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ABSTRACT
Flowering time is a carefully regulated trait that integrates cues from temperature
and photoperiod to coordinate flowering at favorable times of the year. This
dissertation aims to understand the evolution of genetic architecture that
facilitated the transition of Pooideae, a subfamily of grass, from the tropics to the
temperate northern hemisphere approximately 50 million years ago. Two traits
hypothesized to have facilitated this evolutionary shift are the use of long-term
low-temperature (vernalization) to ready plants for flowering, and long-day
photoperiods to induce flowering. In chapter one I review literature on the
regulation of grass flowering by vernalization and photoperiod, and in chapters
two and three I determine the role of VERNALIZATION 1 (VRN1) and VRN2,
known to confer vernalization responsiveness in core Pooideae crop species, in
flowering time across Pooideae. In chapter four, I then test predictions of the
hypothesis that the Brachypodium distachyon miR5200 ortholog in the ancestor
of Pooideae was important for suppressing short day flowering through its
negative regulation of flowering time integrator FLOWERING LOCUS T
(FT)/VERNALIZATION3 (VRN3). In combination with other studies, my data
demonstrate that VRN1-mediated vernalization responsiveness evolved early in
the Pooideae, while VRN2-mediated vernalization responsiveness appears to
have evolved much later in the diversification of Pooideae. Although miR5200
likely evolved early in the Pooideae, its transcriptional regulation by short day
photoperiod appears derived within Brachypodium distachyon. This work
answers important questions about the evolutionary origin of temperature- and
photoperiod-mediated flowering in an economically important clade that
contains crop species such as wheat (Triticum aestivum) and barley (Hordeum
vulgare). Directions for future work on this topic are discussed in chapter 5.
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CHAPTER ONE
Introduction

ENVIRONMENTAL CONTROL OF PLANT FLOWERING TIME
Being sessile organisms, plants are subject to particularly strong selective
pressures to adapt to the ever-changing environment in which they are rooted. One of the
key traits under intense selective pressure is flowering time (Lang, 1952), a term used to
describe the number of days between germination and some stage of reproductive
development. Prior to flowering, the juvenile plant receives inductive exogenous and/or
endogenous signals that promote a physiological shift to adult reproductive growth.
Unlike the juvenile shoot apical meristem (SAM), the adult SAM is competent to respond
to environmental signals that will induce a secondary shift to inflorescence growth. Thus,
upon receiving these stimuli, reproductive phase change is marked by a set of
morphological transitions in the inflorescence SAM that will eventually lead to the onset
of flower development (Bergonzi and Albani, 2011; Huijser and Schmid, 2011).
Flowering time is a vastly important trait because it determines when in the
season, and thus under which conditions, a plant will have the opportunity to distribute its
reproductive materials. Many exogenous and endogenous cues such as photoperiod,
temperature, precipitation, age, biomass, and hormones integrate into the complex trait of
flowering time (Lacey, 1986; Bernier and Périlleux, 2005; Franks et al., 2007; Andrés
and Couplan, 2012; Song et al., 2015). Fitness differences between plants have been
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associated with differences in flowering time and ability to respond to environmental
cues for flowering (Korves et al., 2007). Climatic pressures influence selection on
flowering time to maximize progeny viability, while minimizing the waste of
energetically expensive resources such as seeds ( Korves et al., 2007; Cook et al., 2012).
Several adaptations have evolved to match flowering time with favorable
environmental conditions. Two major regulators of flowering time in the temperate zones
are photoperiod and temperature, which both vary with geographic location. Temperature
and photoperiod often work synergistically to trigger flowering at the most favorable time
to maximize survival of the next generation (Andrés and Coupland, 2012). In many cases,
one environmental factor, perhaps temperature or photoperiod, may regulate flowering
time more strongly than other factors (Bernier and Périlleux, 2005).

Vernalization-mediated flowering
In the temperate zone where there is strong climate seasonality, “vernalization
responsiveness” has evolved multiple times independently (Preston and Sandve, 2013).
Vernalization is formally defined as the achievement of floral competency after a
prolonged exposure to chilling (Chouard, 1960). Plants that are responsive to
vernalization achieve floral competency faster with versus without vernalization (Meyer,
2004). This quantitative response is beneficial for seasonal-temperate plants because it
blocks short-term winter warming from triggering premature flowering, while
simultaneously readying plants to flower quickly with the onset of spring (Amasino,
2005). The typical range of vernalization sufficient to mount and sustain the reproductive
response is 1–3 months with an average temperature range from 1–7°C (Michaels and
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Amasino, 2000). Plants vary in their ability to respond to warm-day interruptions in the
vernalization period while still achieving floral competency (Thompson, 1944; Purvis
and Gregory, 1952; Michaels and Amasino, 2000). For example, celery can tolerate
extended breaks in the cold period, while rye cannot (Thompson, 1944; Purvis and
Gregory, 1952; Michaels and Amasino, 2000).
Vernalization research has enjoyed a rich history dating as far back as 1918
(Gassner, 1918; Lang, 1965; Bernier et al., 1981). In particular, the vernalization
response in cereal grasses has been the focus of much work (Chouard, 1960; Trevaskis et
al., 2007; Distelfeld et al., 2009; Ream et al., 2013a). Particular accessions of Arabidopsis
thaliana, the iconic model plant, also have a vernalization requirement, which has been
extensively studied and reviewed (Gendall et al., 2001; Amasino, 2000, 2004; Alexandre
and Hennig, 2008). Molecular differences between the Arabidopsis and cereal grass
vernalization network have been examined and have yielded interesting ideas about the
convergent nature of the vernalization response, a topic that will be further discussed in
this review (Amasino, 2004; Yan, 2004; Yan et al., 2004; Amasino, 2005; Dennis et al.,
2006; Preston and Sandve, 2013; Ream et al., 2013b).

Photoperiod-mediated flowering
Photoperiod-mediated regulation of flowering is key to the successful timing of
flowering in the highly seasonal temperate zone. Seasonality is comprised of annual
cyclical changes in both temperature and photoperiod. Thus, photoperiod acts as a
fundamental counterpart to temperature, playing an equally important role in
coordinating the seasonably favorable timing of flowering. For most temperate plants,
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long day conditions signal the induction of flowering, while short days prevent, or delay,
flowering. In the case of short-day induced plants, such as rice (Oryza sativa), the
opposite is true. In line with a requirement for vernalization, the inhibition of flowering
by photoperiod-responsive genes functions to prevent precocious fall flowering, and thus
the wasting of reproductive resources during unfavorable conditions. Interestingly, key
genes of the core photoperiod pathway (described below) are conserved between
Arabidopsis and temperate cereal species (Greenup et al., 2009), suggesting a very early
cooption of genes into the photoperiod pathway, prior to the divergence of eudicots and
monocots (Turck et al., 2008). Although key aspects of photoperiod-responsive flowering
are greatly conserved, the way in which other networks, such as the vernalization
network, integrate with the photoperiod network varies between plant groups.

STUDY GROUP
The grass family, Poaceae, is a particularly important group of plants from both
an economic and evolutionary perspective. This family holds more than 12,000 species in
over 700 genera (Clayton and Renvoize, 1986; Osborne et al., 2011; Soreng et al., 2015)
and has been cited as covering between twenty and thirty percent of the world’s terrestrial
surface (Mathews et al., 2000; GPWG, 2001). Many staples in the human diet including
wheat (Triticum aestivum), barley (Hordeum vulgare), rice, and corn (Zea mays) reside in
Poaceae. The easily transformable and quick growing nature of the model grass species
Brachypodium distachyon has recently caught the eye of alternative energy researchers as
a potential clean energy source (International Brachypodium Initiative, 2010; Schwartz et
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al., 2010). In addition to their economic importance, grasses have a complicated
evolutionary history that has long intrigued phylogeneticists (Kellogg, 2001). The
genomic history of the grasses is entwined with genome duplications, selective sweeps,
and polyploidization events that have made phylogenetic reconstruction of the family
challenging (Gale and Devos, 1998; Gaut, 2002; Christin et al., 2012; Estep et al., 2014).
The goals of grass systematists have been to understand the evolutionary history of the
grasses, the genomic changes that took place at each speciation event, and how to
organize the nomenclature of this large and complex plant family. A significant amount
of work has been accomplished by the Grass Phylogeny Working Group to understand
the relationships within this family (GPWG, 2001; GPWG II 2012). Although the major
backbone of the grass phylogeny has more-or-less been worked out, questions still
remain about the evolution and development of many functional traits (GPWG II, 2012).
The Pooideae (colloquially known as pooids) are a subfamily of grasses that
account for over 4,200 species within the Poaceae (Soreng et al., 2015) and contains
some of the most economically important fodder crop species including wheat, barley,
and oats (Avena sativa), and B. distachyon (Schwartz et al., 2010; GPWG II, 2012).
While Poaceae is estimated to have evolved anywhere from 58–129 million years ago
(Ma), depending on the fossil used for calibration (Prasad et al., 2011; Magallón et al.,
2015), Pooideae is hypothesized to have emerged as recently as 38–44 mya during the
Eocene–Oligocene transition (Gaut, 2002; Christin et al., 2008; Vincentini et al., 2008;
Bouchenak-Khelladi et al., 2010) (20 million years older in Prasad et al., 2011). During
this time period a major global cooling event is hypothesized to have occurred (Zachos,
2001; Stickley et al., 2009; Sandve and Fjellheim, 2010), spurring the pooid grass
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transition out of their ancestral geographic origin in the tropics, into the cool and seasonal
northern temperate zone (Hartley, 1973; Barker et al., 2001; Visser et al., 2014).
It is postulated that Pooideae-specific expansion of gene families allowed the
pooids to move into the temperate climate niche and thrive during the global cooling
transition (Sandve and Fjellheim, 2010; Sandve et al., 2011). Preston et al. (2007) suggest
that vernalization responsiveness represents the ancestral state of pooid grasses and that
the spring (i.e. non-vernalization requiring) growth habit evolved from multiple losses of
a shared derived vernalization response (Preston and Kellogg, 2008). Thus, it is
hypothesized that the evolution of vernalization responsiveness may have been a driving
force in allowing the pooids to expand into, and thrive in, the emerging temperate
environment during the Eocene–Oligocene global transition (Preston and Kellogg, 2008;
Sandve et al., 2008; Sandve and Fjellheim, 2010; Sandve et al., 2011). Furthermore, if the
pooid niche expansion involved northward expansion from the equator, in addition to in
situ changes in climate, a switch from short-day (e.g. rice) or day-neutral (e.g. some
bamboos) to long-day photoperiodicity might have been a further key adaptation.
Research into the evolution of vernalization- and photoperiod-mediated flowering will
likely provide valuable insight into the evolutionary history of the pooids as well as lend
important knowledge about the genetic characteristics of convergent plant responses.
This line of research is increasingly important to inform our understanding of how plant
genetic architecture constrains adaptive responses to current and future climate change.

VERNALIZATION RESPONSE GENES
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Two key regulators of the vernalization response in Arabidopsis are FRIGIDA
(FRI) and the MADS-box gene FLOWERING LOCUS C (FLC) (Michaels and Amasino,
1999; Sheldon et al., 1999). Under warm conditions of the spring and summer, FLC
works by repressing FLOWERING LOCUS T (FT), the mobile promoter of flowering,
while FRI increases FLC expression (Lee et al., 1993; Clarke and Dean, 1994; Koornneef
et al., 1994; Lee et al., 1994; Michaels and Amasino, 1999; Sheldon et al., 1999;
Amasino, 2005). The effect of vernalization in Arabidopsis is mediated through
epigenetic modification of FLC, which becomes increasingly silenced during
vernalization via the H3K27me3 silencing mechanism where trimethylation of Lys27 on
histone H3 prevents transcription (Coustham et al., 2012). Polymorphisms in FLC are
responsible for differing vernalization responses and result in altered levels of
methylation between accessions (Coustham et al., 2012). Although the basis for
vernalization response has been extensively studied in Arabidopsis, it has been examined
in only a handful of other species including sugarbeet (Amaranthaceae) (Pin et al., 2010),
Mimulus guttatus (Phrymaceae) (Preston et al., 2016), and a few economically important
cereals such as wheat and barley (Ream et al., 2013b).
The wheat and barley vernalization network (Fig. 1) is composed of two major
genes VERNALIZATION1 (VRN1) (=FRUITFULL1 [FUL1]) and VERNALIZATION2
(VRN2), and the downstream integrator gene, VERNALIZATION3 (VRN3) (=FT). VRN1
is the grass co-ortholog of Arabidopsis reproductive meristem identity genes APETALA1
(AP1), CAULIFLOWER (CAL), and FRUITFULL (FUL) (Yan et al., 2003; Litt and Irish,
2003; Preston and Kellogg, 2006), whereas VRN2 and VRN3 are homologous to the
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Arabidopsis photoperiod gene CONSTANS (CO) and FT, respectively (Yan et al., 2004,
2006).
VRN1, the central regulator of the cereal vernalization network, encodes a
MADS-box transcription factor that is upregulated over the course of vernalization
(Danyluck et al., 2003; Murai et al 2003; Trevaskis et al., 2003; Yan et al., 2003). During
vernalization, the VRN1 locus in winter barley line Sonja, loses H3K27Me3 and gains
H3K4me3 methylation, collectively promoting an active chromatin state, and an increase
in transcription (Oliver et al., 2009). While vernalization leads to the epigenetic
upregulation of the flowering promoter VRN1 in cereals (Coustham et al., 2012; Woods
et al., 2014), in Arabidopsis vernalization triggers the epigenetic downregulation of the
flowering repressor FLC, a central regulator gene in the vernalization network (Coustham
et al., 2012). These differing mechanisms of regulation in response to vernalization
suggest that the vernalization network is quite labile, and has convergently evolved via a
variety of means in different lineages (Preston and Sandve, 2013).
The mechanism of exactly how VRN1 directs the transition from the vegetative
SAM to the inflorescence meristem during vernalization remains elusive. VRN1
expression in the SAM lags behind VRN1 expression in leaves, suggesting that VRN1
plays disparate roles in the achievement of flowering competency and the transition to
flowering (Preston and Kellogg, 2008). In the long, warm days of early fall, VRN2
represses VRN3/FT, preventing precocious fall flowering in wheat and barley (Yan et al.,
2004). Recently it was demonstrated that over the course of vernalization, the VRN1
protein binds to and stably represses expression of VRN2 and ODDSOC2, both of which
are repressors of flowering (Deng et al., 2015). The repression of VRN2 causes the
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derepression of VRN3/FT, thus allowing VRN3/FT to increase in abundance to promote
the transition to flowering (Ream et al., 2013b; Yan et al., 2006).
Allelic variation in VRN1, VRN2, and VRN3 is correlated with flowering time
differences at the accession and population level in barley, wheat, perennial ryegrass
(Lolium perenne), and B. distachyon (Danyluk, 2003; Yan et al., 2003; 2004; 2006; Fu et
al., 2005; Zitzewitz et al., 2005; Andersen et al., 2006; Szűcs et al., 2006). In VRN1, for
example, mutations in transcriptional cis-regulatory sites of the promoter and first intron
result in rapid flowering due to a loss of a vernalization-specific gene-protein interaction
(Yan et al., 2003; Yan et al., 2004; Zitzewitz et al., 2005; Cockram et al., 2007; Pidal et
al., 2009). Natural variation in VRN2 spring wheat accession DV92 carries a point
mutation at position 35 of the CCT domain in VRN2 resulting in a rapid flowering
phenotype (Yan, 2004).
After de-repression of VRN3/FT due to decreased VRN2 levels, protein products
of VRN3/FT move from the leaves through the phloem to the SAM, at which point the
plant becomes competent to flower during the process of primary induction or juvenile to
adult phase change (Dubcovsky et al., 2006). Secondary induction of flowering occurs
during the onset of longer spring days (Dubcovsky et al., 2006). Under long days,
CONSTANS2 (CO2), upregulated by PHOTOPERIOD1 (PPD1), outcompetes VRN2 for
CCT-motif-binding NF-Y proteins, ultimately resulting in the upregulation VRN3/FT and
a second migration to the shoot apex (Li et al., 2011). This second migration from the
leaves to the SAM allows VRN3 to outcompete its paralog TFL1 for binding to FDL2,
the latter complex resulting in the upregulation of inflorescence meristem identity genes,
including VRN1, and the onset of flowering (Dubcovsky et al., 2006).
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PHOTOPERIOD RESPONSE GENES
The vernalization network (Fig. 1) has a robust synergistic relationship with the
photoperiod network, further preventing precocious fall flowering (Ream et al., 2013a).
These two networks converge on the florigen integrator gene, VRN3/FT, in order to
regulate the timing of flowering (Dennis and Peacock, 2009). The photoperiod and
circadian pathways are closely tied through the stability of the CO protein (Suárez-López
et al., 2001; Valverde et al., 2004). In cereals, the circadian clock-controlled pseudo
response regulator (PRR) protein PHOTOPERIOD1 (PPD1) upregulates the expression
of CO in response to long-day photoperiods (Turner et al., 2005). In Arabidopsis it was
demonstrated that CO expression is highest in the afternoon, with the protein being
stabilized by light, and thus highest accumulating in its active form under long days
(Valverde et al., 2004). In the short days of winter, when CO reaches peak expression in
the dark of late afternoon, the CO protein product is unstable and unable to upregulate
VRN3/FT, thus preventing the florigen from coordinating a transition to flowering
(Valverde et al., 2004). The expression of VRN3/FT thus has a relationship with
photoperiod-dependent stability of CO, and provides a direct link between the seasonal
photoperiod and temperature pathways.
Photoperiod regulates other genes in the cereal vernalization network as well. In a
recent paper by Mulki and von Korff (2016) it was demonstrated that photoperiodresponsive CO1, CO2, and PPD1 (Ppd-H1) genes regulate VRN2 in barley. When CO2 in
spring barley (containing a deletion of VRN2) was overexpressed, flowering induction
became dependent on photoperiod-responsive Ppd-H1 (Mulki and von Korff, 2016).
Interestingly, when CO1/CO2 was overexpressed in winter barley (containing VRN2),
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expression of VRN2 increased and flowering was delayed regardless of photoperiod
(Mulki and von Korff, 2016). Likewise, it was demonstrated that VRN2 downregulates
CO2 and Ppd-H1, indicating the strong reciprocally repressive relationship VRN2 has
with photoperiod-dependent genes.
Recently, another aspect of photoperiod-dependent VRN3/FT regulation was
reported by Wu et al. (2013), whereby the B. distachyon microRNA miR5200 is
upregulated in short days, acting to degrade FT mRNA. This photoperiod-driven regulon
adds an additional check to the flowering time integrator VRN3/FT, further ensuring that
this key florigen is not upregulated in unfavorable (fall-winter) conditions.

SYNTHESIS
Together, it is clear that both vernalization and photoperiod play important roles
in orchestrating the timing of flowering across diverse plant lineages, including temperate
cereal crops. In the following chapters, I examine the evolution of genes participating in
the vernalization and photoperiod pathways in the temperate cereal group, Pooideae.
Specifically, I test whether: 1) VRN1-mediated vernalization evolved at the base of the
Pooideae, concomitant with a shift out of the tropics and into the temperate north, 2)
VRN2 arose as the result of a duplication event at the base of the Pooideae, and
vernalization-induced repression of VRN2 transcription is conserved across Pooideae, and
3) a photoperiod-responsive miR5200 is present in early diverging Pooideae species,
upregulated in short days across Pooideae, and correlated with the decreased expression
of VRN3/FT, as previously seen in B. distachyon.
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FIGURES

Figure 1. Cereal and Arabidopsis flowering time networks.
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ABSTRACT
The ability of plants to match their reproductive output with favorable environmental
conditions has major consequences both for lifetime fitness and geographic patterns of
diversity. In temperate ecosystems, some plant species have evolved the ability to use
winter non-freezing cold (vernalization) as a cue to ready them for spring flowering.
However, it is unknown how important the evolution of vernalization responsiveness has
been for the colonization and subsequent diversification of taxa within the northern and
southern temperate zones. Grasses of subfamily Pooideae, including several important
crops such as wheat, barley, and oats, predominate in the northern temperate zone, and it
is hypothesized that their radiation was facilitated by the early evolution of vernalization
responsiveness. Predictions of this early origin hypothesis are that a response to
vernalization is widespread within the subfamily, and that the genetic basis of this trait is
conserved. To test these predictions, we determined and reconstructed vernalization
responsiveness across Pooideae, and compared expression of wheat vernalization gene
orthologs VERNALIZATION1 (VRN1) and VRN3 in phylogenetically representative taxa
under cold and control conditions. Our results demonstrate that vernalization responsive
Pooideae species are widespread, suggesting that this trait evolved early in the lineage,
and that at least part of the vernalization gene network is conserved throughout the
subfamily. These results are consistent with the hypothesis that the evolution of
vernalization responsiveness was important for the initial transition of Pooideae out of the
tropics and into the temperate zone.
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INTRODUCTION
The ability of plants to match reproductive output with favorable environmental
conditions is a key component of individual fitness, and likely contributes to current
distributional patterns of biodiversity (Rathcke and Lacey, 1985; Chuine and Beaubien,
2008; Matsuoka et al., 2008). A key aspect of reproductive output is flowering time, a
major developmental transition that is controlled by exogenous and endogenous factors,
including temperature seasonality in temperate plants (Bäurle and Dean, 2006; Dalchau et
al., 2010; McClung and Davis, 2010; Tsuji et al., 2011). In "winter" annuals and
perennials, the flowering transition is induced by an extended period of cold that results
in a physiological switch allowing plants to flower when secondarily induced by specific
day lengths and/or warm temperatures. Rapid flowering following exposure to cold
temperatures is termed vernalization responsiveness (Chouard, 1960), and is postulated to
be an evolutionary strategy to ready temperate plants for spring flowering (Wollenberg
and Amasino, 2012; Preston and Sandve, 2013; Fjellheim et al., 2014). However, in
regions experiencing little cold or temperature seasonality, a response to vernalization
can substantially delay flowering, resulting in reduced fitness. The latter mismatch
between seasonal cues and flowering has been postulated to be one of the negative
impacts of global warming on plant fitness (Franks et al., 2007; Cook et al., 2012). Thus,
understanding the relative lability and genetic architecture underlying gains/losses of
vernalization responsiveness will facilitate our understanding of local adaptation and
plant responses to climate change.

