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Preface

Preface: A desperate, silent battle for survival

Every antumn, to our amazement, ice crystals turn the rims of grey pavement
ponds into diamond necklaces, and at night time under the street lights even the
dullest, greyest road side plant looks as if it has been sprinkled with star dust.
However, for plants and other living creatures the beantifying ice diamonds come
with a cost - a cost that can result in death. Beneath the frosty sheaths that
enclose the plant, an ice invasion of the living tissue has begun, and as the army
of ice crystals penetrates deeper, the life sustaining water molecules are greedil)
seized and cells are torn open. Plants have no alternative but to deal with it, there
and then — no escape. Every autumn, without any sound, a grand battle for
survival commences — it is the plants against the wrath of winter. This is a

desperate but totally silent battle for survival.

This overly dramatic first paragraph could perhaps have been taken out of a scene from a
National Geographic episode. However, it is not. I wrote this paragraph with the intention of
helping you, the reader, to understand the bigger picture. This thesis will mostly focus on
molecular processes too small for us to see, and how they have been shaped by complex
evolutionary processes too slow for us to measure. But as we embark on the journey through
the maze of scientific details presented herein, we must remember that what takes place inside
a plant during winter is exceptionally important for all life on this planet as we know it.
Understanding the molecular mechanisms which underlie freezing tolerance and allow plants
to survive inhospitable winter conditions is essential to understand how plants win the battle

against winter and ensure persistence of northern ecosystems.
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Summary

Summary

Freezing tolerance is an important agricultural trait for forage and cereal grasses belonging to
the Pooideae sub-family. Many plants, including the Pooideae grasses, go through a cold
acclimation (CA) process when exposed to low temperatures to acquire elevated levels of
freezing tolerance. In four papers presented in this thesis we have investigated different
genetic and evolutionary aspects of cold acclimation (CA) and freezing tolerance in Pooideae

£rasscs.

The two first papers (I and II) deal with transcriptional responses to low temperature exposure
and association of genetic variation with freezing tolerance levels. We generated sequences
from 372 transcribed genes putatively involved in CA in the perennial forage grass Festuca
pratensis Huds.. Seven of these genes were differentially regulated between plants with high-
and low freezing tolerance following CA, representing good candidates for further
investigations into the mechanisms underlying phenotypic differences in freezing tolerance.
We also analysed differences in genomic constitution of plants with divergent freezing
tolerance in a Lolium x Festuca hybrid grass population using Diversity Array Technology
(DArT) markers. Three regions on the Festuca and Lolium chromosomes 2, 4, and 7

contained DArT markers associated with the freezing tolerance phenotype.

In Papers III and IV we take on a different angle and investigate patterns of molecular
evolution in genes and genetic pathways involved in freezing tolerance in the entire Pooideae
lineage. Evolution of a novel ice-binding domain and multiple Pooideae specific duplication
of genes involved in freezing tolerance occurred in early Pooideae evolution. The initial
duplication events giving birth to these Pooideae specific genes are clustered in the Eocene-
Oligocene (E-O) global climate cooling period, ~34-26 million years (My) ago. We
hypothesize that the E-O paleoclimatic shift was important in adaptive evolution of the
molecular mechanisms fundamental for Pooideae freezing tolerance and adaptation to cold

climates.



Sammendrag

Sammendrag

Frosttoleranse er en viktig karakter for jordbruksgress (enggras og korn) tilherende Pooideae-
underfamilien. Mange planter, inkludert Pooideae-grasartene, er avhengig av 4 ga igjennom
en kuldeakklimatiseringsperiode for & gke nivaet av frosttoleranse og dermed sikre god
vinteroverlevelse. I de fire artiklene presentert i denne oppgaven studerer vi ulike aspekt av de

genetiske systemene involvert 1 kuldeakklimatisering (KA) og frosttoleranse i Pooideae-arter.

I de to ferste artiklene (I og II) studerer vi gener som blir regulert under KA-prosessen og
assosierer ulike typer genetisk variasjon med frosttoleranse i populasjoner av forgress. Vi
genererte 372 sekvenser fra gener involvert i KA i engsvingel (Festuca pratensis Huds.). Av
disse genene var 7 ulikt regulert under KA-prosessen mellom planter med hay- og lav
frosttoleranse og er derfor meget gode kandidater for funksjonell genetisk variasjon som
ligger til grunn for ulikt niva av frosttoleranse. Vi undersekte ogsa sammenhengen mellom
genomisk variasjon og frosttoleranse i en Festuca x Lolium hybridpopulasjon og fant tre
kromosomomrader, henholdsvis pa kromosom 2, 4 og 7, som var assosiert med

frysetoleranse.

I de to siste artiklene er fokuset molekylare evolusjonsprosesser som har vert med a forme
genene og de molekylare prosesser involvert i frosttoleranse i alle Pooideae-artene. Evolusjon
av et nytt is-bindende proteindomene og flere duplikasjoner av gener involvert i frosttoleranse
forekom tidlig i Pooideae-evolusjonen. De forste av disse Pooideae-spesifikke duplikasjonene
skjedde under en global kuldeperiode ved overgangen mellom Eocene-Oligocene (E-O) for
~34-26 millioner ar siden. Vi foreslar derfor en hypotese om at klimaet under E-O
kuldeperioden var viktig for evolusjon av molekylare prosesser involvert i frosttoleranse og

Pooideae-artenes tilpasning til kalde klima

10



Introduction

Introduction

Why study freezing tolerance in Pooideae grasses?

True grasses (Poaceae) are a large and diverse plant family, consisting of approximately
10.000 species belonging to 700 genera (RENVOIZE and CLAYTON 1992), which contain many
of the world’s most important agricultural crops, e.g. rice, cereals, forage grasses, maize, and
sugarcane. The cereals (Triticeae tribe) and forage grasses (Poeae tribe) belong to the
Pooideae sub-family which encompass major agricultural species in European farming; e.g.
wheat, barley, ryegrass, amongst others. Crop damage caused by freezing is a common
problem in northern Europe, and limits the production and cultivation range zone of elite lines
of forage grasses and cereals (Fig. 1). Identification of genes and genetic markers associated
with natural genetic differences in freezing tolerance, and improved understanding of
molecular mechanisms underlying the freezing tolerance trait can facilitate the development
of agricultural grasses with increased tolerance to freezing stress and increase agricultural

production.

Figure 1. Forage grasses during winter
and in spring. A) Festuca pratensis
plants covered in ice crystals during early
winter at As, Norway. B) Differences in
winter survival between two forage
grasses.
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Introduction

All plants have many common genetic pathways that are involved in freezing tolerance.
Therefore, a fair question to ask is: why study freezing tolerance in Pooideae grass species
and not a fully sequenced model plant like Arabidopsis thaliana for which enormous genetic
resources already exist? The short but long answer to this question is the 150-200 million
years (My) of evolution separating the monocots grasses and 4. thaliana and other dicots
(SANDERSON ef al. 2004). This is for example more than ten times as long as it took whales to
evolve from a land living animal to a bona fide sea creature (BAJPAI ef al. 2009)! Focussing
all research efforts on model species, could make us ignorant to products of evolution central
for freezing tolerance in agriculturally important grasses. Cereals and forage grasses belong to
different Pooideae tribes but they have the same basal number of seven chromosomes, and
more importantly, comparative genomics have demonstrated large similarities with respect to
the genomic loci underlying differences in freezing tolerance (ALM et al. submitted). The
transfer of genetic knowledge between Pooideae species is therefore likely to be successful,
hence understanding genetic and molecular mechanisms for freezing tolerance in any

Pooideae species could be valuable for all agriculturally important cereals and forage grasses.

Apart from the obvious practical and economic aspects of studying freezing tolerance in
Pooideae grasses, a second reason (and a much nerdier one) is the deep biological curiosity
some of us have concerning how plants manage to adapt to cold (or other extreme) climates.
The Pooideae group have an apparent skewed geographical distribution towards cold habitats
in the high- northern and southern latitudes (GRASS PHYLOGENY WORKING GROUP 2001;
HARTLEY 1973). A majority of their closest grass relatives on the other hand, e.g. rice,
bamboo, and maize, are typical warm climate adapted grasses. It is therefore certain that after
the divergence from a common ancestor with rice, novel products of evolution arose in a
common Pooideae ancestor and provided adaptations to cold climates (Fig. 2). To add to the
story, a global climate cooling during the Eocene-Oligocene boundary ~34-26 My ago
(ZAcHOS et al. 2001) coincides with what is believed to be the period leading up to the
divergence of Triticeae and Poeae (SANDVE and FJELLHEIM 2010; VINCENTINI et al. 2008),
the two main cool climate adapted grass groups in the Pooideae sub-family. Pooideae grasses
are therefore a particularly interesting model system for studying adaptive evolution to cold

climates and freezing tolerance.
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PACCAD-clade (e.g. maize, shorgum)

Ancestor adapted
to warm/tropical
climate

Adaptation to cooler habitats —
Pooideae (forage and cereal grasses)

Bambusoideae (e.g. bamboo) BEP-clade

Ehrhartoideae (e.g. rice)

Figure 2. Evolutionary relationship between the main groups of extant grasses and major shift in climate
adaptation. The evolutionary relationships between the two major clades of extant grasses, the PACCAD
(Panicoideae, Aristidoideae, Centothecoideae, Chloridoideae, Arundinoideae, and Danthonioideae) and BEP
(Bambusoideae, Ehrhartoideae, and Pooideac) clades.

What is freezing tolerance really?

Living in cold environments is a challenge to all organisms. Low temperatures affect
molecular processes in the cells by slowing down their rate, and even sometimes disrupt them
completely (Fig. 3). This comes as a result of low temperature-induced changes in the
stability, shape or function of biomolecules. One example from the plant kingdom is how low
temperature induces changes in functionality of biomolecules involved in the photosynthesis,
the process that converts solar radiation into chemical energy in plants. Plants that do not
possess adaptations to low temperatures may be incapable of balancing the energy
input/output during cold periods (Fig. 3). Producing too much energy relative to the plant
needs at low temperature, generates higher levels of reactive oxygen species (ROS) molecules
(TAKAHASHI and MURATA 2008) which can severely damage plant cells (APEL and HIRT
2004).

A second effect of low temperature on living cells is related to the physiochemical properties
of water molecules. Below 0°C water molecules crystallizes, a process referred to as freezing.
This phase transition from liquid (or vapour) to crystallized water has multiple adverse effects
on living organism. Firstly, when water freezes it becomes unavailable for normal water-

dependent biochemical processes in cells. Secondly, because ice has a lower water potential
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than that of liquid water, the formation of ice in extracellular spaces results in water being
drawn out of the cells. This process is called freeze-induced dehydration and will affect plant
cells in a similar fashion as drought stress (Fig. 3) (PEARCE 2001). Lastly, during prolonged
freezing ice re-crystallization occurs, i.e. the formation of larger ice crystals at the expense of
small crystals. This process is thought to lead to cell damaged due to ice crystal volume

expansion (Fig. 3).

. H,O H.O
6 Ribosome H,0 - \ 2
ICE l
(:} Chloroplast ICE Freezing-induced \

Cell membrane dehydration ICE

I P . Proteins integrity stress HO

2800000 (ST A00000000 Tl
o ama .“‘U o008 900000 H 0HZO
AN S - ICE

) ey
““.““

Impaired protein

translation “\

Adverse effects on
nucleus-function
(e.g. export of mRNA)

Figure 3. Harmful effects of freezing on plant cells.

It is evident that low temperatures have adverse effects on very many aspects of the plant
physiology; hence freezing tolerance is a trait that is under the control of many genes. These
genes are involved in regulating physiological processes to accommodate biochemical
changes that occur at low temperature (e.g. biomolecule function, metabolism, photosynthesis
rate) and protection against the direct harmful effects of freezing (dehydration and ice crystal

expansion) (SMALLWOOD and BOWLES 2002). To add to the complexity, in nature,
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interactions between temperature dependent stress (abiotic) and winter-associated pathogen
attacks (biotic stress) also play a big role (GAUDET 1994). Thus the winter survival trait
includes pathogen defence as well as all aspects of low temperature stress tolerance.
Furthermore, plants have different life history strategies and as a consequence also different
challenges in regards to freezing stress. Annual plants overwinter as seeds (or are sown in
spring in agricultural systems) and their biggest threat is episodic freezing in spring time
subsequent to germination. Perennial plants survive the winter in a vegetative growth stage
and are in need of a long-term system for defence against freezing stress (winter-associated

freezing stress) on top of the ability to withstand sporadic spring freezing.

