokhilko et al. 2012).

The central core of the clock comprises a pair of MYB-transcription factor encoding
genes, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY),
which peak in expression just after dawn (Fig. 1.3; Nakamichi 2011; Nohales and Kay 2016).
CCA1 and LHY heterodimerise and bind to the evening element (EE) cis-regulatory motif
repressing evening-phased genes. Over the course of the day, the PRRs (PRR9, PRR7 and
PRR5) and TIMING OF CAB2 EXPRESSION 1 (TOC1; also known as PRR1) successively repress
CCA1 and LHY as well as each preceding PRR (although CCA1 and LHY can repress PRRs too;
Nakamichi 2011; Nohales and Kay 2016). Significantly, PRRs buffer the circadian cycle in
periods of temperature change through their modulation of the expression of CCA1 and
LHY (Salomé et al. 2010).

In the afternoonGI is expressed. While the exactmechanism for this is not understood,
GI is required to induce CCA1 and LHY GI knockout mutants are known to cause short cir-
cadian periods (Nohales and Kay 2016). Subsequently there is a group of proteins termed
the evening complex which repress PRR9 and PRR7. This complex of genes consists of the
two unrelated EARLY FLOWERING genes (ELF3 and ELF4) and the DNA-binding proteins LUX
ARRHYTHMO (LUX) and NOX. They are themselves repressed by CCA1 and LHY (Nakamichi
2011; Nohales and Kay 2016). The evening complex plays an important role in the context
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of the circadian clock as a whole, as it is through ELF3 and LUX that environmental signals
such as light and temperature are integrated to entrain the endogenous rhythm (Kolmos
et al. 2011; Chow et al. 2014; Mizuno et al. 2014a).

Supplementing the repressilator induced oscillation of the circadian clock are in-
terlocking transcriptional activator loops. Identified from flowering time mutants, RE-
VILLE8 (REV8; and homologues), NIGHT LIGHT-INDUCIBLE AND CLOCK REGULATED (LNK)
and LIGHT-REGULATED WD (LWD) which forms a complex with TEOSINTE BRANCHED1-
CYCLOIDEA-PCF (TCP) proteins activate the core transcriptional repressors throughout the
day. They themselves are repressed by PRRs (Nohales and Kay 2016). Notably REV8 is
a homologue of LHY and binds to EE too, yet has an opposite regulatory function (No-
hales and Kay 2016). Like the evening loop genes, LWD and LNK genes also integrate light
and temperature signals into the clock (Wang et al. 2011; Kolmos et al. 2011; Mizuno et al.
2014b).

Figure 1.3 – The circadian clock in A. thaliana. This diagram depicts the trancriptional
regulation of the clock with proteins arranged left to right as they are expressed
throughout the day. Proteins are also grouped by function with regulatory
interactions (arrows) outside the group refering to the whole group and those
interactions entering the groups regulating specific genes. Dotted lines are
interactions not confirmed en planta. Zeitgeber time is relative to LD where 0 is
dawn. This diagram is adapted from Nohales and Kay (2016).
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1.3.2 Photoperiodic control in other species

While the majority of research on the photoperiodic control of flowering has been conducted on
A. thaliana, efforts have also been made in describing this pathway in other species. In making
interspecific comparisons, it is striking the way core components of the photoperiodic pathway
in A. thaliana are present, but differ significantly in their mode of action. For example, while
CO-like genes have been implicated in the regulation of flowering in several species (e.g. rice,
cereals, Fragaria vesca L. [strawberry]; Song et al. 2015; Kurokura et al. 2017), their importance dif-
fers dramatically. In some species such as the SD responsive Ipomoea nil (L.; Japanese morning
glory) CO-like genes do not appear to participate at all (Hayama et al. 2007). In contrast, FT-like
genes have been found in diverse groups of angiosperms with many species having multiple
copies, and intriguingly some act not to induce flowering but act as floral repressors.

1.3.2.1 Challenging the universality of the CO-FT model

In a similar manner to A. thaliana, FT in rice is directly regulated by a CO-like protein (Song
et al. 2015). Thus early interspecific comparisons between A. thaliana and O. sativa led to the
assumption of a core CO-FT module common to angiosperms. However, the variation since
observed in gene networks regulating flowering time challenges the universality of this naïve
model (Ballerini and Kramer 2011). Recent work analysing the evolution of the wider CO-like
gene family within the Brassicaceae family suggests that the function of CO, as a floral regulator,
evolved within the Brassicaceae, following a gene duplication (Simon et al. 2015). This result
implies that any similarities to A. thaliana observed in other species, in the role CO-like genes
play in flowering time, are the result of remarkable convergent evolution.

However, there is a common theme of FT regulators containing CCT domains (e.g. PRR genes)
along with the participation of B-box family members. For instance, in cultivated Beta vulgaris L.
(sugar beet), a LD responsive plant in the Caryophyllales order, FT homologues are downstream
of two key genes; BOLTING TIME CONTROL 1 (BTC1; in the cultivated variety) and BBX19. BTC1 is
a PRR gene with a CCT domain (Pin et al. 2012), while BBX19 contains two B-box domains (Dally
et al. 2014). It is hypothesised that, given CO has two B-box domains and a CCT domain, these
two loci in B. vulgaris act epistatically to provide the same function as CO (Dally et al. 2014).

Similarly, in the LD responsive cereals the photoperiod pathway is dependent on PHOTOPE-
RIOD 1 (a homologue of PRR7; Song et al. 2015), a locus which whenmutated confers photoperiod
insensitivity and severely reduces the expression of an FT homologue (Song et al. 2015). The ce-
reals also possess a pair of ZCCT genes which integrate photoperiod and vernalisation signals
to repress the same FT homologue (Hemming et al. 2008). These possess B-box and CCT do-
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mains (but are phylogenetically distinct from CO; Song et al. 2015) and function by replacing the
NF-YA components of NF-Y complexes via their CCT domains altering the ability of the complex
to regulate transcription (Li et al. 2011). The manner in which common elements are present
across multiple species suggests a subtle evolutionary history, in which the affinity between
these families of genes and and flowering time regulation has not yet been grasped.

1.4 Vernalisation conferred competence to flower

In addition to the photoperiod, vernalisation contributes significantly to the determination of
flowering time in many species. Unlike the photoperiod, vernalisation does not induce flower-
ing. Instead it removes restraints inhibiting flowering and thus allows flowering to be induced
by other signals. This is achieved in a manner which is stable, persisting through many mi-
totic divisions in the absence of other flowering signals (Berry and Dean 2015). It is thus widely
accepted that the competence to flower is epigenetically maintained.

How plants initially detect cold temperatures is currently unknown, as no cold detection
mechanism has yet been described in relation to flowering (Knight and Knight 2012). Recent
theoretical work suggests that it may be a consequence of the physical effects of temperature
on chromatin topology (Helliwell et al. 2015). This is just a hypothesis, but it is supported by
observations in the thermosensory regulation of transcription where a similar phenomena has
been documented (Kumar and Wigge 2010; Kumar et al. 2012).

1.4.1 Vernalisation in Arabidopsis thaliana

In A. thaliana vernalisation has been demonstrated to act primarily through the locus FLC (Hep-
worth and Dean 2015; Berry and Dean 2015; Hepworth et al. 2018), a MADS-box transcription
factor known to underlie much of the natural variation observed in flowering time within wild
accessions (Shindo et al. 2005). FLC forms a complex with SVP, another MADS-box transcription
factor (Li et al. 2008; Fujiwara et al. 2008), which acts as a strong repressor of FT (Helliwell et al.
2006). This repression is only relieved by vernalisation which down-regulates the expression
of FLC allowing FT to be expressed (Hepworth et al. 2018). FLC also represses the meristematic
floral integrators FD and SOC1 (Searle et al. 2006).

The regulation of FLC has been studied in depth and is widely accepted to occur through the
post-translational modification of histones (Berry and Dean 2015). This process is facilitated by
the FRIGIDA (FRI) protein, which binds to the promoter of FLC activating transcription (Hepworth
and Dean 2015; Berry and Dean 2015). FRI does this by attracting other transcriptional regula-
tors which include a number of methyltransferase complexes, which confer epigenetic histone



16 GEOFFREY THOMSON

modifications associated with transcriptionally active genes. FRI also controls the stability of
FLC mRNA by interacting with the nuclear cap binding complex and increasing the proportion of
FLC mRNA carrying a 5’ cap (Hepworth and Dean 2015). FLC is also repressed by the autonomous
pathway (Table 1.1; Berry and Dean 2015).

When vernalisation occurs FRI is degraded and FLC expression is quickly down-regulated by
transcriptional repressors and epigenetically silenced (Hepworth and Dean 2015). Crucially, the
effects of vernalisation are reset in the next generation during embryogenesis (Choi et al. 2009;
Tao et al. 2017).

1.4.2 Vernalisation in other species

A requirement for vernalisation is common amongst temperate angiosperms, however little is
known about the regulation of this process outside A. thaliana. Evidence for FLC-like genes par-
ticipating in species that are not closely related to A. thaliana is weak. While there are examples
where FLC homologues have been shown to decrease their expression in response to cold tem-
peratures, only in the cereals has one been shown to relieve a repression on flowering (Greenup
et al. 2010; Périlleux et al. 2013; Vogt et al. 2014; Sharma et al. 2017), and perturbation of this gene
does not affect the FT homologue (Greenup et al. 2010; Sharma et al. 2017). The mechanism of
vernalisation therefore differs from A. thaliana. Recent MADS-box synteny network analysis be-
tween plant genomes demonstrates that FLC-like genes in the Brassicaceae and Cleomaceae
families are in a derived genomic context relative to other species and it is speculated that the
role FLC plays in vernalisation in these species may have been facilitated by this transposition
(Zhao et al. 2017a).

While understanding is in its infancy, in the cereals it is known that a cold induced MADS-box
transcription factor named VERNALIZATION 1 (VRN1; Alonso-Peral et al. 2011; Oliver et al. 2013;
Woods et al. 2017) stably represses the ZCCT genes with associated shifts in histone modifica-
tions (Oliver et al. 2009; Oliver et al. 2013). This results in the de-repression of the FT homo-
logue, accelerating flowering time. VRN1 may also directly activate the FT homologue (Tanaka
et al. 2018). In addition, the aforementioned cereal FLC-like gene named ODDSOC2 is downreg-
ulated by cold temperatures resulting in a moderate acceleration in flowering time (Greenup
et al. 2010; Sharma et al. 2017). Elsewhere, a novel vernalisation response exists in strawberry
which integrates this signal at the SAM with the cold induced repression of a TERMINAL FLOWER1
(TFL1) homologue, a gene which maintains meristem indeterminacy (Rantanen et al. 2015).



ANALYSIS OF CANDIDATE PHOTOPERIODIC FLOWERING PATHWAY GENES 17

1.5 The transport and function of FLOWERING LOCUS T

1.5.1 The transport of FLOWERING LOCUS T

The role of FT as a major component of florigen is well established (Section 1.2.2, but see Box:
1.2). Yet how FT is transported from the companion cells in the leaves to the SAM where it sets
in motion the floral transition has only recently begun to be addressed (Putterill and Varkonyi-
Gasic 2016). Since FT is a relatively small protein (∼23 kda) it was initially assumed that passive
diffusion is sufficient to transport the protein. While precise grafting experiments by Paultre et
al. (2016) have demonstrated that cytoplasmic proteins <70 kda constitutively diffuse into the
phloem, proteins that localise to the endoplasmic reticulum, such as FT, have not been observed
to do so (Paultre et al. 2016). Instead FT transport appears to be regulated, to some degree, and
to occur through the desmotubule formed by the endoplasmic reticulumwithin plasmodesmata.

One component of FT transport is FT-INTERACTING PROTEIN 1 (FTIP1), an endoplasmic retic-
ulummembrane protein which topologically resembles synaptotagmins, a family of membrane-
trafficking proteins. FTIP1 appears to facilitate FT export from companion cells to phloem sieve
elements through plasmodesmata (Fig. 1.4A; Liu et al. 2012). Whether FT is modified via glyco-
sylation or phosphorylation, like most ER proteins, is currently unknown. However FTIP1 is not
completely responsible for the transport of FT as ftip1 mutants flower late but are still signif-
icantly earlier than a ft knockout mutant, indicating that FT can enter the sieve elements via
other means (although FTIP1 homologues having a redundant function has not been explored).
Unexpectedly, overexpression of FTIP1 results in late flowering further emphasising the regu-
lated manner of FT transport and that FTIP1’s mode of action still remains to be elucidated (Liu
et al. 2012). Nevertheless, the function of FTIP1 appears to be relatively conserved with a homo-
logue in O. sativa exporting a homologue of FT into the phloem sieve elements in LD (Song et al.
2017).

Upon entering the sieve elements FT then interacts with SODIUM POTASSIUM ROOT DEFECTIVE
1 (NaKR1), a metallochaperone which regulates the transport of the FT protein to the terminal
protophloem (Zhu et al. 2016). At a transcriptional level both FTIP1 and NaKR1 are regulated by
FE (in a manner which differs from the action of FE on FT, as expression of CO is not required;
Abe et al. 2015; Shibuta and Abe 2017).



18 GEOFFREY THOMSON

Box 1.2- FT: A more complex story

Drawing a direct equivalence between FT and florigen is complicated by it not being the
only mobile floral signal. Many species have multiple FT homologues and some act as
“anti-florigens” by repressing flowering. A good example is the Solanaceae family which
has four FT-like genes participating in flowering time, three of which act as repressors
(Harig et al. 2012; Cao et al. 2015b). Indeed, even in A. thaliana FT has a homologue in the
form of TWIN SISTER OF FT, although it appears to act in a near redundant manner to FT
(Yamaguchi et al. 2005), but with less mobility (Jin et al. 2015).

Furthermore, additional genes encoding non-FT-like graft-transmissible signals exist,
such as the CENTRORADIALIS homologue (ATC; although still encoding a PEBP family pro-
tein, in the TFL clade) which is expressed in SD and in the vasculature. ATC protein is
believed to act antagonistically with FT thus represses flowering (Huang et al. 2012). This
mechanism appears to be somewhat conserved, as a related gene acts similarly in the
evolutionary distant Chrysanthemum seticuspe f. boreale (chrysanthemum; Higuchi et al.
2013).

In parallel FT-like genes have been demonstrated to regulate other developmental
processes (Navarro et al. 2011; Lee et al. 2013) and can potentially form variant transcrip-
tion factor complexes in a tissue specific manner (Li et al. 2015). The functional conse-
quences of variant complexes is yet to be determined.

Figure 1.4 – The transport of FT to the SAM. A is a cartoon of the regulated export of the FT protein
from the phloem companion cells (CC) in the leaf to the SAM. B is the incorporation of
FT into the transcription factor complex and triggering the development of
inflorescence meristems. Figure created using BioRender (biorender.io).

biorender.io
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Currently, it is unclear how FT exits the terminal phloem and shifts to the SAM. Work in both
A. thaliana and Cucurbita moschata Duchesne ex Poir. (pumpkin) has demonstrated that at least
three residues on the surface of FT, all around the anion pocket of FT, are required for FT shift
to the post-phloem unloading region. Whether these residues participate in a process of se-
lective translocation or protect FT from degradation when it leaves the phloem is not currently
described (Yoo et al. 2013; Endo et al. 2018). However, given the regulated manner in which FT
enters the phloem it seems likely that its exit would also be regulated. In this respect an inter-
esting parallel can be drawn with the regulation of growth dormancy in the perennial trees such
as Populus tremula L. x P. tremuloides Michx. (hybrid aspen). In this species growth dormancy
is maintained by SD induced abscisic acid closing the plasmodesmata in buds which enclose
the SAM. This is sufficient to block the the entry of the cold temperature responsive FT-like pro-
tein, PttFT1, into the buds which would otherwise induce a premature transition to reproductive
growth (Hsu et al. 2011; Tylewicz et al. 2018). This result argues for a regulated process of FT
transport into the SAM.

1.5.2 Inflorescence initiation and development

When FT reaches the SAM, it initiates a transition from vegetative to inflorescence meristems on
the flanks of the SAM. This involves the recruitment of FT into a transcription factor complex,
which includes FD and 14-3-3 proteins (Abe et al. 2005; Wigge et al. 2005; Taoka et al. 2013; Ho and
Weigel 2014). This complex sets inmotionmultiple interlocking positive-feedback loops with key
elements being the SOC1 floral integrator and the core meristem identity proteins LFY and AP1
(Fig. 1.4B; Immink et al. 2012). Subsequently, LFY and AP1 direct floral meristem development
and ultimately the production of flowers via a suite of homeotic identity genes (Liu et al. 2007;
Liu et al. 2009a; Kaufmann et al. 2010; Reback et al. 2011; Theißen et al. 2016).

Simultaneously, the cells at the centre of the SAM are maintained in an undifferentiated
state which facilitate the production of new floral meristems from the SAM giving A. thaliana
its simple indeterminate architecture. Differentiation is repressed by TFL1, another PEBP family
protein, which is induced following the arrival of FT in these undifferentiated cells. TFL1 also and
interacts with FD and 14-3-3 proteins, but represses both LFY and AP1 in a manner antagonistic
to FT (Jaeger et al. 2013; Kaneko-Suzuki et al. 2018; Lee et al. 2019).
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1.6 Flowering time regulation in legumes

The transition between the vegetative and reproductive growth phases that accompanies flower-
ing is of significant importance to the agricultural sector. Consequently, flowering time research
in legumes has come to focus on the Papilionoid subfamily which contain a number of impor-
tant agricultural crops (e.g. peanut, soybean, bean, pea, lentil, chickpea, lucerne and clover)
(Graham and Vance 2003; Nichols et al. 2012). Within this subfamily two clades have been inten-
sively studied; the phaseoloid clade (∼2,064 species) which are generally SD responsive plants
from lower tropical latitudes, and the temperate galegoid clade (∼4,765 species) which gener-
ally accelerate their flowering when exposed to vernalisation and LD (Cannon et al. 2014; Weller
and Ortega 2015). To a much lesser extent the genistoid clade (∼2,354 species), a Papilionoid
subfamily which diverged just prior to phaseoloids and galegoids diverged ∼55 million years
ago (Lavin et al. 2005; Cannon et al. 2014), has also recently begun to be studied taking Lupinus
angustifolius L. (narrow leaved lupin) as a reference.

Flowering time researchwithin the legume family is rapidly advancing thanks to an increasing
wealth of genomic resources from most of the aforementioned crops (Young and Bharti 2012).
Many of these species harbour significant intraspecific diversity (Gentzbittel et al. 2015) and
thanks to the high level of genomic synteny (Choi et al. 2004; Cannon et al. 2006; Hougaard et al.
2008; Bertioli et al. 2009) knowledge can be rapidly transferred and compared between species.
Like many angiosperm families, whole genome duplications have occurred several times in their
evolutionary history, with one occurring just prior to the Papilionoid diversification ∼55 million
years ago (Cannon et al. 2014). It is thus unsurprising to find copy number variations when
comparing gene families with other species groups (i.e. A. thaliana). This section reports what is
currently known about flowering time and inflorescence development in Fabaceaewith a specific
focus on FT-like genes and photoperiod pathways of the phaseoloid clade species Glycine max
(L.) Merr. (soybean) and two galegoid clade species, M. truncatula and Pisum sativum L. (pea).

1.6.1 Regulation of flowering time in legumes at a population level

Flowering time is a highly heritable trait. For example, a recent genome-wide complex trait
analysis utilising 226 accessions of M. truncatula found flowering time to have a heritability of
0.72 ± 0.11 (Stanton-Geddes et al. 2013). Consequently population based approaches such as
QTL analysis have been a successful initial approach to understanding flowering time regula-
tion (Koinange et al. 1996; Sarker and Erskine 2006; Nelson et al. 2006; Weller et al. 2012; Lu
et al. 2017). To date, QTLs for flowering time have been identified in thirteen Papilionoid species
(Fig. 1.5; Weller and Ortega 2015). An informative example is Weller et al. (2012) who demon-
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strated through QTL analysis that many European domesticated lines of P. sativum (generally
LD responsive) are able to flower in SD thanks to a truncated ELF3-like gene. These mutants lost
the ability to respond to red light and the authors speculate that it contributed to the spread of
the species into higher latitudes (Weller et al. 2012).

Figure 1.5 – A cladogram of Papilionoid species for which flowering time QTLs have been identified,
these principally fall into the phaseoloid and galegoid clades. Orange asterisks indicate
the species for which the conserved QTL containing a cluster of FT-like genes and
corresponding to a region of chromosome 7 in M. truncatula. Tree obtained from the
Open Tree of Life (Hinchliff et al. 2015).
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Variation in ELF3-like genes appears to be a common adaptive strategy in legume species.
Along with P. sativum, Weller et al. (2012) also suggest that Lens culinaris Medikus (lentil) also
lost photoperiod responsiveness in a convergent manner and Ridge et al. (2017) found that a
deletion in a Cicer arietinum L. (chickpea) ELF3-like gene explains the reduced photoperiod re-
sponsiveness in Indian C. arietinum germplasm. Furthermore, QTL analysis by Lu et al. (2017)
recently mapped the late flowering J locus in the SD responsive G. max to a truncated ELF3-like
gene. The Jmutation facilitated the transition in the other direction to that of the domesticated
P. sativum allowing modern G. max to be grown in more tropical latitudes (Lu et al. 2017).

Remarkably there is a conservedQTL found in syntenic regions of six different species (Fig. 1.5).
These are predominantly galegoid clade species but also include the genistoid L. angustifolius
and in M. truncatula this QTL corresponds to a region of chromosome 7 which contains a cluster
of FT-like genes. Research into FT-like genes in legumes has identified three clades of FT homo-
logues (FTa, FTb and FTc; Fig. 1.6A; Laurie et al. 2011; Hecht et al. 2011) and in this QTL members of
the FTa and FTc clades are present. In M. truncatula these are MtFTa1, MtFTa2 and MtFTc. While
members of all three clades have been implicated in the regulation of flowering time, these
genes are of particular interest because functional analysis in P. sativum and M. truncatula has
demonstrated that PsFTa1 andMtFTa1 are the floral inducers regulated by LD (MtFTa1 is also reg-
ulated by vernalisation; Laurie et al. 2011; Hecht et al. 2011). However, in L. angustifolius it is the
syntentic FTc clade gene LanFTc1 which is the principle floral inducer in this species regulated
by LD and vernalisation (see Fig. 1.6B; Nelson et al. 2017; Taylor et al. 2018). Curiously, the SD
responsive G. max contains floral inducers syntenic with both these genes (GmFTa3 and GmFTc1)
(Kong et al. 2010; Sun et al. 2011; Nan et al. 2014).

It is currently unclear whether this change in the FT-like genes involved in floral induction
between these species is the result of a transition from FTc clade to FTa clade genes with G. max
as an intermediate state or whether the galegoids and L. angustifolius have lost the functionality
of individual genes independently. Nevertheless, it seems that, in addition to the intraspecific
diversity previously alluded to, there may exist significant interspecific diversity in the mecha-
nism of floral regulation within the Papilionoid subfamily.

It should be noted that the phaseolid and galegoid research communities have different
naming conventions for FT-like genes in legumes. For consistency the galegoid names are used
here, however a lookup table is also provided (Appendix A Table A.1).
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Figure 1.6 – Cladogram and synteny of FT-like genes in Fabaceae. A is a neighbour-joining tree of
FT-like and related genes from A.thaliana, M. truncatula, P. sativum, G.max and L.
angustifolius demonstrating the three clades FTa, FTb and FTc. This tree was generated
using a JC69 substitution model with 1,000 bootstraps and sequences sourced from
(Nelson et al. 2017) and the G. soja GmFTa5 sequence from Wu et al. (2017). Alignment
and tree files are in Supplement S.1 Table S.1 and gene IDs in Appendix A Table A.2. B is
a synteny diagram of the flowering time QTL conserved between six species. Syntenic
regions of M. truncatula, L. angustifolius and G. max are plotted with FT-like genes in
purple. Floral inducers are circled in green. Diagram obtained from the Legume
Information System (Dash et al. 2016; Cleary and Farmer 2018).
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1.7 Molecular identification of candidate flowering time genes in legumes

1.7.1 Molecular understanding of flowering time in Lupnus angustifolius
(genistoid clade)

Lupnus spp. are characteristically LD and vernalisation responsive plants. Four FT-like genes
are known of in L. angustifolius, including two FTa genes which clade with GmFTa3 and two FTc
genes (Fig. 1.6A). No FTb genes have yet been identified (Nelson et al. 2017).

Since their domestication a number of L. angustifolius lines where the vernalisation require-
ment is lost have been identified. The cause of this vernalisation insensitivity in the allelic Ku
and Julius dominant mutations have recently been mapped to large deletions in the promoter
of a LanFTc1 (Lup015264; Nelson et al. 2017; Taylor et al. 2018). Thus LanFTc1 was identified as a
floral inducer responsive to vernalisation.

1.7.2 Molecular understanding of flowering time in Glycine max
(phaseoloid clade)

G. max is a SD responsive paleopolyploid species and understanding of flowering time in this
species primarily stems from a set of ten maturity loci (E1-10), and the aforementioned J locus.
The maturity loci were identified from natural variation over the past 30 years and, when mu-
tated, have been identified to confer early flowering under LD in a recessive manner (except for
E6 and E9 mutants which are dominant; Watanabe et al. 2012; Kong et al. 2014). Thus, it is the
repression of flowering in non-inductive conditions, as opposed to the activation in inductive
conditions which is currently best described. The exception is the J locus which, when mutated,
flowers significantly later in inductive SD. It is variation in these loci which are thought to have
enabled G. max to adapt to growth within a broad range of latitudes (Jiang et al. 2014), and
mapping of a number of these loci has been successful in recent years (Fig. 1.7A).

As G. max is SD responsive, light perception is very important in the regulation of flowering.
At a molecular level three clades of phytochromes are present in legumes (PHYA, PHYB and
PHYE; Hecht et al. 2005), with PHYA influencing photoperiod responsiveness. The G. max genome
contains two pairs of homologous PHYA genes (although one of the four genes appears to be
a pseudogene; Watanabe et al. 2012). These loci are important to photoperiodic flowering as
they suppress the FT-like floral stimuli genes in LD and promote flowering irrespective of the
photoperiod in double knockout mutants (Kong et al. 2010). The maturity loci E3 and E4 have
been mapped to one of each of these pairs of PHYA homologues (Watanabe et al. 2009; Liu et al.
2008a). In addition G. max also has six CRY homologues with at least one of the homologues,
GmCRY1a, thought to promote floral initiation in SD (Zhang et al. 2008).
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Figure 1.7 – Photoperiod pathways in Fabaceae. This summarises the current understanding of the regulation of flowering time in A G. max (a
phaseolid clade species) and the galegoid clade species B P. sativa and C M. truncatula. Figure created using BioRender
(biorender.io).

biorender.io


26 GEOFFREY THOMSON

In addition to light perception, in G. max there is substantial conservation of the circadian
clock and evidence of its involvement in the regulation of flowering (Liu et al. 2009b). Specif-
ically, the J locus was recently mapped to an ELF3-like gene. In plants homozygous for the j
allele this ELF3-like gene is truncated, which significantly delays flowering under SD conditions
simultaneously increasing plant size and grain yield (Lu et al. 2017). PRR3-like genes also regu-
late flowering, as mutations which delete the encoded CCT domain in two PRR3-like paralogues
accelerate flowering in the field, and have been selected for in the domestication of G. max (Li
et al. 2018). These genes are thought to act upstream of the E2 locus which has been identified
as a homologue of GI (Watanabe et al. 2011). Plants with mutated e2 alleles flower earlier than
wild-type in LD, however these mutants are still responisve to night break experiments suggest-
ing the photoperiodic control of flowering in not entirely impaired (Xu et al. 2015; Wang et al.
2016b; Li et al. 2018). In addition to E2, G. max also possesses two other GI homologues which
may act redundantly masking the phenotype e2 mutants would otherwise have, so the relative
importance of these genes cannot yet be determined (Watanabe et al. 2011; Li et al. 2013a). A
similar situation exists with two FKF1 homologues (Li et al. 2013a).

Downstream of light and circadian inputs, a paralogous pair of CO-like genes, GmCOL1a and
GmCOL1b, have been identified as regulators of flowering (Fan et al. 2014; Wu et al. 2014; Cao
et al. 2015a). These genes are able to complement A. thaliana co mutants to induce flowering
(Wu et al. 2014) however in G. max they appear to act as floral suppressors in LD (Cao et al.
2015a). Notably, GmCoL1a and GmCOL1b peak in expression at dawn which is more similar to
the COL1 and COL2 genes in A. thaliana (which do not regulate flowering time), than CO (Cao
et al. 2015a; Ledger et al. 2001). Nevertheless, overexpression of GmCOL1a in G. max results in
delayed flowering, while Gmcol1b mutants flower early relative to wild-type. Gmcol1b mutants
also indicate that these genes appear to act upstream of putative mobile floral stimuli GmFTa3
and GmFTc1 by repressing them in LD. Intriguingly, overexpression of GmCOL1a results in higher
expression of GmFTa3 and GmFTc1 in inductive SD, thus these genes may also act as activators
in SD (Cao et al. 2015a). Overexpression of GmCOL1a also alters the phasing of the circadian
clock (which is similar to the overexpression of COL1 in A. thaliana; Cao et al. 2015a; Ledger
et al. 2001). GmCoL1a and GmCOL1b are themselves regulated by E2 which they then repress in
a negative feedback loop. A similar regulatory interaction is thought to occur between the with
the two GmCOL genes and the maturity locus E1 (Cao et al. 2015a).

The E1 maturity locus is the most prominent component of the photoperiod pathway in G.
max, as the E1 locus (and its near identical paralogue; Xia et al. 2012a) has been found to have
a strong effect on flowering time upstream of FT-like genes (Jiang et al. 2014). Knockout e1 mu-
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tants are very early flowering under non-inductive LD (30 vs >70 days; Xia et al. 2012a). E1 has
been mapped to a previously uncharacterised, and legume specific, gene containing a nuclear
localization signal and a B3 domain (Xia et al. 2012a). A B3 domain is a plant specific DNA binding
domain present in many transcription factors such as the TEMPRANILLO (TEM; Table 1.1) genes
which are able to repress FT in A. thaliana (Castillejo and Pelaz 2008). While the B3 domain
suggests that E1 functions as a transcription factor, this needs to be functionally validated.

Significantly, expression analysis has failed to detect E1 expression during SD, but in LD E1
is observed to have a marked diurnal pattern peaking at ZT4 and ZT16 (Xia et al. 2012a; Xu et al.
2015). The rhythm is likely instilled by the J (ELF3-like) protein which has been demonstrated to
bind directly to the promoter of E1, repressing expression. In keeping with this, expression of E1
is completely lost in e3 e4 (phya-like) mutants (Xia et al. 2012a; Lu et al. 2017). Genetic analysis
indicates that E1 is also induced by E2 and, in another negative feedback loop, also represses
E2 (Cao et al. 2015a; Xia et al. 2012b). Interestingly, night break experiments have shown that
the expression of E1 is dependent on the exposure to light prior to dusk the previous day. Thus
E1 appears to be subject to circadian regulation in a manner consistent with an external coinci-
dence mechanism (Xu et al. 2015). Furthermore, e1mutants show an elevation in the expression
of the putative mobile floral stimuli GmFTa3 and GmFTc1 suggesting it represses these genes in
LD, but how this occurs is currently unknown (Xia et al. 2012a).

G. max possesses ten genes which display homology with FT in A. thaliana of which two,
the aforementioned GmFTa3 and GmFTc1, are considered to encode likely mobile floral stimuli.
These two genes are strongly up regulated by inductive SD conditions (Kong et al. 2010) and
overexpression of GmFTa3 causes early flowering (Sun et al. 2011; Nan et al. 2014). Furthermore
the E9maturity locus (which actually exhibits delayed flowering) has been demonstrated to be a
GmFTa3 allele with greatly reduced expression attributable to a retrotransposon insertion within
the first intron (Zhao et al. 2016). In a series of SD to LD shift experiments it was found that the
response of GmFTa3wasmuchmore graduated than that of GmFTc1, and that GmFTa3 expression
spikes late in development when grown under LD. It is therefore possible that GmFTa3 acts to
ensure flowering does eventually occur in non-inductive conditions (Kong et al. 2010).

In addition to GmFTa3, the FTa clade genes GmFTa1 and GmFTa2 are also up regulated in SD
and whether they play a role in flowering time regulation is not currently known (Kong et al.
2010). The function of FTa genes is further complicated when other members of the genus are
considered. Recently Wu et al. (2017) demonstrated that in G. soja GsFTa5 is a floral inducer,
which has been selected against in the domestication of G. max, where it is a pseudogene. Wu
et al. (2017) also suggest that GmFTa4 and GmFTa6 (also a pseudogene) were previously floral
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inducers but that this function has been lost.

G. max also possesses FTb genes which appear to act as a floral repressors. GmFTb2 and
GmFTb3 are both expressed in LD, but not SD, and appear to be activated by E1 (Zhai et al.
2014; Liu et al. 2018a), and at least in the case of GmFTb2, GmCoL1a and GmCOL1b too (Cao et al.
2015a). Functional data supporting the conclusion that they have a repressive function include
GmFTb2 delaying flowering when overexpressed in A. thaliana (Zhai et al. 2014) and GmFTb3
causing late flowering when over expressed in G. max (Liu et al. 2018a). GmFTb2 also appears to
correspond to the E10 maturity locus (Samanfar et al. 2017). Notably GmFTb2 contains a G137R
substitution which has been previously shown to contribute to the repressive function of an
FT-like gene (Pin et al. 2010). However since GmFTb3 does not have this mutation, it indicates
that this substitution alone is insufficient to explain the repressive function.

G. max is not responsive to vernalisation and FLC-like genes are not present in the species.

1.7.3 Molecular understanding of flowering time in the galegoid clade legumes P.sativum and
M.truncatula

In galegoid clade legumes, vernalisation and LD accelerate flowering in many species (Highkin
1956; Clarkson and Russell 1975; Roberts et al. 1985; Summerfield et al. 1985). In this clade, the
analysis of flowering time was studied extensively through the later half of the 20th century
taking P. sativum as a reference, making use of both natural variants and induced mutations.
However molecular characterisation of flowering time regulation in P. sativum presented a chal-
lenge, which is largely attributable to the large size of the P. sativum genome (1C = 4.3 Gb; Macas
et al. 2007). More recently, significant advances have been made by leveraging of genomic syn-
teny amongst related species, like M. truncatula, which complement studies in P. sativum. M.
truncatula is amenable to transformation facilitating reverse genetics efforts based on knowl-
edge gained in A. thaliana. This has led to the molecular characterisation of a number of genes
facilitating a greater understanding of how they relate to one another, with a predominant focus
on the photoperiodic pathway (Figs. 1.7B and 1.7C).

1.7.3.1 The regulation of flowering time in Pisum sativum

Similar to A. thaliana and G.max, in P. sativum PsPHYA influences photoperiod responsiveness
in P. sativum (Fig. 1.7B). This is demonstrated by the flowering time normally observed in LD
being significantly delayed in P. sativum phya knockout mutants, and a reduction in flowering
time observed in non inductive SD in a dominant hypermorphic mutant, relative to wild-type
in both cases (Weller et al. 2001; Weller et al. 2004). However a small acceleration in flowering
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is still observed in phya knockout mutants subjected to SD to LD shifts, suggesting other pho-
toreceptors also influence this trait (Weller et al. 2001). These photoreceptors are not PsPHYB
or PsCRY1 by itself as, like PHYB in A. thaliana, PsPHYB appears to be a inhibitor of flowering
acting independently of PsPHYA (Weller et al. 2001) and Pscry1 mutants flower at a similar time
to wild-type in both SD and SD supplemented with 16 hours of blue light (Reid et al. 2005).

Work on flowering time in P. sativum has also considered circadian genes via the character-
isation of four recessive mutants. Two of these mutants termed high response to photoperiod
(hr) and photoperiod (ppd) affect two ELF3 homologues, while sterile nodes (sn) was mapped
to a homologue of LUX ARRHYTHMO and die neutralis (dne) to a ELF4-like gene. Homozygous
dne, hr and sn mutants reduce the delay in flowering present in SD, while ppd has little effect
on flowering in the presence of a functional HR suggesting it is for the most part functionally
redundant in this context (Weller et al. 2012; Rubenach et al. 2017; Liew et al. 2014; Liew et al.
2009). In analogy to A. thaliana, these genes represent the core of the evening complex in the
circadian clock (Box: 1.1). Experiments on the circadian expression of these genes, as well as
other circadian clock orthologues (such as TOC1 and LHY), suggest that the core structure of the
circadian clock is conserved in P. sativum (Liew et al. 2014).

Downstreamof the circadian clock, the photoperiodic regulation of flowering functions through
LATE BLOOMER1 (LATE1), a P. sativum orthologue of GI. The LATE1 gene has been shown to demon-
strate cyclic expression consistent with GI in A. thaliana, and a series of recessive mutants in
this gene all resulted in a late flowering phenotype in both LD and SD (Hecht et al. 2007). Pheno-
typic similarity of thesemutants with the aforementioned Psphya plants inspired the creation of
double mutants which demonstrated that the two loci both function in the same photoperiodic
response pathway (Hecht et al. 2007). Furthermore, a shift and dampening of LATE1 expression is
observed in snmutants, while double sn/late1mutants exhibit accelerated flowering suggesting
LATE1 is downstream of the evening complex. It is worth noting that in A. thaliana the regula-
tion of GI is complex, but at least in part regulated by direct interaction of the evening complex
proteins at the GI promoter (Mizuno et al. 2014a). It is not known if this is the case in P. sativum
and should be explored in the future.

Like many plant groups, the potential for CO homologues acting in the photoperiodic regu-
lation of flowering has been explored in P. sativum. The most similar gene to CO, PsCO, peaks at
dawn like COL1 and COL2 in A. thaliana or the two GmCOL genes in G. max (Section 1.7.2; Hecht
et al. 2007), and to date has not been implicated in the regulation of flowering time. Notably,
none of the aforementioned flowering time loci in P. sativum have any observable affect on PsCO
expression, despite them showing evidence of directing mobile floral stimuli (Hecht et al. 2007;
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Liew et al. 2009). While this does not discount regulation occurring at the protein level, the link
between LATE1 and the mobile floral stimulus is currently unknown.

Recent work in P. sativum has characterised a late-flowering mutant called LATE BLOOMER2
(LATE2) and demonstrated it to be a missense mutation in a CDF homologue. Specifically, yeast
two-hybrid assays (Y2H) have shown that the dominant late flowering late2-1D mutant encodes
a protein which has lost the ability to interact with FKF1, suggesting that the CDF protein is not
being degraded. This mutation weakens the expression of the floral inducer (PsFTa1) and sup-
presses expression of a FTb clade gene (PsFTb2; Ridge et al. 2016). In A. thaliana the role GI
plays in regulating flowering time is, in complex with FKF1, to direct the degredation of CDF pro-
teins which repress CO (Section 1.3.1). However CDFs can also transcriptionally repress FT (Sec-
tion 1.3.1). Thus while PsCO is not known to be involved in flowering time, CDF-like proteins may
regulate FT-like genes directly, potentially linking LATE1 and the mobile floral stimulus. Whether
LATE1 regulates CDFs and whether CDF-like proteins directly regulate FT-like genes therefore
warrants further investigation.

P. sativum possesses five FT-like genes across the three clades present in legumes (PsFTa1,
PsFTa2, PsFTb1, PsFTb2 and PsFTc; Fig. 1.6A; Hecht et al. 2011). As mentioned in Section 1.6.1,
PsFTa1 has been demonstrated to function as a floral stimulus as it was found to correspond to
the gigas locus (Hecht et al. 2011). This locus was identified from a pair of γ-radiation mutants
previously shown to be unable to flower in LD. Interestingly, this is accompanied by reduced
internodes, smaller leaves and axillary bud outgrowth. The inability of gigas mutants to flower
in LD is able to be rescued by grafting (Beveridge and Murfet 1996) indicating that PsFTa1 (or
the protein it encodes) either acts as or regulates a mobile floral stimulus. Furthermore, the
inability of gigas mutants to flower in LD can be overcome via vernalisation which appears to
act in the shoots of the plant (Beveridge and Murfet 1996). Vernalisation in P. sativum is not
understood, with no FLC-like gene present (Hecht et al. 2005). In SD, gigas mutants do flower,
albeit late and flower like wild-type plants when vernalised. Thus the effect of vernalisation on
flowering appears to be independent of the gigas mutation (Beveridge and Murfet 1996; Hecht
et al. 2011).

In addition to PsFTa1, there is reason to hypothesise that additional floral stimuli exist.
Chiefly, Hecht et al. (2011) reported grafting experiments where they utilised the late flowering
late1 mutant (Psgi) as scions grafted onto gigas (Psfta1) stocks. These plants flowered earlier
than late1 self grafts suggesting that there is a floral signal downstream of PsGI originating from
the gigas stocks, which is by definition not Psfta1. Similarly when gigas scions were grafted onto
late1 stocks the plants flowered earlier than gigas self grafts. This would not be observed if the
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disruption of PsFTa1 was the sole cause of late flowering in both mutants because if this were
the case identical flowering would occur (Hecht et al. 2011).

A strong candidate for transmitting the photoperiodic signal which is still present in gigas
mutants is the LD induced PsFTb2 gene, which is developmentally expressed in the leaves prior to
PsFTa1 and at a comparable, if not greater, level (Hecht et al. 2011). Additionally, both PsFTb genes
in P. sativum can complement an A. thaliana ft mutant (Hecht et al. 2011). As mentioned earlier,
the late-flowering late2 (Pscdf-like) mutant abolishes PsFTb2 expression while only weakening
that of PsFTa1 suggesting that the late-flowering phenotype may be attributable to the loss of
PsFTb2 expression (Ridge et al. 2016). Thus the role the PsFTb2 gene plays in P. sativum flowering
time should be examined further.

The remaining FT-like genes (PsFTa2, PsFTb1 and PsFTc) have not yet been linked to flowering
time and little is known about them. Firstly, PsFTa2 has a low level of expression in both LD
and SD, predominantly in the leaf, which is dependent on PsFTa1, as PsFTa2 expression is nearly
absent in gigas mutants (Hecht et al. 2011). Secondly, it seems unlikely that PsFTb1 is involved
in flowering as it has very low expression in both LD and SD (Hecht et al. 2011). Lastly, PsFTc is
intriguing as it causes very early flowering when overexpressed in a A. thaliana ft mutant, but
in P. sativum it is only expressed in the apex. It is therefore not responsible for transmitting
the photoperiodic signal which is still present in gigas mutants. Nevertheless, the expression
of PsFTc is reduced in gigasmutants, so it is downstream of PsFTa1. Given that a FTc clade gene
integrates vernalisation in L. angustifolius (Section 1.7.1), and that the vernalisation response
seen in gigas mutants appears to occur in the shoot, it is plausible that PsFTc could integrate
this signal. Whether this is the case or not is currently unknown.

1.7.3.2 The regulation of flowering time in Medicago truncatula

M. truncatula is a complementary reference species to P. sativum which has been developed
over the last two decades, primarily to study symbiotic nitrogen fixation. The study of flower-
ing time in M. truncatula is a more recent endeavour. It is an amenable species to study with
multiple reference genomes (Young et al. 2011; Tang et al. 2014; Moll et al. 2017), established
transformation protocols (Cosson et al. 2015) and mutant populations (Section 1.8.1; Tadege et
al. 2008; Cheng et al. 2014). AsM. truncatula is also a galegoid species the regulation of flowering
time in this species is anticipated to have much in common with P. sativum, however notable
differences also exist in the integration of floral signals.
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Homologues of key flowering time genes in other species have been assessed in M. trun-
catula. For instance, like G. max and P. sativum, M. truncatula do not possess an FLC-like gene,
indicating that the manner by which vernalisation regulates flowering time differs to that of A.
thaliana (Hecht et al. 2005; Kim et al. 2013). Nor doesM. truncatula possess a CO-like gene which
functions in the photoperiodic regulation of flowering, like CO does in A. thaliana. A recent study
examined eight out of eleven CO homologues in M. truncatula (including those most similar to
CO) and failed to find any evidence of function within the flowering time pathway (Wong et al.
2014). Specifically, the CO-like genes most similar to CO are well expressed in the non-inductive
SD and, like the previously discussed legume species, peak in expression at dawn like COL1 and
COL2 in A. thaliana. Additionally, transient luciferase assays did not find that any interact with
the promoter of FT or MtFTa1 (the principal floral activator) and loss of function alleles in three
of the homologues resulted in no change in flowering time when vernalised plants were grown
in LD (Wong et al. 2014).

M. truncatula does possess a homologue of the E1 gene (Fig. 1.7C), the floral repressor in G.
max (Section 1.7.2). Surprisingly, overexpression of MtE1 in G. max was unable to rescue the
moderate early flowering phenotype of an e1-as leaky allele, and Mte1 knockout mutants in M.
truncatula only have a small delay in flowering (Zhang et al. 2016). Together these results suggest
MtE1 does not play as central a role in the regulation of flowering in M. truncatula as E1 does
in G. max. Nevertheless it does suggest that MtE1 can act as a floral promoter (E1 in G. max is a
floral repressor) and so requires further scrutiny.

Work has also been conducted on MtFTa1 where expression analyses demonstrated that
MtFTa1 is induced within the leaves by both vernalisation and LD. It then maintains a relatively
constant level of expression throughout a diurnal cycle (Laurie et al. 2011). In Mtfta1 mutants,
where expression is abolished, late flowering relative to the wild-type is observed regardless
of the photoperiod. This indicates that, like PsFTa1 in P. sativum, MtFTa1 is a potent floral in-
ducer (Laurie et al. 2011). For instance, Mtfta1 plants grown in LD flowered on average ∼94 days
after planting, which is 30% later than the wild-type (which only requires ∼66 days). Further-
more, qualitiaively similar differences in architecture to gigas (Psfta1) mutants are observed
with reduced internode elongation and increased growth of axillary branch growth, giving the
M. truncatula plants a prostrate appearance (Laurie et al. 2011). It is considered likely thatMtFTa1
is a mobile floral stimulus (although evidence of mobility is needed). Unlike gigas (Psfta1) mu-
tants in P. sativum, the late flowering of Mtfta1 mutants cannot be overcome with vernalisation
and instead all vernalisation response is lost (Laurie et al. 2011). This means that the vernalised
Mtfta1 plants grown in LD flower similar to unvernalised plants grown in LD (∼92 days) and that
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the difference relative to wild type is even greater when the plants are veranlised as wild-type
plants flower after ∼34 days. Mtfta1 plants are therefore 63% later in these conditions. Thus M.
truncatula differs from P. sativum in that MtFTa1 integrates the vernalisation signal on flowering
while in P. sativum this signal is independent of PsFTa1.

M. truncatula Mtfta1 mutants also differ from P. sativum gigas (Psfta1) mutants in that when
grown in LD, flowering does eventually occur, albeit late (Laurie et al. 2011). This is perhaps a
consequence of MtFTa1 integrating both vernalisation and photoperiodic floral signals. The im-
portance of MtFTa1 was underscored when an allelic series of dominant MtFTa1 alleles, termed
the SPRING alleles was described. These alleles all increased the expression of MtFTa1 in LD
resulting in early flowering (Yeoh et al. 2013; Jaudal et al. 2013). These three mutants were all
mapped to retroelement insertions in the 3‘ end of the locus (spring1 and spring2 are down-
stream of the gene and spring3 is in the final intron). Interestingly, these mutants separate the
vernalisation and LD responsiveness of MtFTa1. In spring mutants the floral repression present
in the wild type in unvernalised plants grown in LD is absent such that whether they have been
vernalised or not plants grown in LD flower at similar times. However plants grown in SD do
flower late, indicating that the photoperiodic response is still present. In this photoperiod con-
dition a modest vernalisation response is still observed suggesting an alternative mechanism
to that of MtFTa1 also exists (Yeoh et al. 2013; Jaudal et al. 2013).

It should be noted that Mtfta1 mutants grown in SD flowered very late at ∼140 days after
planting. Compared to the flowering time of these plants in LD (∼92-94 days) it therefore appears
that these plants, while late flowering in all conditions, continue to respond to LD photoperiods
(Laurie et al. 2011). This suggests that, like P. sativum, additional floral signals to MtFTa1 exist.

Similar to P. sativum, MtFTb genes are candidates for this as in M. truncatula both MtFTb1
and MtFTb2 are expressed in the leaves, and induced in LD. However unlike MtFTa1 they are
not induced by vernalisation and have a diurnal pattern of expression peaking at ZT4 and ZT16
(Laurie et al. 2011), similar to E1 in G. max (Section 1.7.2; Xia et al. 2012a) and FT under “natural”
conditions in A. thaliana (Section 1.2.3; Song et al. 2018). Additionally MtFTb1, but not MtFTb2,
can complement a A. thaliana ft mutant.

Alongside MtFTa1 and the MtFTb genes there are an additional three FT-like genes present in
theM. truncatula genome (MtFTa2,MtFTa3 andMtFTc). Whether they play a role in the regulation
of flowering time is currently unknown. InM. truncatula MtFTa2 is strongly induced by vernalisa-
tion and SD conditions (although still detectable in LD) consistent with a floral repressor (Laurie
et al. 2011). The expression of MtFTa2 in Mtfta1 mutants is similar to wild-type plants (Laurie
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et al. 2011) which, as mentioned in Section 1.7.3.1, is not the case for PsFTa2 in P. sativum where
expression is dependent on PsFTa1 (Hecht et al. 2011). Thus the function these homologues play
in the two galegoid clade species may differ.

M. truncatula also possesses an additional FTa clade gene namedMtFTa3 however nothing is
known about the function of this gene as its expression has never been reported inM. truncatula.
This is intriguing as MtFTa3 shares greater sequence similarity with the FTa clade floral inducers
observed in G. max and the L. angustifolius FTa clade genes than FTa1 (Fig. 1.6A). It should be
noted that expression of a FTa3 gene has been detected in a C. arietinum where expression was
greater in LD than in SD and peaked prior to flowering, but four other FT-like genes were also
induced (Ridge et al. 2017) so whether it participates in flowering time remains unknown.

Expression ofMtFTc has been detected and like P. sativum this only occurs in the apex. While
it causes early flowering when over expressed in a A. thaliana ft mutant, a M. truncatula Mtftc
knockout mutants show no observed alteration of flowering time (Laurie et al. 2011).

Reverse genetics has also probed floral repressors in M. truncatula. For example, a
VERNALISATION2-like gene (VRN2-like; note that eudicot VRN genes are unrelated to monocot
VRN genes) has been demonstrated to participate in the regulation of flowering as a repressor.
In Mtvrn2 mutants flowering is accelerated under LD without vernalisation and expression of
MtFTa1 increased. Double Mtvrn2 Mtfta1 mutants confirmed that the accelerated flowering in
Mtvrn2 plants requires a functionalMtFTa1 and consequently thatMtVRN2 repressesMtFTa1 until
after vernalisation. However this repression does not appear to be direct (Jaudal et al. 2016). It
has also been reported that the overexpression of twoM. truncatula SVP-like genes in A. thaliana
results in a small late-flowering phenotype, however late-flowering was not seen when MtSVP1
was overexpressed in M. truncatula. Efforts to identify knockout mutants in these genes were
unsuccessful (Jaudal et al. 2014).

1.7.4 Inflorescence development in legumes

Legumes characteristically flower with compound indeterminate racemes producing highly
branched floral structures. While this is a moderate divergence from the simple inflorescences
of A. thaliana, the inflorescence development, predominantly studied in the galegoid clade
legumes, includes the majority of inflorescence genes present in A. thaliana (e.g. FD-like, AP1-
like, LFY-like genes; Sussmilch et al. 2015; Nan et al. 2014; Benlloch et al. 2015; Cheng et al. 2018).
Complexity does arise in the multiple copies of these genes present. For instance in legumes
there are three FUL-like genes (see Table 1.1), but it is FULc which appears to regulate inflores-
cence development (Berbel et al. 2012; Jaudal et al. 2015). In P. sativum the classical mutant veg-
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etative 1 (veg1) has been mapped to PsFULc and has been used to demonstrate that the protein
encoded by this gene regulates the generation of secondary inflorescence meristems, despite
the floral transition being triggered (Berbel et al. 2012). VEG1 genes are thought to be repressed
by TFL-like proteins and that the compound nature of inflorescences in legumes are therefore
the result of sequentially delaying in meristem commitment allowing secondary meristems to
form (Berbel et al. 2012).

There is also three SOC1-like genes in legumes and the potential for redundancy in func-
tion has made understanding their role in flowering time difficult. Currently it is known that M.
trucatula SOC1-like genes can accelerate flowering when overexpressed in A. thaliana (Jaudal
et al. 2018), and partially complement A. thaliana soc1 mutants (Fudge et al. 2018). However,
in M. truncatula a Mtsoc1a mutant flowers only slightly later than wild-type (Jaudal et al. 2018),
while a Mtsoc1b mutant does not have any alteration in flowering time (Fudge et al. 2018). The
expression of all three SOC1-like genes correlate well with vernalisation and LD, consistent with
participation in flowering time regulation (Fudge et al. 2018; Jaudal et al. 2018). However all
three SOC1-like genes fail to respond to vernalisation or LD in Mtfta1mutants (Fudge et al. 2018)
indicating that they do not integrate these signals independently of MtFTa1 and so may play
a smaller role than SOC1 does in regulating flowering time in A. thaliana. Thus, at least in M.
truncatula, SOC1-like genes currently do not appear to be floral integrators.

Differences in inflorescence development in legumes relative to A. thaliana do exist in the
activity of TFL-like genes in which, at least in P. sativum, the function has been split between at
least two of the three TFL-like genes present. One TFL-like gene, LATE FLOWERING (LF), appears
to regulate the induction of flowering as lf mutants are photoperiod insensitive and flower very
early, however the ability tomaintain indeterminacy is controlled by another TFL-like gene called
DETERMINATE (DET; Foucher et al. 2003). Elsewhere the function of the LFY-like gene, called
UNIFOLIATA in P. sativum and SINGLE LEAFLET1 in M. truncatula, has an additional role in the
regulation of compound leaf development (Hofer et al. 1997; Wang et al. 2008).

1.8 Mutagenic approaches to analyse flowering time

The production and characterisation of synthetic mutant lines is a widely applied technique
where projects producing thousands of mutants have, and continue to be, an integral element in
the understanding of fundamental plant biology (Sikora et al. 2011). Through the identification of
mutant lines with aberrant phenotypes causal loci can bemapped, and function then described.
This is termed a “forward genetics” strategy. The converse approach is also possible, termed
“reverse genetics”, where variant genotypes are identified a priori of any phenotypes and the



36 GEOFFREY THOMSON

function of the genetic loci affected is then discerned.

In recent years mutant screening has been buoyed by high-throughput genotyping technolo-
gies which allow mutations to be rapidly identified and mapped on a large-scale. These strate-
gies consist of the pooling of mutagenised samples along with high-throughput sequencing of
either targeted genomic regions (Tsai et al. 2011), exomes (Henry et al. 2014) or genomes (Abe
et al. 2012; Jiang et al. 2015). These techniques are most powerful when the mutant population
is generated via insertional mutagenesis which is where a foreign DNA sequence is incorporated
within a genetic loci, usually creating a frameshift or nonsense mutation. The known sequence
of the foreign DNA insert can then be specifically targeted for ease of mapping. This approach is
now both cost and time efficient to implement in a high-throughput manner (Lepage et al. 2013).
Additionally, the development of the CRISPR-Cas9 and CRISPR-Cas12a genome editing systems
which, amongst other things, can be used for custom “reverse genetics” experiments by intro-
ducing targeted mutations, is now widely implemented in plant systems where transformation
is possible. While P. sativum is not readily transformed, genome editing has been successfully
implemented in both G.max (Jacobs et al. 2015; Kim et al. 2017) and M. truncatula (Michno et al.
2015; Meng et al. 2017; Curtin et al. 2018). These techniques, coupled with the rapidly developing
field of high-throughput plant phenotyping technologies (Klukas et al. 2015) will no doubt yield
significant advances in the coming years.

The legume research community is fortunate to already possess a number of extant mutant
populations for functional genetic research. Mutagenised populations have been generated
using both chemical mutagenesis and fast neutron bombardment for for a number of species;
notably Lotus japonicus L. (Perry et al. 2003; Hoffmann et al. 2007), P. sativum (Dalmais et al.
2008), G. max (Cooper et al. 2008; Bolon et al. 2011), Phaseolus vulgaris L. (Porch et al. 2009;
O’Rourke et al. 2013) and M. truncatula (Le Signor et al. 2009; Starker et al. 2006; Rogers et al.
2009). Insertional T-DNA tagging has also been employed in L. japonicus (Imaizumi et al. 2005a)
and M. truncatula (Scholte et al. 2002). However, the most comprehensive mutant population is
the insertional mutagenesis of M. truncatula with the retrotransposon Tnt1 (Tadege et al. 2008;
Cheng et al. 2014), maintained by the Noble Research Institute (Ardmore, OK, USA). This thesis
makes extensive use of this population.

1.8.1 Tnt1 insertional mutagenesis in Medicago truncatula

In the mid-2000’s, the Pascal lab (Centre National de la Recherche Scientifique, Gif sur Yvette
Cedex, France) and the Noble Research Institute generated a mutant population ofM. truncatula
utilising the 5.3 kb Tnt1 retrotransposon derived from Nicotiana tabacum L. (tobacco; D’Erfurth
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et al. 2003; Tadege et al. 2008). This is a insertional mutagenesis strategy predicated on Tnt1
being a long-terminal repeat class I transposable element. Transposable elements of this class
are able to insert into the genome of an organism while maintaining the original insertion in
a stable manner, as they transpose via an RNA intermediate (Lisch 2013). The only additional
structural change is a characteristic 5 bp duplication at the site of insertion (D’Erfurth et al.
2003).

Tnt1was an attractive candidate for genome-widemutant screening inM. truncatula because
it was known that it is reproducibly induced in tissue culture (Melayah et al. 2001; Courtial et al.
2001). Unlike other LTR retrotransposons, such as Tos17 from O. sativa (Miyao et al. 2003), Tnt1
inserts randomly while favouring gene-rich non-repetitive locations (Courtial et al. 2001; Tadege
et al. 2008; Jiang et al. 2015). Early testing of Tnt1 transposition observed multiple insertions
(15-26) in the M. truncatula genome (Courtial et al. 2001; D’Erfurth et al. 2003), meaning that
significantly fewer mutant lines are required to be generated to saturate the genome. In fact,
only one transformation event needed to occur and then multiple lines were regenerated. This
was of benefit as transformation and regeneration ofM. truncatula, while possible, is not a facile
process.

Initially it was estimated that 670,000 inserts would cover 90% of the genome, meaning
14,000–16,000 mutant lines would be required (Tadege et al. 2008). These calculations, assumed
1.7 kb as the average gene size (since revised down to 1.6 kb; Tang et al. 2014) and an average of
25 inserts per line. They are based off this equation Eq. 1.1:

P = 1− (1− [x/y])t∗g∗n 1.1

where P is the probability of finding a Tnt1 insert within a given gene, x is the average loci
length (1.6 kb), y is the total transcriptome size (113.10 Mb), t is the probability that a given Tnt1
will insert within a transcribed region (0.573), g the probability that a given Tnt1 will insert into
euchromatin (0.786) and n is the total number of Tnt1 inserts present in the population (Krysan
et al. 1999; Tadege et al. 2008).

In 2014 the Noble Research Institute announced that they had regenerated >21,700 lines
(Cheng et al. 2014). Assuming 25 inserts per line, this works out to 97.5% coverage (Fig. 1.8).
This a significant underestimate as recent genome re-sequencing projects have found an aver-
age of at least 80 insertions per line (Jiang et al. 2015; Sun et al. 2019). Nevertheless, these are
averages. When discussing specific genes the probability of a given gene having an insertion
naturally changes with its size.
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Figure 1.8 – The probability of a Tnt1 insertion event within genes of different sizes with a larger
number of total insertions within the population. Vertical dashed lines represent the
current number of inserts within the population assuming 25 and 65 inserts
respectively. This graph is adapted from Tadege et al. (2008) and is generated by the
script available in Supplement S.1 Table S.2.

Despite being calculated to have near saturated the M. truncatula gene space (Tadege et al.
2008; Cheng et al. 2014), the location of all the insertions within these lines are far from fully
mapped and functionally characterised. To date most mapping on insertion locations has been
conducted using PCR-based DNA pooled screening approaches using thermal asymmetric inter-
laced (TAIL)-PCR (Cheng et al. 2014) which is limited by the effort required to fully characterize
a line. Consequently, only 38% of annotated genes are reported to have a Tnt1 insertion in at
least one line (Sun et al. 2019). Nevertheless, the population has been a valuable tool in genetics
studies including a number concerned with flowering time (Laurie et al. 2011; Jaudal et al. 2013;
Yeoh et al. 2013; Wong et al. 2014; Jaudal et al. 2015).
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1.9 Previous work of the Putterill lab

Legumes are an important family of plants both ecologically and agriculturally (Section 1.1).
However, as discussed in Section 1.6 there are significant differences in the regulation of flow-
ering time relative to the well studied A. thaliana. Furthermore, there is remarkable variation
within the legumes in the manner flowering time is regulated, particularly concerning the util-
isation of FT-like genes (Section 1.7). Even closely related species in the galegoid clade show
differences, with the manner in which vernalisation is integrated differing between P. sativum
and M. truncatula (Section 1.7.3.2). Thus, an understanding of flowering time regulation in mul-
tiple reference species is essential if flowering time is to be optimised in future conservation or
crop breeding programs.

The study of flowering time in M. truncatula is the principal focus of the Putterill lab (The
University of Auckland, Auckland, NZ). The lab has established expertise in the growth of M.
truncatula, as well as crossing and plant transformation. To do this extensive is made of the
Tnt1 insertional mutant population maintained by the Noble Research Institute (Section 1.8.1;
Tadege et al. 2008; Cheng et al. 2014).

Work in the Putterill lab has previously centred on MtFTa1, by contributing to its initial char-
acterisation (Laurie et al. 2011) and later, through the Springmutants identified through forward
screens of the Tnt1mutant population. As discussed in Section 1.7.3.2, these are an allelic series
of gain-of-function mutants which upregulate MtFTa1 in LD doing away with vernalisation re-
sponsiveness (Yeoh et al. 2013; Jaudal et al. 2013). The lab has also investigated other flowering
time loci including the expression patterns of FUL-like (Jaudal et al. 2015) and SVP-like genes
(Section 1.7.3.2; Jaudal et al. 2014; Jaudal et al. 2014; Jaudal et al. 2015).

More recently the lab has also characterised mutants of MtVRN2 and the SOC1-like gene Mt-
SOC1a. MtVRN2 represses the vernalisation response in M. truncatula and acts through MtFTa1
(Jaudal et al. 2016), while MtSOC1a acts downstream of MtFTa1 and results in a moderate delay
in flowering when knocked out (Section 1.7.3.2; Jaudal et al. 2018).



40 GEOFFREY THOMSON

1.10 Aims of this thesis

The broad aim of this thesis is to further the understanding of flowering time in the galegoid
legumeM. truncatula, with a focus on the photoperiod pathway. Currently the molecular charac-
terisation of this pathway is incomplete as it is unclear how the LD inductive signal is transmitted
from the photoreceptors, and circadian clock, to the suspected florigen MtFTa1 (Section 1.7.3).
Additionally, FT-like genes other than MtFTa1may play a role in the regulation of flowering time.
Drawing on the expertise already present in the Putterill lab, this thesis aims to utilize genetic
stategies to investigate this pathway in M. truncatula using the Tnt1 retrotransposon population
maintained by the Noble Research Institute (Ardmore, OK, USA; Section 1.8.1). Specifically this
thesis aims to:

1. Identify and describe the locus responsible for a late flowering line previously observed
in a forward genetics screen of Tnt1 lines (Chapter 3).

2. Reverse screen Tnt1 lines with reported inserts in candidate photoperiod flowering time
genes.

• Target FT-like genes (Chapter 4).

