Predicting the impact of climate change on vernalization

for Arabidopsis thaliana

Susan Duncan

A thesis submitted for the degree of Doctor of Philosophy
May 2015

Department of Cell and Developmental Biology, John Innes Centre

School of Environmental Science, University of East Anglia

© This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognize that its copyright rests with the author and that use of any

information derived there from must be in accordance with current UK Copyright Law. In

addition, any quotation or extract must include full attribution.



Abstract

Winter annual Arabidopsis thaliana plants require a prolonged period of cold, known as
vernalization, to ensure prompt floral transition occurs in spring. This thesis addresses the
question of whether partial saturation of cold requirements might delay flowering under future
climate scenarios. Laboratory experiments set up to parameterize a predictive model
revealed a surprising optimal vernalizing temperature for the Swedish accession Lov-1. Field
experiments in Northern Sweden support the theory that this optimum likely reflects

adaptation to autumn, rather than winter temperatures.

A chilling unit model incorporating empirically derived parameters forecast an overall increase
in effective vernalizing days for A. thaliana in northern Sweden. This increase is the result of
an overall reduction in sub-zero temperatures that are predicted for northerly latitudes by the
end of the century. Reductions in the number of effective vernalizing days were predicted for
England and Spain, however these are unlikely to counteract the forcing effects of increased

spring temperatures at these locations.

This thesis also presents a novel method that enables single RNA molecules to be visualized
for the first time in plants. This method was used to determine cell-to-cell variation and sub-
cellular distribution of key vernalization gene transcripts before, during and after cold
exposure. These results provide a unique insight into how plants perceive and integrate long-

term temperature cues at the cellular level.

In summary, this thesis predicts the potential impact of climate change on A. thaliana
vernalization across its species’ range. It also dissects transcriptional mechanisms that
underlie long-term temperature integration. Modulation of these mechanisms is likely to be
key for survival of some wild species and for maximizing crop yields under future climate

scenarios.
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Chapter 1 - Introduction

1.1 Biogeography of Arabidopsis thaliana

Arabidopsis thaliana (L.) Heyhn is a spring ephemeral weed commonly known as
mouse ear cress or thale cress. The Arabidopsis genus belongs to the Brassicaceae
family and comprises of nine species and eight sub-species (Al-Shehbaz and
O’Kane 2002). Of all these species A. thaliana has the widest observed geographical
distribution. It can be found growing in a variety of disturbed habitats and at a wide
range of altitudes (Al-Shehbaz and O’Kane 2002).

A. thaliana is thought to have originated from Central Asia and survived the last ice
age by retreating to two refugia at the southern limit of its range. Following de-
glaciation it rapidly re-populated varied climatic regions across the Northern
Hemisphere from near the equator to the Arctic Circle (see Figure 1.1) (Sharbel et
al., 2000; Hoffmann 2002; Schmid et al., 2006; Nordborg et al., 2005; Francoiset al.,
2008). This rapid re-colonization, combined with the diverse range of niches now
inhabited by this species demonstrates its ability to adapt to a variety of different

biotic and abiotic conditions (Shindo et al., 2007).

Although there is evidence of local adaptation to climate across A. thaliana genome
(Hancock et al., 2011) the ease with which animals or humans can transport seeds
make it unlikely that all catalogued lines have persisted long enough at a single
location for local adaptation to have occurred. For this reason natural lines of A.
thaliana are now referred to by the neutral word ‘accession’ rather than ‘ecotype’ as
this removes the automatic implication of adaptation to conditions at the native

collection site (Weigel, 2012).
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Figure 1.1- Area of geographic distribution of Arabidopsis thaliana. (Adapted
from Weigel and Mott 2009)

1.2 Life history strategies in A. thaliana.

Selective pressures created by unstable environmental conditions promote a range
of traits that include high fecundity, small body size and short generation time
(Promislow and Harvey, 1990). The monocarpic life history observed for natural A.
thaliana populations suggests that this strategy maximizes fitness in areas

characterized by harsh winters and/or dry summers.

A. thaliana accessions can be classified as being either winter or summer annuals.
Winter annual accessions germinate during wet conditions in autumn, persist through
the winter in a vegetative state and then enter a final reproductive phase in spring.
This strategy minimizes nutrient competition between seedlings and maximizes
chances of reproductive success by aligning plant senescence, silique desiccation
and seed maturation with warm, dry conditions (Boss et al., 2004; Henderson and
Dean 2004). Many natural accessions of A. thaliana adapted to temperate climates
have a summer annual/rapid-cycling habit (Nordborg et al., 2005; Shindo et al.,
2005). Without the need to over-winter, rapid-cycling accessions can often achieve
multiple generations per year compared to winter annuals and this provides them

with a significant fithess advantage in some locations.
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1.3 Multiple Pathways Control Flowering Time