In this thesis, I restrict my focus to the genes and molecular systems involved in the abiotic
aspects of winter associated freezing stress in the perennial grasses. This encompasses plant
stress related to ice formation (dehydration, ice crystal formation) in addition to all non-ice

related effects of low temperature (biochemical/metabolic effects of low temperature) (Fig. 3).

Freezing tolerance - It is about being prepared

The importance of being well prepared for a difficult task is something all of us are familiar
with. Giving a lecture on an unfamiliar topic without researching the subject matter, or
running a marathon without months of hard training, are tasks that very likely result in utter
failure. Similarly, in nature preparation for tough impending challenges is essential for both
animals and plants. Perennial plants in temperate and polar climates like the Pooideae grasses
have molecular mechanisms that help prepare for the low temperatures and freezing stress
these plants must overcome every winter. During autumn, temperature and day length
gradually drops in synchrony and function as critical heads up for the coming winter. Plants
translate these external environmental cues into molecular responses that increase the level of
freezing tolerance and ensure winter survival. This preparation process is called cold

acclimation (CA).

Some authors have defined CA as: plant responses to low but non-freezing temperatures

resulting in increased freezing tolerance (FOWLER and THOMASHOW 2002). This definition
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however only accounts for the temperature dependent processes. Many plant molecular
responses to low temperatures are in fact dependent on an interaction between light (quantity
and quality) and low temperature (CROSATTI et al. 1999), hence the latter definition is
artificial and restricted to laboratory settings. In nature, the seasonal changes in ambient
temperature co-vary with changes in day length and light quality. A more realistic definition
of CA is therefore; plant responses to the natural conditions of autumn, i.e. low but non-
freezing temperature in combination with changing day length and light quality, resulting in
increased freezing tolerance. It is important to note that most studies on molecular
mechanisms in CA are biased towards responses triggered by temperature only, and many

light-dependent molecular responses might therefore have been overlooked.

There are numerous ways of structuring the content of a general introduction on molecular
basis for freezing tolerance in plants. But because freezing tolerance of perennial plants in
northern ecosystems is inextricably entwined with the molecular changes that occur during
CA, I feel that molecular basis for freezing tolerance best can be understood in the light of the
CA process. The CA process can be divided into three stages; (1) initial sensing and
signalling of low temperature, (2) remodelling of gene expression levels, and (3) an output in
the form of cellular changes resulting in an increased level of freezing tolerance. With basis in
these three stages of CA, I will give a short introduction to the major genes and molecular
mechanisms involved in freezing tolerance in plants, with a special emphasis on Pooideae

grasses.

Sensing cold

It is obvious that plants sense changing temperatures, but the details on how low temperature
is sensed and then signalled to the cell nucleus to initiate changes in gene transcription is not
well understood. The best studied mechanism of plant temperature sensing is membrane
fluidity. The membranes that surrounds cells, mitochondria, and chloroplasts consist of a lipid
bi-layer and under low temperature this lipid membrane changes into a more rigid state
(ALONSO et al. 1997). It has been suggested that membrane rigidification is the first
physiological effect of decreasing temperatures on the plant, and the earliest signal input into

the CA pathways (Fig. 4). This notion is supported by experiments which have shown that
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chemically triggered membrane rigidification result in transcription of cold responsive genes,
and that this artificially induced gene expression mimicked CA and improved freezing
tolerance of plants (SANGWAN et al. 2001; ORVAR et al. 2000). Associated with membrane
rigidification are secondary effects like cytoskeleton changes, increased Ca®" influx, and
changes in activity of certain protein kinases (Fig. 4) (SANGWAN ef al. 2001; ORVAR et al.
2000). The disruption of any of these secondary responses during CA is sufficient to prevent
normal CA-mediated improvement of freezing tolerance. Conversely, triggering Ca*" influx
or certain cytoskeleton changes at warm temperatures initiate the CA-processes and increase

freezing tolerance (SANGWAN et al. 2001; ORVAR et al. 2000).

In cyanobacteria, two-component systems are involved in low-temperature sensing and
signalling (SUZUKI et al. 2000). Two-component systems are made up by a membrane bound
kinase which upon an environmental signal phosphorylates a response regulator that mediates
the signal from the membrane to the genes. Homologous genes to those involved in two-
component temperature sensing system in bacteria does not exist in plants, however plants do
contain two-component systems, thus it is possible that similar mechanisms also are involved

in low temperature sensing in plants (BROWSE and XIN 2001).

Secondary signals which are not related to low temperature per se, e.g. reactive oxygen
species (ROS) or abscisic acid (ABA), may also trigger signalling cascades similar to those
created by cell membrane rigidification (Fig. 4) (CHINNUSAMY et al. 2007). Furthermore,
impairment of normal production of both ABA (LLORENTE et al. 2000; XIONG et al. 2001)
and ROS (LEE et al. 2002) have been shown to affect the regulation of gene expression during

CA and disrupt the acquirement of freezing tolerance.

Low temperature modulation of gene expression

The initial sensing and cellular response during CA, including membrane rigidification with
the associated cellular changes, and most likely also several other unknown mechanisms,
initiate remodelling of gene transcription activity. Whole genome microarrays have provided

detailed genome-wide snap-shots of how gene expression is modulated during CA. This work,
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supplemented with studies of loss-of-function mutants and transgenic plants over-expressing
specific CA-associated genes, have been instrumental in understanding the genetic basis for
CA in plants. The majority of studies on genes and genetic pathways involved in CA have
been carried out on A. thaliana; even so, these results are most often of relevance to monocot
grass species due to the conservation of the major genetic pathways involved in CA in all land

plant lineages. When data from Pooideae grass species exists, this will be highlighted.

The estimated numbers of cold responsive genes involved in CA will depend on many factors;
laboratory conditions, statistical tools, the species studied, plant tissue, and so on, hence these
estimates vary substantially between studies. Lee et al. (2005) identified 939 (4%) cold
regulated genes in the A. thaliana genome, 655 that were up-regulated and 284 that were
down-regulated. Vogel et al. (2005) used a more stringent criteria for classifying a gene as
cold responsive and found 514 (2%) genes regulated by cold, 302 up-regulated and 212 down-
regulated, respectively. In a study on barley, 2735 (12%) genes were found to be significantly
regulated by low temperature (SVENSSON et al. 2006). In general, transcription factors and
genes involved in signal transduction are regulated as an initial CA response, while CA-
associated genes involved in metabolism and protection against freezing related cell injuries

are regulated later in the CA process (LEE ef al. 2005).

The CBF genes; key transcriptional regulators early in the cold acclimation process

The best studied genetic component of the CA pathway involves the early expressed
DREBI1/CBF transcription factors (from now on referred to as CBF). CBFs transcript levels
accumulate rapidly (<15 minutes) in plants after exposure to low non-freezing temperatures
(SKINNER et al. 2005; VOGEL et al. 2005) and regulate downstream target genes by binding to
the CBF binding element A/GCCGAC in the promoter regions (SAKUMA et al. 2002). The
majority of the functional studies on CBFs have been carried out in 4. thaliana, but the role of
CBF genes as key regulators of cold responsive transcription is conserved in species across
the entire land plant lineage (e.g. LU ef al. 2007; PENNYCOOKE ef al. 2008; SKINNER ef al.
2005; XI0NG and FEI 2006). It is important to be aware that although general conclusions on
CBF functions from a the 4. thaliana dicot model system seems valid for many other species

including the monocot grasses (XIONG and FEI 2006), species-specific differences in the
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number CBF genes and their functional spectre is probably the rule rather than the exception

(AGARWAL et al. 2006; PENNYCOOKE et al. 2008; ZHANG et al. 2004).

In A. thaliana three CBF genes (CBF1, CBF2, CBF3) are involved in the transcriptional
regulation of about 30% of the cold responsive genes (Fig. 4), of which 85% is up-regulated
during CA (VOGEL et al. 2005). The importance of this CBF controlled genetic pathway in
CA has been rigorously demonstrated in numerous studies with loss-of-function mutants and
CBF over-expressing transgenic plants (JAGLO-OTTOSEN et al. 1998; KASUGA et al. 1999; Liu
et al. 1998). Moreover, almost identical changes in the plant cell metabolites occur in normal
cold acclimated plants and plants over-expressing CBF genes at warm temperatures (COOK et
al. 2004; MARUYAMA et al. 2009). Two studies by Novillo and co-workers have demonstrated
an intricate interplay between CBF genes in the CA process. First, mutants with non-
functional CBF2 genes provided evidence that CBF2 act as a negative regulator of CBF'/ and
CBF3 genes (NOVILLO ef al. 2004). In a later study, using RNAi experiments, CBF'/ and
CBF3 were shown to have overlapping functions in controlling downstream gene
transcription, however expression of CBF1 or CBF3 alone were not sufficient for wild type
levels of target gene up-regulation, resulting in a sub-optimal CA process and lower freezing

tolerance (NOVILLO et al. 2007).

As mentioned, the role of CBFs in CA is conserved in the Pooideae grasses (XIONG and FEI
2006) but the Pooideae CBF-family has undergone substantial expansion compared to the 4.
thaliana CBF family (BADAWI et al. 2007). At least 13 and 17 CBF members exist in wheat
(MILLER et al. 2006) and barley (SKINNER et al. 2005), respectively. Despite this, the size of
the CBF-dependent regulon in barley were suggested to be similar to that of A. thaliana
(SVENSSON et al. 2006). In the forage grasses little is known about the number of CBF genes,
however several Pooideae-specific CBF gene duplication events occurred in the cereal lineage
after the Triticeae-Poeae split (SANDVE and FJELLHEIM 2010), thus it is possible that Poeae

species contains fewer CBFs than Triticeae species.

CBF genes themselves are regulated at exposure to low temperatures. The inducer of CBF

expression 1 (ICE1), a MYC-like bHLH transcriptional activator, were first reported in A.
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thaliana (CHINNUSAMY et al. 2003). Two homologs with similar function to the A. thaliana
ICE] gene have subsequently been identified in Pooideae grasses (in wheat) (BADAWI ef al.
2008). Over-expression of ICE1 increased expression of downstream genes involved in CA
and provided improved freezing tolerance in A. thaliana (CHINNUSAMY et al. 2003).
Interestingly, /ICE1 itself is not cold regulated, but is constitutively expressed in the plant
(BADAWI ef al. 2008; CHINNUSAMY et al. 2003; ZARKA et al. 2003). Transcriptional activation
of the CBF pathway by ICE1 therefore requires a different level of regulation. Sumoylation is
the attachment of small ubiquitin-related modifier proteins onto another protein (JOHNSON
2004). Miura et al. (2007) demonstrated that sumoylation of ICE1 proteins by SIZ1 takes
place under Low temperatures and is essential for ICE1 to become a transcriptional activator
of CBF genes (Fig. 4). ICE1 also regulates the expression of numerous other transcription
factors involved in the CA process, albeit little is known about their particular regulons (LEE
et al. 2005). A negative regulator of /CE1 have also been identified, the RING-finger-protein
HOS1. HOSI post-translationally modifies ICE1 by ubiquitination and thereby increases the
rate of ICE1degradation (Fig. 4) (DONG et al. 2006a).

Other modifiers of CBF function are the SFR6 and ZAT12 genes (KNIGHT et al. 2009; KNIGHT
et al. 1999; VOGEL et al. 2005). The SFR6 gene encodes a large nuclear located protein with
unknown structure and no defined domains (KNIGHT ef al. 2009). Very little is known about
the functional role(s) of SFR6 in plants, but studies of transgenic lines indicate that SFR6 is
involved in post translational modifications of CBF genes and that SFR6 loss-of-function
mutants have impaired CBF function and cannot undergo CA (KNIGHT et al. 2009). ZAT12, a
Zn-finger protein encoding transcription factor involved in regulating CA transcriptional
responses independent of the CBF pathway, has also been implicated as a negative regulator

of CBF genes (Fig. 4) (VOGEL et al. 2005).

CBF-independent pathways involved in CA

Of the 514 cold regulated genes in A4. thaliana defined by Vogel et al. (2005), the CBF
pathway can only be attributed the transcriptional control of ~30% of downstream target
genes. Apart from the transcription factor ZAT12, which controls >20 cold responsive genes

(VOGEL et al. 2005), no other non-CBF transcription factors have so far been assigned larger
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cold responsive regulons. Nevertheless, there is not a lack of candidate transcription factors
for being involved in the CBF-independent CA pathways; at least ~50-60 other transcription
factors have been implicated in CA, including members of AP2, MYB, MYC, bZIP, Zn-
FINGER transcription factors families (Fig. 4), but little is known about their downstream

targets (FOWLER and THOMASHOW 2002; LEE et al. 2005; VOGEL et al. 2005).