• Target other genes with possible roles in the photoperiod pathway and/or FT trans-
port (Chapter 5).

3. Utilise existing M. truncatula gene expression datasets to identify genes which are ex-
pressed in a similar or opposite manner to FT-like genes. This has the goal of identifying
further candidate flowering time regulators (Chapter 6).



2 | Materials and methods
2.1 Materials

2.1.1 Chemicals and media

Standard molecular biology chemicals were used in the work presented in this thesis. They
were of analytical grade and sourced from local distributors of the following suppliers: Merck™
KGaA (Germany; www.merckgroup.com), Sigma-Aldrich™ (trademark of Merck™ KGaA, Germany;
www.merckgroup.com) and HiMedia Laboratories™ (India; www.himedialabs.com). Antibiotics
were sourced from Duchefa Biochemie B.V. (Netherlands; www.duchefa-biochemie.com).

Other common lab chemicals were sourced from speciality suppliers. Agarose was sourced
from HydraGene, Co. Ltd. (NJ, USA; www.hydragene.com) and Kalys Agar was sourced from
Kalys Biotechnologies (France; www.kalys.com). Sodium Hypochlorite solution (12-5-15%) was
obtained from ECP Ltd. (NZ; www.ecplabchem.co.nz) and liquid nitrogen from BOC (subsidiary
of The Linde Group, Germany; www.boc.co.nz).

The work presented in this thesis used deionised water for media and solutions with the
pH of solutions tested using a PB-10 pH Meter (Sartorius AG; Germany; www.sartorius.com).
Unless otherwise specified solutions, of 1 M HCL, 1 M KOH or 3 M NaOH were used to adjust the
pH of solutions. Media and solutions were then sterilised by autoclaving (Astell, United King-
dom; www.astell.com) or, if solutions would be degraded by autoclaving, using cellulose acetate
syringe filters with 0.45 µm pores (MicroAnalytix Pty Ltd., NZ; www.microanalytix.co.nz).

Assays that required water used Ultrapure™ Distilled Water from Invitrogen™ (trademark
of Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com). Constituents of media
and solutions used in this thesis can be found in Table 2.1.
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Table 2.1 – Constituents of media and solutions used in this thesis. Reagents listed are the concentrations in the final solution. In many cases
intermediary stock solutions were used in their preparation

Media/Solution Reagents pH Storage Comments

Competent cell solution 5% Glycerol; 10% (CH3)2SO - 4 ◦C

Fahraeus agar media
(modified)

0.9 mM CaCl2 ; 0.5 mM MgSO4;
0.7 mM KH2PO4; 0.8 mM Na2HPO4;
20 µM FeC6H5O7; 0.5 mM NH4NO3;
1 µM MgCL2; 0.6 µM CuSO4; 0.7 µM ZnCL2;
1.6 µM H3BO3; 0.5 µM Na2MoO4

7.2 - If making solid media add 1.5% (w/v)
agar

Frozen storage media 20 mM K2HPO4; 100 mM KH2PO4;
900 µM Na3C6H5O7·2H2O;
200 µM MgSO4·7H2O; 30% glycerol

- -

Hydroponics - Solution A* 0.75 mM KNO3; 1.5 mM Ca(NO3)2·4H2O;
25 µM KCl; 72 µM C10H12FeN2NaO8

- 4 ◦C Hydroponic solutions A and B
are kept separate until just before
use. Typically 200x concentration
solutions were made and diluted with
tap water. Note that this media lacks
the Na2SiO3 used by Gibeaut et al. (1997)
who originally described the media.

Hydroponics - Solution B* 0.75 mM KNO3; 0.5 mM KH2PO4;
0.75 mM MgSO4·7H2O; 50 µM H3BO3;
10 µM MnSO4·4H2O; 2 µM ZnSO4·7H2O;
1.5 µM CuSO4.5H2O;
0.0075 µM (NH4)6Mo7O24.4H2O; 25 µM KCl

5.7 4 ◦C It is the final combined solution
which needs to be pH 5.7. To achieve
this make a 1 L test batch and adjust
pH using concentrated H3PO3. Add
199x volume added to test batch to
the remaining Hydroponics -
Solution B.
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Media/Solution Reagents pH Storage Comments

Infiltration media (IM) 0.44% (w/v) Murashige and Skoog
Basal Media; 146 mM Sucrose ;
1% MS Vitamin Solution 1;
0.5% MS Vitamin Solution 2

5.8 - Adjust pH using KOH

Lysogeny broth (LB) 170 mM NaCl; 1% (w/v) Peptone;
0.5% (w/v) Yeast-extract

7 - If making solid media add 1.5% (w/v)
agar

MS vitamin solution 1 3 mM Glycine; 56 mM Myo-inositol - -
MS vitamin solution 2 0.1% (w/v) Nicotinic acid ;

0.02% (w/v) Thiamine HCl (B1);
0.1% (w/v) Pyridoxine HCl (B6)

- -

Murashige and Skoog media
including vitamins (MS+V)

0.44% (w/v) Murashige and Skoog Basal
Media; 29 mM Sucrose ; 0.3% Phytagel™;
1% MS Vitamin Solution 1;
0.5% MS Vitamin Solution 2

5.7 -

N6 major salts 7.5 mM MgSO4.7H2O; 280 mM KNO3;
35 mM (NH4)2SO4; 11 mM CaCl2.2H2O;
30 mM KH2PO4

- 4 ◦C

SH3a 10% N6 major salts; 0.1% SH minor salts;
0.1% SH vitamins ; 400 µM Ferric sodium
ethylenediaminetetraacetic acid;
555 µM Myo-inositol; 88 mM Sucrose;
18 µM 2,4-Dichlorophenoxyacetic acid (2,4-D);
2.2 µM 6-Benzylaminopurine (BAP)

5.8 - If making solid media add 0.3% (w/v)
Phytagel™. Do not remelt following ster-
ilisation

SH9 10% N6 major salts; 0.1% SH minor salts;
0.1% SH vitamins; 400 µM Ferric sodium
ethylenediaminetetraacetic acid;
555 µM Myo-inositol; 88 mM Sucrose

5.8 - If making solid media add 0.7% (w/v) of
Kalys agar
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Media/Solution Reagents pH Storage Comments

1/2 SH9 5% N6 major salts; 0.05% SH minor salts;
0.05% SH vitamins; 200 µM Ferric sodium
ethylenediaminetetraacetic acid;
228 µM Myo-inositol; 44 mM Sucrose

5.8 - If making solid media add 0.7% (w/v) of
Kalys agar

SH minor salts 60 mM MgSO4·7H2O; 80 mM H3BO3;
3.5 mM ZnSO4·7H2O; 6 mM KI;
1 mM Na2MoO4·2H2O; 0.8 mM CuSO4·5H2O;
42 µM CoCl2·6H2O

- 4 ◦C

SH vitamins 0.5% (w/v) Nicotinic acid;
0.5% (w/v) Thiamine HCl (B1);
0.5% (w/v) Pyridoxine HCl (B6)

- 4 ◦C

Super Optimal broth (SOB) 2% (w/v) Peptone; 0.5% (w/v) Yeast-extract;
10 mM NaCl; 2.5 mM KCl;
10 mM MgCl2; 10 mM MgSO4

7 -

Super Optimal broth with
Catabolite repression (SOC)

2% (w/v) Peptone; 0.5% (w/v) Yeast-extract;
10 mM NaCl; 2.5 mM KCl; 10 mM MgCl2;
10mM MgSO4; 20 mM Glucose

7 - Sterilize glucose separately to other
reagents.

Synthetic Defined media
without Leucine and
Tryptophan (SD-LW)

0.67% (w/v) Yeast nitrogen base without
amino acids; 1.7% (w/v) Agar;
111 mM Glucose; 222 µM Adenine;
205 µM Lysine; 134 µM Methionine;
178.4 µM Uracil; 128.9 µM Histidine

5.8 - Add glucose, adenine and amino
acids from filter sterilised stock
solutions after autoclaving.

Synthetic Defined media
without Leucine (SD-L)

0.67% (w/v) Yeast nitrogen base without
amino acids; 1.7% (w/v) Agar;
111 mM Glucose; 222 µM Adenine;
205 µM Lysine; 134 µM Methionine;
178.4 µM Uracil; 98 µM Tryptophan;
128.9 µM Histidine

5.8 - Add glucose, adenine and amino
acids from filter sterilised stock
solutions after autoclaving.
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Media/Solution Reagents pH Storage Comments

Synthetic Defined media
without Tryptophan
(SD-W)

0.67% (w/v) Yeast nitrogen base
without amino acids; 1.7% (w/v) Agar;
111 mM Glucose; 222 µM Adenine;
205 µM Lysine; 134 µM Methionine;
178.4 µM Uracil; 457.4 µM Leucine;
128.9 µM Histidine

5.8 - Add glucose, adenine and amino
acids from filter sterilised stock
solutions after autoclaving.

Synthetic Defined media
without Leucine,
Tryptophan and
Histidine (SD-LWH)

0.67% (w/v) Yeast nitrogen base without
amino acids; 1.7% (w/v) Agar;
111 mM Glucose; 222 µM Adenine;
205 µM Lysine; 134 µM Methionine;
178.4 µM Uracil

5.8 - Add glucose, adenine and amino
acids from filter sterilised stock
solutions after autoclaving.
If required filter sterilised
3-amino-1,2,4-triazole is also added
to this media after autoclaving.

TE buffer 10 mM tris(hydroxymethyl)aminomethane (pH
8.0); 1 mM ethylenediaminetetraacetic acid

8 -

TY/Calcium media 0.5% (w/v) Peptone; 0.3% Yeast-extract;
6 mM CaCl2

7.2 - If making solid media add 1.5% (w/v)
agar. Add sterile CaCl2 after
sterilising the media.

Yeast-Extract Beef broth
(YEB)

0.5% (w/v) Beef extract; 0.1% (w/v)
Yeast-extract; 0.005% (w/v) Peptone;
15 mM Sucrose; 15 mM MgSO4

7.2 -

Yeast-Extract Peptone Ade-
nine Dextrose Media (YEPAD)

1% (w/v) Yeast-extract; 2% (w/v) Peptone;
296 µM Adenine; 122 mM Glucose

- - Add glucose and adenine after
autoclaving.
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Media/Solution Reagents pH Storage Comments

Yeast transformation
solution

36% (w/v) Polyethylene glycol;
100 mM C2H3LiO2; 28% Salmon sperm

- - Make up fresh in 360 µl volumes
(including DNA to be transformed)
for each reaction. Use Polyethylene
glycol 4000 50% and 1 M C2H3LiO2 filter
sterilised stock solutions, the latter
stored at 4 ◦C. Pre-boil salmon sperm
for 10 minutes prior to use.

YN media 0.3% Beef extract; 0.5% Peptone;
0.1% Yeast-extract; 137 mM NaCl

7.3 - Adjust pH using NaOH

* Please read comments on combining hydroponics solutions before use
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2.1.2 Oligonucleotides and plasmids

Custom olidgonucleotides for use as polymerase chain reaction (PCR) primers were designed
using the Primer3 (v. 2.3.4; Untergasser et al. 2012) plugin for the latest version of Geneious
(≤ v8.0; Kearse et al. 2012). This utilised the Mt4.0 genome (Young et al. 2011; Tang et al. 2014)
as a reference and primers were then compared to the R108 genome (v1.0; Moll et al. 2017).
Adjustments to the sequenceweremade if necessary. The use of dual genomes is a consequence
of the Mt4.0 genome annotation being that which is most commonly used (i.e. gene names in the
format Medtr*) and R108 being the accession predominantly studied. Primers were designed to
encompass the feature of interest but generally amplicons of 400-1,000 bp were targeted. The
exception to this is primers for real time quantitative PCR (RT-qPCR) for which amplicons of
80-180 bp were designed.

Primer names were assigned by the closest annotated feature in the relevant reference se-
quence followed by the distance from the first base of the primer to the first base of the corre-
sponding feature. If the R108 sequence differed from Mt4.0 then the R108 sequence was used
to name the primer, this is indicated with a ’R108’ suffix to the primer name. Potential primer
sequences were then analysed for potential hairpin structures and dimerisation using the Oligo-
Analyzer 3.1 tool (sg.idtdna.com/calc/analyzer) and if no problems were predicted, subsequently
commercially synthesised by Integrated DNA Technologies (IA, USA; www.idtdna.com). When
received oligonucleotides used as PCR primers were then made up to 100 µM stocks and diluted
to 10 µM working concentrations using water. A full list of the oligonucleotides used as PCR
primers in this study can be found in Table 2.2.

Gene fragments for use in cloning were also commercially synthesised as gBlocks™
(Integrated DNA Technologies, IA, USA; www.idtdna.com) and diluted to 10 ng/µl stocks with
TE buffer. The sequences of the gBlocks™ used in this thesis are available in Supplement S.2
Table S.3.

www.idtdna.com
www.idtdna.com
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Table 2.2 – Oligonucleotides used as PCR primers in this study.

Name Sequence Comment/Reference
AT1G79430_295_F TGGGTGTGAAGGGTCTTACTC
Basta_F2 GCGTTCAAAAGTCGCCTAAG
Basta_R GAAGTCCAGCTGCCAGAAAC
FTa1_forward GTAGCAGTAGGAATCCACTAGC Laurie et al. (2011)
FTa1_reverse ACACTCACTCTCGGTTGATTTCC Laurie et al. (2011)
FTa2_forward AAGTGGTAGCAGACCGAATC Laurie et al. (2011)
FTa2_reverse CACCACCATTGGTAACAGTC Laurie et al. (2011)
G775 GACTCGAGTCGACATCGA(T)17
Medtr0291s0010_102_F GGCGGAACTGGTTGGCTATA
Medtr0291s0010_1689_F GGAAGAGCAGAACCACCTCT
Medtr0291s0010_1851_R CTTTTGTACCTCACCAAGCCA
Medtr0291s0010_791_R108_R TTCGGTGTTTTAGTCGGACA
Medtr2g058520_148_F ACAAGGGATCAGTGTCCACG
Medtr2g058520_267_R CACCAAATCTGCAGCCAACA
Medtr2g058520_379_F TTCTAAAGCGATGGTCTTCA
Medtr2g058520_543_R CGGCGGTATAGCCCGTTTAA 1 bp different to R108 at position 1
Medtr2g073260_22_R GTTCACTCTGGAACCCCACC
Medtr2g073260_425_R TCCTCGCCTTTCCTAACAGC
Medtr2g073260_n1204_F GGTGTTTTGGAGTCGGAGAGA
Medtr2g073260_n550_F ACACCTTCTTTCTTGCTGCA
Medtr6g444980_1062_F GGGGGTGGAACTCTTTCAAT
Medtr6g444980_10_F TGTTCCCTCCAAAGAAGCCT
Medtr6g444980_156_F ACTCAGCTTGGAGGACCTGA
Medtr6g444980_706_R CCTTGTGGGGTTGCTTTCCA
Medtr6g444980_1574_F GGACCTCATGGAATGGCTGA
Medtr6g444980_1861_F GGACTGCTTCATCATGCTTGG
Medtr6g444980_1990_R TCCCCTTGAAGTAAAGGCTTTGT
Medtr6g444980_1867_R108_R AAGCATGATGAAGCAGTCCCT
Medtr6g444980_1990_R TCCCCTTGAAGTAAAGGCTTTGT
Medtr6g444980_2127_R GTGAACCTCTACCTTGTGCCA
Medtr6g444980_2067_F ATGCTGAAAGAATGAGTCCTATGA
Medtr6g444980_2147_R AACTAATTTTTATCCAAATGGTGAACC
Medtr6g444980_224_R108_R AGGGTGAGTGAGAATAGAAAGAA
Medtr7g006630_1900_F AGGCAACCTTGTAGGCACAC
Medtr7g006630_1920_R GTGTGCCTACAAGGTTGCCT
Medtr7g006630_2240_R GAGAGCCCATATTGTACCAC 1 bp (G-A) different to R108

at position 5
Medtr7g006630_477_R CAATGGTGCAGCTGATGGTA
Medtr7g006630_864_R108_F TCGTAGAAAAGAACTAATTACGGTGT
Medtr7g006630_n115_F AGAGCCAATGAGCAAGTTATCA
Medtr7g006690_156_R108_R TGAGTTGATTATTTGAGAGG
Medtr7g006690_20_F TCCTCTTGTTGTTGGTGGTGT
Medtr7g006690_2702_F GTGTCACCTCCCCAGTTAGC 2 bp (T-C; T- ) different to R108

at positions 4 and 9
Medtr7g006690_3347_F TGGATTACCTGTTGCTGCTC
Medtr7g006690_3477_R TGAAGGACAGGGATATATTTG 1 bp (G-A) different to R108

at position 10
Medtr7g006690_392_R108_R GCTAGGACAAAGAAGGAATGGC
Medtr7g084970_1171_R108_F GGAAGCTTAGTGTTGGTTTGG
Medtr7g084970_2193_R108_R TGTTTGTGGTTTGCAGCAGT
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Name Sequence Comment/Reference
Medtr7g084970_331_F AGCCCAAGTAACCCCACTTT
Medtr7g084970_347_R TGGGGTTACTTGGGCTAGGT
Medtr7g084970_685_R108_R CCCAAACGTTTCACATATCC
Medtr7g084970_n126_F TGGTACGCAACAGGAAAGGA
Medtr7g084970_n1405_R108_R AACGAGTTGTTGAGGATGTGTC
Medtr7g084970_1533_F AACGATGGATCCCTGAAGTG
Medtr7g084970_n2117_R CCTTCGTCAATTTGGTTCGT
Medtr7g084970_n2137_F ACGAACCAAATTGACGAAGG
Medtr7g084970_n22_F GTGTGAGAACTAAGAACCAC
Medtr7g084970_n2785_R108_F TCGGAGAAGTTCTGTTCGTG
Medtr7g085020_191_R GCTGTTGGGTCATTTACGCC
Medtr7g085020_n115_F ACGAATATCTCATCTCCCCTGC
Medtr7g100450_591_R108_F AGCTCCTCTGTTCCAAAGACT
Medtr7g100450_798_R TCCTGACCTTCCCTTCACAAC
pBG2GW7_R TTTTGCGGACTCTAGCATGG
pDE_Cas9_Cas9_3899_F GCCTATCAGGGAACAGGCAG
pDe_Cas9_Cas9_4045_R GGATGAGGGTAGCATCGAGC
PP2A_F GTGTTTTGCTTCCGCCGTT Kakar et al. (2008)
PP2A_R CCAAATCTTGCTCCCTCATCTG Kakar et al. (2008)
pSAK778_SUC2_OCS_623_F ATGCGATCATAGGCGTCTCG
sgRNA1 (sense) ATTGAAGTTGGTGGAAATGACCTCAGG
sgRNA2 (sense) ATTGGGTGGATTGACTATTTGGGAAGG
sgRNA3 (sense) ATTGCCTCAGGACTCTATACACTCTGG
sgRNA4 (sense) ATTGTTACACCACAGACCACAAGAGGG
SS129 CACAGGAAACAGCTATGAC Fauser et al. (2014)
SS42 TCCCAGGATTAGAATGATTAGG Fauser et al. (2014)
SS43 CGACTAAGGGTTTCTTATATGC Fauser et al. (2014)
Tnt1_F2 TCTTGTTAATTACCGTATCTCGGTGCTACA
Tnt1_F ACAGTGCTACCTCCTCTGGATG Laurie et al. (2011)
Tnt1_R CAGTGAACGAGCAGAACCTGTG Laurie et al. (2011)
35S_F CACTGACGTAAGGGATGACG

Naming scheme is by the closest annotation in the relevant reference sequence (usually M. truncatula A17 genome)
followed by the distance from the first base to the first base of the corresponding annotation and primer orientation.
An ”n” signifies it occurs upstream of the annotation and an ”R108” signifies that R108 is the relevant reference
genome.

Plasmids used for cloning and as vectors for plant transformation are listed in Table 2.3. The
plasmids pEN_C1_1 and pDE_Cas9 (Fauser et al. 2014) were sourced from Dr Revel Drummond
(New Zealand Institute for Plant and Food Research Limited), who sourced them directly from
the authors who published them. The pSAK778_AtSUC2 (Varkonyi-Gasic et al. 2013) plasmid was
also sourced directly from the authors. Plasmids pDONOR™221, pDEST™22, pDEST™32 (Thermo

Fisher Scientific Inc.; MA, USA; www.thermofisher.com) and pB2GW7 (Karimi et al. 2007) were
already present in the Putterill lab. These plasmids were kept as frozen stocks at -80◦C using
frozen storage media until they were required, at which time they were streaked out onto plates
of Lysogeny Broth (LB) with the appropriate antibiotics.

Plasmids generated in this thesis from these existing plasmids are listed in Table 2.4. Their
generation is outlined in Section 2.4.

www.thermofisher.com
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Table 2.3 – Plasmids used for cloning and as vectors for plant transformation or Y2H assays.

Plasmid Length Gateway® Compatible Antibiotic
Resistance*

Restriction
enzyme

Comments Reference

Used in Chapter 4

pEN_C1_1 3,766 bp attL1/attL2 sites Ampicillin EcoRI** Contains a tracrRNA sequence
downstream of a A. thaliana
U6-26 promoter. A crRNA can be
introduced to form a chimeric
sgRNA through BbsI sties.

Fauser et al. (2014)

pDE_Cas9 15,758 bp attR1/attR2 sites Spectinomycin NotI Binary vector containing a
Streptococcus pyogenes
Rosenbach 1884 Cas9 sequence
including a C-terminal SV40
nuclear localisation signal.
This is driven by the
Petroselinum crispum (Mill.)
Fuss Ubiquitin4-2 promoter.
The sgRNA cassette from
pEN_C1_1 can be cloned onto
the T-DNA of this plasmid which
also contains phosphinothricin
(PPT) resistance.

Fauser et al. (2014)

Continued on the next page



ANALYSIS
OF

CANDIDATE
PHOTOPERIODIC

FLOW
ERING

PATHW
AY

GENES
51

Plasmid Length Gateway® Compatible Antibiotic
Resistance*

Restriction
enzyme

Comments Reference

Used in Chapter 5
pDONOR™221 4,762 bp attP1/attP2 sites Kanamycin HincII; PvuII Gateway cloning entry vector. Thermo Fisher

Scientific,
MA, USA

pB2GW7 10,882 bp attR1/attR2 sites Spectinomycin SalI; NcoI Binary vector where the cloned
gene is driven by the Cauliflower
mosaic virus (CaMV) 35S promoter.
Contains PPT resistance on the
T-DNA.

Karimi et al. (2007)

pSAK778_AtSUC2 13,279 bp - Spectinomycin HincII; PvuII Binary vector with A. thaliana
SUCROSE TRANSPORTER2
promoter currently driving a
Actinidia chinensis FT homologue.
Contains kanamycin resistance
on the T-DNA.

Varkonyi-Gasic et al.
(2013)

pDEST™22 8,923 bp attR1/attR2 sites Ampicillin PvuII Generates a N-terminal GAL4
DNA activation domain fusion
driven by a alcohol
dehydrogenase I promoter for
expression in Saccharomyces
cerevisiae Meyen ex E.C. Hansen.

Thermo Fisher
Scientific,
MA, USA

pDEST™32 12,226 bp attR1/attR2 sites Gentamicin Digest Generates a N-terminal GAL4
DNA binding domain fusion
driven by a alcohol
dehydrogenase I promoter
for expression in S. cerevisiae.

Thermo Fisher
Scientific,
MA, USA

* In selecting for these strains standard antibiotic concentrations were used; 100 µg/ml ampicillin, 50 µg/ml gentamicin, 50 µg/ml kanamycin and 50 µg/ml spectinomycin.
** Note that digestion of pEN_C1_1 with EcoRI does not confirm that cloning the crRNA into the sgRNA has been successful (crRNA is only 23 bp) just that the extracted and digested plasmid
is pEN_C1_1.
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Table 2.4 – Plasmids generated in this thesis via cloning for use as vectors for plant transformation
or Y2H assays. Sequences for these plasmids can be found in Supplement S.2 Table S.3
with corresponding annotations in Supplement S.2 Table S.4.

Plasmid Description
Generated in Chapter 4
pEN_C1_1-Medtr7g006630_sgRNA1_m8 Gateway cloning entry vector containing the

AtU6-26::Medtr7g006630_sgRNA1_m8 sgRNA construct.
pEN_C1_1-Medtr7g006630_sgRNA2 Gateway cloning entry vector containing the

AtU6-26::Medtr7g006630_sgRNA2 sgRNA construct.
pEN_C1_1-Medtr7g006630_sgRNA3 Gateway cloning entry vector containing the

AtU6-26::Medtr7g006630_sgRNA3 sgRNA construct.
pEN_C1_1-Medtr7g006630_sgRNA4 Gateway cloning entry vector containing the

AtU6-26::Medtr7g006630_sgRNA4 sgRNA construct.
pDE_Cas9-Medtr7g006630_sgRNA1_m8 Gateway cloning destination vector containing PsUbi4-2::spCas9 and

AtU6-26::Medtr7g006630_sgRNA1_m8 sgRNA constructs.
pDE_Cas9-Medtr7g006630_sgRNA2 Gateway cloning destination vector containing PsUbi4-2::spCas9 and

AtU6-26::Medtr7g006630_sgRNA2 sgRNA constructs.
pDE_Cas9-Medtr7g006630_sgRNA3 Gateway cloning destination vector containing PsUbi4-2::spCas9 and

AtU6-26::Medtr7g006630_sgRNA3 sgRNA constructs.
pDE_Cas9-Medtr7g006630_sgRNA4 Gateway cloning destination vector containing PsUbi4-2::spCas9 and

AtU6-26::Medtr7g006630_sgRNA4 sgRNA constructs.
Generated in Chapter 5
pDONOR™221-Medtr2g058520 Gateway cloning entry vector containing the gDNA of Medtr2g058520

(MtE1).
pB2GW7-Medtr2g058520 Binary vector with a 35S::Medtr2g058520 (MtE1) constuct.
Generated in Chapter 5
pSAK778_AtSUC2::AT1G79430 Binary vector with a AtSUC2::AT1G79430 (FE) construct.
pSAK778_AtSUC2::Medtr6g444980 Binary vector with a AtSUC2::Medtr6g444980 (MtFE) construct.
Generated in Chapter 5
pDONOR™221-AT5G15840 Gateway cloning entry vector containing the CDS of AT5G15840.1 (CO)
pDONOR™221-AT5G47640 Gateway cloning entry vector containing the CDS of

AT5G47640.1 (AtNF-YB2)
pDONOR™221-Medtr6g444980 Gateway cloning entry vector containing the CDS of

Medtr6g444980.2 (MtFE)
pDONOR™221-Medtr3g058980 Gateway cloning entry vector containing the CDS of

Medtr3g058980.1 (MtNF-YB-like)
pDONOR™221-Medtr5g095740 Gateway cloning entry vector containing the CDS of

Medtr5g095740.1 (MtNF-YB-like)
pDONOR™221-Medtr1g082660 Gateway cloning entry vector containing the CDS of

Medtr1g082660.1 (MtNF-YC-like)
pDONOR™221-Medtr3g099180 Gateway cloning entry vector containing the CDS of

Medtr3g099180.1 (MtNF-YC-like)
pDONOR™221-Medtr7g113680 Gateway cloning entry vector containing the CDS of

Medtr7g113680.1 (MtNF-YC-like)

Continued on the next page
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Plasmid Description
Generated in Section 5.4
pDEST™22-AD-AT5G15840 Gateway cloning destination vector containing the CDS of

AT5G15840.1 (CO) with a N-terminal DNA activation
domain fusion.

pDEST™22-AD-AT5G47640 Gateway cloning destination vector containing the CDS of
AT5G47640.1 (AtNF-YB2) with a N-terminal DNA activation
domain fusion.

pDEST™22-AD-Medtr6g444980 Gateway cloning destination vector containing the CDS of
Medtr6g444980.2 (MtFE) with a N-terminal DNA activation
domain fusion.

pDEST™22-AD-Medtr3g058980 Gateway cloning destination vector containing the CDS of
Medtr3g058980.1 (MtNF-YB-like) with a N-terminal DNA
activation domain fusion.

pDEST™22-AD-Medtr5g095740 Gateway cloning destination vector containing the CDS of
Medtr5g095740.1 (MtNF-YB-like) with a N-terminal DNA
activation domain fusion.

pDEST™22-AD-Medtr1g082660 Gateway cloning destination vector containing the CDS of
Medtr1g082660.1 (MtNF-YC-like) with a N-terminal DNA
activation domain fusion.

pDEST™22-AD-Medtr3g099180 Gateway cloning destination vector containing the CDS of
Medtr3g099180.1 (MtNF-YC-like) with a N-terminal DNA
activation domain fusion.

pDEST™22-AD-Medtr7g113680 Gateway cloning destination vector containing the CDS of
Medtr7g113680.1 (MtNF-YC-like) with a N-terminal DNA activation
domain fusion.

pDEST™32-BD-AT5G15840 Gateway cloning destination vector containing the CDS of AT5G15840.1
(CO) with a N-terminal DNA binding domain fusion.

pDEST™32-BD-AT5G47640 Gateway cloning destination vector containing the CDS of AT5G47640.1
(AtNF-YB2) with a N-terminal DNA binding domain fusion.

pDEST™32-BD-Medtr6g444980 Gateway cloning destination vector containing the CDS of
Medtr6g444980.2 (MtFE) with a N-terminal DNA binding domain
fusion.

pDEST™32-BD-Medtr3g058980 Gateway cloning destination vector containing the CDS of
Medtr3g058980.1 (MtNF-YB-like) with a N-terminal DNA binding
domain fusion.

pDEST™32-BD-Medtr5g095740 Gateway cloning destination vector containing the CDS of
Medtr5g095740.1 (MtNF-YB-like) with a N-terminal DNA binding
domain fusion.

pDEST™32-BD-Medtr1g082660 Gateway cloning destination vector containing the CDS of
Medtr1g082660.1 (MtNF-YC-like) with a N-terminal DNA binding
domain fusion.

pDEST™32-BD-Medtr3g099180 Gateway cloning destination vector containing the CDS of
Medtr3g099180.1 (MtNF-YC-like) with a N-terminal DNA binding
domain fusion.

pDEST™32-BD-Medtr7g113680 Gateway cloning destination vector containing the CDS of
Medtr7g113680.1 (MtNF-YC-like) with a N-terminal DNA binding
domain fusion.
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2.1.3 Enzymes

Enzymes used for cloning, such as restriction endonucleases and T4 DNA Ligase were sourced
fromeither New England Biolabs (MA, USA; www.neb.com) or F. Hoffmann-La Roche AG (Switzer-
land; www.roche.com). The alkaline phosphatase, rAPid Alkaline Phosphatase, was sourced from
Sigma-Aldrich™ (trademark of Merck™ KGaA, Germany; www.merckgroup.com) and the clonase
enzymes for Gateway® cloning were obtained from Thermo Fisher Scientific Inc. (MA, USA;
www.thermofisher.com).

PCR was performed using Phire Hot Start II DNA Polymerase from Thermo Fisher Scien-

tific Inc. (MA, USA; www.thermofisher.com) and for DNA digestion during RNA extraction and
cDNA synthesis the TURBO DNA-free™ Kit and SuperScript™ IV Reverse Transcriptasewere
used respectively; both from Invitrogen™ (trademark of Thermo Fisher Scientific Inc.; MA,
USA; www.thermofisher.com). For RT-qPCR the polymerase used was AmpliTaq Gold® DNA Poly-
merase which is a component of the Power SYBR™ Green PCR Master Mix obtained from Ap-

plied Biosystems™ (trademark of Thermo Fisher Scientific Inc.; MA, USA;
www.thermofisher.com).

2.1.4 Microorganisms

The Escherichia coli (Migula 1895) Castellani and Chalmers 1919 strain DH10β (Grant et al. 1990)
was the predominant strain used for cloning. However individual transformation experiemnts
called for a broader variety of bacterial strains including two Agrobacterium tumefaciens (Smith
and Townsend 1907) Conn 1942 strains and also Rhizobium rhizogenes (Riker et al. 1930) Young
et al. 2001. Additionally yeast-2-hybrid assays (Y2H) utilised diploid Saccharomyces cerevisiae
Meyen ex E.C. Hansen generated from the mating of haploid strains P69-4a and P69-4α trans-
formed with the appropriate expression vectors. All microorganism strains and their genotypes
used in this thesis are listed in Table 2.5.

www.neb.com
www.roche.com
www.merckgroup.com
www.thermofisher.com
www.thermofisher.com
www.thermofisher.com
www.thermofisher.com
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Table 2.5 – Microorganism strains used for cloning, transformation and Y2H assays.

Species Strain Genotype* Reference
Escherichia coli DH10B F− mcrA ∆(mrr-hsdRMS-mcrBC) ϕ80lacZ∆M15 ∆lacX74 recA1 endA1

araD139 ∆ (ara, leu)7697 galU galK λ− rpsL nupG /pMON14272 /
pMON7124

Grant et al. (1990)

Agrobacterium tumefaciens EHA105 C58 (rifR) TipEHA105 (pTiBo542DT-DNA) Succinamopine Hood et al. (1993)
Agrobacterium tumefaciens GV3101 C58 (rifR) Ti pMP90 (pTiC58DT-DNA) (gentR) Nopaline Koncz and Schell (1986)
Rhizobium rhizogenes Arqua1 Onc+ Quandt et al. (1993)
Saccharomyces cerevisiae PJ69-4a MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4∆ gal80∆ LYS2::GAL1-

HIS3 GAL2-ADE2 met2::GAL7-lacZ
James et al. (1996)

Saccharomyces cerevisiae PJ69-4α MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4∆ gal80∆ LYS2::GAL1-
HIS3 GAL2-ADE2 met2::GAL7-lacZ

James et al. (1996)

* In selecting for these strains standard antibiotic concentrations were used if required; 50 µg/ml gentamicin and 50 µg/ml rifampicin.
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2.1.5 Plants

Plants used in this thesis were grown from seed and are common laboratory accessions. In M.
truncatula this is predominantly mutant lines generated through activation of the introduced
Tnt1 retrotransposon maintained by the Noble Research Institute (Ardmore, OK, USA; Tadege
et al. 2008). These lines were selected by using BLAST (Altschul et al. 1990) to search the as-
sociated Medicago truncatula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al.
2014) using the gene of interest as a query. FSTs are generated from the sequencing of pooled
and indexed TAIL-PCR products of DNA extracted from Tnt1 lines (Liu et al. 2005; Tadege et al.
2008). Sequences which can be unambiguously assigned back to a single line are termed ”high-
confidence” while those that have indexes of two or more lines are assigned to the line with the
majority of the reads. A list of the lines grown is available in Table 2.6. Alongside these lines the
wild-type M. truncatula R108-1 (c3; hereafter referred to as wild-type or R108; Hoffmann et al.
1997; Trinh et al. 1998) was grown from which the mutant lines were generated.

Transformation experiments in Section 4.6 also made limited use of the M. truncatula ’Jema-
long 2HA’ line (Rose et al. 1999) and, while not grown as part of this thesis, in Chapter 6 analysis
is presented of transcriptomic data generated from M. truncatula ’Jester’ (Hill 2000).

This thesis also makes use of the A. thaliana Landsberg erecta (Ler-0) accession (Redei 1962)
and the fe-1mutant. The fe-1mutant is a missense mutation in ALTERED PHLOEM DEVELOPMENT
(At1G79430) generated by treating Ler-0 with ethyl methanesulphonate (Koornneef et al. 1991;
Abe et al. 2015).

2.2 Growth and phenotyping

2.2.1 Microorganisms

Bacteria were grown in either petri dishes containing media solidified with agar, in 15 ml in-
cubation tubes containing liquid media, or conical flasks with volumes of liquid media at least
four-fold greater than the culture. In all cases E. coliwas grown overnight on LBmedia (Table 2.1)
with an appropriate antibiotic selection in an 37◦C incubator. If it was a liquid culture the cul-
tures were placed on a shaker at 180 rpm to facilitate aeration. For A. tumefaciens, Yeast Extract
Beef broth (YEB) media (with antibiotic selection; Table 2.1) was used and incubation occurred
at 28◦C, usually for 2-3 days. For both E. coli and A. tumefaciens glass spreaders were used to
distribute cultures on solid media which were sterilised by submerging in ethanol (75% w/v) and
flaming.
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Table 2.6 – Tnt1 mutant lines screened in this thesis for Tnt1 inserts in genes of interest.
Lines were selected from the Medicago truncatula Mutant Database of Tnt1 FSTs
(Tadege et al. 2008; Cheng et al. 2014) unless otherwise noted.

Tnt1 position
Chapter Name Gene identifier Tnt1 line and orientation
Chapter 3 MtFTa1 Medtr2g073260 NF1634* Exon 1 (forward)
Chapter 4 MtFTa2 Medtr7g085020 NF9421 Promoter (reverse)

NF9778 Tnt1 not identified
NF19514 Promoter (reverse)

Chapter 4 MtFTb1 Medtr7g006630 NF0412 Tnt1 not identified
NF3253 Tnt1 not identified
NF5116 Tnt1 not identified
NF14653 Tnt1 not identified

Chapter 4 MtFTb2 Medtr7g006690 NF17918 Tnt1 not identified
NF20803 Exon 1 (forward)

Chapter 5 MtE1 Medtr2g058520 NF16583** Exon (forward)
NF20110** Exon (forward)

Chapter 5 MtFE Medtr6g444980 NF5076 Exon 6 (forward)
NF8324 Tnt1 not identified
NF9701 Tnt1 not identified
NF17742 Tnt1 not identified
NF17758 Tnt1 not identified
NF18291 Exon 6 (reverse)

Chapter 5 MtFTIP1 Medtr0291s0010 NF3680 Tnt1 not identified
NF10483 Exon (forward)

* The NF1634 line was a late flowering line and the Tnt1 in MtFTa1 was identified as the
causal variant in the course of Chapter 3. This insertion is not represented by an insertion
in the FST database.
** The NF16583 and NF20110 lines were first described by Zhang et al. (2016). The NF20110
line does not have an associated FST in the FST database.

Yeast was also grown in petri dishes where an appropriate Synthetic Definedmedia (Table 2.1)
was used. Here it is the amino-acids omitted from the media which facilitate selection. Glass
spreaders were used to distribute cultures on solid media which were sterilised by submerging
in ethanol (75% w/v) and flaming. Incubation occurred at 28◦C for 2-3 days.

As a measure of growth, the optical density (OD) of liquid cultures was measured using a T60
Visible Spectrophotmeter (PG Instruments Limited, United Kingdom; www.pginstruments.com).

2.2.1.1 Yeast-2-hybrid assay

The Y2H assay was performed by selecting colonies from successfully mated (Section 2.5.2)
diploid yeast cells with a sterile blunt toothpick and transferring them to a well of a 96-well
plate. Cells were then suspended in 100 µl of water via pipetting up and down. A 96-pin appli-
cator was then used to transfer the suspended cells onto plates of SD media lacking leucine,

www.pginstruments.com
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tryptophan and histidine (SD-LWH; Table 2.1). The plates were then incubated for 10 days at
28◦C. This was repeated on plates using an increasing levels of 3-amino-1,2,4-triazole (3AT), a
competitive inhibitor of IMIDAZOLEGLYCEROL-PHOSPHATE DEHYDRATASE, which is the histidine
biosynthesis enzyme produced by the interaction of the assayed proteins in the yeast-2-hybrid
assay. This allows the filtering out of weak interactions or auto-activating binding-domain fu-
sions. Here concentrations of 1mM, 2mM, 10mM, 25mM, 50mM and 100mMwere used. Between
applications the 96-pin applicator was sterilised with hypochlorite solution (15%), rinsed in ster-
ile water, submerged in ethanol (75% w/v) and then flamed. Plates were monitored for growth
at 2 day intervals. Colonies were scored on a scale of 0 (no growth) to 3 (strong growth).

In addition to negative controls created by mating empty vectors, a known positive control
consisting of diploid S. cerevisiae transformed with pEXP™32-Krev1 (BD) and
pEXP™22-RalGDS-m1 (AD) was plated alongside. The diploid S. cerevisiae transformed with
pEXP™32-Krev1 (BD) and pEXP™22-RalGDS-m2 (AD), which are known not to interact, act as an
additional negative control. These known controls as well as the pDEST™22 and pDEST™32 vec-
tors themselves originate from the ProQuest™ Two-Hybrid System (Thermo Fisher Scientific

Inc.; MA, USA; www.thermofisher.com).

2.2.2 Growth of Medicago truncatula

M. truncatula seeds were germinated by scarification which involves softly scraping them be-
tween two pieces of sand paper (grade P160) until a small area of the seed coat was seen to be
worn away. They were then sterilised for 20 minutes in water with a dissolved Chlorine Saniti-
zation Tablet (EMD MilliporeTM, trademark of MerckTM KGaA, Germany; www.merckgroup.com),
before being rinsed five times in sterile deionised water. The seeds were then placed in conical
centrifuge tubes with ∼35 ml of water and incubated while shaking at 15 ◦C in dark conditions
for 24 hours to overcome embryonic dormancy.

Following germination, seeds which are to be vernalised are transferred to damp petri dishes
and incubated at 4 ◦C for a further 21 days. Otherwise they are planted directly into seed raising
mix (Daltons Limited, NZ) in individual cell-pots. These pots are placed on half-slabs of Grodan®

Classic rockwool (Grodan, The Netherlands; www.grodan.com) and for the first two days kept in
plastic boxes to increase humidity. Grodan® Classic rockwool is subsequently kept soaked in hy-
droponics media (without Na2SiO3; Gibeaut et al. 1997). At ∼11 days old plants are transplanted
to larger individual 2 L pots containing potting mix (Daltons Limited, NZ) with added vermiculite
and sand in a 9:3:1 ratio. Plants are watered twice a week, once with tapwater and once with
hydroponics media (without Na2SiO3; Gibeaut et al. 1997).

www.thermofisher.com
www.merckgroup.com
www.grodan.com
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Plants are grown at 23 ◦C either in a controlled glasshouse in long-day photoperiod condi-
tions (16 hours light/8 hours dark; LD) or in growth cabinets (Percival Scientific Incorpo-

rated, IA, USA; www.percival-scientific.com), commonly in short-day photoperiod conditions (8
hours light/16 hours dark; SD). Light intensities were 120-150 µmol m−2 s−1.

- Screening of Tnt1 lines

Tnt1 mutant lines selected in Chapters 4 and 5 were obtained from the Noble Research Insti-
tute (Ardmore, OK, USA) and were received in quantities of 10-20 seeds. These were vernalised
and grown in long-day conditions (VLD). At 8-15 days old the plants were genotyped (see Sec-
tion 2.3.3.1) and plants found to contain the Tnt1 insertion at that location were retained.

Due to the small number of seeds grown, and the segregating nature of the lines, it is unusual
to identify a significant number of plants homozygous for the Tnt1. Instead seed collected from
plants containing the Tnt1 insertion at that location are collected and the progeny are used to
test the flowering time phenotype of the plants in the next generation. Often this involves re-
growing the plants in VLD. If only heterozygotes are identified, then their progeny are genotyped
and the progeny of the following generation are used to test flowering time.

2.2.3 Crossing of Medicago truncatula

M. truncatula plants were crossed using the method outlined in the Medicago truncatula Hand-
book (Chabaud et al. 2006b). Usually this was done to backcross an identified mutant to the
wild-type so that linkage analysis could be performed in the F2 generation. All crossing was
performed by Research Technician Lulu Zhang.

2.2.4 Phenotyping of Medicago truncatula

M. truncatula growswith a central stem, termed the primary axis, fromwhich leaves and branches
diverge. These points of divergence are termed nodes, and branches are termed secondary axis.

Flowering time was scored as the number of days between sowing and the appearance of
the first floral bud. The primary axis node at which this bud occurs was also recorded, as was
how far along the axis it is (e.g. if the bud appears at the 11th node of the first secondary axis
diverging from node two it would be recorded as 2.11). At this time the total number of nodes
on the primary axis of the plant was also recorded as a measure of developmental stage. It
has previously been demostrated that the days to first floral bud and number of nodes on the
primary axis are correlated (Laurie et al. 2011).

www.percival-scientific.com
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When measuring the internodes of a M. truncatula plant a standard ruler with a millimeter
level scale was used. The first node (where the monofoliate leaf diverges from the stem) is
taken as the starting point and the ruler is then used to measure the distance of the nodes
up the primary axis from this point. Using these measurements the size of internodes can be
calculated. The length of the first secondary axis is measured from the node at which it diverges
from the primary axis to the final node on the axis.

2.2.5 Growth of Arabidopsis thaliana

The required number of A. thaliana seeds (usually ∼1000 seeds, corresponding to 20 mg) were
measured into a microcentrifuge tube and soaked in water for ten minutes. The seeds were
then centrifuged and the water subsequently pipetted off. The seeds were then soaked in 4%
hypochlorite solution for no more than five minutes before being centrifuged, and the solution
was again pipetted off. Seeds are then rinsed rinsed five times in sterile water in a similar man-
ner before being placed at 4 ◦C in dark conditions for 2-3 days to overcome embryonic dormancy.

Using a blunt toothpick A. thaliana seeds were then placed onto blocks of Grodan® Classic
rockwool soaked in hydroponics media (without Na2SiO3; Gibeaut et al. 1997). They were placed
in a grid accommodating up to 24 plants with ∼2 seeds per location. This ensures sufficient
plants are grown, and later on superfluous seedlings are removed to ensure one plant grows per
location. For the first two days plants were grown under plastic sheeting to increase humidity
to promote germination. A. thaliana plants were grown in a controlled growth room at 23 ◦C in
LD conditions. The light intensity was 120 µmol m−2 s−1.

Transgenic A. thaliana containing a transgene which confers resistance to kanamycin are un-
able to be selected for when sown directly on Grodan® Classic rockwool. Instead seeds contain-
ing such a transgene were germinated on solid Murashige and Skoog media including vitamins
(MS+V; Table 2.1), with 100 µg/ml kanamycin. Plants successfully growing on the selective media
after ∼12-15 days were then transferred to Grodan® Classic rockwool soaked in hydroponics by
threading the seedling root into a hole made in the rockwool with a bamboo skewer and sealing
the hole by pressing the sides together. For the first two days plants were grown under plastic
sheeting to increase humidity and prevent the plants desiccating.

2.2.6 Phenotyping of Arabidopsis thaliana

Flowering time of A. thaliana is scored as the days between sowing and the appearance of the
first floral bud. At this time the total number of rosette and cauline leaves present are recorded.
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2.3 Manipulation of plant nucleic acids

2.3.1 DNA extraction for plant genotyping

DNA was extracted for the purposes of genotyping using the Extract-N-Amp™ Plant PCR Kit from
Sigma-Aldrich™ (trademark of Merck™ KGaA, Germany; www.merckgroup.com). Leaf discs were
punctured using the wide ends of 20-200 µl pipette tips and DNA extracted following the man-
ufacturers instructions.

2.3.2 Plant RNA extraction and cDNA synthesis

To measure levels of gene expression RNA was extracted and complementary DNA (cDNA) syn-
thesised. This was achieved by sampling tissue weighing ∼50-100 mg into microcentrifuge
tubes and immediately flash-freezing it in liquid nitrogen. Frozen tissue was then ground us-
ing five 3 mm stainless steel ball bearings in a Geno/Ginder® 2010 (SPEX® SamplePrep, NJ, USA;
www.spexsampleprep.com) for 45 seconds at 1400 rpm. RNA was then immediately extracted
using the RNeasy Plant Mini Kit (Qiagen, Germany; www.qiagen.com) following the manufac-
turers instructions. The concentration of the yield was measured using a Nanophotometer®

(Implen, Germany; www.implen.de). A total of 8 µg of RNA was then treated with the TURBO

DNA-free™ Kit to digest any DNA present and the concentration was again quantified using a
Nanophotometer®. RNA was stored at -80 ◦C.

First-strand cDNA was then synthesised using 1 µg of DNase treated RNA. This was done us-
ing SuperScript™ IV Reverse Transcriptase (using the G775 primer as a Oligo(dT) primer)
following the manufacturers instructions. At this point a control reaction where the reverse
transcriptase is omitted is run, one reaction per set of replicate samples. When tested along-
side synthesised cDNA these reactions control for the presence of genomic DNA contamination.
Synthesised cDNA was stored at -20 ◦C.

2.3.3 Amplification of DNA

2.3.3.1 Polymerase chain reaction

PCRwas used primarily for genotyping and the generation of amplicons for sequencing. A typical
reaction consisted of 0.2 µMof each primer, 200 µMof dNTPs, 0.3 µl of Phire Hot Start II DNA Poly-
merase and a 1x concentration of Phire Reaction Buffer. These assayswere usually 15µl in volume
and utilised the Mastercycler® nexus thermocycler (Eppendorf, Germany; www.eppendorf.com)
to enact the program presented in Table 2.7. Note that the annealing temperature and extension
time was varied based on the anticipated product following the instructions of the polymerase
manufacturer. Negative control reactions run with water were run simultaneously.

www.merckgroup.com
www.spexsampleprep.com
www.qiagen.com
www.implen.de
www.eppendorf.com
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Table 2.7 – PCR programs used in this thesis.

PCR Colony-PCR RT-qPCR

Mastercycler® nexus QuantStudio 5 Real-Time PCR System

Cell lysis* 94 ◦C - 10 min Uracil-DNA glycosylase activation*** 50 ◦C 2 min

Polymerase activation 98°C 30 s 30 s Polymerase activation 95 ◦C 10 min

Denaturation 98 ◦C 10 s 10 s
35 cycles

Denaturation 95 ◦C 15 s
40 cycles

Annealing 55 ◦C** 15 s 15 s Annealing and Extension 60 ◦C 1 min

Extension 72 ◦C 15 s 10 - 15 s/kb Denaturation 95 ◦C 15 s

Final Extension 72 ◦C 1 min 1 min Annealing 60 ◦C 15 s

15 ◦C inf. inf. Dissociation 95 ◦C 15 s Melt curve

* This step is only included during colony-PCR (Section 2.4.4).
** If required the annealing temperature of the PCR is adjusted to optimise conditions for the Tm of the primers.
*** The Power SYBR™ Green PCR Master Mix used for RT-qPCR does not actually contain Uracil-DNA glycosylase but this is a standard step in the manufacturers protocol
so it was retained.

Amplicons were subsequently run on a 1.1% agarose gel in 1x TBE buffer with an electric cur-
rent applied (usually 90 V for a 15 x 10 cm gel). Usually a 1Kb Plus DNA ladder (Invitrogen™,
trademark of Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com)was run along-
side as a reference and progressionwasmonitoredwith BlueJuice™Gel Loading Buffer (Invitrogen,™
trademark of Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com).

If amplicons were being amplified for Sanger sequencing the reaction was increased to 30 µl,
andmodified to consist of 0.75 µM of each primer and 80 µM of dNTPs. A total of 4 µl of this reac-
tion was then run on a 1.1% agarose gel. If a band of the anticipated size was observed the ampli-
conswere sent to be sequenced by Macrogen, Inc. (South Korea; http://www.macrogen.com/en/)
using the same primers used to generate the amplicon.

- Genotyping

PCR was frequently used to genotype plants by amplifying DNA sequences present in one plant
but not a wild-type tested in parallel. In Tnt1mutant lines this involved two reactions, the results
of which could be used to infer the genotype of the plant. The first reaction used a gene-specific
pair of primers which amplify a product spanning the insertion site of the Tnt1, as reported by
the FST. If the Tnt1 is present this reaction should not amplify as any product would be too long
(the Tnt1 is 5.3 kb). The second reaction utilised a pair of primers with one from the gene and
one from the Tnt1 (either side of the Tnt1 can be tested in this reaction). If this reaction amplifies
a product of appropriate size (estimated from the distance of the primer to the site of insertion),
the Tnt1 is present. If both reactions produce bands of the appropriate sizes the plant is inferred
to be heterozygous for the insertion. If only one successfully amplifies then the plant is inferred
to be homozygous for the product amplified. If screening of a Tnt1 line does not identify the

www.thermofisher.com
www.thermofisher.com
http://www.macrogen.com/en/
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Tnt1 insert in any plant assayed then both Tnt1 specific reactions (i.e. either side of the reported
site of insertion) are tested to ensure correct genotyping results.

Plants transformed via A. tumefaciens or R. rhizogenes were also frequently genotyped and
this is achieved via amplifying a product deriving from the inserted T-DNA transgene. Note that
this just conveys presence of the transgene and not copy number information.

2.3.3.2 Real time quantitative PCR

Measurement of relative abundances of cDNA sequences in a sample, as a measure of gene
expression, was done using Real time quantitative PCR (RT-qPCR). This utilised SYBR™ Green
PCR Master Mix and the QuantStudio 5 Real-Time PCR System (Applied Biosystems, trademark
of Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com).

In this assay each reaction was 10 µl with 0.5 µM of each primer, 5 µl Power SYBR™ Green PCR
Master Mix and 2 µl of diluted cDNA (cDNA was diluted 20x prior to RT-qPCR). Control reactions
using water, as well as the cDNA reactions which lacked reverse transcriptase, were run simulta-
neously. RT-qPCR experiments were assembled on 384-well plates and run on the QuantStudio
5 Real-Time PCR System using the program outlined in Table 2.7.

The RT-qPCR assay requires measuring the expression of at least one reference gene along
side the genes being tested. ForM. truncatula this thesis usedMedtr6g084690, a SERINE/THREONINE
PROTEIN PHOSPHATASE 2A REGULATORY SUBUNIT (PP2A; previously known as PROTODERMAL FAC-
TOR 2), first described for use in this assay by Kakar et al. (2008). The two primers, PP2A_F and
PP2A_R, amplify a 114 bp region in the first exon of the gene.

Analysis of the RT-qPCR data was enacted using the 2−∆∆Ct algorithm as outlined by Livak
and Schmittgen (2001).

- Melting curve assay

Melting curve assays were performed immediately following each RT-qPCR reaction. This assay
verified the accuracy of the gene expressionmeasurement by checking that the reaction had only
amplified one sequence. This was achieved by measuring the intensity the fluorescent signal as
the amplicon products were incrementally heated from 60 ◦C to 95 ◦C. Amplification of a single
sequence results in a sudden drop in fluorescent signal when the DNA strands dissociate while
multiple amplified sequences produce a staggered decrease in signal. An effective visualisation
of this is to take the derivative of this curve and plot it against temperature. The amplification
of a single sequence therefore results in a single peak (an example of this for PP2A is presented
in Fig. 2.1A), while multiple amplified sequences produce multiple peaks.

www.thermofisher.com
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- Primer efficiency assay

The accuracy of 2−∆∆Ct algorithm is dependent of the efficiency of the PCR reactions. If the
efficiency or a reaction diverges significantly from 100% then the RT-qPCR measurement will
not representative of the number of molecules in the original sample. An efficiency of 100%
± 10% is acceptable. To ensure RT-qPCR reactions were representative measurements, pairs
of primers had their efficiency tested prior to being used to test experimental samples. This
was done by taking a cDNA from a sample known to have the gene in question expressed and
creating a dilution series (10x, 20x, 40x, 80x, 160x, 320x, 640x). RT-qPCR was then performed
and the cycle threshold (Ct) values were plotted against the log10 relative concentration. The
efficiency of the reaction can then be calcutated using the slope of a least-squares line of best
fit using Eq. 2.1. An example using PP2A is shown in Fig. 2.1B.

efficiency = 10−1/slope − 1 2.1
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Figure 2.1 – Examples of assays of RT-qPCR reaction accuracy using the M. truncatula reference gene
PP2A. A is a series of melt curve assays indicating the temperature at which amplicons
dissociate while B is a primer efficiency assay presenting the consistent increase in
RT-qPCR cycles required to amplify along a dilution series. Data available in
Supplement S.2 Table S.4.
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2.4 Cloning and construction of plasmid vectors

Introduction of transgenes into plants or generation of chimeric proteins for yeast-2-hybrid
(Y2H) assays requires the cloning of genes into plasmids which act as vectors for the transgenes.
The strategy employed to do this, whether it be restriction enzyme based cloning or recombi-
national cloning using the Gateway® cloning system depends upon the vector in question. The
vectors used in these experiments are presented in Table 2.3 and a table of the plasmids gen-
erated in this thesis are presented in Table 2.4.

Two plasmids used in this thesis required restriction enzyme based cloning. The first was
pEN_C1_1 which required a CRISPR RNA (crRNA) to be cloned into it to form a single guide RNA
(sgRNA). The second was the cloning of synthetic FE and MtFE gene fragments downstream of
the SUCROSE TRANSPORTER2 (SUC2) promoter in pSAK778_AtSUC2. The remaining vectors were
Gateway® compatible and synthetic gene fragments recombined into the pDONOR™221 using a
BP Recombination reaction.

2.4.1 Restriction enzyme based cloning pEN_C1_1

The cloning of the crRNA into pEN_C1_1 (Table 2.3) followed the protocol published by the Botan-
ical Institute at the Karlsruhe Institute of Technology (www.botanik.kit.edu/molbio/940.php)
who generated the plasmid. Specifically, 2 µg of the pEN_C1_1 was digested using BbsI in a
20 µl reaction for an hour. This linearised the plasmid, excising an 18 bp region between the A.
thaliana U6 SMALL NUCLEOLAR RNA26 (U6-26) promoter and the trans-activating crRNA (tracr-
RNA). The concentration was then adjusted to 5 ng/µl.

BbsI is a type IIS restriction enzyme which means that digestion using this enzyme results in
nucleotide overhangs. Consequently when cloning into these break sites appropriate overhangs
need to be incorporated; in the case of pEN_C1_1 these are 5‘-ATTG on the forward strand and
5‘-AAAC on the reverse strand. Since a crRNA is conventionally ∼20 bp crRNA can be ordered as
pairs of complementary oligonucleotides with the appropriate overhangs to enable cloning into
pEN_C1_1. The oligonucleotides encoding the cRNA were annealed by mixing 2 µl of each 50 µM
oligonucleotide in a 50 µl reaction and incubating at 95 ◦C for five minutes in the Mastercycler™
nexus thermocycler. The reaction was then incubated at room temperature for 20 minutes. The
crRNA and linearised pEN_C1_1 were then ligated together in a 10 µl reaction (3 µl of the crRNA,
2 µl of the digested linearised plasmid, 5 µl of 2x Quick Ligase Buffer and 1 µl of T4 DNA ligase).
It was then incubated at room temperature for one hour before being transformed into E. coli
DH10β (described in Section 2.5.1).

www.botanik.kit.edu/molbio/940.php
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2.4.2 Restriction enzyme based cloning pSAK778_AtSUC2

The cloning of pSAK778_AtSUC2 (Table 2.3) with synthetic FE andMtFE gene fragmentswas achieved
via the digestion of the vector sequentially with the restriction enzymes SpeI and XhoI in 10 µl
reactions, which excised the Actinidia chinensis Planch. FT homologue downstream of the SUC2
promoter. The cut vector was then dephosphorylated using rAPid Alkaline Phosphatase. Simul-
taneously, gene fragments containing the FE or MtFE with SpeI and XhoI cut sites at either end
were digested with both enzymes at once in a 20 µl reaction. They were then purified using the
QIAquick PCR Purification Kit (Qiagen, Germany; www.qiagen.com). The digested pSAK778_At-

SUC2 and a digested gene fragment were then ligated together in 20-30 µl reactions using T4
DNA Ligase at 16 ◦C for one hour in the Mastercycler™ nexus thermocycler. The cloned plasmids
were then transformed into E. coli DH10β (Section 2.5.1).

2.4.3 Recombinational cloning using the Gateway® cloning system

For plasmids compatiblewith the Gateway® cloning system (i.e. pB2GW7, pDEST™22 and pDEST™22;
Table 2.3) gene fragments with flanking attB1/attB2 sites were commercially synthesised and re-
combined into the pDONOR™221 (Table 2.3) entry vector using a BP Recombination reaction, fol-
lowing the clonasemanufacturers instructions. Once this reaction was confirmed to be a success
via colony-PCR, restriction enzyme digestion and sequencing (Section 2.3.3.1), the gene fragment
was again recombined into the relevant destination vector using a LR Recombination reaction.
The two reactions were both implemented following the manufactures instructions in 10 µl vol-
umes and incubated at 25 ◦C in the Mastercycler™ nexus thermocycler overnight (∼17 hours).
Following recombination plasmids were then transformed into E. coli DH10β (Section 2.5.1).

2.4.4 Colony-PCR screening

Following cloning and transformation into E. coli DH10β, screening of colonies was performed
using colony-PCR. This usually utilised a primer pair where one is vector specific and the other
insert specific. Selected colonies were picked using a sterile blunt toothpick and transferred
firstly to a master LB plate (containing appropriate antibiotic selection) and then diluted in 40
µl of water. The master plate was grown at 37 ◦C overnight. For the PCR, 1 µl of the diluted
cells were used as the template. The PCR is very similar to that described in Section 2.3.3.1 with
the exception of an initial 10 minute hold step at 94 ◦C to lyse the cells (Table 2.7). Amplified
amplicons were subsequently run on a 1.1% agarose gel.

www.qiagen.com
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2.4.5 Plasmid preparation

Cells which gave the anticipated bands in colony-PCR screening were selected from the master
plate using a sterile blunt toothpick and used to inoculate 3 ml liquid LB cultures with appro-
priate antibiotic selection. These cultures were grown overnight at 37 ◦C while shaking at ∼180
rpm.

PlasmidDNA as then purified from the liquid cultures using the ZymoPURE™ PlasmidMiniprep
Kit (Zymo Research, CA, USA; www.zymoresearch.com) following the manufactures directions.
Yield was estimated using a Nanophotometer®.

2.4.6 Restriction enzyme digestion

Restriction enzyme digestion was used to verify the plasmid purified from the liquid culture.
Reactions usually digested 1 µg of plasmid in 10 µl reactions containing 0.5 µl of enzyme and
1 µl of the relevant buffer. The enzyme used depends on the plasmid being cloned and those
used are listed in Table 2.3. Reactions were assembled in PCR strip tubes and run for one to
three hours in a Mastercycler® nexus thermocycler at 37 ◦C.

Digested plasmid fragments were then run on a 1.1% agarose gel in 1x TBE buffer. In addition
to a 1Kb Plus DNA ladder, a High DNA Mass Ladder (Invitrogen™, trademark of Thermo Fisher

Scientific Inc.; MA, USA; www.thermofisher.com) was also run alongside as a reference. The
progression was monitored with BlueJuice™ Gel Loading Buffer.

2.4.7 Long-term storage

If long-term storage of the plasmid was required, 1 ml of an overnight 3 ml liquid culture was
centrifuged at full-speed for 30 seconds to pellet the cells. The LB was then pipetted away and
cells were resuspended in 1 ml of frozen storage media, and flash frozen using liquid nitrogen
and stored at -80 ◦C.

www.zymoresearch.com
www.thermofisher.com
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2.5 Transformation

2.5.1 Transformation of bacteria

E. coli (Table 2.5) were transformed using electroporation having first been made electrocompe-
tent using the method described in Warren (2011) from a 500 ml culture. This method generated
cells which were 2-5 x 108 colony-forming units per microgram (cfu/µg) following Eq. 2.2.

cfu/g =
n/w

d
2.2

where n is the number of colonies, w is the weight of the plasmid in µg and d is the dilution
factor of the culture plated. Electroporation was then enacted using a Gene Pulsar® (Bio-Rad

Laboratories Inc., CA, USA; www.bio-rad.com) with 2 mm electroporation curvettes
(Invitrogen™, trademark of Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com)
cooled on ice.

To transform E. coli a 40 µl aliquot of electrocompetent cells was combined with 50-500 ng
of the plasmid, mixed gently and quickly transferred to an electroporation curvette. With the
capacitance set to 25 µF and a voltage of 1.8 kV a electrical pulse was then passed through the
curvette (resistance 200 Ω) for 3-4 seconds creating a field strength of 5.4-7.2 kV/cm. The trans-
formed cells were immediately suspended with 450 µl of Super Optimal broth with Catabolite
repression (SOC; Table 2.1) media, and incubated at 37 ◦C for at least 60 minutes before 200 µl
was plated onto LB plates with the appropriate antibiotic selection. Plated cells were dispersed
across the plates using a glass spreader flamed with ethanol. They were plated at the existing
1:10 dilution as well as a 1:100 dilution and grown at 37 ◦C overnight.