22

An exemplar lineage in which to study the evolution of vernalization responsiveness is
the ecologically diverse grass family (Poaceae), which originated 51-82 million years ago
(Ma), probably in tropical forests (Kellogg, 2001; Prasad et al., 2011; Christin and
Osborne, 2013; Christin et al., 2014; Magallón et al., 2015). Despite its tropical origins, a
few grass clades have successfully diversified in temperate environments (Edwards et al.,
2010; Edwards and Smith, 2010; Humphreys and Linder, 2013). In particular, the
diversification of Pooideae grasses in the northern hemisphere coincides with a period of
major global cooling that peaked during the Eocene-Oligocene (E-O) boundary 34-33.5
Ma (Zachos, 2001; Mannion et al., 2014). During this time it is hypothesized that
Pooideae became more cold tolerant (Sandve et al., 2008; Sandve and Fjellheim, 2010;
Sandve et al., 2011; Preston and Sandve, 2013; Vigeland et al., 2013), and evolved a
response to vernalization (Preston and Kellogg, 2008; Ream et al., 2013a). Indeed,
vernalization responsiveness has been identified in several so-called core group Pooideae
(Davis and Soreng, 1993), such as wheat (Triticum aestivum), barley (Hordeum vulgare),
oats (Avena sativa), and ryegrass (Lolium perenne), and a sister Pooideae species
Brachypodium distachyon (Brachypodieae) (Takahashi and Yasuda, 1971; Heide, 1994;
Trevaskis et al., 2003; Yan et al., 2003; Preston and Kellogg, 2008; Greenup et al., 2011;
Ream et al., 2013a). It is, however, unknown whether vernalization responsiveness
evolved at the base of Pooideae, concomitant with the tropical to temperate zone
transition.

The genetic basis of vernalization responsiveness has been extensively studied in a few
economically important core Pooideae species (Ream et al., 2013b), revealing two key
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epistatic vernalization genes, VERNALIZATION1 (VRN1) (=FRUITFULL1 [FUL1]),
VRN2, and their downstream floral integrator VRN3 (=FLOWERING LOCUS T [FT])
(Danyluk, 2003; Trevaskis et al., 2003; Yan et al., 2003; Amasino, 2004; Preston and
Kellogg, 2006; Preston and Kellogg, 2008; Distelfeld et al., 2009; Greenup et al., 2009;
Ream et al., 2013b). In winter wheat and barley, cold non-freezing temperatures of the
fall/winter cause an increase in leaf and shoot apical meristem transcription of the
flowering promoter VRN1, leading to repression of the floral repressor VRN2 and the
consequent derepression of VRN3 (Yan et al., 2003; Yan, 2004a; Dubcovsky et al., 2006;
Trevaskis et al., 2007; Preston and Kellogg, 2008; Distelfeld et al., 2009). The activation
of VRN1 expression during cold occurs in response to histone modifications, resulting in
the achievement of flowering competency, which can be visualized by the transition of
the shoot apical meristem to the double-ridge stage (Preston and Kellogg, 2008; Oliver et
al., 2009; Trevaskis, 2010; Oliver et al., 2013). Once competent, vernalized plants are
able to respond to the inductive warm temperatures and long-days of spring, resulting in
the upregulation of VRN3 in leaves, and VRN1 in shoot apices, followed by a rapid
transition to flowering.

Allelic variation in VRN1, VRN2, and VRN3 has been shown to correlate with population
differences in cold-mediated flowering in barley, wheat, ryegrass, and Brachypodium
distachyon (Danyluk, 2003; Yan et al., 2003; Yan et al., 2004b; Fu et al., 2005; Zitzewitz
et al., 2005; Szűcs et al., 2006; Yan et al., 2006; Kippes et al., 2015). For example,
disruption of the regulatory site in the first intron or CArG-like motif of the wheat and
barley VRN1 promoter results in constitutive expression of VRN1, leading to early
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flowering in the absence of cold (Yan et al., 2003; Yan et al., 2004b; Zitzewitz et al.,
2005; Cockram et al., 2007; Pidal et al., 2009). The extent to which Pooideae species
outside the core group plus Brachypodieae are responsive to vernalization is unclear (but
see Woods et al., 2016). Indeed, although evidence suggests the late incorporation of
VRN2 into the vernalization network at the base of core Pooideae (Woods et al., 2016), it
remains to be determined whether other components of this gene network trace back
earlier to the ancestor of Pooideae.

Here, we test predictions of the hypothesis that VRN1-mediated vernalization
responsiveness evolved early in the diversification of Pooideae. Although we find no
evidence of positive selection along branches leading to the Pooideae or core Pooideae
VRN1 lineages, our data demonstrate that VRN1 and VRN3 expression is directly (VRN1)
or indirectly (VRN3) upregulated by cold in several phylogenetically widespread species,
and that this correlates with the reconstructed early origin of vernalization-controlled
flowering. Taken together, these results are consistent with recruitment of flowering time
genes into the vernalization network at or around the base of Pooideae.

RESULTS

Identification of Vernalization Responsive Species
In order to determine if species across Pooideae are responsive to vernalization,
temperature adjusted days to flowering, tiller number at flowering, and leaf number at
flowering were measured and compared between vernalized and unvernalized plants of
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phylogenetically representative species. Adjusted days to flowering takes into account the
difference in accumulated heat units between warm and cold conditions during the sixweek vernalization period (33.6 days), and attempts to correct for the potential negative
impact of reduced temperature on growth (Kirby et al., 1989; Baloch et al., 2003). Of the
61 focal taxa that germinated under growth chamber conditions (Table S1), 40 had at
least three flowering individuals in one or both treatments, including 10 core and 30 noncore Pooideae (Fig. 1). Within the flowering core Pooideae that were not previously
known to be responsive to vernalization (i.e. excluding the controls Hordeum vulgare,
Triticum aestivum, Festuca pratensis, and Lolium perenne) 5 out of 6 (83%) flowered
significantly earlier with versus without vernalization, whereas this ratio (removing the
two Brachypodium distachyon controls) was only 13 out of 28 (46%) for taxa outside the
core group (Fig. 2). Vernalization responsive species also showed reduced tiller number
at flowering with versus without cold treatment, except for Achnatherum calamagrostis,
Duthiea brachypodium, Hesperostipa spartea, Macrochloa tenacissima, Nassella
pubiflora, and Piptatherum aequiglume (Fig. S1). However, in the case of Hesperostipa
spartea and Macrochloa tenacissima, total number of leaves at flowering was
significantly (P < 0.05) lower with versus without vernalization (Fig. S2).

Evolutionary History of VRN1- and VRN3-like genes
Bayesian and maximum likelihood (ML) analyses support two major clades within the
grass VRN1/FUL2 gene tree, consistent with gene duplication at the base of Poaceae
(Preston and Kellogg, 2006) (Fig. 2A). The VRN1 clade is strongly supported by a
Bayesian posterior probability (PP) value of 1.0 and a ML bootstrap support value (BS)
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of 98%, whereas the FUL2 clade is strongly supported by a PP value of 1.0 and a ML-BS
value of 97%. Within each clade, topologies largely track relationships found in the
Poaceae species tree (GPWG II, 2012). One major exception in the VRN1 clade is the
position of Ehrhartoideae sequences (e.g. Oryza sativa OsMADS14) sister to all other
sequences from other major grass subfamilies. Within the well-supported Pooideae clades
(1.0 PP and 92% ML-BS for VRN1; 0.99 PP for FUL2), relationships adhere to the triballevel species tree, except for the position of Nardus stricta VRN1 and FUL2. Similar to
the VRN1/FUL2 tree, Bayesian and ML analyses suggest a gene duplication event at or
before the base of grasses, giving rise to two major VRN3/FT clades (Fig. 2B). The VRN3
clade is strongly supported by PP and ML-BS values of 1.0 and 100%, respectively,
whereas the VRN3-like clade is supported by PP values of 1.0 and ML-BS values of 76%.
Tribal-level relationships within Pooideae VRN3 tree are weakly supported.

To test for evidence of positive selection that might indicate novel protein-binding
domains within Pooideae VRN1 genes, PAML analyses were conducted by comparing
two competing branch site models. The likelihood ratio test estimated that it was not
significantly likely that positive selection occurred on the branch leading to Pooideae (ω
= 1.88; P = 0.81; Fig. 2), nor on the branch leading to the core Pooideae (ω = 1.00; P =
1.00; green box in Fig. 2). This suggests that VRN1 evolved under purifying or neutral
selection along these branches.

VRN1 and VRN3 Gene Expression in Response to Vernalization
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In order to test predictions that VRN genes will increase in expression during (VRN1) and
shortly following (VRN3) vernalization, VRN1 and VRN3 expression profiles were
determined for six phylogenetically representative species outside core Pooideae. As
predicted, VRN1 transcript levels increased significantly in the vernalization requiring
species Nassella pulchra (Stipeae; P < 0.001) and Melica nutans (Meliceae; P < 0.001)
during vernalization (Fig. 3), at which stage apical meristems of both species had clearly
transitioned to flowering (Fig. 4B,G). Furthermore, there was a significant interaction
between time point and treatment (Nassella pulchra, P < 0.001; Melica nutans, P < 0.01),
with VRN1 leaf mRNA transcripts increasing more sharply from pre-treatment to “4wk”
or “6wk” cold time points compared with pre-treatment to “4wk” or “6wk” warm time
points (Fig. 3 and Table S2). The inability of warm-treated Nassella pulchra and Melica
nutans to upregulate VRN1 expression correlated with the delay in shoot apical meristem
development relative to vernalized plants (Fig. 4B versus 4C; 4F versus 4G).

In contrast to their close relatives, leaf VRN1 expression in weakly vernalization
responsive Nassella pubiflora and Melica ciliata did not increase with vernalization (Fig.
3) and showed no difference in response between warm and cold treatments (interaction
term in Table S2), and both species transitioned to the double ridge stage of flowering
faster (in terms of uncorrected days) in warm versus cold treatments (Fig. 4A; 4D versus
4E). However, in the distantly related non-responsive species Nardus stricta (Nardeae)
and Brachyelytrum aristosum (Brachyelytreae), VRN1 was significantly upregulated
during vernalization (Nardus stricta, P < 0.001; Brachyelytrum aristosum, P < 0.001),
and relative transcript levels showed a strong time point by treatment interaction (Nardus
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stricta, P < 0.05; Brachyelytrum aristosum, P < 0.05) (Fig. 3). This lack of correlation
between flowering time and VRN1 expression in Nardus stricta and Brachyelytrum
aristosum is suggestive of independent losses of vernalization responsiveness through a
VRN1-independent mechanism, as has been observed in spring cereals. Alternatively,
vernalization responsiveness evolved after the VRN1-VRN3 regulon was in place, after
the divergence of Brachyelytreae and Nardeae from the rest of Pooideae.

In species where VRN1 was upregulated during cold, we predicted that VRN3
transcription would rapidly increase post-cold. In line with this prediction, Nassella
pulchra, Melica nutans, and Brachyelytrum aristosum showed a significant time point by
treatment interaction for VRN3 expression (Table S2). Transcript levels were
significantly higher post- relative to pre-vernalization in Nassella pulchra, and
Brachyelytrum aristosum (Fig. 3 and Table S2). Furthermore, VRN3 expression in Melica
nutans at the “post” time point was significantly higher in cold than warm (P < 0.001),
despite only marginal upregulation from pre- to post-vernalization time points (Fig. 3). In
the case of Nardus stricta, although there was a trend towards increased VRN3 expression
following cold (Fig. 3), this was not significant (Table S2).

Although VRN1 transcript levels were not significantly upregulated by cold in Nassella
pubiflora or Melica ciliata, VRN3 expression showed a significant time point by
treatment interaction for both species (P < 0.05 and P < 0.01, respectively), with higher
mean transcript levels in vernalization versus control conditions (Table S2). However, the
fact that both species had transitioned to flowering well before the post-treatment time
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point (56 days or earlier) under warm conditions (Fig. 4A, E) suggested that the peak of
VRN3 expression in warm conditions might have been missed. To test this interpretation,
follow-up experiments were run, with RNA samples taken after only one, two, and three
weeks of treatment (Fig. S3; Table S3). As expected, Nassella pubiflora VRN3
expression significantly increased in the warm, but not cold treatment (Table S2) (Fig.
S3). Interestingly, in Melica ciliata, VRN3 expression did not significantly differ between
cold and warm treatments, as transcript levels in both treatments steadily decreased
across the seven week experiment (Table S3) (Fig. S3), and did not correlate with the
transitional apical meristem morphology (Fig 4D, E).

Ancestral state reconstruction of vernalization-mediated flowering and VRN1
expression
To formally test the hypothesis that vernalization responsiveness in both flowering and
VRN1 expression evolved at the base of Pooideae, we carried out ancestral trait
reconstruction using a rooted chloroplast phylogeny that included all focal taxa (Fig. 5).
Bayesian MCMC analyses supported a one-rate/symmetrical model of evolution with an
early origin of vernalization responsiveness in flowering, at least in the ancestor of
Duthieae-Meliceae-Stipeae-Diarrheneae-Brachypodieae-core Pooideae (PP = 0.83 ±
0.09). The ancestor of this group plus Nardeae was also reconstructed as vernalization
responsive in flowering, but with less support (PP = 0.67 ± 0.07), whereas the ancestral
state of all Pooideae was largely equivocal (PP = 0.55 ± 0.05) (Fig. 5). Although most
other ancestors of major clades in Pooideae were reconstructed as either vernalization
responsive (e.g. Brachypodieae-core Poodieae, PP = 0.72 ± 0.12) or equivocal, the
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ancestor of Meliceae was estimated to flower without a response to vernalization (PP =
0.90 ± 0.07) (Fig. 5). According to this scenario, the ancestor of Meliceae lost a flowering
response to vernalization, meaning that vernalization responsiveness in Melica is derived
within Pooideae. A similar reconstruction of VRN1 expression strongly supported the
ancestor of Pooideae (PP = 0.90 ± 0.12) and most other major clades as being responsive
to vernalization (Fig. 5). The exception again was the ancestor of Meliceae, although in
this case the ancestral state was equivocal (PP = 0.58 ± 0.06 for non-responsiveness).

DISCUSSION

Vernalization responsiveness has evolved multiple times independently within the
angiosperms, and is hypothesized to have played a key role in repeated plant
diversification within the cold temperate zone (Ream et al., 2013b; Preston and Sandve,
2013; Woods et al., 2016). One prediction of this hypothesis is the early origin of a
vernalization-induced flowering gene network in predominantly temperate clades,
facilitating their niche transition. To test this prediction, we generated flowering data for
representative taxa of cool-season Pooideae grasses, and reconstructed vernalization
responsiveness across the subfamily. Additionally, we leveraged genetic data on
economically important crop species (Takahashi and Yasuda, 1971; Heide, 1994;
Trevaskis et al., 2003; Yan et al., 2003; Preston and Kellogg, 2008; Greenup et al., 2011;
Ream et al., 2013a) to determine if orthologs of the vernalization genes VRN1, and the
floral integrator VRN3 are cold responsive across the diversity of Pooideae. Our findings
demonstrate that vernalization responsiveness is widespread in Pooideae, and probably
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evolved early in the subfamily. Moreover, the increase in VRN1 transcription, and that of
its positively correlated target VRN3, in response to cold is reconstructed as ancestral to
all Pooideae. Potential caveats to our study are the lack of population-level sampling, and
restrictions to the number of flowering accessions we were able to work with. However,
we attempted to control for bias towards vernalization responsive or non-responsive taxa
by selecting accessions from across the Pooideae phylogeny, and those that span the
northern (e.g. Nassella viridula) to southern temperate (e.g. Nassella hyaline), to
highland tropical (e.g. Nassella brachyphylla) zones. Taken together, our data support the
early evolution of vernalization responsiveness in Pooideae. This could have coincided
with a major niche shift from the tropics to the temperate zone.

It was previously demonstrated in wheat and barley that loss of VRN1 function occurs
readily via mutations in cis-regulatory sequences within the promoter and first intron
(Yan et al., 2003; Yan et al., 2004; Zitzewitz et al., 2005; Cockram et al., 2007; Pidal et
al., 2009). Furthermore, loss of the VRN3 repressor VRN2, and mutations in cisregulatory regions of the VRN3 promoter and first intron have been implicated in
transitions from winter to spring flowering phenotypes (Yan et al., 2004; 2006; Trevaskis
et al., 2007; Kippes et al., 2016). Although not supported by the ancestral trait
reconstruction analysis, which favored a symmetric model of evolution, these functional
data together suggest that vernalization responsiveness is easier to lose than gain, lending
further weight to the early origin hypothesis for the evolution of vernalization
responsiveness in Pooideae. Although to our knowledge no members of Bambusoideae
have been explicitly tested for a response to vernalization, we assume it unlikely that the
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ancestor of Bambusoideae and Pooideae used cold as a flowering cue. This is largely
based on the tropical reconstruction the Bambusoideae-Ehrhartoideae-Pooideae (BEP)
clade and the largely unpredictable timing of flowering in many bamboos (Nadgauda et
al., 1990; Edwards and Smith, 2010; Guerreiro 2014; Veller et al., 2015). Furthermore,
although some highland rice (Ehrhartoideae) varieties are chilling tolerant (Chawade et
al., 2013), there are no examples of vernalization responsive rice populations.

In addition to supporting an early origin of vernalization responsiveness in Pooideae, our
data suggest multiple independent losses, and at least one derived gain, of this trait.
Based on our reconstruction, vernalization responsiveness in flowering has been lost at
least once in the Duthieae and Stipeae, similar to multiple losses documented in cereal
cultivars of the core Pooideae (Jensen et al., 2005; Kippes et al., 2016) and
Brachypodieae (Higgins et al., 2010). Since cold-activated VRN1 expression is present in
the non-vernalization responsive sister tribes to most Pooideae (i.e. Brachyleytreae and
Nardeae), we suggest that cold-regulation of VRN1 evolved at the base of Pooideae, but
was inadequate to induce flowering in its early inception, as suggested by Nardus stricta
VRN3 expression. Indeed, in addition to the vernalization response, cold-regulated VRN1
expression has been implicated in regulating the cold acclimation response, through a
negative interaction with dehydration responsive element-binding/C-repeat Binding
Factor (DREB1/CBF) genes (Dhillon et al., 2010; Deng et al., 2015). If this interaction is
present in Brachyelytrum aristosum and Nardus stricta, it might explain the initial
evolution of cold-responsiveness in VRN1. Alternatively, if vernalization responsive
flowering is actually ancestral to Pooideae, it might be that it was lost independently in
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Brachyleytreae and Nardeae due to a dampening of VRN1-mediated VRN3 regulation or
the evolution of a parallel flowering pathway.

Another example of an inferred loss of vernalization responsiveness is in the ancestor of
Meliceae. If this scenario holds, we would hypothesize one or more derived origins for
vernalization responsiveness in Melica using a conserved or derived VRN1-VRN3
pathway, as observed in M. nutans. One prediction of the derived VRN1-VRN3 pathway
hypothesis is novel VRN1 cis-regulatory mutations, or VRN1 regulatory modules, in
Melica nutans relative to other vernalization responsive Pooideae species such as
Brachypodium distachyon or Nassella pulchra. It would also be of interest to determine
whether temperate grasses outside Pooideae flower in response to vernalization, such as
Danthonia californica (Danthoniodeae) and Themeda triandra (Panicoideae), and if these
independent origins involved the repeated cooption of VRN1.

Despite evidence for an early origin of vernalization responsiveness in Pooideae (this
study), data suggest modifications to the underlying genetic pathway, at least at the base
of the core Pooideae (Woods et al., 2016). In barley, VRN1 directly binds to the promoter
of the flowering repressor VRN2, resulting in the downregulation of VRN2 during winter
cold (Deng et al., 2015). However, although it likely functions as a flowering repressor
across grasses (Yan et al., 2004; Weng et al., 2014; Nemoto et al., 2016; Woods et al.,
2016), non-core Pooideae VRN2 transcripts are not downregulated in response to cold or
VRN1 upregulation (Woods et al., 2016). The cooption of VRN2 into the vernalization
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network might therefore have occurred through changes in the DNA-binding domain of
VRN1, or through novel cis-regulatory changes in the VRN2 promoter.

In the case of VRN1, further steps should be taken to understand the underlying
mechanism for its regulation by cold. Were discrete cis-regulatory changes needed in
order to accomplish both inhibition of VRN1 during warm conditions and induction
during prolonged cold? Did protein-coding changes occur in upstream regulators of the
VRN1 locus? Is the epigenetic cold-regulation of VRN1 conserved across the Pooideae?
Understanding the conservation of these mechanisms will help elucidate the complex
evolution that has facilitated the emergence of seasonally driven flowering.