The plant hormone abscisic acid (ABA) is a major player in regulating genes involved in plant
stress response (e.g. drought and salt stress) through the transcriptional activation of ABA-
dependent transcription factors (SHINOZAKI and Y AMAGUCHI-SHINOZAKI 2000). The
importance of ABA in CA and freezing tolerance is debated (GUSTA et al. 2005), but much
evidence supports a ABA role in CA under natural conditions. First, endogenous ABA-levels
have been shown to increase in A. thaliana and wheat during low temperature exposure
(CUEVAS et al. 2008; SHAKIROVA et al. 2009). Second, application of exogenous ABA have
been shown to enhance freezing tolerance in whole plants (CHEN ef al. 1983; MANTYLA et al.
1995) and calli (DALLAIRE ef al. 1994). Third, many genes expressed during CA are regulated
by ABA (Fig. 4) (AGARWAL and JHA 2010; CUEVAS et al. 2008; HOTH et al. 2002;
KOBAYASHI ef al. 2008; SHAKIROVA ef al. 2009). ABA-dependent transcription factors bind
to an abscisic acid responsive element (ABRE) in the promoters of target genes. Different
classes of ABRESs are targeted by different ABRE binding factors (ABFs). For example, ABA
induces the expression of many bZIP transcription factors that bind to the (C/G)ACGT ABRE
in promoters of abiotic stress induced genes (CHOI ef al. 2000; Y AMAGUCHI-SHINOZAKI and
SHINOZAKI 1994), while other ABRE:s are targets for MYC and MYB transcription factors
(ABE et al. 2003).

It is important to be aware that many transcription factors with ABRE/ABRE-like (ABREL)
elements are not necessarily ABA-responsive. Evening Element (EE)-like (EEL) elements
coupled with an ABREL motifs have been shown to be enriched in promoters of cold
regulated genes (MIKKELSEN and THOMASHOW 2009). In two genes regulated by CBF-
independent cold regulated pathways differences in the presence of EEL-ABREL motifs were
shown to be important for transcriptional control during CA. The transcriptions factors that
bind EEL-ABREL motifs are, however, not identified (MIKKELSEN and THOMASHOW 2009).

In conclusion, even though the CBF-pathway is well studied there are massive gaps in our
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understanding of the CBF-independent transcriptional control of downstream genes in the

CA-process, and future research should address these gaps.

Crosstalk between drought and cold responsive pathways

As dehydration is a common consequence of drought and freezing, it is evident that there
must be crosstalk between the genetic pathways involved in the two different stress responses.
This is supported by identification of many genes that are both drought- and cold-responsive
(SEKI et al. 2002). One link between genetic systems involved in drought and cold stress is
mediated by ABA-dependent gene regulation (KNIGHT and KNIGHT 2001; SHINOZAKI and

Y AMAGUCHI-SHINOZAKI 2000). As mentioned above, ABA is not likely involved in initial CA
transcriptional response due to the fact that ABA synthesis during cold stress does not
commence until after the CBF-pathway is activated (CUEVAS et al. 2008; SHAKIROVA et al.
2009; THOMASHOW 1999). However, in the later stages of CA, endogenous ABA levels has
been shown to rise (SHAKIROVA et al. 2009) and this may influence expression levels of many

stress related genes, including those common for all cellular dehydration responses.

Downstream transcriptional responses in the CA process

After a rapid up-regulation of genes involved in controlling the initial transcriptional
responses in the CA process, the downstream CA-transcriptional changes commences. This
includes down-regulation of many genes, particularly genes involved in metabolism (FOWLER
and THOMASHOW 2002; LEE et al. 2005), and up-regulation of genes involved in protective
roles during freezing stress, e.g. hydrophilic late embryogenesis abundant (LEA) —like
proteins and sugar metabolism genes. Similar trends have been observed in late transcriptional

responses during CA in Pooideae grasses (RUDI et al. 2010; WINFIELD et al. 2010).

Many different genes encode proteins with putative protective functions during freezing but it
is worth spending some time on two particularly interesting groups, the LEA (including the
dehydrins) and genes encoding anti freeze proteins (AFPs). LEA proteins are a diverse group,
only united by (i) being highly hydrophilic (GARAY-ARROYO et al. 2000) and (ii) lacking well
defined secondary structure in the hydrated state (MOUILLON et al. 2006). Apart from this,
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LEA proteins are highly divergent at the amino acid level, show diverse expression pattern,
and different sub-cellular localization. Some LEA genes are transcribed constitutively, others
only during seed development, and yet others only under abiotic stress (TUNNACLIFFE and
WISE 2007). Moreover, LEA proteins can be localized in the nucleus, cytoplasm, cell
membranes, endoplasmatic reticulum, and mitochondria (HUNDERTMARK and HINCHA 2008;

TUNNACLIFFE and WISE 2007).

In A. thaliana 11 LEA genes are induce upon cold exposure, 5 belonging to the dehydrin sub-
group, while the other 6 belong to four other sub-groups (HUNDERTMARK and HINCHA 2008).
One of them, COR15a, which belongs to the sub-group LEA 4 (also called “group 3”) have
been shown to affect the stability of cell membranes during freeze-induced dehydration
(STEPONKUS et al. 1998). However, functional roles of LEA genes in CA and freezing
tolerance are not restricted to cell membrane stabilization. Other studies point to potential
roles of LEA proteins in osmolyte action (retention of water inside cells), antioxidant
function, and as molecular shields (Reviewed in RORAT 2006; TUNNACLIFFE and WISE 2007).
Furthermore there is accumulating evidence that LEA proteins have important functions as
chaperones during abiotic stress. As mentioned above, LEA proteins are characterized by
intrinsically disordered proteins (IDP), i.e. proteins with no/little defined three dimensional
structure (TOMPA and KOVACS 2010). Function of IDPs in plants is associated with
chaperone activity, i.e. stabilization and assistance of folding of mRNA or proteins and
prevention of protein aggregation during stress (CHAKRABORTEE et al. 2007; REYES et al.
2008; ToMPA and KovAcs 2010).

One of the most studied sub-groups of LEA homologs with regard to freezing tolerance and
CA are the dehydrins. These proteins are characterised by a conserved 15-amino acid domain
called the K-segment, (EKKGIMDKIKEKLPG) and two other motifs referred to as the S- and
Y-segments, however, like other LEAs the dehydrins do not have a conserved secondary
structure or one specific molecular function (RORAT 2006). In dicots allelic variation in
dehydrin sequences have been associated with differences in freezing tolerance (REMUS-
BOREL ef al. 2010). Over-expression and accumulation of dehydrins to levels similar (and
higher) to those reached during CA also improved plant freezing tolerance (PUHAKAINEN et

al. 2004). Because the dehydrins were located at the cell membranes, Puhakainen et al. (2004)
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suggested that improved freezing tolerance was a result of dehydrin membrane stabilization.
Many dehydrins have been identified and studied extensively in Pooideae species (see for
example CHOI ef al. 1999; DANYLUK ef al. 1998; ZHU et al. 2000). Dehydrins have been
suggested as candidate genes underlying QTLs for freezing tolerance (ALM ef al. submitted)
and recently a study demonstrated that increased levels of the dehydrin DHNS5 during CA
correlated well with freezing tolerance in barley (KOSOVA et al. 2010). Despite the
uncertainties of LEA protein functions in planta, there is scientific consensus that LEA gene
transcription and protein accumulation is important for CA and the development of freezing
tolerance (FOWLER and THOMASHOW 2002; STEPONKUS et al. 1998; TUNNACLIFFE and WISE
2007).

The other group of genes with protective properties during freezing that I want to highlight
are the genes encoding AFPs. AFPs can act protectively during freezing stress through two
different mechanisms; (i) by thermal-hysteresis (TH), or (ii) ice re-crystallization inhibition
(IRI). TH depresses the freezing point at which ice crystallization initiates, decreasing the
likelihood of intracellular ice formation. IRI function is simply a manipulation of the growth
of the ice crystals such that small ice crystals grow at the expense of larger ice crystals. Even
though IRI function does not repress ice formation, the IRI mechanism is thought to minimize
cellular damage in plants (GRIFFITH ef al. 2005; SMALLWOOD and BOWLES 2002). Plant
AFPs usually exhibit low TH-activity, but strong IRI activity in vitro (GRIFFITH and Y AISH
2004). The first report of ice-binding proteins in plants was in 1992 from experiments with
rye (Secale cereale) (GRIFFITH et al. 1992). Subsequently many plant AFPs of different
evolutionary origin have been discovered in monocots and dicots (GRIFFITH and Y AISH 2004;

SIDEBOTTOM et al. 2000).

It is the Pooideae specific IRI-proteins (IRIPs), initially identified by Sidebottom and
colleagues (2000), which have been most extensively studied among the plant AFPs.
Subsequent to the first discovery, several IRIP homologs were isolated from Pooideae grass
species and it is now clear that the genes encoding Pooideae IRIPs belong to a multi-gene
family (JOHN et al. 2009; KUMBLE et al. 2008; SANDVE et al. 2008; TREMBLAY et al. 2005).
Studies of protein structure have shown that a repeated amino acid motif (NxXVxG/NxVxxG)
forms the ice-binding face of the proteins and is responsible for the IRI function in vitro

(MIDDLETON et al. 2009). The Pooideae IRIP genes also encode a conserved signal peptide
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that targets the proteins to the apoplast (SANDVE et al. 2008). Such apoplastic export of IRIPs
have been demonstrated in vivo in transgenic Arabidopsis plants (JOHN et al. 2009). Synthetic
AFPs have been shown to enhance FT (GRIFFITH and YAISH 2004), but the importance of
IRIPs for freezing tolerance in Pooideae grasses have yet to be demonstrated. Recently
however, Arabidopsis plants expressing Lolium perenne IRIP genes were shown to have
improved cell membrane stability during freezing and increased freezing tolerance (ZHANG et
al. 2010). This strongly supports the notion that IRIP genes are important for Pooideae

survival in frost exposed environments.

RNA-processing and transport

During stress, cells adapt to the new biotic or abiotic challenges by making biochemical
adjustments. These adjustments ultimately rely on RNA-processing and RNA-export to the
cytoplasm. Genes involved in RNA-processing and RNA-export have therefore been studied
in the context of CA and freezing tolerance. Extreme temperatures are known to change the
stability and/or conformation of both RNA and proteins and disrupt their normal functions
(ZHU et al. 2007). An early response to low temperature stress is the expression of cold shock
protein (CSP) encoding genes. Some of these CSPs have been shown to function as
chaperones, i.e. molecules that stabilize and maintain the correct conformation of other RNAs

and proteins during stress (KARLSON et al. 2002; NAKAMINAMI et al. 2006; PARK et al. 2010).

Before translation can take place, cells must export the mRNA from the nucleus to the
ribosomal translation machinery in the cytoplasm. Two mutants, the los4 and atnup 160 are
affected in RNA-nucleus export and have been shown to have altered freezing tolerance. los4
is a DEAD-box RNA helicase and interestingly two different /os4 mutants have the opposite
effects on the freezing tolerance. A loss-of-function mutation in the los4 gene (los4-1)
impaired the export of RNA from the nucleus, resulting in a non-functional CBF-pathway
and freezing sensitive plants (GONG et al. 2002). A second /os4 mutant, /os4-2, exhibit an up-
regulated CBF-pathway, is hypersensitive to ABA, and has increased freezing tolerance
(GONG et al. 2005). The los4 protein is located at the nuclear rim and is thought to affect
freezing tolerance by regulating export of CA-involved mRNA to the cytoplasm under low
temperatures (GONG et al. 2005). Similar to /os4, the nucleoporin atnup 60 is localized at the

nuclear rim, and the atnup160-1 mutant has a defective RNA-export and is impaired in CBF-
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protein accumulation during CA, resulting in a freezing sensitive phenotype compared to

wild-type plants (DONG et al. 2006b).

A possible secondary function of /os4 during cold stress has been proposed. DEAD-box RNA
helicases are known to control the conformation of RNA molecules (GONG et al. 2005), and it
is known that RNAs can act as molecular thermometers through temperature mediated
conformational changes (JOHANSSON et al. 2002). Hence it was suggested that /os4 could
control RNA-mediated thermometer function in plants (GONG ef al. 2005), albeit this remains

a mere speculation at this point.