Flowering time studies in A. thaliana date back over seventy years (Laibach 1943,
1951) and experiments over the intervening years have revealed more than 100
genes to be involved in the control of this key developmental transition (Skikanth and
Schmid 2011). These results have shown that environmental and endogenous cues
are continually integrated within Arabidopsis plants via the pathways outlined in
Figure 1.2 to control the timing of flowering. The essence of this network is that
multiple input pathways converge on a common set of target genes (floral pathway
integrator genes) that are quantitatively activated and switch the meristem to a floral
fate once a threshold level has been reached. The gibberellin, light quality,
photoperiod (involving CONSTANS (CO) and the circadian clock) and ambient
temperature pathways activate expression of floral pathway integrators under long-
day photoperiod conditions. This activation is antagonized by a number of floral
repressors including FLOWERING LOCUS C (FLC) (shown in purple in Figure 1.2).
Many repressors have been found to act via an upregulation of FLC whilst many
floral activators mediate a reduction of FLC (red and green in Figure 1.2,
respectively). Several floral repressors also work independently of FLC to repress
expression of floral pathway integrators. Examples not shown in Figure 1.2 include,
TERMINAL FLOWER1 (TFL1), SHORT VEGETATIVE PHASE (SVP), TARGET OF
EAT1, TARGET OF EAT2 (TOE1/2, EMBRYONIC FLOWER 1 (EMF1),
SCHNARCHZAPFEN (SNZ) and SCHLAFMUTZE (SMZ) (Bradley et al., 1997;
Hartmann et al., 2000; Aukerman and Sakai 2003; Yoshida et al 2001; Bradley et al.
2007).

Downstream of the floral pathway integrator genes SOC1, FT and LFY (LEAFY) are
the floral meristem identity and homeotic genes APETALA1/2/3 (AP1/2/3),
FRUITFUL (FUL), CAULIFLOWER (CAL), PISTILLATA (Pl) and AGAMOUS (AG)
that commit the shoot apical meristem progenitor cells to switch from a vegetative to
a floral fate. Together this complex gene network ensures that plants switch to a
reproductive phase of development when conditions are permissive for flower

production and seed set (Boss et al., 2004, Henderson and Dean, 2004).

My work has focused on the regulation of the major floral repressor gene FLC. This

encodes a MADS box transcription factor that effectively prevents floral transition
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through direct transcriptional repression of floral pathway integrator genes in
response to prolonged cold (Deng et al., 2011). This response differs from cold
acclimation where a short cold exposure (days rather than weeks), results in
transcriptional changes that enable plants to survive freezing conditions (reviewed by
Thomashow 1999).

1.4 Activators of FLC Expression

Extensive studies in yeast and mammals have revealed transcription elongation to
be a complex process where many aspects of the chromatin environment determine
whether an RNA polymerase binding event results in mRNA production. Many
homologous genes involved in chromatin-modifying activities have been found to
promote FLC expression, and thus delay floral transition (Crevillen and Dean 2011).

These activating protein complexes are described below.

1.4.1 PAF1 Complex
The highly conserved RNA polymerase associated factor 1 complex (PAF1C)
contributes to multiple aspects of RNA polymerase Il (Polll) transcriptional regulation.
The role of this complex remains unclear, but it is required for effective elongation,
various histone modifications, chromatin remodeling and for recruiting 3° end mRNA

processing factors (Selth et al., 2010).

High levels of tri-methylation (me3) of histone 3 lysine 4 residues (H3K4me3) across
a gene are associated with transcriptional activity in eukaryotes (Schneider et al.,
2004). In Arabidopsis pafic mutants displayed decreased H3K4me3 across FLC,
lower levels of transcription and an early flowering phenotype. Consistent with
diverse regulatory roles identified for PAF1C in other systems, many of these
mutants also exhibited a range of other developmental defects in plants. (Zhang et
al., 2002; Oh et al., 2004; Zhang et al., 2003; He et al., 2004; Yu and Michaels 2010;
Park et al., 2010; Oh et al., 2008).

1.4.2 RAD-BRE1
Studies in yeast have shown that the RAD-BRE1 complex mono-ubiquitinates
histone 2B (H2B). The PAF1 complex is required for this ubiquitination and this
modification is required for H3K4me3 deposition (Wozniak and Strahl 2014).
Arabidopsis has two genes homologous to the E3 ubiquitin ligase BRE1 (HUB1 and

HUB2) and three homologues of the E2 carrier protein RAD (UBC1, UBC2 and
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UBC3). Lesions in either HUB1 or HUB2 result in loss of H2B ubiquitination and
reduced H3K4me3 in addition to reduced levels of another active chromatin mark
H3K36me3. These chromatin changes have been associated with reduced FLC
transcription and early flowering in addition to a range of other developmental
defects. Similar phenotypes were also been reported for ubc1ubc2 double mutants
(Cao et al., 2008; Xu et al., 2009; Gu et al., 2009; Lolas et al., 2010). The sensitivity
of FLC expression to the ubiquitination status of H2B was further highlighted by the
FLC misregulation and early flowering phenotype of ubp26 mutants that are unable

to catalyze the H2Bub1 deubiquitination reaction (Schmitz et al., 2009).

1.4.3 FACT Complex
Mono-ubiquitination of H2B by the RAD-BRE1 complex is required for activating the
removal of H2A/H2B dimers by the FAcilitates Chromatin Transcription (FACT)
complex and is thought to enhance Polll transit through nucleosomes. Inhibited Polll
transcription is considered the likely cause of FLC misregulation and the late
flowering phenotype reported for FACT subunit mutants ssrp? and spt16.
Furthermore, the range of severe developmental phenotypes observed is indicative

of global transcriptional disruption in these mutants (Lolas et al., 2010).