MATERIALS AND METHODS
Growth Conditions and Experimental Design
Controlled growth chamber experiments were performed to determine absence or
presence of vernalization responsiveness in 79 Pooideae species. Species were selected to
represent all major tribes and geographic localities of the subfamily, as outlined in Table
S3. For each experimental replicates conducted at the University of Vermont, 40-100
seeds of each accession were germinated on 1% agar plates in the dark, planted in soil,
and randomly assigned to either a vernalization or control treatment, both of which were
conducted under long days (16 h light: 8 h dark). Seedlings in the vernalization treatment
were initially exposed to four weeks of 20°C, followed by six weeks of 4°C, and then two
weeks at 20°C. Seedlings assigned to the control treatment were maintained at 20°C for
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12 weeks. Plants in both treatments were then moved to a 20-22°C greenhouse until
flowering, death, or termination of the experiment. Experiments were replicated after
switching chambers at the University of Vermont, or by running similar experiments
twice at the Norwegian University of Life Sciences. In the latter case, control
temperatures were set to 18°C instead of 20°C, and the period of vernalization was
increased to eight weeks under 8h short days. Since the basal Pooideae Brachyelytrum
aristosum and Nardus stricta failed to flower within two years of seed germination,
several fruiting plants were collected from a single population in Vermont
(Brachyelytrum aristosum) and Norway (Nardus stricta), and grown in a long day
greenhouse at 18-22°C for six months. Plants were then randomly assigned to a
treatment, and flowering time experiments were conducted as previously described.

Follow up growth chamber experiments with Melica ciliata and Nassella pubiflora were
performed as previously described with two replicates, except that after seedlings were
initially exposed to four weeks at 20°C they spent only three weeks with or without
vernalization. Rather than subtracting vernalization time completely from days to
flowering (e.g. Woods et al., 2016), flowering time was calculated in temperature/lightadjusted days, (Kirby et al., 1989; Baloch et al., 2003), i.e. total days to flowering minus
33.6 days (UVM) or 55.2 (NMBU) days in the vernalization treatment. This correction
was calculated by assuming that the control plants (18-20°C) accumulated 4.5-5 times
more heat units than the vernalized individuals (4°C) across the 42-56 days of
vernalization, based on a baseline of growth succession at 0°C (Baloch et al., 2003), and
that short day vernalized plants (NMBU only) received half as much light units.
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However, since some plants experience non-linear growth rates in response to
temperature, we also counted number of leaves and tillers at flowering, and made
comparisons between treatments. Days to flowering, leaf number at flowering, and tiller
number at flowering were calculated when the first inflorescence overtopped the flag
leaf.

RNA Extraction and cDNA Synthesis
In order to test predictions for VRN1 and VRN3 expression in response to vernalization
across the Pooideae phylogeny, pairs of responsive and unresponsive species were chosen
from the two largest Pooideae tribes (Melica nutans and Melica ciliata in Meliceae, and
Nassella pulchra and Nassella pubiflora in Stipeae). A further species was also chosen to
represent the Pooideae lineage sister to remaining Pooideae (Brachyelytrum aristosum in
Brachyelytreae). During the course of each growth chamber experiment (see above),
RNA was extracted from the youngest expanded leaf for each of four randomly selected
individuals from each focal species per treatment and experimental replicate without
repeated measures. Time points for tissue collection were after four weeks at 20°C (four
week pre-treatment), four weeks at 20°C followed by four weeks cold or warm (eight
weeks total), four weeks at 20°C followed by six weeks cold or warm (ten weeks total),
and two weeks after the previous six weeks cold or warm (12 weeks total, posttreatment). Time points for tissue collection in the Melica ciliata and Nassella pubiflora
follow up experiment were after two weeks at 20°C (two weeks pre-treatment), four
weeks at 20°C (four weeks pre-treatment), followed by one (five weeks total), two (six
weeks total), and three weeks (7 weeks total) of 4°C vernalization or 20°C control
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conditions. Leaf tissue was frozen in liquid nitrogen and RNA was extracted using TRI
Reagent (Ambion) followed by DNase treatment with TURBO DNA-free DNase
(Ambion) according to the manufacturer’s instructions. cDNA was synthesized using 0.5
µg of RNA in an iScript cDNA synthesis reaction (BioRad).

Gene Isolation, Cloning, and Phylogenetic Analyses
To determine their evolutionary history, VRN1- and VRN3-like genes were amplified
from

RNA-derived

cDNA

synthesized

from

vernalized

Parapholis

incurva,

Brachypodium pinnatum, Brachypodium phoenicoides, Stipa barbata, Stipa robusta,
Nassella pulchra, Nassella pubiflora, Nassella viridula, Piptochaetium napostense,
Piptatherum miliaceum, Oryzopsis canadensis, Hesperostipa neomexicana, Melica
nutans, Melica ciliata, Diarrhena americana, Nardus stricta, Lygeum spartum,
Brachyelytrum erectum, and Brachyelytrum aristosum. Each amplicon was cloned and
sequenced using degenerate PCR primers designed on previously available grass
sequences (Table S4). Cloning was done using the pGEM-T kit (Promega) and 8-10
clones were sequenced per amplicon using the T7 forward primer by Beckman Coulter
Genomics (MA, USA). Newly generated nucleotide sequences were initially aligned with
VRN1- and VRN3-like genes downloaded from Genbank using MAFFT (Katoh and
Standley, 2013), followed by manual adjustment in Mesquite (Maddison and Maddison,
2011). Bayesian analyses were done using MrBayes 3.2.2 on XSEDE (Miller et al., 2010)
on the Cipres Science Gateway server using ten million generations, with 25% of saved
trees discarded as burn-in. The VRN1 and VRN3 analyses was run under the GTR + Γ and
GTR + I + Γ models of evolution, respectively, based on results of MrModeltest 2.3
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(Nylander, 2004). ML analyses were done using RAxML-HPC BlackBox on the Cipres
Science Gateway (Miller et al., 2010).

Ancestral State Reconstruction and Climate Correlation
A Pooideae phylogeny was estimated using a partitioned dataset of the chloroplast
markers matK and ndhF. Gene sequences were obtained from Genbank, or were
generated with gene-specific primers as previously described (Liang and Hilu, 1996;
Davis and Soreng, 2007). Nucleotides were initially aligned using MAFFT (Katoh and
Standley, 2013), followed by manual alignment, and subjected to Bayesian analyses in
MrBayes on the Cipres Science Gateway (Miller et al., 2010). To obtain support for tree
topologies, Bayesian posterior probabilities were generated by running MrBayes for 10
million replicates with two independent runs, four chains, and 25% of trees discarded as
burn-in.

A Bayesian (MCMC) approach was used to reconstruct the evolutionary history of
discrete vernalization response traits (flowering and VRN1 expression) across Pooideae
using the Multistate function in BayesTraits V2 (Pagel et al., 2004; Pagel and Meade,
2006). As outgroups, the two bamboo species Chusquea culeou and Chusquea latifolia
were coded as non-responsive to vernalization in flowering based on previous studies
(Guerreiro 2014). To account for phylogenetic uncertainty, 200 rooted trees with branch
lengths were selected from two independent runs of Bayesian postburn-in trees, and used
to assess different models of character evolution. Comparison of marginal likelihoods
based on stepping stone estimation identified a one-rate/symmetrical, rather than a two39

rate/asymmetrical, model as a better fit for reconstruction of both traits. MCMC analyses
were carried out using 10 million generations, sampling every 1000th tree, with a burn-in
of 25%. Means of the posterior probability distributions were calculated for ancestral
state estimates at specific nodes based on the Bayesian majority-rule consensus tree.

Georeference data for each species were downloaded from the Global Biodiversity
Information Facility (http://www.gbif.org/) (GBIF Secretariat, 2013), purged of duplicate
samples, and used to extract isothermality (bio3; ratio of diurnal to yearly temperature
variation) and minimum temperature of the coldest month (bio6) downloaded from
Worldclim (http://www.worldclim.org/) (Hijmans et al., 2005) with the raster package in
R version 3.1.2. Bioclim variables were averaged across all unique locality points for
each species and used in a linear regression to test for correlations between vernalization
responsiveness and climate.

Tests for Positive Selection
To estimate the ratio (ω) between nonsynonymous (dN) and synonymous (dS) substitution
rates of protein-coding VRN1 sequences, we used the codeml branch-site model (Zhang et
al. 2005) in PAML (Yang, 2007). Codeml calculates the likelihood of the data (VRN1
alignment and gene tree) under two competing models. The null model allows codons to
evolve under either purifying (0< ω <1) or neutral (ω = 1) selection along all branches.
The alternative model differs by allowing codons on specified branches to evolve under
positive selection (ω > 1). To ensure convergence of the likelihoods, tests for positive
selection were run four times independently using different ω-seeds (0.5, 1, 1.5 and 2). A
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likelihood ratio test (LRT) implemented in PAML was used to test if ω values were
significantly higher under the alternative model.

Quantitative Reverse Transcriptase (qRT-) PCR
Gene-specific qRT-PCR primers were designed in Primer3 (Rozen and Skaletsky, 2000)
based on results of phylogenetic analyses (Table S4). For each primer pair, amplification
efficiencies were determined using a dilution series (Scoville et al., 2011), and amplicon
identity was confirmed by sequencing. Following correction for primer efficiency, target
gene critical threshold c(T) values were normalized against the geomean of two
housekeeping genes, UBIQUITIN5 (UBQ5) and ELONGATION FACTOR1a (EF1α)
(Table S4), as previously described (Scoville et al., 2011). To minimize plate effects, full
96-well plates were arrayed per primer set containing all samples per species using the
Fast SYBR Green Master Mix (Applied Biosystems) on a StepOne real-time PCR
machine (Life Technologies). Three technical replicates were averaged per biological
replicate, and two to three experimental replicates each with three biological replicates
were assayed per timepoint/treatment.

Statistical analyses
To determine whether to classify a species as vernalization responsive or unresponsive a
one tailed t-test was performed using JMP (SAS Institute, Inc.) comparing days to
flowering, leaf number at flowering, and tiller number at flowering for plants subjected to
warm versus cold treatments. We classified a species as vernalization responsive if it
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flowered in significantly less time, with significantly less leaves and tillers (P < 0.05)
with versus without vernalization.

To test for the fixed effects of temperature, time point, and their interaction on gene
expression, linear mixed effects models were employed in R version 3.1.2 (R
Development Core Team, 2008) using the multcomp (Torsten et al., 2008) and nlme
(Pinheiro et al., 2016) packages, treating replicate and time as random effects where
applicable. To reduce heteroscedasticity, data that had no bearing on a priori predictions
(post-treatment for VRN1; four week and six week for VRN3) were excluded from
analyses; remaining data were subjected to log transformation as required to increase
normality. When interaction terms were significant for VRN1, pairwise contrasts were
conducted on the difference in expression in vernalization versus control treatments
between four week "pre" and eight or ten week time points. When no interaction between
temperature and time point was found, models were rerun without an interaction term,
and pairwise comparisons were conducted only across time points. The same statistical
test for the interaction of time point and treatment was conducted on data from the Melica
ciliata and Nassella pubiflora follow-up experiment. When interaction terms were
significant for VRN3, contrasts were conducted on the difference in expression between
vernalization and control treatments from the two and four-week pre-treatment time
points to the one, two, and three-week vernalization and control time points.
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Scanning electron microscopy
Approximately four shoot apical meristems were dissected at each RNA extraction time
point, fixed in formalin acetic acid (FAA) (50% ethanol, 5% glacial acetic acid, 10% of
37% formaldehyde) solution for 8-12 hours, and progressively transitioned from 50% to
100% ethanol over a three hour time period before critical point drying. Samples were
placed on stubs and further dissection was conducted before sputter-coating with gold
particles. Imaging was done using a JEOL 6060 scanning electron microscope using an
accelerating voltage of 25 kV. Sequences were deposited in GenBank (accession numbers
forthcoming).

Data availability
New VRN1 and VRN3 gene sequences were deposited in GenBank under the accession
numbers KX588675-KX588711, matK under KX601224-KX601244, and ndhF under
KX601245-KX601267. Aligned matrices are available on request
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FIGURE LEGENDS
Figure 1. Boxplots of days to flowering under vernalization (V) and control (NV)
conditions. Days to flowering are adjusted by heat units relative to control plants. Data
shown is from two to three experimental replicates for species that had at least three
flowering individuals per replicate. Days to flowering for non-flowering individuals was
scored as the number of days at which experiments were terminated, i.e. between 150 and
300 days. Grey boxes denote responsive taxa; white boxes unresponsive taxa. *P < 0.05,
**P <0.01, ***P <0.001.
Figure 2. VRN1 (A) and VRN3 (B) Bayesian 50% majority rule tree with posterior
probabilities > 50 (above branches) and maximum likelihood bootstrap support values >
50% of 1000 bootstrap replicates (below branches). Scale bars indicate substitutions per
site. Focal genes are indicated in bold, focal clades are denoted with grey boxes, and
focal core Pooideae genes are indicated with dark grey boxes. Asterisks denote PP values
of 1.0 and MLB values of 100%.
Figure 3. Relative VRN1 and VRN3 expression in vernalization responsive (grey boxed
taxa) and unresponsive non-core Pooideae species. Blue background indicates the timing
of cold treatment when relevant; color-coded asterisks indicate level of significance (*P <
0.05, **P <0.01, ***P <0.001) for differences between samples collected after six weeks
cold (blue) or warm (red) (VRN1 only) or post-treatment cold (blue) or warm (red) (VRN3
only) versus pre-treatment samples. Error bars indicate standard error. Data shown
represents one to three experimental replicates with three to four biological replicates
each. PRE, after 4 wks at 20°C; CS, one day cold shock at 4°C (cold treatment only);
4WK, 4 wks at 4°C or 20°C; 6WK, 6 wks at 4°C or 20°C; POST, 2 wks after treatment at
20°C.
Figure 4. Shoot apical meristem (SAM) developmental transition in Nassella and Melica
with and without vernalization treatment. (A) Nassella pubiflora SAM has transitioned to
an inflorescence meristem after 56 days (4 wk time point) in the warm (control)
treatment. (B) Nassella pulchra SAM has transitioned to a floral meristem after 70 days
(6 wk time point) in the cold treatment. (C) Nassella pulchra vegetative SAM after 84
days (post time point) in the warm treatment. (D) Melica ciliata SAM after 70 days in the
cold treatment. (E) Melica ciliata SAM elongating and transitioning to a floral meristem
after 70 days in the warm treatment. (F) Melica nutans SAM remains in the vegetative
state after 84 days in the warm treatment. (G) Melica nutans SAM has transitioned to an
inflorescence meristem after 84 days in the cold treatment. Scale bar, 100µm.
Figure 5. Best Pooideae Bayesian tree topology based on partitioned matK and ndhF
sequences. Thick black branches denote >0.95 Bayesian posterior probability. Green box
denotes core Pooideae. Taxon label colors show average isothermality (ratio of diurnal to
seasonal temperature variation) based on Worldclim bio3 data extracted from GBIF
locality points. Vernalization responsive (VR) flowering and VRN1 expression are
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indicated at branch tips where available. Probabilities of responsiveness are shown as
piecharts at selected branches of interest.

SUPPLEMENTAL MATERIAL LEGENDS
Figure S1. Boxplots of tiller number at flowering under vernalization (V) and control
(NV) conditions. Data shown is from two to three experimental replicates for species that
had at least four flowering individuals per replicate. Tiller number at flowering for nonflowering individuals was scored as the approximate numbers of tillers counted on the
day experiments were terminated. Grey boxes denote responsive taxa; white boxes
unresponsive taxa. *P < 0.05, **P <0.01, ***P <0.001.
Figure S2. Boxplots of total leaf number at flowering under vernalization (V) and control
(NV) conditions for a subset of plants grown at the University of Vermont. Data shown is
from one to three experimental replicates for species that had at least four flowering
individuals per replicate. Leaf number at flowering for non-flowering individuals was
scored as the approximate numbers of leaves counted on the day experiments were
terminated. Grey boxes denote responsive taxa; white boxes unresponsive taxa. *P <
0.05, **P <0.01, ***P <0.001.
Figure S3. VRN3 expression during three weeks of vernalization in (A) Nassella
pubiflora and (B) Melica ciliata. Blue background indicates cold treatment where
applicable; color-coded asterisks indicate level of significance *P < 0.05, **P <0.01,
***P <0.001) for differences between post-treatment cold (blue) or warm (red) versus
pre-treatment samples. Error bars indicate standard deviation. Data shown represents two
experimental replicates with three biological replicates each.
Table S1. Summary statistics for linear mixed effects models calculating the influence of
time point and temperature on VRN1 and VRN3 expression.
Table S2. Summary statistics for linear mixed effects models calculating the influence of
early time point and temperature on VRN3 expression.
Table S4. Primers used for VRN1 and VRN3 cloning and q-RT-PCR. All q-RT-PCR
primer efficiencies were between 90-110%.
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FIGURES

Figure 1. Boxplots of days to flowering under vernalization (V) and control (NV)
conditions. Days to flowering are adjusted by heat units relative to control plants.
Data shown is from two to three experimental replicates for species that had at least
three flowering individuals per replicate. Days to flowering for non-flowering
individuals was scored as the number of days at which experiments were
terminated, i.e. between 150 and 300 days. Grey boxes denote responsive taxa;
white boxes unresponsive taxa. *P < 0.05, **P <0.01, ***P <0.001.
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Figure 2. VRN1 (A) and VRN3 (B) Bayesian 50% majority rule tree with posterior
probabilities > 50 (above branches) and maximum likelihood bootstrap support
values > 50% of 1000 bootstrap replicates (below branches). Scale bars indicate
substitutions per site. Focal genes are indicated in bold, focal clades are denoted
with grey boxes, and focal core Pooideae genes are indicated with dark grey boxes.
Asterisks denote PP values of 1.0 and MLB values of 100%.

54

55

Figure 3. Relative VRN1 and VRN3 expression in vernalization responsive (grey
boxed taxa) and unresponsive non-core Pooideae species. Blue background
indicates the timing of cold treatment when relevant; color-coded asterisks indicate
level of significance (*P < 0.05, **P <0.01, ***P <0.001) for differences between
samples collected after six weeks cold (blue) or warm (red) (VRN1 only) or posttreatment cold (blue) or warm (red) (VRN3 only) versus pre-treatment samples.
Error bars indicate standard error. Data shown represents one to three
experimental replicates with three to four biological replicates each. PRE, after 4
wks at 20°C; CS, one day cold shock at 4°C (cold treatment only); 4WK, 4 wks at 4°C
or 20°C; 6WK, 6 wks at 4°C or 20°C; POST, 2 wks after treatment at 20°C.
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Figure 4. Shoot apical meristem (SAM) developmental transition in Nassella and
Melica with and without vernalization treatment. (A) Nassella pubiflora SAM has
transitioned to an inflorescence meristem after 56 days (4 wk time point) in the
warm (control) treatment. (B) Nassella pulchra SAM has transitioned to a floral
meristem after 70 days (6 wk time point) in the cold treatment. (C) Nassella pulchra
vegetative SAM after 84 days (post time point) in the warm treatment. (D) Melica
ciliata SAM after 70 days in the cold treatment. (E) Melica ciliata SAM elongating
and transitioning to a floral meristem after 70 days in the warm treatment. (F)
Melica nutans SAM remains in the vegetative state after 84 days in the warm
treatment. (G) Melica nutans SAM has transitioned to an inflorescence meristem
after 84 days in the cold treatment. Scale bar, 100mm.
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Figure 5. Best Pooideae Bayesian tree topology based on partitioned matK and ndhF
sequences. Thick black branches denote >0.95 Bayesian posterior probability. Green
box denotes core Pooideae. Taxon label colors show average isothermality (ratio of
diurnal to seasonal temperature variation) based on Worldclim bio3 data extracted
from GBIF locality points. Vernalization responsive (VR) flowering and VRN1
expression are indicated at branch tips where available. Probabilities of
responsiveness are shown as piecharts at selected branches of interest.
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SUPPLEMENTAL MATERIAL

Figure S1. Boxplots of tiller number at flowering under vernalization (V) and
control (NV) conditions. Data shown is from two to three experimental replicates for
species that had at least four flowering individuals per replicate. Tiller number at
flowering for non-flowering individuals was scored as the approximate numbers of
tillers counted on the day experiments were terminated. Grey boxes denote
responsive taxa; white boxes unresponsive taxa. *P < 0.05, **P <0.01, ***P <0.001.
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Figure S2. Boxplots of total leaf number at flowering under vernalization (V) and
control (NV) conditions for a subset of plants grown at the University of Vermont.
Data shown is from one to three experimental replicates for species that had at least
four flowering individuals per replicate. Leaf number at flowering for non-flowering
individuals was scored as the approximate numbers of leaves counted on the day
experiments were terminated. Grey boxes denote responsive taxa; white boxes
unresponsive taxa. *P < 0.05, **P <0.01, ***P <0.001.