Involvement of endogenous small RNAs and DNA-methylation in CA

The importance of endogenous small RNA and their role as transcriptional regulators have
only recently been acknowledged. This novel insight into the world of small RNAs has
revolutionized our view on the complexity of gene regulation. Small RNA molecules affect
gene regulation directly by interacting with and down-regulating target mRNA (SUNKAR et al.
2007). But in addition, small RNAs can also affect transcription indirectly by directing
methylation of genomic loci (MOLNAR ef al. 2010). Small RNAs involved in transcriptional
regulation belongs to two groups; (1) micro RNAs (miRNA), and (2) small interfering RNAs
(siRNA) (RANA 2007). Endogenous miRNA and siRNA are 21-24 nucleotides long and are
transcribed from the genome; miRNA is derived from short double stranded (ds) hairpin
structures while endogenous siRNA is derived from cleaved fragments of longer dsSRNAs
(RANA 2007). Further processing of miRNA and siRNA are dependent on dicer enzymes to
produce single stranded (ss) RNAs which are subsequently incorporated into the RISC protein
complex (KROL et al. 2010). The RISC complex then uses the ssRNA as a guide to silence

complementary target mRNA or genomic loci (KROL et al. 2010).

siRNA work as transcriptional repressors by cleaving and degrading target mRNA while
miRNA usually bind to the target mRNA and suppresses its translation (RANA 2007). It
should be noted that certain siRNA have been shown to function in a similar manner as

miRNA, by suppressing the target mRNA without cleaving and degrading it (DOENCH et al.
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2003). siRNA can also regulate transcription through DNA methylation, i.e. the attachment of
a methyl group on nucleotides. DNA-methylation occurs in plants at CG, CHG, or CHH
(H=A, C, or T) sites, and in many cases methylation of a transcribed genomic locus is
inversely related to the transcriptional activity (TEIXEIRA and COLOT 2009). The methylation
status of a gene is not static, but change in response to internal and external stimuli, for
example during abiotic stress (LUKENS and ZHAN 2007), and siRNAs have been shown to

direct such dynamic modifications of DNA methylation (MOLNAR et al. 2010).

Our understanding of the roles miRNA and siRNA play in CA and freezing tolerance is still
very limited. Up-regulation of miRNA transcription under low temperatures have been
demonstrated in several species such as 4. thaliana (SUNKAR et al. 2007), rice (JIAN ef al.
2010), and Brachypodium (ZHANG et al. 2009). It is therefore likely that small RNAs are
important in transcriptional regulation during CA. To my knowledge there are to this date no
known examples of endogenous siRNA involved in CA. The importance of miRNA or siRNA
in transcriptional silencing during CA could potentially be large. One reason for this is that
very few transcription factors have been implicated in gene silencing during CA (VOGEL et al.
2005). Even though this is a mere speculation, perhaps these “missing” transcriptional
silencers could be explained by yet undiscovered roles of miRNA and siRNA in the CA-
process? Recent experiments have in fact shown that low temperature stress induces silencing
of genes through DNA-methylation (BOYKO et al. 2010) but further research is needed to

assess the quantitative importance of small RNAs in CA transcriptional regulation.

The CA-output; changes in the proteome and metabolome

The end points in the cascades of CA transcriptional re-modelling are changes in the
biochemical and physiological state of the cell. New types of proteins and enzymes are made,
others are removed, and this results in changes to the metabolome. There is to some extent a
deterministic relationship between transcriptional responses and the output in the form of
proteomic changes during CA. However, gene expression and protein levels is not necessarily
strictly correlated (e.g. MOONEY et al. 2006). This can be due to effects of post-transcriptional
or posttranslational processes influencing the protein accumulation independent of the

transcription level of the gene. Hence analyses of gene transcription do not offer a complete
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picture of plant molecular responses during CA and cold stress, and studying proteomic CA

responses are thus important to complement gene expression studies.

The CA proteome has been studied extensively in A. thaliana and many proteins which are
differentially displayed between normal and cold acclimated plants have been identified. Not
surprisingly, the major finding from these studies is that the there is a strong correlation
between the transcriptional response during CA and the changes in corresponding protein
levels (AMME et al. 2006; BAE et al. 2003). Proteins that were found to be regulated during
CA includes photosynthesis related proteins, dehydrins, chaperons, transcription factors, and
calcium binding proteins (AMME et al. 2006; BAE et al. 2003; GOULAS ef al. 2006). An effect
of CA on the proteome was almost absent shortly after cold shock (1 day) but increased
rapidly thereafter (GOULAS et al. 2006). A recent study investigated the difference in the
proteome between Festuca pratensis Huds. genotypes of differing freezing tolerance levels
(KOSMALA et al. 2009). Forty-one (5.1%) proteins showed > 1.5-fold difference in
abundance between high and low freezing tolerant plants during the CA process, and the
majority of these differentially displayed proteins were involved in photosynthesis. Several of
the proteins had not previously been linked to CA and freezing tolerance levels. This includes
chloroplast-localized Ptr ToxA binding protein 1, globulin 2, 50S ribosomal protein L10 from
chloroplasts, 30S ribosomal protein S10 from chloroplasts, ADP (adenosine diphosphate) -
glucose pyrophosphatase, and ADP-ribosylation factor 1 (KOSMALA et al. 2009).

As a consequence of the re-modelling of cellular protein content, and low temperature effects
on the biochemical processes, the cellular content of many hundreds, if not thousands, of
metabolites change during CA. Out of 434 metabolites monitored, 325 (75%) were found to
increase significantly in A. thaliana during CA (COOK et al. 2004). Of these 325 low
temperature responsive metabolites, 256 (79%) were also found to increase when CBF3 was
over-expressed at warm temperatures (COOK et al. 2004), emphasizing the importance of the
CBF-pathway in the CA-process. Among the major metabolite groups that increased were
amino acids and carbohydrates, however, the biggest group were un-identified metabolites
(CoOK et al. 2004). In a different study on A. thaliana, 60% (155) of the monitored
metabolites increased during CA, many of which were carbohydrates (MARUYAMA et al.

2009). Other important cellular changes during CA are changes to the lipid composition of
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cell membranes (UEMURA et al. 1995), and modifications of biochemical processes related to
the adverse effects of performing photosynthesis at low temperatures (photoinhibition)

(HUNER et al. 1993; MURATA et al. 2007).

The cryptic role of carbohydrates in freezing tolerance

The physiological role of changes in carbohydrate content during CA have historically been
assumed to be related to (i) the osmolyte action which can help retain water during freeze-
induced dehydration (YANCEY et al. 1982) or (i) the properties of carbohydrates as easily
accessible energy reserves during winter and spring (VN and SMEEKENS 1999). Although the
roles of carbohydrates in freezing tolerance could at least partly be related to these historically
assumed functions, recent research efforts have painted a much more complex picture of

carbohydrate function in CA.

One example is the increase in raffinose during CA, which has been thought to be related to
osmolyte function (TAJI et al. 2002). However, when raffinose levels was increase or removed
completely in transgenic A. thaliana plants, no changes in freezing tolerance were observed
(ZUTHER et al. 2004). On the other hand, manipulating a-Galactosidase levels in Petunia
resulted in an elevated raffinose level and increased freezing tolerance (PENNYCOOKE et al.
2003). It is therefore apparent that a raffinose level increase during CA is not critical for
developing freezing tolerance in all plants. Moreover, raffinose and galactinol, which earlier
were assumed to act as osmolytes, have more recently been prescribed roles as antioxidants

that protect plants from oxidative damage (NISHIZAWA et al. 2008).

Another group of CA-associated carbohydrates that has received much attention is fructans.
Convergent evolution have independently resulted in the capacity of fructan biosynthesis in
monocots and dicots, and the distribution of fructan synthesising plants is skewed towards
ecosystems characterized by intermittent drought and low temperature stress (HENDRY 1993).
It is recognized from field and laboratory studies that Pooideae grass species accumulate
fructans during CA (KEREPESI et al. 2004; LIVINGSTON and HENSON 1998; POLLOCK and

JONES 1979). Several studies have found correlative evidence between high levels of fructans
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and increased freezing tolerance (LIVINGSTON and HENSON 1998; PUEBLA ef al. 1997). The
role of fructans in CA has historically been assumed to be an easily accessible energy reserve
(VUN and SMEEKENS 1999). This idea has however been challenged by results from
functional studies on fructans and freezing stress. Studies on model cell membranes have
showed that fructans are incorporated into the lipid bi-layer of the cell membrane and that
increased levels of membrane bound fructans provides higher cell membrane stability and
improved freezing tolerance (DEMEL ef al. 1998; HINCHA et al. 2000; VEREYKEN et al. 2001).
These results have been reproduced in vivo. Transgenic L. perenne plants with an increased
level of endogenous fructans production had improved cell membrane stability and superior
freezing tolerance compared to wild type plants (HISANO ef al. 2004). Similarly, transgenic
tobacco and rice, species which naturally cannot synthesize fructans, engineered to synthesize
fructans, had improved low temperature stress tolerance (KAWAKAMI et al. 2008; L1 et al.
2007; PARVANOVA et al. 2004).

1t is about what type of fat

During freezing temperatures, it is the adverse consequences of freeze-induced dehydration
that cause most damage to cell membranes (DOWGERT et al. 1987). Freeze-induced
dehydration causes formation of endocytotic vesicles that decreases the surface area of cell
membranes in an irreversible way (UEMURA ef al. 1995). Decreased cell membrane surface
can directly result in an osmotically un-responsive membrane and cell death, or alternatively
it can affect cell death indirectly by increasing the rate of cell death caused by over-expansion
during the re-hydration phase (DOWGERT and STEPONKUS 1984; DOWGERT ef al. 1987). The
CA process lowers the temperature at which these membrane injuries occur (UEMURA and
STEPONKUS 1999) and this CA-triggered improvement of freezing tolerance is partly
dependent on the reorganization of the lipid composition in the cell membrane during CA

(UEMURA and STEPONKUS 1999).

Comparisons between non-acclimated and cold acclimated plants have shown that cell
membrane stability is associated with membrane lipid composition changes during CA
(UEMURA ef al. 1995; UEMURA and STEPONKUS 1999). Expression of the CA-involved gene

CORI15a in warm temperatures improved the stability of A. thaliana chloroplasts membranes
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in vivo and protoplasts in vitro during freeze-dehydration (ARTUS ef al. 1996). It was later
shown that COR15a expression lowered the temperature at which destructive lipid structure
changes occurred during freezing-induced dehydration, and thereby reduced cell death
(STEPONKUS et al. 1998). Manipulations of lipid metabolism and membrane lipid composition
in transgenic plants have improved freezing tolerance in tobacco (KHODAKOVSKAYA et al.
2006) and poplar (ZHOU et al. 2009), and improved chilling tolerance in tomato (DOMINGUEZ
et al. 2010).

Metabolic changes as a signalling system during cold stress

CA-associated changes in the metabolome do not only play a direct role as biochemical
modifications providing protection against freeze-associated cellular damage. Some
metabolites produced during CA are also involved in signalling and regulation of further
transcriptional and metabolic responses. Soluble sugars, amino acids, and ROS have all been
implicated in low temperature stress signalling (Fig. 4) (ZHU et al. 2007). For example, when
photosynthesis is carried out at low temperature this generates elevated ROS levels (see next
section for details) (TAKAHASHI and MURATA 2008). ROS accumulation can affect
transcriptional signalling cascades by influencing protein kinase activity, oxidization, or TF
activity (Fig. 4) (Reviewed in APEL and HIRT 2004). Similarly, an increase in soluble sugars
during CA can affect regulation of protein kinase activity in plants during low temperatures
(Reviewed in HEY et al. 2010). Amino acids, e.g. proline, is also known to accumulate under
different abiotic stress, including cold (SAVOURE et al. 1997). The role of amino acids in plant
cold stress has been thought to be related to the osmoprotectant property (as shown in
bacteria), however the relationship between proline accumulation and water stress tolerance is
not unambiguous in plants (SZABADOS and SAVOURE 2010). Increasing evidence suggests that
proline is a multifunctional amino acid playing a role in many processes during CA, including

signalling (SZABADOS and SAVOURE 2010).

Photoinhibition and photosynthetic acclimation

From numerous studies on gene transcription, protein and metabolite level changes during CA
it is apparent that regulation of photosynthesis-related processes is important during cold

stress. At low temperatures, CO, fixation is limited and the light energy absorbed by the
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plants exceeds the energy demand in light-independent processes (MURATA et al. 2007;
TAKAHASHI and MURATA 2008). This energy imbalance leads to subsequent photo system
(PS) II over-reduction and inhibition of the photosynthetic capacity, a process referred to as
photoinhibition (TAKAHASHI and MURATA 2008). Not only does photoinhibition damage the
photosynthetic machinery (MURATA et al. 2007), it is also detrimental to the entire cell due to
the increased production of ROS which accompanies PSII over-reduction (KRAUSE 1988).
The plants’ tolerance to sub-zero temperatures is therefore inherently linked to how they deal

with low temperature-induced photoinhibition (HUNER et al. 1993).