A. tumefaciens and R. rhizogenes (Table 2.5) were also transformed by electroporation. Elec-
trocompetent A. tumefaciens and R. rhizogenes were generated by inoculating a 100 ml YEB
culture with 1 ml of an overnight 3 ml culture. This culture was incubated at 28 ◦C while shaking
at 180 rpm until an OD600 of 0.4-0.6 was obtained. The culture was then centrifuged at 4,000
rpm for 10 minutes at 4 ◦C prior to being resuspended in 20 ml of 1mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7; HEPES). This was repeated three times. Following a final
centriguation cells were re-suspended in 2 ml of 4 ◦C 10% glycerol. When transforming A. tume-
faciens and R. rhizogenes the voltage of the electroporator was increased to 2.8 kV and following
electroporation, the 40 µl aliquots were suspended in 500 µl of YEB media, they were then in-
cubated at 28 ◦C for at least 4 hours prior to plating.

Following transformation into A. tumefaciens or R. rhizogenes plasmids were again extracted

www.bio-rad.com
www.thermofisher.com
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and transformed back into E. coli. This allows the plasmid present in the A. tumefaciens or R.
rhizogenes to be generated in sufficient quantity to check, through plasmid preparation and
restriction enzyme digest, that the plasmid being into the plant is the correct one.

2.5.2 Transformation and mating of Saccharomyces cerevisiae

Chemically competent haploid yeast cells were generated by inoculating 25 ml yeast-extract
peptone adenine dextrose media (YPDA; Table 2.1) cultures, which were grown at 28◦C overnight
shaking at 200 rpm. The volume of the culture was then increased to 100 mls and grown to
an OD600 of 0.4-0.6 at which stage the culture was centrifuged at 3,000 g for 5 minutes. Cells
were then resuspended in 200 mls of sterile deionised water and centrifuged again at 3,000 g
for 5 minutes. Cells were subsequently resuspended in 100 mls of sterile deionised water and
centrifuged for a third time using the same settings. A final resuspension is performed with
50mls of competent cell solution pre-chilled to 4◦C. Aliquots of 40 µl were then frozen at -20◦C
before being transferred to -80◦C.

Yeast transformation was enacted using a lithium acetate method (Schiestl and Gietz 1989).
Frozen chemically competent cells were thawed in a 37◦C water bath and centrifuged for 13,000 g
for 2 minutes. Cells were then resuspended in 1 µg of the DNA being introduced along with yeast
transformation solution (Table 2.1) to a total volume of 400 µl. This was then incubated at 42◦C
for 40 minutes prior to being centrifuged at 12,000 g for 30 seconds. The supernatent was then
discarded and cells were resuspended in 500 µl of water. From this solution 100 µl was plated
(distributed with a flamed glass spreader) and incubated at 28◦C for 3 days. Colony-PCR was
performed to confirm transformation success. Vectors with a pDEST™22 backbone (Table 2.3)
were transformed into the PJ69-4a strain of haploid S. cerevisiae (Table 2.5) and plated on SD
media lacking tryptophan (SD-W; Table 2.1), while vectors with a pDEST™32 backbone (Table 2.3)
were transformed into the PJ69-4α strain (Table 2.5) and plated onto SD media lacking leucine
(SD-L; Table 2.1).

2.5.2.1 Yeast mating

Diploid S. cerevisiae were generated via mating two haploid cells together. This was achieved
by taking individual colonies of the two transformed haploid lines being mated with a blunt
toothpick and inoculating a 500 µl culture of YPDA media. The culture was incubated at 28◦C for
24 hours while shaking at 180 rpm. Following this, 100 µl of the culture was plated (distributed
with a flamed glass spreader) onto SD media lacking both leucine and tryptophan (SD-LW; Ta-
ble 2.1). These where then incubated for a further 3 days at 28◦C. Note that negative controls
which included water instead of one of the haploid strains were incubated simultaneously, as
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were matings with empty vectors to act as negative controls in the subsequent Y2H assay.

2.5.3 Hairy-root transformation of Medicago truncatula

The generation of M. truncatula hairy-root cultures followed the protocol set out in Chabaud
et al. (2006). The process utilised the R. rhizogenes ’Arqua-1’ Ri T-DNA vector system (Table 2.5)
transformed with a disarmed binary vector containing the construct of interest within the T-DNA
borders.

Briefly, transformation consisted of taking 400µl of an overnight 3mlR. rhizogenes TY/calcium
media (Table 2.1) culture and plating it (distributed with a flamed glass spreader) on a TY/calcium
agar plate. This plate was incubated at 28 ◦C for 24 hours. Simultaneously wild-type seeds were
sterilised and germinated overnight (Section 2.2.2).

Under sterile conditions seeds with radicles of ∼1 cm were cut 3 mm from the root tip and
dipped in a transformed R. rhizogenes colony. The seeds were then placed in petri dishes half
filled at a 45 ◦ angle withmodified Fahraeus agar media (Table 2.1) containing 200mg/L ticarcillin
disodium/potassium clavulanate and 1.5 mg/L phosphinothricin (PPT). They were sealed with
parafilm in which incisions were made to allow gas exchange.

Petri dishes containing hairy-root cultures were grown in a 20 ◦C growth cabinet at a 45 ◦

angle for 2-3 days before being shifted to a vertical orientation. After 7 days the temperature
was increased to 25 ◦C.

2.5.4 Medicago truncatula transformation using leaf explants

The production of stable transgenic lines of M. truncatula is achieved via A. tumefaciens me-
diated transformation of M. truncatula leaf tissue followed by plant regeneration via somatic
embryogenesis. This follows the protocol developed by Trinh et al. (1998) and described by
Cosson et al. (2015) which utilises the A. tumefaciens ’EHA105’ strain (Table 2.5) and the R108-1
(c3) M. truncatula accession. The A. tumefaciens is transformed with a disarmed binary vector
containing the construct of interest in its T-DNA region (see Section 2.4).

Leaf explant transformation consists of growing a 30 ml A. tumefaciens culture, including ap-
propriate antibiotics for selection, to an OD600 of 0.6 overnight. The culture was then centrifuged
at 3,000 g for 20 minutes and resuspended in 50 ml of SH3a media (Table 2.1). Simultaneously,
leaflets of 4 week old plants were sterilized; firstly with water containing two drops of polysor-
bate 20 and secondly with hypochlorite solution (6%) and rinsed thoroughly each time. The
leaflets were then cut into square pieces, placed in the A. tumefaciens culture where they are
exposed to a 720 mmHg vacuum for 20 minutes using a RV12 vacuum pump (Edwards, United
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Kingdom; www.edwardsvacuum.com). The infiltrated leaflets were then shaken at 60 rpm for 60
minutes.

Under sterile conditions the A. tumefaciens culture was removed by pipette and leaflets
transferred, abaxial side down, to solid SH3a media without antibiotic selection. They were
sealed with surgical tape and incubated in a dark growth cabinet for two days at 24 ◦C. Leaflets
were then transferred to fresh SH3a media containing 200 mg/L ticarcillin disodium/potassium
clavulanate and 1.5 mg/L PPT, to select against A. tumefaciens growth and for transformed
leaflets respectively. They were then returned to the dark 24 ◦C growth cabinet for callus ma-
terial to form, with leaflets/calli being replated onto new media every 2-3 weeks. When calli
resembled brown sugar powder the calli were transferred to SH9 media (Table 2.1) and exposed
to the light in a 12 hour photoperiod cycle. Initially 1.5 mg/L PPT was added to the media to
prevent escapes, but this was dispensed with after two weeks and calli were replated onto fresh
media every three weeks until embryos and later plantlets formed.

Alongside this process, untransformed A. tumefaciens were used to generate controls. As
untransformed A. tumefaciens lack T-DNA containing plasmids no transformation can occur and
thus no PPT resistance was conferred. When leaf explants infiltrated with these cultures were
grown on media lacking PPT they acted as regeneration controls, and when they were grown on
media containing PPT they died acting as negative controls.

When plantlets started to produce roots they were transferred to 120mm x 120mm square
plates on 1/2 SH9 media, with the volume of agar raised to 0.9% (w/v). After significant rooting
had occurred plantlets were transferred to seed raising mix and LD conditions. Plantlets were
kept in pierced plastic bags to maintain humidity for a week following the transfer, which were
progressively removed after that.

Selection for transformed plants occurred once the plants are established in the soil. This
consisted of spraying the plants with 120 mg/L PPT three times, each two days apart. Resis-
tant plants were expressing the transgene and were therefore transformed, while regeneration
controls died.

2.5.5 Arabidopsis thaliana transformation using floral dip

Transgenic A. thaliana plants were generated using the floral dip method (Clough and Bent 1998)
utilising the A. tumefaciens strain ’GV3101’ (Table 2.5), transformed with a disarmed binary vector
containing the construct of interest in its T-DNA region (Section 2.4). Plants were grown following
Section 2.2.5 and after flowering, stems were repeatedly cut back to promote axillary branching
and the production of more floral buds. Plants were 10-12 cm tall when dipped.

www.edwardsvacuum.com
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To transform plants, a 10 ml A. tumefaciens culture using YN media (Table 2.1), with appro-
priate antibiotics, was grown at 28 ◦C overnight shaking at 180 rpm. Subsequently 2.5 ml of this
culture was used to inoculate 1 L of YN media, with appropriate antibiotics, which was again
grown overnight at 28 ◦C overnight shaking at 180 rpm. This culture was grown until it had an
OD600 of 0.8. At this point the culture was centrifuged at 4,500 rpm at 4 ◦C for 20 minutes. The
resulting pellet was then re-suspended in 500 ml of cold infiltration media (IM; Table 2.1).

Prior to transformation of the A. thaliana plants, 100 µl of the surfactant Silwet® L-77 (Lehle

Seeds, Tx, USA; www.arabidopsis.com) was mixed into the A. tumefaciens IM culture. The culture
was then transferred into a sterile beaker. Plants then had their existing siliques and flowers
removed and they were placed upside down in the beakers of A. tumefaciens IM culture. Dipped
plants were then exposed to a 720 mmHg for 10 minutes using a RV12 vacuum pump. Plants were
left to dry on paper towels until the A. tumefaciens IM culture had dripped off. The plants are
then returned to the growth room and seed is collected once flowering has occurred.

2.6 Computing and bioinformatics

2.6.1 Computing resources

All computation and analysis was done on my Macbook Pro (2012; Intel® Core™ i7-3520M up-
graded to 16Gb RAM) from Apple Inc. (Cupertino, Ca, USA) running Antergos Linux (v17.12; 4.14.11-
1-ARCH kernal).

2.6.2 Software utilised

Data processing and visualisation was done in R (≥ v3.0.0; R Core Team 2018) using the Tidy-

verse suite of packages (v1.2.1; Wickham 2017) with additional visualisation using the ggtree

package (v1.10.5; Yu et al. 2017), UpsetR package (v1.4; Conway et al. 2017) and the Superheat

package (v0.1; Barter and Yu 2018). Figure formatting was done using the ggpubr (v0.1.7; Kassam-
bara 2018) and the GNU Image Manipulation Program (Kimball et al. 2018). A custom R package
called GThomsonThesis which is used for the analysis of the data presented in Chapters 3 to 6
in the subsequent chapters is available as part of the supplementary files (Section 2.7; DOI:
10.17608/k6.auckland.7331288) and can be installed using the devtools package (v1.13.6 Wick-
ham et al. 2018).

Nucleic acid sequences were visualised and annotated in Geneious (≥ v8.0; Kearse et al.
2012) with alignments implemented using MUSCLE (v3.8; Edgar 2004). Identification of regions of
sequence similarity both within and between genomes was achieved using BLAST (Altschul et al.
1990).

www.arabidopsis.com
https://doi.org/10.17608/k6.auckland.7331288.v1
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2.6.3 Genomics resources

This thesis made extensive use of theM. truncatula genome sequence (version Mt4.0) which was
generated from the accession ’Jemalong A17’ (Young et al. 2011; Tang et al. 2014). In addition, since
this thesis made mainly grew the M. truncatula accession ’R108’, the assembly of this accession
was used alongside (Moll et al. 2017). The TAIR10 genome assembly of A. thaliana (Berardini et al.
2015) and Phytozome plant genome database (≥ v11 Goodstein et al. 2012) were also referred to
when required.

Substantial use was also made of theMedicago truncatulaMutant Database of Tnt1 FSTs (see
Section 1.8.1; Tadege et al. 2008; Cheng et al. 2014), for reverse screening of the Tnt1 retrotrans-
poson population maintained by Noble Research Institute (Ardmore, OK, USA) . In doing this the
Tobacco DNA for retroviral-like transposon Tnt 1-94 sequence (https://www.ncbi.nlm.nih.gov/
genbank/; GenBank ID: X13777) was used as the reference Tnt1 retrotransposon sequence.

2.6.4 RNA-Seq analysis

To aid analysis, the FASTQ files analysed in Chapter 6 were renamed to more descriptive terms
using the fq_name_conversion.sh script (Supplement S.6 Table S.18). Read trimming was then
performed using BBDuk (version 37.54; https://jgi.doe.gov/data-and-tools/bbtools/). This re-
moved the sequencing adaptors and low quality sequence (PHRED = 20). In addition only reads
which were at least 36 bases in length (following Williams et al. (2016)) were selected and read
pairs lacking one of the pair were discarded. Transcripts were then quantified using Salmon
(v0.8.2; Patro et al. 2017) which uses quasi-mappings to map the reads to an indexed Mt4.0v2
transcriptome. A bash script preprocessing.sh which enacts these steps is available in Sup-
plement S.6 Table S.18.

The resulting count tables were then imported into R using the tximport package (v1.4.0;
Soneson et al. 2015) and differential expression analysis was performed the gene level using
DESeq2 (v1.16.1; Love et al. 2014). Clustering was performed using the Mfuzz package (v2.36; Kumar
and Futschik 2007) using minimum centroid distances as a heuristic measure of appropriate
cluster number. Briefly this consisted of making a compromise between cluster size and number
by ascertaining when additional clusters only marginally increased the resolution of the clusters
while limiting them to a reasonable number.

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://jgi.doe.gov/data-and-tools/bbtools/
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2.7 Data management

2.7.1 Organisation of data collected

The results presented in this thesis take the form of figures, tables and summary statistics dis-
cussed within the text of Chapters 3 to 6. Supporting information to these results are presented
in the appendices for each of the chapters, with all raw data and code to rerun analyses and
generate figures available in the supplementary files. Supplementary files are listed in Sec-
tion 7.5. The exception is the RNA-Seq data analysed in Chapter 6 which has been deposited
in the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/; GEO series: GSE118893).
Typically the code for a given chapter consists of a numbered series of scripts which should be
run sequentially.

While each chapter has its own appendix and supporting files, to aid reproducibility Ap-
pendix B Table B.1 lists the sowing numbers of the plants used to generate the results presented
in each figure or table. This can be utilised to aid looking up the raw data or rerun the relevant
code.

2.7.1.1 Accessing the raw data and code

Supplementary files listed in tables at the end of this thesis are collected together in the fol-
lowing collection of repositories; DOI: 10.17608/k6.auckland.c.4275653

Supplementary files for individual chapters can be found in the following repositories:

• Chapter 1 supplementary material

Supplement S.1 - Chapter 1: The regulation of flowering time

DOI: 10.17608/k6.auckland.7238339

• Chapter 2 supplementary material

Supplement S.2 - Chapter 2: Materials and methods

DOI: 10.17608/k6.auckland.7238342

• Chapter 3 supplementary material

Supplement S.3 - Chapter 3: Characterising the late flowering phenotype in Tnt1
line NF1634

DOI: 10.17608/k6.auckland.7238348

https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.17608/k6.auckland.c.4275653.v1
https://doi.org/10.17608/k6.auckland.7238339
https://doi.org/10.17608/k6.auckland.7238342
https://doi.org/10.17608/k6.auckland.7238348.v2
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• Chapter 4 supplementary material

Supplement S.4 - Chapter 4: Investigation of FT-like genes in Medicago truncatula
using reverse genetics

DOI: 10.17608/k6.auckland.7238660

• Chapter 5 supplementary material

Supplement S.5 - Chapter 5: Reverse genetic screening of candidate flowering time
genes in Medicago truncatula using Tnt1 lines

DOI: 10.17608/k6.auckland.7239185

• Chapter 6 supplementary material

Supplement S.6 - Chapter 6: Transcriptomic response of Medicago truncatula leaf
tissue to a short day to long day shift

DOI: 10.17608/k6.auckland.7239236

The repository above contains the code for Fig. 6.1. Otherwise, since this analysis
has been published (Thomson et al. 2019), to avoid repetition the datasets ref-
erenced in Chapter 6 are those that accompany the publication. In addition, the
analysis is present in an existing repository which accompanied the publication
(DOI: 10.17608/k6.auckland.6993641.v5).

https://doi.org/10.17608/k6.auckland.7238660.v2
https://doi.org/10.17608/k6.auckland.7239185
https://doi.org/10.17608/k6.auckland.7239236.v1
https://doi.org/10.17608/k6.auckland.6993641.v5
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3 | Characterising the late flowering
phenotype in Medicago truncatula
Tnt1 line NF1634
3.1 Introduction

Forward genetics is an attractive strategy with which to identify flowering time loci as flow-
ering is an easily scored phenotype. To do this, large screens of mutagenised populations
can be used to identify lines with abnormal flowering time relative to a wild-type control
grown alongside. M. truncatula researchers are fortunate as a number of synthetically mu-
tagenised populations exist. With the largest being the Tnt1 retrotransposon population
maintained by Noble Research Institute (Ardmore, OK, USA; Section 1.8.1).

In 2015, the Putterill lab received the putative late flowering M. truncatula Tnt1 line
NF1634 (Table 2.6), first identified by Assistant Professor Million Tadege (Oklahoma State
University). Initial growth of the line in the Putterill lab was then conducted by Research
Technician Lulu Zhang. A small population of plants was grown in vernalised long-day
conditions (VLD) to assess whether a late-flowering phenotype was indeed present. LD is
16 hours of light/8 hours of dark while SD is 8 hours of light/16 hours of dark (Section 2.2.2).
LD accelerates flowering (relative to SD) with a reduced number of nodes on the primary
axis at the time of flowering (Laurie et al. 2011).

The NF1634 population of seven plants segregated, with three plants flowering signifi-
cantly later than the others and wild-type (R108) controls grown alongside (Fig. 3.1). These
late flowering plants flowered at 61-67 days after planting with 18-19 nodes on the primary
axis. In comparison, the remaining four plants only took 17-22 days to flower with 6-8 nodes
on the primary axis which was similar to the 12 wild-type (R108) plants grown alongside
them. The late flowering plants also showed the short, prostrate architecture characteris-
tic of mature plants which have not undergone a transition to flowering (Fig. 3.1B; Laurie
et al. 2011).
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Figure 3.1 – Flowering time screening of initial NF1634 plants in VLD. This is a segregating population
with three late flowering plants observed. The distribution of flowering time within this
population (n = 7-11) is shown in A which plots the days to flower against the nodes on
the primary axis at the time of flowering with a 95% confidence ellipse plotted around
the wild-type (R108). B presents photos of representative 56 day old i wild type (R108)
plants and ii a late flowering NF1634 plant with a prostrate phenotype yet to transition
to flower. Scale bar is 5cm. Data collected by Ms. Zhang.

Following the scoring of flowering time, Ms. Zhang backcrossed (Section 2.2.3) these
late flowering plants with the wild-type (R108). In addition, progeny seed of the three
late-flowering NF1634 plants and two others which flowered at rate comparable to the
wild-type were harvested for further analysis.

It was at this stage that I began working on the NF1634 line. The aim of this work was
to score the flowering time of this mutant in both SD and LD photoperiod conditions both
with and without vernalisation. Subsequently the intention was to use existing flanking se-
quence tags (FSTs) associated with this line in the Medicago truncatula Mutant Database
of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) to identify candidate genes and demon-
strate a causal relationship between an insertion and the late-flowering phenotype using
gene expression and linkage analysis.

A version of the results presented in this chapter forms a significant part of the forth-
coming book chapter by Jaudal et al. (2019).

3.2 Scoring of flowering time

To characterise the responsiveness of the NF1634 late flowering plants to differing growth
conditions, the progeny of the late flowering plants were grown in both LD and SD with and
without vernalisation. This included regrowing the plants in VLD and scoring flowering time
for plants in all conditions as outlined in Sections 2.2.2 and 2.2.4.
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Under all conditions, the progeny of the NF1634 late flowering plants flowered later
than the wild-type control (Fig. 3.2), but this wasmost pronounced in LD and VLD indicating
that this mutant impairs the LD promotion of flowering. In LD conditions the NF1634 late
flowering plants flowered after 81.5 days on average, and the wild-type (R108) controls
flowered on average after 53 days. The mutant therefore flowers 54% later in LD than
the wild-type (R108). This result is also reflected in the primary axis nodes at the time
of flowering with the late flowering NF1634 plants and wild-type (R108) controls having on
average 24.7 and 17.6 nodes respectively. In VLD conditions the late flowering NF1634 plants
flowered after an average of 80.3 days, compared to the average of 33.9 days the wild-type
(R108) controls took to flower. This is a significant delay of 137%. In terms of nodes, these
late flowering NF1634 plants in VLD had an average of 21.7 nodes at the time of flowering
compared to the 8.5 of the wild-type (R108) controls, a increase of 155%. Flowering was
moderately late in SD conditions with the NF1634 plants flowering 16% and 19.6% later in
days to flowering in SD and VSD respectively relative to wild-type (R108) plants.

Figure 3.2 – Flowering time of late-flowering NF1634 and wild-type (R108) grown with and without
vernalisation in both LD and SD (n = 6-24). Flowering time graphs are the plotting of the
days to flower against the nodes on the primary axis at the time of flowering with 95%
confidence ellipses. Such ellipses assume a bivariate normal distribution and scale the
length of each axis by eigenvalues of the covariance matrix of the data. This is done
such that the sum of squares of the independent normally distributed data samples is
less than 5.991 (α = 0.05) in a cumulative Chi-Square distribution.
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When photoperiod conditions are compared it was observed that late flowering NF1634

plants grown in LD were on average 23% earlier in days to flowering (25 days) than those
grown in SD (wild-type (R108) controls flowered on average 42% earlier in LD compared to
SD). Therefore late flowering NF1634 plants retain a degree of photoperiodic responsive-
ness. While this conclusion is not reflected in the number of nodes at flowering, as both
populations have on average 25 nodes, a similar situation occurs in the wild-type (R108)
controls where LD grown plants have only 2 nodes less than those grown in SD. This pat-
tern was not observed when the plants were vernalised as only an 8% difference days (7
days) was seen in plants grown in VLD compared to those grown in VSD.

Notably, the NF1634 late flowering plants took similar periods of time to flower in both
LD and VLD (∼80 days) indicating that the acceleration in flowering conferred by vernal-
isation was lost. This acceleration was observed in the wild-type (R108), which was on
average 19.1 days earlier in VLD than LD. Consistent with this, the reduction in nodes at
the time of flowering under vernalised conditions was much smaller in the NF1634 plants
under LD conditions ( x̄LD − x̄V LD = 3) compared to wild-type (R108; x̄LD − x̄V LD = 9.1).
Interestingly, the similarity in relative flowering times in SD and VSD suggests that the
vernalisation response is not completely lost in VSD. Consistent with this conclusion the
number of nodes did not change (x̄SD − x̄V SD = 4.2 and 4.3 in SD and VSD respectively).

3.3 Investigation of extant flanking sequence tags

The Medicago truncatula Mutant Database (Tadege et al. 2008; Cheng et al. 2014) lists FSTs
from observed Tnt1 insertions in each of their lines. Thus the database can be used to
identify candidate genes harbouring Tnt1 insertions which, if disrupted, could explain the
late-flowering phenotype of NF1634 plants. The database listed the NF1634 line as hav-
ing 38 known FSTs (last updated: 18/4/2008) identified with a high degree of confidence
(see NF1634_FSTs.fasta in Supplement S.3 Table S.6). The genomic locations correspond-
ing to these FSTs were then located within the Mt4.0 genome using BLAST (Altschul et al.
1990) and the nearest annotated locus recorded. Assessing this list revealed a candidate
FST, NF1634_hc_29, which overlapped the first exon of Medtr2g073260, a TREHALOSE-6-
PHOSPHATE SYNTHASE 1 (TPS1; AT1G78580) homologue. This was encouraging as a TPS gene,
TPS1, has been demonstrated in A. thaliana to be required for flowering (Dijken et al. 2004;
Wahl et al. 2013). Although the mechanism by which this occurs is not currently known,
TPS1 is known to act both through FT and the ageing pathway in the SAM (Table 1.1; Wahl
et al. 2013).
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3.3.1 Analysis of the TPS1-like gene Medtr2g073260

Plants generally possess a number of TPS genes. To assess the relative similarity of
Medtr2g073260 to TPS1, all TPS-like loci from A. thaliana, M. truncatula and G. max were
obtained from PHYTOZOME (v.11; Goodstein et al. 2012). Sequences which were too short to
meaningfully align were excluded leaving 11/11, 8/12 and 19/21 TPS1-like loci respectively
(a list of the sequences both included and excluded can be found in Appendix C Table C.1.
The alignment and tree file is in Supplement S.3 Table S.5). The sequences were then
translated and the regions between two conserved leucines (K95 and K935 in AtTPS1) were
aligned using MUSCLE (Edgar 2004). The alignment was improved by eliminating three
variable regions (E602-E616 and F807-Y906 in AtTPS1 and a ∼15 amino acid region present
in all sequences outside the clade containing TPS1-4. This third region corresponds to
N457-A470 in TPS5 (AT4G17770) which did not align. A neighbour-joining tree with 1,000
bootstraps was subsequently constructed using Geneious (Kearse et al. 2012). As depicted
in Fig. 3.3, Medtr2g073260 was observed to clade closely with TPS1 along with another M.
truncatula gene, Medtr8g087910 / Medtr8g087930, which when compared to other TPS-like
loci appears to have been mis-annotated as two adjacent genes instead of one.

NF1634_hc_29 is 254 bp with a Tnt1 tag on the 3‘ end indicating that the insert should
be in the forward orientation. The R108 v1.0 sequence for Medtr2g073260 was identified
using BLAST (Altschul et al. 1990) and annotated by aligning to the Mt4.0 sequence (Young
et al. 2011; Tang et al. 2014; Moll et al. 2017). NF1634_hc_29 was then aligned to the R108
sequence to show that the insert, if present, is inserted in the first exon 129 bp upstream
of the TSS (Fig. 3.4A and Supplement S.3 Table S.5).

Genotyping as described in Section 2.3.3.1 was carried out using samples taken from the
original segregating population consisting of the three late flowering plants and two wild-
type flowering plants. I used the Medtr2g073260_n550_F / Medtr2g073260_425_R gene-
specific primer pair which together span the NF1634_hc_29 FST as well as Medtr2g073260_-

n550_F in combinations with the Tnt1 specific primers Tnt1_F and Tnt1_R. It is anticipated
that the gene-specific pair would produce a product of 969 bp and if present the insert
would produce a band at 1,064 bp in the Medtr2g073260_n550_F/Tnt1_R reaction.
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Figure 3.3 – A neighbour-joining tree of TPS-like loci. The tree depicts the similarity of the protein
sequences of TPS-like loci from A. thaliana, M. truncatula and G. max constructed using
a JC69 substitution model with 1,000 bootstraps. The percentage level of support is
depicted at each node. The clade containing Medtr2g073260 and TPS1 is highlighted in
red and presented in the main image. Alignment and tree files are available in
Supplement S.3 Table S.5.

Figure 3.4 – Genotyping of NF1634 plants for an insertion in Medtr2g073260 (MtTPS1). A depicts a
schematic of Medtr2g073260 and the alignment of the NF1634_hc_29 FST relative to the
gene and location of the putative insertion. Here the gene is plotted in the forward
orientation with genomic sequence in grey, exons are in yellow and CDS is in orange.
The FST is blue with the Tnt1 tag highlighted in red. The Tnt1 insert (5.3 kb) is located
with the black triangle which, as it was not identified, has white fill. In addition the
schematic shows the location of the PCR product (green bracket) produced by the
gene-specific primers (i) Medtr2g073260_n550_F / Medtr2g073260_425_R (969 bp) used
in B which also shows the amplification of these samples in combination with the Tnt1
specific primers (ii) Medtr2g073260_n550_F/Tnt1_F and (iii)
Medtr2g073260_n550_F/Tnt1_645_R (1,064 bp).
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As observed in Fig. 3.4 strong gene-specific bands of the anticipated size are observed
in all samples (lane i of Fig. 3.4B) but no bands are seen in any reactions with the Tnt1 spe-
cific primers (lanes ii and iii) indicating no insertion. To confirm this observation, genotyp-
ing was repeated using the Medtr2g073260_n1204_F / Medtr2g073260_22_R gene-specific
primer pair which should produce a product 1,220 bp in size, and a 804 bp product in the
Medtr2g073260_n550_F/Tnt1_F reaction, if the insert was present (Appendix C Fig. C.1).
Once again the insert specific product was not observed, supporting the conclusion of no
insertion in Medtr2g073260.

3.4 Investigation of the MtFTa1 Locus

In Section 3.3.1 it was concluded that a Tnt1 insertion withinMedtr2g073260was not respon-
sible for the observed late-flowering phenotype within the NF1634 line. Subsequently, it
was hypothesised bymy supervisor Professor Putterill that a Tnt1 insertionmay exist within
Medtr7g084970 (MtFTa1), despite no FST affectingMtFTa1 being listed in theMedicago trun-
catula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014). This was be-
cause previously reported Mtfta1 mutants (NF2519 and NF3307) exhibit a late-flowering
phenotype similar to that observed in NF1634, with a loss of the vernalisation response
in VLD like that of NF1634 (Laurie et al. 2011).

Five pairs of existingMtFTa1 primers covering a significant proportion of the locus were
selected to see if the MtFTa1 locus in the the NF1634 samples could be amplified (Sec-
tion 2.3.3.1). This revealed that all five products of the anticipated sizes could be amplified
in the two wild-type flowering NF1634 plants and the wild-type (R108) control. However,
only three could be amplified in the late flowering NF1634 lines (Fig. 3.5). The two products
which could not be amplified in these plants span exons one and two of MtFTa1.

3.4.1 Genotyping the MtFTa1 locus in the NF1634 line

Genotyping (Section 2.3.3.1) was then performed targeting exons one and two with the
Medtr7g084970_n126_F / Medtr7g084970_347_R primer pair in combination with Tnt1_F

and Tnt1_R in the forward direction. As depicted in Fig. 3.6, the late flowering NF1634 plants
(plants 2, 6 and 15) all have bands indicative of Tnt1 insertions in the same orientation as
the reading frame (Fig. 3.6B lane ii). Simultaneously they lack gene-specific bands (lane
iii) leading to the conclusion that these plants are homozygous for a Tnt1 insertion in this
location.
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Figure 3.5 – Amplification of the MtFTa1 locus in the NF1634 plants. A depicts a schematic of MtFTa1
following the conventions set out in Fig. 3.4A. It also includes the location of the PCR
products produced by the five primer pairs; (i) Medtr7g084970_n2785_R108_F /
Medtr7g084970_n2117_R (605 bp), (ii) Medtr7g084970_n2137_F /
Medtr7g084970_n1405_R108_R (795 bp), (iii) Medtr7g084970_n126_F /
Medtr7g084970_347_R (473 bp), (iv) Medtr7g084970_n22_F / Medtr7g084970_685_R108_R
(707 bp) and (v) Medtr7g084970_1171_R108_F / Medtr7g084970_2193_R108_R (476 bp). B
presents the PCR amplification using these primer pairs.

In contrast to the late flowering plants, NF1634 plants which flowered at a rate compa-
rable to the wild-type (R108; plants 11 and 14) lacked bands from either of the insertion
specific reactions (lanes i and ii) but do have the anticipated 472 bp gene-specific bands
like the wild-type (R108) control demonstrating that they lack the insertion.

Sequencing the MtFTa1 locus (Section 2.3.3.1) in the three late-flowering NF1634 plants
using both Medtr7g084970_n125_F and Medtr7g084970_347_R confirmed the genotyping,
and demonstrated that the Tnt1 insertion was located 15 bp into exon 1 in the forward
direction. Bases 11-15 of MtFTa1 are then repeated following the insertion (Supplement S.3
Table S.8).
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Figure 3.6 – Genotyping NF1634 plants for an insertion in Medtr7g084970 (MtFTa1). A depicts a
schematic of MtFTa1 showing the location of the PCR product produced by the
gene-specific primers and identified 5.3 kb Tnt1 insert (black triangle). It follows the
conventions set out in Fig. 3.4A. B shows the genotyping. The primers each plant was
tested with were; (i) Medtr7g084970_n126_F / Tnt1_F, (ii) Medtr7g084970_n126_F /
Tnt1_R (785 bp) and (iii) Medtr7g084970_n126_F / Medtr7g084970_347_R (472 bp).

3.4.2 Characterising the Mtfta1 Tnt1 insert in the NF1634 line

RNA was extracted (Section 2.3.2) from samples taken at ZT4 from 18 day old, late flower-
ing, NF1634 Mtfta1 plants grown in VLD. In addition samples were taken from two NF1634

wild-type segregants which were not late flowering. Gene expression analysis using RT-
qPCR (Section 2.3.3.2), with two sets of primers, demonstrated that the insertion in MtFTa1
disrupted the MtFTa1 transcript (Fig. 3.7). The first set used a forward primer (FTa1_for-

ward) which overlapped the insertion site, this meant that if the insert was present (i.e.
not spliced out in the generation of mRNA) the primer would not be able to anneal and
thus no amplification would occur. This was observed to be the case in the NF1634 plants
homozygous for the Tnt1 insertion in MtFTa1 but not the wild-type segregants or wild-type
(R108) control (Fig. 3.7B).

The second set of RT-qPCR primers amplifies a product from downstream of the inser-
tion and demonstrates that downstream transcription is also eliminated in plants with the
insertion but not the wild-type segregants or wild-type (R108) control (Fig. 3.7C).

To test the genetics of inheritance and that the late-flowering phenotype co-segregates
with this Tnt1 insertion an F2 population of 109 plants from the late-flowering NF1634 x
R108 backcross (Sections 2.2.3 and 3.1) were grown in VLD. This population was grown in
two batches with the wild-type (R108) grown alongside flowering at an average of 33.5 days
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with 8.91 nodes in batch 1 and 28 days and 6.58 nodes in batch 2.

A total of 92 plants had flowering times similar to that of the wild-type (R108) with the
remaining 17 plants resembling the late flowering plants (e.g. Fig. 3.1B) previously observed
in the NF1634 line. These 17 plants were discarded after 50 days prior to flowering. Unex-
pectedly this pattern of segregation diverges from the 3:1 ratio expected (in this case 82:27)
of a recessive trait (χ2 statistic: 5.14, χ2

α=0.05 critical value = 3.84, df = 1, p = 0.023) with fewer
late flowering plants than anticipated.

Genotyping these plants resulted in a segregation ratio of 29:63:17 (MtFTa1/Heterozygous/
Mtfta1). While there is insufficient evidence to reject the hypothesis of the expected 1:2:1
ratio (27:55:27; χ2 statistic: 5.29, χ2

α=0.05 critical value = 5.99, df = 2, p = 0.071) there were
fewer homozygous plants than anticipated. Nevertheless, the homozygous Tnt1 insertion
genotype was observed to co-segregate 100%with the observed late-flowering phenotype.
This implies that the Tnt1 insertion is within 2.9cM ( 1

34 gametes × 100) of the locus causing
the late-flowering phenotype.

Figure 3.7 – Mean expression of the MtFTa1 transcript in 18 day old NF1634 Mtfta1 and wild-type
segregant NF1634 plants grown in VLD, alongside a wild-type (R108) control. A depicts a
schematic of the MtFTa1 locus and the locations of the PCR products amplified by the
primers used in B and C. It follows the conventions set out in Fig. 3.4A. Mean transcript
expression of three biological replicates was assessed using RT-qPCR which in B used
the FTa1_forward / FTa1_reverse primer pair where the forward primer overlapsand in
C used the Medtr7g084970_331_F / Medtr7g084970_1533_R primer pair. Expression is
relative to the housekeeper PP2A following the 2−∆∆Ct algorithm and error bars are the
standard errors. Samples consist of pooled leaf tissue each with three pooled trifoliate
leaves all from different plants. Data presented in Appendix C Table C.2.
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3.5 Summary and discussion

The late-flowering NF1634 Tnt1 line was first identified at the Noble Research Institute (Ard-
more, OK, USA) by collaborator Assistant Professor Million Tadege (Oklahoma State Univer-
sity). On the basis of the late-flowering phenotype, this line was imported to the Putterill
Lab to be analysed. Research Technician Lulu Zhang initially screened a small population
of seven plants from this line and observed that three plants flowered significantly later
in VLD.

To identify the cause of the late-flowering phenotype I first considered Tnt1 insertions
reported to be present within the NF1634 line based on 38 high-confidence FSTs. The best
candidate was a TPS1 homologue Medtr2g073260, as in A. thaliana TPS1 has been demon-
strated to be required for flowering (Table 1.1; Dijken et al. 2004; Wahl et al. 2013). However
this insertion could not be identified in any of the screened NF1634 plants tested (Fig. 3.4).

It was then hypothesised by my supervisor Professor Putterill that MtFTa1 might be
affected, on the basis that plants grown in VLD failed to accelerate their flowering time
in response to vernalisation (Fig. 3.2), similar to previously described Mtfta1 null mutants
(NF2519 and NF3307; Laurie et al. 2011). MtFTa1 is known to play a central role in promoting
the floral transition in M. truncatula (Laurie et al. 2011) and thus a disruption of this gene
is consistent with late-flowering.

While no FST associated with this line mapped to MtFTa1, attempts to amplify the first
two exons of MtFTa1 in the late-flowering NF1634 plants failed (Fig. 3.5), consistent with
the locus being disrupted. Subsequent genotyping identified a Tnt1 insertion 15 bp into
exon 1 (Fig. 3.6). The insertion of this 5.3 kb retrotransposon into the first exon abolished
expression of MtFTa1 in the late flowering NF1634 plants (Fig. 3.7). In the F2 generation
of a NF1634 x R108 backcross, linkage analysis found that there were fewer late flower-
ing plants than expected assuming a recessive pattern of inheritance. Genotyping these
plants found that a greater number of heterozygotes were present than expected, while
wild-type segregants were present in anticipated numbers. This discrepancy may be at-
tributable to other detrimental Tnt1 induced phenotypes linked to the MtFTa1 insertion.
Nevertheless, there was insufficient evidence in the ratio of genotypes to reject an under-
lying 1:2:1 ratio of inheritance. This was not investigated further because the late-flowering
phenotype was observed to co-segregate 100% with the Mtfta1 Tnt1 insertion placing the
Mtfta1 Tnt1 insertion within 2.9 cM of the causal locus. It was therefore concluded that the
late-flowering NF1634 plants are Mtfta1 null mutants.
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The NF1634 line is a good example of the heterogeneous nature of the Tnt1 retrotrans-
poson lines. My inability to identify the Tnt1 reported to disrupt the TPS1 homologue
Medtr2g073260 indicates that, at least in the population screened, this insert has segre-
gated away since the FSTs in the line were generated. This suggests that the database
records are not perfectly representative of seed stock genotypes. Moreover, the NF1634

line has 38 high-confidence FSTs but the identified insert in MtFTa1 was not represented in
the database, indicating that the database records are incomplete. When the population
was generated it was initially estimated that there were ∼25 inserts per line (Tadege et al.
2008), however the Putterill Lab and others have found a significantly greater number of
inserts in the lines, with at least 80 insertions per line now being expected (Sun et al. 2019).
Thus the the 38 FSTs associated with the NF1634 line is likely a significant underestimate.

The flowering time of the late-flowering NF1634 plants in both LD and VLD is compa-
rable to other Mtfta1 null mutants. NF3307 Mtfta1 plants, described by Laurie et al. (2011),
flowered after∼90 days under both LD and VLD, which is∼50% and∼157% later than wild-
type (R108) plants grown alongside (Fig. 3.8). This demonstrates that the acceleration of
flowering caused by vernalisation, which is seen in the wild-type (R108), is lost in NF3307

Mtfta1 mutants (Laurie et al. 2011). This loss of vernalisation responsiveness was also ob-
served in the NF1634 Mtfta1 line where plants on average flowered after 81.5 and 80.3 days
in LD and VLD respectively (Fig. 3.2), confirming thatMtFTa1 is required for the vernalisation
response in LD.

Figure 3.8 – Comparison of the days taken to flower in Mtfta1 mutants. This chart plots the
flowering time in days taken to flower reported by Laurie et al. (2011) for the NF3307
Mtfta1 mutant line grown in contrasting conditions (solid bars). The data was obtained
using WebPlotDigitizer (Rohatgi 2018). The flowering time of the NF1634 Mtfta1 line
presented in this chapter is then overlayed with 95% confidence intervals around the
mean using the dotted bars for comparison.
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However Laurie et al. (2011) observed much more severe delays of flowering in NF3307

Mtfta1 plants under both SD and VSD than I did in the late-flowering NF1634Mtfta1mutants.
Laurie et al. (2011) reported that NF3307 Mtfta1 plants flowered after∼140 days under both
conditions, which in days to flowering corresponds to delays of ∼47% and ∼105% relative
to wild-type for SD and VSD respectively (Fig. 3.8). This is considerably greater than the
16% and 19.6% delays in days taken to flower relative to wild-type (R108) I observed in the
NF1634 Mtfta1 plants. A consequence of this is that NF3307 Mtfta1 plants appear to retain
a photoperiodic response when vernalised and exhibit a loss of vernalisation response in
VSD, both of which I did not observe in NF1634 Mtfta1 plants (Fig. 3.2). NF1634 Mtfta1 plants
show delays in flowering in all conditions but, in contrast to NF3307 Mtfta1 plants, only
show a complete loss of vernalisation in LD and retain a photoperiod response only when
not vernalised.

Without comparing the two lines in the same experiment it is difficult to explain the
reported differences. As already discussed, Tnt1 retrotransposon lines lines are quite het-
erogeneous and incompletely characterised. There may therefore be differences in the
backgrounds of these two mutant lines which affect flowering. The results also come from
different labs and thus variations in experimental conditions could also contribute. Flow-
ering time is regulated by many environmental signals (Fig. 1.1), while these have not been
extensively investigated in M. truncatula it is conceivable that variation in such signals
(e.g. light quality, ambient temperature) could have such an effect.

The close coupling between the photoperiod and vernalisation responses disrupted
in NF1634 Mtfta1 plants is consistent with the only other vernalisation mutant described,
Mtvrn2. In this line the loss of vernalisation was only observed in VLD, not VSD. Further-
more, this loss was dependent on a functional MtFTa1 (Jaudal et al. 2016). Thus the flower-
ing response of the NF1634 Mtfta1 line is accordant with the currentM. truncatula flowering
time model (Fig. 1.7B) where MtFTa1 integrates these two pathways.

In conclusion, this chapter characterised the late-flowering NF1634 plants to be Mtfta1
null mutants with a phenotype, in large part, consistent with previous studies which found
that MtFTa1 promotes flowering, especially in response to vernalisation and LD (Laurie et
al. 2011; Yeoh et al. 2013; Jaudal et al. 2013; Jaudal et al. 2016). However the extreme delay
flowering in SD and VSD reported previously for a differentMtfta1mutant was not observed
here. Since theMtFTa1 locus has previously been well studied the investigation of this line
and locus was not pursued. Instead focus shifted to other FT-like genes in M. truncatula
hypothesised to play a role in the regulation of flowering, which is the topic of Chapter 4.
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4 | Investigation of FT-like genes
in Medicago truncatula
using reverse genetics
4.1 Introduction

Flowering time research in legumes has previously identified three clades of FT homo-
logues (FTa, FTb and FTc; Fig. 1.6A; Laurie et al. 2011; Hecht et al. 2011) and as discussed
in Section 1.6, members from all three clades have been implicated in the regulation of
flowering time.

In galegoid species like M. truncatula and P. sativum, there are characteristically five
or six FT homologues across all three clades (Fig. 1.6A). To date only the FTa clade gene
FTa1 has been demonstrated to participate in the regulation of flowering. In these species
FTa1 is a potent floral inducer expressed in response to LD vernalisation and LD condi-
tions (Chapter 3; Beveridge and Murfet 1996; Laurie et al. 2011; Hecht et al. 2011). However,
there is reason to hypothesise that, in addition to FTa1, secondary floral signals exist (Sec-
tion 1.7.3). For instance, the NF1634 Mtfta1 line characterised in Chapter 3 flowers 23%
earlier in LD than in SD. For comparison wild-type (R108) flowered 38 days earlier (42%) in
LD than in SD. Thus there is still a level of photoperiod responsiveness in the absence of
MtFTa1.

Whether other FT-like genes have a role in flowering time is currently unclear but in
M. truncatula MtFTa2, MtFTb1 and MtFTb2 could potentially participate in the photoperiod
pathway. Firstly, since MtFTa2 is induced by vernalisation and, in contrast to MtFTa1, is
highly expressed in SD conditions (Laurie et al. 2011), it could possibly act to repress pre-
cocious flowering following vernalisation. Secondly, the correlation between MtFTb1 and
MtFTb2 and LD induced flowering is consistent with them potentially being floral inducers
and acting as secondary floral signals (Section 1.6).

To investigate these genes this chapter makes use of the Medicago truncatula Mutant
Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) to screen for Tnt1 insertional
mutants in MtFTa2, MtFTb1 and MtFTb2. This search identified nine candidate Tnt1 lines
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(three, four and two for each locus respectively) which were imported fromNoble Research
Institute (Ardmore, OK, USA) to the Putterill Lab at The University of Auckland and charac-
terised. In addition, implementation of the CRISPR-Cas9 system was attempted targeting
four locations in the first exon ofMtFTb1. It was anticipated that due to sequence similarity
MtFTb2 might also be edited.

The CRISPR-Cas9 system is a recently developed genome editing technology derived
from a prokaryote immune system, most commonly that of Streptococcus pyogenes Rosen-
bach, and functions by inducing double-strandedbreaks in targeted locations in the genome.
This is achieved via the introduction of an endonuclease (Cas9) and RNA guide molecules
which consist of short (20-23 bp) crRNAs fused to a tracrRNA, together referred to as a single
guide RNA (sgRNA). Imprecise endogenous repair systems (predominantly non-homologous
end joining and to amuch lesser extent homology-directed repair) then generatemissense
or nonsense mutations (Doudna and Charpentier 2014). Alongside the commonly studied
reference plant species (Jiang et al. 2013; Li et al. 2013b) the systemhas been proven to work
in commercial crops (Shan et al. 2013; Jiang et al. 2013; Lawrenson et al. 2015; Brooks et al.
2014) including several woody perennials (Fan et al. 2015; Jia and Nian 2014). In legumes
there are several reports of CRISPR-Cas9 genome editing, predominantly in G. max (Sun
et al. 2015; Jacobs et al. 2015; Michno et al. 2015; Cai et al. 2015), but successful implemen-
tation in both M. sativa (Gao et al. 2018) and M. truncatula (Michno et al. 2015; Meng et al.
2017; Curtin et al. 2018) have also been recently reported.

4.2 Overview of mutant screening workflow and summary of results

The screening of Tnt1 insertional mutants in MtFTa2, MtFTb1 and MtFTb2 described in Sec-
tions 4.3 to 4.5 was done following a similar workflow for each gene. This consisted of
taking the genomic sequence (Mt4.0) of the gene as a query and searching the Medicago
truncatulaMutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) using BLAST
(Section 2.1.5; Altschul et al. 1990). The resulting FSTs, which indicate the location of the
Tnt1, were then aligned to the genomic sequence of the gene and lines selected based on
how likely Tnt1 inserts are to disrupt the gene (i.e. I prioritised those that affect coding or
regulatory regions).

Seed from selected lines was obtained from the Noble Research Institute (Ardmore,
OK, USA) and brought to the Putterill Lab at The University of Auckland (Table 2.6). Once
obtained, seedwas then grown in VLD (unless otherwise specified; Section 2.2.2) and the re-
sulting plants genotyped (Sections 2.3.1 and 2.3.3.1). Screening and characterising of these
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lines took multiple generations (∼4 months per generation), as if homozygous plants were
not identified in the first screening segregating progeny of a heterozygous parent would
need to be subsequently screened. Regardless of the initial screening sufficient seed
would then be required to grow the plants in multiple conditions, so another generation
was always required.

Once homozygous seedwas obtained, seedwas grown in contrasting conditions. Specif-
ically conditions where, based on previous gene expression results, disruption of the gene
would be expected to result in an aberrant flowering phenotype if the gene were to reg-
ulate flowering time. The resulting plants would then have their flowering time scored
(Section 2.2.4). If a significant aberrant flowering phenotype is observed, the homozygous
plant is then backcrossed to the wild-type (R108) so that linkage analysis can be performed
in the F2 generation.

Simultaneous to the flowering time scoring, tissue was taken from these homozygous
plants and the expression of the gene, and potentially other flowering time genes, would
then be assayed using RT-qPCR (Section 2.3.3.2). This was to ascertain whether the Tnt1
insertion disrupts the expression of the gene. The results of the mutant screening inform
further experiments on these genes.

Briefly, the screening identified two lines with Tnt1 inserts in the promoter of MtFTa2
(NF9421 and NF9778) but flowering time did not significantly differed fromwild-type (R108).
Furthermore, transcription of MtFTa2 was not disrupted and a transcript was amplified
extending from the Tnt1 into the gene. No Tnt1 lines disrupting MtFTb1 were identified
and one line with an insert in MtFTb2 was identified (NF20803). NF20803 Mtftb2 plants did
eliminate downstream expression but only a very slight late flowering phenotype was seen
in LD.

A summary of the screening of nine Tnt1 insertional mutants screened in this chapter
are summarised in Table 4.1. A detailed account of this screening is presented in Sec-
tions 4.3 to 4.5, as well as the flowering time and subsequent experiments performed in
lines where the reported Tnt1 inserts were identified.
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Table 4.1 – Summarises the screening of Tnt1 insertional mutants in MtFTa2, MtFTb1 and MtFTb2
described in Sections 4.3 to 4.5.

Gene Screening genotyping results Flowering time of Hz plants Disrupts Fl. linkage
Name Gene identifier Tnt1 line Tnt1 pos. # plants WT Het Hz VLD LD VSD SD expr. analysis

MtFTa2 Medtr7g085020 NF9421 Promoter 17* 13 - 4 WT - WT** WT No -
NF9778 Not id. 4* 2 2 - WT - WT - No -
NF19514 Promoter 18 18 - - - - - - - -

MtFTb1 Medtr7g006630 NF0412 Not id. 6 6 - - - - - - - -
NF3253 Not id. 15 15 - - - - - - - -
NF5116 Not id. 16 16 - - - - - - - -
NF14653 Not id. 25 25 - - - - - - - -

MtFTb2 Medtr7g006690 NF17918 Not id. 11 11 - - - - - - - -
NF20803 Exon 1 6 1 2 3 WT Sl. late - - Yes -

Tnt1 pos. - position of Tnt1 insertion; # Plants - number of plants grown in intital screening; WT - wild-type segregant; Het -
Heterozygous segregant; Hz - Homozygous segregant; Disrupts expr. - downstream expression knockdown; Fl. linkage analysis
- linkage of flowering phenotype to Tnt1 insert in F2 population; Not id. - Tnt1 insertion not identified; WT flowering refers to
wild-type-like flowering; Sl. late refers to very slightly late flowering relative to wild-type (R108).
* Initial population was split and half was screened in VSD.
** This population flowered very slightly early but growth of a segregating population demonstrated that this was not at-
tributable to the Tnt1 insert in MtFTa2.

4.3 MtFTa2 (Medtr7g085020)

I selected three lines, NF9421, NF19514 and NF9778 containing Tnt1 insertions affecting
MtFTa2 (alignment in Supplement S.4 Table S.9). The first two were located close to one
another, 58 bp (NF9421) and 68 bp (NF19514) upstream of the translational start codon
based on FSTs NF9421_high_7 and NF19514_high_10. The NF9778 insertion aligned 24 bp
into exon one based on NF9778_low_65. All three insertions were in the reverse orientation
(Fig. 4.1).

Figure 4.1 – A schematic of the MtFTa2 locus and alignment of the NF9421_high_7, NF19514_high_10
and NF9778_low_65 FSTs. It follows the conventions set out in Fig. 3.4A. The product of
the gene-specific genotyping primers (Medtr7g085020_n115_F/Medtr7g085020_191_R) is
also shown, as are the sites of reported Tnt1 insertions. The NF9778 insertion could not
be confirmed and is shown with white fill. Note that the Mt4.0 and R108 v1.0 genome
annotations differ at this locus so both are presented here.



ANALYSIS OF CANDIDATE PHOTOPERIODIC FLOWERING PATHWAY GENES 95

4.3.1 Screening of the NF9421, NF19514 and NF9778 Tnt1 lines

Since VSD is the condition where MtFTa2 is predominantly expressed (Laurie et al. 2011) I
initially screened plants from the NF9421 and NF19514 lines in both VLD and VSD. All se-
lected potential insertions are located within 100 bp of one another allowing common
genotyping primers to be used (Sections 2.3.1 and 2.3.3.1). Specifically, the Tnt1_R/
Medtr7g085020_191_R pair were used to to test for the presence of the insertion along-
side the Medtr7g085020_n115_F/Medtr7g085020_191_R gene specific pair (Fig. 4.1). In the
NF9421 line I identified four homozyogtes in a population of 17 plants (10 in VLD and 7 in
VSD) and in the NF19514 line I identified two heterozygotes in a population of 4 plants
(2 in VLD and 2 in VSD). The presence of these insertions was confirmed via sequencing
(Section 2.3.3.1) and the results of which are available in Supplement S.4 Table S.12.

The insertion reported to exist in the third line, NF9778, was not found in a population
of 18 plants grown in VLD. To confirm this I performed genotyping a second time with the
Medtr7g085020_n115_F/Tnt1_F primer pair and no insert was identified. The plants from
this line flowered at a similar, albeit marginally earlier, time to the wild-type (R108) control
(Fig. 4.2C).

4.3.2 Characterising the NF9421 and NF19514 Tnt1 lines

Flowering time was scored for the NF9421 (VLD, VSD and SD) and NF19514 (VLD, VSD) lines
(Figs. 4.2A and 4.2B; Section 2.2.4). Since the initial screening of NF9421 in VLD initially iden-
tified four homozygous plants, of which none differed in flowering time from the wild-type
(R108) I did not retest this condition (note that no NF9421 plants containing the insertion
were found in the VSD screen). Progeny of these screened plants were used for flowering
time scoring in the other conditions. Initial screening of NF19514 only resulted in three
plants across VLD and VSD (two heterozygous for the insertion) which did not deviate from
wild-type (R108) flowering time. Thus the flowering time scoring in the NF19514 Mtfta2 line
required plants from two generations after the initial screening.
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Figure 4.2 – Flowering time of lines potentially containing insertions in MtFTa2. Three lines were
screened, A NF9421 (VLD, VSD and SD; n = 6-22), B NF19514 (VLD, VSD; n = 6-15) and C
NF9778 (VLD; n = 18). Flowering time graphs are the plotting of the days to flower
against the nodes on the primary axis at the time of flowering with 95% confidence
ellipses. Note ellipses are not drawn if there is insufficient variation.

Ultimately the only difference I observed between the homozygous plants of either
line and the wild-type (R108) was in NF9421 Mtfta2 plants grown in VSD, where the plants
flowered marginally earlier (Fig. 4.2A). Despite this small effect size, given that VSD is the
condition where MtFTa2 is most highly expressed (Laurie et al. 2011) I investigated this
further by growing in VSD a segregating F2 population arising from a backcross performed
by Research Technician Lulu Zhang (Section 2.2.3) to the wild-type (R108). Statistically this
population conformed to the expected 1:2:1 ratio (MTFTa2/Heterozygous/Mtfta2 10:13:11;
χ2 statistic: 1.94, χ2

α=0.05 critical value = 5.99, df = 2, p = 0.379), and while I again observed
the negligible early flowering relative to the wild-type (R108) phenotype, there was no
difference between the homozygous plants or wild-type segregants (Fig. 4.3). This indicates
that the slightly earlier flowering is not attributable to the Tnt1 insertion in MtFTa2.

Subsequently, I assayed the expression of MtFTa2 in NF9421 Mtfta2 and NF19514 Mtfta2
plants using RT-qPCR as outlined in Section 2.3.3.2. This assay utilised the FTa2_for-

ward/FTa2_reverse primer pair located in the first exon of the gene (Fig. 4.4A). Unexpect-
edly, expression of MtFTa2 was detected in both lines (Figs. 4.4B and 4.4C), despite the
presence of the Tnt1. There was no statistical difference in expression between the wild-
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Figure 4.3 – Flowering time of a segregating F2 population arising from a backcross of a NF9421
plant homozygous for a Tnt1 insertion upstream of MtFTa2 with the wild-type grown in
VSD. Flowering time graphs are the plotting of the days to flower against the nodes on
the primary axis at the time of flowering with 95% confidence ellipses.

type (R108) and the homozygous plants (p > 0.05; α = 0.05; one-way ANOVA followed by
Tukey multiple comparisons of means). To clarify this result, I attempted to amplify across
the insert in both lines, using the same cDNA previously assayed by RT-qPCR, and using
the Medtr7g085020_n115_F/Medtr7g085020_191_R primer pair. This failed, demonstrat-
ing that the insertion was still present and not spliced out. However it was discovered
using the Tnt1_R/Medtr7g085020_191_R primer pair that a transcript could be amplified
extending from the retrotransposon into the gene (Figs. 4.4D and 4.4E). This was initially
observed in plants grown in VLD, and in the NF9421 Mtfta2 line it was later confirmed that
this transcript extending from the retrotransposon could also be amplified in plants grown
in VSD. The transcript originating from the NF9421 Mtfta2 line was sequenced and is avail-
able in Supplement S.4 Table S.12. There are no open reading frames which span the long
terminal repeat of the Tnt1 and thus a chimeric protein consisting of components of the
Tnt1 and MtFTa2 cannot be produced from the transcripts extending from the retrotrans-
posons. Immediately downstream of the insertion site there are no open reading frames
until the conventional start codon of MtFTa2. It is therefore conceivable that full length
MtFTa2 proteins could still be produced.

Thus two lines containing Tnt1 insertions immediately upstream of MtFTa2 were iden-
tified but neither line differed from wild-type in terms of flowering time. Transcripts were
detected extending from the retrotransposons into the body of the gene thus it is not clear
that the function of MtFTa2 has been impaired. Thus work with these Tnt1 lines ceased.
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Figure 4.4 – (Previous page) The expression of MtFTa2 in NF9421 and NF19514 plants
homozygous for a Tnt1 insertion upstream of MtFTa2. A depicts the location of
the product amplified by the RT-qPCR primers (FTa2_forward/FTa2_reverse) on
the schematic of MtFTa2, following the conventions set out in Fig. 3.4A. B and C
are the mean expression of MtFTa2 transcripts from two-three biological
replicates obtained from RT-qPCR results for plants homozygous for the inserts
from the NF9421 and NF19514 lines respectively. Error bars represent standard
errors (there was only one replicate for the wild-type, R108 in the NF19514 assay).
Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.
Statistically these is no difference between the wild-type (R108) and plants
homozygous for the inserts (p > 0.05; α = 0.05; one-way ANOVA followed by Tukey
multiple comparisons of means). Agarose gels demonstrating the inability to
amplify across the inserts in cDNA extracted from plants homozygous for D the
NF9421 insert and E the NF19514 insert alongside the amplification of the
transcript extending from the retrotransposon are also shown. The
Medtr7g085020_n115_F/Medtr7g085020_191_R primer pair was used to attempt
sequencing across while the Tnt1_R/Medtr7g085020_191_R was used to measure
the transcript extending from the retrotransposon. In the NF9421 assay there
were three replicates per line each consisting of two leaves pooled from the
same 44 day old plants grown in VLD at ZT4. The three VSD replicates were two
pooled leaves per sample from 18 day old plants sampled at ZT4. In the NF19514
assay there were two replicates per line (one replicate for the wild-type, R108)
each consisting of two leaves pooled from the same 27 day old plants grown in
VLD at ZT4. mRT samples are negative controls generated without reverse
transcriptase. Data from RT-qPCR is presented in Appendix D Table D.1.
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4.4 MtFTb1 (Medtr7g006630)

I selected four Tnt1 lines with reported insertions affecting MtFTb1; NF0412, NF3253, NF5116 and
NF14653. Lines NF5116 and NF0412 both have FSTs (NF5116_low_7 and the four very similar
NF0412_high_98/101/104/106 respectively) which align to intron two of MtFTb1 in the forward
orientation (Fig. 4.5). Line NF14654 also has a FST, NF14654_low_2, which aligns to intron two of
MtFTb1 but there is no Tnt1 signature sequence with which to infer the location and orientation
of the insertion. Lastly, NF3253 has a reported insert via FST NF3253_high_45 55 bp before the
end of the CDS in exon four, also in the forward orientation. See Supplement S.4 Table S.9 for
an alignment of these FSTs to MtFTb1.

Figure 4.5 – A schematic of the MtFTb1 locus and alignment of the NF5116_low_7,
NF0412_high_98/101/104/106, NF14654_low_2 and NF3253_high_45 FSTs to the R108
Medtr7g006630 sequence. It follows the conventions set out in Fig. 3.4A. The products of
gene-specific genotyping primers (Pair 1 - Medtr7g006630_864_F/
Medtr7g006630_1920_R and Pair 2 - Medtr7g006630_1900_FMedtr7g006630_2240_R) are
also shown, as are the sites of possible Tnt1 insertion. Since they were not identified
they are shown with white fill. Note that the Mt4.0 and R108 v1.0 genome annotations
differ at this locus so both are presented here.

4.4.1 Screening of the NF0412, NF3253, NF5116 and NF14653 Tnt1 lines

Seeds from the selected lines were screened in VLD (Section 2.2.2) and lines NF5116 (16 plants),
NF0412 (6 plants) and NF14653 (25 plants) were then genotyped (Sections 2.3.1 and 2.3.3.1),
using the Medtr7g006630_864_F/Tnt1_R primer pair along with the gene specific primer pair
Medtr7g006630_864_F/Medtr7g006630_1920_R (Fig. 4.5). Using these primers no insertions in
MtFTb1 were identified in any of the three lines. Since the NF14654_low_2 FST lacks a Tnt1 tag
these plants were also tested with the Medtr7g006630_864_F/Tnt1_F primer pair to check if an
insertion is present in the opposite orientation. The reciprocal reactions using Medtr7g006630_-

1920_R were also performed such that insertions upstream of Medtr7g006630_864_F would be
detected. All genotyping reactions testing the NF14654 line were performed using PCR extension
phases of sufficient duration to amplify 3 kb products, thus the entireMtFTb1 locus was assayed.
No insertions in MtFTb1 were identified in the NF14653 line using these primers either.
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The NF3253_high_45 FST aligns well to the fourth exon of MtFTb1 and the 15 plants from this
linewere genotyped using the Tnt1_F/Medtr7g006630_2240_R insert specific primer pair and the
Medtr7g006630_1900_F/Medtr7g006630_2240_R gene specific pair (Fig. 4.5). Since the sequences
of MtFTb1 and MtFTb2 are very similar (R108 v1.0 sequences are 95.2% identical) NF3253_high_-

45 also aligns to the fourth exon of MtFTb2 (see alignment in Supplement S.4 Table S.9). These
plants were also genotyped for an insert in MtFTb2 using the Tnt1_F/Medtr7g06630_3477_R in-
sert specific primer pair and the Medtr7g006630_1900_F/Medtr7g06630_3477_R gene specific
pair. No insertions in line NF3253 were identified in either MtFTb1 or MtFTb2.