1.4.4 COMPASS-LIKE Complex
Histone methylation reactions are typically catalyzed by proteins that contain
conserved SET domains originally identified in Drosophila: Su(var)3-9, ‘Enhancer of
zeste’ and Trithorax proteins. The A. thaliana genome contains at least 29 genes that
contain SET domains. In yeast SET1 is part of the multi-protein complex COMPASS
(Complex proteins associated with SET) that physically associates with PAF1C to
catalyse the methylation of H3K4 residues (Betz et al., 2002; Krogan et al., 2003).
Consistent with this role, the late flowering Arabidopsis mutant of a homologous
SET1 protein atxr7/sdg25 showed decreased H3K4me3 across FLC and associated
up-regulated levels of expression. Similarly, late flowering was also observed in
addition to reduced levels of H3K4me3 and H3K4me2 for aix1 and atx2 mutants
respectively (Pien et al., 2008; Saleh et al., 2008; Tamada et al., 2009; Berr et al.,
2011). Further COMPASS-LIKE components identified in Arabidopsis include the
methyltransferase AtWDRb5a that is also required for H3K4me3 deposition at FLC
and the SET2 homologue EFS/SDG8 that catalyzes H3K36me3 reactions that are

also associated with active transcription (Zhao et al., 2005; Jiang et al., 2009).
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1.4.5 SWR1 Complex

The SWR1 chromatin-modelling complex incorporates the histone variant H2AZ into
nucleosomes. This affects chromatin stability and alters the ability of Polll to transit
through associated nucleosomes. Mutations of genes within the SWR1 complex
(ARP6, PIE1, ESD1/SEF/AtSWEC) result in the loss of H2AZ occupancy, reduced
levels of FLC transcription and a late flowering phenotype. (Noh and Amasino 20083;
Deal et al.,, 2005; Choi et al., 2005; Choi et al., 2007; Martin-Trillo et al., 2006;
March-Diaz et al., 2007; Lazaro et al., 2008; Deal et al., 2007)

1.4.6 FRIGIDA Complex
Components of the FRIGIDA complex (FRIC) have been shown to mediate FLC
transcriptional activation (Choi et al., 2011). These include FRIGIDA (FR/), FRIGIDA
ESSENTIAL 1 (FEST1), FRI-LIKE 1 (FRL1), FRI-LIKE 2 (FRL2), SUPPRESSOR OF
FRIGIDA 4 (SUF4), FLC EXPRESSOR (FLX), FLOWERING LOCUS C
EXPRESSOR-LIKE 4 (FLL4) (Schmitz et al., 2009; Michaels et al., 2004; Kim et al.,
2006; Andersson et al., 2008; Ding et al., 2013; Lee and Amasino 2013). The
mechanism by which FRI exerts its effects is unclear, but biochemical assays
suggest it is a scaffolding protein that facilitates close association of FRIC
components with the chromatin remodeling complex SWR1 (Choi et al., 2011). There
is also evidence of FRI promoting the accumulation of FLC mRNA by interacting with

nuclear cap-binding complexes (Geraldo et al., 2009).

FRI is the most ecologically significant activator of FLC (Johansen et al., 2000), since
a combination of dominant FLC and FRI alleles confers a requirement for
vernalization, necessitating the plants to over-winter before flowering. Prior to cold
exposure, high FLC levels prevent the floral transition in the presence of other
reproductive cues (Michaels and Amasino 1999; Sheldon et al., 1999). During
vernalization levels of FLC are quantitatively reduced in response to prolonged
exposure to cold. Once FLC levels are low enough to no longer pose a barrier to the
expression of downstream floral integrators, increased daylength and temperature

can rapidly activate reproductive growth.

Many rapid-cycling accessions of Arabidopsis carry FRI alleles with loss-of-function
mutations (Johanson et al 2000; Shindo et al., 2005). These FRI null plants have

evolved as the result of at least 20 independent mutational events from winter annual
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ancestors that had a vernalization requirement (Shindo et al., 2005; Johanson et al.,
2000). This implies strong selection for loss of FRI function in some environmental
contexts. Although FRI has been found to play a predominant role in determining the
winter annual phenotype, other loci have also been shown to contribute to natural
variation in flowering time (Salome et al., 2011, Srikanth and Schmid, 2011). These

are discussed in more detail later in this chapter.

1.5 Autonomous Repression of FLC

The autonomous pathway functions to antagonize FLC expression (see Figure 1.2)
and involves the following genes: LUMINIDEPENDENS (LD), FCA, FPA, FY,
FLOWERING LOCUS D (FLD), FVE, FLOWERING LOCUS K (FLK), RELATIVE OF
EARLY FLOWERING 6 (REF®6), CstF77, CstF64, DICER-LIKE 4 (DCL4), CDKC2
and PRP8 (Koornneef et al., 1991; Macknight et al., 1997; Schomburg et al., 2001;
Lim et al., 2004; Noh et al., 2004; Simpson et al., 2003; Jiang et al., 2007, Wang et
al., 2014; Liu et al., 2010; Marquardt et al., 2014; Liu et al., 2012) Together these
components promote flowering via FLC down-regulation through a mechanism that
links 3 mRNA processing to chromatin modifications where a specific FLC antisense
mRNA isoform represses H3K4me3 deposition across the gene and effectively
dampens FLC transcriptional activity (Hornyik et al., 2010; Liu et al., 2007; Liu et al.,
2010).