60

Figure S3. VRN3 expression during three weeks of vernalization in (A) Nassella
pubiflora and (B) Melica ciliata. Blue background indicates cold treatment where
applicable; color-coded asterisks indicate level of significance *P < 0.05, **P <0.01,
***P <0.001) for differences between post-treatment cold (blue) or warm (red)
versus pre-treatment samples. Error bars indicate standard deviation. Data shown
represents two experimental replicates with three biological replicates each.
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TABLES
Table S1. Accessions used for vernalization experiments.
Accession
USDA PI253581
USDA PI415826
USDA PI325354
USDA PI236879
USDA PI578861

Species
Achnatherum
bromoides1
Achnatherum
calamagrostis
Achnatherum caragana

Tribe
Stipeae

Location
Israel

Stipeae

Switzerland

Stipeae

Achnatherum
hymenoides1
Achnella caduca

Stipeae

Stavropol,
Russia
Canada

Stipeae

USDA W625504
Agrostis mertensii1
B&T World 62975 Ampelodesmos
mauretanicus1
NGB14333
Anthoxanthum
odoratum
USDA PI314138
Boissiera squarrosa
McKeown-VTBrachyleytrum
2015
aristosum
Kew 371232
Brachyelytrum
erectum1
USDA PI170218
Brachypodium
distachyon
PI253334
Brachypodium
distachyon
USDA PI318958
Brachypodium
phoenicoides1
USDA PI325216
Brachypodium
pinnatum1
USDA PI639821
Brachypodium
ruprestre1
USDA PI204410
Briza minor1
NorGen NGB2875 Bromus inermis
NorGen NGB7723 Dactylis glomerata
USDA PI662331
Deschampsia
cespitosa1
USDA W6 23553 Duthiea brachypodium
Marcussen-NO2015

Elymus caninus1
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Poeae I
Stipeae

NDakota,
USA
Greenland
Unknown

Aveneae

Finland

Triticeae
Brachyelytreae

Brachypodieae

Uzbekistan
Vermont,
USA
Missouri,
USA
Turkey

Brachypodieae

Morocco

Brachypodieae

Poeae
Triticeae
Poeae II
Poeae II

Zaragoza,
Spain
Stavropol,
Russia
Krym,
Ukraine
Turkey
Norway
Norway
Norway

Duthieae

China

Triticeae

Norway

Brachyelytreae

Brachypodieae
Brachypodieae

NorGen NGB2520 Festuca pratensis
Kew 380100
Glyceria occidentalis

Poeae II
Meliceae

Ames29899
MSB 336026
MSB 65160

Glyceria striata
Helictotrichon hookeri1
Helictotrichon
pubescens1
PI W6 37446
Hesperostipa comata
USDA W6 27071 Hesperostipa
neomexicana1
USDA PI372565
Herperostipa spartea
PI614642
Hordeum bulbosum
Sonja
Hordeum vulgare
MSB 235174
Hystrix patula
NorGen NGB4262 Lolium perenne
MSB 105167
Lygeum spartum
USDA PI239234
Macrochloa
tenacissima
USDA W625184
Melica altissima
Kew 31675
Melica ciliata

Meliceae
Poeae II
Poeae II

PI442519
PI619447
USDA PI478588
USDA PI289543

Melica nutans
Melica transsilvanica
Nassella brachyphylla
Nassella hyaline

Meliceae
Meliceae
Stipeae
Stipeae

USDA W6 24255
USDA PI237818
USDA PI478575
USDA
NSL439946
USDA PI387938

Nassella leucotricha
Nassella neesiana1
Nassella pubiflora
Nassella pulchra

Stipeae
Stipeae
Stipeae
Stipeae

Nassella viridula1

Stipeae

B&T World 4393
USDA PI236875
Paris-VT-2013

Nardus stricta
Oryzopsis canadensis
Oryzopsis racemosa1

Nardeae
Stipeae
Stipeae

B&T World
448347
USDA PI271588

Phaenospermata
globosum
Piptatherum
aequiglume

Duthieae

USDA PI207500

Piptatherum

Stipeae

Stipeae
Stipeae
Stipeae
Triticeae
Triticeae
Triticeae
Poeae II
Nardeae
Stipeae
Meliceae
Meliceae

Stipeae
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Sweden
Oregon,
USA
Unknown
Unknown
Unknown
Utah, USA
Colorado,
USA
Canada
Ukraine
Unknown
Unknown
Norway
Egypt
Tunisia
Kazakhstan
Sterea
Ellas,
Greece
Belgium
China
Peru
Buenos
Aires,
Argentina
Texas, USA
Spain
Peru
California,
USA
Alberta,
Canada
Norway
Canada
Vermont,
USA
Unknown
Himachal
Pradesh,
India
Afghanistan

coerulescens1
USDA PI249763
Piptatherum
holciforme1
USDA PI207772
Piptatherum miliaceum
USDA PI227453
Piptatherum
songaricum1
USDA PI266189
Piptochaetium
avenaceum
USDA PI202062
Piptochaetium
napostense
NorGen NGB1197 Poa alpina
USDA PI384952
Stipa barbata1
MSB 428103
Schizachne
purpurascens
1

NF, generally non-flowering in both treatments
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Stipeae

Greece

Stipeae
Stipeae

Israel
Iran

Stipeae

Jordan

Stipeae

Argentina

Poeae II
Stipeae
Meliceae

Sweden
Iran
Wisconsin,
USA

Table S2. Summary statistics for linear mixed effects models calculating the
influence of time point and temperature on VRN1 and VRN3 expression.

Factors/Species

N.

N.

M.

M.

N.

B.

pulchra

pubiflora

nutans

ciliata

stricta

aristosum

Timepoint (Ti)

11.212***

0.122

3.792*

3.812*

2.962

18.572***

Treatment (Tr)

40.991***

6.531*

3.281

0.701

4.011

15.342**

Ti*Tr

9.712***

0.162

6.502**

0.092

10.222**

5.402*

PRE vs. 4 wk cold

2.919**

NA

1.856

NA

-0.19

0.952

PRE vs. 4 wk warm

-0.015

NA

0.631

NA

0.43

-0.23

PRE vs. 6 wk cold

6.453***

NA

4.37***

NA

4.05***

5.912***

PRE vs. 6 wk warm

0.224

NA

-0.531

NA

-0.48***

1.548

Ti

59.392***

0.912

0.6302

7.912*

1.631

5.001

Tr

49.341***

9.661**

12.081**

5.831*

1.941

5.181

Ti*Tr

49.022***

6.952*

5.2872**

23.102**

1.311

5.181*

PRE vs POST cold

10.4***

1.189

1.064

1.411

NA

4.000***

PRE vs POSTwarm

0.498

-2.535*

-2.187*

5.387***

NA

-0.379

VRN1

VRN3

F-statistic with number of degrees of freedom is indicated as the subscript. When no time
point by treatment interaction was observed, further contrasts were not conducted and are
indicated with NA. * P < 0.05, ** P < 0.01, and *** P < 0.001
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Table S3. Summary statistics for linear mixed effects models calculating the
influence of early time point and temperature on VRN3 expression.

Factors/Species

M. ciliata

N. pubiflora

Timepoint (Ti)

4.531**

3.104*

Treatment (Tr)

0.1518

0.0559

Ti*Tr

0.7445

1.889

2 versus 4 weeks cold
2 versus 5 weeks cold
2 versus 6 weeks cold
2 versus 7 weeks cold
2 versus 4 weeks warm
2 versus 5 weeks warm
2 versus 6 weeks warm
2 versus 7 weeks warm

-1.367
-1.718
-1.730
-3.553***
0.720
-0.231
-1.185
-1.857

1.217
0.986
0.320
1.599
3.189**
2.858**
3.204**
2.227*

F-statistic with number of degrees of freedom is indicated as the subscript. * P < 0.05, **
P < 0.01, *** P < 0.001
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Table S4. Primers used for VRN1 and VRN3 cloning and q-RT-PCR. All q-RT-PCR
primer efficiencies were between 90-110%.

Primer

Primer sequence (5’- 3’)

Taxa

VRN3_23f

ACCCGCTGGTGGTTGGYAGGGT

All

VRN3_115f

GTGTCCAAGGCTGCGAGCTCA

All

VRN3_445r

GTAGAGCTCGGCGAAGTC

All

VRN1_34f

GAGAACAAGATCAACCGSCAGGT

All

VRN1_100_f

GAGATCTCCGTGCTCTGCGAC

All

VRN1_478_r

TTATTCTCCTCCTGCAGTGA

All

VRN1_799_r

CTCASCATCCAYGGTGGMAGCCC

All

Melica_VRN3_139f

GCTYAAGCCCTCCATGGT

Melica

Melica_VRN3_1324r

TAGAGCTCGGCGAAGTCC

Melica

Grass_UBQ5_F

CGCCGACTACAACATCCAG

All species

Grass_UBQ5_R

TCACCTTCTTGTGCTTGTGC

All species

Lolium_EF1alphaF

CCTTGCTTGAGGCTCTTGAC

All species

Lolium_EF1alphaR

GTTCCAATGCCACCAATCTT

All species

cMelica_VRN3_401_f

TGGTCACTGATATCCCTGGAA

Melica

cMelica_VRN3_612_r

AACAGCACGAACACGAAGC

Melica

Melica.qVRN1.384.f

GCACCTCATGGGAGAGGATA

Melica

Melica.qVRN1.477.r

GCTGGCTCTTTCTGGATCTG

Melica

NassPul_qVRN3_61_f

GTGCTGGACCCCTTCGTC

N. pulchra

NassPul_qVRN3_743_r

GAGCATCCGGGTCTACCAT

N. pulchra

NassPul_qFUL1_f

TAAGGTTCTACAGAAGGAACTCGTG

Nassella

NassPul_qFUL1_r

GCCGCTGGGTACCTGATATT

Nassella

NassPub_VRN3_1012_f

GCAGGAGGTGGTATGCTACG

N. pubiflora

NassPub_VRN3_1304_r

CCCTGGTGTTGAAGTTCTGG

N. pubiflora

NarStr.FT1a.q.F.B

CTGGTGGTTGGTAGGGTTGT

N. stricta

NarStr.FT1a.q.R.B

AAGATTAGGGTCGCTTGGGC

N. stricta

NarStr.FUL1q.F.A

GTCGCGCTCATCATCTTCTC

N. stricta

NarStr.FUL1q.R.A

TTCGTGACACCTATTGCCCT

N. stricta

Cloning

qPCR
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Brachyerec.FUL1q_f

AGAAGCAGAAGGCCCATACA

B. aristosum

Brachyerec.FUL1q_r

CGTCCTCTCCCCTCTCTCC

B. aristosum

ByaVRN3.q.B_f

CAGGAGGTCATGTGCTACGA

B. aristosum

ByaVRN3.q.B_r

ATTGTAGAGCTCGGCGAAGT

B. aristosum
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CHAPTER THREE

Evolution of VRN2/GhD7-like genes in vernalization-mediated repression of grass
flowering
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Summary: Despite vernalization responsiveness being widespread throughout subfamily
Pooideae, VERNALIZATION2 as a vernalization-suppressed repressor of flowering
evolved more recently at the base of core pooids.
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ABSTRACT
Flowering of many plant species is coordinated with seasonal environmental cues such as
temperature and photoperiod. Vernalization provides competence to flower after
prolonged cold exposure, and a vernalization requirement prevents flowering from
occurring prior to winter. In winter wheat and barley, three genes VRN1, VRN2, and FT
form a regulatory loop that regulates the initiation of flowering. Prior to cold exposure,
VRN2 represses FT. During cold, VRN1 expression increases, resulting in the repression
of VRN2, which in turn allows activation of FT during long days to induce flowering.
Here we test whether the circuitry of this regulatory loop is conserved across Pooideae,
consistent with their niche transition from the tropics to the temperate zone. Our
phylogenetic analyses of VRN2-like genes reveal a duplication event occurred before the
diversification of the grasses that gave rise to a CO9 and VRN2/GhD7 clade, and supports
orthology between wheat/barley VRN2 and rice GhD7. Our Brachypodium distachyon
VRN1 and VRN2 knockdown and overexpression experiments demonstrate functional
conservation of grass VRN1 and VRN2 in the promotion and repression of flowering,
respectively. However, expression analyses in a range of pooids demonstrate that the cold
repression of VRN2 is unique to core Pooideae such as wheat and barley. Furthermore,
VRN1 knock down in Brachypodium demonstrates that the VRN1 mediated suppression
of VRN2 is not conserved. Thus, the VRN1-VRN2 feature of the regulatory loop appears
to have evolved late in the diversification of temperate grasses.
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INTRODUCTION
The initiation of flowering is a major developmental transition in the plant life
cycle. When flowering initiates, shoot apical meristems shift from forming vegetative
organs such as leaves to forming flowers. In many plant species, flowering occurs at a
particular time of year in response to the sensing of seasonal cues such as changes in daylength and temperature. In some plants adapted to temperate climates, exposure to the
prolonged cold of winter (vernalization) results in the ability to flower in the next
growing season (Chouard, 1960; Amasino, 2010). Although vernalization ultimately
enables flowering, vernalization responsiveness is typically an adaptation to ensure that
flowering does not occur prematurely in the fall season. This has obvious adaptive value;
for example, many vernalization-responsive plants become established in the fall season
(during which flowering would not lead to successful reproduction), and then rapidly
flower in the spring when conditions for reproduction and seed maturation are optimal.

The grass family (Poaceae) originated approximately 70 million years ago as
part of the tropical forest understory. However, grasses have since diversified across the
globe occupying a variety of ecological niches (Kellogg, 2001). Exemplifying this, the
~3,800 species of grass subfamily Pooideae, including the economically important
cereals wheat (Triticum aestivum, Triticeae), barley (Hordeum vulgare, Triticeae), oat
(Avena sativa, Poeae) and rye (Lolium perenne, Poeae), have adapted to cool climates of
both northern and southern hemispheres (Hartley, 1973; GPWG, 2001; Edwards and
Smith, 2009). Phylogenetic analyses indicate the above-mentioned species within
Triticeae and Poeae are a closely related group often referred to as crown or core pooid
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grasses (Schneider et al., 2011; GPWG II, 2012). The remaining non-core pooids are in
tribes consecutively sister to the core pooids, including Brachypodieae that contains the
emerging plant model Brachypodium distachyon, Meliceae and Stipeae (Brkljacic et al.,
2011; GPWG II, 2012) (Figure 1).

It is hypothesized that vernalization responsiveness evolved early during the
diversification of Pooideae, as a key adaptation allowing for their transition into the
temperate zone (Preston and Sandve, 2013; Fjellheim et al., 2014). Within core Pooideae
many species have been characterized as vernalization responsive (Heide, 1994; GPWG,
2001; 2012). However, it is unclear how widespread vernalization responsiveness is
outside core pooids, and whether pooids with this trait share a conserved ancestral
vernalization pathway. To explore the extent to which the vernalization pathway is
conserved in Pooideae, we characterized the expression and function of vernalization
pathway homologs in Brachypodium distachyon and other pooids.

The current molecular model of vernalization responsiveness in wheat and
barley involves a leaf-specific regulatory loop among VERNALIZATION1 (VRN1),
VERNALIZATION2 (VRN2), and VERNALIZATION3 (VRN3) (Dennis et al. 2009;
Distelfeld et al. 2009; Greenup et al. 2009; Sasani et al. 2009), the latter of which is
homologous to Arabidopsis FT, which encodes a small protein that moves from leaves to
the shoot apical meristem to promote flowering (Turck et al., 2008; Yan et al. 2006).
During growth of vernalization-requiring cereals in the fall season, the CONSTANS-like
gene VRN2 represses FT to prevent flowering, and the FRUITFULL-like gene VRN1 is
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transcribed at very low levels (Hemming et al., 2008; Sasani et al., 2009; Yan et al.,
2006; Yan et al., 2004). During winter, VRN1 transcript levels increase, causing the
repression of VRN2 and the de-repression of VRN3/FT (Sasani et al., 2009; Trevaskis et
al., 2006; Yan et al., 2004b). Although vernalization alleviates FT repression, FT also
requires long-days to become activated; thus, flowering only occurs during the
lengthening days of spring and summer (Hemming et al., 2008; Sasani et al., 2009; Yan
et al., 2006). In wheat and barley, VRN2 is necessary for the vernalizaton requirement
because deletions of the entire locus or point mutations in the CCT domain result in
spring varieties, which do not require vernalization (Yan et al., 2004; Dubcovsky et al.,
2005; Karsai et al., 2005, von Zitzewitz et al., 2005; Distelfeld et al., 2009).

In wheat, there is a negative correlation between VRN1 and VRN2 expression in
leaves. VRN1 levels increase during cold and remain elevated following cold (Trevaskis
et al., 2003; Yan et al., 2003; Sasani et al., 2009) and this correlates with the stable
reduction of VRN2 during and after cold exposure (Yan et al., 2004). Recently it was
shown that VRN1 binds to the VRN2 promoter and thus directly regulates VRN2
expression (Deng et al., 2015). Furthermore, mutations in the wheat VRN1 locus result in
elevated VRN2 expression and delayed flowering (Chen et al. 2012). The delayed
flowering phenotype in the vrn1 mutants is largely due to the presence of VRN2 because
wheat vrn1vrn2 double mutants flower significantly earlier than vrn1 single mutants
(Chen et al., 2012).
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Expression of VRN1 in the non-core pooid B. distachyon is consistent with it
being conserved as floral promoter involved in vernalization (Ream et al., 2014). As in
wheat and barley, B. distachyon VRN1 (BdVRN1) mRNA levels increase quantitatively
during increasing durations of cold exposure and remain elevated post cold (Ream et al.,
2014; Woods et al., 2014). Furthermore, overexpression of BdVRN1 results in rapid
flowering, and is correlated with elevated BdFT and reduced BdVRN2 expression (Ream
et al., 2014). However, contrary to VRN2 behavior in core pooids, BdVRN2 mRNA levels
increase rather than decrease during cold, despite a simultaneous increase in BdVRN1
expression (Ream et al. 2014). Moreover, after cold exposure, BdVRN2 expression levels
return to pre-vernalization expression levels. Lastly, rapid-flowering accessions of B.
distachyon, which have elevated BdVRN1 and BdFT mRNA levels without cold
exposure, do not have correspondingly lower levels of BdVRN2 compared to delayedflowering accessions (Ream et al., 2014). Thus, the BdVRN2 expression patterns are not
consistent with BdVRN2 acting as a floral repressor that is down regulated by
vernalization through BdVRN1 (Ream et al., 2014).

Here we conduct extensive phylogenetic analyses that infer a gene duplication
event occurred before the divergence of grasses, giving rise to a CONSTANS 9 (CO9) and
a VRN2/GhD7 clade. Analyses across representative pooids suggest that VRN2/GhD7like gene expression is only repressed by vernalization in core pooids, including oats.
Furthermore, although functional data in B. distachyon demonstrates that BdVRN2 is
indeed a conserved repressor of flowering, BdVRN1 does not negatively regulate the
expression of BdVRN2. Thus, the incorporation of vernalization-mediated repression of
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VRN2 as part of the vernalization system was likely to have occurred after the divergence
of Brachypodieae and core pooids.

RESULTS

Phylogenetic analyses of VRN2-like genes suggest a duplication event before the
base of grasses
Genes from representatives within the cereal grass subfamily Pooideae, in
addition to representatives from other grass subfamilies including Bambusoideae,
Panicoideae, and Ehrhartoideae, were included in our phylogenetic analyses of VRN2-like
genes. Banana (Musa acuminata, Musaceae), date palm (Phoenix dactylifera, Arecaceae),
and oil palm (Elaeis guineensis, Arecaceae) genes were also included to sample
monocots outside of the grass family. Bayesian and maximum likelihood (ML) analyses
on an alignment of the highly conserved CCT and 3’ coding domain of VRN2-like genes
infer two major clades containing cereal VRN2- and CO9-like genes, respectively (Figure
2). The best tree topology supports the inclusion of rice (Oryza sativa) Grain number,
plant height, and heading date7 (GhD7), and sequences from banana, date palm, and oil
palm within the VRN2 clade (100% posterior probability), which is sister to the supported
CO9 clade (90% posterior probability). The Shimodaira-Hasegawa (SH) topology test
also supports the position of rice GhD7 within the VRN2 clade (-ln L, 3554) as the most
likely topology; the topologies of GhD7 outside of VRN2 and CO9, and CO9 sister to
GhD7 were equally less likely (–ln L of 3562). Together, these data support a gene
duplication before the diversification of commelinid monocots, giving rise to the
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VRN2/GhD7 and CO9 clades. For most Pooideae and Ehrhartoideae (e.g. rice) species
sampled, at least two VRN2-like genes were isolated, one falling within the VRN2/GhD7
clade, and the other within the CO9 clade. Interestingly, two sequences from the banana
genome (Musa acuminate) were supported within the VRN2 clade in addition to oil palm
(Elaeis guineensis) and date palm (Phoenix dactylifera). CO9 sequences from the banana
and palm genomes were not identified, suggesting a loss of CO9 took place within those
lineages. Alternatively, CO9 sequences are present, but were not recovered in the protein
blast search. Relationships within each clade did not track the species phylogeny closely,
although there was little support for tribal-level relationships. All newly sequenced
VRN2- and CO9-like genes possessed a conserved CCT domain and a conserved nine
amino acid motif upstream of the stop codon. However, the two Melica nutans and one
Melica ciliata (Meliceae) VRN2 clade genes had a frameshift mutation in the 3' end of the
coding region, leading to a premature stop codon seven amino acids upstream of the
usual position. Species used for further analyses were Nassella pulchra (Stipeae),
Nassella pubiflora (Stipeae), Avena sativa (Poeae I) and Melica nutans (Meliceae).
Members of the Stipeae and Meliceae tribe are the earliest diverging Pooideae
representatives included in this study and provided insight into the early diverging
lineages of the Pooideae. The Poeae representative (Avena sativa) gave an expanded
picture of the evolution of cold-mediated VRN2 expression in the core Pooideae.
Together the sampling of different tribes within the Pooideae enabled a diverse look at
the evolution of VRN2 across the Pooideae clade.