Scoring of flowering time in these lines (Section 2.2.4) was, as expected, similar to the wild-
type (R108), although plants from lines NF5116 and NF14653 were marginally early (Fig. 4.6A).
Interestingly, in line NF0412 a distinctive bifoliate leaf phenotype was observed where one of
the usual lateral leaflets failed to develop. However, this was observed in just a single plant
(Fig. 4.6B) and the cause of this phenotype is currently unknown. Since no line where MtFTb1
was disrupted by a Tnt1 insertion was found, this avenue of inquiry was discontinued.

Figure 4.6 – Phenotypes of Tnt1 lines screened for inserts in MtFTb1. A is the flowering time of
NF0412, NF3253, NF5116, and NF14653 grown in VLD (n = 5-12). Flowering time graphs are
the plotting of the days to flower against the nodes on the primary axis at the time of
flowering with 95% confidence ellipses. B is a distinctive bifoliate leaf phenotype
(instead of the expected trifoliate leaf) which was observed in one plant from line
NF0412.



102 GEOFFREY THOMSON

4.5 MtFTb2 (Medtr7g006690)

Despite the similarity in sequence between MtFTb1 and MtFTb2, screening of the Medicago trun-
catula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) identified FSTs which
align uniquely to MtFTb2. Here I selected two lines for further screening; NF17918 and NF20803.

I selected line NF17918 because the FST NF17918_high_6 aligns to intron three of MtFTb2.
However close analysis reveals that the only sequence of any similarity to the Tnt1 sequence
in the FST is a terminal 17 bp region which matches the Tnt1_R primer used to generate the
FST, and this is facing in the wrong direction on the FST. Since this primer sequence is 623 bp
from the edge of the Tnt1, this tag must be erroneous, and there is therefore no indication of
the specific location of the insertion. Nevertheless, since the remainder of the FST matches the
MtFTb2 intron this line was selected (Fig. 4.7). The second line, NF20803, has a reported insertion
117 bp into exon one in the forward orientation based on the alignment of NF20803_high_73.
See Supplement S.4 Table S.9 for an alignment of these FSTs to MtFTb2.

Figure 4.7 – A schematic of the MtFTb2 locus and alignment of the NF3253_high_45, NF17918_high_6
and NF20803_high_73 FSTs to the R108 Medtr7g006630 sequence. It follows the
conventions set out in Fig. 3.4A. The location of the PCR products amplified by the
gene-specific genotyping primers (Pair 1 - Medtr7g006630_1900_F/
Medtr7g06630_3477_R, Pair 2 -Medtr7g006690_20_F/Medtr7g006690_389_R108_R and
Pair 3 -Medtr7g006690_2702_F/Medtr7g06690_3477_R) are also shown, as are the sites
of possible Tnt1 insertions. Since the insertion in NF3253 not identified it is shown with
white fill. Note that the R108 v1.0 genome annotation lacks a gene at this location and
that the Mt4.0 annotation is shown below.

4.5.1 Screening of the NF17918 and NF20803 Tnt1 lines

Seeds from the NF17918 and NF20803 lines were obtained and grown in VLD. I then genotyped
(Sections 2.3.1 and 2.3.3.1) the 11 plants from the NF17918 line using the Medtr7g006690_2702_-

F/Medtr7g06690_3477_R gene specific pair (Fig. 4.7) which produced the anticipated 775 bp prod-
uct in all samples. Since the location and orientation of the insert was unknown I tested each
of these primers with both Tnt1_F and Tnt1_R, with PCR extension phases which would allow
amplification of any insert a kilobase either side of NF17918_high_6. No insertion in this region
was identified and thus as expected the plants from this line flowered at a similar time to the
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wild-type (R108) control (see later Fig. 4.9A).

I genotyped six plants from the NF20803 line using the Medtr7g006690_20_F/Tnt1_R primer
pair alongside the gene specific Medtr7g006690_20_F/Medtr7g006690_389_R_R108 pair (Fig. 4.7).
Three homozygous plants and two heterozygous plants were identified and the insert was
sequenced (Supplement S.4 Table S.12). Given the similarity of the MtFTb1 and MtFTb2 se-
quences, efficient primers suitable for RT-qPCR downstream of the insertion were unable to
be designed. However as shown in Fig. 4.8, amplification of cDNA generated from a plant ho-
mozygous for the insert did not occur with primers which span the insert (Medtr7g006690_20_-

F/Medtr7g006690_156_R108_R; Fig. 4.8B) indicating that the insert is not spliced out. Amplifica-
tion using a downstream primer pair (Medtr7g006690_3347_F/Medtr7g06690_3477_R) was also
unsuccessful (Fig. 4.8C), showing that downstream expression is lost. This demonstrates that
this Tnt1 insert disrupts the MtFTb2 transcript.

Figure 4.8 – Expression of MtFTb2 in a NF20803 Mtftb2 plant. In A a schematic of the MtFTb2 locus is
presented following the conventions set out in Fig. 3.4A. The location of the PCR
product amplified by the primers used in B (Pair B - Medtr7g006690_20_F/
Medtr7g006690_156_R108_R) where the primers span the insertion are annotated,
along with the PCR product amplified by the primers used in C (Pair C
-Medtr7g006690_3347_F/Medtr7g06690_3477_R) where primers are downstream of the
insertion. These products were amplified from cDNA. There were three replicates per
line all from a single plant consisting of two trifoliate leaves harvested at 82 days at ZT4.
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4.5.2 Characterising the NF20803 Tnt1 line

Flowering time was scored (Section 2.2.4) in VLD and LD in the progeny of the original screened
NF20803 plants homozygous for the insert. Plants grown in VLD did not differ from the wild-
type (R108) and a very slight late flowering was observed in LD (Figs. 4.9B and 4.9C). A delay in
flowering is what was hypothesised to occur whenMtFTb-like genes are disrupted, and a trend to
lateness is the opposite to what has been observed in other Tnt1 lines which marginally differed
in flowering time relative to the wild-type (R108; which flowered slightly earlier than wild-type
[R108]; e.g. NF9778 in Fig. 4.2C and NF5116 and NF14653 in Fig. 4.6). Given these observations,
I repeated the flowering time scoring of NF20803 Mtftb2 plants in LD. This produced the same
result (Appendix D Fig. D.1) which remains a very small difference.

Figure 4.9 – Flowering time of plants screened for inserts in MtFTb2 and the identified Mtftb2
mutant in line NF20803. A is the flowering time of screened NF17918 plants which
lacked an insert in MtFTb2 grown in VLD (n = 6-9) while B is the flowering time of
screened NF20803 plants also grown in VLD (n=6) for which the insert was identified. C
is populations of NF20803 plants homozygous for the insert in MtFTb2, grown in both
VLD (n = 11-12) and LD (n = 12-20). Flowering time graphs are the plotting of the days to
flower against the nodes on the primary axis at the time of flowering with 95%
confidence ellipses.
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In the process of repeating the scoring of flowering time in LD for the NF20803 Mtftb2 plants, I
grew seed originating from a different homozygote from the initial screening population. Unex-
pectedly, this population had a compact architecture phenotype. This phenotype did not affect
flowering time (Fig. 4.10A), but resulted in shorter plants, shorter petioles and shorter secondary
branches in both VLD and LD (Figs. 4.10C, 4.10D and 4.10F). In LD this appears to be attributable
to a decrease in internode lengths, as the short NF20803 retain a similar number of nodes to the
wild-type but on average have shorter internodes (Fig. 4.10E). This phenotype is distinct from
the Mtftb2 insertion as it had not been observed in the previously grown NF20803 Mtftb2 plants
(see Fig. 4.10F top vs bottom panels where both compact and normal NF20803 are pictured).

In M. truncatula MtFTb-like genes are hypothesised to act as floral inducers and thus, when
disrupted, are expected to cause a delay in flowering. Screening of four Tnt1 lines for an insertion
in the MtFTb1 gene was unsuccessful (Section 4.4) and screening of two lines identified for an
insertion in MtFTb2 identified NF20803 as having an insertion interrupting the expression of the
gene. Yet, only a very slight delay in flowering in LD was observed in the NF20803 line. This small-
to-absent effect on flowering suggests that MtFTb2 does not participate in the photoperiodic
regulation of flowering. However, this may be attributable to functional redundancy between
the MtFTb genes since the two homologues are very similar to one another in both sequence
and pattern of expression (Laurie et al. 2011). Consequently, it may be that if MtFTb genes do
participate in flowering time that both homologues would need to be disrupted to observe a
delay in flowering.
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Figure 4.10 – (Previous page) Measurement of the compact phenotype observed in NF20803
line. In A the flowering time for these plants in VLD (n = 7) and LD (n = 8-10) is
plotted; specifically the days to flower against the nodes on the primary axis at
the time of flowering with 95% confidence ellipses. Neither differs appreciably
from the wild-type (R108). Size measurements of B node number at time of
measurement, C plant height and D secondary axis length were measured for
both VLD and LD plants at 35 and 57 days respectively. Brackets present p-values
from two sided t-tests testing the significance of the difference. E charts the
mean size of internodes up the plant with 95% confidence intervals around the
mean of each node. F is a selection of photos demonstrating the compact
phenotype and NF20803 plants homozygous for the Tnt1 in MtFTb2 lacking the
compact phenotype for comparison. Note that in VLD the wild-type plants are
heterozygous and wild-type segregants plants from line NF1634 (Chapter 3).

4.6 CRISPR-Cas9 mediated genome editing of MtFTb genes

While theM. truncatula Tnt1 population is a useful source of mutants, screening of theMedicago
truncatula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) failed to iden-
tify lines where there was an insertion in MtFTb1 (Section 4.4). An alternative approach is the
CRISPR-Cas9 system can be used to generate novel missense or nonsense mutations (Doudna
and Charpentier 2014). Thus I attempted to employ the CRISPR-Cas9 system to target MtFTb1.

I used the pEn_C1_1 and pDe_Cas9 Gateway® vectors (Table 2.3; Fauser et al. 2014) which were
obtained from Dr Revel Drummond at The New Zealand Institute for Plant and Food Research
Limited. The pEn_C1_1 entry vector facilitates the construction of a chimeric sgRNA driven by
a A. thaliana U6-26 promoter. This sgRNA can then be recombined into pDe_Cas9 which is a
binary vector containing a SpCas9 sequence (codon-optimised for A. thaliana), downstream of
the Petroselinum crispum (Mill.) Fuss (parsley) Ubiquitin4-2 promoter. The vector also carries
phosphinothricin (PPT) resistance.

4.6.1 Cloning of pDE_Cas9-Medtr7g006630_sgRNA plasmids

I designed four crRNAs to target the first exon of MtFTb1 (Table 4.2 and Fig. 4.11A) to maximise
gene disruption and also potentially affect other FT-like genes as the sequences are very similar
(Table 4.2; e.g. for sgRNA1 there is an identical sequence in MtFTb2). The selection of cRNAs was
aided by algorithms which aim to by minimise the potential for off-target activity with reference
to the rest of the genome sequence (Hsu et al. 2013) while also optimising on-target efficiency
(Doench et al. 2014). While these methods are not designed for plant systems it is reasonable
to conclude that they are better than making random selections.
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Table 4.2 – sgRNA designed to target the first exon of MtFTb1.

Similarity to

sgRNA crRNA R108 difference Off target score Activity score MtFta3 MtFtb2
sgRNA1 AAGTTGGTGGAAATGACCTCAGG 0.62 0.65 Identical

sgRNA2 GGTGGATTGACTATTTGGGAAGG G-A transition 0.93 0.15
at position 21

sgRNA3 CCTCAGGACTCTATACACTCTGG 0.99 0.10 3 bp different at
positions 10, 13 and 16

sgRNA4 TTACACCACAGACCACAAGAGGG A-G transition 0.93 NA 3 bp different at
at position 11 positions 8, 10 and 14

Adjustments made to the crRNA based on the difference between the Mt4.0 to R108 v1.0 sequences are indicated as are the
scores from the crRNA design algorithms.
Similarities (≤3 bp difference) to other FT-like genes are noted.

Oligonucleotides of the four cRNA sequences were successfully cloned into the
pEn_C1_1 vector using themethods outlined in Sections 2.4.1 and 2.5.1. This resulted in four pEN_-

C1_1-Medtr7g006630_sgRNA plasmids. Following transformation into E. coli I performed colony-
PCR to identify successful pEN_C1_1-Medtr7g006630_sgRNA transformants using the sense crRNA
oligonucleotide as a forward primer and SS129 as a reverse primer which results in a 392 bp
product. A representative result of this assay on the pEN_C1_1-Medtr7g006630_sgRNA3 plasmid
is presented in Fig. 4.11B. These plasmids were then extracted and digested using EcoRIwhere the
anticipated 3,001 bp and 778 bp bands were observed for all four pEN_C1_1-Medtr7g006630_-

sgRNA plasmids (Fig. 4.11C). Note that in this case digestion of pEN_C1_1-Medtr7g006630_sgRNA

plasmids with EcoRI does not confirm that cloning the crRNA into the sgRNA has been successful
(since the crRNA is only 23 bp and does not replace or introduce EcoRI recognition sites), just
that the extracted and digested plasmid is pEN_C1_1.

Figure 4.11 – (Next page) Location and cloning of sgRNA into pDE_Cas9. A shows a schematic
of MtFTb1 with the location of sgRNA targets the in the first exon based on the
Mt4.0 annotation. It follows the conventions set out in Fig. 3.4A. In the inset, the
anticipated locations of the double stranded breaks are shown with dotted lines.
B is an example of the colony-PCR performed to verify the successful
incorporation of the crRNA into the pEn_C1_1 entry vector using the crRNA
oligonucleotide as a forward primer and SS129 as the reverse primer with an
expected band size of 392 bp. In this case the gel for
pEN_C1_1-Medtr7g006630_sgRNA3 is shown. C is a restriction digest of extracted
pEN_C1_1 plasmids containing a sgRNA using EcoRI. The anticipated 3,001 bp and
778 bp bands are seen in all but one extraction. D depicts some representative
chromatograms from sequencing the constructs using the SS42 primer. Note the
1 bp deletion indicated by the asterisk in pEN_C1_1-Medtr7g006630_sgRNA1 now
termed sgRNA_m8. E is a representative colony-PCR following the LR
recombination of the sgRNA into the pDE_Cas9 destination vector using the
SS42/SS43 primer pair. In this case pDE_Cas9-Medtr7g006630_sgRNA1_m8 with an
anticipated band size of 1,104 bp. F is a restriction digest of extracted pDE_Cas9
plasmids using NotI. The anticipated 11,844 bp, 1,536 bp and 1,294 bp bands are
observed. In restriction digests a high molecular weight (HM) was run alongside
the 1Kb Plus DNA ladder.
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Successfully cloned entry vectors were then sequenced using the SS42 primer (Sec-
tion 2.3.3.1). Unfortunately this found that the pEN_C1_1-Medtr7g006630_sgRNA1 vector con-
taining the cRNA for sgRNA1 had a 1 bp deletion of a thymine at the eighth position of the crRNA
(Fig. 4.11D). Despite multiple attempts at both cloning, and transformation, only one colony was
ever produced which contained this mutation. While this deletion will likely reduce the func-
tional efficiency of the sgRNA it was nevertheless retained and termed sgRNA1_m8.

pEN_C1_1-Medtr7g006630_sgRNA plasmidswere then recombinedwith the pDe_Cas9 destina-
tion vector using a LR Recombination reaction into four pDE_Cas9-Medtr7g006630_sgRNA plas-
mids (Sections 2.4.3 and 2.5.1). Following transformation into E. coli, colony-PCR of the pDE_Cas9-

Medtr7g006630_sgRNA vectors was employed to confirm the resulting bacteria have been suc-
cessfully transformed with a pDE_Cas9-Medtr7g006630_sgRNA plasmid. This used the SS42/SS43

primer pair which bridges the resulting attB2 recombination site. A representative result from
this assay on the pDE_Cas9-Medtr7g006630_sgRNA1_m8 plasmid is shown in Fig. 4.11E. I then ex-
tracted plasmids from the colonies for which the the anticipated 1,104 bp band was observed
and digested them using NotI. The anticipated 11,844 bp, 1,536 bp and 1,294 bp bands were ob-
served for all samples (Fig. 4.11F). pDE_Cas9-Medtr7g006630_sgRNA containing the sgRNAs were
then transformed into Rhizobium rhizogenes ’Arqua-1’ and Agrobacterium tumefaciens ’EHA105’
for hairy root transformation and leaf explant transformation followed by regeneration via so-
matic embryogenesis respectively.

4.6.2 Hairy root transformation of Medicago truncatula with
pDE_Cas9-Medtr7g006630_sgRNA plasmids

A. tumefaciens mediated transformation of M. truncatula followed by regeneration via somatic
embryogenesis takes between 5-9 months before T0 plants are planted in soil. For the purposes
of screening sgRNAs it is desirable for a faster system and hairy root transformations have pre-
viously been a useful system in this regard (Sun et al. 2015; Jacobs et al. 2015; Michno et al. 2015;
Cai et al. 2015). The use of R. rhizogenes as a vector to generate transgenic root tissue is an
attractive system for this type of screening, as transgenic tissue can be generated in less than
one month.

Hairy root transformations (Section 2.5.3) utilised both R108 and 2Ha M. truncatula acces-
sions with ten transformants per accession per construct being transformed. Growth media
contained 200 μg/L ticarcillin disodium/potassium clavulanate to prevent bacterial growth and
1.5 mg/L PPT to select for transformants. Regeneration controls were dipped in colonies of
nontransformed R. rhizogenes, and grown on media lacking PPT while negative controls, also
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dipped in colonies of nontransformed R. rhizogenes, were grown on media containing PPT. Neg-
ative controls quickly died.

While there was modest contamination attrition, a total of 30-50% of the hairy root transfor-
mations survived and grew on the selectivemedia (Table 4.3) and these were sampled after three
weeks of growth when roots had reached the bottom of the plates. I then extracted DNA and
genotyped the samples following Sections 2.3.1 and 2.3.3.1 using the SS42/SS43 primer pair which
confirmed that the T-DNA was present. I then amplified the MtFTb1 and MtFTb2 sequences using
the Medtr7g006630_n115_F/Medtr7g006630_477_R and Medtr7g006690_20_F/Medtr7g006690_-

392_R108_R primer pairs respectively and sequenced the products (Section 2.3.3.1). Unfortu-
nately no evidence of editing was observed (Fig. 4.12).

Table 4.3 – The number of hairy root transformants transformed using
pDE_Cas9-Medtr7g006630_sgRNA vectors.

Accession Number Number surviving
transformed on selective media

sgRNA1 R108 10 5
2Ha 10 3

sgRNA2 R108 10 3
2Ha 10 4

sgRNA3 R108 10 4
2Ha 10 4

sgRNA4 R108 10 4
2Ha 10 5

Number Sampled
for genotyping

Regeneration controls R108 4 2
(no vector; no PPT) Jemalong 2Ha 4 2

Negative controls R108 4 -
(no vector; PPT) Jemalong 2Ha 2 -
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Figure 4.12 – Chromatograms of sequenced hairy root transformants. Representative results of
sequencing MtFTb1 and MtFTb2 from hairy root transformants arising from both R108
and 2Ha accessions transformed with pDE_Cas9-Medtr7g006630_sgRNA vectors
containing sgRNAs targeting MtFTb1. The sequence of a regeneration control followed
by the crRNA is presented above two representative chromatograms per accession per
sgRNA. Dotted lines indicate the expected location of double strand breaks.
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4.6.3 Medicago truncatula leaf explant transformation with
pDE_Cas9-Medtr7g006630_sgRNA plasmids

The pDE_Cas9-Medtr7g006630_sgRNA vectors containing the sgRNAs were simultaneously used
for leaf explant transformation followed by regeneration via somatic embryogenesis (Fig. 4.13A)
following the method outlined in Section 2.5.4. This was conducted in seven batches (Table 4.4).
For the majority of batches, leaf explants co-cultivated with A. tumefaciens not containing a bi-
nary vector were regenerated alongside those containing pDE_Cas9-Medtr7g006630_sgRNA vec-
tors as controls. Regeneration controls were grown onmedia which did not contain the selective
herbicide PPT, while negative controls were grown on media that did contain PPT. Over 1,100
leaf disk transformations were attempted but they were for the most part unsuccessful with
significant losses to A. tumefaciens overgrowth (24% per experiment on average). Nevertheless
a moderate number (23% per experiment on average corresponding to ∼10.4 explants) were
transferred to the embryo inducing SH9 media, but only five individual transformants produced
plantlets; an efficiency of only 0.45%. These plantlets stemmed from batch 2 sgRNA1 (callus #7)
and sgRNA2 (callus #7) as well as batch 6 sgRNA2 (calli #4, #5 and #10) and when sufficiently large
they were transferred to soil and grown until mature.

Mature transformed plants were then sprayed with 120 mg/L PPT which they survived, while
regeneration controls did not (Fig. 4.13B). The transformed status of these T0 plants were then
confirmed via genotyping (SS42/SS43 primer pair) and the targeted loci were then amplified and
sequenced using the Medtr7g006630_n115_F/Medtr7g006630_477_R and Medtr7g006690_20_-

F/Medtr7g006690_392_R108_R primer pairs, for MtFTb1 and MtFTb2 respectively (Sections 2.3.1
and 2.3.3.1). This revealed no evidence of editing at either MtFTb1 or in the case of the batch 2
sgRNA1 callus #7 plant MtFTb2 (Fig. 4.14). Nevertheless, RNA was extracted from four of the lines
and it was confirmed that SpCas9 was being expressed using the pDE_Cas9_Cas9_3899_F/pDe_-

Cas9_Cas9_4045_R primer pair (Fig. 4.13C).

Since the pDE_Cas9-Medtr7g006630_sgRNA T-DNA transgenes are stably integrated within the
plant it is therefore still possible for double strand breaks, and thus editing, to occur. This
can result in mosaic genotypes with some editing events only occurring somatically. For this
reason many gene editing experiments screen for editing in the subsequent generation where
the transgene can be observed to segregate away from any editing that has occurred (and thus
prevent any further editing). Homozygous or biallelic genotypes can then be obtained which
are stably present the germ line. However since no evidence of editing in these M. truncatula
T0 plants was observed at all it seems unlikely that editing of the germ line would occur in the
future and thus this project was halted.
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Figure 4.13 – Leaf explant transformation and somatic embryogenesis. A shows representative
photos of plants from the throughout the process ranging from initial plating of leaf
discs through somatic embryogenesis to seedling growth. B are T0 plants 29 days after
being transferred from tissue culture and being sprayed with PPT. C is the mean
expression of SpCas9 transcripts in plantlets from three biological replicates. The
samples represent 4/5 of the transformations and were assayed using the
pDE_Cas9_Cas9_3899_F/pDe_Cas9_Cas9_4045_R primer pair. Error bars represent
standard errors and each sample consisted of 1-2 leaves. Sampling occurred at ZT4
and varying ages (batch2 sgRNA1: 64 days; batch2 sgRNA2: 40-50 days; batch 6: 80
days) and samples from batch 2 were from individual plantlets while in batch 6 they
were pooled from several plantlets. Data presented in Appendix D Table D.2.
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Figure 4.14 – Chromatograms of sequenced T0 M. truncatula plants transformed with
pDE_Cas9-Medtr7g006630_sgRNA vectors containing sgRNAs targeting MtFTb1.
Sequences are representative results of sequencing MtFTb1, and if applicable MtFTb2,
generated from individual plantlets of the same transformant. In addition the
sequence of a regeneration control followed by the crRNA is presented above the
chromatograms for each transformant. Dotted lines indicate the expected location of
double strand breaks.
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Table 4.4 – The number of leaf explants transformed using pDE_Cas9-Medtr7g006630_sgRNA vectors containing sgRNAs and SpCas9. This table
documents the efficiency of their regeneration via somatic embryogenesis.

Initial leaf Leaf explants lost to: Number of calli Calli generating Calli generating plantlets
Batch Accession sgRNA explants Overgrowth Contamination Other transferred to SH9 media plantlets resistant to PPT Comments
One R108 sgRNA1 6 0 6 0 0 0 0

sgRNA2 6 0 6 0 0 0 0
sgRNA3 6 0 6 0 0 0 0
sgRNA4 6 0 6 0 0 0 0
Negative control 4 0 0 4 0 0 0

2Ha sgRNA1 12 2 0 5 5 0 0
sgRNA2 12 0 1 4 7 0 0
sgRNA3 12 1 3 6 2 0 0
sgRNA4 12 6 0 3 3 0 0
Negative control 12 0 0 12 0 0 0

Two R108 sgRNA1 42 11 1 12 18 2 1
sgRNA2 42 17 0 3 22 1 1
sgRNA4 42 11 0 12 19 1 0

Three R108 sgRNA1 50 42 5 0 3 0 0
sgRNA2 50 15 6 22 7 0 0
sgRNA3 164 39 16 39 70 1 0
sgRNA4 50 9 0 34 7 0 0
Regeneration control 50 0 19 0 31 2 0 Only the best 18 calli were transferred to SH9 and

plantlets were only taken from two calli.
Negative control 50 0 5 45 0 0 0

Four R108 sgRNA1 40 2 0 31 7 0 0
sgRNA2 40 4 5 19 12 1 0
sgRNA3 40 1 6 19 14 2 0
sgRNA4 40 0 0 28 12 2 0
Regeneration control 20 4 2 0 14 4 0 Plantlets only taken from four calli.
Negative control 20 0 2 18 0 0 0

Five R108 sgRNA1 50 41 3 2 4 0 0 All batch five calli succumbed to A. tumefaciens
sgRNA2 50 34 7 5 4 0 0 overgrowth following transfer to SH9 media.
sgRNA3 50 28 3 12 7 0 0
sgRNA4 50 10 6 33 1 0 0
Regeneration control 25 1 1 2 21 0 0
Negative control 25 19 0 6 0 0 0 Calli discarded prior to plantlets forming.

2Ha sgRNA1 49 8 3 15 23 0 0
sgRNA2 50 20 0 17 13 0 0
sgRNA3 49 13 0 29 7 0 0
sgRNA4 50 4 0 35 11 0 0
Regeneration control 25 0 0 0 13 0 0 Calli discarded prior to plantlets forming.
Negative control 25 3 0 19 3 0 0

Six R108 sgRNA2 48 9 12 14 13 5 3
Regeneration control 30 5 1 5 19 1 0 Plantlets only taken from one callus.
Negative control 30 0 0 28 2 0 0
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4.7 Summary and discussion

In the galegoid clade legume M. truncatula, MtFTa1 is a potent inducer of flowering and likely
encodes a florigen (Chapter 3; Laurie et al. 2011). Nevertheless, there is reason to believe sec-
ondary florigens may exist. Potential candidates include the other FT-like genes present in M.
truncatula as it is currently unknown whether they play a role in the regulation of flowering
time (Section 1.7.3). In this chapter, in an attempt to investigate this, I screened a total of nine
M. truncatula Tnt1 lines, with three having reported insertions in MtFTa2, four in MtFTb1 and two
in MtFTb2. Insertions were only found in two of the MtFTa2 lines and one of the MtFTb2 lines.

The results of this screening further support the conclusion first put forward in Chapter 3,
wheremy inability to identify a reported Tnt1 insertion in the NF1634 line indicated that database
records are not perfectly representative of seed stock genotypes. In this chapter, only 3/9 lines
screened possessed the reported Tnt1 insertion (Table 4.1) which have presumably been lost via
segregation. This underscores the heterozygous nature of the Tnt1 lines.

4.7.1 Tnt1 lines identified in MtFTa2 (Medtr7g085020) and
MtFTb2 (Medtr7g006690)

In Section 4.3 I described how the NF9421 Mtfta2 and NF19514 Mtfta2 lines had insertions 58 bp
and 68 bp upstream of the the translational start codon of MtFTa2 respectively. However no
alteration of flowering time was observed under VLD, VSD or SD in plants homozygous for these
insertions. Further examination revealedMtFTa2 being expressed in these lines and a transcript
extending from the retrotransposon into the gene body could be identified in both lines. While
the lack of an open reading frame spanning the long terminal repeat eliminates the possibility
of a chimeric protein consisting of components of the Tnt1 and MtFTa2 being generated from
these transcripts, the full open reading frame of MtFTa2 is still transcribed. Furthermore, no
open reading frames inbetween the insertion and MtFTa2 exist which might disrupt conven-
tional translation. Therefore it cannot be concluded that the production of MtFTa2 protein has
been disrupted. It is possible that these insertions may cause ectopic expression of MtFTa2 in
tissues other than the leaf tissue which was assayed. However this was not tested as no aberrant
phenotype presented. The current evidence does not prove that MtFTa2 has been significantly
impaired in these lines and consequently they cannot be used to understand whether MtFTa2
plays a role in regulating flowering time.

I also described how the NF20803 line harbours an insertion in the first exon ofMtFTb2 caus-
ing a loss of downstream expression. I found that plants homozygous for this insertion did not
flower at a substantially different time to the wild-type (R108) plants grown alongside. This is
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evidence againstMtFTb2 functioning as a floral inducer. Nevertheless, it is not definitive proof as
given the similarity of MtFTb2 to MtFTb1, in both sequence and pattern of expression, functional
redundancy between the two MtFTb genes cannot be excluded. Thus a double mtftb1 mtftb2
mutant is required to definitively test the hypothesis that MtFTb genes regulate flowering. Such
a mutant would be difficult to obtain from crossing mutants of the individual genes as the two
genes are adjacent on chromosome 7 (<38 kb apart). Thus the generation of double mutant
homozygotes via crossing individual single mutants would require a very rare recombination
event and without a very large population, this is unlikely to occur. It is thus an impractical
proposition.

4.7.2 CRISPR-Cas9 gene editing

In an attempt to generatemtftb1mutants (and possiblymtftb1 mtftb2 double mutants), CRISPR-
Cas9 constructs were generated with four sgRNAs targeting MtFTb1. There was one sgRNA per
construct. When I tested these via the generation of hairy roots I found that this was a fast
and efficient way to generate transformed tissue. While too few transformations were done in
Section 4.6 to observed editing, it is an assay where numbers could be easily scaled up. However,
I was mainly interested in the production of stable transgenic plants in order to assess the
effect of CRISPR-Cas9 induced mutations on flowering time. This required the regeneration of
transformed leaf explants. Unfortunately explant transformation and regeneration was not very
efficient with only five independent transformants being generated across 28 transformation
experiments. They derived from two of the sgRNAs (one transformant for sgRNA1_m8 and four
for sgRNA2). No evidence of editing was detected in any of the T0 plants and this project was
halted. Thus the question as to whether MtFTb genes regulate flowering remains unresolved.

4.7.2.1 Transformation efficiency of Medicago truncatula

Published implementations of the M. truncatula transformation protocol report transformation
efficiencies≥50% (Trinh et al. 1998; Cosson et al. 2015), while I achieved an efficiency 100x lower
(Table 4.4). The reason for this inability to produce transformants is not understood and appears
to have multiple contributing factors. These include A. tumefaciens overgrowing the explants,
failure of co-cultivation to transform the leaf tissue and a failure of leaf explants to produce em-
bryos and then plantlets. However, paradoxically regeneration controls regenerated well, with
62-84% of wild-type (R108) regeneration control explants producing callus, being transferred to
the embryo inducing SH9 media, and a majority produced plantlets. I will briefly discuss pos-
sible causes of the inefficiency I encountered and potential ameliorating steps which could be
trialled in the future.
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In the transformation experiments, A. tumefaciens overgrowing the explants was an issue
with and average of 24% of explants being discarded due to overgrowth (13/28 experiments lost
≥20%). When performing transformations, large leaves were selected to generate explants from.
This was based on the intuition that a greater surface area would increase the chance of trans-
formation and also be easier to physically manipulate. In hindsight this may have facilitated A.
tumefaciens persisting on top of leaf explants and not being exposed to the selective media.
Thus smaller leaves could be preferentially used in the future. Additionally, while overgrown
explants were initially blotted on the solid growth media and transferred to fresh media this
was generally unsuccessful at rescuing them. They were subsequently discarded. I have since
learnt that attempts to extricate them could be more successful by blotting them on filter paper
or, if required, by washing them in 300 mg/L ticarcillin disodium/potassium clavulanate (usu-
ally 200 mg/L was used in the media). Another possibility would be to co-cultivate at a lower
concentration of A. tumefaciens (Herath Mudiyanselage Dinum Asanka Kumara Herath, Personal
communication, November 2018).

However, the transformation of the leaf tissue was also inefficient, with only 23% of explants
on average producing callus (20/28 experiments had≥20% of explants failing to produce callus).
Given the success of the regeneration controls, this failure to persist on the selective media and
produce callus indicates that the co-cultivation step, and thus transformation, had a low rate
of success. It is generally accepted that transformation success is dependent on the quality
of the plant tissue being transformed. While the healthiest tissue possible was used for these
experiments variation was observed between experiments, particularly in the rigidity in the leaf
tissue. It is therefore possible that the tissue used here is softer than that used in other labs
(with slightly different growth conditions) and that either handling or the vacuum infiltration of
A. tumefaciens is damaging the tissue, precluding successful transformation.

Eventually, an average of 23% of explants (∼10.4 explants per experiment) did produce callus
and were transferred to the SH9 embryo-inducing medium. However this too was inefficient
with only 4% of those on average going on to produce embryos and subsequently plantlets.
This indicates that the tissue itself may lack the regenerative capacity as that used in published
protocols, despite ostensibly being the same R108-1 (c3) accession. While regeneration controls
generated plantlets, this capacity may be weaker on selective media.

The creation of transgenic tissue possessing a CRISPR-Cas9 transgene does not mean editing
has occurred, and even if it has, it rarely occurs at the single cell stage of somatic embryogenesis
such that all cells present in the plant possess the mutation. However since the CRISPR-Cas9
transgene is present, editing can occur throughout the life of the plant editing targeted loci in
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somatic tissues. Consequently T0 plants commonly have mosaic genotypes in somatic tissues
as editing has occurred multiple times. Mutations in somatic tissues will not be passed to the
next generation, but a high level of editing in somatic tissue is thought to be indicative of a
high likelihood of editing occurring in the germline. Mutations in the germline would result in
the edited mutations being present throughout the plant in the T1 generation (and subsequent
generations) such that their effect on flowering time could be assayed.

Following the generation of hairy roots or regenerated transformants, I screened for evi-
dence of editing in somatic root or leaf tissue by amplifying the targeted regions of MtFTb1 and
MtFTb2, and sequencing them via Sanger sequencing (Section 2.3.3.1). This is a common ap-
proach (e.g. Wolter et al. 2018) in which mosaic samples result in overlapping chromatogram
traces which can be decomposed (Brinkman et al. 2014). However this is limited by Sanger se-
quencing having a resolution of ∼20% (Tsiatis et al. 2010) which means that if edited alleles
comprise less than 20% of a sample they cannot be detected. While more sensitive methods
exist (e.g. cloning alleles prior to sequencing, high-throughput amplicon sequencing, droplet
digital PCR; Zischewski et al. 2017; Miyaoka et al. 2018), the primary goal of this experiment was
to generate transgenic plants with stably inherited mutations in the germline, not to assess the
efficiency of editing. Regenerated plants with a low somatic editing rate less than 20% are un-
likely to produce germline mutations and thus Sanger sequencing was an appropriate assay for
the screening of regenerated transformants.

4.7.2.2 CRISPR-Cas9 editing efficiency

Fundamentally the lack of CRISPR-Cas9 mediated editing I observed in Section 4.6 can largely be
attributed to a lack of regenerated transformants however there are several ways in which it too
can be improved. Notably, when designing sgRNAs I did not understand that they should not
include the protospacer adjacent motif in the sgRNA. This is a motif (NGG for Cas9) required to
be present directly downstream of the 20 nt target sequence for CRISPR-Cas9 mediated editing
to occur but is not required in a sgRNA. My inclusion of them in the sgRNAs likely precluded any
editing occurring.

Nevertheless, CRISPR-Cas9 mediated editing can be improved via in the design and con-
struction of the vectors used. For instance, most successful reported uses of the CRISPR-Cas9
system utilise U6 promoters to initiate transcription of sgRNAs which originate from the organ-
ism being transformed. However the sgRNA constructed in the pDE_Cas9-Medtr7g006630_sgRNA

plasmids used here have U6 promoters originating from A. thaliana, not M. truncatula. While it
was confirmed that SpCas9 was being expressed (Fig. 4.13C) it was not assessed whether sgRNA



ANALYSIS OF CANDIDATE PHOTOPERIODIC FLOWERING PATHWAY GENES 121

expression could be a limiting factor. For comparison, the most successful implementation of
CRISPR-Cas9 thus far reported in M. truncatula by Meng et al. (2017) utilised a M. truncatula U6
promoter. Although editing in M. truncatula, albeit less efficiently, has been demonstrated us-
ing an A. thaliana U6 promoter demonstrating that editing should still be possible (Curtin et al.
2018). In addition the variation in efficiency of sgRNAs is currently poorly understood which is
why they are frequently introduced in multiplex (e.g. Rodríguez-Leal et al. 2017), this was not
done so here but should be routine in future attempts.

Expression of SpCas9 can also be optimised since several studies have found that the use
of tissue specific promoters produce better results than constitutive promoters (Raitskin et al.
2018; Ordon et al. 2018; Hashimoto et al. 2018). For instance, in Solanum lycopersicum L. (tomato)
use of the S. lycopersicum ELONGATION FACTOR-1α promoter which, via being active in meris-
tematic and germline tissues, reduces the incidence of mosaicism (Hashimoto et al. 2018). Here
pDE_Cas9-Medtr7g006630_sgRNA plasmids used a constitutive P. crispum Ubiquitin4-2 promoter.
While the use of constitutive promoters does not preclude successful editing, for example Meng
et al. (2017) used a 2 x (CaMV) 35S promoter when they successfully edited M. truncatula, this is
nevertheless an aspect which should be optimised in the future.

In addition, editing efficiency could be improved by switching to the Cas9 protein originat-
ing from Staphylococcus aureus Rosenbach 1884 which multiple lab groups have reported to be
more efficient than SpCas9 in plants (Raitskin et al. 2018; Wolter et al. 2018). There is also evi-
dence that heat stressing transformed tissue increases the number of mutations (LeBlanc et al.
2018) and when the issues regarding transformation and regeneration are overcome, this should
be incorporated into the protocol.

While this project was ongoing a number of labs reported successful gene editing in M. trun-
catula (Michno et al. 2015; Meng et al. 2017; Curtin et al. 2018). The most successful was Meng
et al. (2017) who estimated 10.35% of their transformants as having biallelic mutations while a
further 22.5% were estimated to have monoallelic edits. To date, Curtin et al. (2018) are the only
group to report on the stable inheritance of CRISPR-Cas9 generated alleles beyond the T0 gen-
eration. They initially achieved 4/12 T0 plants possessing monoallelic edits with 3/4 of those
present in the T1 generation (although it appears there were only two editing events). In light of
these results, seeing that I was not generating a sufficient number of transformants for editing
to be expected with any significant efficiency this project was not pursued further.
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4.7.3 Summary

To summarise, in this chapter I did not observe the primary phenotype of interest, flowering
time, to differ substantially from the wild-type (R108) in any surveyed line. Specifically, despite
identifying mtfta2 lines containing insertions upstream of the gene, transcription of the entire
mRNA was nevertheless observed, and the gene cannot be said to be disrupted in these lines.
Thus, whether MtFTa2 regulates flowering time remains undescribed. Furthermore, while a Tnt1
insertion disrupting MtFTb2 was successfully identified, the possibility of MtFTb genes acting
redundantly as secondary florigens remains. To address this I attempted to generate mtftb1
mutants via the transgenic introduction CRISPR-Cas9 constructs however this too was unsuc-
cessful.

Thus far in this thesis Chapters 3 and 4 have attempted to address the role of FT-like genes
in the regulation of flowering in M. truncatula. However the wider context of the photoperiod
pathway and flowering time regulation in which they (potentially) participate also requires elu-
cidation. This is addressed in Chapter 5 which takes a similar reverse genetics approach to this
chapter and applies it to potential regulators of FT-like genes and their function.



5 | Reverse genetic screening of
candidate flowering time genes in
Medicago truncatula using Tnt1 lines

5.1 Introduction

M. truncatula lacks functional homologues of CO and FLC, which are central components of FT
regulation in A. thaliana (Section 1.7.3.2; Wong et al. 2014; Kim et al. 2013). Genes which play
an analogous role in M. truncatula, if they exist, have not yet been identified. An attractive
candidate exists in the legume specific E1 gene identified in the SD responsive phaseolid clade
legume G. max. E1 is a locus long known to underlie a significant component of the variation in
flowering time observed in domesticated G. max lines and has been demonstrated to act as a
strong floral repressor in non-inductive LD (Section 1.7.2).

In this chapter, the possibility of an E1 homologue participating in the regulation of flowering
time in M. truncatula is investigated. While this was ongoing, Zhang et al. (2016) reported on the
conservation of E1 in legumes and in the process observed that knock-out mutants inMtE1 cause
a small delay in flowering. This indicates that MtE1 acts as a floral promoter but also appears to
have a much smaller role in the regulation of flowering time than that of E1 in G. max. MtE1 also
appears to have a role in directing plant architecture as Mte1 mutants have a dwarf phenotype.
Interestingly, the overexpression of MtE1 in G. max, while unable to rescue the moderate early
flowering phenotype of the e1-as leaky allele, did cause a moderate dwarfing phenotype (Zhang
et al. 2016). In this chapter the ability of MtE1 to act as a floral promoter was examined by gene
expression analysis and overexpression in M. truncatula.

Another candidate for the regulation of FT-like genes are homologues of FE/APL, a recently
cloned locus in A. thaliana, but long known to participate in floral induction (Section 1.3.1; Koorn-
neef et al. 1991; Abe et al. 2015). While homologues of FE/APL have not been studied outside A.
thaliana, it also plays an essential role in phloem development. It is thus likely highly conserved
and consequently its role in flowering time regulation may also be conserved.

123
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In addition to the regulation of FT, in A. thaliana FE/APL has also been shown to act upstream
of the regulators of FT transport FTIP1 and NaKR1. Understanding of this process is incomplete
but there is increasing evidence that the transport of FT from the leaves to the SAM is actively
regulated (Section 1.5.1). FTIP1, which resembles a membrane-trafficking protein, appears in
large part being responsible for FT leaving the phloem companion cells and entering the sieve
elements (Liu et al. 2012). Once there, NaKR1 controls the transport of FT to the terminal pro-
tophloem adjacent to the SAM (Zhu et al. 2016). This chapter also investigates homologues of
FE/APL and FTIP1 in M. truncatula.

5.2 Overview of mutant screening workflow and summary of results

The screening of Tnt1 insertional mutants in MtE1, MtFE and MtFTIP1 described in Sections 5.3
to 5.5 was done in a similar manner to the screening of Tnt1 lines presented in Chapter 4. For
each gene in turn the genomic sequence (Mt4.0) of the gene was used as a query to search the
Medicago truncatula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014) using
BLAST (Section 2.1.5; Altschul et al. 1990). The resulting FSTs, which indicate the location of the
Tnt1, were then aligned to the genomic sequence of the gene and lines with reported insertions
in coding or regulatory regions selected.

Seed from selected lines was obtained from the Noble Research Institute (Ardmore, OK, USA)
and brought to the Putterill Lab at The University of Auckland (Table 2.6). Intital seeds were
grown in VLD and the resulting plants genotyped (Sections 2.3.1 and 2.3.3.1). Once homozygous
seed was obtained, seed was grown in contrasting conditions; with and without vernalisation
and in LD and SD following themethods described in Section 2.2.2. They then had their flowering
time scored (Section 2.2.4). If, relative to thewild-type (R108), a significant difference in flowering
time was observed, a homozygous plant was then backcrossed to the wild-type (R108) so that
linkage analysis could be performed in the F2 generation. Tissue samples were also taken and
the expression of the gene, and other flowering time genes, were then assayed in the mutant
lines using RT-qPCR (Section 2.3.3.2). This ascertained whether the Tnt1 insertion disrupts the
expression of the gene. The results of themutant screening inform further experiments on these
genes.

This chapter considered the two previously reported Tnt1 Mte1 lines (NF16583 and NF20110;
Zhang et al. 2016) with the first independently identified by the Putterill lab. In the NF16583 Mte1
line a modest delay in flowering was observed but no delay was present in the NF20110 Mte1 line
in our conditions. A total two lines containing Tnt1 inserts in MtFE were identified with one line
exhibiting a moderately late flowering phenotype, however this line has a number of additional
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architectural and seed viability phenotypes. The second Mtfe line has a seedling lethal pheno-
type linked to the insertion in Tnt1. Lastly, one line disrupting MtFTIP1 was identified, however
no difference in flowering time relative to the wild-type (R108) was observed and a transcript
was amplified extending from the Tnt1 into the gene.

A summary of the screening of ten Tnt1 insertional mutants screened in this chapter are
summarised in Table 5.1. In Sections 5.3 to 5.5 I present the results of this screening in detail as
well as the flowering time and subsequent experiments performed in lines where the reported
Tnt1 insert was identified.

Table 5.1 – Summary of the initial screening of Tnt1 insertional mutants in MtE1, MtFE and MtFTIP1 and
the flowering time of plants homozygous for the insert as described in Sections 5.3 to 5.5.

Gene Screening genotyping results Flowering time of Hz plants Disrupts Fl. linkage
Name Gene identifier Tnt1 line Tnt1 pos. # plants WT Het Hz VLD LD VSD SD expr. analysis
MtE1 Medtr2g058520 NF16583* Exon 5 1 1 3 Late Late Late Late Yes <9.6 cM

NF20110 Exon 7 3 3 1 WT - - - - -
MtFE Medtr6g444980 NF5076 Exon 6 7 3 3 1 Late Late Sl. late WT Yes <4.7 cM

NF8324 Not id. 8 8 - - - - - - - -
NF9701 Not id. 7 7 - - - - - - - -
NF17742 Not id. 10 10 - - - - - - - -
NF17758 Not id. 10 10 - - - - - - - -
NF18291 Exon 6 9** 1 6 1*** - - - - - -

MtFTIP1 Medtr0291s0010 NF3680 Not id. 7 7 - - - - - - - -
NF10483 Exon 5 2 2 1 WT WT WT WT No -

Tnt1 pos. - position of Tnt1 insertion; # Plants - number of plants grown in intital screening; WT - wild-type segregant; Het -
Heterozygous segregant; Hz - Homozygous segregant; Disrupts expr. - downstream expression knockdown; Fl. linkage analysis
- linkage of flowering phenotype to Tnt1 insert in F2 population; Not id. - Tnt1 insertion not identified; WT flowering refers to
wild-type-like flowering; Sl. late refers to very slightly late flowering relative to wild-type (R108).
* Screening and flowering time done by Research Technician Lulu Zhang
** One plant died prior to genotyping
*** Seedling lethal phenotype

5.3 MtE1 - Medtr2g058520

E1 plays a major role in the regulation of flowering in the SD responsive phaseolid G. max. The
Medtr2g058520 gene was identified as a homologue in M. truncatula which encodes a protein
72.8% identical to E1 at the amino acid level. It is hereafter referred to as MtE1 and one mutant
line with a putative Tnt1 insertion inMtE1, NF16583, was identified. This insertion was supported
by two FSTs NF16583_high_18 and NF16583_high_23 which report the insertion to be 217 bp into
the single exon gene at the beginning of the predicted B3 DNA binding domain (Fig. 5.1A). An
alignment is available in Supplement S.5 Table S.13.

While this work was ongoing Zhang et al. (2016) reported on the NF16583 mutant line, along-
side a second MtE1 mutant NF20110. The Medicago truncatula Mutant Database of Tnt1 FSTs
(Tadege et al. 2008; Cheng et al. 2014) does not contain a FST for this line but the insertion was
reported, close to that of NF16583, 258 bp into MtE1 and also in the forward orientation.
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5.3.1 Screening of the NF16583 and NF20110 Tnt1 lines

Initial scrrening and genotyping (Sections 2.3.1 and 2.3.3) of the NF16583 line was carried out
by Research Technician Lulu Zhang using the Medtr2g058520_148_F/Medtr2g058520_267_R gene
specific primer pair (Fig. 5.1A) alongwith the Medtr2g058520_148_F/Tnt1_R Tnt1 specific pair. The
insert was identified to be present and I confirmed this result via sequencing (Supplement S.5
Table S.16).

I grew and confirmed the presence of the reported insertion in the NF20110 line using the
Medtr2g058520_148_F/Medtr2g058520_543_R primer pair and with the appropriate Tnt1 primers
(Fig. 5.1). I found that in this population of seven plants grown in VLD, one homozygote and
three heterozygotes were present. Specifically, the anticipated 746 bp bands were seen in the
homozygote and heterozygous plants when the Medtr2g058520_148_F/Tnt1_R primer pair were
used (Fig. 5.1Bi) and the 987 bp bands match the anticipated product size when the Tnt1_F/
Medtr2g058520_543_R primer pair were used (Fig. 5.1Bii). All samples, except the homozygote,
have the anticipated 395 bp gene specific bands (Fig. 5.1Biii). These genotyping results and the
subsequent sequencing (Supplement S.5 Table S.16) confirm that this is the same Tnt1 insertion
described by Zhang et al. (2016).

Flowering time for both the NF16583 line and NF20110 lines screened are presented in
Fig. 5.1C. While there are only three plants NF16583 homozygous for the Mte1 insert, they are
flowering late, while the NF20110 plant homozygous for the Mte1 insert flowered like wild-type
(R108).

5.3.2 Characterising the NF16583 and NF20110 Tnt1 lines

Ms. Zhang grew NF16583 Mte1 plants in contrasting conditions and a delay in flowering was
observed in every condition (Fig. 5.2A). This delay was most pronounced when the plants had
been vernalised (although there was still a substantial vernalisation response). In VSD, NF16583

plants flowered, on average, after 63.8 days which is nearly 50% later than the 42.7 days observed
in the wild-type (R108) grown alongside. Similarly, an average delay of 8.23 days was observed
in plants grown under VLD which amounts to a delay of 42.6%. Delays of 25% and 27.6% relative
to the wild-type (R108) were seen under LD and SD respectively. Differences in nodes were more
subtle with no differences observed in LD and 2-4 additional nodes in the other conditions,
corresponding to 20-34% increases in number.

When homozygousMte1 seed from the NF20110 line was obtained, I grew a population along-
side NF16583 Mte1 plants in VLD (Sections 2.2.2 and 2.2.4). However here the delay in flowering
reported by Zhang et al. (2016) was not observed and the NF20110 Mte1 plants flowered at the
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same time to the wild-type (R108) grown alongside (Fig. 5.2B). However, NF16583 Mte1 plants also
grown alongside flowered an average of 8.86 days late with an additional 2.4 nodes, comparable
to what Ms. Zhang previously observed. The NF20110 Mte1 line is therefore not late flowering in
our conditions.

Figure 5.1 – Schematic of MtE1 locus, genotyping of NF20110 plants for Tnt1 insertion in MtE1 and
flowering time of screened Tnt1 lines. A is a schematic of the MtE1 locus aligned to the
FSTs NF16583_high_18 and NF16583_high_23. It follows the conventions set out in
Fig. 3.4A. The location of the gene-specific primers used for genotyping, relative to the
reported insertions in the NF16583 and NF20110 lines, are also annotated. B is the
results from the genotyping of NF20110 plants with (i) Medtr2g058520_148_F/
Tnt1_R (ii) Tnt1_F/Medtr2g058520_543_R and (iii)
Medtr2g058520_148_F/Medtr2g058520_543_R where the anticipated 746 bp, 987 bp and
395 bp bands respectively are observed. C is the flowering time of the screened NF16583
and NF20110 lines reported to contain insertions in MtE1 and grown in VLD. Flowering
time graphs are the plotting of the days to flower against the nodes on the primary axis
at the time of flowering with 95% confidence ellipses. Note there are no ellipses if there
is insufficient variation in the data. NF16583 data collected by Ms. Zhang.
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Figure 5.2 – Flowering time of NF16583 Mte1 and NF20110 Mte1 plants. A is the flowering time of
NF16583 Mte1 plants (n = 11-24) relative to wild-type (R108) with and without
vernalisation in both LD and SD. NF16583 Mte1 data was collected by Ms. Zhang. B is the
flowering time of NF20110 Mte1 plants (n = 7-17) with NF16583 Mte1 grown alongside.
Flowering time graphs are the plotting of the days to flower against the nodes on the
primary axis at the time of flowering with 95% confidence ellipses.
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Ms. Zhang also backcrossed (Section 2.2.3) NF16593Mte1 plants to the wild-type (R108) acces-
sion. Growth in VLD of an F2 population of 132 plants demonstrated that there was a continuum
of flowering times between wild-type flowering and the late-flowering phenotype. While this
is likely a consequence of the small effect size of the phenotype in VLD, it meant that the two
phenotypes could not be easily distinguished. Nonetheless, 27 days was taken as the cut off as
this was the day the last wild-type (R108) plant flowered. By this criteria there were 108 plants
which flowered like wild-type (R108) and 24 which flowered late. This late flowering phenotype
in NF16593 Mte1 plants is therefore consistent with a 3:1 recessive pattern of inheritance (χ2

statistic: 3.27, χ2
α=0.05 critical value = 3.84, df = 1, p = 0.0704).

Genotyping of this F2 population (Sections 2.3.1 and 2.3.3) then demonstrated that the Tnt1 in-
sertion inMtE1 segregated as expected in a 1:2:1 ratio (MtE1/MtE1 : MtE1/Mte1 : Mte1/Mte1 30:76:26
; χ2 statistic: 3.27, χ2

α=0.05 critical value = 5.99, df = 2, p = 0.1947) and on average homozygotes
flowered five days later with 1.7 more nodes than the wild-type segregants and heterozygotes
(Fig. 5.3). However, there were three heterozygous plants which flowered later than 27 days and
five homozygous plants which flowered earlier than 27 days. While this may reflect continuous
variation within the line, by using the cut off of 27 days the genotype cannot be said to exhibit
100% co-segregation with the phenotype (Fig. 5.3C). Nevertheless, plants homozygous for the
Tnt1 insertion are strongly associated with the late flowering phenotype (χ2: 85.26, simulated
p = <4.99 x 10−4) and thus the insertion is closely linked to the causal variant at within 9.6 cM
(5 homozygous recombinants

52 gametes × 100) from the insertion.

5.3.3 Tissue specific and diurnal gene expression of MtE1 and the expression
of FT-like genes in NF16593 Mte1 plants

Existing online resources of gene expression have scarce information regarding the expression
ofMtE1 (Krishnakumar et al. 2014). Thus RT-qPCR, as outlined in Section 2.3.3.2, was performed to
measure MtE1 expression using existing cDNA samples generated from a variety of tissue types,
and already present in the Putterill lab. An existing diurnal timecourse of cDNA samples gen-
erated from leaves from vernalised plants was also assayed. When assessing MtE1 expression
in different tissues it was observed that MtE1 is only appreciably expressed in leaf tissue and is
detected in both SD and LD conditions (Fig. 5.4B). Subsequently, in the ZT0-ZT20 diurnal time-
couse of leaf tissue MtE1 exhibited a diurnal pattern of expression in VLD. Specifically, there is
a small peak at ZT4 and large one at ZT16. There was little expression during VSD (Fig. 5.4C).
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Figure 5.3 – Flowering time of an F2 backcrossed NF16583 Mte1 population of 132 plants in VLD. The
A average days to flower and B primary axis nodes at the time of flowering are plotted
with 95% confidence intervals as well as C the distribution of days to flower. Wild-type
(R108) and F0 NF16583 Mte1 plants were grown alongside for comparison. A vertical line
is drawn at 27 days. Data was collected by Ms. Zhang.
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Figure 5.4 – The expression of MtE1 and FT-like genes in wild-type (R108) and NF16583 (Mte1) plants .
A is a schematic of the MtE1 locus following the conventions set out in Fig. 3.4A and
identifying the location of the insertions in the NF16583 and NF20110 lines. Additionally
the product amplified by Medtr2g058520_379_F/Medtr2g058520_543_R to assay MtE1 in
RT-qPCR is annotated. B is the mean expression of MtE1 from three biological replicates
in a variety of different tissues harvested at ZT2. Error bars are standard errors. C is the
mean expression of MtE1 from two biological replicates over an existing diurnal
timecourse generated from leaf tissue harvested from 10 day old M. truncatula ’Jester’
grown in VLD and VSD. Error bars are standard errors. D-H are the mean expression of
MtE1 and FT-like genes from three biological replicates. Error bars are standard errors.
Samples, unless specifically labelled otherwise were generated from three unfurled
trifoliate leaves taken at ZT4 from 14 day old plants grown in contrasting conditions.
Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm. The
RT-qPCR data is presented in Appendix E Table E.1.
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I also extracted RNA from 14 day old NF16583 Mte1 plants grown in all growth conditions at
ZT4, the time of the first peak in VLD expression. RT-qPCR demonstrated that the insertion of
the retrotransposon significantly knocked down MtE1 in both LD and VLD and that MtE1 has a
low level of expression in SD and VSD (Fig. 5.4D). The expression of FT-like genes was then tested
and a significant reduction in the expression of MtFTa1 was observed in VLD, but no difference
in expression was seen in MtFTa2, MtFTb1 or MtFTb2 (Figs. 5.4E–H).

5.3.4 Complementation of NF16583 Mte1 plants

Given the conflicting flowering times of the NF16583 Mte1 and NF20110 Mte1 lines it was reasoned
that if the insertion in MtE1 is the cause of the late-flowering phenotype in NF16583 Mte1 plants,
then overexpressing MtE1 in NF16583 Mte1 plants should complement this phenotype. To test
this, the MtE1 gene (R108 v1.0 sequence) was synthesised and cloned into pB2GW7 (Table 2.3)
downstream of a cauliflower mosaic virus 35S (CaMV 35S) promoter following the method out-
lined in Sections 2.4.3 and 2.5.1. The resulting pB2GW7-Medtr2g058520 vector was then used to
transform NF16583 Mte1 leaf explants via A. tumefaciens and regeneration via somatic embryo-
genesis, following Section 2.5.4. Transformation and regeneration of the wild-type (R108) was
also attempted.

Transformation of NF16583 Mte1 leaf explants with pB2GW7-Medtr2g058520 yielded 13 calli
from an initial 39 leaf discs (Table 5.2). When plantlets from these calli were transferred to
soil only plantlets from five of these calli were resistant to selection, applied by being sprayed
with 120 mg/L PPT (calli #13, #15, #22, #25, #27; Table 5.2 and Fig. 5.5A). Thus plantlets from
the other eight calli escaped the PPT selection during tissue culture. It should be noted that
none of the negative controls, which were co-cultivated with A. tumefaciens (but lacking pB2GW7-

Medtr2g058520 or any other vector) and plated alongside these explants in tissue culture, re-
generated. Nevertheless, the transgenic genotype of plants from these five calli were confirmed
via genotyping (Sections 2.3.1 and 2.3.3) with two pairs of primers; 35S_F/pBG2GW7_R and Basta_-

F2/Basta_R. Unfortunately, regeneration controls of NF16583 Mte1 leaf explants were all lost to
contamination or A. tumefaciens overgrowth, as were attempts to transform wild-type (R108)
with the pB2GW7-Medtr2g058520 construct. However regeneration controls of wild-type (R108)
produced a large number of calli.

The expression of MtE1 was assayed using RT-qPCR in T0 plantlets from the five successful
transformants. It was observed that four of the five had expression of MtE1 greater than the
wild-type (R108) regeneration controls, consistent with over-expression (Fig. 5.5B). Expression
was greatest in plantlet #13-1. The flowering time of these T0 plants was scored and a majority
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of plants had two to four more nodes than untransformed NF16583 Mte1 plants, but were similar
in terms of days to flowering (Fig. 5.5C). However, two plantlets from the #13 callus (#13-1 and #13-
3) were earlier than the other NF16583 Mte1 35S::MtE1 plants, and more similar to the wild-type
(R108) regeneration controls (Fig. 5.5C). However such results should be interpreted with caution
as plants regenerated in tissue culture are necessarily transferred to soil at slightly different
developmental stages, distorting developmental measurements like the scoring of flowering
time.

Table 5.2 – The number of leaf explants transformed using the pB2GW7-Medtr2g058520 vector carrying a
35S::MtE1 cassette. This table summarises their progression through somatic embryogenesis.

Initial leaf Leaf explants lost to: # calli # calli gen. Calli gen. plantlets
Accession Construct explants OG. Cont. Other to SH9 media plantlets resistant to PPT
R108 35S::MtE1 56 26 7 4 19 1 0
NF16583 35S::MtE1 39 5 2 7 25 13 5
NF16583 Positive control 10 1 9 0 0 0 0
NF16583 Negative control 6 1 0 5 0 0 0
R108 Positive control 35 1 0 1 33 30* 0
R108 Negative control 19 10 0 9 0 0 0

OG.- A. tumefaciens overgrowth; Cont. - contamination; gen. - generating
* Plantlets only taken from eight calli

Therefore, T1 plants from three of the lines (progeny of plants #13-3, #22-1 and #27-1) were
grown in both LD and VLD to score flowering time. Genotyping (Sections 2.3.1 and 2.3.3), using
the same primers as above, was performed to confirm presence of the transgene.

Since the delay in flowering exhibited by the NF1634 Mte1 line is only modest in LD and VLD
(∼13 days in LD and ∼8 days in VLD) comparisons were difficult, but the T1 progeny of plant
#13-3 appear to be more similar to the regeneration control than the NF16583 Mte1 plants grown
alongside (Figs. 5.6A and 5.6B). In LD, the flowering time of these transformed plants varied,
overlapping in days to flowering both the wild-type (R108) andmutant plants, however themean
of 62.9 days was only 5% later than the wild-type (R108) at 59.4 days. In contrast, NF16583 Mte1
plants grown alongside flowered on average after 71.4 days which is 20% later than the wild-type
(R108) and similar to what Ms. Zhang previously observed.
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Figure 5.5 – Phenotyping T0 NF16583 Mte1 35S::MtE1 plants transformed with pB2GW7-Medtr2g058520. A is the selection of T0 transformants and
regeneration control plants following transfer to soil and spraying with PPT. Note that plantlet #14-1 did not survive indicating it is
an escape. Plants were grown in LD. Scale bars are 5cm. B is the mean expression of MtE1 from two biological replicates in these
NF16583 Mte1 35S::MtE1 plants and regeneration controls assayed using RT-qPCR using the Medtr2g058520_379_F/
Medtr2g058520_543_R primer pair. Error bars are standard errors. Samples were single unfurled trifoliate leaves taken at ZT4 from
32 day old plants with the exception of #27-1 and the regeneration control #12-1 which were 8 days old and #22-1 which was 103 days
old. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm. The RT-qPCR data is presented in Appendix E
Table E.2. C is the flowering time of these T0 and regeneration controls plants in LD and plotted as the days to flower against the
nodes on the primary axis at the time of flowering. For comparison the mean flowering time of NF16583 Mte1mutants and wild-type
(R108; Fig. 5.2A) are plotted as crosses. Note that the nodes at flowering were not recorded for plants #15-5 and #13-6 as they had
multiple stems and are consequently listed as 0.
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Figure 5.6 – Flowering time of T1 progeny of transformants #13-3, #22-1 and #27-1 in both A LD and B
VLD. Plants were grown alongside NF16583 Mte1 mutants and wild-type (R108) for
comparison. Note that progeny of #22-1 and #27-1 were grown together so their controls
are the same. Flowering time graphs are the plotting of the days to flower against the
nodes on the primary axis at the time of flowering with 95% confidence ellipses. C is
the expression of MtE1 in the T1 progeny of transformant #13-3 from two biological
replicates. Error bars are standard errors. Samples consist of two pooled leaves
sampled at ZT4. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct

algorithm. The RT-qPCR data is presented in Appendix E Table E.3.
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In VLD the progeny of #13-3 plant flowered on average after 27 days which was near identical
to the mean 26.2 days the wild-type (R108) required, and significantly faster than the NF16583

Mte1 plants which were 37% later than wild-type (R108) at 35.8 days on average. In both condi-
tions nodes at flowering were similar in both NF16583Mte1 and NF16583Mte1 35S::MtE1 plants rel-
ative to the wild-type (R108), with plants grown in LD having∼2 more nodes on average. NF16583

Mte1 plants grown in VLD had ∼2 more nodes as well, while the NF16583 Mte1 35S::MtE1 plants
had an average of 0.8 nodes less than the wild-type (R108). Thus it appears that the 35S::MtE1
transgene is partially complementing the NF16583 plants in the progeny of the T0 plant #13-3.
However, note that while this line has greater MtE1 expression than NF16583 Mte1 plants, the
expression of the 35S::MtE1 transgene is much lower in these plants than the expression of MtE1
in wild-type (R108) plants grown alongside (Fig. 5.6C) and thus MtE1 is not being overexpressed.