Functioning in parallel to the autonomous pathway is vernalization, the cold-induced
repression of FLC. Key genes involved in this process include the cold inducible
VERNALIZATION INSENSTIVE 3 (VIN3) in addition to VERNALIZATION 5 (VRNS5),
VERNALIZATION 1 (VRNT1), LIKE-HETEROCHROMATIN PROTEIN 1 (LHP1) and
VERNALIZATION 2 (VRN2). The distinctive roles these genes play in the cold

induced reduction of FLC transcription are described in more detail below.

1.6 Three stages of vernalization provide a memory of cold

Vernalization is a classic epigenetic process that provides the plant with a molecular
memory of cold through a cell-autonomous mechanism involving stable
transcriptional silencing of FLC (Angel et al., 2011). Epigenetic regulation often
involves heritable chromatin modifications that bring about a change in gene

expression not determined by the underlying gene sequence. Winter annual
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Arabidopsis plants are fully vernalized after experiencing a saturating period of cold
exposure, during which FLC chromatin switches from an epigenetically active to an
epigenetically silent state in the majority of cells of the plant (see Figure 1.3).
Chromatin marks associated with the epigenetically silent state are propagated to

daughter cells through cell division ensuring FLC silencing is mitotically stable.

Exposure to low temperatures induces a quantitative reduction of FLC mRNA levels
and this reduction has been shown to correlate with flowering time (Michaels and
Amasino, 1999, Sheldon et al., 1999). However vernalization can still accelerate
flowering in FLC null plants, so despite this gene playing a major role in permitting
floral transition, FLC cannot be the only downstream target of vernalization (Michaels
and Amasino 2001; Moon et al., 2005).

In addition to activating FLC, many of the activating protein complexes described
previously also activate expression of five FLC related MADS-Box proteins named
MAF1 to 5 that share 53-87% identity (de Bodt et al., 2003; Ratcliffe et al., 2003). It
has also been shown that the cold induced protein VIN3 is required to silence these
FLC-like genes and ensure maximum acceleration of the flowering response (Kim
and Sung 2013; Scortecci et al., 2003; Michaels and Amasino, 2001). There is also
evidence to suggest that FLC-mediated floral repression requires direct interaction of

these clade members (Gu et al., 2013).

An additional role has been identified for MAF1 (also known as FLOWERING
LOCUS M) in controlling flowering under ambient temperature growth conditions.
Two isoforms FLMB and FLM& compete to bind SVP. In cool temperatures an
increase in FLMfB production results in increased levels of FLMB-SVP complex that
actively repress flowering, whereas at higher temperatures FLM&-SVP complexes

predominate and activate a flowering response (Pose et al., 2014; Lee et al., 2013)

Two further genes, AGAMOUS-LIKE 24 (AGL24) and AGAMOUS-LIKE 19 (AGL19),
have also been found to contribute toward the acceleration of flowering in an FLC
independent manner following exposure to prolonged cold. VIN3 is required for the
induction of these transcription factors that promote expression of floral identity
genes (Schonrock et al 2006; Yu et al., 2002; Michaels et al., 2003; Alexandre and
Hennig 2008).
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Vernalization can be viewed as occurring in three steps. These are described below.

1.6.1 Cold-induced transcriptional repression of FLC.
FLC transcription decreases rapidly upon exposure to cold (Helliwell et al., 2015) and
this decrease is associated with a significant increase in FLC anti-sense transcription
(Swiezewski et al., 2007). Loss of this antisense transcription results in a slower
decrease in FLC transcription during cold exposure (Csorba et al., 2014). The
antisense transcription generates long non-coding transcripts, known as COOLAIR,
which undergo alternative splicing and polyadenylation events to create two major
sets of splice variants that have each been linked to altered chromatin states at FLC
(Csorba et al., 2014, letswaart et al., 2012, Marquardt et al., 2014). When plants are
growing in warm conditions COOLAIR transcription is inhibited by an R-loop located
at the 3’ region of FLC in the COOLAIR promoter region. The R-loop is stabilized by
a single stranded DNA binding protein AtNDX (Sun et al., 2013). How COOLAIR
transcription/transcripts cause FLC transcriptional repression is unclear at present,
but they stay associated with FLC chromatin (Csorba et al., 2014) and emerging
evidence from RNA SHAPE (Selective 2’-hydroxyl acylation analyzed by primer
extension) analysis suggests that COOLAIR secondary structure is an important

aspect of this regulation (Sanbonmatsu, Hawkins et al., in prep).

Induction of another non-coding FLC transcript called COLDAIR has also been
reported that originates from within intron 1 of the sense sequence of FLC. COLDAIR
expression peaks after 3 weeks of cold and transcripts have been reported to recruit
the repressive PHD-PRC2 to the locus (Heo and Sung 2010). Analysis in
Arabidopsis alpina (a cold requiring A. thaliana perennial relative) confirmed
conservation of COOLAIR, but not COLDAIR induction during cold (Castaings et al.,
2014).