Vernalization responsiveness is widespread in Pooideae
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Our data, based on days to heading (after subtraction of six weeks in cold), tiller
number at heading, and leaf number at heading, indicates that the core pooid winter oat
'Norline', and the non-core pooids M. nutans and Nassella pulchra (Stipeae) are
responsive to vernalization. In contrast, although Nassella pubiflora headed sooner in
cold than those grown without cold exposure with the conservative subtraction of six
weeks of the time in cold (Figure 3A), we consider it non-responsive to vernalization
because it had a similar number of leaves (P = 0.068) (Figure 3B) and tillers (P = 0.017)
in the cold versus warm treatment. Consistent with previous work, winter oat flowered an
average of 44 days later without versus with vernalization (P = 0.025), with an average of
six extra tillers (P <0.001) and 17 extra leaves (P <0.001) (Preston and Kellogg, 2008)
(Figure 3A and B). Under warm conditions, M. nutans and N. pulchra plants failed to
flower after 200 days with at least 100 leaves, whereas vernalization resulted in M.
nutans flowering after an average of 66 days with ten tillers and 33 leaves, and N.
pulchra flowering after an average of 51 days with seven tillers and 23 leaves (Figure 3A
and 3B). Together with previous studies from B. distachyon (Higgins et al., 2010), these
results show that vernalization responsiveness is phylogenetically widespread in
Pooideae, and that there is variation for the presence of this trait in both core and noncore pooids.

The VRN2 expression pattern during and after cold is different in core and non-core
pooids
As predicted based on the model in wheat and barley, VRN2-like gene
expression in the core pooid winter oat (P = 0.006) (Figure 3C) and the non-core pooid N.
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pulchra (P < 0.001) (Figure 3E) showed a significant time point by growth temperature
interaction. Furthermore, pairwise contrasts between pre-treatment (28 day) and 56 or 70
day time points indicate a significant down-regulation of VRN2 transcription in winter oat
(P = 0.001) and N. pulchra (P = 0.001) with versus without cold (Figure 3C and 3E).
However, although expression of VRN2 in N. pulchra dropped after four- and six-weeks
of cold exposure, a similar decrease in expression was also observed in the warm
treatment at the 70 day time point (P = 0.017). This suggests that regulation of VRN2
differs between N. pulchra and winter wheat, barley, and oat.

Contrary to predictions, no significant time point by treatment interaction was
found for the non-core pooid M. nutans VRN2 expression (P = 0.558) (Figure 3D).
Indeed, for this species, VRN2 expression was similar across both treatments and across
all available time points. In the case of the vernalization non-responsive non-core pooid
N. pubiflora, we did not expect an effect of time point, treatment, or their interaction on
VRN2 expression and indeed there was no significant effect of time point by treatment (P
= 0.312). However, there was a significant effect of time point (P = 0.002), with a
decrease in expression from 28 days to 56 days, followed by an increase from 70 days to
84 days in both vernalized and control treatments (Figure 3F).

Reduction of BdVRN2 expression results in rapid flowering and elevated expression
of BdFT and BdVRN1
To investigate BdVRN2’s role in flowering time, we transformed the
vernalization-responsive B. distachyon accession, Bd21-3 (Ream et al., 2014) with an
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artificial microRNA (amiVRN2) (Warthmann et al., 2008) that post-transcriptionally
down-regulates BdVRN2 mRNA levels. Eight independent transgenic lines segregated for
the amiVRN2 transgene, and one independent line (Bd6-1) had the transgene fixed
(Figure 4B). Under a 16h photoperiod without vernalization, wild-type Bd21-3 and
segregating non-transgenic control plants flowered between 78-90 days with an average
of 17 leaves (Figure 4B, leaf data not shown). In contrast, transgenic plants harboring
amiVRN2 flowered between 31-52 days and produced an average of five to seven leaves
(Figure 4A and 4B; leaf data not shown). This indicates that BdVRN2 acts as a repressor
of flowering under inductive 16h photoperiods.

In 12h and 8h photoperiods, wild-type and segregating non-transgenic control
plants failed to flower by 160 days without vernalization (Figure 4B; 8h data not shown).
However, the flowering of wild type in 12h photoperiods (but not in 8h or 10h
photoperiods) could be accelerated with four weeks vernalization (Supplemental Figure
1). Even though amiVRN2 plants flowered more rapidly than wild-type in 12h
photoperiods without vernalization (Figure 4B), they did not flower as rapidly as four
week vernalized wild-type plants or lines overexpressing BdVRN1 (BdVRN1
overexpression lines flowered around 40 days) (Supplemental Figure 1). Under noninductive 8h photoperiods, in which BdVRN2 expression was previously demonstrated to
be low in Bd21-3 (Ream et al., 2014), none of the non-transgenic or transgenic plants
flowered after 160 days, consistent with previous findings that 8h is a non-inductive
photoperiod (Ream et al., 2014; data not shown). This is consistent with VRN2 acting as
a repressor of flowering only under inductive long days.
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As expected, BdVRN2 expression levels in leaves of four independent amiVRN2
transgenic lines grown in 16h photoperiods without vernalization were significantly
lower (P < 0.01) than expression in wild-type Bd21-3 plants, confirming efficiency of the
amiVRN2 transgene (Figure 4C). Moreover, expression levels of BdFT, BdVRN1, and the
paralog of BdVRN1 (BdFUL2) were proportionally significantly elevated in leaves of
amiVRN2 transgenic compared with wild-type plants (P < 0.05), consistent with their
rapid flowering, and indicating a role for BdVRN2 in the repression of BdFT, BdVRN1,
and BdFUL2 (Figure 4D-E; Supplemental Figure 2). None of the recently identified
FLOWERING LOCUS C-like (FLC-like) genes ODDSOC1 (OS1), OS2, and MADS37
(Ruelens et al., 2013) showed differences in expression in the amiVRN2 lines compared
with wild-type (Figure 4F; Supplemental Figure 2). In Arabidopsis, FLC is a potent floral
repressor turned off by cold conferring a vernalization requirement in Brassicaceae
(Amasino et al., 2010).

Overexpression of BdVRN2 delays flowering resulting in reduced BdFT and
BdVRN1 expression
To further investigate the role of VRN2 as a repressor of flowering, we generated
ten independent transgenic Bd21-3 plants constitutively expressing BdVRN2 under
control of the maize ubiquitin promoter. All of the T0 transgenic plants were delayed in
flowering compared to control plants lacking the transgene, when grown in a normally
highly inductive 20h photoperiod without prior vernalization (data not shown). For eight
of the transgenic lines that segregated for the transgene in the T1 generation, flowering
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was significantly delayed by roughly 70 days relative to siblings lacking the transgene
and wild-type plants in 20h photoperiods without prior vernalization (Figure 5A and 5B).
Furthermore, vernalized (4 weeks) transgenic plants overexpressing VRN2 flowered
roughly 100 days later than vernalized wild-type and non-transgenic sibling plants when
grown under inductive 16h photoperiods (Figure 5G-H). Vernalized UBI:VRN2 lines
were even more delayed than non-vernalized Bd21-3 plants; however, they did flower
within 120 days, whereas non-vernalized UBI:VRN2 lines failed to flower and were
larger than vernalized plants (Figure 5G and 5H). Thus, overexpression of BdVRN2
delays flowering and is able to suppress the vernalization response.

As expected, leaf BdVRN2 expression levels in four independent UBI:VRN2
transgenic lines grown in 20h photoperiods were significantly elevated (P < 0.05)
compared with wild-type Bd21-3 plants (Figure 5C). Conversely, BdFT and BdVRN1
expression was significantly lower in leaves of UBI:VRN2 transgenic compared with
wild-type plants (P < 0.05), consistent with the delayed-flowering phenotype of
UBI:VRN2 plants (Figure 5B, 5D, and 5E). Interestingly, BdOS2 expression levels were
significantly elevated in the UBI:VRN2 lines compared with wild-type plants; however,
BdOS1 and BdMADS37 were unaffected by elevated BdVRN2 levels (Figure 5F; data not
shown).

VRN2 expression levels were also significantly elevated in leaves of UBI:VRN2
lines grown in 16h photoperiods compared with Bd21-3 either with or without
vernalization. The newly expanded 3rd leaf was harvested for both the non-vernalized and
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vernalized samples when the 3rd leaf was reached. Surprisingly, VRN2 expression levels
were higher in vernalized UBI:VRN2 lines than non-vernalized UBI:VRN2 lines (Figure
5I). As was the case in 20h photoperiods without vernalization, BdFT and BdVRN1 were
significantly lower in the UBI:VRN2 lines regardless of vernalization treatment,
consistent with the delayed-flowering phenotype of the UBI:VRN2 lines (Figure 5J-K).
However, BdVRN1 expression levels were still elevated in the UBI:VRN2 vernalized lines
compared with non-vernalized UBI:VRN2 lines (Figure 5K).

Reduction of BdVRN1 expression results in delayed flowering but does not affect the
expression of BdVRN2
To evaluate if BdVRN1 and/or BdFUL2 (a paralog of VRN1, Preston and Kellogg,
2006) affect the expression of BdVRN2, and to better define their roles in flowering, we
developed amiRNAs to silence both BdVRN1 and BdFUL2 or BdVRN1 alone (Figure 6AB). Of the eight BdVRN1 and 18 BdVRN1/FUL2 independent T0 transgenic lines, none
flowered within 220 days when grown in inductive 20h photoperiods without
vernalization (data not shown). Furthermore, seven segregating and one fixed T1
independent transgenic line flowered more than 100 days later than sibling plants lacking
the transgene and wild-type plants with 20h photoperiods (Figure 6A and 6B). However,
there was no significant difference in flowering time between BdVRN1 and
BdVRN1/FUL2 plants, suggesting a redundant function for BdVRN1 and BdFUL2 in
flowering or that BdFUL2 does not affect flowering. Unlike wild-type plants that
flowered after an average of 20d, amiVRN1 plants did not respond to vernalization and
failed to flower within 120 days (Figure 6G; Supplemental Figure 3). The non-vernalized
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amiVRN1 plants also failed to flower after 120 days, whereas non-vernalized wild-type
plants flowered after 82 days on average (Figure 6G; Supplemental Figure 3).

BdVRN1 and BdFUL2 transcript levels in leaves of three independent
amiVRN1/FUL2 and two amiVRN1 only transgenic lines were significantly lower (P <
0.05) than wild-type Bd21-3 plants grown in 20h photoperiods without vernalization
(Figure 6C; Supplemental Figure 4C). BdFT expression was also significantly lower in
leaves of amiVRN1 or amiVRN1/FUL2 versus wild-type plants consistent with the
delayed flowering phenotype of the former (Figure 6B and 6E). Despite the reduction of
BdVRN1 in amiVRN1 transgenic plants, the expression levels of BdVRN2 were not
significantly different from wild-type plants (Figure 6D). However, for the FLC-like
genes BdOS2, but not BdOS1 and BdMADS37, expression was significantly elevated (P <
0.05) in amiVRN1 plants (Figure 6F; Supplemental Figure 4). Recently VRN1 has been
shown to directly bind to the OS2 promoter in barley (Deng et al., 2015) and OS2
expression is reduced in barley lines with highly expressed VRN1; however, vrn1 mutants
in barley do not effect OS2 expression before vernalization (Greenup et al., 2010). In
contrast with barley, OS2 levels are elevated in B. distachyon with reduced VRN1 mRNA
levels, but do not change relative to wild type when VRN1 is up-regulated in amiVRN2
lines (Figure 4F) or in UBI:VRN1 lines (data not shown). It will be interesting to
determine if OS2 contributes to the delayed-flowering phenotype of amiVRN1 by
generating vrn1/os2 double mutants.
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To corroborate the results from above that indicate that VRN1 does not affect
VRN2 expression, we analyzed the expression of both genes in leaves of wild-type and
amiVRN1 plants harvested before, cold, and after cold (Figure 6H and 6I). As expected,
BdVRN1 expression was significantly lower (P < 0.05) in amiVRN1 versus wild-type
leaves (Figure 6H). BdVRN1 expression significantly increased during and after cold in
both wild-type and amiVRN1 plants (Figure 6H). However, despite the significantly
lower BdVRN1 expression levels in amiVRN1 lines, BdVRN2 expression was not
significantly different from Bd21-3 wild-type plants (Figure 6I). Similar results were
observed in the amiVRN1/FUL2 transgenic lines (data not shown). Thus, reduction of
BdVRN1 or BdFUL2 mRNA expression does not affect the expression of BdVRN2 as is
the case in wheat, and BdVRN2 does not appear to contribute to the delayed flowering
phenotype of the amiVRN1 or amiVRN1/FUL2 transgenic lines. However, it will be
interesting to determine if BdVRN2 contributes to the delayed flowering amiVRN1
phenotype by generating vrn1vrn2 double mutants.

DISCUSSION

The attainment of flowering competence in response to vernalization has evolved
multiple times independently across major lineages of angiosperms, and is hypothesized
to be a key adaptation facilitating niche shifts from the tropics to the temperate zone
(Preston and Sandve, 2013; Ream et al., 2012). One such niche transition occurred in the
grass subfamily Pooideae, members of which are distributed primarily in the northern
temperate zone (Hartley, 1973; Edwards and Smith, 2009), and are heavily relied upon
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for grain, turf, and fodder. To determine the likelihood that the known cereal
vernalization gene network was established early in the diversification of pooids, we
identified vernalization-responsive species outside core Pooideae, and tested whether the
vernalization-mediated repression of VRN2 is conserved. Functional analyses in the noncore pooid species B. distachyon strongly support conservation of VRN2 as a repressor of
flowering. However, unlike the network in wheat and barley, BdVRN1 does not
negatively regulate BdVRN2, and non-core pooid VRN2 genes are not responsive to
vernalization. Together, these data support a model in which orthologous VRN2/GhD7
genes have retained a repressive flowering function during the diversification of pooids,
but that co-option of VRN2 into the network of genes regulated during vernalization
occurred after the divergence of Brachypodieae and core Pooideae.

Evolutionary history of pooid VRN2/GhD7 and CO9 genes
Two hypotheses about the evolutionary history of VRN2-like genes have been
previously proposed (Cockram et al., 2012; Ream et al, 2012). One posits a single gene
duplication event before the base of grasses, giving rise to a VRN2/GhD7- and a CO9containing clade, and implying an orthologous relationship between pooid VRN2 genes
and rice Ghd7 (Ream et al., 2012). The other postulates two duplication events before the
base of grasses, the first giving rise to the VRN2 and GhD7/CO9 clades, and the second
producing the GhD7 and CO9 clades, followed by loss of GhD7 genes at the base of
pooids (Cockram et al., 2012). Our phylogenetic results based on VRN2/GhD7/CO9-like
sequences from multiple grass and other monocot species indicate that VRN2 is
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orthologous to rice GhD7, supporting a single duplication event before the base of
grasses that gave rise to GhD7/VRN2 and CO9 clade genes.

Conservation of VRN2 as a flowering repressor
Functional data from wheat, barley, Brachypodium, and rice, combined with our
gene tree topology, strongly supports conservation of VRN2/GhD7-clade genes as
repressors of flowering under long-days. In winter wheat and barley, loss-of-function
mutations in VRN2 are associated with early flowering, and silencing of VRN2 reduces
heading time (Dubcovsky et al., 2005; Yan, 2004). Similarly, we found that B. distachyon
Bd21-3 amiVRN2 knockdown and BdVRN2 overexpressing lines flower significantly
earlier and later than wild-type, respectively. Functional alleles of the rice VRN2
ortholog, GhD7, likewise delay heading date under long days (Xue et al., 2008). Similar
to many sub-tropical grasses, rice is a short day plant, and the requirement for short days
to flower in rice is augmented by the long-day repression conferred by GhD7 (Xue et al.,
2008; Weng et al., 2014). Although little is known about members of the VRN2/GhD7
sister CO9 clade, barley CO9 has also been shown to prevent precocious flowering, but in
this case under non-inductive short-day conditions that accompany winter (Kikuchi et al.,
2012). Thus, we infer that the ancestor of VRN2/GhD7 and CO9 clades repressed
flowering, but that photoperiod regulation of these genes evolved following their
duplication.

Co-option of VRN2 in core pooid vernalization responsiveness
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Previous work demonstrated that BdVRN1 and BdVRN3 in the non-core pooid B.
distachyon interact in a positive feedback circuit (Ream et al., 2014), as present in the
core pooids wheat and barley (Yan et al., 2006; Shimada et al., 2009; Distelfeld and
Dubcovsky, 2010). Although BdVRN2 appears to act as a repressor of flowering, VRN1
amiRNA knockdown lines do not show the predicted increase in VRN2 expression. This
indicates that BdVRN2 does not interact with BdVRN1. A second piece of evidence
supporting the absence of cold and VRN1 mediated regulation of VRN2 outside core
Pooideae comes from gene expression analyses. Rather than decreasing in response to
cold, as in winter wheat, barley, and oats (Yan et al., 2004a; Dubcovsky et al., 2005;
Zitzewitz et al., 2005; Distelfeld et al., 2009b) (Fig. 2), VRN2 expression actually
increases transiently in B. distachyon Bd21-3 (Ream et al., 2014), or is unaffected by cold
in vernalization-responsive M. nutans and N. pulchra. Thus, despite vernalization
responsiveness being widespread throughout subfamily Pooideae, cold-regulated VRN2
expression appears to have evolved after the major niche transition of Pooideae from the
tropics to the temperate zone. This either suggests that pooid vernalization responsiveness
evolved multiple times independently, or, more likely, that VRN2 later became subject to
VRN1 regulation, possibly allowing further diversification of core pooids into even
colder, more seasonal climates, of the temperate north (Edwards and Smith, 2010).

MATERIAL AND METHODS
Plant growth and flowering time measurements
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Seeds of Parapholis incurva, winter oat 'Norline', Brachypodium pinnatum, Melica
nutans, Melica ciliata, Stipa barbata, Glyceria striata, Nassella pubiflora, Nassella
pulchra, Diarrhena americana, Lygeum spartum, Nardus stricta, and Brachyelytrum
aristosum were germinated on 1% agar plates for one week in the dark, planted in soil,
and grown at 20-22°C in long-days (16 h light:8 h dark) in a greenhouse at the University
of Vermont. Bambusa textilis rhizomes were acquired from the US Department of
Agriculture (PI 80872), and grown under the same greenhouse conditions. Brachypodium
distachyon Bd21-3 wild-type and transgenic plants were grown at the University of
Wisconsin, Madison as previously described (Ream et al. 2014).

For the flowering-time experiments, at least 40 germinated seedlings of A. sativa,
M. nutans, N. pulchra, and N. pubiflora were planted in soil and each individual was
randomly assigned to one of two growth treatments. Plants in both treatments were
initially grown for 28 days at 20°C, followed by 42 days at 4°C (vernalization treatment)
or 42 days at 20°C (control treatment). All plants were then given an additional 14 days
at 20°C before being transferred to a common 20-22°C greenhouse to monitor for
flowering time. Experiments were conducted under long-day photoperiods, and
treatments were replicated two or three times. Heading time was measured as days from
germination to overtopping of the flag leaf by the inflorescence in warm-treated plants.
To correct for inhibitory effects of cold on growth in A. sativa, M. nutans, N. pulchra,
and N. pubiflora, six weeks of cold exposure was not counted in the final heading date. In
the case of wild-type and transgenic B. distachyon 21-3, seeds were imbibed with water
and for vernalization treatments exposed to 5°C for 4 weeks, note the time in cold was
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not included in the final heading date as there is limited to no growth during the cold.
Non-vernalization temperatures averaged 21°C during the light period and 18°C the dark
period.

Tissue sampling, RNA extraction, and cDNA synthesis
For experiments in A. sativa, M. nutans, N. pulchra, and N. pubiflora, leaves for RNA
extraction were collected from the youngest expanded leaf of four individuals without
repeated measures at 28 (pre-treatment), 29 (cold exposure), 56 (four weeks with or
without vernalization), 70 (six weeks with or without vernalization), and 84 (posttreatment) days post-germination. RNA was extracted using TRI Reagent (Ambion)
followed by DNase treatment with TURBO DNA-free DNase (Ambion) according to the
manufacturer’s instructions. cDNA was synthesized using 0.5 µg of RNA in an iScript
cDNA synthesis reaction (BioRad). RNA extraction from the upper leaves of B.
distachyon wild-type and transgenic plants followed Ream et al. (2014).

Cloning, sequencing, and phylogenetic analysis
VRN2-like genes were amplified from leaf-derived cDNA using degenerate primers based
on the CCT domain and 3' coding region of barley ZCCT1, ZCCT2, and CO9;
Brachypodium distachyon VRN2 and CO9; and rice Ghd7 and CO9 (Supplemental Table
1). Longer VRN2-like sequences were also obtained from a few species using nested
gene-specific forward primers in combination with a polyT reverse primer (Supplemental
Table 1). Each amplicon was cloned into pGEM-T (Promega) and eight colonies were
picked for Sanger sequencing at Beckman Coulter Genomics (MA, USA). Nucleotide
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sequences were initially aligned with existing VRN2-like genes from Genbank and
Phytozome 10.3 using MAFFT (Yan et al., 2004; Katoh and Standley, 2013; Yan et al.,
2003; Zitzewitz et al., 2005; Cockram et al., 2007; Pidal et al., 2009), before manual
alignment of amino acid sequences in Mesquite (Maddison and Maddison, 2011)
(Supplemental Figure 5). Unalignable regions were pruned from the analysis in order to
minimize random noise in the data. A Bayesian analysis was run on the final nucleotide
alignment using MrBayes on the CIPRES XSEDE server with ten million generations,
using the GTR+G model as determined by Mr. ModelTest version 2.3 (Ronquist et al.,
2003; Nylander, 2004). Following stationarity, 25% of samples were discarded as burnin. Maximum likelihood (ML) analyses were conducted using RaxML Blackbox on
CIPRES XSEDE. The Shimodaira-Hasegawa (SH) topology test was done using PAUP4
(Swofford, 2003) on three topologies that were manipulated in Mesquite to differ in the
position of rice GhD7 (sister to the VRN2 clade, sister to the CO9 clade, or sister to both).
Genbank accession numbers for newly generated sequences from this study are
KT354940-KT354963.