In the other two lines from which T1 generation plants were grown there appears to be less
of an effect. There is a very slight acceleration of flowering, relative to the NF16583 Mte1 plants
grown alongside, in the progeny of T0 plant #22-1. However no acceleration is observed in the
progeny of T0 plant #27-1 (Figs. 5.6A and 5.6B). In LD the progeny of T0 plant #22-1 flowered on
average after 68.6 days, which is 16.3% later than the wild-type (R108) at 59 days but still slightly
earlier than the mutant which flowered after 74.3 days on average (25.9% later). No difference
was seen in VLD. The progeny of T0 plant #27-1 were similar to the NF16583 Mte1 plants in both LD
and VLD. In both these lines node number at flowering wasmarginally greater than the wild-type
(R108), all with ∼1-2 more nodes on average. Thus the 35S::MtE1 transgene is not significantly
complementing the late flowering phenotype of NF16583 Mte1 plants in the progeny of T0 plants
#22-1 and #27-1.



ANALYSIS OF CANDIDATE PHOTOPERIODIC FLOWERING PATHWAY GENES 137

This page is intentionally blank



138 GEOFFREY THOMSON

5.3.5 Compressed size of NF16583 Mte1 plants

NF16583 Mte1 plants have a more compact phenotype than wild-type (R108) plants (Fig. 5.7A) and
so, following Section 2.2.4, I measured the internodes NF16583 Mte1 plants and wild-type (R108)
in both LD and VLD (plants were 77 days old in LD and 38 days old in VLD). I also measured the
T1 NF16583 Mte1 35S::MtE1 plants plants from Section 5.3.4. Like the flowering time scoring of
this line (Fig. 5.2A), there is only a slight non-significant difference in the number of nodes on
the primary stem between the NF16583 Mte1 plants and the wild-type (R108; Fig. 5.7B). However,
in all comparisons NF16583 Mte1 plants were significantly shorter (64-65% shorter in LD, 46-62%
in VLD) than the wild-type (R108). For instance, in plants grown in LD alongside the progeny of
plant #13-3, NF16583 Mte1 plants were on average 3.8 cm tall which is only 36% of the wild-type
(R108) plants (on average 10.6 cm tall; Fig. 5.7C). This reduced height phenotype also manifested
in the length of the first secondary axis which in NF16583 Mte1 plants was observed to only be
66-76% of the wild-type (R108) in LD, and 58-60% in VLD (Fig. 5.7D). When looking at the size
of individual internodes on the primary stem it appears that the reduction in the size of these
plants can, for the most part, be attributed to the cumulative reduction in internode size as
through the middle of the plant wild-type (R108) plants consistently have larger internode sizes
(Fig. 5.7E).
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Figure 5.7 – Characterising the dwarf phenotype of NF16583 Mte1 mutants and the partial
complementation in T1 35S::MtE1 plants. A are representative photos of plants grown in
VLD (38 days old). Red arrows highlight the terminal node on the primary stem
indicating the height of the plant. Measures of the size of the plants are plotted in
terms of B node number, C plant height, D secondary axis length and E internode sizes
where the error bars represent 95% confidence intervals around the mean of each node.
Plants were either 77 days old (LD) or 38 days old (VLD) which corresponds to a point
where the T1 progeny of #13-3 were #22-1 and #27-1 had all flowered. Brackets in B-D
indicate two-sided Students t-tests with the corresponding adjusted p-values (using
the false discovery rate method) printed above. Significant differences are in red.
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Notably, all three T1 NF16583 Mte1 35S::MtE1 lines partially complemented the compact phe-
notype. For instance, in LD the progeny of plant #13-3 were on average 8.02 cm tall. While this is
shorter than the wild-type (R108; 10.6 cm on average), it is larger than the average of the NF16583

Mte1 plants (3.8 cm; Fig. 5.7C). In LD, NF16583 Mte1 35S::MtE1 plants descended from plants #13-3
were over twice as tall as NF16583 Mte1 plants on average, and the progeny of plants #22-1 and
#27-1 lines were on average 50% and 61% taller than the NF16583 Mte1 plants. This difference
was also observed in VLD with the progeny of #13-3 88% taller than NF16583 Mte1 plants. How-
ever progeny of plants #22-1 and #27-1 were similar in height to the mutant. Two lines, progeny
of #13-3, #22-1, also partially complemented the reduced length of the first secondary axis when
grown in LD (Fig. 5.7D). Consistent with the compact phenotype being attributable to a cumu-
lative decrease in internode size, NF16583 Mte1 35S::MtE1 lines have internode sizes between
that of NF16583 Mte1 mutants and the wild-type (R108) in LD conditions, and in the case of the
progeny of #13-3 VLD too (Fig. 5.7E).

In summary, in this section I have described the identification of the NF16583 Mte1 mutant
which flowers moderately late. This suggests that MtE1 may function as a floral activator. The
observed reduction in MtFTa1 expression, a potent floral inducer (Chapter 3; Laurie et al. 2011),
is consistent with this conclusion. However this conclusion is challenged by the second Tnt1
mutant line, NF20110, where the Mte1 plants did not flower late in our conditions, contrary to
the late flowering phenotype observed by Zhang et al. (2016). Efforts to complement the late
flowering phenotype of the NF16583 Mte1 mutant with a 35S::MtE1 transgene were only partially
successful as only one line (progeny of plant #13-3) in the T1 generation showed evidence of
complementation. This was a line from the same explant which possessed the highest level of
expression in the T0 generation (Fig. 5.5B) and while this high level of transgene expression was
not observed again in the T1 generation, the transgenically introduced MtE1 nevertheless had
greater expression than the mutant (Fig. 5.6C). Partial complementation in the compact archi-
tecture of the NF16583 Mte1mutant in this T1 line, and to a lesser extent a second line (progeny
of plant #22-1), was also observed.
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5.4 MtFE - Medtr6g444980

In A. thaliana FE/APL participates in the induction of FT, as well as the FT transporters FTIP1
and NaKR1 (Sections 1.3 and 1.5). Whether this is function conserved in species other than A.
thaliana is unknown. I identified Medtr6g444980 as a likely homologue and it was termed MtFE.
The Medtr6g444980 protein is 57.9% identical to FE/APL.

A total of six Tnt1 lines were selected from the Medicago truncatula Mutant Database of Tnt1
FSTs (Tadege et al. 2008; Cheng et al. 2014). Two of the lines, NF8324 and NF9701, have reported
insertions in the same place and orientation (reverse relative to the gene) 154 bp into the first
exon of the gene on the basis of the FSTs NF8234_2D_low_3 and NF9701_high_9 respectively
(Fig. 5.8). Further down the gene, on the basis of FST NF17758_high_52, an insertion was reported
at 34 bp into the sixth exon in the NF17758 line. Additionally, a pair of FSTs NF5076_high_49

and NF5076_high_61 locate a Tnt1 in the NF5076 line 339 bp into exon six. Lastly the NF18291

and NF17742 lines are reported to have insertions in the middle of exon 6 according to FSTs
NF18291_low_51 and NF17742_high_43 respectively. An alignment of these FSTs with the MtFE
locus is available in Supplement S.5 Table S.13.

Figure 5.8 – Genotyping Tnt1 lines for insertions in MtFE. This is a schematic of MtFE indicating the
position FSTs from selected lines align and the position of reported Tnt1 insertions. It
follows the conventions set out in Fig. 3.4A. The position of gene specific products
generated by the primers used to genotype these lines are also annotated. The
insertions which could not be confirmed and are shown as black triangles with white
fill.
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5.4.1 Screening of the NF5076, NF8324, NF9701, NF17742, NF17758
and NF18291 Tnt1 lines

Genotyping of plants from the NF8324 and NF9701 lines (Sections 2.3.1 and 2.3.3) was done us-
ing the Medtr6g444980_10_F/Medtr6g444980_224_R108_R gene-specific primer pair, in tandem
with Medtr6g444980_10_F/Tnt_F and Medtr6g444980_224_R108_R/Tnt1_R primers which would
amplify the insert should it exist. In populations of eight and seven plants respectively no insert
was identified in either line.

The NF17758 line was genotyped using the gene specific primer pair Medtr6g444980_1062_F/
Medtr6g444980_1867_R108_R and the Medtr6g444980_1062_F/Tnt1_F insert pair. No insert was
identified in this location in a population of 10 plants from this line.

Next, a population of seven plants from the NF5076 line was genotyped using the
Medtr6g444980_1574_F/Medtr6g444980_1867_R108_R primer pair along with the Tnt1 specific
primer pair Medtr6g444980_1574_F/Tnt1_R. This Tnt1 specific pair did amplify the anticipated
855 bp bands in four plants indicating an insert was present. A total of one homozygote and
three heterozygotes were obtained and this insertion was confirmed via sequencing (Supple-
ment S.5 Table S.16).

The plants from the NF18291 line were genotyped using the Medtr6g444980_1574_-

F/Medtr6g444980_2127_R pair of primers and insert specific pair Tnt1_R/Medtr6g444980_-

2127_R. Here the anticipated 706 bp product in the insert specific reaction was observed in
seven of the nine plants grown. Unfortunately, the homozygous plants died prior to flowering
or producing seed (as did an additional plant which was unable to be genotyped), however five
heterozygous plants produced seed. The presence of the Tnt1 was confirmed via sequencing
(Supplement S.5 Table S.16). Lastly 10 plants from the NF17742 line were genotyped using the
same gene specific primers as NF18291 and the Medtr6g444980_1574_F/Tnt1_R pair to amplify
the insert, but none was found.

Thus two lines, NF5076 and NF18291, were found to have inserts in MtFE. Flowering time of
the lines, screened in VLD, are presented in Fig. 5.9. While none deviated significantly from the
wild-type (R108), a homozygote and wild-type segregant from the NF5076 line were moderately
late, as was a single wild-type segregant from NF17758 (but this plant was very small and grew
poorly).
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Figure 5.9 – The flowering time of the screened Tnt1 lines reported to contain insertions in MtFE
grown in VLD. Flowering time graphs are the plotting of the days to flower against the
nodes on the primary axis at the time of flowering with 95% confidence ellipses. Note
there are no ellipses if there is insufficient variation in the data.

5.4.2 Characterising the NF5076 and NF18291 Tnt1 lines

Taking the two lines demonstrated to contain the Tnt1 inserts, NF5076 and NF18291, homozy-
gous plants for the Mtfe inserts were then grown in greater numbers. Populations of NF5076

Mtfe plants were grown (Section 2.2.2) with and without vernalisation in LD and SD, and a delay
in the days to flower was observed in LD and VLD conditions (Fig. 5.10A). Scoring of flowering time
(Section 2.2.4) found that in LD conditions NF5076 plants flowered on average 22.7 days (38.2%)
later than the wild-type (R108) but with no difference in the number of nodes (x̄ = 14). Simi-
larly, in VLD the NF5076 homozygotes flowered 14.2 days later (50%) than the wild-type (R108)
however again the difference in nodes was small with the NF5076 plants having 1.78 more on
average. Since the delay in flowering does not correlate with an increase in node number, this
may indicate that this is not strictly a flowering time phenotype and may be a consequence of
an overall reduction in the rate of development. In SD conditions no difference in flowering time
was observed, however plants did not develop a primary axis as most stems sprouting from the
centre of the plant quickly died (Fig. 5.10B). It is unknown if this phenotype is related to the insert
in MtFE.
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Figure 5.10 – Flowering time of NF5076 Mtfe plants and additional phenotypes of the NF5076 line. A
is the flowering time of NF5076 (n = 3-12) relative to wild-type in both LD and SD with
and without vernalisation. B depicts the lack of a primary stem in NF5076 plants grown
in SD (100 day old plants). C presents 41 day old NF5076 plants grown in VLD. Note that
NF5076 wild-type segregants are smaller than the wild-type (R108) plants grown
alongside and that NF5076 Mtfe homozygotes are very condensed. D is the heights of
35 day old progeny of NF5076 wild-type segregants whose parents were either ”tall”
(wild-type-like) or ”short” (see C panel 2) along with wild-type (R108) plants grown
alongside. E is the flowering times of these populations. F is the malformed barrel
phenotype observed in the NF5076 line. Flowering time graphs are the plotting of the
days to flower against the nodes on the primary axis at the time of flowering with 95%
confidence ellipses. All scale bars are 5cm.
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It was observed that the NF5076 Mtfe plants were much smaller and more compact than their
wild-type (R108) counterparts (Fig. 5.10C). This goes beyond an overall reduction in growth rate
because even at the time of flowering under LD and VLD NF5076 plants did not resemble wild-
type plants from two-three weeks prior, instead they remained small and compact. To a much
lesser extent, a fraction of the wild-type segregants were also smaller relative to the wild-type
(R108; Fig. 5.10C). This appears to be a heritable feature of the line as progeny of NF5076 wild-
type segregants deemed ”short” were on average shorter than the progeny of ”tall” or wild-type
(R108) plants, despite flowering at the same time (Figs. 5.10D and 5.10E).

The NF5076 line also possessed phenotypes which made propagation difficult as several
plants produced seeds which had not developed and presented as dark and small. This seed
did not germinate. The line also possessed a malformed barrel phenotype where the normal
coiling of the barrel did not occur and which did not produce viable seed (Fig. 5.10F).

To generate NF18291 Mtfe homozygous seed progeny of NF18291 plants which were heterozy-
gous for the Tnt1 insert were grown in VLD (as no homozygous seed was obtained from the ini-
tial screening). While germination was normal, plants emerged very unevenly from the soil with
a significant proportion being very small. Only 63% grew to a sufficient size where genotyp-
ing was attempted (15 days old) and it was observed that no homozygous plants were present
(MtFE/MtFE : MtFE/mtfe : mtfe/mtfe 27:50:0).

To retest the NF18291 line, another segregating population was grown where the small pro-
portion (40% of the population) was again observed. Genotyping was attempted at an ear-
lier stage (10 days old) and while this was less successful, with some genotyping reactions fail-
ing, it was observed that all homozygotes were from very small plants MtFE/MtFE : MtFE/mtfe
: mtfe/mtfe : Unknown 12:17:7:8; Fig. 5.11A). At 14 days after planting all the homozygous plants
had shrivelled and died (Fig. 5.11A far-right panel). Thus, in NF18291 Mtfe plants this insertion in
MtFE either causes, or is closely linked to a locus which causes, seedling lethality.

The NF5076 Mtfe insertion and NF18291 Mtfe insertion are both located in the sixth exon and
thus are expected to have similar effects. As a test to see if the transcript ofMtFE is disrupted in
the two mutant lines in a similar manner, RNA was extracted from 12 day old cotyledon and root
tissue from both lines. RT-qPCR (Section 2.3.3.2) was then used to assay the transcript levels of
MtFE both upstreamand downstreamof the insertions. The upstreamPCR product was amplified
using the Medtr6g444980_156_F/Medtr6g444980_706_R primer pair and the Medtr6g444980_-

2067_F/Medtr6g444980_2127_R primer pair was used to amplify the downstream PCR product
(Fig. 5.11B). Since there was only a small amount of tissue available there is only one biological
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replicate sample in this experiment, thus such results are preliminary, nevertheless both mu-
tants show significantly reduced transcript both up and downstream of the insertions relative
to the wild-type (R108; Fig. 5.11C).

Figure 5.11 – Seedling lethality of the NF18291 Mtfe line and disruption of MtFE expression in
seedlings from both NF5076 Mtfe and NF18291 Mtfe lines. A is the small seedling growth
phenotype of NF18291 plants homozygous for the insertion at 10 days old (left and
middle panel). The far right panel shows how at 14 days these plants shrivel and die.
Scale bars are 5cm. B is a schematic of the MtFE locus and the location of the upstream
and downstream PCR products assayed via RT-qPCR using the primer pairs
Medtr6g444980_156_F/Medtr6g444980_706_R and
Medtr6g444980_2067_F/Medtr6g444980_2127_R. It follows the conventions set out in
Fig. 3.4A. C is the RT-qPCR results upstream and downstream of the insertions in the
two Tnt1 lines. Tissue consists of pooled cotyledon and root tissue from two plants
sampled at ZT2. There is one biological replicate. Expression is relative to the
housekeeper PP2A following the 2−∆∆Ct algorithm. The RT-qPCR data is presented in
Appendix E Table E.4.
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The seedling lethal phenotype of the NF18291 Mtfe line means that flowering time in these
plants cannot be assessed. Fortunately Ms Zhangwas able to cross a NF18291 plant heterozygous
for the Tnt1 insert in MtFE (male) with a NF5076 homozygous Mtfe plant (female) to carry out an
allelism test. The four resulting F1 plants were genotyped using two pairs of primers which
uniquely amplify each insert (Tnt1_R/Medtr6g444980_2127_R for the NF18291 insert and Tnt1_-

F/Medtr6g444980_2127_R for the NF5076 insert) and three plants were found to contain both
alleles (Fig. 5.12A). Unfortunately, only one plant survived the seedling stage. However this plant
did flower at a comparable time to homozygous NF5076 plants grown alongside and later in
days than wild-type plants (R108; Fig. 5.12B). While it would be premature to draw conclusions
between a genotype and phenotype based on a single plant, this is nevertheless consistent with
the two insertions being allelic and that the disruption of MtFE is responsible for the observed
delay in days to flowering in the homozygous NF5076 plants. It is also consistent with seedling
lethality being associated with the NF18291 Mtfe insertion.

Figure 5.12 – The NF18291 x NF5076 Mtfe cross. A is the genotyping of F1 plants generated from the
crossing of NF18291 plant heterozygous for the Tnt1 insert in MtFE (male) with a
homozygous NF5076 Mtfe plant (female). This was done using (i)
Tnt1_R/Medtr6g444980_2127_R which specifically amplifies a 760 bp product
identifying the insert in NF18291 and (ii) Tnt1_F/Medtr6g444980_2127_R which are
specific for the NF5076 insert with an anticipated 1001 bp product. B is the flowering
time of the single F1 plant to survive with NF5076 Mtfe and wild-type (R108) plants
grown alongside in VLD. Flowering time graphs are the plotting of the days to flower
against the nodes on the primary axis at the time of flowering with 95% confidence
ellipses.
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5.4.3 Tissue specific gene expression of MtFE and the expression of potential downstream
genes in NF5076 Mtfe plants

The expression of MtFE in a range of different tissue types was then assessed using RT-qPCR
(Section 2.3.3.2). In this assay I observed MtFE to be expressed in all the tissues assayed but
was especially abundant in the leaves, as well as buds and flowers (Fig. 5.13B). Then focusing on
the NF5076 mtfe mutant in VLD, expression of MtFE was observed to be greatly knocked down
confirming that the Tnt1 insert disruptsMtFE (Fig. 5.13C). Since FE regulates FT in A. thaliana (Abe
et al. 2015) I then assayed the FT-like genes in M. truncatula. I observed, in plants grown in VLD
and sampled at 14, 28 and 61 days old, that the expression of MtFTa1, MtFTb1 and MtFTb2 was
consistently reduced relative to wild-type controls (Fig. 5.13C). This suggests that MtFE also acts
upstream of FT-like genes in M. truncatula. In contrast no difference was seen in MtFTa2 until
61 days where a greater expression of MtFTa2 was observed in the mutant, relative to wild-type
controls.

The observation that the reduction in MtFTa1, MtFTb1 and MtFTb2 expression persists across
all three timepoints indicates that the late flowering phenotype of NF5076 Mtfe plants is, at least
in part, a flowering time phenotype as opposed to just a delay in the rate of growth. If the latter
were the case then the difference inMtFTa1, MtFTb1 andMtFTb2 expression between mutant and
wild-type would be expected to decrease in the later timepoints as the plant matured.

Since FE also regulates FTIP1 and NaKR1 in A. thaliana (Abe et al. 2015; Shibuta and Abe 2017)
I also assayed the expression of the FTIP1-like gene Medtr0291s0010 and the NaKR1-like gene
Medtr7g100450where amodest, but consistent, reduction in expressionwas observed (Fig. 5.13C).
This suggests that MtFE also acts upstream of these genes in M. truncatula.

Ms Zhang then backcrossed (Section 2.2.3) the NF5076 mtfemutant to the wild-type (R108). I
grew an F2 population of 180 plants from this cross in VLD. On the basis of flowering time results
from when homozygous plants were grown previously (i.e. Fig. 5.10A) 33-days after planting was
judged to be an appropriate point at which to distinguish between the late-flowering plants from
the wild-type (R108) grown alongside (Fig. 5.14). When this criterion is applied to this linkage
population, 61 plants flowered late and 119 plants flowered like wild-type. This does not fit the
expected 3:1 ratio of a recessive pattern of inheritance (χ2 statistic: 7.59, χ2

α=0.05 critical value =
3.84, df = 1, p = 5.9 x 10−3) with more late flowering plants than expected.
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Figure 5.13 – The expression of MtFE and potential downstream genes in NF5076 Mtfe plants. A is a
schematic of the MtFE locus identifying the location of the insertion in the NF5076 line.
It follows the conventions set out in Fig. 3.4A. Additionally the product amplified by
Medtr6g444980_1861_F/Medtr6g444980_1990_R to assay MtFE in RT-qPCR is annotated.
B is the mean expression from three biological replicates of MtFE in a variety of
different tissue harvested at ZT2. Error bars are standard errors. C is the mean
expression from two-three biological replicates of MtFE of MtFE, FT-like genes as well
as the FTIP1-like gene Medtr0291s0010 and the NaKR1-like gene Medtr7g100450 in
NF5076 Mtfe plants relative to wild-type controls grown in VLD and sampled at three
different ages. Error bars are standard errors. Samples were taken at ZT4 and consist
of two pooled trifoliate leaves. Note that the wild-type for 61 day old plants is a NF5076
wild-type segregant. Expression is relative to the housekeeper PP2A following the
2−∆∆Ct algorithm. A summary of the RT-qPCR data is listed in Appendix E Table E.5.
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Genotyping the F2 population using the primers used to initially screen NF5076 plants also
produced unexpected results with a 55:72:53 ratio (MtFE/MtFE : MtFE/mtfe : mtfe/mtfe) which
differs from the expected 1:2:1 ratio (χ2 statistic: 7.24, χ2

α=0.05 critical value = 5.99, df = 2, p = 0.027).
However, the ratio does not seem to be biased towards homozygotes or wild-type segregants
with each having more than expected. When flowering time is assessed, homozygous plants
once again flower on average two weeks later than the wild-type, heterozygotes and wild-type
segregants (Fig. 5.14A) and the difference in nodes is small at less than two on average (Fig. 5.14B).

However, when the distribution of the days taken to flower in this F2 population is con-
sidered there is overlap between the genotypes; there are 5 homozygous plants which flower
like wild-type (R108) plants as well as 6 and 7 plants respectively from heterozygous or wild-
type segregant plants which flowered later than 33 days (Fig. 5.14C). Repeating the genotyping
of these plants confirmed the original result suggesting this was not in error and that the over-
lap of genotypes is real. While this may just be the distribution of flowering times observed
in these lines when grown in larger numbers, it nevertheless means that there is not 100% co-
segregation between NF5076 mtfe homozygotes and the late flowering phenotype. Regardless,
the mtfe insertion is strongly linked to the phenotype (χ2 statistic: 104, χ2

α=0.05 critical value =
3.84, df = 1 p = 2.2 x 10−16) and within 4.7 cM (5 recombinants

106 gametes × 100) of the causal mutation.

A F3 population comprised of progeny from F2 homozygotes which flowered like wild-type or
wild-type segregants which flowered late showed a similar trend to that of the parental popula-
tion with 4/16 of the homozygotes flowering like the wild-type (R108) and 13/32 of the wild-type
segregants flowering late (Fig. 5.14D).

5.4.4 Compressed size of NF5076 Mtfe plants

Along with late-flowering, several additional phenotypes have been observed in the NF5076 line.
Conspicuously, NF5076 mtfe homozygotes have a very condensed architecture and to a lesser ex-
tent a smaller architecture phenotype has been observed in heterozygotes and wild-type segre-
gants (Fig. 5.10C). In light of this, the distribution of internodes up the primary axis each plant in
the linkage F2 population was measured (Section 2.2.4). Since late flowering was not observed
to segregate completely with the NF5076 mtfe insert, plants which flowered unexpectedly were
separated when the distribution of internodes were analysed and plotted in Fig. 5.15. At 33 days
it was observed that heterozygous plants and wild-type segregants are 64-67% (∼3 cm shorter)
of the wild-type (R108), while homozygotes are only 7% the height (10 cm shorter; Fig. 5.15A; full
data in Supplement S.5 Table S.14).
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Figure 5.14 – Flowering time of a F2 NF5076 linkage population grown in VLD. A depicts the average
days to flowering for plants across the different genotypes with wild-type (R108) grown
alongside and B depicts the nodes at flowering. In both cases error bars are 95%
confidence intervals. C demonstrates the spread of the days to flowering in histograms
where the overlap between homozygotes, heterozygotes and wild-type segregants can
be seen. A vertical line is drawn at 33 days. D is the days to flowering for a F3
population (n = 46) comprised of progeny from F2 homozygotes which flowered like
wild-type or wild-type segregants which flowered late.
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Figure 5.15 – Architecture measurements of a F2 NF5076 linkage population grown in VLD. A is the
mean height of the plants measured at 33 (n = 180), 48 and 63 days. Measurements of
heterozygotes and wild-type segregants measured at 48 days are a sample (n = 20) of
the total population and dotted lines are the flowering times of plants which differed
from that expected. Error bars are 95% confidence intervals. B is the number of nodes
on the primary axis at the time of measurement. Error bars are 95% confidence
intervals. C is photos of representative 47 day old plants with their genotypes and
flowering times annotated. Scale bars are 5cm.
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In Fig. 5.10A it was shown that when NF5076 mtfe plants flower late in LD and VLD they have
a similar number of nodes to the wild-type (R108) when they flowered. This may be indica-
tive of a delay in the rate of development and not in a delay at the developmental stage at
which flowering occurs. Since measuring the plants at 33 days was 5-7 days after the wild-type
(R108) plants had flowered, if a general delay in the rate of growth was present in the line then
homozygous plants at 48 days should resemble wild-type plants at 33 days. Consequently, at
48 days a representative selection of wild-type segregants and heterozygotes were measured
again. The homozygous plants and plants which had flowering times which differed from that
expected were also measured. The general delay in the rate of development was not observed
as the 48 day old homozygous plants were still only 29% (7cm shorter) the height of 33 day old
wild-type (R108) plants (and 17.2% or 15cm shorter than 48 day wild-type segregants). In fact,
even at 63 days old homozygous plants were shorter than 33 day old wild-type (R108) plants,
being on average only 53% the height and on average only 5.8 cm tall. When the number of
nodes at measurement is considered, homozygous plants have only 1-2 fewer nodes on average
than wild-type or wild-type segregants at both 33 and 48 days which is too small a difference to
explain the difference in heights and suggests the plants are at developmentally similar stages
(Fig. 5.15B). Since the rate of node production is similar between homozygous and the wild-type
(R108) plants, but homozygous plants never obtain the height of the 33 day old wild-type (R108)
plants, the condensed architecture cannot be attributable to the plants merely growing slowly.
Thus NF5076 mtfe homozygotes have a severe compaction of architecture.

These internode measurements also shed light on the plants which flowered unexpectedly
(i.e. wild-type segregants or heterozygotes which flowered after 33 days or more and homozy-
gotes which flowered before 33 days) as they occupied an intermediate space between the ho-
mozygotes and wild-type segregants. These plants were on average 17-21% and 60-68% the
height of wild type (R108) or wild-type segregants at 33 and 48 days respectively (7-8cm shorter),
with only 1-2 less nodes than wild type or wild-type segregants (Figs. 5.15A and 5.15B). For the
heterozygotes and wild-type segregants which flowered late this is consistent with a delay in
the rate of growth as these plants at 48 days are 103-116% of the wild-type (R108) at 33 days,
however it does not explain the accelerated flowering observed in the five homozygotes which
flowered earlier than 33 days. Furthermore, as shown in the selection of representative plants
photographed in Fig. 5.15C, while the plants which flowered unexpectedly are smaller than wild-
type plants (Fig. 5.15C lower panels) this does not seem to be a substantial difference in absolute
size from heterozygotes and wild-type segregants which flowered like wild-type plants (Fig. 5.15C
upper mid panel) for the size of the plant to impact flowering time. This result suggests there is
a delay of flowering present within the NF5076 line may not be attributable to MtFE.
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5.4.5 Complementation of A. thaliana fe plants with MtFE

Despite the uncertainty of linkage between the NF5076 mtfe insertion and the delayed flow-
ering time phenotype, it was then investigated whether the MtFE gene is able to complement
late-flowering phenotype of the A. thaliana fe-1 mutant. This is a missense mutation in FE/APL
generated by treating the Ler-0 accession with ethyl methanesulphonate (Koornneef et al. 1991;
Abe et al. 2015). Additionally, to investigate the possibility of over-expression of MtFE or FE/APL
on flowering, the wild-type accession Ler-0 was also transformed. Since FE/APL is known to
have significant effects on vasculature development (Bonke et al. 2003) this was done using the
SUCROSE TRANSPORTER2 (SUC2) promoter, which is phloem specific, to provide strong expres-
sion in the phloem companion cells (the tissue where FE/APL regulates FT and FT transport). In
addition, overexpression of FE/APL using a CaMV 35S promoter in A. thaliana was previously un-
successful in generating plants (personal communication, Associate Professor Mitsutomo Abe,
University of Tokyo).

The genomic sequence of MtFE (Mt4.0 sequence) flanked by SpeI and XhoI restriction sites
was synthesised and cloned into the pSAK778_AtSUC2 binary vector (Table 2.3) downstream of
the SUC2 promoter (described in Sections 2.4.2 and 2.5.1). As a positive control the genomic se-
quence of FE/APL (TAIR10 sequence) was also synthesised and cloned. The cloned binary vectors
were transformed into both fe-1 and Ler-0 via floral dip (Section 2.5.5) and the T1 generation
was selected on solid Murashige and Skoog media including vitamins media (MS+V; Table 2.1)
plates, with 100 µg/ml of kanamycin as a selective agent (Section 2.2.5). At twelve days old
seedlings were transferred to soil and later genotyped as laid out in Sections 2.3.1 and 2.3.3, us-
ing the Medtr6g444980_1574_F/pSAK778_SUC2_OCS_623_F or AT1G79430_295_F/pSAK778_SUC2_-

OCS_623_F primer pairs for seedlings transformed with vectors containing MtFE and FE/APL re-
spectively. A total of ten independent SUC2::MtFE lines and five independent SUC2::FE lines were
generated in the fe-1 background. In addition, six independent SUC2::MtFE lines and three in-
dependent SUC2::FE were generated in the Ler-0 background.

It was observed that like FE/APL, MtFE is capable of complementing the A. thaliana fe-1 mu-
tant (T3 data in Fig. 5.16; T2 flowering time data is presented in Appendix E Fig. E.1). On average
SUC2::MtFE fe lines flowered after 17 days with 10 leaves which is similar to the wild type (Ler-0)
which flowered after 17 days with 8 leaves. In contrast fe-1mutants flowered 54-58% later (after
26-27 days) with 137-179% more leaves (with 21-22 leaves) relative to the wild type (Ler-0).
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Figure 5.16 – Flowering time of T3 transformed A. thaliana fe-1 mutant and wild-type (Ler-0) plants
grown in LD. A is the mean flowering time in days to flowering of fe-1 and Ler-0 plants
transformed with SUC2::AtFE or SUC2::MtFE contructs. B is the mean number of leaves
at the time of flowering. Error bars are 95% confidence intervals and grey shaded area
is the area between wild-type (Ler-0) and fe-1 plants. C is photos of representative
plants of 27 day old T3 plants.
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When Ler-0 was transformedwith vectors containing SUC2::FE or SUC2::MtFE no lines flowered
earlier than Ler-0. Instead, a slight trend to lateness was seen in both the T2 and T3 generations
(Fig. 5.16 and Appendix E Fig. E.1). In the latter generation, plants containing the SUC2::FE required
11-26% more days (1.75-4.31 days) and had 17-28% the number of leaves (1.45-2.4 more leaves)
when they did. Plants containing the SUC2::MtFE were slightly late to a similar degree.

5.4.6 Yeast-2-hybrid screening of MtFE and NUCLEAR FACTOR Y-like genes

In Section 5.4.5 it was found that, like FE/APL, MtFE appears to be able to complement the A.
thaliana fe-1 mutant (Fig. 5.16). This raises the question of how MtFE functions, both in these
complemented A. thaliana plants and, if the NF5076 mtfe insertion is the cause of the late flow-
ering phenotype and reduced expression of MtFTa1, MtFTb1 and MtFTb2, in M. truncatula itself.
Shibuta and Abe (2017) demonstrated using Y2H assays that in A. thaliana FE/APL interacts with
CO and AtNFY-B2 and so is thought to act as part of the NF-CO complex regulating the expres-
sion of FT. To investigate whether MtFE might interact in such a manner, a similar Y2H assay
was performed with MtFE using CO and AtNFY-B2 along with a selection of five NF-YB and NF-
YC-like proteins from M. truncatula, selected based on their amino-acid sequence similarity to
the NF-Y proteins demonstrated to regulate flowering time in A. thaliana (Kumimoto et al. 2008;
Kumimoto et al. 2010). Neighbour joining trees for NF-Y-like proteins in both A. thaliana and M.
truncatula used to make the selection are available in Appendix E Fig. E.2.

The CDS for these five NF-Y genes along with that of MtFE (Mt4.0 sequence), CO and AtNF-YB2
(TAIR10 sequence) were synthesised and cloned into both pDEST™22 and pDEST™32 (Table 2.3
and Section 2.4.3). These vectors facilitate the generation of N-terminal fusions with the GAL4
DNA activation domain (AD) or binding domain (BD) respectively. They use the Alcohol dehydro-
genase I promoter to drive expression of these fusion genes in Saccharomyces cerevisiaeMeyen
ex E.C. Hansen. The cloned vectors were then transformed into S. cerevisiae and Y2H assays were
performed following the methods outlined in Section 2.5.2.

In performing the Y2H assays there were 56 combinations of potential interactions (see Sec-
tion 2.2.1.1). Successful matings were observed by plating all the matings in triplicate on syn-
thetic defined media without leucine and tryptophan (SD-LW; Table 2.1) on which mated diploid
S. cerevisiae should be able to grow regardless of interaction. In total 52 (92.8%) matings were
successful. The matings were also grown on synthetic defined media without leucine, trypto-
phan and histidine (SD-LWH; Table 2.1) which tests for positive interactions. Successful mat-
ings induce a gene encoding a histidine biosynthesis enzyme facilitating growth on this media.
In addition, matings were grown on SD-LWH plates with seven different concentrations of 3-
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amino-1,2,4-triazole (3AT) ranging from 0-100 mM. 3AT is a competitive inhibitor of the histidine
biosynthesis enzyme induced by the interaction between interacting assayed proteins and thus
reduces false positives and auto activation of BD fused proteins. Growth was monitored at 2-3
day intervals and scored on a scale of 0 (no growth) to 3 (strong growth). An example of a plate
of matings after four days of growth is pictured in Fig. 5.17A.

Alongside the Y2H assays I used assayed yeast containing Y2H vectors encoding proteins
known to or known to not interact as positive and negative controls. These originate from the
ProQuest™ Two-Hybrid System (Section 2.2.1.1).

Figure 5.17 – Summary of Y2H results. A is an example if the yeast colonies after four days of
growth. Specifically in this plate the BD fused MtFE interacted with every other assayed
protein fused to the AD. Also included are negative controls with only empty vectors or
the BD fused MtFE missing (replaced with a empty pDEST™32). Upper panel is SD-LW
and lower panel SD-LWH with 10 mM 3AT. Positive and negative controls are yeast
containing Y2H vectors encoding proteins known to or known to not interact sourced
from the ProQuest™ Two-Hybrid System (Section 2.2.1.1). B is a network diagram
summarising the observed interactions after 10 days of growth at 10 mM 3AT (see
Fig. 5.18). Interactions only observed in one configuration of the GAL4 domains are in
red and arrows extend from the protein fused to the BD to the protein fused to the AD.
Bidirectional interactions (either configuration of GAL4 domains) are depicted in
purple.
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Auto-activation was observed in all reactions where CO was fused to the BD so the 7 interac-
tions which involved this construct were judged as being unable to be interpreted. However sig-
nificant auto-activation was not observed anywhere else and negative controls did not suggest
any systemic contamination was present. Some individual plates did show low levels of contam-
ination late in the experiment so any weak interactions on these these plates were disregarded.
Nevertheless, strong signals of interaction were observed in a number of cases summarised in
the network presented in Fig. 5.17B (heatmaps of the scoring after 10 days of growth are plotted
in Fig. 5.18 with controls plotted in Appendix E Figs. E.3 and E.4. Full scoring data is in Supple-
ment S.5 Table S.14). Briefly the NF-YC-like protein Medtr3g099180 had bidirectional interactions
with the two NF-YB-like proteins Medtr3g058980 and Medtr5g095740. That is to say there was
an interaction regardless of which partner was fused to the BD. Bidirectional interactions were
also observed between the Medtr3g099180 NF-YC-like protein and AtNF-YB2. Another NF-YC-like
protein, Medtr1g082660, also interacted with the NF-YB-like Medtr5g095740 in a bidirectional
manner.

Unidirectional interactions were observed between MtFE and all other proteins tested when
MtFE was fused to the BD, despite no auto-activation occurring when only MtFE fused to the
BD was present. However, the reciprocal interactions were not observed. The reason for this is
unclear although it should be noted that the interactions observed between MtFE fused to the
BD and all other genes only facilitated colony growth on up to 10 mM 3AT after 10 days of growth
which was weaker than the other interactions observed which facilitated colony growth on 100
mM 3AT after 10 days of growth (Fig. 5.18). Interestingly, MtFE and all three M. truncatula NF-YC
proteins tested had unidirectional reactions with CO (note that CO auto-activated when fused
to the BD so bidirectional interactions are not possible) suggesting that MtFE and M. truncatula
NF-YC proteins may retain the ability to interact with CCT domain containing genes.

In this section I have described the NF5076 Mtfe mutant which has a late flowering pheno-
type indicating MtFE may act as a floral activator. A second mutant line identified with an Tnt1
insertion in this gene, NF18291, had a seedling lethal phenotype. In A. thaliana FE is known to
be a floral activator and knockout mutants are seedling lethal, thus these two mutants are in a
sense consistent with FE in different ways.

Nonetheless, initial results are consistent with the two inserts being allelic in causing late
flowering, although the lack of clear co-segregation in the linkage analysis challenges this. Nev-
ertheless MtFE can complement the A. thaliana fe-1 mutant and Y2H assays suggest that MtFE
can interact with NF-Y-like proteins.



ANALYSIS
OF

CANDIDATE
PHOTOPERIODIC

FLOW
ERING

PATHW
AY

GENES
159

Figure 5.18 – Y2H interaction results after 10 days of growth. Each heatmap has the BD fused protein above and each column the AD fused
protein. Rows are increasing concentrations of 3AT and colour intensities are the mean growth scoring of three independent
matings. They range from purple (0 - no growth) to yellow (3 - strong growth). Note that when CO is fused to the BD growth occurs in
the absence of a AD fused protein indicating auto-activation. Grey columns represent failed matings and grey rows plates with low
levels of background contaminations such that weak interactions were omitted. Full scoring data is in Supplement S.5 Table S.14.
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5.5 MtFTIP1 - Medtr0291s0010

In A. thaliana FTIP1 plays a central role in the unloading of FT protein from leaf companion cells
into the sieve elements of the phloem. To investigate whether a similar mechanism exists in M.
trunatula a homologue of FTIP1 was identifiedwithMedtr0291s0010 being themost similar. It has
a 80% identical amino-acid sequence identity to FTIP1 and is thus termed MtFTIP1. Furthermore
I extracted peptide sequences of all the FTIP1 protein homologues in A. thaliana, M. truncatula,
P. vulgaris and G. max from PHYTOZOME (v.12.1; Goodstein et al. 2012). This identified 17, 18, 15, and
27 sequences respectively from which a neighbour-joining tree was subsequently constructed.
It was observed that Medtr0291s0010 claded closely with FTIP1 (Fig. 5.19).

Figure 5.19 – A neighbour-joining tree of FTIP1-like proteins. The tree was constucted from aligned
amino acid sequences and using a JC69 substitution model with 1,000 bootstraps. The
tree depicts the similarity of FTIP1-like proteins from A. thaliana, M. truncatula, P.
vulgaris and G. max. The clade containing FTIP1 and Medtr0291s0010 is highlighted in
orange and presented in the main image. The percentage level of support is depicted
at each node. Alignment and tree files are in Supplement S.5 Table S.13.
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The Medicago truncatula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014)
was queried using MtFTIP1 and two lines were selected. The lines NF10483 and NF3680 have
FSTs (NF10483_high_4 and NF3680_high_2) which map Tnt1 insertions to 313 bp and 674 bp re-
spectively into the single exon gene, both in the forward orientation (Fig. 5.20). These coincide
with the first and second of three predicted C2 membrane-targeting domains. An alignment is
available in Supplement S.5 Table S.13.

5.5.1 Screening of the NF3680 and NF10483 Tnt1 lines

The proximity of these insert sites facilitated genotyping (Sections 2.3.1 and 2.3.3) with the same
pairs of primers. The gene-specific primer pair Medtr0291s0010_102_F/Medtr0291s0010_791_-

R108_R amplifies a 689 bp product which spans the two insertion sites. The insert specific pair
Medtr0291s0010_102_F/Tnt1_R should produce products of 858 bp and 1,217 bp for NF10483

and NF3680 respectively. Genotyping identified insertions in three of the five NF10483 plants
screened (two heterozygotes and one homozygote; sequence of insert in Supplement S.5 Ta-
ble S.16) but no insertion was identified in the seven screened NF3680 plants. No departure from
wild-type flowering (following Section 2.2.4) was observed in either line (Figs. 5.21A and 5.21B).

Figure 5.20 – Genotyping of the NF3680 and NF10483 lines for an insertion in MtFTIP1. This is a
schematic of the locus with the alignment of NF10483_high_4 and NF3680_high_2
indicating the location of putative insertions. It follows the conventions set out in
Fig. 3.4A. The position of the gene specific product generated by the primers used to
genotype these lines are also annotated. The NF3680 insertion which could not be
confirmed and are shown with white fill. Note that the Mt4.0 and R108 v1.0 genome
annotations differ at this locus so both are presented here.
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5.5.2 Characterising the NF10843 Tnt1 line

Flowering was then assessed using NF10483 Mtftip1 plants homozygous for the Tnt1 insert in
contrasting conditions other than VLD in which they had been screened and where the homozy-
gous plant did not flower late. Plants in all conditions flowered like wild-type (R108) with the
exception of plants grown in VSD (Sections 2.2.2 and 2.2.4) which flowered slightly earlier than
the wild-type (R108) in terms of both days to flowering and nodes on the primary axis (Fig. 5.21A).
To investigate whether this slight early flowering could be attributable to the Tnt1 inMtFTIP1 the
segregating progeny of a heterozygous plant were grown in VSD (8 homozygotes; 18 heterozy-
gotes; 11 wild-type segregants) where the early flowering in terms of days to flower, relative to
the wild-type (R108), was again observed. However there was no difference in flowering time
between the homozygous plants or wild-type segregants demonstrating that the phenotype is
not linked with the insertion (Fig. 5.21C).

The expression ofMtFTIP1was thenmeasured in the NF10483Mtftip1 plant from the initial VLD
screen using the Medtr0291s0010_1689_F/Medtr0291s0010_1851_R primer pair (Section 2.3.3.2).
It was observed that the expression of MtFTIP1 was not appreciably reduced relative to the wild
type (R108; Fig. 5.22B) and there is statistically no difference (p = 0.09; α = 0.05; Welch two sample
t-test). This was examined further by attempting to amplify across the insert in cDNA, as this
would reveal whether the insert was being spliced out of the transcript. Attempts to do this
failed in the mutant when using the Medtr0291s0010_102_F/Medtr0291s0010_1851_R primers
(Fig. 5.22C), demonstrating that the transcript is disrupted. Subsequently, a transcript extending
from the Tnt1 and into the gene was able to be amplified in both VLD and VSD using the Tnt1_-

F2/Medtr0291s0010_791_R108_R pair of primers (Fig. 5.22D; sequence of insert in Supplement S.5
Table S.16). The absence of an open reading frame spanning the long terminal repeat of the
Tnt1 precludes this transcript producing a chimeric protein comprising of Tnt1 components and
MtFTIP1. However, downstream of the Tnt1 insertion the presence of >30 open reading frames,
many in frame with the MtFTIP1 reading frame, allow for the possibility of translation initiating
and producing a shortened protein. Of the first five open reading frames following the insertion,
four are in frame with MtFTIP1 (including the first one) and produce potential proteins 77-83%
of the full length MtFTIP1 protein. These potential proteins retain two of the three predicted C2
membrane targeting domains (Fig. 5.23; an alignment is available in Supplement S.5 Table S.13)
and whether such proteins would be functional is unknown.

The work presented in this section identified one line, NF10843, with a Tnt1 insert in MtFTIP1,
however no aberrant flowering time relative to the wild-type (R108) grown alongside was ob-
served. Investigation of the effect of the Tnt1 on gene expression found a transcript extending
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from the Tnt1 into the gene. A Tnt1 insertion near the beginning of the gene may well disrupt the
function of the gene however the possibility of the transcript extending from the Tnt1 into the
gene being transcribed and producing a functional protein cannot be discounted, especially as
87% of the gene downstream of the Tnt1 is transcribed and large open reading frames in frame
with the MtFTIP1 reading frame are present. Thus this line cannot be said to have impaired the
function of MtFTIP1 with certainty, so whether this gene participates in flowering time remains
unknown. Thus work on this line ceased.

Figure 5.21 – Flowering time of plants from the NF3680 and NF10483 lines. A is NF10483 Mtftip1
plants (n = 5-15) grown in constrasting conditions. B is the flowering time of screened
NF3680 plants grown in VLD (n = 6-7) and C is segregating NF10483 plants grown in VSD
(n = 9-37). Flowering time graphs are the plotting of the days to flower against the
nodes on the primary axis at the time of flowering with 95% confidence ellipses. Note
that there are no ellipses if there is insufficient variation.
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Figure 5.22 – The expression of MtFTIP1 in a NF10483 Mtftip1 plant. A is a schematic of the locus
indicating the location of the products amplified by the RT-qPCR primers
Medtr0291s0010_1689_F/Medtr0291s0010_1851_R and the primers used to amplify
across the insert Medtr0291s0010_102_F/Medtr0291s0010_1851_R. It follows the
conventions set out in Fig. 3.4A. B plots the mean MtFTIP1 expression from three
biological replicates where the error bars are the standard error. Expression is relative
to the housekeeper PP2A following the 2−∆∆Ct algorithm. Statistically no difference is
observed (p = 0.09; α = 0.05; Welch two sample t-test). C is an electrophoresis gel
displaying how amplification across the insert in cDNA does not occur and D is the
amplification of downstream transcripts using the
Tnt1_F2/Medtr0291s0010_791_R108_R primer pair. Downstream transcripts were also
amplified in cDNA extracted from plants grown in VSD. Samples consisted of two
young trifoliate leaves which in VLD stemmed from the single homozygote identified in
the initial screen when the plant was 44 days old. In VSD the samples were taken from
separate plants at ZT4 in triplicate when plants were 18 days old. A summary of the
RT-qPCR data is listed in Appendix E Table E.6.
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Figure 5.23 – Potential truncated MtFTIP1 proteins in the NF10483 line. Visualised alignment of the
first five open reading frames downstream of the Tnt1 insert against the full length
protein. They derive from open reading frames which could potentially be translated
from the transcript extending from the Tnt1 insertion. The longest truncated proteins
(open reading frames 1, 3, 4 and 5) are in the same reading frame as MtFTIP1 and are
77-83% of the full length protein. Predicted MtFTIP1 protein domains are also
annotated.

5.6 Summary and discussion

In M. truncatula little is known about the photoperiodic flowering time pathway upstream of
the well described MtFTa1 gene (Weller and Ortega 2015). As discussed in in Section 1.7.3.1, the
circadian clock plays a coordinating role in P. sativum and this likely also true in M. truncatula.
However both P. sativum and M. truncatula lack a known functional homologue of CO which
is the central intermediary component of the photoperiodic flowering regulation between the
circadian clock and FT in A. thaliana (Wong et al. 2014). This chapter utilised the Tnt1 retro-
transposon population maintained by Noble Research Institute (Ardmore, OK, USA; Section 1.8.1;
Tadege et al. 2008; Cheng et al. 2014) to look at candidate genes which might contribute to the
regulation of FT-like genes in M. truncatula. Namely, MtE1 (Medtr2g058520), a homologue of the
circadian clock regulated E1 gene in G. max which acts upstream FT-like genes as well as MtFE
(Medtr6g444980) which regulates FT in A. thaliana. FE also regulates genes involved in the trans-
port of FT protein and a homologue of one of these, MtFTIP1 (Medtr0291s0010), was also briefly
looked at.

While this study was ongoing Zhang et al. (2016) reported on two Mte1 lines; the NF16583

Mte1 and NF20110 Mte1 lines. The NF16583 Mte1 line had already been identified by the Putterill
lab and independently identified as possessing an insertion in MtE1, while the NF20110 Mte1
line was incorporated into this study at a later time. In total this chapter assessed a total of
ten Tnt1 lines reported to contain insertions in MtE1, MtFE and MtFTIP1 (two, six and two lines
respectively). In Section 5.3 it was described how the NF16583 Mte1 line contains an insertion in
MtE1 and I confirmed the reported presence of the Tnt1 insertion in the NF20110 Mte1 line. From
the six lines screened for inserts inMtFE two, NF5076 and NF18291, were identified as containing
insertions in MtFE but NF18291 plants homozygous for the insertion in MtFE also had a lethal
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phenotype were they all died as seedlings. One line containing an insertion in MtFTIP1 was also
identified.

5.6.1 MtE1 - Medtr2g058520

In M. truncatula MtE1 appears to act as a floral inducer on the basis that the NF16583 Mte1 and
NF20110 Mte1 lines are reported to have a slight late flowering phenotype (Zhang et al. 2016). In
this chapter I have broadened the understanding of MtE1 by first characterising the tissues in
which MtE1 is expressed, as well as the diurnal pattern of expression in the leaves. As shown
in Fig. 5.4B, MtE1 is almost exclusively expressed in the leaves, the tissue where MtFTa1 is pre-
dominantly expressed (Laurie et al. 2011) and similar to the expression of E1 in G. max (Xia et al.
2012a). MtE1 also has a diurnal pattern of expression in VLD with peaks at both ZT4 and ZT16,
again similar to that of E1 in G. max (Xia et al. 2012a). This is consistent with a conserved mode
of regulation between the two homologues.

Zhang et al. (2016) report that the NF16583 Mte1 and NF20110 Mte1 lines require 14-21% more
days on average to flower when grown in VLD, and F2 plants homozygous for the inserts retain
this late flowering when backcrossed to the wild-type (R108; Zhang et al. 2016). In Section 5.3 it
was observed that in our conditions the NF16583Mte1 line flowered 25-49% later in all conditions
tested with 21-34% more nodes (except in LD where no difference in nodes was seen). Relative
to wild-type (R108) the greatest differences were observed when seeds had been vernalised, al-
though an acceleration in flowering time in response to vernalisation was still present (Fig. 5.2A).
Linkage analysis strongly associated the late flowering phenotype of this line with the insertion
in MtE1, however 100% co-segregation was not observed which may be a consequence of the
small size of the delay in flowering (five days on average) resulting in an overlap in the flower-
ing time distributions between mutant and wild-type (R108). Nonetheless, consistent with the
increased relative delay following vernalisation, MtFTa1 expression is observed to be reduced
in VLD at ZT4 (Fig. 5.4E). Since the expression of MtFTa1 is induced by vernalisation (along with
LD; Chapter 3; Laurie et al. 2011) this suggests that the delay in flowering in the NF16583 Mte1
line is acting through MtFTa1. To reinforce this conclusion it would be worthwhile to repeat this
measurement, and that of other FT-like genes, at ZT16 (the time of the second MtE1 peak in
expression in VLD).

In contrast to the NF16583 Mte1 line, no delay in flowering was observed in the NF20110 Mte1
line under our conditions. This conflicts with the results of Zhang et al. (2016) who did observe
a delay in flowering. This result casts doubt on the Mte1 insertion being the causal variant of
the late flowering observed in the NF16583 Mte1 line. Ascertaining whether downstream MtE1
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expression is lost, as well as assaying the expression of MtFTa1 in this line (as was done in the
NF16583 Mte1 line) would shed light on this issue. Relevant to this issue, I attempted to com-
plement the NF16583 Mte1 line with a 35S::MtE1 transgene. This had limited success as only one
out of three independent T1 populations grown appeared to complement the late flowering of
the mutant. However, the complementing line did have the greatest expression of MtE1 in the
T0 generation and in the T1 generation was expressing MtE1 at a level greater than the mutant.
There was also some evidence of partial complementation of the compact architectural pheno-
type. Thus while an explanation for the lack of late flowering phenotype in the NF20110 Mte1
line is not forthcoming, there is still plausible evidence that the Mte1 insertion is the cause of
the late flowering in the NF16583 Mte1 line.

5.6.2 MtFE - Medtr6g444980

FE/APL is a locus which, tomy knowledge, has not been studied outside of A. thaliana prior to the
work presented to Section 5.4. The NF5076 Mtfe line has a moderate delay in days to flowering
in LD, with plants flowering on average 38% later in LD and 50% later in VLD (Fig. 5.10A). Unfortu-
nately, this could not be reproduced in the second mutant line on account of the NF18291 Mtfe
line having a seedling lethal phenotype (Fig. 5.11). While it should be noted that in A. thaliana
fe/apl knock out mutants are seedling lethal too (Bonke et al. 2003), the ability for the NF5076

Mtfe line to produce mature plants suggests that the Mtfe insertion in the NF18291 line is likely
not the cause of its seedling lethal phenotype. These insertions do differ in their orientation
with the NF5076 Mtfe insert being in the forward orientation and NF18291 Mtfe insert in reverse.
However both occur near one another in exon 6 (228 bp apart in the CDS which is 1,116 bp long)
and preliminary results in pooled cotyledon and root tissue suggests that they disrupt MtFE
transcripts upstream and downstream of the insertion in a similar manner (Fig. 5.11C). Thus their
effects on MtFE appear to be similar. Regardless of the cause, the seedling lethal phenotype
in the NF18291 Mtfe line nevertheless prevents an assessment of flowering time in this line.
In the future this Mtfe insertion could potentially be separated from the lethal phenotype by
backcrossing heterozygotes, however this would be difficult as the cause of the seedling lethal
phenotype is closely linked to the Mtfe insertion.

In order to associate the Mtfe insertion in the NF5076 Mtfe line with the delayed flower-
ing linkage analysis was performed, which produced inconclusive results (Fig. 5.14). While the
Tnt1 insertion was strongly associated with the phenotype, 100% co-segragation between in-
sert and phenotype was not observed. Furthermore there were F2 heterozygotes and wild-type
segregants which flowered later than the wild-type (R108) grown alongside. Measurement of
the internodes of this F2 population quantitatively described the condensed phenotype of the
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NF5076 Mtfe line and implicate multiple phenotypes which do not co-segragate with the inser-
tion in MtFE; principally the smaller phenotype consistent with a slower growth rate and the
condensed phenotype which persists throughout the life of the plant.

The cause of this condensed phenotype is unknown but given the role FE/APL plays in callose
deposition and phloem development in A. thaliana (Bonke et al. 2003), it seems likelyMtFE plays
a role. However, whether MtFE regulates phloem development needs to be established and
skilled microspcopy work is required to determine this.

There are three non-mutually exclusive explanations for the incomplete co-segregation of
the late flowering and condensed architecture phenotypes with the insertion in MtFE. Firstly,
the effect of the Mtfe insertion in the NF5076 Mtfe plants may be variable, and given the larger
population grown in the linkage analysis compared to previous sowings there could be some
overlap in flowering time between the segregants (like the NF16583 Mte1 line). While this ex-
plains the F2 homozygotes which flowered earlier than expected, it is less convincing in ex-
plaining the later flowering F2 heterozygotes and wild-type segregants which possess wild-type
alleles, which should compensate for the disrupted MtFE. This suggests that, secondly, there
are other variants in the NF5076 line which are modifying the flowering time and architecture
of these plants. The third explanation is that the delay in flowering and/or condensed archi-
tecture is solely caused by a different variant(s) to the Tnt1 insertion in MtFE, albeit one which
is closely linked. The persistence, and increase, of the pattern of overlapping flowering times
in the smaller population of F3 plants (Fig. 5.14D) adds weight to the latter two arguments. In
contrast to the linkage analysis, the F1 crossed plant containing both the NF5076 and NF18291

Mtfe inserts flowered late, like that of the NF5076 Mtfe line (Fig. 5.12B). This is consistent with the
a loss ofMtFE causing late-flowering. Nevertheless, a greater sample size is needed to conclude
this with confidence.

The delay in flowering observed in the NF5076 Mtfe line in LD and VLD is not accompanied
by an increase in primary stem nodes at the time of flowering (Fig. 5.10A). Thus the delay in
flowering phenotype may be the consequence of the extremely condensed phenotype these
plants exhibit (Fig. 5.10C), and a reduction in the rate of growth. However thismay not necessarily
be the only cause as in the NF5076 Mtfe line grown in VLD I observed the consistent reduction in
the expression ofMtFTa1,MtFTb1 andMtFTb2 (Fig. 5.13C). This indicates thatMtFEmay participate
in the flowering time pathway of M. truncatula upstream of FT-like genes.

It should be noted that despite the consistent reduction of MtFTa1 expression observed, the
NF5076 Mtfe line does not flower as late as Mtfta1 mutants (Chapter 3; Laurie et al. 2011). This
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could be attributed to the fact that MtFTa1 is a very potent inducer of flowering and that the
low level of expression could be sufficient to trigger flowering, albeit late. Thus the low level
of FT-like gene expression could also be attributable to the compact architecture or reduced
rate of growth. Ultimately functional assays such as the demonstration of whether MtFE can
bind to the promoters of these FT-like genes (or unknown upstream regulators) are required to
determine whether MtFE participates directly in the flowering time pathway. A transcriptomic
approach to determine whether the compact architecture phenotype reduces transcription of
specific classes of genes (e.g. phloem expressed) more broadly may also be informative.

Given the current evidence, it is tentatively concluded that MtFE is a floral activator but that
the NF5076 line also contains multiple other variants obscuring the accurate characterisation
of the gene. To resolve these inconclusive results the NF5076 line needs to be backcrossed a
number of times to separate other variants affecting flowering (should they exist) from theMtFE
insertion.

Since there is evidence to supportMtFE acting as a floral activator I considered the function of
this gene and expressed MtFE in the A. thaliana fe-1 mutant. I found that MtFE can complement
the A. thaliana mutant to a similar extent to that of FE/APL (Fig. 5.16). Interestingly, express-
ing either FE/APL or MtFE in the wild-type (Ler-0) did not accelerate the flowering as would be
expected of a floral inducer. Instead a slight delay was observed in the days taken to flower.
While not tested, this may be attributable to an increase in downstream FTIP1 expression as it
is known that FE/APL induces the expression of FTIP1 and that overexpression of FTIP1 causes
late flowering (Liu et al. 2012; Abe et al. 2015). Alternatively the transgene could be silencing the
endogenous FE/APL expression.

In A. thaliana, FE/APL is thought to act as part of the NFY-CO complex which activates FT
transcription (Shibuta and Abe 2017). Significantly, in Y2H assays I found that when MtFE was
fused to the BD interactions were observed with all the MtNF-Y-like proteins tested. However,
reciprocal interactions where MtFE was fused to the AD were not observed (Figs. 5.17 and 5.18).
The consistent detection of interactions in the absence of autoactivation by the BD fused MtFE
indicates that these are true positive results. However the reason for the lack of reciprocal re-
action is unknown, although possibly the AD domain fusion impairs the FE interaction or causes
the protein to be unstable and quickly become degraded. The latter could be tested by extract-
ing protein and running it on a SDS-PAGE gel. Western blot analysis can also be performed using
commercially available anti-GAL4DB antibodies. If the gene fusion is being expressed and the
resulting protein present it would be observed in these tests. It should also be noted that the
sensitivity of Y2H assays is relatively low and varies between the vectors used. For instance a
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thorough benchmarking study found that a given pair of Y2H vectors will only on average de-
tect 25.3% of previously demonstrated protein interactions (Chen et al. 2010). Furthermore, the
heterologous nature of the Y2H assay means that observed interactions are not necessarily rep-
resentative of en planta interactions. Nevertheless, the ability of BD fused MtFE to interact with
multiple NF-Y proteins justifies pursuing this line of inquiry further in the future, possibly via in
planta assays such as bimolecular fluorescence complementation and co-immunoprecipitation.
MtFE potentially interacting with NF-Y-like proteins also indicates that these proteins may reg-
ulate flowering inM. truncatula, as they do in A. thaliana (Kumimoto et al. 2008; Kumimoto et al.
2010). Future work should also investigate the expression patterns of these genes and screen
for mutants to see if a flowering time phenotype is present.

In A. thaliana FE/APL also regulates the FT transporters FTIP1 and NaKR1. As alluded to
above, the modest but consistent reduction in expression of these genes in the NF5076 Mtfe
line (Fig. 5.13C) suggests this too could be conserved, and could be further investigated in the
future. This chapter did screen Tnt1 lines for inserts inMtFTIP1 and identified the NF10483Mtftip1
line. This line had no obvious flowering time phenotype and, like the Mtfta2 lines discussed in
Section 4.3, had transcript extending from the Tnt1 insertion and transcribing a majority (87%)
of the gene. Consequently, while the gene is likely disrupted this cannot be said with certainty
as a functional protein could still conceivably be produced. Thus whether this gene participates
in flowering time remains unknown.

5.6.3 Summary

In this chapter, I have investigated three genes in M. truncatula which were hypothesised to po-
tentially regulate flowering; MtE1, MtFE and MtFTIP1. Differing phenotypes in the two Mte1 lines
mean that the causal variant responsible for the late flowering phenotype of the NF16583 Mte1
line needs to be confirmed. Nevertheless, this investigation has demonstrated that the effect
of disrupting MtE1 on flowering time is at best much smaller than that of E1 being disrupted
in G. max. This identifies a significant difference in the photoperiodic regulation of flowering
in papilionoid legumes. The modest late flowering of the NF5076 Mtfe line also needs to have
its causal variant confirmed and distinguished from other phenotypes present in the NF5076

line. To do this further backcrossing is needed as well as larger populations from crosses with
the NF18291 Mtfe line. Initial functional work on MtFE nonetheless indicates that it has an ef-
fect on flowering which should be investigated further. Lastly, despite identifying the NF10483

Mtftip1 line, the transcript extending from the Tnt1 insertion means the possibility of this gene
participating in the regulation of flowering in M. truncatula remains unknown.
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In Chapters 4 and 5 I have used Tnt1 retrotransposon mutants to investigate candidate flow-
ering time genes on the basis of previous studies both in M. truncatula and other species. How-
ever mutant lines with large effects on flowering have not been identified. In this chapter the
NF16583 Mte1 and NF5076 Mtfe lines have only modest phenotypes in inductive VLD. The regula-
tion of flowering in M. truncatula may differ significantly from previously studied species so it
may therefore be necessary to identify new candidate genes. This is the focus of Chapter 6.
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6 | Transcriptomic response of
Medicago truncatula leaf tissue
to a short day to long day
photoperiod shift

6.1 Introduction

Long-day photoperiods are known to induce accelerated flowering in M. truncatula. However
the molecular regulation of this response is only partially understood (Section 1.7.3.2). While
previous chapters have attempted to address this gap in knowledge through the screening and
characterisation of candidate loci, there is increasing evidence that the regulation of flowering
in M. truncatula differs significantly from previously studied species. For instance, it is currently
thought that M. truncatula lacks a CO-like gene which regulates the photoperiodic acceleration
of flowering like CO does in A. thaliana (Wong et al. 2014). Similarly, unlike the floral repressor
E1 in G. max (Zhang et al. 2016), MtE1 (which appears to be a floral activator) does not appear to
have a large influence on flowering time inM. truncatula (Section 5.3). Consequently, to describe
photoperiodic flowering inM. truncatula the identification of novel candidate genes is required.
To do this, this chapter takes a global transcriptomic approach to document the changes in gene
expression which accompany the photoperiodic acceleration of flowering in the M. truncatula
leaf tissue transcriptome, following a shift from short-day to long day conditions.