To avoid photoinhibition related cell damage, plants make biochemical adjustments to avoid
PSII over-reduction (MULLER ef al. 2001; POWLES 1984), a process called photosynthetic
acclimation (HUNER ef al. 1993). Two main types of CA-associated photosynthetic
acclimation have been described in higher plants (HUNER et al. 1993; POLLOCK and JONES
1979); (i) a photochemical mechanism and (ii) non-photochemical mechanisms. The
photochemical mechanism works by increasing the energy demand through increased carbon
assimilation and carbon metabolism (HUNER et al. 1993). Non-photochemical mechanisms

depend on dissipation of excess excitation energy as heat (DALL'OSTO et al. 2005).

Variation in the capacity for photosynthetic acclimation is shown to be correlated with
genotypic differences in winter survival and freezing tolerance (RAPACZ et al. 2004).
Moreover, there seems to be a link between freezing tolerance levels and the type of
photosynthetic acclimation mechanism a plant exploits. In Pooideae grasses, a high level of
winter hardiness and freezing tolerance is associated with a photosynthetic acclimation by
non-photochemical mechanisms (HUMPHREYS ef al. 2007; RAPACZ ef al. 2004). Recently, a
link between the CBF-pathway and photoinhibition has also been demonstrated; transgenic
tobacco plants over-expressing CBFI experienced less photoinhibition during chilling stress

(YANG et al. 2010).

There is evidence that selection for improved photosynthetic acclimation is involved in
natural adaptation to cold environments in Poeae species. In the Babia Gora Mountain in

Poland, photosynthetic acclimation to cold conditions is thought to play a role in the
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altitudinal range distribution of Festuca species. Festuca rubra is limited to lower altitudes
compared to species of mountainous fescues (Festuca versicolor and Festuca supina) which
have more efficient non-photochemical mechanisms of photosynthetic acclimation compared

to F. rubra (SENDERSKA et al. 2005).

A molecular model linking cold sensing with transcriptional responses

Although we understand some aspects of how plants sense cold and we have a good overview
of major molecular responses during CA, fairly little is known about the molecular
mechanisms linking cold sensing and CA transcriptional changes. Recently, a model linking
cold sensing and transcription has been put forward. The model includes four components;
Ca®", calcium modulated proteins (calmodulins), calmodulin binding transcriptional activators
(CAMTAS), and cold responsive transcription factors (DOHERTY et al. 2009) (Fig. 4). Low
temperature exposure increases Ca”" influx (probably as an indirect response to membrane
rigidification). Increased Ca>" levels can activate calmodulin proteins which have the
capability to activate other Ca®" unresponsive CAMTA proteins (SNEDDEN and FROMM 2001).
The A. thaliana genome contain six CAMTA genes with calmodulin binding- and DNA
binding CG-1 (CGCG) domains (BOUCHE et al. 2002). Promoter studies have shown that the
absence of the CG-1 element in promoters of important low temperature responsive
transcription factors (both CBF and non-CBF (ZAT12)), lead to a decrease in their transcript
levels of up to 40-50% (DOHERTY et al. 2009). Moreover, loss of function CAMTA gene
mutants have impaired CA and are freezing-sensitive (DOHERTY et al. 2009). Since CAMTAs
are involved in transcriptional control of TFs in the CA-process, calmodulins and CAMTAs
could link low temperature sensing (Ca®" influx) and downstream CA transcriptional
responses (DOHERTY et al. 2009). However, it should be noted that the validity of this model
with respect to the role of calmodulin as Ca*" signal sensors during CA is not experimentally

tested.
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Evolution of molecular adaptations

Now that the major molecular mechanisms underlying plant freezing tolerance have been
outlined, it is time to change the focus from the function of small molecules in the cell to the
function of big processes in nature — namely evolution. Since the time plants conquered land
~850-550 My ago (BECKER and MARIN 2009), land plants have been under selection pressure
from a constantly changing climate. The result is a dazzling display of plant adaptations to
virtually any type of climate - from extremely hot and dry desert climates, to the blistering
cold climates of the Arctic and Antarctic. In the following part I aim to outline the

evolutionary mechanisms that shape molecular adaptations in response to natural selection.

Adaptive evolution from standing and novel variation

Evolution can be defined as transgenerational phenotypic change caused by shift in the
frequencies of heritable components in a population. The heritable components have
traditionally been thought of as only the DNA-sequence itself, but modern biology also
includes epigenetic marks, i.e. DNA-methylation and histone modifications (MARGUERON and
REINBERG 2010). There are four driving forces of evolution; mutation, drift, migration and
natural selection, all of which can alter the composition of genetic and epigenetic variation.
Mutation, drift and migration act mainly in an environment non-dependent manner (note: we
come back to the degree of environmental non-dependence of mutations later in this section,
as this is the focus of an interesting debate). The process of natural selection on the other hand
is solely dependent on the environment and can be defined as differential capability for
survival and reproduction of individuals in a population in a given environment. Natural
selection works in two major ways; (i) to conserve those genetic and epigenetic variants that
are already successful in a particular environment (purifying selection), or (ii) to increase the
frequency of genetic and epigenetic variants that improve adaptation, i.e. increase survival
and reproductive success in the environment (directional selection). Adaptation through
directional selection is often referred to as adaptive evolution or positive selection, while the
relative contribution of genetic and epigenetic variants to the next generation is referred to as

the fitness level of an organism.
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The foundation for adaptive evolution is genetic and epigenetic variation. Without existing
variation, no change can occur. Natural selection can utilize two types of variation; the
standing variation in the population (pre-existing) and novel genetic or epigenetic variants
that arise spontaneously (ROWAN and SCHLUTER 2008). In a given environment, the standing
genetic and epigenetic variation in the population confers a range of different fitness levels.
Since the fitness level of particular genetic or epigenetic variants is relative to the
environment the organism live in, the standing genetic and epigenetic variation in a
population could be considered a stockpile of secret weapons ready to use if the environment
brings on new challenges. The mutation process constantly adds novel variants to the
stockpile of potential adaptive variation, but the birth of novel and fitness enhancing
mutations is an extremely rare event. Thus adaptive evolution from novel variation is of
relatively little importance for rapid adaptation on a short time scale (a few generations), but
plays a bigger role in adaptation over the course of millions of years (ROWAN and SCHLUTER
2008).

Genetic and epigenetic variation comes in a multitude of different forms. Some genetic
variants are distinguished by the substitution of a single base pair, while others comes in the
form of a gene copy number differences, or even differences in copy numbers of whole
chromosomes. The different types of genetic and epigenetic variation can have different
effects on the phenotype and therefore also play different roles in adaptive evolution. Smaller
changes to a gene might for example change the enzyme efficiency, alter the properties of
protein-substrate binding, or in rare cases create a novel protein function. Larger changes to
the genome, like duplications of genes or chromosomes, create novel and redundant genetic

material for evolution to work with.

Small mutations affecting gene function: SNPs, INDELs, micro- and minisatellites

Mutations in the form of single nucleotide polymorphisms (SNPs), small insertions or
deletions (INDELS), and length variation of small repeated sequences (micro- and
minisatellites) are responsible for constant generation of new variation at the gene level.
These mutations can affect the function of a gene, and provide new molecular adaptations in

many different ways. If the substitutions of a single base pair (bp) occur at a non-synonymous
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site in a gene it affects the amino acid content of the protein and may result in a change in
protein function (TISHKOFF ef al. 2007). Alternatively, if a SNP is situated in a regulatory
gene region it could affect variation in gene transcription patterns (STRANGER et al. 2007;
ZHOU et al. 2008). INDELs and micro-/minisatellite mutations can affect gene function in a
similar manner as SNPs, by affecting their function or regulation (JOHANSON et al. 2000; LI et
al. 2004; ZHANG et al. 2008) but they differ from SNP variation in some aspects. INDELs and
micro-/minisatellites change the length of the DNA and hence have different properties than
SNPs. Firstly, length variations can easily result in a frame shift mutation and loss-of-function
with dramatic consequences for the phenotype. Although most loss-of-function mutations has
adverse effects on an organism, some have actually been shown to play a role in adaptive
evolution (JOHANSON et al. 2000). Secondly, even if DNA-sequence length mutations do not
cause a frame shift, it will likely have a large impact on protein structure and function. SNP
variation on the other hand might not impact the amino acid content. Lastly, the repetitive
nature of micro- (1-6 bp) and minisatellite (~10-60 bp) loci results in a high mutation rate and

consequently high allelic variability in the population.

Some putative examples of the role of allelic variation in molecular evolution of freezing
tolerance have been reported. Allelic variation In L. perenne have been correlated with both
natural adaptation to winter conditions and freezing tolerance in the laboratory (SKQT et al.
2002). Two studies on the CBF genes have demonstrated a link between sequence variation
and freezing tolerance. In an association study in barley SNP variation in a CBF gene were
statistically associated with freezing tolerance levels (FRICANO et al. 2009). Another study on
A. thaliana demonstrates that populations from southern climatic zones with no selection
pressure for freezing tolerance had elevated rates of nucleotide substitutions in their CBF
genes, consistent with relaxed selection compared to northern populations (ZHEN and

UNGERER 2008).

A putative illustration of adaptive evolution of novel gene function for improved freezing
tolerance is the evolution of FST enzymes. FST genes are up-regulated during CA, take part
in converting sucrose molecules into fructans sugars, and improve freezing tolerance (HISANO
et al. 2004; LIVINGSTON et al. 2009). The most likely ancestral function of the FST encoding

genes is a vacuolar invertase (VI) function and it has been demonstrated that VI genes can
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gain FST function by the substitution of a few critical nucleotides (J1 et al. 2007; SCHROEVEN
et al. 2008). It is therefore possible that positive selection for novel mutations transforming a
VI gene function to a FST function allowed fructan accumulation during cold stress,
rendering plants more tolerant to freezing (HISANO ef al. 2004; KAWAKAMI et al. 2008; LI et
al. 2007; PARVANOVA et al. 2004).

Function and importance of gene duplication in adaptive evolution

The ultimate source for generation of novel genetic material on which evolution can act on is
DNA duplication events. These duplication events can range in size from whole genome
duplication (polyploidization), duplication of whole or partial chromosomes, to duplication of
single genes. Even smaller DNA duplication events occur frequently, duplications spanning
only a few nucleotides, however this type of duplication, which does not create a full copy of
an existing gene is not of relevance in this part. Gene duplication is hereby referred to as any
process that creates one or several new redundant gene copies. The molecular mechanisms
generating gene duplications are diverse, including polyploidization, duplicative transposition
(e.g. non-homologous recombination), retrotransposition, and unequal crossing over (HAHN
2009) but these generative mechanisms will not be treated in further detail. I will focus on the

role of gene duplication in adaptive evolution.

Birth of a novel and functionally redundant gene will usually have no or very little effect on
plant fitness and the novel gene copies will accumulate mutations as if they were neutral DNA
sequences. The evolutionary fate of a gene copy is therefore most often silencing (non-
functionalization) within a few million years from the duplication event (LYNCH and CONERY
2000). In some instances however, gene duplication has a positive effect on fitness, resulting
in adaptive evolution through preservation of both gene copies. We can classify these positive

fitness effects of gene duplication into (1) proximate and (2) post-duplication fitness effects.

A proximate positive fitness effect is any fitness gain that comes as a direct consequence of
having two functional genes instead of one. Theoretically, proximate positive fitness effects

could be caused by either an improved mutational buffer or a gene dosage effect (HAHN
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2009). If a gene plays an important role in one particular environment (for example during
freezing), acquirement of an extra gene copy will act as a buffer against detrimental effects of
a future mutation in this gene. Such mutational buffers improve fitness in theory, but because
deleterious mutation rates are very low, the importance of gene redundancy in adaptive
evolution is questioned (HAHN 2009). The gene dosage effect is likely more important in
adaptive evolution. Given that variation in the quantity of a gene product can influence the
phenotype, for example by providing stronger transcriptional responses, or perhaps increase

the capacity of biochemical synthesis, a double gene dose can provide an instant fitness boost.