Gene expression analyses
VRN2 qRT-PCR primers for winter oat, M. nutans, N. pulchra, and N. pubiflora were
designed in Primer3 (Rozen and Skaletsky, 2000) based on results of our phylogenetic
analyses (Supplemental Table S1). Primer efficiencies were checked using the dilution
series method (Scoville et al., 2011), and amplicons were sequence-verified. Critical
threshold (cT) values were normalized using the geomean of two reference housekeeping
genes, UBIQUITIN 5 (UBQ5) and ELONGATION FACTOR 1a (EF1α) (Supplemental
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Table 1) as previously described (Scoville et al., 2011). Three technical replicates were
used per biological replicate, and three biological replicates were used per two to three
experimental replicates for a total of six to nine individual replicates per time
point/treatment. For B. distachyon, qRT-PCR for BdVRN1, BdVRN2, BdFT, BdUBC18
followed Ream et al. (2014) and for BdOS1, BdOS2 and BdMADS37 followed Ruelens et
al. (2013) with three biological replicates and two experimental replicates. BdFUL2
primers were optimized as described previously (Supplemental Table S1).

Statistical analyses
For winter oat, M. nutans, N. pulchra, and N. pubiflora, linear mixed effects models were
employed in R (v3.1.2) (multcomp and nlme packages) to test for the effect of time point,
treatment, and their interaction on VRN2 expression. Replicate and time were accounted
for as random effects, and data for which there were no a priori predictions (29 day coldshock and 84 day post-treatment time points) were omitted from analyses to reduce
heteroscedasticity. Data were subjected to log transformation to increase normality.
Pairwise comparisons of expression were done between pretreatment (28 days) and four
(56 days) or six (70 days) weeks vernalization, and between 70 day minus pretreatment
expression for vernalization and control treatments. When no time point by treatment
interaction was significant, models were simplified by removing the interaction term, and
contrasts were done exclusively within time point and treatment. For B. distachyon,
differences in heading date and gene expression between wild type, non-transgenic, and
transgenic plants were assessed using the Student’s t test and deemed significant if P <
0.05.
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Generation of UBI:VRN2 transgenic lines
BdVRN2 cDNAs were amplified from Bd1-1 cDNA pooled from vernalized and nonvernalized leaf tissue. cDNAs were gel extracted (Qiagen) and were cloned into pENTRD-TOPO (Life Technologies) using the manufacturer’s protocol. Clones were verified by
sequencing. pENTR-cDNAs were recombined into pANIC10a (Mann et al., 2012) using
Life Technologies LR Clonase II following the manufacturer’s protocol. Clones were
verified by sequencing in pANIC10a and then transformed into chemically competent
Agrobacterium tumefaciens strain Agl-1. Plant callus transformation was performed as
previously described (Vogel and Hill, 2008). Independent transgenic lines were
genotyped for the transgene using a cDNA specific forward and pANIC vector AcV5 tag
reverse primer (Supplemental Table 1). Primer pairs used to clone each cDNA are listed
in Supplemental Table 1. The UBI:VRN1 lines were previously published in Ream et al.
(2014).

Generation of amiVRN2 and amiVRN1 transgenic lines
Artificial micro RNA (amiRNAs) sequences targeting either BdVRN2 or BdVRN1
transcripts

were

designed

using

the

artificial

microRNA

designer

tool

at

wmd3.weigelworld.org based on MIR528 from rice in the pNW55 vector. Parameters
were set such that amiRNAs would be specific to the desired target gene, except for DW4
that was designed to target both BdVRN1 and BdFUL2. To increase the chances of
obtaining successful knockdown of BdVRN1 and BdVRN2 expression, three amiRNAs
were developed targeting the 5’, middle, and 3’ ends of the coding region. amiRNAs
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targeting the 3’ end of both BdVRN1 and BdVRN2 were the most efficient for knocking
down expression and thus lines with these constructs were used in all the experiments.
Gateway compatible amiVRN1 and amiVRN2 PCR products were recombined into
pDONR221 using Life Technologies BP Clonase II following the manufacturer’s
protocol. Clones were verified by sequencing. The pDONR221 vector containing the
desired amiRNA in combination with another vector containing the maize ubiquitin
promoter were both recombined into destination vector p24GWI (designed by Devin O’
Connor at the Plant Gene Expression Center, Albany, CA) using Life Technologies LR
clonase II plus following the manufacturer’s protocol. Clones were verified by
sequencing to ensure that the maize ubiquitin promoter was upstream from the developed
amiRNA in order for the amiRNA to be continually expressed. The generated constructs
were transformed into A. tumefaciens strain Agl-1. Plant callus transformation was
performed as previously described (Vogel and Hill, 2008). Independent transgenic lines
were genotyped for the transgene using an amiRNA forward primer specific for the
targeted transcript and a reverse primer derived from the pNW55 backbone sequence
(Supplemental Table 1). Primers used to generate the amiRNAs are listed in
supplemental table 1.
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FIGURE LEGENDS
Figure 1. Pooideae phylogeny showing the eleven major tribes (gray box) and
delimitation of the core pooids based on Schneider et al. (2009) and GPWG II (2012).
Outgroups are the closely related grass subfamilies, Bambusoideae and Ehrhartoideae,
which together with Pooideae form the BEP clade. Sister to the BEP clade is the
PACCMAD clade that contains tropical cereals such as maize and sorghum. Focal tribes
in this study are highlighted in bold.
Figure 2. Bayesian inference of the phylogenetic relationships among VRN2- and
CO9-like genes and rice GhD7 based on a nucleotide alignment of the conserved
CCT domain and 3’ coding region. The presence of rice GhD7 and Musa acuminata
(wild ancestor of banana) genes in the VRN2 clade, suggests that the gene duplication
giving rise to the VRN2/GhD7 and CO9 clades occurred prior to the diversification of
commelinid monocots. Bayesian posterior probabilities (left) and maximum likelihood
bootstrap (right) support values above 70% are indicated at each branch; dashes denote
lower than 70% where applicable. Scale bar indicates substitutions per site. Focal genes
are labeled in large bold font. Abbreviated tribal names are indicated for members of
Pooideae: BRTR, Brachyelytreae; NARD, Nardeae; STIP, Stipeae; MELI, Meliceae;
DIAR, Diarrheneae; BRACH, Brachypodieae; TRIT, Triticeae; Poea I, Poeae I; and Poea
II, Poeae II.
Figure 3. VRN2 regulation in non-core pooids differs from wheat and barley. (A)
Vernalization causes rapid flowering (days to heading with six weeks vernalization
subtracted) in Avena sativa, Melica nutans, Nassella pulchra, and Nassella pubiflora
relative to control conditions. (B) Vernalization decreases leaf number at heading in A.
sativa, M. nutans, and N. pulchra, but not N. pubiflora, relative to control conditions. (C)
As predicted, winter oat VRN2 is negatively regulated as a function of cold exposure. (D)
M. nutans VRN2 mRNA levels are unaffected by cold and time. (E) N. pulchra VRN2
expression is negatively regulated by time in both cold and control conditions. (F) N.
pubiflora VRN2 expression is not significantly affected by cold or time. Thick arrows in
panels A and B denote non-flowering individuals. Error bars in panels C-F show standard
deviations for three biological replicates. Experimental replicates to control for chamber
effects showed similar results. Asterisks above bars indicate statistically significant
contrasts (* P < 0.05, ** P < 0.01, *** P < 0.001).
Figure 4. VRN2 knockdown causes rapid flowering. (A) Representative photos of
Bd21-3 wild-type and rapid flowering amiVRN2 knock-down plants grown in a 16-h or
12-h photoperiods without vernalization (NV). Pictures were taken 60 and 130 days after
germination as indicated. Scale bar = 5 cm. (B) Flowering times of Bd21-3 wild-type and
segregating non-transgenic (black bars) compared with independent amiVRN2 transgenic
lines (white bars). Lines with no non-transgenic plants are fixed for the transgene. Bars
represent the average of 6 plants +/- SD. The experiment was repeated with similar
results (data not shown). Arrows above bars indicate that none of the plants flowered at
the end of the experiment (120 days). (C-F) Quantitative RT-PCR expression data from
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the upper leaf of non-vernalized Bd21-3 wild type (WT) and amiVRN2 plants at the 3leaf stage grown in a 16h photoperiod. Average relative BdVRN2 (C), BdFT (D),
BdVRN1 (E), and BdOS2 expression (F) is shown for three biological replicates +/- SD.
Expression analyses were repeated with similar results. Single asterisks indicate P-values
< 0.01 and two asterisks indicate P-values < 0.005. Primers for BdVRN1, BdVRN2 and
BdFT were previously optimized in Ream et al. (2014) and BdOS2 primers were
optimized in Ruelens et al. (2013).
Figure 5. VRN2 overexpression delays flowering. (A) Representative photo of Bd21-3
wild type, non-transgenic sibling, and delayed flowering UBI:VRN2 plants grown in a
20h photoperiod without vernalization (NV) 60 days post germination. Scale bar = 5 cm.
(B) Days to heading for Bd21-3 wild type (WT) and segregating non-transgenic (black
bars) compared with independent UBI:VRN2 transgenic (white bars) plants. Lines with
no non-transgenic plants are fixed for the transgene. Bars represent the average of 6
plants +/- SD. The experiment was repeated with similar results (data not shown). (C-F)
Quantitative RT-PCR expression data from the 3rd leaf of Bd21-3 WT and UBI:VRN2
plants at the 3-leaf stages grown in 20h photoperiods without vernalization. Average
relative BdVRN2 (C), BdFT (D), BdVRN1 (E) and BdOS2 expression (F) is shown for
three biological replicates +/- SD. Expression analyses were repeated with similar results.
(G) Representative photo of non-vernalized and four-week 5°C vernalized (V) Bd21-3,
and UBI:VRN2 plants grown for 90 days under a 16h photoperiod. Scale bar = 5 cm. (H)
Days to heading for Bd21-3 WT and segregating non-transgenic (black bars) compared
with independent UBI:VRN2 transgenic (white bars) plants. Bars represent the average of
six plants +/- SD. Arrows above bars indicate that none of the plants flowered at the end
of the experiment (120 days) and asterisks indicate that only some plants in the treatment
did not flower after 120 days. (I-K) Average relative qRT-PCR data from the upper leaf
of Bd21-3 WT and UBI:VRN2 plants at the three-leaf stage grown in a 16-h photoperiod
with and without vernalization. BdVRN2 (I), BdFT expression (J), and BdVRN1
expression (K) is shown for three biological replicates +/- SD.
Figure 6. VRN1 knockdown delays flowering. (A) Representative image of nonvernalized (NV) Bd21-3 wild type, and amiVRN1 plants grown in a 20h photoperiod after
100 days post germination. Scale bar = 5 cm. (B) Days to heading for Bd21-3 wild-type
(WT) and segregating non-transgenic controls (black bars) compared with independent
amiVRN1 transgenic (white bars) plants. Lines with no non-transgenic plants are fixed for
the transgene. Bars represent the average of six plants +/- SD. The experiment was
repeated with similar results. Arrows above bars indicate that none of the plants flowered
at the end of the experiment (120 days) and asterisks indicate that only some plants did
not flower after 120 days. (C-F) Quantitative RT-qPCR expression data for the upper leaf
of Bd21-3 and amiVRN1 plants grown in a 20h photoperiod without vernalization.
Average relative BdVRN1 (C), BdFT (D), BVRN2 (E), and BdOS2 expression (F) is
shown for three biological replicates +/- SD. Expression analysis was repeated with
similar results. (G) Representative photo of Bd21-3 and amiVRN1 plants grown without
or with (V) four weeks 5°C vernalization with a 16h photoperiod. Numbers above plants
represent average days to heading of six plants per line (See supplemental Figure 3 for
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details). (H-I) qRT-PCR expression data for 8h photoperiod grown Bd21-3 and amiVRN1
plants before cold. (BC), during four weeks cold (DC), and seven days after cold (AC).
Average relative BdVRN1 (H) and BdVRN2 expression (I) is shown for three biological
replicates +/- SD.
SUPPLMENTAL FIGURE LEGENDS
Supplemental Figure 1. Days to heading of Bd21-3 and OX:VRN1 lines grown in 20,16,
15,14, 12, 10, and 8 hours of lights. Plants were were vernalized (V) as an imbibed seed
for 4 weeks before outgrowth in the indicated photoperiods. Non-vernalized (NV) plants
and V plants were both moved into the indicated photoperiod at the same time. Arrows
indicates that no plants flowered during the course of the experiment.
Supplemental Figure 2. BdOS1, BdMADS37 and BdFUL2 gene expression in leaves of
Bd21-3 and amiVRN2 plants grown in 16h long days without vernalization. qRT-PCR
expression data sampled from the youngest leaf at the third leaf stage of Bd21-3 wildtype (WT) and amiVRN2 plants for BdOS1 (A), BdOS2 (B), and BdFUL2. Bars represent
the average of three biological replicates +/- SD. Expression analysis was repeated with
similar results. Single asterisks indicate P-values < 0.01 and two asterisks indicate P
valuse < 0.05.
Supplemental Figure 3. Days to heading for non-vernalized (NV) and 4 week 5°C
vernalized (4wkV) Bd21-3 wild type (WT) and amiVRN1 plants at the third leaf stage.
All plants were grown under a 16-h photoperiod before outgrowth for 120 days in a 16-h
photoperiod. Arrows indicate that no plants flowered during the course of the experiment.
Asterisks (*) indicate that some plants in this treatment did not flower during the course
of the 120 day experiment. Siblings are plants segregating from the same primary
transformant mother plant that does not carry the transgene.
Supplemental Figure 4. BdOS1 (A) and BdMADS37 (B) gene expression in the
youngest leaves of Bd21-3 wild type (WT), amiVRN1, and OX:VRN1 plants at the three
leaf stage grown without vernalization under a 20h photoperiod. Bars represent the
average of three biological replicates +/- SD. Expression analysis was repeated with
similar results. (C) BdFUL2 gene expression in the third leaf of Bd21-3 and
amiVRN1/FUL2 lines which knockdown mRNA expression of BdVRN1 and BdFUL2
simultaneously. See Figure 6 for BdVRN1 expression in the amiVRN1/FUL2 lines.
Asterisk indicates P value <.05.
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FIGURES

Figure 1. Pooideae phylogeny showing the eleven major tribes (gray box) and
delimitation of the core pooids based on Schneider et al. (2009) and GPWG II
(2012).Outgroups are the closely related grass subfamilies, Bambusoideae and
Ehrhartoideae, which together with Pooideae form the BEP clade. Sister to the BEP
clade is the PACCMAD clade that contains tropical cereals such as maize and
sorghum. Focal tribes in this study are highlighted in bold.
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Figure 2. Bayesian inference of the phylogenetic relationships among VRN2- and CO9like genes and rice GhD7 based on a nucleotide alignment of the conserved CCT domain
and 3’ coding region.The presence of rice GhD7 and Musa acuminata (wild ancestor
of banana) genes in the VRN2 clade, suggests that the gene duplication giving rise to
the VRN2/GhD7 and CO9 clades occurred prior to the diversification of commelinid
monocots. Bayesian posterior probabilities (left) and maximum likelihood bootstrap
(right) support values above 70% are indicated at each branch; dashes denote lower
than 70% where applicable. Scale bar indicates substitutions per site. Focal genes
are labeled in large bold font. Abbreviated tribal names are indicated for members
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of Pooideae: BRTR, Brachyelytreae; NARD, Nardeae; STIP, Stipeae; MELI, Meliceae;
DIAR, Diarrheneae; BRACH, Brachypodieae; TRIT, Triticeae; Poea I, Poeae I; and
Poea II, Poeae II.

101

Figure 3. VRN2 regulation in non-core pooids differs from wheat and barley. (A)
Vernalization causes rapid flowering (days to heading with six weeks vernalization
subtracted) in Avena sativa, Melica nutans, Nassella pulchra, and Nassella pubiflora
relative to control conditions. (B) Vernalization decreases leaf number at heading in
A. sativa, M. nutans, and N. pulchra, but not N. pubiflora, relative to control
conditions. (C) As predicted, winter oat VRN2 is negatively regulated as a function of
cold exposure. (D) M. nutans VRN2 mRNA levels are unaffected by cold and time. (E)
N. pulchra VRN2 expression is negatively regulated by time in both cold and control
conditions. (F) N. pubiflora VRN2 expression is not significantly affected by cold or
time. Thick arrows in panels A and B denote non-flowering individuals. Error bars in
panels C-F show standard deviations for three biological replicates. Experimental
replicates to control for chamber effects showed similar results. Asterisks above
bars indicate statistically significant contrasts (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Figure 4. VRN2 knockdown causes rapid flowering. (A) Representative photos of
Bd21-3 wild-type and rapid flowering amiVRN2 knock-down plants grown in a 16-h
or 12-h photoperiods without vernalization (NV). Pictures were taken 60 and 130
days after germination as indicated. Scale bar = 5 cm. (B) Flowering times of Bd21-3
wild-type and segregating non-transgenic (black bars) compared with independent
amiVRN2 transgenic lines (white bars). Lines with no non-transgenic plants are
fixed for the transgene. Bars represent the average of 6 plants +/- SD. The
experiment was repeated with similar results (data not shown). Arrows above bars
indicate that none of the plants flowered at the end of the experiment (120 days).
(C-F) Quantitative RT-PCR expression data from the upper leaf of non-vernalized
Bd21-3 wild type (WT) and amiVRN2 plants at the 3-leaf stage grown in a 16h
photoperiod. Average relative BdVRN2 (C), BdFT (D), BdVRN1 (E), and BdOS2
expression (F) is shown for three biological replicates +/- SD. Expression analyses
were repeated with similar results. Single asterisks indicate P-values < 0.01 and two
asterisks indicate P-values < 0.005. Primers for BdVRN1, BdVRN2 and BdFT were
previously optimized in Ream et al. (2014) and BdOS2 primers were optimized in
Ruelens et al. (2013).
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Figure 5. VRN2 overexpression delays flowering. (A) Representative photo of Bd213 wild type, non-transgenic sibling, and delayed flowering UBI:VRN2 plants grown in
a 20h photoperiod without vernalization (NV) 60 days post germination. Scale bar =
5 cm. (B) Days to heading for Bd21-3 wild type (WT) and segregating nontransgenic (black bars) compared with independent UBI:VRN2 transgenic (white
bars) plants. Lines with no non-transgenic plants are fixed for the transgene. Bars
represent the average of 6 plants +/- SD. The experiment was repeated with similar
results (data not shown). (C-F) Quantitative RT-PCR expression data from the 3rd
leaf of Bd21-3 WT and UBI:VRN2 plants at the 3-leaf stages grown in 20h
photoperiods without vernalization. Average relative BdVRN2 (C), BdFT (D),
BdVRN1 (E) and BdOS2 expression (F) is shown for three biological replicates +/SD. Expression analyses were repeated with similar results. (G) Representative
photo of non-vernalized and four-week 5°C vernalized (V) Bd21-3, and UBI:VRN2
plants grown for 90 days under a 16h photoperiod. Scale bar = 5 cm. (H) Days to
heading for Bd21-3 WT and segregating non-transgenic (black bars) compared with
independent UBI:VRN2 transgenic (white bars) plants. Bars represent the average of
six plants +/- SD. Arrows above bars indicate that none of the plants flowered at the
end of the experiment (120 days) and asterisks indicate that only some plants in the
treatment did not flower after 120 days. (I-K) Average relative qRT-PCR data from
the upper leaf of Bd21-3 WT and UBI:VRN2 plants at the three-leaf stage grown in a
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16-h photoperiod with and without vernalization. BdVRN2 (I), BdFT expression (J),
and BdVRN1 expression (K) is shown for three biological replicates +/- SD.







