The cold-induced reduction in FLC transcription and increase of COOLAIR
transcription coincides with altered higher order chromatin structure at FLC.
Chromosome Conformation Capture (3C) experiments showed the existence of a 5’
to 3’ loop at FLC when the gene is expressed (Crevillen et al., 2013). A recent study
has also shown that BAF60 (a component of the SWI/SNF chromatin-modifying

complex) is required for maintenance of this loop in the warm (Jegu et al., 2014). The
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loss of this loop is not dependent on factors known to regulate FLC transcription in
the warm. In addition, recovery of FLC expression levels observed when vin3
mutants are returned to warm conditions was not associated with loop reformation

(Crevillen et al., 2013).

1.6.2 Nucleation of PHD-PRC2 at an intragenic site within FLC

The second step of vernalization involves formation and nucleation of a modified
Polycomb complex. This modified Polycomb complex is composed of the well-
conserved PRC2 with two homologous PHD domain-containing proteins, VRN5 (also
known as VIL1 in the literature — Sung & Amasino 2006) and VIN3 (Greb et al., 2007,
De Lucia et al., 2008). VIN3 expression is cold-dependent with maximal levels found
after 40 days of cold. VIN3 heterodimerises with the constitutively expressed VRN5
and these associate with the Polycomb Repressor Complex 2 (PRC2) complex
already positioned across the FLC locus (De Lucia et al., 2008, Kim et al., 2010).
The PHD proteins somehow ‘superactivate’ PRC2 activity and homologous
complexes have been described in Drosophila (Nekrasov et al., 2007) and humans
(Sarma et al., 2008).

Polycomb-group proteins were first shown to play an important role in maintaining
the repressed state of homeotic (Hox) genes in Drosophila melanogaster and they
have since been implicated in imprinting, stell cell specification, cancer initiation and
inactivation of X chromosomes in a range of organisms (Schuettengruber et al.,
2007; Schwartz and Pirrotta, 2008). In plants, a core conserved PRC2 consisting of
VRN2 (a Su(z)12 homologue), SWINGER (an E(Z) histone methyl transferase
homologue, FIE (an ESC homologue) and MSI1 (a p55 homologue) associates
across the FLC locus in ambient temperatures. Exposure to cold allows the PHD
proteins VIN3 and VRN5 to associate with PRC2 at a specific region in the first intron
of FLC termed the nucleation region (De Lucia et al., 2008). This PHD-PRC2
generates a peak of tri-methylated lysine 27 residues on histone 3 (H3K27me3) in
this localized region, concomitant with reduction in the antagonizing activating
histone mark H3K36me3 (Angel et al., 2010; Yang et al., 2014).

The nucleation event at FLC is correlated with a change in nuclear reorganization of

the FLC locus. Cold exposure quantitatively increases the frequency of physical
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clustering of FLC alleles and is maintained once plants are returned to warm
conditions. This clustering response was shown to be dependent on the presence of

Polycomb proteins (Rosa et al., 2013).

1.6.3 Spreading of PHD-PRC2 across the whole FLC locus
The last step in vernalization occurs when plants are returned to warm temperatures.
The PHD-PRC2 complex spreads along the length of FLC resulting in high levels of
H3K27me3 across the whole gene body (Angel et al., 2011; Yang et al 2014). The
maintenance of this epigenetic mark requires the stabilizing activity of LHP1 (Mylne
et al., 2006, Sung et al.,, 2006). A H3K27 demethylase ELF6 then resets FLC
expression during embryogenesis to ensure that the next generation inherits a

vernalization requirement (Crevillen et al., 2014).

There are two explanations that can equally explain the changes in FLC H3K27me3
observed during vernalization. The rising peak can either be the result of gradually
increasing levels of chromatin modifications in every cell, or an increasing proportion
of cells being flipped from a low to a high H3K27me3 nucleated state. Modelling and
lab experiments support the second hypothesis and suggest that stochastic digital
switching provides the plant with a quantitative biological measure of cold exposure
(Figure 1.3) (Yang et al., 2014; Angel et al., 2010; Satake 2012; Angel et al., 2015).

1.7 Molecular basis of natural variation in vernalization response

Consistent with FLC acting as a major floral repressor, several Quantitative Trait Loci
(QTL) studies have linked FLC and FRI variation to flowering time control (Kover et
al., 2009, Shindo et al., 2005, Shindo et al., 2006, Strange et al 2011; Li et al., 2014).
Other genes identified through this type of analysis include FT, FLM, FRI
homologues FRL1 and FRL2 and FLC homologues FLM/MAF1 and MAF2 (Werner
et al.,, 2005; Schlappi et al., 2006; Caciendo et al., 2009; Roslostski et al., 2006;
Schwartz et al.,, 2009; Li et al.,, 2010; Huang et al.,, 2011; Salome et al., 2011;
Strange et al., 2011).
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Figure 1.3 — Vernalization provides a quantitative memory of cold