The analysis presented in this chapter combines the results of two previous experiments
carried out in the Putterill Lab; the first, performed by myself in 2014, consisted of growing M.
truncatula ’Jester’ in SD conditions until they were 10 days old at which point they were trans-
ferred to LD conditions (Thomson 2014). Sampling occurred when the plants were 15 days old
at ZT4. The second experiment was conducted in 2015 by James Taylor and was a similar shift
experiment, except that sampling occurred when the plants were 13 days old at ZT0 and ZT2
(Taylor 2015).

173
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The analysis in this chapter attempts to assess these two datasets as a single time series
(ZT0-to-ZT4), with the aim of identifying genes which have expression profiles similar, or oppo-
site, to that of the LD induced FT-like genes. These areMtFTa1,MtFTb1 andMtFTb2, with the latter
two peaking at ZT4 in LD conditions. To do this the data was segmented by fitting generalised
linear models to identify genes with significant alterations in expression, followed by clustering
the abundances of the resulting gene lists.

This modelling took two complementary approaches. Firstly, a model was fit to the data
which included an interaction term between photoperiod condition (SD or LD) and time of sam-
pling (ZT0, ZT2 and ZT4). This identified genes which respond in a condition-specific manner
over time. The analysis was then repeated with a model lacking this interaction term to test for
just the effect of condition on the level of gene expression. This dual approach can be under-
stood as identifying genes which alter their pattern of expression over time and magnitude of
expression respectively.

A version of the results presented in this chapter have been published (Thomson et al. 2019).

6.2 Data preprocessing

The 18 RNA-Seq libraries in this analysis each have ∼40-50 million reads with high mean quality
scores (>35) across the board (summarised in RNA_Seq_summary.csv; Supplement S.6 Table S.17).
Trimming of the 100/120bp reads was performed to increase the quality of the data and re-
sulted in only a very small reduction in total read number. The results of this are summarised
in Figs. 6.1A and 6.1B.

The trimmed reads were then mapped at an average rate of 89.86% across the 18 libraries
suggesting that the Mt4.0v2M. truncatula transcriptome is reasonably complete. A table of gene
abundances in transcripts per million (TPM) is available in TPM.csv in Supplement S.6 Table S.17.

6.3 Differential expression

6.3.1 Differential expression at each time point

It was observed that 28,151-29,011 genes had read counts >1 at ZT0, ZT2 and ZT4 respectively
(representing a total of 31,363 genes out of the 50,444 in the Mt4.0v2 transcriptome). To begin
with, Wald significance tests were used to compare the levels of gene expression between LD and
SD at each timepoint, and the significance of these tests were adjusted using the false discovery
rate method (since there are three sets of tests).
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I found 6,824 genes (24% of expressed genes) had statistically different expression (α = 0.05)
at ZT0, 5,523 genes (19%) at ZT2 and 7,743 genes (25%) at ZT4 (Individual_timepoint_analy-

sis.csv in Supplement S.6 Table S.17). I then defined differential expression (DE) to be those
genes which had >2-fold differences in expression between LD and SD and >10 mean nor-
malised reads. This criteria reduced these lists of genes to 2,436, 1,309 and 2,661 genes for each
timepoint respectively. These numbers are broadly comparable, in terms of magnitude, to an
A. thaliana microarray experiment which documented the transcriptomic response to a SD to
LD shift where 2,000 genes were DE (Wigge et al. 2005). Although it should be kept in mind that
RNA-Seq is a more sensitive assay than a microarray experiment and thus direct comparisons
should be made with caution (Zhang et al. 2015).

From this initial analysis I assessed the transcript abundances of LD induced FT-like genes
along with five other candidate photoperiod pathway genes (Fig. 6.2A). As anticipated, the FT-like
genes were not expressed in SD but large increases in the transcript abundance of MtFTa1 were
observed in LD at ZT0, ZT2 and ZT4. Furthermore, appreciable expression of MtFTb1 and MtFTb2
was only present at ZT4 in LD, with minimal to no expression at ZT0 and ZT2.

Figure 6.1 – Quality assessment of RNA-Seq libraries. A depicts the distribution of read lengths in
each of the FASTQ file after adaptor, quality and length trimming. Note that there are
two FASTQ files per library. B shows the combined total number of reads in each library
both before and after adaptor trimming, followed by quality and length trimming. The
key applies to both subfigures with libraries plotted in the same order.
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Figure 6.2 – The photoperiod induced changes in expression of candidate photoperiod pathway
genes between LD and SD. A shows the mean transcript abundance (in TPM) of eight
flowering time genes, both known and hypothesised, across the three timepoints.
Points are the abundances from the individual replicate libraries. Statistically
significant differences (α = 0.05) are indicated by the bracket. Genes which show at
least a 2-fold change in transcript abundance at that timepoint are further annotated.
B is the diurnal mean expression of four additional candidate genes measured over a
diurnal time course using RT-qPCR from two biological replicates per timepoint. The
first four hours which overlap with the RNA-Seq data are shaded in grey. Error bars are
standard errors. Samples consisted of two fully expanded trifoliate leaves. For MtFKF1
these samples were pooled and error bars are the standard error of technical replicates
(using Medtr7g089120 as a reference gene) while for MtCDF1, MtCDF2 and MtCDF4 these
are the standard error from two biological replicates (using PP2A as a reference gene).
C is the corresponding transcript abundances from the RNA-Seq datasets.
Interpretation is the same as in A.
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In LD MtFTa1 has a roughly consistent level of expression across the day. In contrast, both
MtFTb genes exhibit a diurnal pattern of expression which peaks at ZT4 and ZT16 (Laurie et
al. 2011). The results presented in Fig. 6.2A qualitatively agree with previously reported results
with the DE observed in MtFTa1 at all three timepoints being consistent with the previously
reported constant pattern of expression. MtFTb1 and MtFTb2 being DE at ZT4 also agrees with
the previously reported peak in expression at this time. This indicates that, despite originating
from different experiments, these datasets reflect biologically plausible patterns of expression,
as they replicate previous observations.

I then considered independently collected diurnal expression data of four additional genes
associated with the photoperiodic induction of flowering; MtFKF1 (Medtr8g105590), MtCDF1
(Medtr2g059540), MtCDF2 (Medtr5g041420) and MtCDF4 (Medtr6g012450; Fig. 6.2B). I compared
them to the corresponding transcript abundances from the RNA-Seq datasets. The expression
of these genes was measured by RT-qPCR in an independent ZT0-ZT20 time series experiment
and generated by other members of the Putterill Lab. Here it was observed that an increase in
gene expression in SD, from a low point at ZT0 to a peak at ZT8, was exhibited by both MtFKF1
and MtCDF1 (Fig. 6.2B). Notably, this pattern is also seen in the transcript abundances of the
RNA-Seq datasets where a large increase in SD at ZT4 is observed (Fig. 6.2C). Similar minimal LD
expression at these timepoints is also in evidence. Conversely, MtCDF2 and MtCDF4 have their
greatest level of expression at ZT0 and which in SD sharply decreases at ZT4. This pattern is also
observed in the RNA-Seq transcript abundances (Fig. 6.2C). These comparisons further validate
the assertion that these datasets can be analysed together.

6.3.2 Overview of the time series analysis

The strong correspondence between the transcript abundances of these RNA-Seq datasets with
the RT-qPCR results for a number of genes (including the LD induced FT-like genes; Fig. 6.2)
indicates that there is no significant batch effect which would bias the interpretation of these
datasets together, as a ZT0-to-ZT4 time series. I then analysed the data in such a manner.

To assess the overall variation between samples, principal components analysis (PCA) was
performed and the first two principal components are plotted in Fig. 6.3A. These two compo-
nents explain 64% of the observed variation in the combined datasets and strongly align with
the experimental variables, specifically time of sampling (PC1) and the photoperiod condition
(PC2). Biological replicates also clustered together. Thus the samples are sufficiently distinct to
statistically perform DE analysis and any differences observed can be attributed to the time of
sampling or SD to LD shift.
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Reflecting on the genes abundances plotted in Fig. 6.2A it was decided that genes with dif-
fering expression between LD and SD could be broadly grouped into two classes, those which
changed their pattern of expression over time and those which altered the magnitude of their
expression. In Fig. 6.2A, the majority of genes (six) change their pattern of expression over time
between conditions (MtFTb1, MtFTb2, MtPHYA, MtGI, MtELF3a and MtSOC1a), while two genes
maintain a similar pattern, but vary in magnitude of expression between conditions (MtFTa1
and the NF-YC-like gene). It was into these two classes that I decided to segment the data.

Figure 6.3 – Quality control plots summarising the variation in the datasets. A is a reduced-space
plot of the first two components of a PCA of individual RNA-Seq libraries. This plot gives
an overarching perspective on the variation within the dataset and was constructed
using log2 normalised counts of genes with non-zero read counts. B is dispersion plot
showing the DESeq2 model which shrinks the dispersion from the gene-wise maximum
likelihood estimates (MLE) to the maximum a posteriori (MAP) estimates with increased
log2 mean number of reads counts per gene. C is a MA plot of the log2 normailsed
mean number of reads plotted against their log2 fold-changes at ZT4. In this case the
genes statistically different at ZT4 (α = 0.05) are highlighted, as are FT-like genes.
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Consequently to classify the data I first fit a model to the data which included an interac-
tion term between photoperiod condition (SD or LD) and time of sampling (ZT0, ZT2 and ZT4) to
identify genes which respond in a condition-specific manner over time. When a model without
this interaction term was subsequently fitted to the data, genes for which the photoperiod con-
dition was significant could the assessed and those which had previously been shown to alter
their pattern of expression over time omitted. This identified genes which altered the magni-
tude of their expression but kept their patterns over time constant. The dispersion plot and a
representative MA plot from this modelling are presented in Figs. 6.3B and 6.3C demonstrating
the expected reduction in dispersion with increasing read depth and appropriate normalisation
of the data.

Alongside this analysis I compiled a list of 146 candidate genes which have been shown
to be, or are suspected of, participating in the regulation of flowering time via the photope-
riod pathway (genes_of_interest.csv in Supplement S.6 Table S.17). In addition to the FT-like
genes the list of genes, chosen based on their role in A. thaliana, incorporates photoreceptors,
components of the circadian clock and classes of transcription factor which could potentially
regulate the FT-like genes. These include candidates from the CDF, TPL and NF-Y families as well
as additional transcription factors from families with members known to bind the promoter of
FT in A. thaliana compiled by Ridge et al. (2016). These include the genes encoding CCT-domain
and B-box domain proteins along with genes from CIB/BEE-like (CBL), CIB, PIF, and AP2 families
(Table 1.1 and Section 1.3.1).

6.3.3 Photoperiod induced changes in the pattern of gene expression

To identify genes which have different patterns of expression over time in the two photoperiod
conditions, a generalised linear model was fit to the data using the photoperiod condition and
time of sampling as predictors, along with an interaction term (Eq. 6.1).

gene ∼ condition+ time+ condition : time 6.1

Genes where this interaction term was significant were identified using a likelihood ratio
test (relative to a reduced model lacking the interaction term). With this test a significant result
indicates that the expression of the gene responds in a condition-specific manner over time (i.e.
a low p-value indicates a change in expression pattern not solely magnitude). This is illustrated
in Fig. 6.2A where MtPHYA, MtELF3a, MtGI, MtFTb1 and MtSOC1a have distinctly different patterns
of expression over time in LD, compared to SD. While MtFTb2 also appears to change its pattern
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over time, the likelihood ratio test did not find it to be significant. On the other handMtFTa1 and
the NF-YC-like gene Medtr1g082660 show a similar pattern in both LD and SD, but at differing
magnitudes (Fig. 6.2A), so in this context are not considered to alter their pattern of expression.

The likelihood ratio test found 9,516 genes with altered patterns of expression over time (α
= 0.05; full results in DE_pattern_genes.csv in Supplement S.6 Table S.17) which corresponds to
30.34% of genes with >1 read. Wald significance tests were then used to contrast the difference
in expression between LD and SD at each of the three timepoints, and the significance of these
differences were adjusted for all three contrasts together using the false discovery rate method.
A total of 9,427 of the 9,516 genes had differing expression at at least one timepoint, with 6,437,
4,511 and 6,159 for ZT0, ZT2 and ZT4 respectively (Appendix F Fig. F.1A). These lists were further
refined by considering only genes with >2-fold differences and >10 mean normalised reads
as DE, of which there were 3,192 genes meeting this criteria at at least one timepoint. This
corresponds to 2,131, 1,062 and 2,168 DE genes at ZT0, ZT2 and ZT4 respectively. Full results are
listed in DE_pattern_contrasts.csv in Supplement S.6 Table S.17. Of the DE genes, only 4.9%
differed in the three timepoints and 32% differed at two or more timepoints, demonstrating how
a majority of the genes have a single peak, predominantly at ZT0 or ZT4 (Fig. 6.4A). Notably, at
ZT2 there were fewer genes DE than the other timepoints and only 27% of the 1,062 genes DE at
ZT2 are uniquely DE at the timepoint (compared to 58.4% for ZT0 and 51.6% for ZT4).

The likelihood ratio test found the interaction term to be significant for a majority (91/146;
62%) of the list of candidate photoperiod pathway genes. As anticipated, a majority (21/27; 78%)
of the circadian clock and photoreceptor candidate genes were found to alter their pattern of
expression over time (Table 6.1). Strikingly 8/8 (100%) of the selected AP2 class of genes also
altered their pattern of expression over time. Overall, 90 of these 91 genes had statistically
different transcript abundances (α = 0.05) at one or more timepoints and 61 genes were DE (>2-
fold difference with >10 mean normalised reads) at at least one timepoint.
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Figure 6.4 – Contrasting timepoint specific expression profiles of genes which have different
patterns of gene expression in different photoperiod conditions and clustering the
relative changes in expression over time. A contrasts the 3,912 DE genes (>2-fold
difference and >10 mean normalised reads) by the timepoints at which they are DE and
plots their overlap. The principal chart plots the size of the overlaps and the
supplementary chart presents the number of genes DE (both up or down) in LD relative
to SD for each timepoint. B depicts a heatmap of standardised gene abundances (µ = 0;
σ = 1) of all 9,516 genes which alter their pattern of gene expression grouped into 18
clusters using c-means clustering. The number of genes in each cluster is listed
alongside. C is the mean standardised abundances for selected clusters. Specifically
cluster 3 was selected as it contains MtFTb1 which characteristically peaks at ZT4 in LD
with no expression in SD. Clusters 9, 11 and 17 were selected as their pattern is opposite
to that of cluster 3 in that they peak at ZT4 in SD. Mean standardised abundances for all
clusters are plotted in Appendix F Fig. F.4.
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To further segment the data, the mean abundances of all 9,516 genes which had differing
patterns of expression between photoperiod conditions were taken and log2 transformed, stan-
dardised (µ = 0; σ = 1), and then via c-means clustering clustered into 18 clusters (DE_pattern_-

clusters.csv in Supplement S.6 Table S.17; see Appendix F Fig. F.2A for cluster number optimi-
sation). This clustering algorithm assigns a membership score (between 0 and 1) for each gene
to each cluster describing the degree to which an individual observation belongs to a given
cluster (see Appendix F Fig. F.3 for distribution of membership scores). A gene is then assigned
to the cluster for which it has the highest membership. A heatmap of these clusters are plotted
in Fig. 6.4B. I paid particular attention to cluster 3 (464 genes) which contains MtFTb1. Genes
present in this cluster have patterns of expression similar to MtFTb1 and may be involved in
regulating MtFTb1, or participate in similar processes. Clusters with the opposite expression
pattern to cluster 3 were also investigated (i.e. clusters 9, 11 and 17 with 648, 598 and 538 genes
respectively) as genes in these clusters may be potential negative regulators of MtFTb1.
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Table 6.1 – Photoperiod induced changes in the pattern of gene expression over time in candidate flowering time loci.

ZT0 ZT2 ZT4
Interaction Mean Log2 Log2 adj. Mean Log2 Log2 adj. Meam Log2 Log2 adj.

Gene identifier Name Description (Mt4.0 annotation) adj. p-value read counts fold-change s.e p-value read counts fold-change s.e p-value read counts fold-change s.e p-value Cluster Membership
Medtr1g085160 MtPHYA phytochrome protein A 3.20 x 10−24 1100 -0.13 0.10 2.30 x 10−01 1000 -0.71 0.10 5.80 x 10−12 1900 -1.60 0.10 6.90 x 10−60 11 0.41
Medtr2g034040 MtPHYB phytochrome protein B 2.70 x 10−08 790 -0.38 0.08 7.60 x 10−06 800 0.06 0.08 5.50 x 10−01 590 0.34 0.08 1.50 x 10−04 18 0.74
Medtr2g049520 MtPHYE phytochrome protein - - - - - - - - - - - - - - -
Medtr5g063920 MtCRY1 cryptochrome protein 1.70 x 10−13 5500 -0.85 0.07 1.40 x 10−29 3600 -0.04 0.07 6.30 x 10−01 4700 -0.26 0.07 1.00 x 10−03 10 0.53
Medtr1g076190 MtCrRY2A cryptochrome 2B apoprotein 3.60 x 10−21 2500 -0.68 0.08 1.40 x 10−16 1200 0.35 0.08 8.50 x 10−05 2000 -0.65 0.08 6.30 x 10−15 15 0.47
Medtr1g043190 MtCRY2B cryptochrome 2B apoprotein 4.60 x 10−21 300 -0.96 0.14 8.50 x 10−12 140 -1.60 0.16 7.50 x 10−22 250 -3.10 0.17 1.30 x 10−73 10 0.18
Medtr7g118330 MtLHY late elongated hypocotyl-like protein 3.00 x 10−70 37000 -1.90 0.18 2.00 x 10−25 28000 0.57 0.18 2.60 x 10−03 18000 2.90 0.18 7.40 x 10−58 18 0.27
Medtr4g108880 MtTOC1a two-component response regulator-like APRR7 protein 1.50 x 10−58 75 4.40 0.36 2.10 x 10−31 63 2.00 0.23 5.10 x 10−17 120 -0.97 0.18 2.60 x 10−07 2 0.69
Medtr3g037390 MtTOC1b timing of cab expression 1/PRR response regulator 2.00 x 10−22 100 1.70 0.19 4.10 x 10−18 100 0.88 0.18 2.30 x 10−06 190 -0.71 0.15 1.70 x 10−05 2 0.37
Medtr4g061360 MtPRR37a PRR response regulator 1.20 x 10−11 580 -4.40 0.21 1.80 x 10−97 1600 -3.40 0.18 5.30 x 10−77 4400 -2.40 0.17 1.10 x 10−40 12 0.41
Medtr1g067110 MtPRR37b two-component response regulator-like APRR7 protein 1.90 x 10−03 350 -2.00 0.14 3.30 x 10−46 820 -1.40 0.12 5.20 x 10−30 2700 -2.10 0.12 5.60 x 10−66 9 0.34
Medtr3g092780 MtPRR59a PRR response regulator 4.20 x 10−30 22 0.28 0.32 4.60 x 10−01 150 -2.30 0.24 4.40 x 10−20 1400 -4.30 0.21 4.20 x 10−88 9 0.5
Medtr8g024260 MtPRR59b PRR response regulator 1.40 x 10−05 54 -2.30 0.24 5.20 x 10−21 210 -1.20 0.15 1.50 x 10−14 1300 -2.00 0.13 5.50 x 10−56 9 0.33
Medtr7g118260 MtPRR59c PRR response regulator 9.50 x 10−34 200 -6.20 0.38 8.60 x 10−57 710 -2.00 0.18 3.30 x 10−26 2100 -1.90 0.18 4.30 x 10−25 12 0.59
Medtr3g103970 MtELF3a early flowering protein 1.30 x 10−43 250 3.70 0.24 7.30 x 10−50 43 2.00 0.30 1.60 x 10−10 110 -1.00 0.22 2.20 x 10−05 4 0.37
Medtr1g016920 MtELF3b EARLY flowering protein, putative 9.20 x 10−01 - - - - - - - - - - - - - -
Medtr8g015470 ELF3-like hypothetical protein - - - - - - - - - - - - - - -
Medtr8g015480 ELF3-like early flowering protein, putative 4.50 x 10−12 160 1.50 0.23 4.20 x 10−10 56 -0.38 0.26 2.00 x 10−01 150 -0.86 0.23 4.40 x 10−04 16 0.34
Medtr4g064730 MtLUXa myb-like DNA-binding domain, shaqkyf class protein 1.60 x 10−07 11 3.80 0.79 6.10 x 10−06 12 0.36 0.45 5.00 x 10−01 21 -0.62 0.38 1.50 x 10−01 7 0.57
Medtr7g089010 MtLUXb MYB-like transcription factor family protein 2.90 x 10−02 180 -1.60 0.14 6.60 x 10−28 310 -1.10 0.12 4.90 x 10−19 330 -1.10 0.12 7.70 x 10−17 12 0.37
Medtr3g070490 MtELF4 early flowering protein 2.10 x 10−71 53 3.60 0.35 2.40 x 10−22 24 1.80 0.33 4.20 x 10−07 56 -4.00 0.37 2.30 x 10−25 16 0.32
Medtr8g020200 ELF4-like early flowering protein 5.80 x 10−01 - - - - - - - - - - - - - -
Medtr4g125590 ELF4-like early flowering protein 9.20 x 10−02 - - - - - - - - - - - - - -
Medtr2g041310 ELF4-like early flowering protein 2.60 x 10−02 160 -1.40 0.20 8.50 x 10−11 120 -0.55 0.20 1.20 x 10−02 200 -0.67 0.19 1.10 x 10−03 10 0.17
Medtr1g098160 MtGI gigantea protein 1B 2.60 x 10−14 35 -3.40 0.36 5.90 x 10−20 3300 -0.86 0.12 8.40 x 10−12 4100 -1.70 0.12 1.20 x 10−45 9 0.23
Medtr8g105590 MtFKF1 flavin-binding kelch repeat F-box protein, putative 4.60 x 10−56 14 3.30 0.60 1.50 x 10−07 24 -1.40 0.33 5.40 x 10−05 250 -5.00 0.29 1.70 x 10−64 11 0.78
Medtr2g036510 MtZTL galactose oxidase/kelch repeat protein 6.90 x 10−01 - - - - - - - - - - - - - -
Medtr2g058520 MtE1 E1 protein 2.20 x 10−03 1.8 -2.30 1.20 8.60 x 10−02 23 2.20 0.51 6.20 x 10−05 23 1.40 0.49 7.10 x 10−03 8 0.16
Medtr6g444980 MtFE myb-like transcription factor family protein 3.00 x 10−04 430 0.46 0.10 6.50 x 10−06 380 0.03 0.10 7.90 x 10−01 440 0.61 0.10 8.50 x 10−10 1 0.29
Medtr7g084970 MtFTa1 flowering locus protein T 5.70 x 10−01 - - - - - - - - - - - - - -
Medtr7g085020 MtFTa2 flowering locus protein T 2.80 x 10−03 17 1.00 0.44 3.80 x 10−02 11 -1.10 0.49 4.90 x 10−02 28 -0.97 0.39 2.30 x 10−02 11 0.3
Medtr6g033040 MtFTa3 flowering locus protein T - - - - - - - - - - - - - - -
Medtr7g006630 MtFTb1 flowering locus protein T 2.00 x 10−03 0 -0.16 1.70 9.40 x 10−01 3 5.00 1.30 2.10 x 10−04 90 9.90 1.20 2.60 x 10−15 3 0.4
Medtr7g006690 MtFTb2 flowering locus protein T 6.70 x 10−01 - - - - - - - - - - - - - -
Medtr2g461760 MtFULa MADS-box transcription factor - - - - - - - - - - - - - - -
Medtr4g109830 MtFULb MADS-box transcription factor 3.00 x 10−02 10 1.70 0.60 8.00 x 10−03 24 -0.27 0.46 6.30 x 10−01 15 1.40 0.52 1.60 x 10−02 8 0.39
Medtr7g016630 MtFULc MADS-box transcription factor - - - - - - - - - - - - - - -
Medtr7g075870 MtSOC1a MADS-box transcription factor 7.40 x 10−04 110 -0.16 0.18 4.60 x 10−01 120 0.53 0.18 5.30 x 10−03 150 0.86 0.17 1.90 x 10−06 3 0.35
Medtr8g033250 MtSOC1b MADS-box transcription factor - - - - - - - - - - - - - - -
Medtr8g033220 MtSOC1c MADS-box transcription factor 9.80 x 10−01 - - - - - - - - - - - - - -
Medtr2g059540 MtCDF1 Dof domain zinc finger protein 8.80 x 10−03 0 -0.16 1.70 9.40 x 10−01 8.7 -4.70 1.10 4.30 x 10−05 96 -8.20 1.10 1.00 x 10−13 11 0.4
Medtr5g041420 MtCDF2 DOF zinc finger protein 1.40 x 10−05 11 -1.10 0.54 5.70 x 10−02 9.5 2.40 0.65 7.60 x 10−04 2.7 3.80 1.30 7.30 x 10−03 5 0.19
Medtr5g041530 MtCDF3 cycling DOF factor 2 3.10 x 10−19 220 0.29 0.16 9.30 x 10−02 170 1.30 0.17 8.80 x 10−14 99 2.80 0.23 1.20 x 10−34 1 0.58
Medtr6g012450 MtCDF4 DOF-type zinc finger DNA-binding family protein 3.40 x 10−77 860 -1.40 0.14 1.60 x 10−21 350 1.90 0.16 5.40 x 10−31 270 2.40 0.17 1.30 x 10−45 5 0.34
Medtr6g027460 MtCDF5 Dof zinc finger DOF5.2-like protein 1.40 x 10−18 370 1.40 0.19 4.40 x 10−13 350 2.00 0.19 2.30 x 10−24 100 4.90 0.37 1.30 x 10−37 1 0.69
Medtr7g010950 MtCDF6 DOF-type zinc finger DNA-binding family protein 6.40 x 10−30 360 -0.40 0.16 2.50 x 10−02 260 1.60 0.17 1.10 x 10−19 200 2.40 0.19 2.40 x 10−36 1 0.32
Medtr2g016030 MtCDFa Dof domain zinc finger protein 8.90 x 10−01 - - - - - - - - - - - - - -
Medtr3g435480 MtCDFb DOF-type zinc finger DNA-binding family protein 2.60 x 10−22 1400 -3.10 0.24 2.40 x 10−35 800 -0.33 0.24 2.30 x 10−01 1400 0.33 0.24 2.20 x 10−01 12 0.23
Medtr4g082060 MtCDFc DOF-type zinc finger DNA-binding family protein 1.90 x 10−41 970 -1.90 0.15 5.40 x 10−35 720 0.73 0.15 2.80 x 10−06 760 0.69 0.15 1.10 x 10−05 13 0.26
Medtr5g041380 MtCDFd DOF domain, zinc finger protein 6.00 x 10−01 - - - - - - - - - - - - - -
Medtr5g041400 MtCDFe DOF domain, zinc finger protein 2.70 x 10−06 8.3 -2.70 0.71 2.80 x 10−04 8.7 1.00 0.58 1.20 x 10−01 3.5 2.50 0.98 1.70 x 10−02 18 0.21
Medtr6g027450 MtCDFf Dof zinc finger DOF5.2-like protein 3.30 x 10−01 - - - - - - - - - - - - - -
Medtr7g086780 MtCDFg Dof zinc finger DOF5.2-like protein 1.80 x 10−01 - - - - - - - - - - - - - -
Medtr8g044220 MtCDFh DOF-type zinc finger DNA-binding family protein 1.50 x 10−01 - - - - - - - - - - - - - -

Continued on next page
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ZT0 ZT2 ZT4
Interaction Mean Log2 Log2 adj. Mean Log2 Log2 adj. Meam Log2 Log2 adj.

Gene identifier Name Description (Mt4.0 annotation) adj. p-value read counts fold-change s.e p-value read counts fold-change s.e p-value read counts fold-change s.e p-value Cluster Membership
Medtr2g104140 TPL-like topless-like protein 9.70 x 10−05 1700 -0.89 0.12 3.30 x 10−13 1800 -0.48 0.12 1.50 x 10−04 1500 -0.11 0.12 4.20 x 10−01 18 0.2
Medtr4g009840 TPL-like topless-like protein 6.50 x 10−01 - - - - - - - - - - - - - -
Medtr4g114980 TPL-like topless-like protein 3.50 x 10−01 - - - - - - - - - - - - - -
Medtr2g435370 TPL-like transducin family protein/WD-40 repeat protein - - - - - - - - - - - - - - -
Medtr2g435440 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr4g120900 TPL-like topless-like protein 1.10 x 10−04 980 -0.48 0.07 9.70 x 10−12 1200 -0.22 0.07 1.70 x 10−03 1400 -0.05 0.06 5.40 x 10−01 12 0.34
Medtr7g112460 TPL-like topless-like protein 7.60 x 10−01 - - - - - - - - - - - - - -
Medtr2g065670 TPL-like topless-like protein 8.50 x 10−01 - - - - - - - - - - - - - -
Medtr2g435380 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr1g012820 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr5g085250 MtCOP1 E3 ubiquitin-protein ligase COP1 1.70 x 10−02 1200 -0.48 0.09 3.20 x 10−07 1800 -0.26 0.09 6.10 x 10−03 1600 -0.08 0.09 4.50 x 10−01 8 0.17
Medtr5g009530 SPA1-like ubiquitin ligase cop1, putative 1.90 x 10−01 - - - - - - - - - - - - - -
Medtr8g027985 SPA1-like ubiquitin ligase cop1, putative 8.90 x 10−170 310 3.40 0.16 5.10 x 10−96 1000 -1.10 0.11 4.10 x 10−20 2400 -1.60 0.11 1.60 x 10−47 17 0.46
Medtr2g085210 SPA1-like ubiquitin ligase cop1, putative 1.30 x 10−01 - - - - - - - - - - - - - -
Medtr3g058980 NF-YB like nuclear transcription factor Y protein 3.60 x 10−04 910 0.09 0.09 3.80 x 10−01 540 -0.42 0.09 1.30 x 10−05 820 -0.31 0.09 8.40 x 10−04 15 0.21
Medtr5g095740 NF-YB like nuclear transcription factor Y protein 2.40 x 10−09 570 -0.80 0.17 4.70 x 10−06 160 0.69 0.18 5.00 x 10−04 430 -0.74 0.17 3.30 x 10−05 15 0.54
Medtr1g082660 NF-YC like nuclear transcription factor Y protein 8.80 x 10−02 - - - - - - - - - - - - - -
Medtr3g099180 NF-YC like nuclear transcription factor Y protein 5.10 x 10−03 1800 0.51 0.12 5.40 x 10−05 1200 0.84 0.12 3.20 x 10−11 1900 0.22 0.12 9.40 x 10−02 4 0.23
Medtr7g113680 NF-YC like nuclear transcription factor Y protein 9.00 x 10−01 - - - - - - - - - - - - - -
Medtr1g093600 MtTEM1 AP2/ERF and B3 domain transcription factor 3.00 x 10−09 2600 -1.50 0.16 3.90 x 10−20 560 -0.15 0.17 4.50 x 10−01 360 -1.50 0.17 1.30 x 10−16 14 0.46
Medtr5g053920 MtTEM2 AP2/ERF and B3 domain transcription factor 7.40 x 10−03 1900 -1.20 0.17 2.10 x 10−11 1000 -0.35 0.18 7.60 x 10−02 550 -0.79 0.18 3.30 x 10−05 14 0.23
Medtr4g061200 MtTOE1a AP2-like ethylene-responsive transcription factor 1.90 x 10−05 42 1.10 0.28 1.90 x 10−04 37 0.61 0.28 4.80 x 10−02 70 -0.67 0.25 1.30 x 10−02 2 0.25
Medtr2g093060 MtTOE1b AP2-like ethylene-responsive transcription factor 1.20 x 10−04 1200 -0.15 0.08 1.00 x 10−01 1100 -0.64 0.08 2.20 x 10−14 1600 -0.24 0.08 4.90 x 10−03 9 0.2
Medtr7g100590 MtTOE1c AP2 domain transcription factor 1.90 x 10−02 49 0.82 0.27 6.00 x 10−03 28 0.30 0.30 4.00 x 10−01 64 -0.36 0.26 2.10 x 10−01 16 0.38
Medtr1g049140 MtTOE2 AP2 domain transcription factor 2.50 x 10−17 1600 -1.60 0.13 4.00 x 10−33 2500 -0.65 0.13 8.40 x 10−07 2900 0.06 0.13 6.80 x 10−01 12 0.71
Medtr5g016810 MtAP2a AP2 domain transcription factor 2.30 x 10−14 510 0.57 0.11 2.80 x 10−07 880 -0.61 0.10 4.30 x 10−09 730 -0.24 0.10 3.30 x 10−02 6 0.46
Medtr4g094868 MtAP2b AP2 domain transcription factor 1.50 x 10−12 260 1.00 0.13 7.80 x 10−14 390 -0.17 0.12 2.30 x 10−01 280 -0.24 0.13 9.70 x 10−02 6 0.21
Medtr7g018170 MtCOLa zinc finger constans-like protein 5.90 x 10−104 4400 -2.30 0.11 3.60 x 10−105 1500 0.79 0.11 1.50 x 10−12 2200 0.38 0.11 8.10 x 10−04 13 0.36
Medtr1g013450 MtCOLb zinc finger constans-like protein 1.60 x 10−47 5000 -0.82 0.07 8.30 x 10−27 3800 0.16 0.08 5.50 x 10−02 3100 0.76 0.08 1.20 x 10−22 18 0.37
Medtr3g105710 MtCOLc zinc finger constans-like protein 1.30 x 10−28 1700 -0.48 0.05 8.30 x 10−22 860 0.19 0.06 1.40 x 10−03 1200 0.28 0.05 5.00 x 10−07 14 0.32
Medtr4g128930 MtCOLd zinc finger constans-like protein 1.10 x 10−38 2400 -2.60 0.14 6.10 x 10−81 1500 -0.34 0.14 2.00 x 10−02 2300 -0.35 0.13 1.50 x 10−02 12 0.19
Medtr3g082630 MtCOLe B-box type zinc finger protein 1.50 x 10−54 48 7.90 1.20 3.80 x 10−10 5 2.30 0.75 5.20 x 10−03 39 -3.90 0.46 4.60 x 10−16 16 0.47
Medtr5g069480 MtCOLf zinc finger constans-like protein 9.40 x 10−12 490 4.20 0.21 1.40 x 10−88 130 2.20 0.21 4.50 x 10−24 110 2.40 0.23 4.10 x 10−25 4 0.57
Medtr7g108150 MtCOLg zinc finger constans-like protein 6.10 x 10−03 880 -0.36 0.09 7.50 x 10−05 510 0.08 0.09 4.40 x 10−01 650 -0.20 0.09 3.60 x 10−02 14 0.38
Medtr7g083540 MtCOLh zinc finger constans-like protein 6.20 x 10−07 57 0.14 0.24 6.30 x 10−01 69 -0.19 0.23 5.00 x 10−01 61 -1.70 0.26 8.40 x 10−11 16 0.1
Medtr8g104190 MtCOLi zinc finger constans-like protein 5.50 x 10−02 - - - - - - - - - - - - - -
Medtr2g088900 MtCOLj zinc finger constans-like protein 2.50 x 10−02 79 -0.81 0.29 1.10 x 10−02 83 0.28 0.29 4.00 x 10−01 75 0.30 0.29 3.80 x 10−01 18 0.28
Medtr1g110870 MtCOLk zinc finger constans-like protein 1.40 x 10−19 2000 1.70 0.16 2.20 x 10−22 230 -0.05 0.18 8.20 x 10−01 1200 -0.53 0.17 3.10 x 10−03 15 0.19
Medtr7g032240 MtCMF1 CCT motif protein 7.90 x 10−04 910 -0.26 0.08 2.10 x 10−03 470 0.11 0.09 2.50 x 10−01 1100 0.16 0.08 5.40 x 10−02 15 0.34
Medtr4g127420 MtCMF2 import apparatus protein 2.40 x 10−19 180 0.35 0.13 1.60 x 10−02 660 -0.78 0.11 6.00 x 10−12 840 -1.30 0.11 3.50 x 10−31 9 0.43
Medtr5g072780 MtCMF3 CCT motif protein 8.60 x 10−02 - - - - - - - - - - - - - -
Medtr3g100040 MtCMF5 GATA transcription factor 3.00 x 10−01 - - - - - - - - - - - - - -
Medtr3g100050 MtCMF6 GATA transcription factor 6.80 x 10−01 - - - - - - - - - - - - - -
Medtr5g066510 MtCMF7 GATA transcription factor 7.30 x 10−01 - - - - - - - - - - - - - -
Medtr4g093730 MtCMF8 GATA transcription factor 4.30 x 10−01 - - - - - - - - - - - - - -
Medtr1g008220 MtCMF9 CCT motif protein 3.40 x 10−21 480 1.20 0.18 6.30 x 10−11 500 -1.30 0.18 2.00 x 10−12 50 -0.54 0.24 3.90 x 10−02 18 0.27
Medtr3g091340 MtCMF10 CCT motif protein 7.60 x 10−43 470 1.90 0.14 3.20 x 10−42 700 -0.79 0.13 6.90 x 10−09 100 0.66 0.17 2.90 x 10−04 18 0.18
Medtr4g061910 MtCMF11a CCT motif protein - - - - - - - - - - - - - - -
Medtr4g061823 MtCMF11b CCT motif protein - - - - - - - - - - - - - - -
Medtr2g096080 MtCMF12 CCT motif protein 7.90 x 10−02 - - - - - - - - - - - - - -
Medtr8g098725 MtCMF13 CCT motif protein - - - - - - - - - - - - - - -
Medtr5g010120 MtCMF14 CCT motif protein - - - - - - - - - - - - - - -
Medtr2g068730 MtCMF15 CCT motif protein - - - - - - - - - - - - - - -
Medtr1g073350 MtCMF16 CCT motif protein 4.50 x 10−02 42 0.67 0.39 1.30 x 10−01 16 -0.75 0.46 1.50 x 10−01 36 -0.75 0.40 9.50 x 10−02 16 0.21
Medtr1g044785 MtCMF17 CCT motif protein 4.50 x 10−01 - - - - - - - - - - - - - -
Medtr4g008090 MtCMF18 GATA transcription factor, putative - - - - - - - - - - - - - - -

Continued on next page
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ZT0 ZT2 ZT4
Interaction Mean Log2 Log2 adj. Mean Log2 Log2 adj. Meam Log2 Log2 adj.

Gene identifier Name Description (Mt4.0 annotation) adj. p-value read counts fold-change s.e p-value read counts fold-change s.e p-value read counts fold-change s.e p-value Cluster Membership
Medtr1g023260 CCT domain gene salt tolerance-like protein 1.20 x 10−06 230 0.71 0.13 1.10 x 10−07 200 -0.28 0.13 5.30 x 10−02 120 0.43 0.14 6.10 x 10−03 18 0.2
Medtr1g109350 CCT domain gene B-box zinc finger protein, putative 5.10 x 10−05 990 1.30 0.19 6.60 x 10−10 100 2.40 0.25 5.90 x 10−21 240 0.92 0.21 2.80 x 10−05 15 0.28
Medtr2g011450 CCT domain gene B-box type zinc finger protein 1.50 x 10−05 11 -1.70 0.52 2.30 x 10−03 30 0.32 0.38 4.70 x 10−01 10 1.90 0.54 8.60 x 10−04 8 0.37
Medtr2g073370 CCT domain gene B-box type zinc finger protein 2.70 x 10−15 1.8 4.20 1.30 3.00 x 10−03 24 -0.69 0.42 1.40 x 10−01 66 -4.90 0.53 4.00 x 10−19 9 0.4
Medtr2g089310 CCT domain gene B-box type zinc finger protein 2.50 x 10−62 690 -2.90 0.17 2.10 x 10−67 750 0.13 0.16 5.00 x 10−01 590 0.92 0.16 4.10 x 10−08 12 0.18
Medtr2g099010 CCT domain gene salt tolerance-like protein 1.00 x 10−42 18000 -0.59 0.10 3.40 x 10−08 14000 0.25 0.10 2.30 x 10−02 12000 1.50 0.10 2.90 x 10−45 1 0.24
Medtr3g113070 CCT domain gene salt tolerance-like protein - - - - - - - - - - - - - - -
Medtr3g117320 CCT domain gene salt tolerance-like protein 2.10 x 10−04 26 3.50 0.64 2.70 x 10−07 3.2 1.90 0.94 7.20 x 10−02 8.3 -0.48 0.62 5.20 x 10−01 4 0.46
Medtr4g008050 CCT domain gene B-box type zinc finger protein, putative 2.30 x 10−11 49 -0.70 0.27 1.70 x 10−02 530 -0.09 0.21 7.40 x 10−01 350 1.60 0.22 3.90 x 10−13 8 0.26
Medtr4g046640 CCT domain gene B-box type zinc finger protein 3.70 x 10−08 12 0.42 0.53 5.10 x 10−01 81 1.20 0.42 7.60 x 10−03 34 5.30 0.76 1.70 x 10−11 8 0.65
Medtr4g067320 CCT domain gene salt tolerance-like protein 6.60 x 10−33 1200 -2.10 0.10 9.10 x 10−91 1800 -0.45 0.10 2.00 x 10−05 3700 -0.71 0.10 2.60 x 10−12 12 0.65
Medtr4g071200 CCT domain gene salt tolerance-like protein - - - - - - - - - - - - - - -
Medtr5g021580 CCT domain gene salt tolerance-like protein 3.00 x 10−08 1200 -1.40 0.17 4.90 x 10−15 1600 -0.37 0.17 4.30 x 10−02 1600 0.09 0.17 6.60 x 10−01 12 0.48
Medtr3g116770 MtCBL1 BHLH transcription factor 5.20 x 10−05 720 -0.76 0.17 2.00 x 10−05 320 0.29 0.17 1.30 x 10−01 1300 -0.68 0.16 1.20 x 10−04 10 0.16
Medtr4g070320 MtCBL2 transcription factor 3.90 x 10−02 1200 -0.80 0.15 1.60 x 10−07 420 -1.40 0.16 1.40 x 10−17 1900 -0.86 0.14 1.50 x 10−08 10 0.16
Medtr7g053410 MtCBL3 BHLH transcription factor 2.70 x 10−05 150 0.08 0.13 6.40 x 10−01 130 -0.52 0.14 5.30 x 10−04 210 0.39 0.12 2.70 x 10−03 3 0.083
Medtr8g012290 MtCBL4 BHLH transcription factor 9.40 x 10−02 - - - - - - - - - - - - - -
Medtr1g017350 MtCBL5 transcription factor 1.70 x 10−02 57 0.67 0.23 7.00 x 10−03 30 -0.26 0.27 4.10 x 10−01 54 -0.24 0.23 3.60 x 10−01 16 0.2
Medtr5g048860 MtCBL6 BHLH transcription factor 1.40 x 10−01 - - - - - - - - - - - - - -
Medtr8g065740 MtCBL7 transcription factor 8.00 x 10−01 - - - - - - - - - - - - - -
Medtr3g498825 MtCBL8 transcription factor bHLH137 2.80 x 10−12 920 -0.04 0.07 6.30 x 10−01 910 -0.41 0.07 7.80 x 10−09 1000 0.32 0.07 7.00 x 10−06 18 0.18
Medtr8g099880 MtCBL9 basic helix loop helix protein BHLH8 8.30 x 10−02 - - - - - - - - - - - - - -
Medtr8g062240 MtCBL10 transcription factor 6.00 x 10−02 - - - - - - - - - - - - - -
Medtr5g037250 MtCBL11 transcription factor 5.90 x 10−14 170 -0.57 0.18 3.10 x 10−03 180 -1.10 0.18 3.50 x 10−09 70 1.10 0.21 9.10 x 10−07 18 0.5
Medtr7g092510 MtCBL12 transcription factor 3.50 x 10−07 270 0.07 0.11 6.00 x 10−01 210 -0.65 0.12 2.70 x 10−07 360 -0.78 0.11 2.70 x 10−12 11 0.3
Medtr1g059270 MtCBL13 transcription factor 2.60 x 10−06 320 0.52 0.09 3.50 x 10−08 320 -0.14 0.09 1.60 x 10−01 230 0.36 0.10 6.40 x 10−04 1 0.22
Medtr6g084120 MtCBL14 transcription factor 3.20 x 10−11 92 -1.40 0.25 1.20 x 10−07 80 1.00 0.25 8.40 x 10−05 25 -1.10 0.32 2.30 x 10−03 18 0.27
Medtr7g099540 MtPIF1a transcription factor 5.10 x 10−25 1000 1.00 0.08 9.20 x 10−37 1300 0.13 0.08 1.40 x 10−01 1200 -0.12 0.08 1.70 x 10−01 6 0.22
Medtr1g069155 MtPIF1b transcription factor 9.00 x 10−01 - - - - - - - - - - - - - -
Medtr1g084980 MtPIF3a phytochrome-interacting factor 3.1 6.90 x 10−16 1900 -2.70 0.22 1.00 x 10−31 1200 -0.44 0.22 7.70 x 10−02 300 -0.09 0.23 7.60 x 10−01 18 0.34
Medtr7g111320 MtPIF3b phytochrome-interacting factor 3.1 3.20 x 10−01 - - - - - - - - - - - - - -
Medtr7g110810 MtPIF6 helix loop helix DNA-binding domain protein 1.30 x 10−04 18 -2.40 0.54 1.90 x 10−05 27 0.64 0.45 2.20 x 10−01 12 0.08 0.52 9.00 x 10−01 18 0.2
Medtr3g449770 MtPIF45 transcription factor 4.50 x 10−32 2500 -2.00 0.11 1.40 x 10−69 2800 -0.34 0.11 4.20 x 10−03 3200 -0.28 0.11 2.20 x 10−02 12 0.42
Medtr7g039110 MtPIF78 transcription factor 1.20 x 10−03 5000 -0.40 0.09 5.80 x 10−05 3800 -0.08 0.09 4.60 x 10−01 3400 0.13 0.09 2.20 x 10−01 5 0.43
Medtr1g019240 MtPIL helix loop helix DNA-binding domain protein - - - - - - - - - - - - - - -
Medtr5g017040 MtSPT helix loop helix DNA-binding domain protein - - - - - - - - - - - - - - -

The genes listed in this table are known or hypothesised to participate in the photoperiod pathway in legumes along with homologues of the core components of the pathway in A. thaliana.
They include potential FT promoter binding genes compiled by Ridge et al. (2016) from which the naming of MtTOE1a to MtSPT derives.
Table depicts the the adjusted p-value for the interaction between time of sampling and photoperiod condition. Note that if the adjusted p-value is significant then each contrast between photoperiod
conditions at timepoints ZT0, ZT2 and ZT4 is also given to identify where the patterns of expression diverge.
Included in these results is the mean normalised read counts for the gene at this timepoint.
If the interaction term adjusted p-value is not significant contrasts are omitted.
In all cases it is the expression in LD relative to SD which is tested. In addition the cluster assignment and membership value are listed. Differentially expressed results are in bold using an α = 0.05.
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Alongside MtFTb1 in cluster 3 there were only two genes from the list of candidate photope-
riodic flowering time genes (Table 6.1). These were MtSOC1a (Medtr7g075870) and a BHLH tran-
scription factor gene called MtCBL3 (Medtr7g053410). MtSOC1a is a downstream target of MtFTa1
(Medtr7g084970) and demonstrated to affect flowering time (Jaudal et al. 2018). Also present
in cluster 3, but not previously considered, is Medtr3g101520 which encodes a B3 domain con-
taining protein. This is a potential flowering related gene as E1, the most important locus in
the photoperiod pathway of G. max, also encodes a B3 domain (Section 1.7.2; Xia et al. 2012a)
as do the TEM genes in A. thaliana (Table 1.1; Castillejo and Pelaz 2008; Osnato et al. 2012). The
predicted circadian clock-like genes PRR37a, b and PRR59a-c (Matsushika et al. 2000; Nakamichi
et al. 2005) all have profiles opposite to that of MtFTb1, with three included in cluster 9 (Ta-
ble 6.1). While these are usually thought of as activating flowering, their presence in cluster 9 is
likely a consequence of them peaking earlier in SD than in LD. Additionally, opposite to MtFTb1
in cluster 11 is Medtr1g033620, a SHAQKYF class MYB-like DNA-binding domain gene. This gene
is intriguing as proteins encoded by this class of gene are known to regulate FT in A. thaliana
(e.g. EFM and FE; Yan et al. 2014; Abe et al. 2015).

Genes in each cluster were then ranked by their fold-change at ZT4. At this timepoint the
greatest difference in MtFTb1 transcript abundance is observed (962-fold up in LD; Fig. 6.2A).
Based on the reasoning that potential regulators of MtFTb1 likely have similar or complemen-
tary patterns of expression to MtFTb1 it is expected that they would be differentially expressed
at ZT4 too. I focused on transcription factor genes and observed significant fold changes in
transcript abundances of genes encoding a number of zinc finger proteins. For instance, in
cluster 3 a 45-fold elevation in LD compared to SD in the the zinc finger (Ran-binding) family
encoding gene Medtr4g113840 was observed and the DOF-type zinc finger DNA-binding family
geneMedtr3g091820 was increased 2-fold. However, in cluster 9 transcripts fromMedtr2g073370,
which encodes a B-box type zinc finger protein were 29-fold more abundant in SD than in LD.
Furthermore, in cluster 11Medtr2g059540, also a DOF domain zinc finger gene (denotedMtCDF1 in
Table 6.1), was ∼300-fold higher in SD than in LD. Medtr6g069400 in cluster 17 encoding another
zinc finger (Ran-binding) family protein was also 7-fold elevated in SD compared to LD.
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6.3.4 Condition-specific differences that only affect magnitude of
gene expression

In Section 6.3.3 I identified genes which, following a SD to LD shift, have altered patterns of ex-
pression over time between ZT0 and ZT4 (e.g. MtFTb1 in Fig. 6.2A). However, this approach did
not identify genes for which the relative changes at differing timepoints remained the same
but the overall magnitude of expression increased or decreased (e.g. MtFTa1 or the NF-YC-like
gene Medtr1g082660 in Fig. 6.2A). To classify genes which responded in such a manner a simpler
model, which lacked the interaction term between photoperiod condition and time of sampling,
was fit the data (Eq. 6.2). Genes for which the photoperiod condition term is significant in ex-
plaining the observed transcript abundances, but were not identified in Section 6.3.3 as altering
their pattern of expression, are considered to have solely changes in the magnitude of gene
expression in response to the photoperiod shift.

gene ∼ condition+ time 6.2

In this model there were 8,695 genes for which the photoperiod condition was significant in
explaining their level of expression (α = 0.05; DE_magnitude_genes.csv in Supplement S.6 Ta-
ble S.17). When I excluded geneswhich also had altered patterns of expression (Section 6.3.3) this
list was reduced to 4,694 genes. This corresponds to 14.96% of genes with >1 read (4,694/31,363
genes) having altered magnitudes of expression in response to the shift in photoperiod con-
ditions. Wald significance tests were again used to provide timepoint level resolution of these
changes (DE_magnitude_contrasts.csv in Supplement S.6 Table S.17) with the significance levels
of these genes adjusted for all three contrasts together using the false discovery rate method. A
total of 4,161 of the 4,694 genes statistically differed in magnitude at at least one timepoint with
(2,715, 2,268 and 2,666 for ZT0, ZT2 and ZT4 respectively; Appendix F Fig. F.1B; see DE_magnitude_-

contrasts.csv in Supplement S.6 Table S.17 for all combinations). Since only genes with>2 fold
differences and >10 mean normalised reads are considered DE, this list was further refined to
819 genes which differed in magnitude at at least one timepoint which corresponds to 457, 353
and 454 genes at ZT0, ZT2 and ZT4 respectively. Notably, only 65 genes (7.9%) from this set of 819
genes are consistently DE higher in LD than SD while 54 genes (9.99%) are consistently DE lower
(Fig. 6.5A). When this criteria is relaxed to include genes differing at two or more timepoints the
numbers in these classes increase to 187 genes (22.8%) and 139 genes (17%) respectively. Like
the class of genes which altered their pattern of expression over time (Section 6.3.3) there are
fewer DE genes at ZT2.
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Figure 6.5 – Contrasting timepoint specific expression profiles of the genes which alter only the
magnitude of their gene expression in response to the change of photoperiod
conditions and clustering the relative changes in expression over time. A contrasts the
direction of the 819 genes which alter just the magnitude of their gene expression and
are DE (>2-fold difference and >10 mean normalised reads) at one or more timepoint.
The principal chart plots the size of the overlaps between timepoints and the
supplementary chart presents the number of genes DE (either up or down) in LD
relative to SD for each timepoint. Membership within each group for individual genes,
including non DE genes, is given in DE_results_condition_contrasts.csv in
Supplement S.6 Table S.17. B is the standardised and clustered abundances (µ = 0; σ = 1)
of all 4,694 genes which were classed as just altering the magnitude of their gene
expression in response to the photoperiod shift clustered into 18 clusters using
c-means clustering. The number of genes in each cluster is listed alongside. C is the
mean standardised abundance for clusters examined in more detail are plotted with
cluster 1 selected for containing MtFTa1 which is expressed in LD at all timepoints but
not SD and clusters 9 and 10 were selected as genes in these clusters are consistently
higher in SD than in LD. Mean standardised abundances for all clusters are plotted in
Appendix F Fig. F.5.
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Table 6.2 summarises the results for the candidate photoperiod loci which were not classed
as changing their pattern of expression over time between conditions. A total of 15/55 (27%)
genes were classed as altering just their magnitude in response to the photoperiodic shift but
only 9/15 (60%) have statistically different levels of expression at two or more timepoints. Of
these nine genes, only MtFTa1 is consistently DE with more than a >2-fold difference and >10
mean normalised reads. Thus none of these candidate photoperiod genes are expressed simi-
larly to MtFTa1, which shows >30-fold higher levels in LD than in SD at all timepoints (Fig. 6.2A).

I then considered the sets of genes whose expression is either consistently higher or lower in
LD than SD (65 and 54 genes respectively) as these lists could potentially contain other candidate
genes which play a role in the regulation of flowering time. One example is the NF-Y-like gene
Medtr8g091720 which has 2.5-5.6-fold greater expression in LD than in SD, like that of MtFTa1.
Genes with consistently reduced expression in LD compared to SD includeMedtr2g014200 which
encodes a squamosa promoter-binding-like protein as well as genes associated with sugar
transport. Notably, Medtr0204s0040 which encodes a sugar porter family MFS transporter is not
expressed in LD at all and a trehalose-6-phosphate phosphatase encoding gene,Medtr3g074180,
is 2-3 fold lower in all three timepoints. Sugar transport is a process linked to flowering time
and the regulation of FT in A. thaliana (Table 1.1; Wahl et al. 2013).

These lists also contain a number of genes which likely have regulatory functions which,
while not previously linked to flowering time, could still potentially play a role in the pho-
toperiodic response. Examples which have greater expression in LD compared to SD include
Medtr5g079220 which encodes a R2R3-MYB transcription factor, Medtr3g107940 which produces
a FBD protein and Medtr8g012655 which is the gene for an ethylene response factor. Conversely,
genes with reduced expression in LD compared to SD include the a circadian clock coupling
factor ZGT encoded by Medtr7g012790, Medtr7g105780 which produces a ovate transcriptional
repressor, Medtr3g031220 which encodes a WRKY transcription factor and a gene for a home-
obox associated leucine zipper protein, Medtr8g026960.

Reconsidering the candidate photoperiod loci with less stringent criteria for DE suggests that
MtCDFf (Medtr6g027450) could be investigated further aswhile its expression is quite low, with an
average of only 2.7 normalised reads at ZT4, it is nevertheless higher in LD in all three timepoints
(8.57-fold, 3.48-fold and 12.99-fold respectively). In contrast, the ELF4-like gene, Medtr8g020200,
is consistently 1.9-2.3-fold higher in SD compared to LD, as isMtCMF17 (Medtr1g044785; 1.4-4-fold
higher) although, like MtCDFf, the expression is low.
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Table 6.2 – Photoperiod induced changes in the magnitude of gene expression in candidate flowering time loci not observed to alter their
pattern over time (see Table 6.1).

ZT0 ZT2 ZT4
Condition Mean Log2 Log2 adj. Mean Log2 Log2 adj. Mean Log2 Log2 adj.

Gene identifier Name Description (Mt4.0 annotation) adj. p-value read count fold-change s.e p-value read count fold-change s.e p-value read count fold-change s.e p-value Cluster Membership
Medtr2g049520 MtPHYE phytochrome protein - - - - - - - - - - - - - - -
Medtr1g016920 MtELF3b EARLY flowering protein, putative 5.50 x 10−01 - - - - - - - - - - - - - -
Medtr8g015470 ELF3-like hypothetical protein - - - - - - - - - - - - - - -
Medtr8g020200 ELF4-like early flowering protein 1.60 x 10−20 100 -0.88 0.18 1.50 x 10−05 98 -1.2 0.19 7.40 x 10−09 210 -0.94 0.16 1.70 x 10−07 13 0.43
Medtr4g125590 ELF4-like early flowering protein 1.60 x 10−01 - - - - - - - - - - - - - -
Medtr2g036510 MtZTL galactose oxidase/kelch repeat protein 8.20 x 10−01 - - - - - - - - - - - - - -
Medtr7g084970 MtFTa1 flowering locus protein T 1.80 x 10−27 28 5.2 0.79 1.20 x 10−09 16 6.4 1.2 1.90 x 10−06 55 6.8 0.89 2.10 x 10−12 1 0.32
Medtr6g033040 MtFTa3 flowering locus protein T - - - - - - - - - - - - - - -
Medtr7g006690 MtFTb2 flowering locus protein T 5.20 x 10−01 - - - - - - - - - - - - - -
Medtr2g461760 MtFULa MADS-box transcription factor 2.90 x 10−01 - - - - - - - - - - - - - -
Medtr7g016630 MtFULc MADS-box transcription factor - - - - - - - - - - - - - - -
Medtr8g033250 MtSOC1b MADS-box transcription factor - - - - - - - - - - - - - - -
Medtr8g033220 MtSOC1c MADS-box transcription factor 9.80 x 10−01 - - - - - - - - - - - - - -
Medtr2g016030 MtCDFa Dof domain zinc finger protein 7.60 x 10−01 - - - - - - - - - - - - - -
Medtr5g041380 MtCDFd DOF domain, zinc finger protein 4.40 x 10−01 - - - - - - - - - - - - - -
Medtr6g027450 MtCDFf Dof zinc finger DOF5.2-like protein 2.10 x 10−09 12 3.1 0.67 4.10 x 10−05 9.8 1.8 0.57 5.50 x 10−03 2.7 3.7 1.3 9.70 x 10−03 2 0.53
Medtr7g086780 MtCDFg Dof zinc finger DOF5.2-like protein 5.00 x 10−02 - - - - - - - - - - - - - -
Medtr8g044220 MtCDFh DOF-type zinc finger DNA-binding family protein 9.50 x 10−05 65 0.93 0.21 1.10 x 10−04 60 0.49 0.21 4.00 x 10−02 63 0.26 0.21 2.80 x 10−01 2 0.4
Medtr4g009840 TPL-like topless-like protein 9.00 x 10−11 3200 -0.35 0.11 3.30 x 10−03 3000 -0.51 0.11 1.40 x 10−05 2000 -0.49 0.11 4.30 x 10−05 18 0.88
Medtr4g114980 TPL-like topless-like protein 1.20 x 10−05 840 -0.25 0.14 9.90 x 10−02 960 -0.42 0.13 6.30 x 10−03 1200 -0.59 0.13 8.90 x 10−05 9 0.57
Medtr2g435370 TPL-like transducin family protein/WD-40 repeat protein - - - - - - - - - - - - - - -
Medtr2g435440 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr7g112460 TPL-like topless-like protein 1.60 x 10−18 570 -0.57 0.12 1.20 x 10−05 430 -0.65 0.12 1.40 x 10−06 450 -0.73 0.12 3.40 x 10−08 10 0.5
Medtr2g065670 TPL-like topless-like protein 6.70 x 10−01 - - - - - - - - - - - - - -
Medtr2g435380 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr1g012820 TPL-like topless-like protein - - - - - - - - - - - - - - -
Medtr5g009530 SPA1-like ubiquitin ligase cop1, putative 1.90 x 10−06 890 -0.22 0.062 1.40 x 10−03 980 -0.28 0.061 3.50 x 10−05 850 -0.096 0.063 1.70 x 10−01 18 0.52
Medtr2g085210 SPA1-like ubiquitin ligase cop1, putative 2.40 x 10−03 4100 0.075 0.086 4.30 x 10−01 4600 0.36 0.086 1.80 x 10−04 4700 0.18 0.086 6.20 x 10−02 6 0.45
Medtr1g082660 NF-YC like nuclear transcription factor Y protein 6.40 x 10−03 370 -0.38 0.094 2.90 x 10−04 490 -0.14 0.089 1.60 x 10−01 530 -0.065 0.088 5.10 x 10−01 12 0.34
Medtr7g113680 NF-YC like nuclear transcription factor Y protein 1.10 x 10−10 490 0.37 0.1 1.40 x 10−03 380 0.46 0.11 1.40 x 10−04 400 0.41 0.11 6.30 x 10−04 4 0.69
Medtr8g104190 MtCOLi zinc finger constans-like protein 2.00 x 10−02 5800 -0.032 0.07 6.90 x 10−01 4100 -0.092 0.071 2.50 x 10−01 6100 -0.29 0.07 1.80 x 10−04 15 0.28
Medtr5g072780 MtCMF3 CCT motif protein 6.10 x 10−01 - - - - - - - - - - - - - -
Medtr3g100040 MtCMF5 GATA transcription factor 4.50 x 10−02 240 -0.4 0.13 8.00 x 10−03 180 -0.14 0.14 3.80 x 10−01 210 -0.063 0.14 6.80 x 10−01 14 0.83
Medtr3g100050 MtCMF6 GATA transcription factor 1.20 x 10−01 - - - - - - - - - - - - - -
Medtr5g066510 MtCMF7 GATA transcription factor 2.40 x 10−01 - - - - - - - - - - - - - -
Medtr4g093730 MtCMF8 GATA transcription factor 1.70 x 10−01 - - - - - - - - - - - - - -
Medtr4g061910 MtCMF11a CCT motif protein - - - - - - - - - - - - - - -
Medtr4g061823 MtCMF11b CCT motif protein - - - - - - - - - - - - - - -
Medtr2g096080 MtCMF12 CCT motif protein 1.50 x 10−01 - - - - - - - - - - - - - -
Medtr8g098725 MtCMF13 CCT motif protein - - - - - - - - - - - - - - -
Medtr5g010120 MtCMF14 CCT motif protein - - - - - - - - - - - - - - -
Medtr2g068730 MtCMF15 CCT motif protein - - - - - - - - - - - - - - -
Medtr1g044785 MtCMF17 CCT motif protein 1.80 x 10−02 2.3 -2 1 8.70 x 10−02 4.5 -1.6 0.76 6.80 x 10−02 13 -0.51 0.54 4.00 x 10−01 16 0.54
Medtr4g008090 MtCMF18 GATA transcription factor, putative - - - - - - - - - - - - - - -
Medtr3g113070 CCT domain gene salt tolerance-like protein - - - - - - - - - - - - - - -
Medtr4g071200 CCT domain gene salt tolerance-like protein - - - - - - - - - - - - - - -
Medtr8g012290 MtCBL4 BHLH transcription factor 1.40 x 10−01 - - - - - - - - - - - - - -
Medtr5g048860 MtCBL6 BHLH transcription factor 4.20 x 10−01 - - - - - - - - - - - - - -
Medtr8g065740 MtCBL7 transcription factor 6.20 x 10−01 - - - - - - - - - - - - - -
Medtr8g099880 MtCBL9 basic helix loop helix protein BHLH8 5.40 x 10−01 - - - - - - - - - - - - - -
Medtr8g062240 MtCBL10 transcription factor 8.90 x 10−03 110 0.066 0.16 7.20 x 10−01 64 0.28 0.19 1.90 x 10−01 82 0.72 0.18 3.60 x 10−04 4 0.31
Medtr1g069155 MtPIF1b transcription factor 9.30 x 10−01 - - - - - - - - - - - - - -
Medtr7g111320 MtPIF3b phytochrome-interacting factor 3.1 5.80 x 10−01 - - - - - - - - - - - - - -
Medtr1g019240 MtPIL helix loop helix DNA-binding domain protein - - - - - - - - - - - - - - -
Medtr5g017040 MtSPT helix loop helix DNA-binding domain protein - - - - - - - - - - - - - - -

The genes listed in this table are known or hypothesised to participate in the photoperiod pathway in legumes along with homologues of the core components of the pathway in A. thaliana.
They include potential FT promoter binding genes compiled by Ridge et al. (2016) from which the naming of MtCOLi to MtSPT derives.
Table depicts the the adjusted p-value for the interaction between photoperiod condition and time of sampling. Note that if the adjusted p-value is significant each contrast between photoperiod
conditions at timepoints ZT0, ZT2 and ZT4 is also given to identify where the expression diverges.
Included in these results is the mean normalised read counts for the gene at this timepoint.
If the interaction term adjusted p-value is not significant contrasts are omitted.
In all cases it is the expression in LD relative to SD which is tested. In addition the cluster assignment and membership value are listed. Differentially expressed results are in bold using an α = 0.05.
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Subsequently, the 4,694 genes with changes in the gene expression magnitude between con-
ditions were then clustered into 18 clusters (Fig. 6.5B; cluster optimisation in Appendix F Fig. F.2B;
DE_magnitude_clusters.csv in in Supplement S.6 Table S.17). Cluster 1, which had 331 genes,
contained MtFTa1. As indicated by the results in Table 6.2, none of the photoperiodic candidate
genes clustered with MtFTa1. However some were present in clusters 9 (259 genes) and 10 (239
genes) which have patterns of expression opposite to that of cluster 1 (Fig. 6.5C). In these clusters
a pair of TPL-like genes, Medtr4g114980 from cluster 9 and Medtr7g112460 from cluster 10, were
present. Also observed in these clusters were a number of flowering time candidates previously
not considered including Medtr0020s0120 in cluster 9, which is similar to the FT antagonist TER-
MINAL FLOWER 1 in A. thaliana (Jaeger et al. 2013; Wickland and Hanzawa 2015). Cluster 9 also
contains a trio of genes encoding B3 binding domain proteins Medtr1g021410, Medtr1g021435
and Medtr1g021500 and pair of genes which code for SHAQKYF class MYB transcription factors
Medtr0036s0260 and Medtr5g027550. There is also a jumonji domain protein encoding gene
Medtr2g011630 in cluster 10 (Xia et al. 2012a; Abe et al. 2015; Yan et al. 2014).