Figure 6. VRN1 knockdown delays flowering. (A) Representative image of nonvernalized (NV) Bd21-3 wild type, and amiVRN1 plants grown in a 20h photoperiod
after 100 days post germination. Scale bar = 5 cm. (B) Days to heading for Bd21-3
wild-type (WT) and segregating non-transgenic controls (black bars) compared
with independent amiVRN1 transgenic (white bars) plants. Lines with no nontransgenic plants are fixed for the transgene. Bars represent the average of six
plants +/- SD. The experiment was repeated with similar results. Arrows above bars
indicate that none of the plants flowered at the end of the experiment (120 days)
and asterisks indicate that only some plants did not flower after 120 days. (C-F)
Quantitative RT-qPCR expression data for the upper leaf of Bd21-3 and amiVRN1
plants grown in a 20h photoperiod without vernalization. Average relative BdVRN1
(C), BdFT (D), BVRN2 (E), and BdOS2 expression (F) is shown for three biological
replicates +/- SD. Expression analysis was repeated with similar results. (G)
Representative photo of Bd21-3 and amiVRN1 plants grown without or with (V)
four weeks 5°C vernalization with a 16h photoperiod. Numbers above plants
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represent average days to heading of six plants per line (See supplemental Figure 3
for details). (H-I) qRT-PCR expression data for 8h photoperiod grown Bd21-3 and
amiVRN1 plants before cold. (BC), during four weeks cold (DC), and seven days after
cold (AC). Average relative BdVRN1 (H) and BdVRN2 expression (I) is shown for
three biological replicates +/- SD.
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Days to heading of Bd21-3 and OX:VRN1 lines grown in 20,16,
15,14, 12, 10, and 8 hours of lights. Plants were vernalized (V) as an imbibed seed for
4 weeks before outgrowth in the indicated photoperiods. Non-vernalized (NV)
plants and V plants were both moved into the indicated photoperiod at the same
time. Arrows indicates that no plants flowered during the course of the experiment.
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Supplemental Figure 2. BdOS1, BdMADS37 and BdFUL2 gene expression in leaves of
Bd21-3 and amiVRN2 plants grown in 16h long days without vernalization. qRT-PCR
expression data sampled from the youngest leaf at the third leaf stage of Bd21-3
wild-type (WT) and amiVRN2 plants for BdOS1 (A), BdOS2 (B), and BdFUL2. Bars
represent the average of three biological replicates +/- SD. Expression analysis was
repeated with similar results. Single asterisks indicate P-values < 0.01 and two
asterisks indicate P valuse < 0.05.
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Supplemental Figure 3. Days to heading for non-vernalized (NV) and 4 week 5°C
vernalized (4wkV) Bd21-3 wild type (WT) and amiVRN1 plants at the third leaf stage.
All plants were grown under a 16-h photoperiod before outgrowth for 120 days in a
16-h photoperiod. Arrows indicate that no plants flowered during the course of the
experiment. Asterisks (*) indicate that some plants in this treatment did not flower
during the course of the 120 day experiment. Siblings are plants segregating from
the same primary transformant mother plant that does not carry the transgene.
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Supplemental Figure 4. BdOS1 (A) and BdMADS37 (B) gene expression in the youngest
leaves of Bd21-3 wild type (WT), amiVRN1, and OX:VRN1 plants at the three leaf stage
grown without vernalization under a 20h photoperiod. Bars represent the average of
three biological replicates +/- SD. Expression analysis was repeated with similar
results. (C) BdFUL2 gene expression in the third leaf of Bd21-3 and amiVRN1/FUL2
lines which knockdown mRNA expression of BdVRN1 and BdFUL2 simultaneously.
See Figure 6 for BdVRN1 expression in the amiVRN1/FUL2 lines. Asterisk indicates P
value <.05.
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Table S1. Primers used in this study.
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ABSTRACT
Flowering time is a carefully regulated trait controlled primarily through the action of the
central genetic regulator, FLOWERING LOCUS T (FT). Recently it was demonstrated
that a microRNA, miR5200, targets the end of the second exon of FT under short-day
photoperiods in the grass subfamily Pooideae, thus preventing FT transcripts from
reaching threshold levels under non-inductive conditions. Pooideae is an economically
important clade that rapidly diversified into the northern temperate region during the
major global cooling event spanning the Eocene-Oligocene transition. We hypothesize
that miR5200 photoperiod-sensitive regulation of Pooideae flowering time networks
assisted their transition into northern seasonal environments. Here, we test predictions
derived from the specific hypotheses that miR5200, originally found in bread wheat and
later identified in Brachypodium distachyon, is 1) at the base of Pooideae, 2)
transcriptionally regulated by photoperiod, and 3) is negatively correlated with FT
transcript abundance. Our results demonstrate that miR5200 did evolve early in Pooideae,
but only acquired transcriptional photoperiod-regulation within the Brachypodium
lineage. Based on expression profiles and previous data, we posit that the progenitor of
miR5200 was co-regulated with FT by an unknown mechanism.
Abbreviations: FT, FLOWERING LOCUS T; LD, long day, SD, short day
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INTRODUCTION
Flowering time is critical to plant survival and reproductive success, and is tightly
regulated by the integration of several exogenous and endogenous signals, including
photoperiod, temperature, and developmental age (Lang, 1952; Lacey, 1986; Bernier and
Périlleux, 2005; Andrés and Coupland, 2012; Song et al., 2015). One of the most
important promoters of the floral transition is FLOWERING LOCUS T (FT), whose small
protein product acts as a ‘florigen’, moving from leaves through the phloem to the shoot
apex (Corbesier et al., 2007; Turck et al., 2008). Although the role of FT as the central
florigen is highly conserved across many flowering plant groups (Turck et al., 2008),
recent work suggests that many points of regulation have evolved in response to abiotic
signals such as photoperiod (Greenup et al., 2009; Wu et al., 2013) and vernalization
(Yan et al., 2006; Fjellheim et al., 2014). Studies examining the evolutionary history of
FT regulation in response to the environment are critical to inform our understanding of
how plant genetic architecture may change in response to current and future climatic
changes.

Recently it was demonstrated that transcription of FT-like genes in the long-day (LD)
temperate grass Brachypodium distachyon (Brachypodieae) are negatively regulated by
the microRNA miR5200 (previously known as miR2032) in a photoperiod-sensitive
manner (Wei et al., 2009; Wu et al., 2013). On chromosome one in Brachypodium
distachyon, two potential genes were found to encode miR5200 transcripts, and thus
named miR5200a and miR5200b (Wu et al., 2013). Another miRNA, with a one120

nucleotide difference to miR5200a, has also been identified, and named miR5200c
(Zhang et al., 2009; Wu et al., 2013). Suggesting evolutionary conservation, miR5200a
and miR5200b are syntenic in einkorn wheat (Triticum monococcum, Triticeae) and
Brachypodium distachyon (Abrouk et al., 2012; Lucas and Budak, 2012; Wu et al.,
2013).

FTL1 and FTL2 from Brachypodium distachyon possess sequences complementary to the
mature form of miR5200a and miR5200b, suggesting that both miRNAs target FT-like
transcripts for degradation (Wu et al., 2013). Supporting this hypothesis, overexpression
and knock-down of Brachypodium distachyon Bd21-3 miR5200 previously resulted in
delayed and accelerated flowering times, respectively, with concurrent decreases or
increases in FT expression (Wu et al., 2013). Similar to FTL1 and FTL2, Brachypodium
distachyon miR5200a and miR5200b displayed diurnal expression patterns, peaking four
hours before dawn (Wu et al., 2013). MiR5200a and miR5200b transcript abundance was
also relatively high under four and eight hour short day (SD) conditions, but nearly
undetectable under 16- and 20-hour LD photoperiods (Wu et al., 2013). When plants
grown in LDs were moved to SDs, miR5200a/b expression increased after seven days,
while FTL expression steadily decreased (Wu et al., 2013). Interestingly, repressive
histone marks (H3K27me3) were enriched surrounding hairpin structure regions of
miR5200 in LDs, while promoting histone marks (H3K4me3) were present in SDs,
matching expression changes seen in these conditions (Wu et al., 2013). Together, these
data support a role for the transcriptional regulation of miR5200a and miR5200b in SD
repression of FT-regulated flowering in Brachypodium distachyon Bd21-3.
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Wheat and Brachypodium distachyon are members of the Pooideae subfamily of grasses
that originated and quickly transitioned from the tropics into the northern temperate
region about 50-35 million years ago (Gaut, 2002; Christin et al., 2008; Vincentini et al.,
2008; Bouchenak-Khelladi et al., 2010), during a gradual cooling period at the middle to
end of the Eocene (Zachos, 2001; Stickley et al., 2009; Mannion et al., 2014). The
subfamily, which comprises over 4,200 species (Soreng et al., 2015), is thus hypothesized
to have evolved several adaptations that prevent flowering during seasonal low winter
temperatures, while triggering flowering under the inductive LD photoperiods of summer
(Sandve et al., 2008; Sandve and Fjellheim, 2010; Sandve et al., 2011; Preston and
Sandve, 2013; Vigeland et al., 2013; Woods et al., 2016). Adaptations, such as
vernalization responsiveness, prevent precocious flowering under the cold, short days of
temperate winter, while preparing plants for the growing seasons during the warm,
inductive long days of summer. The timing of flowering under LDs is crucial for plants in
the temperate regions because it enables them to efficiently exploit the short growing
season. In the core Pooideae, (e.g. wheat, oats [Avena sativa], and perennial ryegrass
[Lolium perenne], see Davis and Soreng, 1993 and Soreng et al., 2015 for core Pooideae
description), flowering time and vernalization networks are entwined, and are often
regulated by overlapping mechanisms (Ream et al., 2013a). Despite this, miR5200
expression does not appear to be influenced by vernalization in both vernalization
responsive and non-responsive Brachypodium distachyon accessions (Wu et al., 2013),
suggesting that an independent photoperiod-sensitive module has evolved to regulate FT.
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Homologs of Brachypodium distachyon miR5200 have been found in several core
Pooideae species, but are lacking from the fully sequenced genomes of rice (Oryza
sativa, Ehrhartoideae), maize (Zea mays, Panicoideae), sorghum (Sorghum bicolor,
Panicoideae, Panicoideae) and Arabidopsis thaliana (Brassicaceae) (Wu et al., 2013).
Based on this observation, and given the potential importance of the miR5200-FT
regulon in repressing temperate winter flowering, we hypothesize that miR5200 appeared
de novo at the base of Pooideae, attendant with their transition into the northern
temperate region, and was quickly integrated into the photoperiod pathway to negatively
regulate FT transcription during the non-inductive SD photoperiods of winter.
Specifically, we hypothesize that 1) miR5200 evolved at the base of Pooideae, 2) SDupregulated miR5200 expression is conserved across Pooideae, and, 3) the negative
correlation between FT and miR5200 transcript abundance is conserved across Pooideae,
suggestive of a prominent role for transcriptional regulation of the microRNA in
mediating FT patterns. To test these hypotheses, we isolated miR5200 transcripts from
phylogenetically representative Pooideae species, and compared the expression profiles
of miR5200- and FT-like genes under different photoperiods. Our results support the
origin of miR5200 prior to the diversification of most Pooideae species, but suggest that
transcriptional control of miR5200 by photoperiod evolved independently in the
Brachypodium distachyon Bd21-3 accession.

MATERIALS AND METHODS

Plant growth and experimental design
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Seeds of Nardus stricta (Nardeae, collected in Romania, [46.69098, 22.58302], July
2012) were germinated on 1% agar plates for two weeks, before being planted in soil and
randomly assigned to one of four 17-20°C growth rooms at the Centre for Plant Research
in Controlled Climate, Norwegian University of Life Sciences NMBU, in Ås, Norway.
Stipa lagascae (Stipeae, PI 250751, Western Regional Plant Introduction Station), and B.
distachyon Bd21 (W6 36678, Western Regional Plant Introduction Station) seeds were
placed directly in soil at the start of the experiment and divided into treatments as
described for Nardus stricta. Two replicates of the experiment occurred simultaneously
with two treatment chambers and two control chambers. Initially, all chambers were set
to 16-hour light: 8-hour dark LD photoperiodic conditions for three weeks. Subsequently,
the two treatment chambers were set to an 8-hour light: 16-hour dark SD photoperiod
regime for two weeks, followed by LDs until flowering. The two control chambers were
set to LDs for the entire experiment, and all chamber temperatures cycled from 20°C
during the day to 17°C at night. The longest fully expanded leaf was sampled for RNA
from four independent individuals for each species two hours after experimental dawn at
three weeks post planting and after one week in treatment conditions, times identical to
those reported in Wu et al. (2013). To assure that the sampled Brachypodium distachyon
Bd21-3 plants had not transitioned to the reproductive stage, we examined the shoot
apical meristem (SAM) at each timepoint. To assess the influence of time on gene
expression, leaves were sampled at one additional time point to Wu et al. (2013): two
weeks into treatment. Sampling occurred after the initial three weeks in LDs
(“pretreatment”) and after one and two weeks in SDs (with the respective time point
taken in the control chambers).
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Experiments with Brachypodium distachyon Bd21-3 (W6 39233, Western Regional Plant
Introduction Station) were conducted at the University of Vermont (UVM) using the
same experimental design and leaf harvest time as above, except that experiments were
replicated in time with chamber swapping, rather than simultaneously. For the Hordeum
vulgare (barley) ‘Morex’ (USDA GRIN NPGS, 35761) experiment at UVM, seeds were
planted in pots and assigned to either a SD or LD chamber, where they remained for the
duration of the experiment. Hordeum vulgare leaf material was harvested for RNA from
five individuals per treatment prior to the reproductive transition (marked by the doubleridge stage), when plants were 8-11 cm tall, six days post-germination for both
treatments. All chambers were held at a constant temperature of 20°C.

RNA extraction and cDNA synthesis
Leaf samples collected at NMBU were extracted using RNeasy Plant Mini Kit (Qiagen)
following the manufacturer’s protocol. RNA from leaves collected at UVM was extracted
using TRI Reagent (Ambion) followed by DNase treatment with TURBO DNA-free
DNase (Ambion) according to the manufacturer’s instructions. cDNA was synthesized
using 1.0 µg of RNA in an iScript cDNA synthesis reaction (BioRad).

Transcriptome query and gene expression analyses
To test whether miR5200 evolved early in Pooideae and is thus present in early diverging
lineages, we conducted nucleotide BLAST searches in transcriptomic datasets assembled
with Trinity v.2.0.6 (Grabherr et al., 2011) collected under both 16 h LD and 8 h SD
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photoperiods for Nardus stricta (Nardeae), Stipa lagascae (Stipeae), Melica nutans
(Meliceae), and Hordeum vulgare (Triticeae) (Grønvold & Schubert et al., unpublished).
Additionally, we queried the newly available moso bamboo (Phyllostachys edulis)
genome (Peng et al., 2013) using the same BLAST algorithm as for the other focal
species. Primers for Nardus stricta and Stipa lagascae pri-miR5200 were generated using
Primer3 (Rozen and Skaletsky, 2000), based on sequences identified in transcriptome
queries (primers listed in Table S2). Primers were not designed for Melica nutans, as no
sequence with similar identify to miR5200 was found. FT primers for Nardus stricta
were based on sequences published previously (McKeown et al., 2016). FT primers for
Stipa lagascae were based on orthologous sequences found in the transcriptome of Stipa
lagascae. Two primer sets for Stipa lagascae and Nardus stricta FT were developed. One
set of primers spanned the miR5200 target site in FT and the other did not. Primers used
for Brachypodium distachyon expression analyses were identical to those used in Wu et
al. (2014). Primer efficiencies were calculated and qPCR was performed as previously
described using two housekeeping genes, UBIQUITIN 5 (UBQ5) and ELONGATION
FACTOR 1a (EF1α) (Woods et al, 2016). Three biological replicates per time point were
used in each of two experimental replicates that were run for Brachypodium distachyon
Bd21, Nardus stricta, and Stipa lagascae. Five biological replicates per time point were
used in each of two experimental replicates that were run for Hordeum vulgare. Six to
eight biological replicates per time point were used in each of two experimental replicates
that were run for Brachypodium distachyon Bd21-3.

Statistical analyses
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Single-tailed bonferroni-corrected t-tests between LD and SD at 7- and 14-day
timepoints, and between ‘pre’ and 7-day timepoints in SDs were calculated using R
version 3.1.2 (R development core team, 2008). The Hordeum vulgare data were
analyzed using a one-tailed t-test in R to compare expression in SDs and LDs.
Correlation between FT and miR5200 expression was analyzed using the Pearson’s
product-moment correlation in R (R development core team, 2008).

RESULTS

Identification of miR5200 in early diverging Pooideae species
Transcriptome-wide nucleotide BLAST searches on de novo pooled assemblies from leaf
tissue resulted in matches of mature and pri-miR5200 transcript sequences in Nardus
stricta, Stipa lagascae, and Hordeum vulgare (Fig. 1). No putative matches for miR5200
were identified in the moso bamboo (Phyllostachys edulis) genome. Interestingly, we did
not identify transcripts homologous to miR5200 in Melica nutans, either indicating that it
has been lost from the genome or was not abundant in leaf tissues under our growth
conditions.
Close complementation was observed between the putative miR5200 sequences and the
end of the second exon of FT, with five mismatches in Nardus stricta, four mismatches in
Hordeum vulgare, and two mismatches in Stipa lagascae (Fig. 1B). There were four
mismatches between FTL1 and miR5200a/b and two mismatches between FTL2 and
miR5200 a/b in Brachypodium distachyon (Bd21 and Bd21-3 accessions were identical
in sequence) (Fig. 1B).
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Expression of pri-miR5200 in response to photoperiod
Bonferroni-corrected statistical comparisons of miR5200 expression after seven days in
SD or LD treatment indicated no significant treatment difference in Nardus stricta and
Stipa lagascae miR5200, or Brachypodium distachyon Bd21 miR5200b (Fig. 2; Table 1).
Likewise, there was no significant difference in miR5200 expression between LD- and
SD-treated Hordeum vulgare 'Morex' (one tailed t-test, t = 0.20, df = 15.2, P = 0.424)
(Fig. 3). In contrast, miR5200a expression in our control accession, Brachypodium
distachyon Bd21-3, was significantly upregulated in SDs compared to LDs after seven
days in treatment (Table 1). Comparisons of miR5200 expression between the “pre” and
seven-day time points in SDs were not significantly different for any species tested, with
the exception of Brachypodium distachyon Bd21-3 miR5200a (Table 1).

Correlation between miR5200 and FT expression
To determine whether FT and miR5200 transcripts have an antagonistic relationship,
regardless of photoperiodic regulation, we examined the correlation between FT and
miR5200 transcript levels under SD and LD photoperiods (Fig. 4). In contrast to our
prediction of a negative correlation, we found that miR5200 expression was positively
correlated with FT expression in Nardus stricta and Stipa lagascae under both SDs and
LDs (Table 2). FT expression did not significantly differ between LD and SD treatments
in Brachypodium distachyon Bd21-3 (Fig. S1), which corresponded to the fact that
Brachypodium distachyon Bd21-3 SAMs had not transitioned to the reproductive stage
during the experiment (data not shown). This is critical because miR5200 is predicted to
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negatively regulate the transition to flowering via FT during the vegetative stage.
Likewise, in Bd21 there was a significant positive correlation between miR5200a/b and
FTL2, the ortholog of FT in wheat and Hordeum vulgare, whereas we did not observe
any correlation between Bd21 miR5200a/b and FTL1, which is located on a separate
chromosome (Table 2). In each case, results were similar whether FT primer pairs
spanned the putative miR5200 cut site or a region within a different exon (Table 2, Fig.
4). We did not find any correlation pattern in Hordeum vulgare, nor our control species
accession Brachypodium distachyon Bd21-3 (Table 2).

DISCUSSION

It was recently demonstrated that Bd21-3 miR5200 is upregulated under SD photoperiods
to negatively regulate FT transcription, suggesting a mechanism by which Pooideae
might have suppressed SD flowering during its initial diversification in the temperate
zone (Wu et al., 2013). Consistent with this mechanistic hypothesis, our data demonstrate
that miR5200 evolved somewhere between the diversification of Bambusoideae and the
basal Pooideae species Nardus stricta, attendant with a shift to LD flowering. However,
since we found no evidence of SD transcriptional upregulation of pri-miR5200 outside of
Bd21-3, we postulate that the role of miR5200 in photoperiod flowering regulation
evolved within the Brachypodium lineage and/or regulates Pooideae flowering in a posttranscriptional manner (Fig. 5).
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Previous analyses demonstrated a similar upregulation of both the pri- and mature forms
of Bd21-3 miR5200a/b under SD photoperiods. In combination with decreased repressive
histone marks under LDs, these data suggest transcriptional regulation of Bd21-3 primiR5200a/b in a photoperiod-dependent manner (Wu et al., 2013). A similar
photoperiod-dependent abundance of mature miR5200 was found for the core Pooideae
species Hordeum vulgare (Wu et al., 2013). However, we failed to find this relationship
for pri-miR5200 in Hordeum vulgare, Bd21 (locus b), and focal species outside core
Pooideae-Brachypodieae. These data suggest that the difference in mature miR5200
abundance in Hordeum vulgare stems from post-transcriptional regulation of the
miR5200 transcript, and that transcriptional regulation evolved relatively recently in the
Brachypodium lineage (Fig. 5). Future studies will be required to test whether posttranscriptional regulation is confined to Hordeum vulgare, or can be traced further back
in the Pooideae phylogeny.

Expression of Bd21-3 pri-miR5200a/b and FTL1/2 are negatively correlated, consistent
with the mature form of the miRNA targeting the flowering gene for transcriptional
silencing (Wu et al., 2013). However, contrary to these results, we found a strong positive
correlation between pri-miR5200 and FT expression in the basal Pooideae and Bd21
FTL2 under both SD and LD conditions. Additionally, with the exception of Hordeum
vulgare and our Bd21-3 control, we did not see the predicted photoperiod-sensitive
differential expression of FT (Fig. 5). One explanation for the positive correlation
between pri-miR5200 and FT in non-core Pooideae species, or pri-miR5200a/b and FTL2
in Bd21, is ancestral transcriptional coregulation as a consequence of potential
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chromosomal colocalization. In Brachypodium distachyon, miR5200a/b and FTL2 are
closely located on chromosome one, hinting at colocalization as a mechanism enabling
coexpression of these loci (Wu et al., 2013). Examination of the genomic position of
miR5200 relative to FT in early diverging Pooideae will lend further insight into the
evolution of coordinated expression between loci.