Antagonistic chromatin marks either maintain the FLC allele in an active or silenced
state. An increase in population of cells that have been silenced provides a

quantitative memory of cold. (Figure adapted from Song et al., 2014)
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Genome Wide Association (GWA) mapping is a powerful tool that allows single
nucleotide polymorphisms (SNPs) to be associated with specific phenotypes without
the need to generate a mapping population (Weigel et al., 2012). Unfortunately,
population structure can create spurious associations in GWA studies and this can
hamper identification of true associations when investigating complex adaptive traits
in A. thaliana. Although statistical methods have been developed to remove false
positives, these methods can create false negative results by reducing positive
signals to a level below the significance threshold (Atwell et al., 2010). Despite these
limitations this approach has associated genetic variation around FLC both with
variation of flowering time observed under constant temperature treatments (Atwell
et al., 2010) and semi-natural conditions where CERs were programmed to mimic

natural temperatures and photoperiods (Li et al. 2010; Li et al., 2014).

Surprisingly, despite partial vernalizing conditions being predicted by a model of A.
thaliana field development (Wilzcek et al., 2009), genes associated with FLC
regulation were not associated with variation in flowering time in a study that
combined QTL with GWA analyses of plants grown under natural field conditions.
Instead an FT homologue called TWIN SISTER OF FT (TSF) and a number of genes
important to the regulation of the circadian clock including TOC1? and COL1 were
identified (Brachi et al., 2010). Considering that laboratory growth conditions are
significantly warmer and wetter compared to typical natural settings, these and other
field studies results (e.g. Weinig et al., 2002) have led to some to question of the
ecological significance of laboratory-derived phenotype data (Hoffman 2002; Weigel
2012; Shindo et al., 2007).

1.8 FLC haplotype groups account for the majority of variation in

vernalization response

Haplotype group refers to a group of individuals that share a set of single nucleotide
polymorphisms (SNPs) within a defined chromosomal region. Analysis of SNP data
across 1307 accessions identified 5 major FLC haplotype groups (Li et al., 2014).
Strikingly, high quality sequencing of this region revealed no polymorphisms within
the coding regions of FLC; all SNPs were identified within non-coding sequence.
Further genetic and transgenic experiments confirmed these haplotypes to be

functionally distinct with each exhibiting divergent FLC silencing dynamics. Collection
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sites of four accessions (Ull2-5, Var2-6, Lov-1, Edi-0) that represent four of the

haplotype groups are shown in Figure 1.4.

Three of the major FLC haplotype groups contain representative accessions from
Sweden (Li et al., 2014). Var2-6 and UlI2-5 have an obligate requirement for cold
exposure before the reproductive transition can occur under inductive conditions.
They originate from areas in the Skane region in south of Sweden and were taken
from coastal and field habitats, respectively. Ull2-5 has emerged as a representative
member of a slow vernalizing FLC haplotype group with many members originating
from southern Sweden. Fine mapping in F, lines from a cross between Col-0 and
UlI2-5 revealed QTL over FLC, FRI and FT (Shindo et al., 2006; Strange et al.,
2011). Despite Var2-6 being another slow vernalizing accession collected in south
Sweden, sequence analysis indicates that it shares FLC sequence homology with
many accessions collected from northern Sweden. Recent work has revealed that
the slow vernalization phenotype of this haplotype is determined by a single intronic
SNP that alters the splicing pattern of COOLAIR (Li et al., 2015).

The Lov-1 accession originates from the Swedish High Coast, a world heritage site
that is located around 300Km north of Stockholm. It is reported as one of two
members of a rare slow vernalizing FLC haplotype group that also have an obligate
cold requirement (Coustham et al., 2012). The significance of specific regions of FLC
were tested in the Lov-1 accession through the generation of a set of transgenic lines
that contained different sections of Lov-1 FLC substituted into the Col genome.
Analysis of vernalization response in these plants indicate that sequence variation,
specifically within the nucleation region of FLC, contributes most toward variation in

the stability of FLC silencing between the two alleles (Coustham et al., 2012).

An accession originating from the Botanical Gardens in Edinburgh called Edi-0 is a
representative member of the fourth FLC haplotype group. It becomes resistant to
FLC reactivation after only a short period of cold exposure and is therefore
considered to be a rapidly responding accession (Li et al., 2014, Shindo et al., 2006,
Strange et al., 2011). Edi-O only requires six weeks of cold to fully saturate its
vernalization requirement; this is in contrast to the relatively cold insensitive
accessions Var-2-6, Ull-2-5 and Lov-1 that all require around twelve weeks of cold
treatment to achieve similar acceleration of floral transition.
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Col-0 is a representative of the fifth major FLC haplotype group. Since this accession
lacks a functional FR/ allele, an introgressed line that contains the FRI/ allele from the
Spanish San Feliu 2 (Sf2) accession is commonly used in vernalization studies
(Michaels and Amasino, 1999). Like Edi-0, this genotype also exhibits a rapidly
responding phenotype. Extensive knowledge of rapid-cycling Columbia genetics
allows it to be used effectively as a “control” when comparing the vernalization

response of accessions that belong to different FLC haplotype groups.
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Figure 1.4 — Collection sites of representative accessions of major FLC
haplotype groups
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1.9 Vernalization and fithess