Even if there is no proximal fitness gain of having two gene copies, gene duplication can still
be important in adaptive evolution. Having redundant gene copies can lead to relaxed
selection pressure for maintenance of ancestral functions in both the copies and this might
result in post-duplication evolution causing subfunctionalization or neofunctionalization
(LYNCH and CONERY 2000; LYNCH and KATIJU 2004). If relaxation of selection pressure is
symmetrical on both gene copies this may result in subfunctionalization by equal partitioning
of ancestral function(s). The adaptive advantage of subfunctionalization is thought to be
related to an adaptive conflict between different functions of a gene (DES MARAIS and
RAUSHER 2008; HITTINGER and CARROLL 2007; LYNCH and KATJU 2004). A multifunctional
gene encoding a protein that carries out different functions could be under adaptive conflict if
the improvement of one protein function is hindered by a conflict between alternative
functions of the protein. However, if the genes are duplicated, this cancels the adaptive

conflict and may facilitate molecular evolution which improves both molecular functions.

When the relaxation of selection pressure on gene copies is asymmetrical, one gene copy
maintains all or most of the ancestral function(s) while the other copy can evolve freely. If
then the freely evolving copy acquires a new function through post-duplication mutations, this
is referred to as neofunctionalization; the evolution of a completely novel gene function
(HAHBN 2009). Genomic data from yeast and humans support that the most common pattern of
post-duplication evolution of gene copies is rapid subfunctionalization followed by prolonged

neofunctionalization, a model referred to as sub-neofunctionalization (HE and ZHANG 2005).
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Gene duplication seems to be important in adaptive evolution of stress tolerance in plants.
Gene ontology distribution of duplicated genes reveals overrepresentation of tandem
duplicated genes in plant stress response (HANADA ef al. 2008). An analysis of >10.000 genes
involved in stress response in A. thaliana found that most duplicated genes undergo highly
asymmetric partitioning of ancestral function (ZOU et al. 2009). This was further supported by
data that showed that DNA-regulatory elements in the promoters of duplicated genes are
retained in a highly asymmetric manner (ZOU et al. 2009). Extreme asymmetry does not fit
predictions for the classical subfunctionalization model, but fits better with the model of sub-

neofunctionalization proposed by HE and ZHANG (2005).

Comparative genome analysis has provided further evidence for the importance of gene
duplication in adaptive evolution of freezing tolerance. In highly cold-tolerant species of the
Brassicaceae family duplication of COR15 genes and subsequent rapid amino acid
replacements suggest that sub- or neofunctionalization of this gene family could be involved
in adaptation to low temperature stress. In Pooideae grasses, lineage-specific gene duplication
events of CBF, FST, and IRIP genes, have been implicated in adaptation to cool climates
(BADAWI et al. 2007; HISANO et al. 2008; SANDVE et al. 2008; SANDVE and FJELLHEIM 2010).
In addition, copy number variation in the CBF genes in temperate cereals has recently been

associated with within-species differences in freezing tolerance (KNOX et al. 2010).

Novel miRNA and siRNA loci can arise from inverted duplications of genes (DE WIT ef al.
2009; VAZQUEZ et al. 2008), and there are indications that evolution of novel miRNA is
important for lineage-specific evolution of low temperature stress tolerance. Recently, the
presence of many cold regulated non-conserved Pooideae specific miRNAs were identified
(ZHANG et al. 2009). Zhang and colleagues (2009) suggested that selection for acquirement of
novel miRNA involved in regulation of low temperature gene expression could have been

important in adaptation to winter habits and low temperatures in the Pooideae lineage.
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Epigenetic mechanisms and adaptive evolution

In the traditional model of adaptive evolution the environment has one role; it dictates the
natural selection pressure which act on the genetic variation underlying the phenotypic
variation. In recent models of adaptive evolution, the environment has an additional role in
creating epigenetic variation on which natural selection can act on (JABLONKA and LAMB
2005; ZEH et al. 2009). Epigenetic variation arises spontaneously as a response to
environmental stimuli (independent of DNA-sequence variation) and influence gene
transcription (BOYKO and KOVALCHUK 2008). Many recent studies have demonstrated that
variation in DNA-methylation is strongly associated with adaptations to specific
environments in many plant species (GAO et al. 2010; HERRERA and BAZAGA 2010; LIRA-
MEDEIROS et al. 2010) and both DNA-methylation and histone modifications have now been
shown to cause transgenerational adaptation to new environments in the laboratory, including

adaptation to low temperature stress (BOYKO et al. 2010; LANG-MLADEK et al. 2010).

Even though adaptive advantage of transgenerational epigenetic inheritance has been
demonstrated in nature (GALLOWAY and ETTERSON 2007), the importance of epigenetic
mechanisms in adaptation to freezing stress is still largely unknown. One rare example has
been reported in Norway spruce (Piceae abies). Studies of clonal plants of Norway spruce
revealed that low temperature tolerance is dependent on epigenetic changes that take place in
the developing embryo (JOHNSEN et al. 2005). Albeit the molecular mechanisms responsible
for this epigenetic memory are not understood, there are indications that miRNA mediated

transcriptional regulation could be involved (YAKOVLEV et al. 2010).

Apart from the direct effect of epigenetic variation on the phenotype, theoretical biologists
also speculate if the environment also triggers generation of novel DNA-sequence variation
mediated by epigenetic mechanisms. Zeh et al. (2009) proposed that “environmental shock”
due to climate change can repress the epigenetic control of transposable element (TE) activity,
which in turn leads to bursts of TE activity. At the molecular level TE activity can contribute
to adaptive evolution by producing novel gene/genome structures, changing gene regulation,
and promoting gene duplication (OLIVER and GREENE 2009). The consequences of epigenetic

mechanisms in adaptive evolution are large. First, environmentally triggered adaptive changes
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in epigenetic variation imply that adaptation to novel climatic conditions can happen with
exceptional rapidity, within one generation. Secondly, if abiotic stress triggers an increased
rate of TE-related mutations, this will boost the level of standing genetic variation for natural
selection to act upon. Compared to the traditional model of adaptive evolution, a model of
adaptive evolution which includes epigenetic mechanisms brings about highly efficient

adaptive responses.

The never ending story of adaptive evolution

In an evolutionary time perspective the environment is a constantly changing factor. We can
therefore view adaptive evolution to the climate as a never ending story of repeated cycles,
starting and ending with sexual reproduction. The standing genetic and epigenetic variation
present in the population after sexual reproduction in the spring/summer provides the basis for
natural selection to act on. Then, the environment dictates the terms of survival and success in
sexual reproduction the subsequent year, but at the same time affects the generation of new

genetic and epigenetic variation.

Figure 5 shows a schematic and simplified model of the processes involved in adaptive
evolution of freezing tolerance in perennial Pooideae grasses. When autumn makes an
entrance and the process of CA initiates, plants with differing CA-capacity acquire different
levels of freezing tolerance. In addition, molecular processes induced by environmental stress,
such as epigenetic modifications and increased TE-activity, can generate even more
phenotypic variation. Differential survival through the winter and spring results in changes in
the frequencies of the genetic and epigenetic variants in the population, and the cycle can start
all over again. As long as the environment favours plants with the best freezing tolerance, and
genetic/epigenetic variation for freezing tolerance exists in the population, adaptive evolution

of improved freezing tolerance will resume.
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Figure 5. Adaptive evolution of improved freezing tolerance. Schematic model of the processes involved in adaptive

evolution of freezing tolerance in perennial Pooideae grasses.
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Results in brief

Paper I: Identification of candidate genes important for frost tolerance in Festuca pratensis

Huds. by transcriptional profiling.

We identified candidate genes involved in CA with putative importance for freezing tolerance
in the forage grass F. pratensis by a combination of suppressive subtraction hybridization
(SSH) library of expressed sequence tags (ESTs) and microarray analysis. A SSH-EST library
from non-cold acclimated and cold acclimated crown tissues were cloned and sequenced.
Cloned ESTs from the SSH library were spotted on a cDNA array and the expression of these
genes was measured in crown tissue from plants with high and low freezing tolerance. The
SSH-EST library produced 372 ESTs putatively involved in CA, many of which were
homologous to known genes with functions in CA and abiotic stress in other plant species.
The microarray analysis identified 7 differentially expressed genes between genotypes of
different freezing tolerance. Out of these 7 genes, four were up-regulated, and three down-
regulated in high freezing tolerance plants compared to low freezing tolerance plants. Two of
the up-regulated genes, homologues of a tumor suppressor gene (QM) and a triose
phosphate/phosphate translocator (TPT), are excellent candidate genes underlying the

difference in freezing tolerance.

Paper II: Genetic mapping of DArT markers in the Festuca-Lolium complex and their use in

marker-trait (freezing tolerance) association analysis

The newly developed DArTFest genotyping chip was used to saturate existing genetic maps
of Lolium multiflorum and F. pratensis. We then used the DArT marker resources in an
integrated analysis to identify genomic loci involved in freezing tolerance in the Furs0357 L.
perenne X F. pratensis hybrid population. Furs0357 were selected for divergent levels of
freezing tolerance to generate high and low freezing tolerant sub-populations and the
differences in genome content between the phenotypes were studied. In total, 96 DArT
markers were found to associate with freezing tolerance phenotypes, and five of these were
placed on one of the genetic maps. These five mapped markers corresponded to three genomic
regions on LG2, LG4, and LG7, respectively. The associated region on LG4 corresponded to
a previously reported QTL for freezing tolerance in F. pratensis and cereals close to Vrnl, a

key regulator in vernalization.
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Paper II1. Tracking the evolution of a cold stress associated gene family in cold tolerant

grasses

Data from BAC-sequencing combined with different bioinformatics approaches was
integrated to (i) demonstrate the presence of a multi-gene family of ice re-crystallization
inhibition protein (IRIP) coding genes in Pooideae grasses and (ii) study the evolution of this
gene family. The first IRIP gene probably evolved from a LRR phytosulfokine receptor
kinase-like gene through increased copy numbers of a repeated amino acid motif (NxVxQG).
Subsequently, the IRIP gene underwent multiple rounds of gene duplication, both prior to-
and after the split between cereals and forage grasses. Structural divergence between IRIP
gene paralogs and evidence from functional studies by other research groups indicate that

IRIP paralogs underwent post-duplication subfunctionalization.

Paper IV. Did gene family expansions during the Eocene-Oligocene boundary climate cooling

play a role in Pooideae adaptation to cool climates?

In the last paper, we explored the idea that paleoclimatic conditions during the Eocene-
Oligocene (E-O) boundary global cooling (~34-26 My ago) was important in Pooideae
adaptation to cold environments. We did this by investigating the temporal patterns of gene
duplication events giving birth to Pooideae specific gene families involved in freezing
tolerance. The timing of the initial Pooideae specific duplications in CBF, FST, and IRIP gene
families were estimated to have occurred inside-, or in a few instances just prior to the E-O
cooling period. Hence, our data support the hypothesis that the E-O cooling selected for novel
molecular adaptations to low temperature stress in a Pooideae ancestor, which could have
been instrumental in subsequent ecological expansion of Pooideae grasses into cooler

habitats.
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Discussion

Discussion

Molecular adaptation to freezing on different temporal scales

Extant land plants are thought to share a common ancestor 488-443 My ago (SANDERSON ef
al. 2004; STEEMANS et al. 2009). Along this ~500 My evolutionary time line, land plants
lineages have been under varying selection pressure for cold and freezing tolerance. This
selection pressure has been enforced by three global scale glaciations (YOUNG et al. 2010),
numerous regional scale ice ages, and constant between-year shifts in local climatic
conditions. The result is a fascinating diversity of molecular mechanisms which help plants
surviving freezing temperatures and cold winters. Some of these mechanisms are ancient and
shared between many land plants, and yet other mechanisms have evolved recently and are

specific to certain plant groups.

Analyses of molecular adaptation on different temporal scales reveal different evolutionary
patterns. At the million year perspective, larger and rarer evolutionary events are more
frequently observed at the DNA level, while over the course of a few generations most
molecular adaptations come from changes in the standing genetic variation (ROWAN and
SCHLUTER 2008). In Papers I and II, we used artificial selection for divergent freezing
tolerance and measurements of allele frequencies and gene expression levels to study rapid
adaptive responses to selection. Although artificial selection only mimics selection pressure
under natural conditions, these types of experiments can help us identify loci underlying
natural variation in freezing tolerance and improve our understanding of molecular
mechanisms important for adaptation to abiotic stress in nature. Papers III and IV, on the
other hand, deal with molecular evolution of genes involved in CA and freezing tolerance in
the entire Pooideae lineage, a time window of ~45 million years. The focus of these papers
was the evolution of rare Pooideae specific molecular innovations and how these molecular
novelties potentially impacted Pooideae adaptation to cold environments. Differences in the
temporal scale of the analyses in the two first and two last papers provide different answers to
the same question, and complement each other to obtain a fuller picture of how evolution

works to improve freezing tolerance in grasses.
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Rapid adaptation: natural selection on standing genetic variation

Standing genetic variation in gene expression associated with freezing tolerance

In Paper I, we investigated gene expression differences between plants selected for high and
low freezing tolerance in a gene set enriched with genes involved in CA. After three weeks of
CA seven genes (1.3%) had >2 fold difference in expression level between plants with high
and low freezing tolerance. Two of these genes, the triose phosphate/phosphate translocator
(TPT) -like and QM-like, have functionally characterized homologues in other plant species
and are striking candidates for being involved in adaptive evolution of freezing stress

tolerance.