In all, cluster 1 contains 35/65 (54%) of the consistently DE genes which are higher in
LD than SD (Fig. 6.5A). These include Medtr1g099440 which encodes a membrane-associated
kinase regulator-like protein, a heat shock transcription factor gene (Medtr6g086805) and
Medtr4g009110 which encodes a helix loop helix DNA-binding domain protein. In a correspond-
ing manner 19/54 (35%) of the consistently DE genes which are lower in LD than SD are contained
within clusters 9 and 10. These genes include the ethylene response factor gene Medtr5g016750
and Medtr4g119422 encoding a cullin-like protein.

Ranking the clustered genes by their fold-change between LD and SD at ZT0 revealed a strik-
ing result. MtFTa1 is ranked 8th in cluster 1, but 10 of the top 13 genes with the largest fold in-
crease in LD compared to SD at ZT0 were homologues of IRON MAN (IMA)/FE-UPTAKE-INDUCING
PEPTIDE 1 (FEP1) genes, which are all located either in a∼50 kb region of chromosome 2 or a∼20
kb region of chromosome 4. These are believed to encode mobile signalling peptides integral
for the uptake of iron from the soil. This class of genes have only recently been described in A.
thaliana (Grillet et al. 2018; Hirayama et al. 2018) but were identified in a recent reannotation of
the M. truncatula genome to identify small, secreted peptides (Bang et al. 2017). Interestingly,
octuple ima/fep1 mutants in A. thaliana result in severe chlorosis suggesting a role in chloro-
plast synthesis (Grillet et al. 2018). Thus their upregulation in LD where there is presumablymore
demand for chloroplasts makes intuitive sense. Cluster 3, which is similar in pattern to cluster
1, has the remaining annotated IMA/FEP1 genes which comprise four of the top five genes with
the largest fold-changes at ZT0.
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6.4 Summary and discussion

This chapter analysed the changes in the M. truncatula leaf transcriptome following a SD to LD
shift. To do this I utilised existing RNA-Seq datasets from similar shift experiments, with samples
taken at ZT0, ZT2 and ZT4 from the leaf tissue of vernalised plants. The data was observed to be
of very high quality, with trimming having little effect on read number and the average mapping
rate was 89.86%. This suggests that the existing Mt4.0v2 transcriptome captures the majority of
the signal in the data, but there is nevertheless space to improve it. M. truncatula is widely used
to study nitrogen fixation and rhizobial symbioses, thus a majority of transcriptomic datasets in
M. truncatula have been generated from root tissue, not leaves (e.g. experiments in the MtGEA
database are>50% root tissue; Benedito et al. (2008)). This dataset broadens the understanding
of gene expression in the aerial tissue of M. truncatula, in particular in differing photoperiodic
conditions. As such it will likely be useful in future comparative genomics studies, potentially
with datasets like that published by Wu et al. (2014) who performed a similar shift experiment
in the SD-responsive G. max.

Interpretation of this data requires caution as the analysis incorporates datasets from two
independent experiments. Nevertheless, the results of this analysis are biologically plausible.
When transcript abundances were compared between LD and SD at each timepoint individually,
in a pairwise manner, qualitative agreement was observed with previously published RT-qPCR
data for MtFTa1, MtFTb1 and MtFTb2 (Fig. 6.2A; Laurie et al. 2011). Furthermore, independent
RT-qPCR timecourses of MtFKF1, MtCDF1, MtCDF2 and MtCDF4 are similar to the transcript abun-
dances seen in these RNA-Seq datasets (Figs. 6.2B and 6.2C). I concluded from these results that
there is no significant batch effect between datasets and that it is appropriate to interpret this
data as a time series.

To analyse the data as a time series dual approaches were taken to segment the genes with
expression changes in response to the shift in photoperiod. The first approach considered the
an interaction term between photoperiod condition and time of sampling, to identify genes
which altered their pattern of expression over time. The second approach considered just the
significance of the photoperiod condition to classify genes which just changed the magnitude
of their expression. This presents a straight forward approach which could serve as a template
for similar short time series RNA-Seq datasets in the future.

It is well documented that the circadian clock plays a significant role in the regulation of the
transcriptome, at least in A. thaliana (Covington et al. 2008), and the photoperiod is known to
regulate the circadian clock (Nohales and Kay 2016). It is thus unsurprising to see that a greater
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number of genes were classed as altering their pattern of expression (9,516/31,363 of detectable
genes; 30.34%) than only the magnitude of their expression (4,694/31,363; 14.96%). This is espe-
cially true of the candidate photoperiodic genes (Table 6.1) where 62% had a significant change
in pattern.

Clustering was used to further divide the two classes of genes. There was only a small degree
of separation between clusters (Appendix F Fig. F.3). This is likely an inherent quality of gene
expression data, but not frequently remarked upon as many techniques do no quantify the cer-
tainty with which clusters are assigned. While this strategy successfully subset these classes of
genes, it does not associate them with any biological function. An alternative approach would
be to use functional gene set descriptors such as Gene Ontology (GO) terms to determine rele-
vant clusters, as clustering could be employed in an iterative manner until individual clusters
become enriched for small numbers of GO terms. However, since in M. truncatula only 37% of
genes have annotated GO terms (Tang et al. 2014), their use is currently of limited utility and
thus this approach was not attempted. Biologically interesting candidates were nonetheless
identified.

For instance, the strong upregulation of IMA/FEP1 genes in LD, a group of recently described
putative peptide encoding genes (Grillet et al. 2018; Hirayama et al. 2018), was an unexpected ob-
servation. While they appear to be involved in iron transport and are not necessarily implicated
in flowering time, their responsiveness to light has not been previously reported, although it is
consistent with the chlorosis seen in octuple mutants in A. thaliana (Grillet et al. 2018). Given
that they are so strongly induced by LD, M. truncatula may be a good system in which to study
them in the future.

Genes which cluster with the LD-induced M. truncatula FT-like genes present as potential
regulators of photoperiodic flowering. These include the zinc finger gene Medtr4g113840 and
the B3 domain transcription factor gene Medtr3g101520 which are both in the same cluster as
MtFTb1. Conversely, it would be interesting to investigate Medtr2g073370 which encodes a CCT
containing B-box type zinc finger protein which has the opposite pattern of expression toMtFTb1,
consistent with a repressive role. Proteins containing these domains are involved in flowering
time regulation in many species (Section 1.3.2.1).

It is notable that none of the list of candidate photoperiod genes responded in a similar way
to the SD to LD photoperiodic shift as the potent floral activator MtFTa1 (Table 6.2). However
a number of candidate regulators which had not been previously considered were identified.
These include the NF-Y-like Medtr8g091720 which has consistently higher expression in LD than
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in SD, or the pair of TPL-like genes (Medtr4g114980 and Medtr7g112460) and a ethylene response
factor gene Medtr5g016750 which all have a pattern of expression opposite to MtFTa1. This anal-
ysis supports the current perspective that the key regulators of MtFTa1 may be functioning in
a novel manner and, more broadly, the regulation of MtFTa1 is uncoupled from the photope-
riodic transcriptional networks present in other species. Thus investigation of the candidates
identified here may shed light on this pathway.

This analysis could be enhanced by the addition of data from other timepoints throughout
the day. The samples taken here at ZT0, ZT2 and ZT4 were selected as they both precede and
coincide with the peak of expression MtFTb1 at ZT4. This does not mean these timepoints are
the most salient for the regulation of the photoperiodic induction. As discussed in Chapter 4
it is currently unknown whether MtFTb1 participates in the regulation of flowering time. Nev-
ertheless, in the absence of more detailed information about what time of the day is critical
for the transmission of the photoperiodic signal, the selection of these three timepoints are a
reasonable start. Additional timepoints sampled would increase the chance of detecting rele-
vant changes in expression. They would also add more discriminatory power to the clustering
analysis.

The induction of LD induced FT-like genes was detected in this analysis and thus it is justi-
fiable to assume that their regulators can also be detected. However, if this experiment were
to be repeated in the future adjustments could be made to increase the resolution of the data
and thus the power to detect DE genes with roles in photoperiodic flowering. Firstly, differing
light treatments are known to have broad impacts on the rate of plant growth (Dornbusch et al.
2014; Pedmale et al. 2014) thus sampling plants grown in different photoperiods may be con-
founded by plants being at different developmental stages. While it is not apparent that this
is a significant issue here, this possibility could be minimised by conducting the experiment at
an earlier developmental stage which would reduce the capacity for shifted plants to develop-
mentally diverge from those kept in SD. Laurie et al. (2011) demonstrated that in M. truncatula
a shift in photoperiod conditions at five days old induced the LD responsive FT-like genes and
thus harvesting younger plants could be considered in the future. Secondly, it is known that
FT in A. thaliana is only expressed in the companion cells of the phloem (Corbesier et al. 2007).
Whether this is the case for FT-like genes in M. truncatula is unknown, but if it is then exper-
iments which assay the transcriptome of these cells in a targeted manner (e.g. using INTACT
lines; Deal and Henikoff 2010) would have significantly more resolution than experiments which
sample whole leaves. Tissue specificity could explain the low levels of expression seed in many
of the candidate photoperiod genes (Tables 6.1 and 6.2).
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It should also be be noted that in A. thaliana a significant component of the regulation of FT
occurs at the protein level, with the external coincidence mechanism maintaining the stability
of the CO protein (Section 1.3.1; Song et al. 2015). Naturally if a similar mechanism is at play in
M. truncatula a trancriptomic analysis such as this would not detect this.

Nonetheless, the majority of the work in the Putterill lab, like that of this thesis in Chapters 3
to 5, consists of genetic screens of potential flowering time candidate genes. The analysis pre-
sented in this chapter has identified additional candidate photoperiodic flowering time genes
for future characterising and reverse genetics screens. It is thus anticipated that this analysis
will serve as a useful resource for future studies.
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7 | Concluding discussion
7.1 Mutant screening of Medicago truncatula mutant lines

The manner by which plants synchronize their growth and development with their environment
is a central concern in both ecological and agronomic contexts. The regulation of flowering time
facilitates successful reproduction and helps optimise the productivity and yield of many crops.
An understanding of this transition in the papilionoid subfamily of legumes at a molecular level
is incomplete, and if described would have broad applications in this ecologically diverse and
agriculturally important group.

This thesis aimed to further the understanding of flowering time in the galegoid clade legume
M. truncatula, with a specific focus on the photoperiod pathway. While the likely florigin MtFTa1
has been well demonstrated to act as a floral inducer, it is currently unclear how the LD inductive
signal is transmitted from the photoreceptors and circadian clock to regulate it (Section 1.7.3.2).
Furthermore, the role of additional FT-like genes within the genome, and whether they partic-
ipate in the regulation of flowering, is currently unknown. In this work, genetic strategies were
utilised to investigate this pathway using the Tnt1 retrotransposon population generated and
maintained by the Noble Research Institute (Ardmore, OK, USA; Section 1.8.1; Tadege et al. 2008).

This thesis considered a total of 20 Tnt1 lines (Table 2.6) which included a previously iden-
tified late-flowering line (Chapter 3), as well as lines potentially containing insertions in FT-like
genes (MtFTa2, MtFTa2, MtFTa2; Section 4.5). Potential upstream regulators MtE1 (previously re-
ported by Zhang et al. 2016) and MtFE, as well as the homologue of the FT transporter MtFTIP1
were also screened (Chapter 5). In Chapter 6, existing transcriptomic datasets were analysed
with the aim of identifying new candidate flowering time genes.

The principal outcomes of this thesis are summarised in Fig. 7.1 which summarises the un-
derstanding of flowering time in M. truncatula following this thesis. Outcomes of this thesis are
chiefly a new late-flowering nullMtfta1 allele from the late flowering NF1634 line (Chapter 3) and
a Mtftb2 mutant from the NF20803 line (Section 4.5). Despite knocking down expression of the
gene, the NF20803 Mtftb2 line has only a very slight delay flowering. This suggests that MtFTb2
does not substantially affect flowering time however is does not rule out it acting redundantly
with MtFTb1. In addition, this thesis provides observations on the MtE1 and MtFE genes and
demonstrates that they appear to act as floral activators. Although linking the Tnt1 insertions
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to the phenotypes requires further confirmation. Specifically, in the case of MtE1, while linkage
analysis associated the late flowering phenotype with the Tnt1 insertion in MtE1 in the NF16583

line (Fig. 5.3), and the introduction of a 35S::MtE1 transgene into NF16583 Mte1 plants produced
a T1 line which appears to partially complement the mutant (Figs. 5.6A and 5.6B), late-flowering
was not observed in the NF20110 Mte1 line (Fig. 5.2B). The reason for this discrepancy in phe-
notype is unknown but it challenges the interpretation that the late-flowering observed in the
NF16583 Mte1 line is attributable to the Tnt1 insertion in MtE1.

Figure 7.1 – The current understanding of the regulation of flowering time in M. truncatula updated
from Fig. 1.7C following the results of this thesis. Genes with a M. truncatula leaf
annotation indicate the genes characterised in this thesis. Note that the inclusion of
MtE1 and MtFE is preliminary.

In the study of MtFE, a seedling lethal phenotype linked to the NF18291 Mtfe Tnt1 insertion
prevented the analysis of multiple alleles (Fig. 5.11), and linkage analysis in the NF5076 Mtfe
line demonstrated that the late-flowering phenotype did not segregate cleanly with the Tnt1
insertion in MtFE (Fig. 5.14). Nevertheless, preliminary results from crossing the two lines (via
a NF18291 heterozygote) suggest the two Tnt1 insertions are allelic and cause late-flowering
(Fig. 5.12). The transcriptomic analysis presented in Chapter 6 also identifies potential flowering
time genes for future studies to investigate and serves as a starting point for future hypothesis
generation.
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Reflecting on the aforestated aims (Section 1.10), this thesis unfortunately cannot contribute
with certainty any new components to the current model describing how flowering time in M.
truncatula. Nor does in conclusively rule any out. Nevertheless, the work presented in this
thesis identified several mutant lines with flowering time phenotypes and discusses progress in
the understanding the underlying causes. It thus provides initial data fromwhich further studies
can build. In the course of this work a number of methodological limitations were encountered
and they are discussed in more depth in the following section.

7.2 Methodological limitations encountered in this thesis

7.2.1 Challenges encountered working with Tnt1 retrotransposon mutants

In Chapters 3 to 5, this thesis made extensive use of the Tnt1 retrotransposon population at
the Noble Research Institute (Ardmore, OK, USA; Section 1.8.1; Tadege et al. 2008), and in the
process of analysing these lines a number of challenges became apparent. I will touch on four
here; the segregating genotypes of these lines, the capacity of Tnt1 retrotransposons to them-
selves initiate transcription, the high number of retrotransposon insertions resulting in multiple
phenotypes and the incomplete genotyping of lines in the mutant database.

7.2.1.1 Segregating genotypes

A strength of insertional mutagenesis is that the known sequence of the insert can be used to
identify the location of the mutation in the genome. Thus, surveying such sequences can facili-
tate reverse genetic screens. This has been carried out in theM. truncatula Tnt1 retrotransposon
population and observed insertion events in individual lines are compiled in theMedicago trun-
catula Mutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al. 2014). I made use of this
database in Chapters 3 to 5, firstly in an attempt to identify the potentially causative insertion
in the late flowering NF1634 line, and later to select an additional 18 lines with Tnt1 insertions
reported to disrupt putative flowering time genes.

I only identified 7/19 (37%) lines as containing the reported Tnt1 insertions suggesting that,
in the seed I screened, the previously observed insertions have segregated away and potentially
been lost in a majority of the lines. Thus the mutant database is only partially representative
of the seed stocks it represents. While this is to some degree to be expected in heterozygous
populations, which must be maintained by growing the lines in bulk, it nevertheless reduces the
utility of the mutant database and makes reverse genetic screens inefficient.
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The lack of identified mutations in these batches of seed does not definitively prove that a
particular insertion is lost from a given line if other batches of seed exist. Thus other researchers
may screen the same line for the same insertion in the future and, if other seed batches are used,
may identify the insertion.

While laborious, tracking insertions via mass genotyping is a feasible proposition (e.g. Lep-
age et al. 2013). If even only a subset of insertions were selected (e.g. those disrupting exons),
and tracked, this would significantly increase the utility of themutant database andmutant pop-
ulation in the long term. This aspect of maintaining a mutant population should be considered
in the generation of future mutant populations.

7.2.1.2 Transcriptionally active Tnt1 retrotransposons

The ability to manipulate the expression of nearby genes is a hallmark of retrotransposon inser-
tions as they are frequently transcriptionally active (Lisch 2013). While a majority of endogenous
transposable elements are epigeneically silenced by the plant, this is not universally the case
(Lisch 2013). Moreover, active transcription may be more prevalent when the retrotransposon
is exogenous and transgenically introduced, such as Tnt1 in M. truncatula, as the plant has not
evolved specific silencing mechanisms towards it.

Of the nine lines with Tnt1 insertions studied beyond initial screening, at least three had
detectable expression extending out from the Tnt1 insertions. Notably, two Mtfta2 lines with
Tnt1 inserts in the promoter of the gene, both in the reverse orientation (NF9421 and NF19514;
Section 4.3), had transcripts extending from the Tnt1. Consequently the assayed expression of
MtFTa2 in the leaf was not significantly reduced (Fig. 4.4). It is possible that these insertions
may cause mis-expression of MtFTa2 in tissues it is conventionally not expressed in. However,
no aberrant phenotype presented to suggest that this was the case. Transcription was also
observed extending out from the Tnt1 insertion in the NF10483 Mtftip1 line where the insertion
is near the beginning of the single exon gene in the forward orientation (Section 5.5).

It is difficult to conclude that the insertion of these 5.3 kb Tnt1 sequences into the promoter
or exon of the gene does not have an effect on the gene as this is a significant structural change
to the genome. However, in the context of screening genes of unknown function there is no
straightforward measure as to whether, in both cases, disruption has occurred. Downstream of
the Tnt1 there is an absence of intermediary open reading frames which would be could initiate
translation in an alternative reading frame. Thus the presence of transcription means that the
genes may still be able to produce functional proteins. In the case of the two Mtfta2 lines it is
conceivable that a full length MtFTa2 protein could still be produced. In the NF10483 Mtftip1 line
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potential proteins would be truncated, but in the same reading frame as MtFTIP1, and 77-83%
of the full length protein. Thus in the absence of further information, the insertions cannot
be considered to have disrupted the genes. While the potential of transcription from some
retrotransposons is to be expected, the occurrence in these lines nevertheless means that the
potential role of MtFTa2 and MtFTIP1 in the regulation of flowering remains unknown. The best
course of action to address the role of these genes is to either identify or generate newmutants.

To my knowledge the potential utility of the Tnt1 retrotransposons in the M. truncatula mu-
tant population to modulate the expression of genes has not been realised. The population
could be used to screen for activation or mis-expression of otherwise lowly expressed genes or
to identify weak alleles of essential genes which still result in viable plants. This would facilitate
the characterisation of these genes.

7.2.1.3 The high number of Tnt1 insertions

In Section 1.8.1 I described how it was initially estimated that each Tnt1 line contained∼25 inde-
pendent insertions, but that it is now thought that each line contains 80 insertions on average. A
naïve inference from this increase in estimation is that there is a higher chance of a researcher
identifying mutations in their genes of interest and fewer lines are required to saturate the
genome. While this inference is correct, the high number of Tnt1 insertions becomes problem-
atic once mutations of interest are identified as the additional insertions in the background
introduce secondary phenotypes. Additional Tnt1 insertions complicate linking specific inser-
tions to the phenotype of interest and may obscure or hinder the measurement of the primary
phenotype (i.e. flowering time). For instance, the NF5076 and NF18291 Mtfe lines have different
phenotypes with the latter being seedling lethal (Fig. 5.11). While this seedling lethal phenotype
is consistent with a fe/apl knockout mutant in A. thaliana (Bonke et al. 2003) this seems likely to
be a secondary phenotype caused by a linked insertion, given the viability of NF5076Mtfe plants.
However, the NF5076 line also has secondary phenotypes including infertile seeds, misshapen
barrels and a reduced stature phenotype (Figs. 5.10B and 5.10G) which hindered the scoring of
flowering time and characterisation of the line.

Additional Tnt1 insertions can also have effects directly on the phenotype of interest which
make the interpretation of results more difficult. For instance, the differences in Mtfta1mutants
discussed in Section 3.5 where I compared the flowering time of the previously published NF3307

Mtfta1 mutant (Laurie et al. 2011) to the newly identified NF1634 Mtfta1 mutant. Despite the two
lines containing similar mutations in the first exon of the gene, differences in flowering time
exist in that the vernalisation response under SD is lost in NF3307 Mtfta1 plants such that the
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vernalised plants retain a photoperiod response. This is not the case in NF1634 Mtfta1 plants
where SD plants retain a vernalisation response and vernalised plants lack a photoperiod re-
sponse (Fig. 3.8). The reason for these differences is unknown, but could in part be attributable
to differing genetic backgrounds caused by additional Tnt1 insertions.

The potential for additional Tnt1 insertions to modify the phenotype of interest also inter-
feres with linkage analysis. In the backcrossed F2 progeny of both NF16583 Mte1 and NF5076

Mtfe lines an overlap in flowering time is observed between homozygous plants and other seg-
regants, as well as the wild-type (R108; Figs. 5.3C, 5.14C and 5.14D). While this may reflect the
inherent variation of the lines which was previously unobserved on account of the population
sizes being insufficiently large, the possibility of other insertions contributing to the pheno-
types cannot be discounted. This is especially true in the NF5076 Mtfe population where some
heterozygote and wild-type segregants are later than expected. Since the wild-type (R108) is
routinely grown in the lab, and is never observed to flower this late, this is unlikely to be the
consequence of a larger sample size.

The solution to this issue is to repeatedly backcross these lines once an insert has been
identified, prior to any characterisation. This would reduce the number of inserts in the line
and generate a genetic background as close as possible to the wild-type (R108), eliminating
secondary phenotypes or genetic interactions. Comprehensive genotyping such as Tnt1-capture
sequencing or whole genome sequencing (Jiang et al. 2015; Sun et al. 2019) should then be carried
out to quantify the similarity to the wild-type and identify the remaining sources of variation.

While this requires significant expense in both time and money, after all for M. truncatula
there are ∼4 months per generation (exacerbated by studying late flowering mutants), it greatly
increases the robustness of the results which can be produced. Thus, while it is enticing to
attempt to characterise the lines as soon as they are identified, it is prudent to remove other
inserts first. Whole genome sequencing has also reduced in price such that the sequencing
of key mutant lines is within the reach of most labs. One option which could accelerate this
process is the introduction of a “speed breeding” protocol where 22 hour photoperiods under
high intensity lighting combined with modest temperature fluctuations and the artificial drying
of seeds has shortened the generation time of many species, including M. truncatula (although
these tests did not include vernalisation; Watson et al. 2018).
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7.2.1.4 Incomplete genotyping of the lines in the mutant database

Theoretically the Tnt1 retrotransposon population is near saturated so lines containing Tnt1 in-
sertions in a given gene are likely to exist. However, the genotyping of the lines is incomplete
such that theMedicago truncatulaMutant Database of Tnt1 FSTs (Tadege et al. 2008; Cheng et al.
2014) is not comprehensive, with only 38% of annotated genes reported to have a Tnt1 insertion
in at least one line (Sun et al. 2019). Consequently, identifying lines with Tnt1 insertions in a gene
of interest can be difficult. For instance, identifying a Mtftb1 mutant was a core goal in testing
the function of additional FT-like genes in Chapter 4, but only one line (NF3307) had a reported
insertion in an exon of the MtFTb1 gene (and this insertion was not identified when seed from
the line was screened). I was also interested in identifying mutants affecting the M. truncat-
ula ELF3-like genes, or the homologue of GI, given the demonstrated role in flowering time of
such genes in multiple other legume species (Section 1.7). However potential lines could not be
identified.

Unidentified flowering timemutants undoubtedly exist within the Tnt1 retrotransposon pop-
ulation. In light of the incomplete genotyping themost effective use of the population to identify
flowering time mutants may therefore be via forward screening of the population for aberrant
flowering phenotypes. The value of such an approach is well demonstrated by the late-flowering
NF1634 line lacking a FST for the identified insert inMtFTa1 (Chapter 3), as the NF1634 Mtfta1mu-
tant may never have identified if not for being identified in a forward genetics screen. Optimal
conditions to identify mutants which affect photoperiod and vernalisation regulated flowering
time would be to screen plants in either VLD or SD as these are the most conducive and least
conducive flowering conditions respectively. Plants which flower late in VLD screens would indi-
cate floral inducers are disrupted (like the NF1634 Mtfta1 mutant), while floral repressors could
be identified from plants which flower early in SD screens. Screens in LD would also be infor-
mative as late flowering photoperiod mutants upstream of MtFTa1 in this condition might be
otherwise masked by the acceleration in flowering brought about by vernalisation.

Unfortunately, forward screens of M. truncatula are expensive in terms of space, time and
resources. It is thus difficult to do on the large scale required to identify mutants. This is espe-
cially true in a segregating population like the Tnt1 retrotransposon population where members
of a line have differing genotypes requiring multiple individuals per line to be grown. Never-
theless, such screens have been conducted in the Tnt1 retrotransposon population before and
could be done again.
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7.2.2 Low transformation efficiency of Medicago truncatula

An alternative approach to the use of the Tnt1 retrotransposon population (Tadege et al. 2008)
(or another mutant population) is the generation of mutants via the CRISPR-Cas9 gene editing
system. This system has the advantage of targeting the mutation to your gene of interest with
little to no additional mutations (Doudna and Charpentier 2014). A typical experiment also gen-
erally results in multiple alleles (e.g. Rodríguez-Leal et al. 2017). However, this requires the
generation of stable transgenic lines, which in M. truncatula is not a facile process. It requires
the co-cultivation of leaf explants with A. tumefaciens (containing an appropriate plasmid vec-
tor) and regeneration of the plant via somatic embrogenesis.

The ability to routinely edit genes using the CRISPR-Cas9 system would be a powerful tool
with which to decipher the molecular underpinnings of flowering time regulation. In Section 4.6
I attempted to implement this system, to generate Mtftb1 mutants, but was unsuccessful as the
rate of plant transformation was too low. In that set of experiments a transformation efficiency
of only 0.45% was achieved, which produced too few T0 plants for editing to be expected to be
observed (editing occurs in ∼30% of M. truncatula transformants; Meng et al. 2017; Curtin et al.
2018). M. truncatula transformation was again attempted in Section 5.3 where I introduced a
35S::MtE1 construct to complement the NF16583 Mte1 mutant. Here an improved transforma-
tion efficiency was obtained (5.3%), but this was still too low to yield a significant number of
independent lines.

Despite following the existing protocol as faithfully as possible I did not achieve close to the
≥50% efficiency the protocol reported (Trinh et al. 1998; Cosson et al. 2015). As discussed in Sec-
tion 3.5 this appears to stem from a combination of factors including A. tumefaciens overgrowth
of explants, inefficient co-cultivation with A. tumefaciens, and a low explant regeneration rate.
In light of my experience a number of alterations to the protocol could be trialled to attempt to
improve efficiency.

The issue of A. tumefaciens overgrowing the explants indicates that the selection provided by
the ticarcillin disodium/potassium clavulanate is failing. While I was not aware of it at the time,
I have since learnt that ticarcillin disodium/potassium clavulanate is unstable when kept frozen
as a stock solution (Cheng et al. 1998), as is done in the Putterill Lab. Thus it is possible that the
antibiotic used was degraded and thus ineffective. In the future this should be prepared fresh
each time. Washing affected explants in concentrated ticarcillin disodium/potassium clavu-
lanate (as discussed in Section 4.7.2.1) should also be trialled.
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In Section 4.6 I also only observed an average of 22% of explants producing callus suggesting
co-cultivation was inefficient. To co-cultivate the leaf explants the Cosson et al. (2015) protocol
uses a vacuum infiltration step, but it may be the case that plants grown in our conditions are
not as robust as those grown in other labs. It is therefore conceivable that the stress placed
on the explant tissue in this process is inhibiting successful co-cultivation. The vacuum infil-
tration step was introduced to the protocol by Trinh et al. (1998) as a means of accelerating
the transformation process. However, the original transformation experiments on M. truncat-
ula (R108) plants performed by Hoffmann et al. (1997), who developed the regenerative R108
line, found that vacuum infiltration did not enhance transformation efficiency relative to co-
cultivation without it over a longer time period. Thus co-cultivation without vacuum infiltration
could be attempted to see if reduced stress placed on the tissue increases transformation effi-
ciency in our lab. Furthermore, in the A. tumefaciens mediated transformation of other species
the addition of acetosyringone, which is a flavonoid that induces the Vir genes, has enhanced
transformation efficiency (Sheikholeslam and Weeks 1987; Veluthambi et al. 1989). While the
currentM. truncatula transformation protocol states that acetosyringone is “not required” (Cos-
son et al. 2015), the original protocol developed by Trinh et al. (1998), from which the current
protocol derives, refers to the addition of acetosyringone to the co-cultivation media as one
of the “crucial steps”. I do not know the reason for this discrepancy, but given the inefficien-
cies I encountered it seems prudent to reintroduce acetosyringone into the protocol to see if
efficiency is increased.

An alternative approach worth considering would be to generate a new regenerative line
with a potentially greater regenerative capacity than R108. There is an increasing understand-
ing of the molecular pathways underpinning somatic embryogenesis. Notably, homologues of
the A. thaliana transcription factors BABY BOOM, LEAFY COTYLEDON1, LEAFY COTYLEDON2 and
WUSCHEL (among others known to regulate totipotency) are believed to play an important role
in many species, including M. truncatula (Altpeter et al. 2016; Orłowska et al. 2017; Orłowska and
Kȩpczyńska 2018). Thus, modifying the expression of the genes encoding these transcription
factors can increase the regenerative capacity of plant tissue (Altpeter et al. 2016). Examples of
this include the ectopic expression of the A. thaliana WUSCHEL gene in a Gossypium hirsutum
L. (cotton) accession recalcitrant to transformation, which increased the efficiency at which em-
bryogenic callus was generated from hypocotyl tissue by 47% (Zheng et al. 2014). Additionally
the transient expression of a homologue of BABY BOOM in Theobroma cacao L. (cacao) increased
the efficiency of embryonic callus production by 29% (Florez et al. 2015). A similar approach with
M. truncatula could be attempted which could result in higher transformation efficiencies.



206 GEOFFREY THOMSON

Nonetheless, once calli from R108 plants were produced I also encountered a low explant re-
generation rate, with plantlets only being produced by 4% of calli (Table 4.4). The developers of
the transformation protocol, Trinh et al. (1998), report 70-80% of calli producing plantlets (Trinh
et al. 1998). Reflecting on the inefficiency in generating callus, and subsequently plantlets, it is
conceivable that the regenerative capacity of the tissue may have been lost. The R108 acces-
sion used for transformation was generated from a single rare secondary regenerant of the M.
truncatula 108-1 accession where it gained its capacity to regenerate (Hoffmann et al. 1997). This
regenerant was subjected to three additional rounds of in vitro tissue culture (Trinh et al. 1998).
Similar to what I encountered, the parental accession of R108, 108-1, has a notably low regener-
ative capacity (≤2%; Hoffmann et al. 1997). The underlying cause of the acquired regenerative
capacity of R108 is unknown but could be the result of uncharacterised somaclonal variation or
transgenerational epigenetic effects. The Putterill lab does not maintain a stock of R108 that
has not been grown from seed for several generations. It is therefore conceivable that whatever
confers R108 with an enhanced regenerative capacity may have been lost. Consistent with this
hypothesis, in Section 5.3 where I transformed the NF16583 Mte1 mutant (a mutant line gener-
ated from R108 and which has recently passed through tissue culture) the proportion of calli
producing plantlets increased to 52% (although 32% were untransformed and had escaped se-
lection). If the R108 line used in the lab has lost its regenerative capacity then the only recourse
is to obtain a new stock of R108-1 (c3).

The difficulty I encountered in transformingM. truncatulamotivates me to suggest that alter-
native approaches to transformation also be trialled. A promising option is the use of nanopar-
ticles as vectors to introduce transgenes into plants (Demirer et al. 2018; Zhao et al. 2017b). This
method has been used to produce stable transgenics from species previously recalcitrant to re-
generation by loading plasmids onto nanoparticles electrostatically and introducing them into
pollen via magnetofection. The pollen can then be used to pollinate flowers (Zhao et al. 2017b).
Seeing as the Putterill lab is able to routinely cross M. truncatula, this this would be a consid-
erably faster method than the regeneration of leaf explants and could be investigated in the
future.

7.2.3 Potential gene redundancy in flowering time regulation

The approach this thesis takes to investigating flowering time by screening candidate genes is
a traditional one inspired by the work done in A. thaliana 20-30 years ago. In A. thaliana the
principle flowering time pathways were defined by a collection mutants with large effects on
flowering time (e.g. gi, co, flc, ft, fd; Table 1.1; Koornneef et al. 1991; Koornneef et al. 1998).
However, while mutants with large effects have been identified in other species (e.g. e1 in G.
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max) they are not necessarily going to be identified in all species.

The central role flowering time plays in plant reproduction maymean that there is significant
redundancy built into the regulatory gene network of M. truncatula, and this may mask large
alterations of flowering time in single mutants. One potential example of this is the FTb genes
examined in Chapter 4. While Mtftb1 mutants or Mtftb1 Mtftb2 mutants were not obtained, the
slight, but replicated, trend to lateness in the NF20803Mtftb2mutant in LD (Fig. 4.9C)may indicate
that any effect theMtFTb genes have on floweringmay be redundant with one another. Although
the moderate late flowering phenotype in the NF5076 Mtfe mutant (where the expression of
MtFTb genes is greatly reduced, if not lost) indicates that such an effect is, in this case, not
large.

In a redundant network only moderate flowering time phenotypes would be expected to be
observed when the function of individual flowering time genes are lost (potentially consistent
with that of the NF16583 Mte1 or NF5076 Mtfe mutants). Nevertheless, if there is significant re-
dundancy then more sophisticated genetic approaches are required to understand flowering
time. This would require testing lines containing mutations in multiple genes of interest and
assessing the effect of flowering in multiple genetic backgrounds. Such analysis would require
a flexible, accurate and efficient way to generate mutants, like the CRISPR-Cas9 system.

7.2.4 The assumption of floral activators

This thesis described the screening of M. truncatula mutants in inductive VLD with the aim of
identifying floral activators. Like candidate gene studies of single mutants, this is again how
the most progress was made in A. thaliana. However, it is also worth considering that in the SD
responsive phaseolid legume G. max, most of the described flowering time pathway is known
to repress flowering in non-inductive LD. This may be the result of gaps in the understanding
of flowering time in G. max, but it nevertheless raises the question as to whether floral activa-
tors necessarily exist. Potentially, the repression of flowering in the non-inductive conditions,
without activation in the inductive conditions, could be sufficient to confer photoperiodic re-
sponsiveness.

Transcriptional repression plays an important role in the regulation of flowering in A.
thaliana. For instance, the floral activator CO is thought activate FT expression by relieving the
locus of the repressive polycomb-group proteins present at the FT promoter (Liu et al. 2018b; Luo
et al. 2018). In vernalisation the transcriptional repressor FLC is itself repressed by vernalisation
(Section 1.4). While in these cases repression is actively removed in the inductive conditions
it is conceivable that a similar effect could be achieved by repressors only being induced by
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non-inductive conditions.

In light of this possibility it would be prudent to screen for potential repressors in SD. While
this is more time consuming than screening in VSD, it is not a strategy that has previously been
significantly explored in M. truncatula. Candidate repressors could be selected from transcrip-
tomic experiments which contrast inductive and non-inductive conditions like that analysed in
Chapter 6. Intial potential candidates include the pair of TPL-like genes (Medtr4g114980 and
Medtr7g112460) which are expressed in a pattern opposite to that of MtFTa1 or Medtr2g073370
which encodes a CCT containing B-box type zinc finger protein which has the opposite pattern of
expression to MtFTb1. However the most powerful approach to investigate potential repressors
in SD would be to conduct a forward screen of the Tnt1 retrotransposon population (Tadege et al.
2008) for early flowering plants as suggested in Section 7.2.1.4.

7.3 The divergence between Medicago truncatula and previously studied species

Reflecting on the results presented in this thesis, a common thread is the divergence in the
photoperiodic regulation of flowering betweenM. truncatula and previously studied species. To
some extent this was already known from the lack of homologues for the core FT regulators (i.e.
CO and FLC) and the lack of a diurnal pattern of MtFTa1 expression in LD (Section 1.7.3.2; Laurie
et al. 2011; Kim et al. 2013; Wong et al. 2014). This thesis underscores this difference.

The significant differences in flowering time regulation between M. truncatula and distant
species such as A. thaliana, and even the more closely related legumes such as G. max and P.
sativum, suggests further attempts at reverse genetics screens may be not be the most success-
ful strategy. Instead I suggest that these differences be leveraged, as an understanding how
these differences arose would likely lead to greater understanding of flowering time regulation
for all species involved.

The characterisation of the NF1634Mtfta1 allele in Chapter 3 highlighted the close coupling of
the photoperiodic and vernalisation signals which both pass throughMtFTa1. In these plants the
vernalisation response is lost in LD (Fig. 3.2) which is not the case in mutant counterparts in the
relatively closely related galegoid clade legume P. sativum. In this species gigas (Psfta1) mutants
retain a vernalisation response (Beveridge and Murfet 1996). Consistent with this divergence in
MtFTa1 function, in Chapter 6 none of the potential photoperiodic flowering time genes clustered
with MtFTa1 indicating the regulation of MtFTa1 is likely regulated by a set of genes distinct from
those previously considered.
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The FT-like genes in the Papilionoid legume subfamily likely hold the key to understanding
flowering time regulation. As discussed in Section 1.6.1 there exists significant interspecific di-
versity in the function of FT-like genes regulating flowering time within the subfamily. In the
genistoid clade species L. angustifolius a FTc clade gene is the principle floral inducer (Nelson
et al. 2017; Taylor et al. 2018), while in the galegoids (P. sativum and M.truncatula) it is FTa clade
genes which fulfil this role (Hecht et al. 2011; Laurie et al. 2011). Given that G. max contains floral
inducers from both these clades (Kong et al. 2010; Sun et al. 2011; Nan et al. 2014) an understand-
ing of the ancestral state of flowering time regulation in this subfamily, along with knowledge
of how these divergences occurred may provide significant insight into the upstream regulators
of these genes. This could be achieved via a broad promoter activation screen (Hellens et al.
2005; Berger et al. 2007; Reece-Hoyes et al. 2011) using the promoters of these FT-like genes and
a library of transcription factors from across the family. This may identify shifts in interacting
transcription factors between the FT-like genes and identify upstream regulators.

The analysis ofMtE1 in Chapter 5 is also evidence for the divergence in the manner flowering
time is regulated in M. truncatula, relative to other species. In G. max, E1 is responsible for the
majority of the variation observed in flowering time within the species and plants carrying e1
null alleles flower over 40 days early in the non-inductive LD (57% earlier than the wild-type; Xia
et al. 2012a). E1 is thus a floral repressor. It has since been shown that E1 acts as an upstream
regulator of four FT-like genes which regulate flowering, explaining its large influence on the
phenotype (Xia et al. 2012a; Zhai et al. 2014; Liu et al. 2018a). In M. truncatula MtE1 appears to be
a floral activator but the delay in flowering in M. truncatula exhibited by the NF16583 Mte1 line
relative to the wild-type (R108) is more moderate, ranging from an average of 8 days (42% later)
in VLD to 23 days in SD (23%). Furthermore, the effect of the mutation on the expression of FT-
like genes is small, with only MtFTa1 partially affected (Figs. 5.4E–H). Thus MtE1 plays a smaller,
but still significant, role in M. truncatula flowering time regulation relative to E1 in G. max.

This difference between E1 homologues reiterates that the core elements of the photope-
riodic pathway in papilionoid legumes are not necessarily highly conserved. Once again an
understanding of how these differences arose would be informative for the understanding of
flowering time in both species. In this case since both E1 and MtE1 are expressed in LD with
peaks of expression at ZT4 and ZT8 it seems likely that they share a similar means of regulation
(Fig. 5.4C; Xia et al. 2012a). The divergence thus likely occurs in their function or via downstream
unknown factors. One possibility which could explain this difference is variation in the bind-
ing affinity to downstream cis-regulatory elements. This could be assayed via protein binding
microarrays (Berger et al. 2006) or chromatin immunoprecipitation assays in the two species.
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7.4 MtFE is likely a photoperiod pathway gene

The photoperiodic regulation of flowering in M. truncatula has, in many aspects, diverged from
previously studied species (Section 7.3). Nevertheless, the investigation of MtFE in Section 5.4
suggests that the function of this gene is conserved to a significant degree with its homologue in
A. thaliana. Earlier in Section 7.1 I summarised how additional work is required to confirm the link
between the disruption ofMtFE in the NF5076 Mtfe line to the late-flowering phenotype. Despite
this, the delay in days taken to flower in LD and VLD by the NF5076 Mtfe mutant (Fig. 5.10A), the
reduction in the expression of FT-like genes (Fig. 5.13C) and the ability to complement the A.
thaliana fe-1 mutant (Fig. 5.16) together suggest that MtFE is a likely flowering time gene.

On the basis of the delay in days taken to flower in LD and VLD it is inferred thatMtFEmay act
as a floral activator in M. truncatula. A result which is intriguing as as despite being expressed
in both SD and LD (Fig. 5.13B), the delay in flowering appears to require LD.

In A. thaliana FE/APL has a significant influence on flowering time upstream of FT, with the
fe-1 mutant flowering at a comparable time to ft mutants (Koornneef et al. 1991). While the
same cannot be said of MtFE and MtFTa1 across all conditions, the difference in flowering time
between the NF5076 Mtfe and NF1634 Mtfta1 mutants grown in LD is not large. The flowering of
NF5076 Mtfe plants was delayed on average by 22 days relative to the wild-type (R108; 38% later),
and NF1634 Mtfta1 were a similar 28 days delayed (35%; Figs. 3.2 and 5.10A; although note that
NF5076 Mtfe plants are not late in primary axis nodes at flowering and are complicated by their
compact architecture phenotype).

The NF5076 Mtfe line also shows a reduction in MtFTa1 expression (Fig. 5.13C). To test if the
late flowering observed in the NF5076 Mtfe line is attributable to it acting upstream of MtFTa1
the lines should be crossed (although this will have to wait until the additional backcrossing has
occurred to remove additional Tnt1 insertions and secondary phenotypes; Figs. 5.10B and 5.10G).
If this is the case then the flowering time of the two mutants should not be additive. This
would be a revealing result because it suggests thatMtFE is a regulator ofMtFTa1 independent of
vernalisation (as unlike NF1634 Mtfta1 plants the NF5076 Mtfe line still responds to vernalisation
in LD) and thus is solely a photoperiod gene. Furthermore, the similarity in flowering times in
LD between the NF5076 Mtfe and NF1634 Mtfta1 lines indicates that the photoperiodic signal in
M. truncatula could, to a large degree, be reliant on MtFE.

Studies of MtFTa1 have demonstrated that in M. truncatula this gene closely couples the
photoperiodic and vernalisation floral signals (Chapter 3; Laurie et al. 2011). If MtFE is a flo-
ral regulator acting upstream of MtFTa1 then it separates these signals. This has been done
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once before in the Mtvrn2 mutant which was solely a vernalisation gene acting through MtFTa1
(Jaudal et al. 2016). However, this line of inquiry was hard to pursue as MtVRN2, likely part of
the Polycomb Group Repressive Complex 2, does not silence MtFTa1 directly (Jaudal et al. 2016).
Given that this complex has broad and pleiotropic effects, identifying targets is consequently
challenging.

MtFE may not be so challenging and could have a smaller list of targets. Thus MtFE could
be used to identify more components of the upstream photoperiodic pathway. As discussed in
Section 5.6, initial candidates could be the NF-Y-like genes which encode proteins which poten-
tially interact with MtFE (Figs. 5.17 and 5.18). While the interaction studies need to be extended
beyond the Y2H assays, they are nevertheless consistent with the role their homologues play in
flowering time in A. thaliana (Kumimoto et al. 2008; Kumimoto et al. 2010). Thus NF-Y-like genes
should be investigated as potential flowering time genes in M. truncatula.

Other candidates could include NAC transcription factors, as in A. thaliana FE/APL regulates
phloem development via a redundant pair of NAC transcription factors (Furuta et al. 2014). Re-
cently an additional pair of NAC transcription factors, in concert with a jumonji demethylase,
have been demonstrated to repress FT and other flowering integrators (Ning et al. 2015). Given
the ability of FE/APL to regulate NAC transcription factors in another context (and are hypothe-
sised to interact with jumonji demethylases; Abe et al. 2015) it is possible that FE/APL regulates
these NAC transcription factors which influence flowering time. Although note that in this case
repression of these transcription factors would be predicted (as FE/APL is a floral activator).
This could be an avenue of research in the future simultaneously pursued in A. thaliana and M.
truncatula.

Another compelling result to be observed in the study of MtFE was that MtFE and NF-YC-like
proteins when fused to the BD were able to interact with CO (although note that CO fused to the
BD caused autoactivation). This hints that the ability to bind CCT domain containing proteins
may be conserved. Proteins containing CCT domains regulate FT-like genes inmany species (Sec-
tion 1.3.2.1) and this could potentially be the case in M. truncatula too. Thus, MtFE could be used
to as a bait to identify such proteins. This could be achieved via immunoprecipitation of pro-
tein complexes associated with MtFE and using mass spectometry to identify the components.
A protocol for achieving this in M. truncatula hairy root cultures has recently been described
(Goossens et al. 2016).

Lastly, preliminary expression results demonstrate a modest but consistent reduction in the
expression of FTIP1 and NaKR1 homologues (Fig. 5.13C). These genes are downstream of FE/APL
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in A. thaliana and this result suggests that this pathway may be to some degree conserved in M.
truncatula. ThusMtFE could also be used to investigate the FT transport pathway inM. truncatula
too.

MtFE is therefore a promising flowering time gene in M. truncatula. As discussed in Sec-
tions 5.6 and 7.1 there is a need to confirm the link between the disruption of MtFE in the NF5076

Mtfe line to the late-flowering phenotype and also separate secondary phenotypes. Neverthe-
less, MtFE is an avenue of inquiry into the M. truncatula photoperiod pathway which should be
pursued in the future.

7.5 Conclusion

Food security is a major global challenge which needs to be rapidly addressed as the world
population continues to increase. Simultaneously, strain is placed on the production of food as
economic development across the world generates a greater demand on the global food supply.
Meeting this demand, while concurrently mitigating the environmental impact, necessitates a
concerted effort to avert food shortages and environmental degradation in the future (Godfray
et al. 2010; Crist et al. 2017). One aspect of solving this problem is a more efficient food supply
system (Foyer et al. 2016).

Legumes, as a family, contain a number of important agricultural crops which are both nutri-
tious and whose growth has a number of environmental benefits. Notably, the reduced applica-
tion of synthetic nitrogen fertilizers (which cause eutrophication of waterways and necessitates
the production of toxic green house gasses) through the ability to symbiotic fix nitrogen (Graham
and Vance 2003; Nichols et al. 2012; Foyer et al. 2016). Legume crops are currently underutilised
and underdeveloped. For instance, the Vigna unguiculata (L.) Walp. (cowpea) crop has been
estimated to only be yielding 10–20% of its genetic potential, and on average recent increases
yields for legume crops have only been between 0 and 2% per year (Foyer et al. 2016). Flowering
time is a key trait in determining yield and productivity and thus an understanding of this trait
is key to the breeding of improved crop cultivars to increase yields and help meet the afore-
mentioned challenges (Jung and Müller 2009). It would also inform the understanding of the
response of ecological systems to global climate change (Morellato et al. 2016).

M. truncatula is a reference galegoid clade legume and this thesis has studied the manner
in which flowering time is regulated in this species. Through the screening of Tnt1 retrotranspo-
son mutants this thesis has identified a novel allele disrupting the potent floral inducer MtFTa1
(Chapter 3). This mutant highlighted the close coupling of the photoperiod and vernalisation
signals in M. truncatula in that a photoperiod response was only retained in the absence of ver-
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nalisation. Attempts to study the function of additional FT-like genes inM. truncatula (Chapter 4)
were for the most part impeded by an inability to identify mutants. However the identification
of the NF20803 Mtftb2 line demonstrated that loss of this gene alone has little affect on flow-
ering time. Nevertheless, the very slight late phenotype hints at MtFTb2 being redundant with
MtFTb1, but this remains to be tested.

In Chapter 5 I investigated MtE1, MtFE and MtFTIP1 and identified mutant lines for the first
two. As discussed in Section 7.1, the investigation of these mutant lines requires additional
study before they can be considered flowering time genes with any certainty. However, given
the current data they both appear to be floral activators acting upstream ofMtFTa1. Significantly,
this thesis demonstrates that the influence of MtE1 on the regulation of flowering time is less
than that of its homologue E1 in the phaseolid clade legume G. max, where the gene is believed
to play a central role (Xia et al. 2012a). These results demonstrate the divergence in flowering
time regulation within the legumes and thus the need for multiple reference species.

The study of MtFE is stimulating as little is known about the gene, yet it appears to poten-
tially play a meaningful role in the regulation of the photoperiodic induction of flowering in M.
truncatula. FE/APL was the last classical flowering time mutant to be cloned in A. thaliana and
Section 5.4 represents the first study of a FE homologue in another species. Remarkably, its
function may be conserved with initial evidence suggesting that, like FE/APL, MtFE can interact
with NF-Y proteins. While complicated by a condensed architecture phenotype, among other
secondary phenotypes, the study of the NF5076 Mtfe mutant line may facilitate greater under-
standing of the photoperiod pathway in M. truncatula and aid in the identification of further
components (as discussed in Section 7.4).

To complement this endeavour, the transcriptomic analysis presented in Chapter 6 identifies
a number of potential candidate flowering time genes. This was achieved in the process of
describing the photoperiod responsive trancriptome in the initial hours of the morning. These
candidates include the NF-Y-like Medtr8g091720, which has consistently higher expression in LD
than in SD and Medtr2g073370 which encodes a CCT containing B-box type zinc finger protein
and has reduced expression at ZT4 in LD consistent with a repressive role.

The study of the regulation of flowering time inM. truncatula, and legumesmore generally, is
a broad and complex topic but one for which the understanding of has significant applications.
Specifically the generation of crop cultivars which help address the issues facing theworld today.
This thesis advances the understanding of flowering time in the reference legume M. truncatula
and lays the groundwork for future studies to build upon.
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Table A.1 – Translation of gene names for G. max FT-like genes from the Galegoid community gene

names to that of the Phaseolid community gene names along with their Williams 82
genome assembly 2 IDs (Schmutz et al. 2010).

Galegoid community Phaseolid community Wm82.a2.v1 gene ID
gene names gene names
GmFTa1 GmFT3a Glyma.16g044200
GmFTa2 GmFT3b Glyma.19g108100
GmFTa3 GmFT2a Glyma.16g150700
GmFTa4 GmFT2b Glyma.16g151000
GmFTa5 GmFT2c Glyma.02G069200/Glyma.02G069500

pseudogene
GmFTa6 GmFTd Pseudogene
GmFTb1 GmFT6 Glyma.08g363200
GmFTb2 GmFT4 Glyma.08g363100
GmFTb3 GmFT1a Glyma.18g298900
GmFTb4 GmFT1b Glyma.18g299000
GmFTc1 GmFT5a Glyma.16g044100
GmFTc2 GmFT5b Glyma.19g108200
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Table A.2 – Table of GeneIDs from which amino acid sequences were used to construct Fig. 1.6A.
Sequences were sourced mainly from (Nelson et al. 2017) with the exception of the G.
soja GmFTa5 from Wu et al. (2017). Gene IDs here correspond to the TAIR10 genome for A.
thaliana (Berardini et al. 2015), Williams 82 genome assembly for G. max (Schmutz et al.
2010), Lupin v1.0 for L. angustifolius (Hane et al. 2017), Mt4.0 genome for M. truncatula
(Young et al. 2011; Tang et al. 2014) and the P. sativum CSFL RefTrans V2 for P. sativum (JL
et al. 2017).

AT5G62040 (AtBFT); AT2G27550 (AtCEN); AT1G65480 (AtFT); AT1G18100 (AtMFT);
AT5G03840 (AtTFL1); AT4G20370 (AtTSF); Glyma.09G143500 (GmBFTa);
Glyma.16G196300 (GmBFTb); Glyma.16g044200 (GmFTa1); Glyma.19g108100 (GmFTa2);
Glyma.16g150700 (GmFTa3); Glyma.16g151000 (GmFTa4); Glyma.08g363200 (GmFTb1);
Glyma.08g363100 (GmFTb2); Glyma.18g298900 (GmFTb3); Glyma.18g299000 (GmFTb4);
Glyma.16g044100 (GmFTc1); Glyma.19g108200 (GmFTc2); Glyma.08G052000 (GmMFTa);
Glyma.05G244100 (GmMFTb); Consensus of NCBI PopSet: 933917659 (GsFTa5) ;
Lup020111 (LanBFT); Lup021189 (LanFTa1); Lup021189 (LanFTa2); Lup015264 (LanFTc1);
Lup005674 (LanFTc2); Lup021954 (LanMFTa); Lup021952 (LanMFTb);
Medtr0020s0120 (MtBFT); Medtr7g084970 (MtFTa1); Medtr7g085020 (MtFTa2);
Medtr6g033040 (MtFTa3); Medtr7g006630 (MtFTb1); Medtr7g006690 (MtFTb2);
Medtr7g085040 (MtFTc); Medtr8g106840 (MtMFT);
p.sativum_CSFL_reftransV2_0023912 (PsBFT); p.sativum_CSFL_reftransV2_0008804 (PsFTa1);
p.sativum_CSFL_reftransV2_0053649 (PsFTa2); p.sativum_CSFL_reftransV2_0008804 (PsFTb1);
p.sativum_CSFL_reftransV2_0053070 (PsFTb2); p.sativum_CSFL_reftransV2_0048724 (PsFTc);
p.sativum_CSFL_reftransV2_0000382 (PsMFT)
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Table B.1 – This table lists the M. truncatula and A. thaliana lines used to generate the data for a
given figure or table. The raw data and the code used to analyse and present the data
can be looked up in the supplementary files of the relevant chapter.