Apart from delaying the flowering response, partial vernalization also impacts crop
yield and quality (Campoli and von Korff 2014; Ami et al., 2013). This has provided
an incentive for research to determine minimum, optimum and maximum vernalizing
temperatures in economically important plant species (Byrne and Bacon 1992).
Figure 1.5 presents examples of effective vernalizing temperatures where upper and
lower thresholds have either been estimated from field data or by extrapolation of
data beyond the temperature range tested. These ranges broadly reflect the
conclusions of an early review of empirical data suggesting that vernalization
typically occurs between 0°C and 14°C (Chouard, 1960). However notable
exceptions exist in the literature such as the optimal response of blackcurrent (Ribes
nigrum) at -5°C (Jones et al., 2014) and the effective (-3°C, 27°C) range reported for
winter wheat (Craigon 1995). Reports of ornamental perennials similarly suggest that
many species vernalize efficiently between Chouard’s general range of between 0°C
and 14°C (Padhye and Cameron 2009, Padhye and Cameron 2008), although -2.5°C
was found to activate an optimal response for Veronica spicata ‘Red Fox’ (Fausey
and Cameron 2007).

1.10 Phenotypic plasticity in a changing climate change

Phenotypic plasticity can be described as the range of phenotypes a single genotype
can express as a function of its environment (Nicotra et al., 2010). This phenotypic
range is important in enabling plants to vary their phenotypes and is fundamental to
survival under fluctuating environmental conditions. There is evidence that climate
change has already caused a shift in the flowering time of annual plants (Franks and
Weis, 2008) through a combination of rapid evolution and phenotypic plasticity
(Nicotra et al., 2010). There is a general consensus that plasticity will be vital for
plant populations over the coming century. This could determine whether populations
persist long enough for rapid evolution to provide the novel genotypes required for

long-term survival (Nicotra et al., 2010, Visser, 2008).

Climate change has advanced flowering phenology for many plants (Fitter and Fitter,
2002; Menzel et al., 2006; Willis et al., 2008). But a smaller group of non- responding

and later flowering species have also been identified where warmer winters have
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been suggested to be the result of insufficient vernalization (Cook et al., 2012). It has
been speculated that as temperatures rise over the coming century, there will be an
increase in both the number of affected species in this group and the extent of the
phenological delay (Cook et al., 2012). At present these impacts are difficult to
predict as little is known about either the effective vernalization temperature ranges

of natural plant species and/or the phenotypic plasticity of this trait.

Veronica spicata ‘Red Fox’
(Fausey and Cameron 2007)

Campanula ‘Birch Hybrid’
(Padhye and Cameron 2009)

Carrot
(Atherton et al.,1998)

Wheat
(Porter and Gawith 1999)

Brassica oleracea
(Wurr et al.,1995)

Winter Wheat
(Craigon et al.,1998)

-15 -10 -5 0 5 10 15 20 25 30
Vernalization Temperature (°C)

Figure 1.5 — Published predictions of effective vernalization temperature for
crop and ornamental species

Upper and lower threshold temperatures are indicated by the ends of the blue boxes
and predicted optimum temperatures are indicated by black bars.

1.11 Thesis outline

The aim of work presented in this thesis was to gain an insight into how climate
change might affect vernalization over the coming century. Extensive molecular and
ecological knowledge, in addition to the wide geographical and vernalization range,

makes Arabidopsis thaliana an ideal plant in which to address this issue.
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The majority of published Arabidopsis vernalization research reports response of
plants that have been exposed to constant 4 or 5°C treatments for varying periods of
time. This temperature preference dates back to early work published by Prof. Klaus
Napp-Zinn that showed a late flowering Swedish accession called Stockholm
vernalized efficiently between 2 and 4°C, but less well at lower temperatures (Napp-
Zinn 1957). So | decided to determine the extent of plasticity in the vernalization
response in natural Arabidopsis accessions as a starting point to understand how

this model plant might be affected by climate change.

Chapter 2 reports results of laboratory experiments that were set up to determine
the effective vernalization temperature range for representative accessions from the
five major FLC haplotype groups. These revealed a surprising optimal response for
Lov-1, at a temperature that exceeds the assumed effective vernalizing range for A.
thaliana (Wilzcek et al., 2009; Chew et al., 2012). In addition the effect of vernalizing
temperature was found to extend beyond enhanced acceleration of flowering to seed

yield and dormancy.

The genetic basis and potential adaptive significance of the Lov-1 temperature
optimum is explored further in Chapter 3 where population life history and climate
analyses led to a hypothesis that was tested during field experiments in northern

Sweden.

Vernalization responses activated under constant conditions were then used to
validate parameter selection for the chilling unit model presented in Chapter 4.
Predictions of temperature integration were then interrogated for all accessions by
comparing expected with observed results from field experiments. The vernalization
model was then used to predict the potential impact of future climate scenarios at

locations that span the species’ latitudinal range.