The TPT protein is situated in the chloroplast membrane and is responsible for carbohydrate
export to the cytoplasm during photosynthesis (WALTERS et al. 2004). Expression of TPT has
been positively correlated with increased levels of TPT protein in the chloroplast and
increased levels of sucrose, fructose and other carbohydrates in the cytosol of 4. thaliana
(WALTERS et al. 2004). TPT activity has also been positively correlated with accumulation of
cytosolic sucrose, fructose and other carbohydrates in tobacco (HAUSLER et al. 2000) and
potato (HEINEKE et al. 1994). Carbohydrate accumulation is a major metabolic response
during CA (COOK et al. 2004; MARUYAMA et al. 2009) and is thought to affect freezing
tolerance through various molecular mechanisms, for example aiding in photosynthetic
acclimation (STRAND et al. 2003) and cell membrane interaction and stabilization (HINCHA et
al. 2000).

One putative mechanism in which increased TPT expression could affect freezing tolerance is
by indirectly affecting fructan levels. In Pooideae grasses fructan accumulation during CA is a
common response (LIVINGSTON and HENSON 1998; PUEBLA et al. 1997), and high fructan
levels have been shown to improve freezing tolerance by stabilizing cell membranes during
freezing (HISANO ef al. 2004). The initial step in fructan synthesis is the conversion of two
sucrose molecules to a fructan molecule by the FST enzyme 1-sucrose-sucrose-
fructosyltransferase (LIVINGSTON et al. 2009). Although highly speculative at this point, it is

conceivable that higher expressions of TPT in high freezing tolerance phenotypes increase
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cytosolic sucrose levels and thereby cause increased rates of fructan synthesis and freezing

tolerance.

The second highly interesting candidate gene identified in Paper I is the QM-like homolog.
OM was first isolated and identified as a putative tumor suppressor gene (MONTECLARO and
VOGT 1993) and has subsequently been shown to have DNA binding properties and to
regulate the transcription of a proto-onco gene in human cells (OH 2002). QM homologs are
highly conserved among all eukaryotic organisms, suggesting an essential role in basic cell
maintenance (FARMER ef al. 1994) but the QM function is elusive. Studies of cellular
localization demonstrate co-localization with the ribosome, and QM-homologues have a
conserved L10e ribosomal binding domain which is involved in organizing the architecture of
the aminoacyl tRNA binding site of the ribosome (LILLICO et al. 2002; LOFTUS et al. 1997).
Both animal and plant QM-homologs have been implicated in abiotic and biotic stress
responses. In carp fish, a QM homolog was up-regulated subsequent to viral and bacterial
infections (WEN et al. 2005). In plants, up-regulation of QM during cold (and also other
abiotic stress) has been demonstrated in rice (X10-CHUN 2002) and the temperate plant
Caragana jubata that grows under extreme cold and high altitude in the Himalayas
(BHARDWAJ 2010). Furthermore, expression of a tomato QM gene in yeast protected against
oxidative stress by increased accumulation of proline (CHEN 2006). Since molecular biotic
and abiotic stress responses ultimately depend on mRNA-translation and protein synthesis,
one hypothesis is that QM up-regulation during cold stress mitigates adverse effects of abiotic
stress on the translation machinery. However, ribosomal proteins are often implicated in
extra-ribosomal functions (WARNER and MCINTOSH 2009). In the case of the human QM gene
it has been shown to be a transcriptional regulator (OH 2002), thus another hypothesis is that
the QM protein is involved in transcriptional regulation of other genes involved in CA, e.g.

genes in the proline synthesis pathway (CHEN 2006).

Rapid adaptive evolution to abiotic stress through changes in gene expression patterns is
common (SAUVAGE et al. 2010; SORENSEN et al. 2007). Because abiotic stress tolerance is a
highly quantitative trait, adaptive evolution from standing genetic variation is expected to
happen through small changes in many genes, so called “soft sweeps” (PRITCHARD ef al.

2010). This exact pattern was observed in Drosophila melanogaster during adaptation to
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different abiotic stresses, where most genes only changed their expression level slightly, much
less than 2-fold (SORENSEN et al. 2007). Unfortunately, limitations in the production of the
custom made microarrays in our study excluded the possibility of testing for small significant
changes in expression levels; hence in Paper I, we used the 2-fold change threshold to classify
genes with different expression patterns. Moreover, in our analysis we used pooled mRNA
from multiple genotypes in the high and low freezing tolerance groups, respectively. The
advantage of pooled mRNA is that it acts as a buffer to average out genotype specific
expression differences not related to the freezing tolerance per se. But at the same time the
pooling strategy also averages out small genotype specific expression differences that truly
are related to adaptive changes in gene expression. Consequently, the combination of the 2-
fold filter and the mRNA pooling strategy results in a highly conservative estimate of the
numbers of genes differentially expressed between high- and low freezing tolerant genotypes.
On the other hand, this approach increases the chance that the expression differences

associated with freezing tolerance levels are causally linked to the phenotype.

Selection for freezing tolerance affected allelic composition and polyploidy levels

In Paper II 96 genomic markers were associated with freezing tolerance levels in a population
of L. perenne x F. pratensis hybrids. Five of these markers had known genetic map positions
in the Lolium or Festuca genomes and interestingly these five markers correspond to linkage
groups (LGs) and genomic loci which have previously been implicated in freezing tolerance

in cereals and forage grasses.

Three of the significant markers on LG4, two mapped in L. multiflorum and one in F.
pratensis, mapped to a chromosomal region corresponding to a freezing tolerance QTL in F.
pratensis closely linked to the Vrnl gene (ALM et al. submitted). This QTL is also found in
cereals where it is referred to as FR-1 (GALIBA ef al. 2009). Figure 6 shows a comparative
map between LG4 in forage grasses and the syntenic relationship to the B. distachyon
chromosome 1 (Bd1). The existence of Vrnl paralogs in grasses (PRESTON and KELLOGG
2007) complicates the syntenic relationships. In rice the two Vrnl paralogs (also referred to as
FULI and FUL2) are situated on different chromosomes (3 and 7), while both copies are

found on Bd1 (HIGGINS et al. 2010). Syntenic relationships between forage grass LG4 and
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both regions on Bd1 harbouring Vrn1 copies are revealed by blast analysis of the mapped
DArT markers (Fig. 6). Markers situated close to both Vrnl paralogs were significantly
associated with freezing tolerance, however as many as 7 significant DArT markers were
clustering close to the BAVrn1b/FUL2 (Fig. 6). This strongly supports the notion that the
significant markers on LmLG4 and FpLG4 reflect the same underlying QTL and that this
QTL is located close to a Vrnl gene.

It has been debated whether the gene underlying FR-1 QTL is directly involved in freezing
tolerance or if the FR-1 QTL is an artefact of tight linkage with the vernalization response
gene Vrnl. Vrnl is a mads-box transcription factor involved in the transition between
vegetative and reproductive phase in Pooideae grasses (CATTIVELLI et al. 2002; TREVASKIS et
al. 2007). This transition involves down-regulation of genes involved in CA (GALIBA ef al.
2009). Recently, polymorphisms in Vrnl were shown to exhibit a pleiotropic effect on
freezing tolerance by directly or indirectly affecting expression of genes involved in the CA
pathway (e.g. CBF genes) (DHILLON et al. 2010). Hence, the DArT markers associated with
freezing tolerance on LG4 in forage grasses could be linked to differences in the vernalization

control rather than genes involved in CA.

The significant markers on FpLG7 and LmLG2 also correspond to chromosomal regions
which previously have been implicated in Pooideae freezing tolerance. The peak marker of a
freezing tolerance QTL on F. pratensis LG7 is mapped only a few centi-Morgan (cM) from
the significant DArT marker on LG7 in Paper Il (ALM et al. submitted). LG2 has previously
been shown to harbour QTL(s) for freezing tolerance in Lolium x Festuca hybrids (KOSMALA
et al. 2006) and winter survival in F. pratensis (ALM et al. submitted). Unfortunately the
syntenic relationship between the significant marker on LG2 in this study and the other above
mentioned QTLs on LG2 is uncertain due to the lack of common bridging markers between

the genetic maps.

A second result worth discussing in the context of adaptation to stress tolerance is the
observed effect of selection on ploidy level (tetraploids vs diploids) in Paper II. A significant

higher proportion of tetraploid plants were found in the low frost tolerance group. This result
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was surprising, first of all because we were unaware that the hybrid population we studied
segregated for ploidy levels, but mostly because polyploidization normally is assumed to
improve stress tolerance in plants (CHANDRA and DUBEY 2010; CROW and WAGNER 2006;
FAWCETT et al. 2009). The discrepancy between our findings and the general presumption on
polyploidization and stress tolerance could be related to genome constitution of the hybrid
population in this study. It has been shown that introgression from F. pratensis into a Lolium
genomic background enhances freezing tolerance in Festulolium hybrids (KOSMALA et al.
2006; RAPACZ et al. 2004), and it is possible that the tetraploid plants in the population had
fewer Festuca introgressions due to their ploidy levels. Limited FISH-experiments showed a
higher number of introgressions in the high freezing tolerance group compared to the

tetraploid plants in the low freezing tolerance group, and supports this idea.

The allelic composition in the Festulolium plants undoubtedly differed between populations
with differing selection regimes; however, there is always a chance that other evolutionary
forces than natural selection contribute to allele frequency shifts. Genetic drift during artificial
selection could lead to allelic divergence. Another possibility is that the genotyping
technology itself could produce biased genotyping scores that mimic the pattern of
phenotype-genotype correlations, for example due to the skewed distribution of ploidy levels.
Although we have not experimentally controlled for drift or genotyping biases in Paper II, we
find it unlikely that our results are heavily influenced by these factors. Firstly, an identical
selection regime to the one used in this study has previously been tested in other experiments
with no effects of drift (unpublished results). Secondly, genotyping error is expected to
produce a random distribution of markers with low P-values along the chromosomes. In Paper
II there is a clear tendency for low P-value markers to be closely linked on the chromosomes,
reflecting the decreasing linkage disequilibrium with the distance to the significant markers

(data not shown).

Lastly, I want to highlight two methodological aspects of Paper II, relevant for the

interpretation of the results. First, the genetic map positions in Lolium were estimated in a L.
multiflorum population, while the Festulolium population used in this study had a L. perenne
background. In a worst case scenario, this could result in erroneous inferences of the genetic

position of markers associated with freezing tolerance in this study. However, the chance of
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this is negligible due to the close evolutionary relationship between L. multiflorum and L.
perenne genomes (CATALAN et al. 2004). Second, the linkage disequilibrium in the Furs0357
population is expected to be high as a result of the breeding scheme (few rounds of
recombination and hybrid plants). Consequently, significant associations between DArT
markers and phenotype can only identify chromosome regions containing QTLs, and not
specific genes. This is also why as many as 96 markers were identified as significantly

associated with freezing tolerance in Paper II.
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Figure 6. Syntenic relationships between F. pratensis, L. multiflorum, and B. distachyon chromosome.
Comparative map showing the syntenic relationships between the freezing tolerance QTL on LG4 in F.
pratensis, DArT markers associated with freezing tolerance phenotype, and the VRNI1 paralogs in the B.
distachyon genome. Red colour text denotes bridging markers. Green colour text denotes DArT markers
associated with freezing tolerance phenotype. On the Bdl chromosome the left side numbers are physical
positions in base pair. Left side numbers for all other maps are genetic distance in cM. Fp4-QTL is the
chromosome 4 linkage group from F. pratensis with the Vrnl-associated freezing tolerance QTL (QFt4F) from
Alm et al. (submitted).
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Adaptation on a geological time scale; Pooideae specific innovations

Evolution of novel ice-binding protein domains

Pooideae specific evolution of an ice-binding domain (IRI domain) took place in the IRIP
gene family (SANDVE et al. 2008) and it is speculated if evolution of this IRI domain was
important for Pooideae lineage adaptation to cold climates (SIDEBOTTOM et al. 2000;
TREMBLAY et al. 2005). IRIP genes evolved from a bipartite ancestral gene consisting of a
leucine rich repeat (LRR) domain and a protein kinase (PK) domain (TREMBLAY et al. 2005).
The PK domain was later lost in the Pooideae lineage due to a frame shift mutation caused by
the evolution of the IRI domain. The lack of IRI domain homologs outside the Pooideae
lineage led some authors to suggest that the IRT domain could represent exogenous DNA
inserted into an ancestral Pooideae genome by a TE (TREMBLAY et al. 2005). However, no TE
signatures flanking the IRIP genes have been identified (TREMBLAY et al. 2005); so how did

the IRI domain arise?