Figure/Table Lines
Fig. 3.1 P717; P725
Fig. 3.2 P908; P909; P912; P913; Q151; Q152; Q154; Q156
Fig. 3.4 P717
Fig. 3.5 P717
Fig. 3.6 P717
Fig. 3.7 P864; P865; P866; P867; P868; P869
Fig. 3.8 P908; P909; P912; P913; Q151; Q152; Q154; Q156
Fig. 4.2A Q033; Q042; Q275; Q281; Q425; Q429
Fig. 4.2B Q272; Q279; Q489; Q490; Q493
Fig. 4.2C Q527; Q536; Q597; Q589
Fig. 4.3 Q477; Q479
Fig. 4.4 Q033; Q042; Q272; Q275; Q279; Q281
Fig. 4.6A Q035; Q042; Q528; Q529; Q530; Q536; Q591; Q592; Q597
Fig. 4.6B Q528 (plant #3)
Fig. 4.8 Q036 (plant #7); Q042 (plant #8)
Fig. 4.9A Q037; Q042
Fig. 4.9B Q036; Q042
Fig. 4.9C Q232; Q233; Q235
Fig. 4.10 Q372; Q373; Q381; Q382
Fig. 5.1B Q606; Q607
Fig. 5.1C Q606; Q607; Q790; Q791
Fig. 5.2A P880; P881; P883; P935; P936; P939; P938; Q022; Q023
Fig. 5.2B Q733; Q741; Q743
Fig. 5.3 Q491; Q493
Figs. 5.4D and 5.4H P880; P883; P935; P936; P938; P939; P980; P981
Fig. 5.5 Q190; Q193
Figs. 5.6A and 5.6B Q516; Q517; Q518; Q519; Q520; Q521; Q605; Q603; Q604; Q607;

Q608; Q609; Q610; Q611
Fig. 5.6C Q517; Q518; Q519; Q520; Q521
Fig. 5.7 Q516; Q517; Q518; Q519; Q520; Q521; Q605; Q610; Q603; Q604;

Q607; Q608; Q609; Q611
Fig. 5.9 Q038; Q039; Q042; Q531; Q532; Q533; Q534; Q536
Figs. 5.10A–C and 5.10F Q420; Q427; Q515; Q520; Q537; Q538; Q539; Q551; Q552

Q553
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Figure/Table Lines
Figs. 5.10D and 5.10E Q586; Q587; Q597
Fig. 5.11 Q740; Q742; Q743
Fig. 5.12 Q798; Q799; Q800
Fig. 5.13C Q228 (plants #2 and #11); Q635; Q636; Q742; Q743
Figs. 5.14A–C Q756; Q757; Q758
Fig. 5.14C Q908; Q909; Q910; Q911; Q912; Q913; Q915; Q916; Q917; Q918; Q919
Fig. 5.15 Q756; Q757; Q758
Fig. 5.16 Q786; Q787; Q928; Q929; Q930; Q931; Q932; Q933; Q938; Q939;

Q934; Q935; Q936; Q937
Fig. 5.21A Q041; Q042; Q277; Q278; Q280; Q281; Q426; Q429
Fig. 5.21B Q040; Q042
Fig. 5.21C Q491; Q493
Fig. 5.22B Q041 (plant #7); Q042;
Fig. 5.22C Q041 (plant #7); Q042; Q278; Q281
Appendix C Fig. C.1 P717
Appendix D Fig. D.1 Q452; Q454
Appendix E Fig. E.1 Q718; Q719; Q720; Q721; Q722; Q723; Q858; Q859; Q860; Q766;

Q767; Q768; Q769; Q770; Q771; Q861; Q862; Q863; Q864; Q865;
Q866; Q867; Q868; Q869; Q870; Q871; Q872; Q874;
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Figure C.1 – Genotyping of NF1634 plants for an insertion in Medtr2g073260 (MtTPS1). A depicts a
schematic of Medtr2g073260 following the conventions set out in Fig. 3.4A and includes
the alignment of the NF1634_hc_29 FST relative to the gene, and the location of the
putative insertion. In addition it shows the location of the PCR product produced by the
gene-specific primers (i) Medtr2g073260_n1204_F / Medtr2g073260_22_R used in B
which also shows the amplification of these samples in combination with the Tnt1
specific primers (ii) Medtr2g073260_22_F/Tnt1_F and (iii)
Medtr2g073260_22_F/Tnt1_4682_F. Please note that the bands seen in reaction iii are
considered non-specific as they are also present in the wild-type (R108) control.
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Table C.1 – Table of sequences with sequence similarity to TPS1 included and excluded from figure
3.3. Gene IDs here correspond to the TAIR10 genome for A. thaliana (Berardini et al.
2015), Williams 82 genome assembly for G. max (Schmutz et al. 2010) and Mt4.0 genome
for M. truncatula (Young et al. 2011; Tang et al. 2014)

Sequences included in the TPS1 phylogeny:
AT1G06410 (TPS7); AT1G16980 (TPS2);AT1G17000 (TPS3); AT1G23870 (TPS9); AT1G60140 (TPS10);
AT1G68020 (TPS6); AT1G70290 (TPS8); AT1G78580 (TPS1); AT2G18700 (TPS11); AT4G17770 (TPS5);
AT4G27550 (TPS4); Glyma.01G031900; Glyma.02G033500; Glyma.02G086200; Glyma.04G180900;
Glyma.05G036100; Glyma.05G163600; Glyma.06G184200; Glyma.06G275600; Glyma.07G172000;
Glyma.08G120800; Glyma.08G288600; Glyma.10G270800; Glyma.12G129800; Glyma.12G234200;
Glyma.13G264600; Glyma.15G210100; Glyma.17G067800; Glyma.18G136200; Glyma.20G120300;
Medtr1g032730; Medtr1g109620; Medtr2g073260; Medtr3g078210; Medtr4g080160;
Medtr4g129270; Medtr8g063790; Medtr8g087910/Medtr8g087930

Sequences excluded from the TPS1 phylogeny:
Glyma.07G169000; Glyma.13G092500; Medtr3g076810; Medtr3g467030; Medtr3g467040;
Medtr5g034670
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Table C.2 – Summary of RT-qPCR data used to construct Fig. 3.7. Each cDNA sample was generated from three pooled trifoliate leaves all from
different 18 day old plants grown in VLD. Fig. 3.7B used the FTa1_forward / FTa1_reverse primer pair and Fig. 3.7C used the
Medtr7g084970_331_F / Medtr7g084970_1532_R pair. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological Replicate Mean MtFTa1 Ct MtFTa1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 3.7B
Wild-type Wild-type VLD P869 1 30.54 30.45-30.73 29.04 28.91-29.25 0.6526 0.1987
(R108) 2 29.38 29.22-29.69 26.83 26.24-27.68

3 29.87 29.44-30.2 29 28.91-29.11
WT Seg. #1 Wild-type VLD P864 1 30.58 30.32-30.75 27.02 26.95-27.15 0.4727 0.1900

2 28.41 28.31-28.5 26.38 26.34-26.44
3 28.49 28.29-28.63 27.32 27.13-27.58

WT Seg. #2 Wild-type VLD P865 1 29.11 28.96-29.34 26.59 26.51-26.66 0.4421 0.1337
2 28.13 28.01-28.29 26.76 26.67-26.88
3 29.23 28.98-29.45 26.61 26.18-27.05

Mtfta1 Homo. Late VLD P866_P867 1 33.82 32.58-34.95 26.02 25.95-26.14 0.0104 0.0026
2 33.38 32.64-34.14 26.5 26.26-26.92
3 34.08 33.45-34.88 26.16 25.86-26.64

Fig. 3.7C
Wild-type Wild-type VLD P869 1 29.33 29.29-29.38 28.71 28.68-28.77 0.6347 0.2272
(R108) 2 28.82 28.36-29.38 25.99 25.9-26.09

3 29.67 29.47-29.87 28.5 28.14-29.02
WT Seg. #1 Wild-type VLD P864 1 29.57 29.47-29.68 26.36 26.27-26.53 0.5656 0.2097

2 27.19 27.01-27.4 25.95 25.86-26.03
3 27.26 27.21-27.29 26.44 26.32-26.53

WT Seg. #2 Wild-type VLD P865 1 28.08 27.99-28.23 26 25.87-26.1 0.4911 0.1810
2 27 26.83-27.22 26.14 26.06-26.21
3 28 27.94-28.04 25.44 25.15-25.7

Mtfta1 Homo. Late VLD P866_P867 1 34.16 33.37-34.72 26.13 25.96-26.31 0.0059 NA
2 NA NA 26.23 26.09-26.46
3 NA NA 26.04 25.76-26.23
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Figure D.1 – Flowering time of NF20803 plants homozygous for the Tnt1 insert in MtFTb2 grown in LD
(n = 7-13). Flowering time graphs are the plotting of the days to flower against the nodes
on the primary axis at the time of flowering with 95% confidence ellipses. This chart
replicates the result in Fig. 4.9.
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Table D.1 – Summary of RT-qPCR data used to construct Figs. 4.4B and 4.4C. The FTa2_forward/FTa2_reverse primer pair were used on cDNA
samples which in Fig. 4.4B were generated from two leaves pooled from the same 44 day old plants grown in VLD at ZT4. In Fig. 4.4C
the cDNA samples were generated from two leaves pooled from the same 27 day old plants grown in VLD at ZT4. Expression is
relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological Replicate Mean MtFTa2 Ct MtFTa2 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 4.4B
Wild-type Wild-type VLD Q042-8 1 27.08 26.8-27.37 22.03 21.94-22.14 0.9085 0.0553
(R108) 2 26.83 26.52-27.17 21.9 21.88-21.91

3 27.42 27.36-27.47 22.18 22.01-22.31
NF9421 plant #1 Wild-type VLD Q033-2 1 27.29 27.19-27.38 21.5 21.4-21.58 0.6585 0.1247

2 26.82 26.7-26.98 20.94 20.89-21
3 25.95 25.79-26.2 20.88 20.83-20.98

NF9421 plant #2 Wild-type VLD Q033-4 1 27.02 26.92-27.18 21.4 21.39-21.43 0.5797 0.0393
2 27 26.87-27.18 21.37 21.33-21.43
3 27.31 27.17-27.4 21.38 21.29-21.53

Fig. 4.4C
Wild-type (R108) Wild-type VLD Q279-15 1 29.34 29.2-29.49 23.91 23.85-23.97 1.0000 -
NF19514 plant #1 Wild-type VLD Q272-1 1 30.85 30.51-31.1 23.73 23.67-23.84 0.5448 0.2329

2 29.16 29.02-29.38 23.36 23.29-23.42 0.5448 0.2329
NF19514 plant #2 Wild-type VLD Q272-16 1 28.88 28.78-29.04 23.43 23.36-23.52 0.7435 0.2483

2 30.04 29.97-30.12 23.59 23.56-23.65 0.7435 0.2483
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Table D.2 – Summary of RT-qPCR data used to construct Fig. 4.13C. The pDE_Cas9_Cas9_3899_F/pDe_Cas9_Cas9_4045_R primer pair were used on
cDNA samples generated from 1-2 trifoliate leaves. Sampling occurred at ZT4 and at varying ages (batch2 sgRNA1: 64 days; batch2
sgRNA2: 40-50 days; batch 6: 80 days). Samples from batch 2 were generated from individual plantlets while those from batch 6 were
pooled from different plantlets. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological Replicate Mean spCas9 Ct SpCas9 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Wild-type (R108) - LD* Regeneration control 1 31.85 31.46-32.2 25.77 25.66-25.87 0.0004 -
Wild-type transformed - LD* Batch 2 sgRNA1 #7 1 18.79 18.72-18.86 22.39 22.2-22.51 0.4372 0.0655
with SpCas9 and sgRNA1 Batch 2 sgRNA1 #7 2 18.53 18.47-18.57 22.67 22.58-22.74

Batch 2 sgRNA1 #7 3 18.57 18.29-18.78 22.87 22.71-23
Wild-type transformed - LD* Batch 2 sgRNA2 #7 Plantlet 1 20.57 20.36-20.68 25.36 25.26-25.5 0.8132 0.0934
with SpCas9 and sgRNA2 Batch 2 sgRNA2 #7 Plantlet 7 19.7 19.6-19.86 24.97 24.92-25.03

Batch 2 sgRNA2 #7 Plantlet 13 19.99 19.89-20.13 24.79 24.74-24.86
Wild-type transformed - LD* Batch 6 sgRNA2 #4 1 22.51 22.46-22.56 24.1 23.99-24.22 0.0849 0.0037
with SpCas9 and sgRNA2 Batch 6 sgRNA2 #4 2 22.53 22.47-22.64 24.32 24.09-24.58

Batch 6 sgRNA2 #4 3 21.99 21.98-22 23.74 23.72-23.76
Wild-type transformed - LD* Batch 6 sgRNA2 #5 1 24.62 24.21-25.04 24.09 23.81-24.46 0.0393 0.0213
with SpCas9 and sgRNA2 Batch 6 sgRNA2 #5 2 22.89 22-23.63 24.11 24.03-24.16

* Note that while these plants were grown in LD this followed replanting from growth in tissue culture.
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Figure E.1 – Flowering time of T2 transformed A. thaliana fe-1 mutant and wild-type (Ler-0) plants
grown in LD. Flowering time graphs are the plotting of the days to flower against the
number of leaves at the time of flowering. For both wild-type (Ler-0; green) and the
mutant fe-1; orange 95% confidence ellipses are plotted while individual transformants
genotyped to contain the transgene are plotted in purple.
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Figure E.2 – Neighbour joining trees for NF-Y-like proteins in both A. thaliana and M. truncatula. Amino acid sequences were aligned using
MUSCLE (Edgar 2004) and a neighbour-joining tree using a JC69 substitution model constructed with 1,000 bootstraps. Highlighted in
orange are either A. thaliana genes demonstrated to participate in flowering time (Kumimoto et al. 2008; Kumimoto et al. 2010) or M.
truncatula genes used in the Y2H assay implemented in Section 5.4. Note that sequences from Medtr4g119670, Medtr5g019130,
Medtr5g078780 and Medtr5g078810 were omitted as despite having some similarity to NF-Y-like genes did not align well. Alignments
and tree files are available in Supplement S.5 Table S.13.
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Figure E.3 – Y2H negative controls results after 10 days of growth. Each heatmap has the BE fused protein these controls were grown alongside
listed above it however each mating presented here actually lacks the BD fused protein which has been replaced with a empty
pDEST™32 vector. Each column is the AD fused protein present. Rows are increasing concentrations of 3AT and colour intensities are
the mean growth scoring of three independent matings. They range from purple (0 - no growth) to yellow (3 - strong growth). Note
that grey columns represent failed matings and grey rows plates with low levels of background contaminations such that weak
interactions were omitted. Full scoring data is in Section 7.5 Table S.14.
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Figure E.4 – Known Y2H control results after 10 days of growth. These are diploid S. cerevisiae
transformed with pEXP™32-Krev1 (BD) and pEXP™22-RalGDS-m1 (AD) which are known
to interact and act as a positive control and diploid S. cerevisiae transformed with
pEXP™32-Krev1 (BD) and pEXP™22-RalGDS-m2 (AD) which are known not to interact and
so act as an additional negative control. Rows are increasing concentrations of 3AT and
colour intensities are the mean growth scoring of three independent matings. They
range from purple (0 - no growth) to yellow (3 - strong growth). Note that grey rows are
plates with low levels of background contaminations such that weak interactions were
omitted. These vectors originate from the ProQuest™ Two-Hybrid System (#PQ1000101;
Thermo Fisher Scientific Inc.; MA, USA; www.thermofisher.com). Full scoring data is
in Supplement S.5 Table S.14.

www.thermofisher.com
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Table E.1 – Summary of RT-qPCR data used to construct Fig. 5.4. All cDNA samples for Fig. 5.4B were generated from the tissues indicated at ZT2.
Otherwise all samples are from pooled trifoliate leaf tissue harvested at ZT4 unless otherwise noted. The
Medtr2g058520_379_F/Medtr2g058520_543_R primer pair was used to assay MtE1 while other genes were assayed with the
corresponding primers used elsewhere in this thesis. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtE1 Ct MtE1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4B
Wild-type Wild-type LD Root 1 33.17 33.17-33.17 19.86 19.66-20.02 0.0004 0.0002

(5 days) 2 - - 21.61 21.58-21.63
3 32.87 32.87-32.87 21.14 20.81-21.32

Wild-type Wild-type LD Root 1 32.2 32.17-32.23 19.66 19.56-19.74 0.0003 0.0000
(12 days) 2 - - 20.57 20.48-20.64

3 31.72 31.68-31.75 18.79 18.71-18.85
Wild-type Wild-type LD Cotyledon 1 24.99 24.99-24.99 22.37 22.37-22.37 0.3894 0.0782

(5 days) 2 26.38 26.36-26.4 24.54 24.42-24.65
3 25.72 25.72-25.72 23.04 22.9-23.18

Wild-type Wild-type LD Monofoliate 1 26.7 26.6-26.79 25.54 25.47-25.62 0.8393 0.0838
(12 days) 2 26.16 25.95-26.37 25.13 25.03-25.24

3 26.04 26.04-26.04 24.51 24.37-24.61
Wild-type Wild-type LD Leaves (LD) 1 25.27 25.27-25.27 24.19 24.1-24.29 0.9178 0.0518

(12 days) 2 27.29 26.98-27.52 26.32 26.28-26.39
3 25.61 25.57-25.67 24.35 24.3-24.41

Wild-type Wild-type LD Leaves 1 24.37 24.37-24.37 22.4 22.4-22.4 0.5781 0.0433
(LD; 27 days) 2 24.98 24.98-24.98 23.24 23.07-23.41

3 25.59 25.36-25.83 24 24-24
Wild-type Wild-type SD Leaf (SD) 1 27.37 27-27.8 23.91 23.82-24.02 0.2751 0.0499

2 26.77 26.62-26.85 24.26 24.24-24.29
3 27.5 27.16-27.73 24.8 24.71-24.91

Wild-type Wild-type LD Stem 1 29.21 29.21-29.21 21.54 21.17-21.91 0.0067 0.0018
(40 days) 2 29.57 29.24-29.85 20.33 20.18-20.44

3 29.3 29.3-29.3 21.19 20.86-21.46
Wild-type Wild-type LD Apex 1 30.13 30.13-30.13 22.12 22.08-22.16 0.0041 0.0035

(12 days) 2 32.86 32.86-32.86 21.26 21.18-21.34
Wild-type Wild-type LD Apex 1 28.24 28.05-28.53 22.33 22.33-22.33 0.0278 0.0024

(27 days) 2 27.8 27.69-27.91 21.6 21.53-21.67
3 27.17 27.17-27.17 20.84 20.84-20.84

Wild-type Wild-type LD Buds 1 30.38 29.9-30.76 25.37 25.21-25.53 0.0317 0.0149
(86 days) 2 29.6 29.57-29.63 23.21 23.06-23.37

3 30.74 30.74-30.74 23.26 23.26-23.26
Wild-type Wild-type LD Flowers 1 31 31-31 21.88 21.84-21.91 0.0045 0.0010

(86 days) 2 31.2 31.08-31.33 22.07 22.01-22.12
3 30.97 30.97-30.97 22.74 22.74-22.74

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtE1 Ct MtE1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4C
Wild-type Wild-type LD ZT0 1 30.91 30.33-31.76 22.33 22.19-22.45 0.0962 0.0462
(Jester) 2 31.06 30.82-31.28 20.98 20.78-21.26
Wild-type Wild-type LD ZT4 1 28.09 27.74-28.53 20.54 20.36-20.88 0.3059 0.0156
(Jester) 2 27.23 27-27.67 19.83 19.7-19.92
Wild-type Wild-type LD ZT8 1 32.07 31.1-32.61 22.24 22.02-22.51 0.0596 -
(Jester) 1 27.94 27.64-28.29 20.57 20.51-20.62 0.3193 0.0096
Wild-type Wild-type LD ZT12 2 27.71 27.57-27.91 20.25 19.92-20.48
(Jester) 1 26.78 26.62-26.89 21.02 20.83-21.34 0.8553 0.1447
Wild-type Wild-type LD ZT16 2 27.83 27.68-27.96 21.58 21.46-21.7
(Jester) 1 27.51 27.47-27.54 20.22 19.96-20.51 0.2498 0.0956
Wild-type Wild-type LD ZT20 2 30.58 29.56-31.23 22.12 21.58-22.56
Wild-type Wild-type SD ZT0 1 29.63 28.75-30.28 21.67 21.65-21.72 0.2938 0.0756
(Jester) 2 30.04 29.84-30.24 22.85 22.66-23.06
Wild-type Wild-type SD ZT4 1 28.91 28.61-29.18 20.8 20.51-21.04 0.1354 0.0611
(Jester) 2 30.05 29.77-30.53 20.54 20.41-20.64
Wild-type Wild-type SD ZT8 1 29.75 29.55-29.89 21.19 21.04-21.26 0.1220 0.0216
(Jester) 2 29.77 29.59-29.93 20.7 20.49-20.84
Wild-type Wild-type SD ZT12 1 31.7 30.84-32.56 22.44 22.33-22.51 0.0787 0.0104
(Jester) 2 31.77 31.33-32.21 22.13 21.64-22.46
Wild-type Wild-type SD ZT16 1 31.91 31.37-32.45 22.23 22.07-22.51 0.0654 0.0006
(Jester) 2 30.38 30.01-30.96 20.67 20.64-20.7
Wild-type Wild-type SD ZT20 1 32.02 31.04-32.57 22.58 22.44-22.83 0.0919 0.0139
(Jester) 2 31.76 30.65-33.26 22.75 22.6-22.97

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtE1 Ct MtE1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4D
Wild-type Wild-type LD P981 1 26.23 25.9-26.54 22.1 21.92-22.27 0.4856 0.0693
(R108) 2 26.07 25.95-26.22 21.93 21.74-22.17

3 26.68 26.45-26.86 21.9 21.75-22.16
NF16583 Late LD P980 1 29.08 28.97-29.24 21.44 21.27-21.6 0.0579 0.0065

2 29.31 29.15-29.6 22.24 22-22.42
3 29 28.77-29.4 21.54 21.31-21.83

Wild-type Wild-type VLD P883 1 26.55 26.29-26.72 23.08 22.9-23.23 0.9365 0.0403
(R108) 2 26.75 26.56-26.87 23.38 23.27-23.46

3 26.48 26.45-26.53 23.14 22.83-23.41
NF16583 Late VLD P880 1 29.15 28.24-29.67 23.34 23.18-23.46 0.1489 0.0192

2 29.04 28.76-29.31 22.51 22.39-22.89
3 29.33 28.38-30.17 23.17 23-23.34

Wild-type Wild-type SD P939 1 28.64 28.17-28.89 21.83 21.62-22.11 0.0950 0.0091
(R108) 2 29.24 29.09-29.42 22.45 22.29-22.57

3 27.79 27.55-27.96 20.76 19.52-21.42
NF16583 Late SD P936 1 28.72 28.22-29 22.57 22.39-22.72 0.1038 0.0304

2 29.98 29.84-30.13 22.14 21.91-22.27
3 28.71 28.12-29.05 22.54 22.4-22.81

Wild-type Wild-type VSD P938 1 28.2 27.95-28.52 22 21.78-22.47 0.0961 0.0149
(R108) 2 28.98 28.61-29.4 22.15 21.84-23.31

3 28.78 28.41-29.25 21.97 21.76-22.49
NF16583 Late VSD P935 1 28.99 28.75-29.19 21.89 21.53-22.1 0.0577 0.0044

2 29.34 29.3-29.38 21.93 21.73-22.69
3 29.32 28.57-29.75 21.87 21.63-22.24

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTa1 Ct MtFTa1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4E
Wild-type Wild-type LD P981 1 31.14 30.87-31.47 22.1 21.92-22.27 0.0078 0.0005
(R108) 2 30.92 30.22-32 21.93 21.74-22.17

3 30.73 30.46-31.18 21.9 21.75-22.16
NF16583 Late LD P980 1 32.17 31.86-32.41 21.44 21.27-21.6 0.0046 0.0012

2 31.62 31.12-32.12 22.24 22-22.42
3 30.98 30.71-31.13 21.54 21.31-21.83

Wild-type Wild-type VLD P883 1 25.79 25.62-25.93 23.08 22.9-23.23 0.7126 0.1448
(R108) 2 25.23 25.12-25.4 23.38 23.27-23.46

3 25.99 25.89-26.18 23.14 22.83-23.41
NF16583 Late VLD P880 1 28.27 28.18-28.44 23.34 23.18-23.46 0.1803 0.0326

2 26.39 26.1-26.58 22.51 22.39-22.89
3 27.42 27.22-27.55 23.17 23-23.34

Wild-type Wild-type SD P939 1 33.56 32.57-34.21 21.83 21.62-22.11 0.0041 0.0020
(R108) 2 32.71 32.15-33.71 22.45 22.29-22.57

3 29.4 29.23-29.56 20.76 19.52-21.42
NF16583 Late SD P936 1 32.57 31.69-33.06 22.57 22.39-22.72 0.0046 0.0024

2 34.17 32.91-34.9 22.14 21.91-22.27
3 31.26 31.16-31.33 22.54 22.4-22.81

Wild-type Wild-type VSD P938 1 28.62 28.58-28.64 22 21.78-22.47 0.0212 0.0100
(R108) 2 30.45 30.12-30.77 22.15 21.84-23.31

3 30.71 30.42-30.97 21.97 21.76-22.49
NF16583 Late VSD P935 1 31.11 30.37-32.17 21.89 21.53-22.1 0.0127 0.0034

2 29.73 29.27-30.46 21.93 21.73-22.69
3 30.11 29.69-30.72 21.87 21.63-22.24

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTa2 Ct MtFTa2 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4F
Wild-type Wild-type LD P981 1 28.93 28.77-29.25 22.1 21.92-22.27 0.1658 0.0350
(R108) 2 29.27 28.9-29.61 21.93 21.74-22.17

3 29.67 29.64-29.72 21.9 21.75-22.16
NF16583 Late LD P980 1 29.15 28.28-29.78 21.44 21.27-21.6 0.1761 0.0345

2 29.49 29.3-29.6 22.24 22-22.42
3 28.21 27.86-28.44 21.54 21.31-21.83

Wild-type Wild-type VLD P883 1 28.55 28.41-28.83 23.08 22.9-23.23 0.7360 0.1346
(R108) 2 28.13 27.97-28.23 23.38 23.27-23.46

3 28.41 28.28-28.49 23.14 22.83-23.41
NF16583 Late VLD P880 1 28.45 28.18-28.6 23.34 23.18-23.46 0.7131 0.1431

2 27.48 27.36-27.6 22.51 22.39-22.89
3 29.09 28.87-29.52 23.17 23-23.34

Wild-type Wild-type SD P939 1 29.52 29.19-29.86 21.83 21.62-22.11 0.1005 0.0197
(R108) 2 30.16 29.84-30.45 22.45 22.29-22.57

3 30.06 29.7-30.47 20.76 19.52-21.42
NF16583 Late SD P936 1 29.88 29.76-30.01 22.57 22.39-22.72 0.2472 0.1350

2 30.59 29.95-30.92 22.14 21.91-22.27
3 28.17 27.95-28.57 22.54 22.4-22.81

Wild-type Wild-type VSD P938 1 27.07 26.8-27.45 22 21.78-22.47 0.6975 0.0575
(R108) 2 27.42 27.27-27.53 22.15 21.84-23.31

3 26.97 26.84-27.12 21.97 21.76-22.49
NF16583 Late VSD P935 1 26.97 26.8-27.11 21.89 21.53-22.1 0.7805 0.1069

2 26.53 26.4-26.62 21.93 21.73-22.69
3 27.08 26.91-27.38 21.87 21.63-22.24

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTb1 Ct MtFTb1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4G
Wild-type Wild-type LD P981 1 24.65 24.52-24.72 22.1 21.92-22.27 0.6241 0.0816
(R108) 2 24.98 24.92-25.03 21.93 21.74-22.17

3 24.77 24.73-24.79 21.9 21.75-22.16
NF16583 Late LD P980 1 24.95 24.89-25 21.44 21.27-21.6 0.7597 0.1883

2 24.33 24.21-24.44 22.24 22-22.42
3 23.78 23.72-23.82 21.54 21.31-21.83

Wild-type Wild-type VLD P883 1 26.94 26.88-27.05 23.08 22.9-23.23 0.3247 0.0404
(R108) 2 26.89 26.87-26.92 23.38 23.27-23.46

3 27.1 26.99-27.18 23.14 22.83-23.41
NF16583 Late VLD P880 1 27.2 26.92-27.4 23.34 23.18-23.46 0.3143 0.0556

2 26.1 25.99-26.27 22.51 22.39-22.89
3 27.56 27.41-27.64 23.17 23-23.34

Wild-type Wild-type SD P939 1 34.61 34.39-35.02 21.83 21.62-22.11 0.0011 0.0006
(R108) 2 33.37 32.34-33.89 22.45 22.29-22.57

3 34.32 33.39-34.93 20.76 19.52-21.42
NF16583 Late SD P936 1 32.95 32.14-34.1 22.57 22.39-22.72 0.0036 0.0002

2 32.3 32.11-32.55 22.14 21.91-22.27
3 32.71 32.4-33.07 22.54 22.4-22.81

Wild-type Wild-type VSD P938 1 30.7 30.27-31 22 21.78-22.47 0.0039 0.0030
(R108) 2 33.76 33.59-33.97 22.15 21.84-23.31

3 34.93 34.46-35.37 21.97 21.76-22.49
NF16583 Late VSD P935 1 33.5 33.14-33.78 21.89 21.53-22.1 0.0011 0.0001

2 34.15 33.41-35.43 21.93 21.73-22.69
3 33.61 33-34.23 21.87 21.63-22.24

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTb2 Ct MtFTb2 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Fig. 5.4H
Wild-type Wild-type LD P981 1 24.46 24.36-24.57 22.1 21.92-22.27 0.6089 0.1988
(R108) 2 25.66 25.43-26 21.93 21.74-22.17

3 25.26 24.98-25.53 21.9 21.75-22.16
NF16583 Late LD P980 1 25.73 25.57-25.91 21.44 21.27-21.6 0.3977 0.0729

2 25.66 25.42-25.83 22.24 22-22.42
3 24.81 24.67-24.96 21.54 21.31-21.83

Wild-type Wild-type VLD P883 1 26.57 26.55-26.59 23.08 22.9-23.23 0.5541 0.1229
(R108) 2 26.08 25.96-26.22 23.38 23.27-23.46

3 26.61 26.37-26.75 23.14 22.83-23.41
NF16583 Late VLD P880 1 27.33 27.16-27.41 23.34 23.18-23.46 0.3638 0.0748

2 25.96 25.72-26.31 22.51 22.39-22.89
3 27.5 27.44-27.59 23.17 23-23.34

Wild-type Wild-type SD P939 1 33.9 32.96-35 21.83 21.62-22.11 0.0020 0.0006
(R108) 2 33.12 32.88-33.33 22.45 22.29-22.57

3 32.82 32.65-33.11 20.76 19.52-21.42
NF16583 Late SD P936 1 31.47 30.84-32.1 22.57 22.39-22.72 0.0113 0.0037

2 31.91 31.78-32.15 22.14 21.91-22.27
3 30.6 30.43-30.79 22.54 22.4-22.81

Wild-type Wild-type VSD P938 1 28.33 28.22-28.43 22 21.78-22.47 0.0207 0.0186
(R108) 2 32.31 31.44-32.97 22.15 21.84-23.31

3 35.51 34.02-36.28 21.97 21.76-22.49
NF16583 Late VSD P935 1 31.01 30.76-31.18 21.89 21.53-22.1 0.0077 0.0014

2 31.76 31.38-32.03 21.93 21.73-22.69
3 30.74 30.62-30.82 21.87 21.63-22.24
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Table E.2 – Summary of RT-qPCR data used to construct Fig. 5.5B. All cDNA samples were generated from pooled trifoliate leaf tissue harvested
at ZT4 unless otherwise noted. The Medtr2g058520_379_F/Medtr2g058520_543_R primer pair was used to assay MtE1. Expression is
relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtE1 Ct MtE1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
NF16583 Mtfe 35S::MtE1 Wild-type TC-LD Q190 #13-1 1 19.63 19.58-19.7 22.72 22.59-22.84 0.9155 0.0845
T0 generation (32 days old) 2 19.64 19.63-19.66 22.47 22.25-22.67
NF16583 Mte1 35S::MtE1 Late TC-LD Q190 #15-1 1 21.22 21.17-21.28 22.83 22.79-22.89 0.2742 0.0836T0 generation

(32 days old) 2 22.3 22.24-22.35 23 22.96-23.06
NF16583 Mte1 35S::MtE1 Late TC-LD Q190 #22-1 1 26.62 26.59-26.68 22.4 22.31-22.48 0.0048 0.0014
T0 generation (103 days old) 2 27.41 27.22-27.51 22.3 22.19-22.38
NF16583 Mte1 35S::MtE1 Late TC-LD Q190 #25-1 1 22.48 22.37-22.58 23.08 22.97-23.23 0.1500 0.0271 T0 generation

(32 days old) 2 22.82 22.67-22.97 22.89 22.84-22.95
NF16583 Mte1 35S::MtE1 Late TC-LD Q190 #27-1 1 21.61 21.34-21.8 22.13 22.06-22.24 0.1936 0.0257
T0 generation (8 days old) 2 21.62 21.52-21.76 22.53 22.47-22.59
Wild-type Wild-type TC-LD Q193 #10-3 1 23.95 23.87-24.07 22.53 22.44-22.67 0.0449 0.0013
(R108) (32 days old) 2 23.8 23.7-23.9 22.46 22.42-22.49

Regeneration control
Wild-type Wild-type TC-LD Q193 #12-1 1 24.06 23.99-24.19 22.47 22.35-22.57 0.0399 0.0010
(R108) (8 days old) 2 24.37 24.22-24.59 22.85 22.76-22.98

Regeneration control

Table E.3 – Summary of RT-qPCR data used to construct Fig. 5.6C. All cDNA samples are from pooled trifoliate leaf tissue harvested at ZT4 unless
otherwise noted. The Medtr2g058520_379_F/Medtr2g058520_543_R primer pair was used to assay MtE1. Expression is relative to the
housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtE1 Ct MtE1 Ct range Mean MtPP2A Ct MtPP2A Ct range relative expression standard error
Wild-type Wild-type LD Q520 1 24.64 24.38-24.88 23.06 22.51-23.53 0.9462 0.0538
(R108) 2 24.42 24.37-24.5 22.74 22.25-23.27

3 24.77 24.71-24.86 23.52 23.18-23.77
NF16583 35S::MtE1 Slightly late LD Q517 1 26.52 26.3-26.65 22.78 22.25-23.31 0.3239 0.1072
T1 generation 2 26.74 26.57-26.88 22.84 22.33-23.26

3 25.62 25.6-25.64 23.04 22.64-23.46
Wild-type Wild-type VLD Q521 1 25.26 25.21-25.32 22.72 22.12-23.32 0.5483 0.0292
(R108) 2 24.93 24.85-25.03 22.65 22.09-23.25

3 25.59 25.52-25.65 23.07 22.77-23.66
NF16583 35S::MtE1 Wild-type VLD Q519 1 26.81 26.63-26.98 22.67 22.14-23.21 0.1972 0.0534
T1 generation 2 25.71 25.62-25.8 22.46 21.97-23

3 27.16 27.08-27.23 22.78 22.21-23.44
NF16583 Late VLD Q518 2 30.33 30.22-30.43 22.87 22.26-23.55 0.0402 0.0243

3 28.47 28.26-28.72 23.05 22.39-23.46
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Table E.4 – Summary of RT-qPCR data used to construct Fig. 5.11C. All cDNA samples were generated from cotyledon and root tissue from two
plants. Sampling occurred at ZT2. Note that there are no biological replicates. Upstream MtFE expression was assayed with the
Medtr6g444980_156_F/Medtr6g444980_706_R primer pair while downstream MtFE expression was assayed using the
Medtr6g444980_2067_F/Medtr6g444980_2127_R primer pair. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct

algorithm.

Genotype Flowering time Condition Sample Biological replicate Mean MtFE upstream Ct MtFE upstream Ct range Mean MtPP2A Ct MtPP2A range Relative expression
R108 Wild-type VLD P743 1 24.68 24.52-24.77 24.45 24.4-24.49 1.0000
NF5076 Late VLD P742 1 25.28 25.12-25.58 23.61 23.28-23.96 0.3696
NF18291 - VLD P740 1 27.76 27.65-27.94 25.07 25.04-25.09 0.1821

Genotype Flowering time Condition Sample Biological replicate Mean MtFE downstream Ct MtFE downstream Ct range Mean MtPP2A Ct MtPP2A range Relative expression
R108 Wild-type VLD P743 1 25.2 25.13-25.3 24.45 24.4-24.49 1
NF5076 Late VLD P742 1 28.98 28.73-29.46 23.61 23.28-23.96 0.04
NF18291 - VLD P740 1 29.12 28.86-29.35 25.07 25.04-25.09 0.10
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Table E.5 – Summary of RT-qPCR data used to construct Fig. 5.13. All cDNA samples for Fig. 5.13B were taken from the tissues indicated, at ZT2.
Otherwise all samples are from pooled trifoliate leaf tissue harvested at ZT4. The Medtr6g444980_1861_F/Medtr6g444980_1990_R
primer pair was used to assay MtFE, the FTIP1-like gene Medtr0291s0010 was assayed with the
Medtr0291s0010_1689_F/Medtr0291s0010_1851_R prier pair and the NaKR1-like gene Medtr7g100450 as assayed with the
Medtr7g100450_591_R108_F/Medtr7g100450_798_R primer pair. Other genes were assayed with the corresponding primers used
elsewhere in this thesis. Expression is relative to the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFE Ct MtFE Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13B
Wild-type Wild-type LD Root 1 23.4 23.3-23.46 19.86 19.66-20.02 0.0700 0.0049

(5 days) 2 24.84 24.77-24.9 21.61 21.58-21.63
3 24.66 24.62-24.67 21.14 20.81-21.32

Wild-type Wild-type LD Root 1 22.54 22.5-22.59 19.66 19.56-19.74 0.1071 0.0025
(12 days) 2 23.34 23.32-23.37 20.57 20.48-20.64

3 21.59 21.47-21.69 18.79 18.71-18.85
Wild-type Wild-type LD Cotyledon 1 24.54 24.54-24.54 22.37 22.37-22.37 0.1802 0.0189

(5 days) 2 26.33 26.26-26.39 24.54 24.42-24.65
3 25.31 25.31-25.31 23.04 22.9-23.18

Wild-type Wild-type LD Monofoliate 1 26.64 26.55-26.73 25.54 25.47-25.62 0.3937 0.0218
(12 days) 2 26 25.97-26.01 25.13 25.03-25.24

3 25.35 25.34-25.37 24.51 24.37-24.61
Wild-type Wild-type LD Leaves 1 24.82 24.71-24.93 24.19 24.1-24.29 0.4806 0.0394

(LD; 12 days) 2 26.78 26.68-26.89 26.32 26.28-26.39
3 25.23 25.15-25.31 24.35 24.3-24.41

Wild-type Wild-type LD Leaves 1 23.61 23.61-23.61 22.4 22.4-22.4 0.3658 0.0209
(LD; 27 days) 2 24.17 24.17-24.17 23.24 23.07-23.41

3 25 24.99-25 24 24-24
Wild-type Wild-type SD Leaf 1 24.16 24-24.26 23.91 23.82-24.02 0.7395 0.0847

(SD) 2 24.4 24.33-24.48 24.26 24.24-24.29
3 24.53 24.5-24.57 24.8 24.71-24.91

Wild-type Wild-type LD Stem 1 21.96 21.65-22.18 21.54 21.17-21.91 0.4935 0.0426
(40 days) 2 21.19 21.11-21.32 20.33 20.18-20.44

3 21.77 21.65-21.89 21.19 20.86-21.46
Wild-type Wild-type LD Apex 1 24.75 24.67-24.82 22.12 22.08-22.16 0.1444 0.0225

(12 days) 2 23.43 23.43-23.43 21.26 21.18-21.34
Wild-type Wild-type LD Apex 1 23.7 23.65-23.76 22.33 22.33-22.33 0.2073 0.0425

(27 days) 2 23.65 23.62-23.68 21.6 21.53-21.67
3 23.16 23.16-23.16 20.84 20.84-20.84

Wild-type Wild-type LD Buds 1 24.96 24.94-24.99 25.37 25.21-25.53 0.8276 0.0981
(86 days) 2 23.08 23.08-23.08 23.21 23.06-23.37

3 23.45 23.45-23.45 23.26 23.26-23.26
Wild-type Wild-type LD Flowers 1 21.85 21.75-21.95 21.88 21.84-21.91 0.7380 0.0135

(86 days) 2 22.12 22.12-22.12 22.07 22.01-22.12
3 22.8 22.8-22.8 22.74 22.74-22.74

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFE Ct MtFE Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - MtFE
NF5076 Wild-type VLD Q228 plant #11 1 22.84 22.78-22.9 23.84 23.81-23.88 0.8920 0.1080
Wild-type segragant (61 days) 2 22.88 22.79-22.96 23.53 23.46-23.63
NF5076 Late VLD Q228 plant #2 1 26.46 26.23-26.7 24.37 24.24-24.49 0.0790 0.0387
Homozygote (61 days) 2 25.8 25.68-25.98 22.17 22.13-22.22

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTa1 Ct MtFTa1 Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - MtFTa1
Wild-type Wild-type VLD Q743 1 24.78 24.67-24.9 22.93 22.48-23.25 0.3545 0.0964
(R108) (14 days) 2 26.15 26.14-26.17 22.53 21.95-23.09

3 25.01 24.97-25.07 22.63 22.19-22.98
NF5076 Late VLD Q742 1 29.44 29.29-29.65 22.62 22.37-22.93 0.0184 0.0033
Homozygote (14 days) 2 29.25 29.02-29.67 22.37 22.05-22.49

3 28.75 28.63-28.9 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 28.57 28.42-28.74 22.34 21.93-22.81 0.0520 0.0136
(R108) (28 days) 2 27.24 27.07-27.55 22.42 21.89-22.99

3 27.11 26.7-27.69 22.52 22.1-22.91
NF5076 Late VLD Q635 1 29 28.38-29.67 22.32 21.57-23.21 0.0140 0.0048
Homozygote (28 days) 2 29.94 29.44-30.45 22.76 22.08-23.05

3 29.95 29.05-30.58 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 23.84 23.79-23.88 23.64 23.03-24.56 0.7429 0.2571
Wild-type segragant (61 days) 2 24.56 24.44-24.63 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 29.01 28.94-29.09 24.06 23.57-25.01 0.0623 0.0205
Homozygote (61 days) 2 25.85 25.72-25.97 22.04 21.44-22.81

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTa2 Ct MtFTa2 Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - MtFTa2
Wild-type Wild-type VLD Q743 1 29.09 28.94-29.26 22.93 22.48-23.25 0.0782 0.0167
(R108) (14 days) 2 29.5 29.32-29.86 22.53 21.95-23.09

3 29.37 29.26-29.57 22.63 22.19-22.98
NF5076 Late VLD Q742 1 29.18 28.9-29.57 22.62 22.37-22.93 0.0779 0.0057
Homozygote (14 days) 2 29.38 29.31-29.44 22.37 22.05-22.49

3 28.91 28.73-29.17 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 29.55 29.54-29.57 22.34 21.93-22.81 0.0474 0.0055
(R108) (28 days) 2 29.3 28.86-29.61 22.42 21.89-22.99

3 30 29.94-30.07 22.52 22.1-22.91
NF5076 Late VLD Q635 1 28.54 28.4-28.66 22.32 21.57-23.21 0.0582 0.0123
Homozygote (28 days) 2 30 29.76-30.23 22.76 22.08-23.05

3 29.2 28.99-29.51 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 28.11 27.77-28.43 23.64 23.03-24.56 0.3529 0.0288
Wild-type segragant (61 days) 2 27.5 27.45-27.55 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 27.19 27.12-27.31 24.06 23.57-25.01 0.9132 0.0868
Homozygote (61 days) 2 24.94 24.79-25.08 22.04 21.44-22.81

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTb1 Ct MtFTb1 Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - MtFTb1
Wild-type Wild-type VLD Q743 1 24.75 24.69-24.82 22.93 22.48-23.25 0.2143 0.0278
(R108) (14 days) 2 25.24 25.07-25.44 22.53 21.95-23.09

3 24.89 24.81-24.97 22.63 22.19-22.98
NF5076 Late VLD Q742 1 30.25 29.98-30.39 22.62 22.37-22.93 0.0073 0.0013
Homozygote (14 days) 2 29.07 28.99-29.15 22.37 22.05-22.49

3 29.25 29.18-29.31 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 24.64 24.45-24.83 22.34 21.93-22.81 0.2603 0.0460
(R108) (28 days) 2 24.73 24.67-24.79 22.42 21.89-22.99

3 24.12 24.02-24.24 22.52 22.1-22.91
NF5076 Late VLD Q635 1 28.73 28.3-29.17 22.32 21.57-23.21 0.0114 0.0015
Homozygote (28 days) 2 29.39 29.37-29.41 22.76 22.08-23.05

3 29.16 28.93-29.42 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 23.08 22.98-23.2 23.64 23.03-24.56 0.9308 0.0692
Wild-type segragant (61 days) 2 22.54 22.4-22.69 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 31.9 31.69-32.04 24.06 23.57-25.01 0.0020 0.0009
Homozygote (61 days) 2 31.14 30.98-31.31 22.04 21.44-22.81

Continued on next page
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Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTb2 Ct MtFTb2 Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - MtFTb2
Wild-type Wild-type VLD Q743 1 23.77 23.37-23.99 22.93 22.48-23.25 0.7317 0.1367
(R108) (14 days) 2 23.81 23.6-24.07 22.53 21.95-23.09

3 23.02 22.9-23.13 22.63 22.19-22.98
NF5076 Late VLD Q742 1 28.48 27.69-29.3 22.62 22.37-22.93 0.0298 0.0050
Homozygote (14 days) 2 27.37 27.18-27.56 22.37 22.05-22.49

3 27.57 27.41-27.67 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 24.22 24.1-24.35 22.34 21.93-22.81 0.6169 0.1332
(R108) (28 days) 2 23.19 23.19-23.2 22.42 21.89-22.99

3 23.44 23.17-23.57 22.52 22.1-22.91
NF5076 Late VLD Q635 1 26.84 26.51-27.18 22.32 21.57-23.21 0.0439 0.0115
Homozygote (28 days) 2 28.07 27.94-28.14 22.76 22.08-23.05

3 27.72 27.66-27.77 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 25.01 24.87-25.14 23.64 23.03-24.56 0.2931 0.0094
Wild-type segragant (61 days) 2 24.59 24.44-24.69 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 27.95 27.73-28.17 24.06 23.57-25.01 0.0341 0.0214
Homozygote (61 days) 2 27.91 27.64-28.07 22.04 21.44-22.81

Mean FTIP1-like FTIP1-like Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate (Medtr0291s0010) Ct (Medtr0291s0010) Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - FTIP1-like (Medtr0291s0010)
Wild-type Wild-type VLD Q743 1 24.02 23.94-24.09 22.93 22.48-23.25 0.6968 0.1463
(R108) (14 days) 2 24.93 24.81-25.12 22.53 21.95-23.09

3 24.41 24.29-24.53 22.63 22.19-22.98
NF5076 Late VLD Q742 1 25.74 25.59-25.87 22.62 22.37-22.93 0.2271 0.0192
Homozygote (14 days) 2 25.7 25.58-25.77 22.37 22.05-22.49

3 25.59 25.46-25.78 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 24.06 23.97-24.11 22.34 21.93-22.81 0.7095 0.0181
(R108) (28 days) 2 24.23 24-24.42 22.42 21.89-22.99

3 24.2 24.08-24.35 22.52 22.1-22.91
NF5076 Late VLD Q635 1 25.97 25.84-26.14 22.32 21.57-23.21 0.2297 0.0272
Homozygote (28 days) 2 25.69 25.62-25.79 22.76 22.08-23.05

3 26.1 25.83-26.4 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 25.3 25.25-25.33 23.64 23.03-24.56 0.9191 0.0809
Wild-type segragant (61 days) 2 24.96 24.91-25.03 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 27.33 27.18-27.46 24.06 23.57-25.01 0.2335 0.1242
Homozygote (61 days) 2 26.84 26.68-27.05 22.04 21.44-22.81

Continued on next page
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Mean NaKR1-like NaKR1-like Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate (Medtr7g100450) Ct (Medtr7g100450) Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Fig. 5.13C - NaKR1-like (Medtr7g100450)
Wild-type Wild-type VLD Q743 1 23.37 23.28-23.48 22.93 22.48-23.25 0.7681 0.0796
(R108) (14 days) 2 23.71 23.68-23.74 22.53 21.95-23.09

3 23.33 23.28-23.39 22.63 22.19-22.98
NF5076 Late VLD Q742 1 24.26 24.22-24.31 22.62 22.37-22.93 0.3075 0.0410
Homozygote (14 days) 2 24.58 24.44-24.76 22.37 22.05-22.49

3 24.54 24.36-24.8 22.47 21.98-23.07
Wild-type Wild-type VLD Q636 1 22.82 22.75-22.88 22.34 21.93-22.81 0.7969 0.1315
R108) (28 days) 2 23.06 22.74-23.34 22.42 21.89-22.99

3 23.88 23.73-24.02 22.52 22.1-22.91
NF5076 Late VLD Q635 1 25.19 24.98-25.33 22.32 21.57-23.21 0.2943 0.0512
Homozygote (28 days) 2 24.42 24.33-24.5 22.76 22.08-23.05

3 24.77 24.41-25 22.48 21.88-22.96
NF5076 Wild-type VLD Q228 plant #11 1 24.51 24.47-24.57 23.64 23.03-24.56 0.9205 0.0795
Wild-type segragant (61 days) 2 24.16 24.07-24.22 23.21 22.71-23.98
NF5076 Late VLD Q228 plant #2 1 25.92 25.8-25.99 24.06 23.57-25.01 0.3448 0.2067
Homozygote (61 days) 2 25.71 25.66-25.75 22.04 21.44-22.81

Table E.6 – Summary of RT-qPCR data used to construct Fig. 5.22B. All cDNA samples were generated from pooled trifoliate leaf tissue harvested
at ZT4 unless otherwise noted. The Medtr0291s0010_1689_F/Medtr0291s0010_1851_R primer pair was used. Expression is relative to
the housekeeper PP2A following the 2−∆∆Ct algorithm.

Mean Relative expression
Genotype Flowering time Condition Sample Biological replicate Mean MtFTIP1 Ct MtFTIP1 Ct range Mean MtPP2A Ct MtPP2A range relative expression standard error
Wild-type Wild-type VLD Q042 1 24.48 24.19-24.84 22.22 22.19-22.27 0.8050 0.1168
(R108) 2 25.01 24.79-25.41 22.29 22.24-22.35

3 24.55 24.41-24.68 22.57 22.51-22.64
NF10483 plant #1 Wild-type VLD Q041-7 1 25.56 25.33-25.81 22.31 22.27-22.36 0.4461 0.0208

2 25.51 25.43-25.55 22.49 22.4-22.66
3 25.53 25.45-25.59 22.38 22.33-22.41
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F | Chapter 6 appendix

Figure F.1 – Contrasting timepoint specific expression profiles of genes which altered in their
pattern or magnitude in response to the change in photoperiod. A contrasts the
timepoints at which all 9,516 genes which alter their pattern of gene expression in
response to the change of photoperiod conditions have statistically significant (α = 0.05)
differences in expression. B contrasts the timepoints and direction of the statistically
significant (α = 0.05) differences in expression in all 4,694 genes which statistically alter
only the magnitude of their gene expression across the three timepoints. Membership
within each group for individual genes, including non DE genes, is given in
Supplemental_Table_S_8_DE_magnitude_contrasts.csv in Supplement S.6 Table S.17.
In both subfigures the principal chart plots the size of the overlaps between timepoints
and the supplementary chart presents the number of genes statistically significant (and
in B either up or down) in LD relative to SD for each timepoint.
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Figure F.2 – The minimum distance between cluster centroids over a range of values of c. This is the
result of clustering the DE genes using different values of c (number of clusters) for A
the 9,516 genes which alter their pattern of expression and B the 4,694 genes differ in
just the magnitude of expression. In both cases two optimisations were run
(Optimisation 1: c varied between 2 and 20 in increments of 2; Optimisation 2: c varied
between 12 and 30)in increments of 1. A vertical line was drawn at the point where the
minimum centroid distance was judged to plateau which was taken as the optimal value
of c.

Figure F.3 – The density of the membership scores (between 0 and 1) for each group of class genes
(9,516 for pattern of expression and 4,694 for those that differ in just magnitude) from
c-means clustering. The score describes the support for an individual observation
belonging to a given cluster with the cluster with the highest membership score is
assigned the gene.
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Figure F.4 – The mean standardised abundances for the 18 clusters of 9,516 genes which alter their
pattern of expression in response to the photoperiodic shift. SD abundances are
plotted in blue with dotted lines while LD abundances are orange with solid lines.
Clustering was conducted using c-means clustering.
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Figure F.5 – The mean standardised abundances for the 18 clusters of 4,694 genes which alter just
the magnitude of their expression in response to the photoperiodic shift. SD
abundances are plotted in blue with dotted lines while LD abundances are orange with
solid lines. Clustering was conducted using c-means clustering.



Supplementary Files
Supplementary files are outlined in the tables in the sections below and are collected together
in the following collection of repositories; DOI: 10.17608/k6.auckland.c.4275653

Supplementary files for individual chapters can be found in the following repositories:

– Chapter 1 supplementary material

Supplement S.1 - Chapter 1: The regulation of flowering time

DOI: 10.17608/k6.auckland.7238339
– Chapter 2 supplementary material

Supplement S.2 - Chapter 2: Materials and methods

DOI: 10.17608/k6.auckland.7238342
– Chapter 3 supplementary material

Supplement S.3 - Chapter 3: Characterising the late flowering phenotype in Tnt1
line NF1634

DOI: 10.17608/k6.auckland.7238348
– Chapter 4 supplementary material

Supplement S.4 - Chapter 4: Investigation of FT-like genes in Medicago truncatula
using reverse genetics

DOI: 10.17608/k6.auckland.7238660
– Chapter 5 supplementary material

Supplement S.5 - Chapter 5: Reverse genetic screening of candidate flowering time
genes in Medicago truncatula using Tnt1 lines

DOI: 10.17608/k6.auckland.7239185
– Chapter 6 supplementary material

Supplement S.6 - Chapter 6: Transcriptomic response of Medicago truncatula leaf
tissue to a short day to long day shift

DOI: 10.17608/k6.auckland.7239236
The above repository for Chapter 6 contains the code for Fig. 6.1. Otherwise, since
this analysis has been published (Thomson et al. 2019), to avoid repetition the
datasets referenced in Chapter 6 are those that accompany the preprint. In ad-
dition, the analysis is present in an existing repository which accompanied the
publication (DOI: 10.17608/k6.auckland.6993641.v5).
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S.1 Chapter 1 supplementary material

Table S.1 – Supplementary alignments used or generated in the analysis of the results presented in
Chapter 1. They can be found in Ch1_Supplementary_Material/Data/Alignments.

Sequence Name Description

FT_tree_alignment.fasta Alignment of FT-like sequences collected by Nelson et al. (2017)
and used to create Fig. 1.6A.

FT_tree.newick Neighbour-joining tree plotted in Fig. 1.6A.

Table S.2 – Supplementary scripts used in the generation of figures in Chapter 1. They can be found
in Ch1_Supplementary_Material/Scripts

Script Name Description

Ch1_Script1_LegumeTree.R This script generates Fig. 1.5.
Ch1_Script2_FTtree.R This script generates Fig. 1.6A.
Ch1_Script3_SaturationGraph.R This script generates Fig. 1.8.

https://doi.org/10.17608/k6.auckland.7238339
https://doi.org/10.17608/k6.auckland.7238339
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S.2 Chapter 2 supplementary material

Table S.3 – Sequences used as exemplars, resources or references in Chapter 2.
They can be found in Ch2_Supplementary_Material/Data/Sequences.

Sequence Name Description

Ch2_gBlock_sequences.fasta The sequence of the synthesised gBlocks™ used for cloning in
this thesis.

Ch2_plasmid_sequences.fasta The sequence of plasmids generated in this thesis as listed in
Table 2.4. Annotations matching these sequences are available
in Table S.4.

Table S.4 – Datasets used as exemplars, resources or references in Chapter 2.
They can be found in Ch2_Supplementary_Material/Data.

File Name Description

Ch2_plasmid_annotations.csv Sequence annotations for plasmids generated in this thesis as
listed in Table 2.4. Sequences matching these annotations are
available in Table S.3.

Ch2_gene_melt_curves.csv MtPP2A data used to generate Fig. 2.1A.
Ch2_gene_expression.csv MtPP2A data used to generate Fig. 2.1B.

https://doi.org/10.17608/k6.auckland.7238342
https://doi.org/10.17608/k6.auckland.7238342
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S.3 Chapter 3 supplementary material

Table S.5 – Supplementary alignments used or generated in the analysis of the results presented in
Chapter 3. They can be found in Ch3_Supplementary_Material/Data.

Sequence Name Description

TPS1_tree_alignment.fasta The alignment of TPS-like protein sequences
used to generate Fig. 3.3.

TPS_tree.newick The tree of TPS-like sequences plotted in
Fig. 3.3.

NF1634_hc_29_Medtr2g073260_alignment.fasta The alignment of the NF1634_hc_29 FST to
the Medtr2g073260 R108 sequence.

Table S.6 – Datasets used or generated in the analysis of the results presented in Chapter 3. They
can be found in Ch3_Supplementary_Material/Data

File Name Description

Ch3_compare_fta1_mutants.csv Summary table with mean days to flower for the NF3307 and NF1634
Mtfta1 mutants. NF3307 data was obtained from Laurie et al. (2011)
using WebPlotDigitizer (Rohatgi 2018).

Ch3_flowering_time.csv Flowering time data.
Ch3_gene_expression.csv Gene expression data.
NF1634_FSTs.fasta FSTs listed for the Tnt1 line NF1634 in the Medicago truncatula

Mutant Database (last updated: 18/4/2008; Tadege et al. 2008).
These 38 identified FSTs were labeled as high confidence.

Table S.7 – Supplementary scripts used in the analysis of the results presented in Chapter 3. They
can be found in Ch3_Supplementary_Material/Scripts

Script Name Description

Ch3_Script1_LoadData.R Loads required packages and data
into the R environment

Ch3_Script2_Screening.R Plots screening of NF1634 plants
Ch3_Script3_GeneExpression.R Performs gene expression analysis on homozygotes and

wild-type segregants
Ch3_Script4_Calculations.R Performs calculations
Ch3_Script5_FigureConstruction.R Combines graphs into figures
Ch3_Script6_CompareMutants.R Compares mean days to flower between the NF3307 and

NF1634 Mtfta1 mutants.

https://doi.org/10.17608/k6.auckland.7238348.v2
https://doi.org/10.17608/k6.auckland.7238348.v2
https://doi.org/10.17608/k6.auckland.7238348.v2
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Table S.8 – Supplementary sequences used or generated in the analysis of the results presented in
Chapter 3. They can be found in Ch3_Supplementary_Material/Data/Sequences.

Sequence Name Description
MtFTa1_and_Tnt1_Insert_consensus_sequence The Tnt1 insert in the MtFTa1 locus of the

NF1634 line.

https://doi.org/10.17608/k6.auckland.7238348.v2
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S.4 Chapter 4 supplementary material

Table S.9 – Supplementary alignments used or generated in the analysis of the results presented in
Chapter 4. They can be found in Ch4_Supplementary_Material/Data/Alignments.

Sequence Name Description
FSTs_Medtr7g085020_alignment.fasta The alignment of the FSTs NF9421_high_7,

NF19514_high_10 and NF9778_low_65 to the
R108 Medtr7g085020 sequence.

FSTs_Medtr7g006630_alignment.fasta The alignment of the FSTs NF5116_low_7,
NF0412_high_98, NF0412_high_101,
NF0412_high_104, NF0412_high_106,
NF14654_low_2 and NF3253_high_45 to
the R108 Medtr7g006630 sequence.

FSTs_Medtr7g006690_alignmment.fasta The alignment of the FSTs NF3253_high_45,
NF17918_high_6 and NF20803_high_73 to the
R108 Medtr7g006690 sequence.

Table S.10 – Datasets used or generated in the analysis of the results presented in Chapter 4.
They can be found in Ch4_Supplementary_Material/Data

File Name Description

Ch4_flowering_time.csv Flowering time data.
Ch4_gene_expression.csv Gene expression data.
Ch4_internodes.csv Measurement of internodes. Relates to Fig. 4.10.

Table S.11 – Supplementary scripts used in the analysis of the results presented in Chapter 4.
They can be found in Ch4_Supplementary_Material/Scripts

Script Name Description

Ch4_Script1_LoadData.R Loads required packages and data into
the R environment.

Ch4_Script2_MtFTa2_Medtr7g085020.R MtFTa2 analysis and graphs.
Ch4_Script3_MtFTb1_Medtr7g006630.R MtFTb1 analysis and graphs.
Ch4_Script_4_MtFTb2_Medtr7g006690.R MtFTb2 analysis and graphs.
Ch4_Script5_CRISPR.R Expression of SpCas9 from Fig. 4.13C.

https://doi.org/10.17608/k6.auckland.7238660.v1
https://doi.org/10.17608/k6.auckland.7238660.v1
https://doi.org/10.17608/k6.auckland.7238660.v1
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Table S.12 – Supplementary sequences used or generated in the analysis of the results presented in
Chapter 4. They can be found in Ch4_Supplementary_Material/Data/Sequences.

Sequence Name Description
NF9421_FTa2_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFTa2

locus of the NF9421 line.
NF19514_FTa2_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFTa2

locus of the NF19514 line.
NF9421_Tnt1_FTa2_cDNA_sequence.fasta The sequence of the amplified

cDNA which extends from
the Tnt1 element and into
the gene.

NF20803_FTb2_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFTb2
locus of the NF20803 line.

https://doi.org/10.17608/k6.auckland.7238660.v1
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S.5 Chapter 5 supplementary material

Table S.13 – Supplementary alignments used or generated in the analysis of
the results presented in Chapter 5. They can be found in
Ch5_Supplementary_Material/Data/ Alignments.

Sequence Name Description

FSTs_Medtr2g058520_alignment.fasta The alignment of the FSTs NF16583_high_18
and NF16583_high_23 to the
R108 Medtr2g058520 sequence.

FSTs_Medtr6g444980_alignment.fasta The alignment of the FSTs NF8234_2D_low_3,
NF9701_high_9, NF5076_high_49,
NF5076_high_61 and NF17758_high_52
to the R108 Medtr6g444980 sequence.

FSTs_Medtr0291s0010_alignment.fasta The alignment of the FSTs NF10483_high_4
and NF3680_high_2 to the
R108 Medtr0291s0010 sequence.

FTIP1_tree_alignment.fasta The alignment of FTIP1-like amino acid
sequences used to generate Fig. 5.19.

FTIP1_tree.newick The tree of FTIP1-like sequences
plotted in Fig. 5.19.

FTIP1_downstream_ORFs.fasta The alignment of the predicted proteins
from the first five open reading frames
downstream of the Tnt1 insertion.
Used to generate Fig. 5.23

NF-YA_tree_alignment.fasta The alignment of NF-YA-like sequences
used to generate Fig. E.2.

NF-YA_tree.newick The tree of NF-YA-like sequences
plotted in Fig. E.2.

NF-YB_tree_alignment.fasta The alignment of NF-YB-like sequences
used to generate Fig. E.2.

NF-YB_tree.newick The tree of NF-YB-like sequences
plotted in Fig. E.2.

NF-YC_tree_alignment.fasta The alignment of NF-YC-like sequences
used to generate Fig. E.2.

NF-YC_tree.newick The tree of NF-YC-like sequences
plotted in Fig. E.2.

https://doi.org/10.17608/k6.auckland.7239185.v1
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Table S.14 – Datasets used or generated in the analysis of the results presented in Chapter 5.
They can be found in Ch5_Supplementary_Material/Data

File Name Description

Ch5_flowering_time.csv Flowering time data.
Ch5_internodes.csv Plant internode measurements.
Ch5_Y2H_scoring.csv Y2H scoring data.

Table S.15 – Supplementary scripts used in the analysis of the results presented in Chapter 5. They
can be found in Ch5_Supplementary_Material/Scripts

Script Name Description

Ch5_Script1_LoadData.R Loads required packages and data
into R environment.

Ch5_Script2_MtE1_Medtr2g058520.R MtE1 analysis and graphs.
Ch5_Script3_MtFE_Medtr6g444980.R MtFE analysis and graphs.
Ch5_Script4_MtFTIP1_Medtr0291s0010.R MtFTIP1 analysis and graphs.

Table S.16 – Supplementary sequences used or generated in the analysis of
the results presented in Chapter 5. They can be found in
Ch5_Supplementary_Material/Data/Sequences.

Sequence Name Description

NF16583_E1_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtE1 locus
of the NF16583 line.

NF20110_E1_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtE1 locus
of the NF20110 line.

NF5076_FE_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFE locus
of the NF5076 line.

NF18291_FE_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFE locus
of the NF18291 line.

NF10483_FTIP1_Tnt1_Insert_consensus_sequence.fasta The Tnt1 insert in the MtFTIP1 locus
of the NF10483 line.

NF10483_FTIP1_cDNA_sequence.fasta The sequence of the amplified
cDNA which extends from the Tnt1
element and into the gene.

https://doi.org/10.17608/k6.auckland.7239185.v1
https://doi.org/10.17608/k6.auckland.7239185.v1
https://doi.org/10.17608/k6.auckland.7239185.v1
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S.6 Chapter 6 supplementary material

Table S.17 – Datasets used or generated in the analysis of the results presented in Chapter 6.
They can be found in Ch6_Supplementary_Material/Data, accompanying the Thomson
et al. (2019) publication or part of the publication repository.

File Name Description
Ch6_Supplementary_Material/Data
raw_data_read_dist.txt Read counts binned by length

(width = 1) for each library file
prior to trimming.

adpt_trim_read_dist.txt Read counts binned by length
(width = 1) for each library file
following adaptor trimming.

qual_trim_read_dist.txt Read counts binned by length
(width = 1) for each library file
following quality trimming.

mapping_rate.csv The mapping rate obtained from
Salmon output.

Thomson et al. (2019) publication repository.
RNA_Seq_summary.csv Contains the summary statistics of the raw RNA-Seq

data analysed in Chapter 6.
fq_nameconversions.csv Lookup table to rename the raw FASTQ files analysed

in Chapter 6.
lib_pairs.csv Table of paired library prefixes for use with

preprocessing.sh (see Supplement S.6 Table S.18).
/Counts/quants/ Transcript abundances for each library output by

Salmon.
transcript_descriptions.tsv Record of transcript names, gene names and

descriptions generated from the Mt4.0v2
transcriptome using summary_of_fasta_seqs.py
in Supplement S.6 Table S.18.

genes_of_interest.csv Candidate flowering time genes.

https://doi.org/10.17608/k6.auckland.7239236.v1
https://doi.org/10.17608/k6.auckland.6993641.v5
https://doi.org/10.17608/k6.auckland.7239236.v1
https://doi.org/10.17608/k6.auckland.6993641.v5
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File Name Description

Accompany the Thomson et al. (2019) publication
README.txt This is a key to the

following tables, called
supplementary tables 1-9
in the publication.

TPM.csv Gene abundances in Transcripts
per Million for each gene
by condition, timepoint
and replicate.

RT_qPCR_Primers.csv Primers used for RT-qPCR.
Individual_timepoint_analysis.csv Contrasts LD expression against

SD expression results at
individual timepoints
using Wald significance tests.

DE_pattern_genes.csv Results of the likelihood ratio
test testing for genes with
significant interaction terms
indicative of differential patterns
of expression.

DE_pattern_contrasts.csv Contrasts LD expression against
SD expression for genes with
differential patterns of expression
at individual timepoints.

DE_pattern_clusters.csv Cluster assignments of genes of
the differential patterns of
expression class.

DE_magnitude_genes.csv Results of the Wald significance test
testing for the significance of the
condition in explaining the
magnitude of gene expression.

DE_magnitude_contrasts.csv Contrasts LD expression against SD
expression for genes with differential
magnitudes but not patterns of expression
at individual timepoints.

DE_magnitude_clusters.csv Cluster assignments of genes with
differential magnitudes but not
patterns of expression
at individual timepoints.
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Table S.18 – Supplementary scripts used in the analysis of the results presented in Chapter 6.
They can be found in Ch6_Supplementary_Material/Scripts or as part of the repository
associated with the publication.

Sequence Name Description
Ch6_Supplementary_Material/Scripts
Ch6_Script1_Preprocessing.R Script to construct Fig. 6.1.

Thomson et al. (2019) preprint repository.
Script1_Load_Data.R Loads required packages and data

into the R environmnet.
Script2_DE_of_each_Timepoint.R Pairwise comparisons at each timepoint.
Script3_TS_Patterns.R Identifies genes which alter their

pattern of expression.
Script4_TS_Magnitude.R Identifies genes which alter just

their magnitude of expression.
Script5_Graphs_and_Figures.R Creates graphs and figures.
Script6_GOI_Tables.R Generates tables.

https://doi.org/10.17608/k6.auckland.7239236.v1
https://doi.org/10.17608/k6.auckland.6993641.v5
https://doi.org/10.17608/k6.auckland.6993641.v5
https://doi.org/10.17608/k6.auckland.7239236.v1
https://doi.org/10.17608/k6.auckland.6993641.v5
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