Results presented in chapters 2-4 highlighted that complex temperature integration is
a key aspect of vernalization that is still poorly understood. Determining the
molecular basis of the integration of long-term temperature trends still presents a
major challenge. Complex molecular circuitry has evolved to effectively modulate
FLC transcription rather than protein metabolism to control flowering. This makes
experimental approaches that determine expression levels invaluable for
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vernalization research. Reverse transcription quantitative polymerase chain reaction
(RT-gPCR) is commonly used to achieve this aim, however this method lacks cellular
resolution and potentially important information about cellular localization of mRNA.
In Chapter 5 | report results of experiments that validate a novel single molecule
fluorescent in situ hybridization (smFISH) method that enables mRNA to be

quantified at the single cell level for the first time in plants.

Results of smFISH experiments are then presented in Chapter 6 that address
outstanding questions relating to memory of cold during vernalization. These results
advance our current understanding of cold perception and could help inform future
modelling efforts aiming to simulate complex temperature integration at the cellular

level.
In Chapter 7 the findings presented in each chapter are summarised and discussed

in the context of related research. Finally, areas of development and future work are

proposed.
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Chapter 2 - Consequences of varying vernalization
temperature for flowering time and seed yield

Division of work — Kate Dziubinska and Man Yu helped with seed collection, Clare
Lister and Amy Strange generated the near isogenic lines (John Innes Centre).

Arthur Korte collected 0°C flowering time data at Gregor Mendel Institute, Vienna.

2.1 Introduction

The climate envelope for the population range of Arabidopsis thaliana is extensive
(Hoffmann et al., 2002) so it is perhaps unsurprising that variation exists in the length
of vernalization required by winter annual accessions. Much of the variation in
flowering time measured after vernalization at ~4°C has been shown to be
attributable to non-coding polymorphisms within FLC (Coustham et al., 2012; Li et
al., 2014; Li et al, 2015), but less is known about vernalization at other
temperatures. In addition to knowledge of temporal requirements for cold, it was
clear that exploring the effective temperature range would be important for predicting

future impacts of climate change on the vernalization process.

Standard conditions traditionally used to study the vernalization process in A.
thaliana date back to work published in 1957 that showed 4°C effectively accelerated
flowering of a late flowering accession originating from Sweden (Napp-Zinn, 1957). |
have continued the analysis of northern A. thaliana accessions and here | report that
vernalization is effective at temperatures significantly higher than 4°C. | also found
that the temperature effects extended beyond flowering time to impact fecundity and
seed germination. This work has been corroborated by studies on A. thaliana
accessions collected in Spain (Wollenburg and Amasino, 2011). Together these
findings have implications for modelling the life history impacts of vernalization

temperature under future climate scenarios.
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Figure 2.1-Testing the effectiveness of ColFRIF? vernalization temperatures
(A) The range of temperatures used to test the vernalization response for ColFRIF%.
The flowering times observed for these experiments are shown in (B). NV = Non-
vernalized. n=12. Results shown are +SD. Student’s t-test results are reported for
each treatment compared to NV. ****p<0.0005, *** < p<0.001, p>0.05 = ns, not
significant.
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Figure 2.2 — Determining the relative contributions of FLC, FRI and VIN3 to
ColFRF? vernalization plasticity
Days to flower recorded after 4 weeks vernalization at a range of temperatures.

Results are presented +SD. n=12.

2.2 Temperatures between 0°C and 14°C accelerate Col FRF" flowering

The effective vernalization temperature range was first determined in the reference
genotype ColFRF™. A schematic of the experimental approach taken is shown in
Figure 2.1A. Briefly, plants were pre-grown for one week before being transferred
into short-day temperatures ranging between 0°C and 20°C. Flowering time was
scored as the number of days from transfer back to inductive conditions until floral
buds were first visible. Results from this experiment revealed that ColFRF* flowered
significantly earlier than non-vernalized plants following treatments ranging between
2°C and 14°C (Figure 2.2B). Furthermore, 12°C was found to be a significantly more
effective than either 14°C or 16°C (Student’s t-test, p<0.0001).
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2.3 FLC, FRI and VIN3 synergistically contribute to Col FRF™

vernalization plasticity.

Accelerated flowering following a 14°C treatment was unexpected since in flowering
research this is generally considered an ambient rather than a chilling temperature.
This finding prompted further experiments to explore the genetic basis of the
phenotypic plasticity observed for ColFRF?. Results from a flowering time
experiment in a ColFRF? line lacking FLC (ColFRF? flc-2) showed a similar trend,
but dampened response across the temperature range. In the absence of FLC, FRI
delayed flowering times following treatments above 14°C. This was perhaps due to
FRI mediated up regulation of FLC related MAF genes (Ratcliffe et al., 20083).
Consistent with this hypothesis, the delay observed for treatments above 14°C was
abolished in ColFRF® genotypes that lacked FRI (Col-0) or both FLC and FRI (Col-0
fle-2) (Figure 2.2).

The lack of response observed for the Col FRIP® vin3 genotype confirms that VIN3 is
a necessary component for vernalization, potentially as an early thermo-sensitive
step (Figure 2.2). Together these results indicate that FLC, FRI and VING are all

required for the phenotypic plasticity of flowering time observed for ColFRFF®.

2.4 VIN3 mediated FLC repression and subsequent FT up-regulation

accelerates flowering across the effective temperature range

Despite the confirmation that both FLC and FRI are necessary for the observed
delay in flowering across the effective tempera