Accompanying the shift from the tropics into the northern temperate region, the ancestor
of Pooideae faced new environmental conditions, such as increased seasonality in
temperature and day length. It was previously hypothesized, based on data from B.
distachyon Bd21-3, that part of this transition was mediated by evolution of a novel
miRNA that was transcriptionally controlled by photoperiod to block precocious
flowering under SDs (Wu et al., 2013). Based on available data, we infer that different
mechanisms of miR5200 regulation might have evolved in disparate Pooideae lineages.
Transcriptional regulation of pri-miR5200 appears to have a single origin in
Brachypodium distachyon Bd21-3, whereas data suggest the existence of posttranscriptional regulation of miR5200 in Hordeum vulgare. Although miR5200 does
indeed seem to have emerged at the base of Pooideae, it remains to be tested whether
photoperiod-sensitive post-transcriptional regulation of miR5200 is conserved outside of
Hordeum vulgare.

To further uncover the complex evolutionary history of miR5200, and to determine if
regulation of short-day repression of FT by miR5200 occurs outside Bd21-3, it will be
necessary to investigate mature miR5200 products under different day lengths in early
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diverging Pooideae species. One potential caveat to this study is that we are examining
gross level patterns in the leaf at particular developmental stages. Unique patterns of
miR5200 expression may exist at different spatial levels or at different times in
development (Lopez-Gomollon et al., 2012; Kawashima et al., 2009). Further
examination across a wider developmental timeframe, and in finer resolution, may yield
further details on the evolution of miR5200.
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FIGURE LEGENDS
Figure 1.
Simplified phylogeny of Pooideae based on GPWG II (2012) (A) and alignment of the
miR5200 and corresponding FT target sequence (B) in H. vulgare, B. distachyon, S.
lagascae, and N. stricta. Gray boxes represent exon structure, with lines between
representing introns. White box represents 5’ and 3’ UTRs.

Figure 2.
Expression of miR5200 relative to UBQ5 and EF1α for (A) B. distachyon Bd21
miR5200a (B), B. distachyon Bd21 miR5200b (C), B. distachyon Bd21-3 miR5200a (D),
B. distachyon Bd21-3 miR5200b (E), N. stricta miR5200 (F), and S. lagascae miR5200.
Gray box indicates times during the experiment when plants assigned to the SD treatment
experienced the SD photoperiod. Error bars indicate standard error for two experimental
replicates with three biological replicates per experiment. P < 0.05, *, P < 0.01, **.
Figure 3.
Relative expression of H. vulgare 'Morex' miR5200 and FT in SDs and LDs, six days
post-germination (A). Error bars indicate standard error for five individuals. White bars
indicate SD, gray bars indicate LD. Significant P-values (P < 0.05) are indicated with an
asterisk. (B) Correlational scatterplot of H. vulgare FT and miR5200 under SD and LD
photoperiods with projected best-fit line. Triangle indicates individual sampled under SD,
circle indicates under LD.
Figure 4.
Correlation scatterplots between miR5200 and FT transcriptional levels in Pooideae
species. (A) B. distachyon Bd21 miR5200a is significantly positively correlated with
FTL2, but not FTL1 expression. (B) B. distachyon Bd21 miR5200b is significantly
positively correlated with FTL2, but not FTL1 expression. (C) B. distachyon Bd21-3
miR5200a is not correlated with FTL1 or FTL2 expression. (D) B. distachyon Bd21-3
miR5200b is not correlated with FTL1 or FTL2 expression. (E, F) miR5200 expression in
N. stricta (E) and S. lagascae (F) is significantly positively correlated with FT
expression, whether primers used span the microRNA cut site (denoted by asterisk), or
amplify a region within a separate exon. Triangle indicates individual sampled under SD,
circle indicates under LD.
Figure 5.
Summary model of miR5200 evolution in Pooideae based on the present study and Wu et
al. (2013). 'X' denotes presence, '-' absence, and '?' ambiguity. 'pos' indicates a positive
correlation, '0' indicates no correlation. NA, not applicable due to the absence of the
miRNA. Dashed box indicates hypothesized gain of photoperiod-sensitive maturation or
loss of coexpression that remains to be tested in future work.
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SUPPLEMENTAL FIGURE LEGENDS
Figure S1. Expression of FT relative to UBQ5 and EF1α in tested Pooideae species.
Asterisks after FT in (F) and (H) indicate that primers span the miRNA cut site. Gray box
indicates time where SD treatment plants experienced SDs. Error bars indicate standard
error for two experimental replicates with three biological replicates each. Circles with
solid lines represent LD treatment, triangles with dashed lines represent SD treatment.
Significant P-values (P < 0.05) for the primer set spanning the miRNA cut site in N.
stricta is indicated with asterisk at the 14-day timepoint.
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FIGURES
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e.g. Hordeum vulgare
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H. vulgare FT (HM133579.1) 5'-CCCAAC–CUUAGAGAGUAUCUCCACUG-3'
||:.|||||:||||||||:||
3'-UUCGGAAUCCCUCAUAGAUGU-5'
H. vulgare miR5200
B. distachyon FTL1 5'-UCCCAGCCUUAGGGAGUACUUGCACUG-3'
:||||||||||||||::|:||
3'-UUCGGAAUCCCUCAUAGAUGU-5'
B. distachyon miR5200a,b
B. distachyon FTL2 5'-CCCUAACCUUAGGGAGUAUCUACACUG-3'
:|:||||||||||||||||||
3'-UUCGGAAUCCCUCAUAGAUGU-5'
B. distachyon miR5200a,b
S. lagascae FT 5'-CCCAAC–CUUAGGGAGUAUCUACACUG-3'
||:.|||||||||||||||||
3'-UUCCGAAUCCCUCAUAGAUGU-5'
S. lagascae miR5200

N. stricta FT 5'-CAGCCUUAGGGAGUACUUGCAC-3'
:||:|||||||||||::|:||
N. stricta miR5200 3'-UUCCGAAUCCCUCAUAGAUGU-5'

Figure 1. Simplified phylogeny of Pooideae based on GPWG II (2012) (A) and
alignment of the miR5200 and corresponding FT target sequence (B) in H. vulgare, B.
distachyon, S. lagascae, and N. stricta. Gray boxes represent exon structure, with lines
between representing introns. White box represents 5’ and 3’ UTRs.
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Figure 2. Expression of miR5200 relative to UBQ5 and EF1α for (A) B. distachyon
Bd21 miR5200a (B), B. distachyon Bd21 miR5200b (C), B. distachyon Bd21-3
miR5200a (D), B. distachyon Bd21-3 miR5200b (E), N. stricta miR5200 (F), and S.
lagascae miR5200. Gray box indicates times during the experiment when plants assigned
to the SD treatment experienced the SD photoperiod. Error bars indicate standard error
for two experimental replicates with three biological replicates per experiment. P < 0.05,
*, P < 0.01, **.
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Figure 3. Relative expression of H. vulgare 'Morex' miR5200 and FT in SDs and LDs,
six days post-germination (A). Error bars indicate standard error for five individuals.
White bars indicate SD, gray bars indicate LD. Significant P-values (P < 0.05) are
indicated with an asterisk. (B) Correlational scatterplot of H. vulgare FT and miR5200
under SD and LD photoperiods with projected best-fit line. Triangle indicates individual
sampled under SD, circle indicates under LD.
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Figure 4. Correlation scatterplots between miR5200 and FT transcriptional levels in
Pooideae species. (A) B. distachyon Bd21 miR5200a is significantly positively correlated
with FTL2, but not FTL1 expression. (B) B. distachyon Bd21 miR5200b is significantly
positively correlated with FTL2, but not FTL1 expression. (C) B. distachyon Bd21-3
miR5200a is not correlated with FTL1 or FTL2 expression. (D) B. distachyon Bd21-3
miR5200b is not correlated with FTL1 or FTL2 expression. (E, F) miR5200 expression in
N. stricta (E) and S. lagascae (F) is significantly positively correlated with FT
expression, whether primers used span the microRNA cut site (denoted by asterisk), or
amplify a region within a separate exon. Triangle indicates individual sampled under SD,
circle indicates under LD.
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Figure 5. Summary model of miR5200 evolution in Pooideae based on the present study
and Wu et al. (2013). 'X' denotes presence, '-' absence, and '?' ambiguity. 'pos' indicates a
positive correlation, '0' indicates no correlation. NA, not applicable due to the absence of
the miRNA. Dashed box indicates hypothesized gain of photoperiod-sensitive maturation
or loss of coexpression that remains to be tested in future work.
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Figure S1. Expression of FT relative to UBQ5 and EF1α in tested Pooideae species.
Asterisks after FT in (F) and (H) indicate that primers span the miRNA cut site. Gray box
indicates time where SD treatment plants experienced SDs. Error bars indicate standard
error for two experimental replicates with three biological replicates each. Circles with
solid lines represent LD treatment, triangles with dashed lines represent SD treatment.
Significant P-values (P < 0.05) for the primer set spanning the miRNA cut site in N.
stricta is indicated with asterisk at the 14-day timepoint.
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TABLES

Table 1. Single-tailed bonferroni corrected t-test statistics testing for the significant
increase of miR5200 under SD compared to LD conditions after 7 or 14 days. Bd21 and
Bd21-3 show miR5200a and miR5200b expression, respectively. T-statistic is listed with
degrees of freedom in subscript. NA indicates test was not made due to experimental
design. Parentheses around the H. vulgare statistic indicates timepoint was taken after 6
days. Significant P-values (P < 0.05) are indicated in bold.
Species/Timepoint

Pre – 7day SD

7-day

14-day

Bd21 (a/b)

-0.41615.5/-0.79311.4

2.919.36/1.567.54

0.1399.84/-0.0789.98

Bd21-3 (a/b)

2.237/1.1222.5

2.237/1.9516.2

NA

N. stricta

1.308.45

-1.136.62

-1.079.09

S. lagascae

-1.209.41

0.3758.94

0.9777.62

H. vulgare

NA

(0.19515.22)

NA
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Table 2. Statistical results testing correlations between miR5200 and FT expression.
Columns indicate correlation coefficient (r), t-statistic with degrees of freedom indicated
as subscript (tdf), P-value for Pearson’s Product Moment Correlation test (P), and
adjusted R-squared value (Adj. R). *FT primer sets amplifying transcripts that span
microRNA target sites. Significant P-values (P < 0.05) are indicated in bold. NA
indicates test was not performed due to lack of detectable gene expression.
Species/Statistic
Long days
Bd213miR5200a/FTL1*
Bd213miR5200a/FTL2*
Bd213miR5200b/FTL1*
Bd213miR5200b/FTL2*
Bd21miR5200a/FTL1*
Bd21miR5200a/FTL2*
Bd21miR5200b/FTL1*
Bd21miR5200b/FTL2*
NsmiR5200/FT
NsmiR5200/FT*
SlmiR5200/FT
SlmiR5200/FT*
HvmiR5200 – FT*
Short days
Bd213miR5200a/FTL1*
Bd213miR5200a/FTL2*
Bd213miR5200b/FTL1*
Bd213miR5200b/FTL2*
Bd21miR5200a/FTL1*
Bd21miR5200a/FTL2*
Bd21miR5200b/FTL1*
Bd21miR5200b/FTL2*
NsmiR5200/FT
NsmiR5200/FT^
SlmiR5200 – FT
SlmiR5200 – FT^
HvmiR5200 – FT*

r

tdf

P

Adj. Rs

NA
NA
0.603
0.191
-0.280
0.834
-0.282
0.973
0.978
0.984
0.456
0.908
0.549

NA
NA
2.6212
0.95224
-1.2418
7.1022
-1.2518
19.922
21.822
26.222
2.4022
10.222
1.868

NA
NA
0.023
0.351
0.232
4.02e-07
0.229
1.55e-15
2.22e-16
2.20e-16
0.025
9.14e-10
0.100

NA
NA
0.031
-0.004
0.027
0.682
0.028
0.945
0.954
0.968
0.172
0.816
0.215

0.599
0.260
-0.114
0.212
-0.470
0.912
-0.490
0.996
0.957
0.912
0.791
0.907
-0.134

1.836
0.6596
-0.2826
0.68710
-1.306
7.0210
-1.376
36.810
10.510
7.0510
4.1010
6.8010
-0.3828

0.117
0.534
0.787
0.508
0.240
3.65e-05
0.218
5.27e-12
1.04e-06
3.50e-05
0.002
4.73e-05
0.7125

0.252
-0.088
-0.151
-0.050
0.091
0.814
0.113
0.992
0.908
0.816
0.589
0.805
-0.105
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Table S1. Single tailed t-test statistics for FT expression under LD versus SD
photoperiods after seven or 14 day time points. T-statistic is listed with degrees of
freedom in subscript. *FT primer sets that amplify transcripts that span microRNA target
sites. The first H. vulgare time point was six days instead of seven. NA indicates test was
not performed, as data for the time point were not collected. Significant P-values (P <
0.05) are indicated in bold.
Species

7-day

14-day

Bd21 FTL1

1.067.17

0.9595.09

Bd21 FTL2

-1.539.69

0.12210

Bd21-3 FTL1

0.3514.0

NA1

Bd21-3 FTL2

-0.419.17

NA1

N. stricta FT

1.366.71

1.49.41

N. stricta FT*

1.326.05

1.949.43

S. lagascae FT

-0.3579.65

-2.088.36

S. lagascae FT*

-0.2559.02

-0.9636.72

H. vulgare FT*

4.339.04

NA
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Table S2. Primers used for qRT-PCR
qRT-PCR primer

Species

Target

Lolium_Ef1α_f

General

Ef1α

N. stricta

VRN3

GTCCCTGGTGATGAAGTTCTG

N. stricta

VRN3

TGATGGTAGACCCAGATGCTC

N. stricta

VRN3

TCGTAGCAGATCACCTCTTGC

miR5200
miR5200
miR5200

TCGCACTAATCAAAACCTTGG
AGGAGCAGTTCTTCGTTCCTC
CAGTTAGGCCTTTGGTGTGAC

miR5200

AAGATCACTGTTGGGCTTTCA

VRN3

GAGGTGATGTGCTACGAAGC

VRN3

CGAAGTCCTTGGTGTTGAAGT

VRN3

TGATGGTAGACCCAGATGCTC

Lolium_Ef1α_R
Lolium_UBQ5_f
Lolium_UBQ5_R
Bd_miR5200a_f
Bd_miR5200a_r
Bd_miR5200b_f
Bd_miR5200b_r
Bd_FTL1_f
Bd_FTL1_r
Bd_FTL2_f
Bd_FTL2_r
Nard_VRN3_763_f
(internal)
Nard_VRN3_886_r
(internal)
Nard_VRN3_1124_f
(spans cut site)
Nard_VRN3_1872_r
(spans cut site)
Nard_miR5200_2607_f
Nard_miR5200_2715_r
StiLag_miR5200_6099_f

Sequence (5’ to 3’)

CCTTGCTTGAGGCTC
TTGAC
General
Ef1α
GTTCCAATGCCACCA
ATCTT
General
UBIQUITIN5 AAGGAGTCAACCCTCCACCT
General
UBIQUITIN5 TCACCTTCTTGTGCTTGTGC
B.
miR5200
AAAAGATGACTTCTTAATAG
distachyon
CAAAACCG
B.
miR5200
TTCTCAAATGTCCACAACAA
distachyon
TCCAATAC
B.
miR5200
GAGCAAAATACTCAAAGATC
distachyon
AACCAGAA
B.
miR5200
GCAATTCCAATTAAGTATAG
distachyon
TCACAACG
B.
FTL1
CCCCGACATGCGCACCTTCT
distachyon
ACA
B.
FTL1
TCCAGACTCCCTTTGGCAGT
distachyon
TGAAGTAA
B.
FTL2
TGGTAGACCCAGATGCTCCTA
distachyon (VRN3)
B.
FTL2
TCTCGTAGCACATCACCTCCT
distachyon (VRN3)
N. stricta VRN3
ATCTGCTACGAGAACCCAAGG

N. stricta
N. stricta
S.
lagascae
StiLag_miR5200_6203_r S.
lagascae
StiLag_VRN3_1796_f
S.
(internal)
lagascae
StiLag_VRN3_1928_r
S.
(internal)
lagascae
StiLag_VRN3_743_f
S.
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(spans cut site)
StiLag_VRN3_1771_r
(spans cut site)
HvFT1_f

lagascae
S.
VRN3
lagascae
H. vulgare FT1 (VRN3)

HvFT1_r

H. vulgare FT1 (VRN3)

Hv_miR5200_3532_f
Hv_miR5200_3662_r

H. vulgare miR5200
H. vulgare miR5200
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GCTCTCGTAGCACATCACCTC
ATCTCCACTGGTTGGTGACAGA
(From Yan et al., 2006)
TTGTAGAGCTCGGCAAAGTCC
(From Yan et al., 2006)
ACGTTCGACCTGAATCCACTAT
GGCTGAAAGTACCCAAATTGAC

CHAPTER FIVE
Synthesis

SIGNIFICANCE OF WORK

Flowering time is a complicated and heavily regulated trait that incorporates the
cues of several genetic networks sensitive to both internal and external environments. In
many cases the environment in which a plant is rooted provides the strongest cues for the
transition from vegetative to reproductive growth. Among those environmental cues,
temperature and photoperiod are often pivotal to the coordination of reproductive
development (Bernier and Périlleux, 2005). The integration of these signals provides a
seasonal cue that allows the plant to appropriately coordinate the transition to
reproduction in favorable conditions, an action imperative to maximizing progeny
viability.
The aim of my thesis was to understand the evolution of genetic architecture
responsible for conferring vernalization responsiveness and photoperiod-sensitive
coordination of flowering in the grass subfamily Pooideae. This aim stemmed from the
hypothesis that vernalization and long-day photoperiod responsiveness evolved at the
base of Pooideae, concomitant with the clade's transition from the tropics into the
northern temperate zone (Preston and Kellogg, 2007; Edwards and Smith, 2010; Preston
and Sandve, 2013). To examine this hypothesis, I tested two main predictions, that 1)
orthologs of the cereal VERNALIZATION genes VRN1, VRN2, and VRN3 are regulated in
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a cold-dependent manner across Pooideae, and 2) the microRNA miR5200 is generally
present in the genome of Pooideae species, is upregulated by short-days, and shows a
negative correlation with VRN3/FT across Pooideae. My work suggests that the VRN
genes did not evolve as a unit at the base of Pooideae. Rather, vernalization-mediated
expression of VRN1 evolved at the base of Pooideae (McKeown et al, 2016; Chapter 2),
followed by evolution of the VRN1–VRN2 regulatory loop after the divergence of
Brachypodieae from core Pooideae (Woods, McKeown et al, 2016; Chapter 3).
Vernalization responsiveness evolved early in Pooideae, but perhaps not at the base as
predicted (McKeown et al, 2016; Chapter 2). As predicted, miR5200 appears to have
evolved early in Pooideae. However, the transcriptional regulation of miR5200 in
response to short days is likely confined to the B. distachyon accession Bd21-3 (Wu et
al., 2013; Chapter 4).

Future Directions
My thesis examined the evolutionary history of the vernalization and photoperiod
pathways independently. However, recent work suggests a dynamic and possibly epistatic
relationship between photoperiod and temperature signals (Andrés and Coupland, 2012;
Ream et al., 2013a). The tight integration between these pathways makes a lot of sense
considering that changes in temperature and photoperiod typically occur simultaneously
in seasonal environments. Therefore, future work should aim to understand co-evolution
of temperature- and photoperiod-mediated flowering at the phenotypic and genetic level.
Specifically, within the context of temperate grasses, did subsets of the photoperiodmediated flowering network evolve before, or in tandem with, the evolution of
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vernalization responsiveness? Is the most recent common ancestor of Pooideae a short- or
long-day flowering plant? Do photoperiod and vernalization interact to affect flowering
in early diverging Pooideae, and through which genes (e.g. VRN1 and PLANT-SPECIFIC
PUTATIVE DNA-BINDING PROTEIN 1 [PPD1]) are these interactions mediated?
To address these questions, I propose an experimental design where both
photoperiod and vernalization are varied across treatments. Specifically, I would treat a
diverse representation of vernalization responsive Pooideae species to an initial period of
growth in long day, warm conditions before separating plants into one of four treatment
conditions: 1) vernalization (4°C) with 16-hour photoperiod, 2) vernalization (4°C) with
8-hour photoperiod, 3) no vernalization (20°C) with 16-hour photoperiod (vernalization
control), and 4) no vernalization (20°C) with 8-hour photoperiod (photoperiod control).
With the two separate control treatments, using qRT-PCR, we would be able to examine
the combinatorial effect of photoperiod and vernalization on the expression of candidate
genes known to be involved in photoperiod or vernalization mediated flowering.
Timepoints for leaf tissue sampling could be coordinated to address concerns of
developmental age comparisons. For example, tissue could be collected at similar
developmental ages, in addition to “real” time increments. Using this experimental design
framework and examining early diverging Pooideae species, we can approach the
question of whether there are multiple origins, or a single origin of the interaction
between photoperiod and vernalization.
CONCLUSION
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The body of work comprising this dissertation has contributed toward
understanding the complex evolution of underlying genetic architecture of vernalizationand photoperiod-mediated flowering. This work has shown that VRN genes, originally
hypothesized to have been coopted at the Pooideae transition into the northern temperate
region, did not evolve in concert at the base of the subfamily. VRN1 was coopted into the
vernalization network towards the base of the Pooideae, while VRN2 was coopted later on
in the Pooideae, after the diversification of Brachypodieae. MiR5200 evolved towards the
base of the Pooideae, probably with post-transcriptional photoperiod-sensitive regulation,
as a mechanism to regulate FT. Further work may aim to understand the evolutionary
history of the relationship between vernalization and photoperiod.
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