Even when no homology to other plant genes can be found, alternative hypotheses to the TE
insertion of exogenous DNA exists. Novel endogenously derived DNA can either arise
through (1) large scale duplications (whole genes, chromosomes or genomes) or (ii) small
scale duplications, for example through mini- or microsatellite copy number expansion. If
multiple duplications of a small DNA-sequence motif occur, this novel DNA-sequence could
appear as having no homology to other genes. In Paper I1I, we studied the sequence
similarities between the IRIP genes and their closest homolog, the rice LRR-PK gene, to
identify small common IRI domain-like motifs. Analysis of the amino acid sequences
demonstrated that the IRI domain most likely arose through duplication and expansion of a
small 5 codon long motif (Fig. 7). Evolution of the IRI domain thus represents a putative
example of adaptive evolution of minisatellite repeat variation. Although in the case of the IRI
domain, the variation in repeated elements did not modify the function of an existing allele as
is known from many examples (KASHI and KING 2006; LI et al. 2004), but gave birth to a

completely novel gene function (Fig. 7).
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Figure 7. Schematic model of IRI domain birth and subsequent Pooideae IRI gene family expansion. After
the divergence of rice and Pooideae grasses the LRR-PK homologue in the Pooideae lineage underwent
substantial molecular evolution. An ancestral amino acid motif (NxVxG) duplicated and expanded in copy
numbers. This resulted in a frame shift mutation and subsequent loss of the protein kinase (PK) domain. As the
novel IRI genes evolved novel functions, the LRR domain was reduced. The figure is not a precise

representation of the timing of duplications or IRI domain evolution.
Terminal, LRR=Leucine-Rich Repeats, IRI=Ice Re-crystallization Inhibition, PSR=Phytosulfokine Receptor.
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Adaptive lineage-specific gene duplications

Many observations suggest that duplicated genes are overrepresented in functional classes
involved in abiotic stress responses in plants for, in particular tandem duplicated genes
(R1zZON et al. 2006; WANG et al. 2008). One hypothesis is therefore that lineage-specific
gene duplication is an important mechanism in adaptive evolution of abiotic stress tolerance
(HANADA et al. 2008; LESPINET et al. 2002). In a study comparing gene duplication patterns
between A. thaliana, moss, rice, and poplar, genes with a function in cold stress response
were significantly enriched for linage specific gene copies (HANADA et al. 2008). In the
Pooideae grasses, lineage-specific expansions of gene families involved in cold stress has
been identified in the IRIP family in Paper III (SANDVE et al. 2008), the CBF family (BADAWI
et al. 2007), and FST enzyme family (HISANO et al. 2008).

Inferences of the adaptive evolutionary role of the Pooideae specific gene duplications can be
based on extant gene functions and DNA sequence substitution patterns. Post-duplication
regulatory subfunctionalization has been demonstrated for CBF (AGARWAL et al. 2006;
WINFIELD et al. 2010), IRIP (TREMBLAY et al. 2005), and FST genes (HISANO et al. 2008).
Positive selection on post-duplication mutations is expected to leave footprints at the DNA
sequence level in the form of elevated rates of non-synonymous to synonymous nucleotide
substitutions. Such footprints were indeed found in Paper IV in the CBFIlIc/d clade where
several amino acid sites were predicted to have been under positive selection. The test for
positive selection has limited power (ANISIMOVA ef al. 2001), hence the absence of signatures
of positive selection does not exclude the possibility that positive selection played an
important role. Moreover, positive selection can also target substitutions in non-coding
regulatory regions of genes, for example by adaptive loss or gain of transcription factor
binding sites, and this cannot be accounted for in a test for positive selection on amino acid
content. It is also possible that many of these gene duplications brought about proximate
fitness effects as a result of gene dose increase, for example through more efficient fructan

synthesis or larger doses of IRIPs being exported to the apoplast.
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Paleoclimate and evolution of Pooideae freezing tolerance

Paleoclimate and natural selection

Selection pressure from a cold climate is needed for adaptive evolution of molecular
mechanisms involved in freezing tolerance to take place. Since the entire Pooideae lineage is
dominated by cold tolerant species (GRASS PHYLOGENY WORKING GROUP 2001) it is likely
that important molecular adaptations to freezing stress arose in an ancient Pooideae ancestor.
Dramatic paleoclimatic changes have been implicated in adaptive gene content increase in
many plants. The Cretaceous-Tertiary (K-T) boundary, so famously blamed for eradicating
the dinosaurs, represents an exceptional rapid and radical change in paleoclimatic conditions.
A study of the timing of whole genome duplications in major plant lineages demonstrated a
remarkable correlation between the K-T boundary and paleopolyploidization events
(FAWCETT et al. 2009). Fawcett and colleagues (2009) argued that plant lineages with double
genomes had improved chances of surviving the K-T boundary, possibly due to improved

stress tolerance as a consequence of polyploidization.

Another global scale climate change event, the Eocene-Oligocene (E-O) boundary climate
cooling (~33.5-26 My ago) is coincident with the early evolution of the Pooideae lineage
(CoxALL and PEARSON 2007; ELDRETT et al. 2009; LIU et al. 2009; VINCENTINI ef al. 2008;
ZACHOS et al. 2001; ZANAZZ1 et al. 2007). One intriguing hypothesis is therefore that
paleoclimatic conditions during the E-O boundary selected for improved freezing tolerance in
a Pooideae ancestor essential for subsequent adaptation and ecological expansion into cold

climate habitats.

If the hypothesis on the role of E-O cooling in Pooideae adaptation to cold climates is correct,
we can expect Pooideae specific molecular evolution associated with the E-O cooling period
of genes involved in freezing tolerance. This exact pattern was supported by the results in
Paper IV, where we found that the timing of the gene duplication events giving birth to the
Pooideae specific IRIP, CBF, and FST genes corresponded with the E-O cooling period. The
importance of the E-O climate change in grass evolution and adaptation has previously been

studied with a different focus. A drop in global carbon dioxide levels associated with the E-O
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boundary has been linked to adaptive transitions from C3 to C4 photosynthesis in PACCAD
grasses (VINCENTINI ef al. 2008). This finding supports the importance of the paleoclimatic

conditions at the E-O boundary in grass evolution.

Did the paleoclimate during the E-O boundary play dual roles?

It is evident that dramatic climate change represents a sudden increase in plant abiotic stress
levels and will result in changes in the genetic constitution of a species as a consequence of
altered selection pressure. But as mentioned in the introduction, abiotic stress can also trigger
genome instability and generate novel DNA duplications through increased recombination
rates (FILKOWSKI ef al. 2004) and TE activity (BENNETZEN 2000; OLIVER and GREENE 2009;
ZEH et al. 2009). In barley, for example, differences in TE activity resulting in divergence in
genome size have been associated with adaptation to local microclimatic differences
(KALENDAR et al. 2000). Although it is highly speculative, it is therefore possible that the E-O
cooling played a dual role in the evolution of freezing tolerance and climate adaptation in
Pooideae grasses; both triggering the creation of new genetic variation and at the same time
selecting for those newly created and pre-existing genetic variants which conferred improved

adaptation to the cooling climate.

Grass evolution time line; what we know and how we know it

Papers III and IV are dealing with estimating the absolute time of Pooideae specific gene
duplication events putatively involved in evolution of freezing tolerance. Some of the results
and conclusions are dependent on assumptions about the timing of major splits in the Poaceae
species evolutionary tree. A discussion about what we know about the absolute time estimates

of major transitions in the Poaceae evolutionary history is thus inevitable.

A central problem with reconstructing an absolute time scale of the Poaceae group evolution
is the poor grass fossil record, and the ages of major evolutionary transitions are therefore still
debated (PRASAD et al. 2005; VINCENTINI ef al. 2008). The earliest Poaceae macro fossil
record dates back 55 My (CREPET and FELDMAN 1991). Some of the floral characteristics of

this fossil are common for members of the BEP (Bambusoideae, Ehrhartoideae, Pooideae),
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and PACAAD clade (Panicoideae, Aristidoideae, Chloridoideae, Centothecoideae,
Arundinoideae, Danthonioideae) (BREMER 2002). Hence, 55 My is considered a lower age
boundary for the ancestor of most agricultural important grasses. In addition to this macro-
fossil, two reports on grass paleo-pollen (HERENDEEN and CRANE 1995; JACOBS et al. 1999)
and two reports of paleo-phytolith assemblages in different geological strata (PRASAD ef al.

2005; STROMBERG 2005) shed light on the ancient evolutionary history of the Poaceae.

Because of the poor grass macro-fossil record, the age estimates of many important
evolutionary transitions in the grass family are attributed to modern methods of molecular
dating. These methods work by transforming evolutionary distances in a phylogenetic tree,
originally inferred from differences in DNA sequences, into absolute time by (i) the use of
one or more time constraint(s) on nodes in the tree based on fossil evidence, and (ii) using a
statistical model for how evolutionary rates vary across the phylogeny. Several calibration
methods assuming different evolutionary models are available. The most naive method is to
enforce a strict molecular clock on the phylogeny, i.e. assuming that all branches in a
phylogeny have identical evolutionary rates. However, this method is not particularly accurate
since many gene phylogenies do not fit a global molecular clock when comparing different
species. Newer and more sophisticated calibration methods take into account varying
evolutionary rates in different parts of the phylogeny. In Paper IV, we used two methods to
calibrate the phylogenetic trees; the Nonparametric Rate Smoothing (NPRS) method
(SANDERSON 1997) which assumes different but auto-correlated evolutionary rates in all
branches, and the recently published BEAST software (DRUMMOND and RAMBAUT 2007) that
uses a relaxed molecular clock model but has no assumptions about the distribution of

evolutionary rates in the phylogeny.

Two of the most comprehensive attempts to use molecular methods to date the ages of major
evolutionary transition in the grasses are the studies of Bremer (2002) and Vicentini et al.
(2008). The Bremer (2002) and Vicentini et al. (2008) studies used the NPRS and a Bayesian
relaxed clock model, respectively, and reached very similar conclusions based on several
independent fossil calibration points. The age of the stem node of the Poaceae was estimated
to be 82 and 94 My, and the age of the most recent common ancestor of the BEP-PACCAD

was estimated to be 50 and 52 My old, in the two studies, respectively. Furthermore, Vicentini
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et al. (2008) estimated the age of the most recent common ancestor of the Pooideae sub-

family, which contains the cereals and the forage grasses, to be approximately 43 My old.

One paper published in Science by Prasad et al. (2005) shed some doubts on the estimated
ages of the major grass clades as provided by these molecular analyses. The authors studied
what was reported to be fossilized dinosaur dung dated back to 65 My ago, and found that
grass phytolith morphologies characteristic for extant Poaceae sub-families, including grasses
from the BEP clade, were present at the time when dinosaurs dominated the earth (PRASAD et
al. 2005). Using these novel findings in a molecular dating analysis assuming a strict
molecular clock, the authors concluded that the age of the stem node of the Poaceae are
approximately 85 My old, and that the most recent common ancestor of the BEP and

PACCAD are much older than previously assumed, possibly as old as 80 My.

We can therefore divide the scientific debate on the ages of grasses into two competing
hypothesis, the “Early BEP-PACCAD radiation” (EBPR) hypothesis supported by the Prasad
(2005) study and the “Late BEP-PACCAD radiation” (LBPR) hypothesis supported by
molecular dating using different dating methods, different DNA sequences, and various fossil
calibration points (BREMER 2002; SANDVE and FJELLHEIM 2010; VINCENTINI ef al. 2008). The
competing hypotheses are presented in Figure 8. One key question is now; which version of
the grass evolutionary history is the most correct one? In my opinion, the Vicentini et al.
(2008) study makes a persuasive argument for the LBPR hypothesis, solely because of the
amount of data pointing in the direction of the LBPR hypothesis. All fossil calibration
schemes, except when using the Prasad (2005) data, produce extremely homogenous node

ages estimates.

The EBPR versus LBPR debate have important implications for our conclusions in Paper IV.
In this paper we assume that LBPR age estimates of the grass clades are correct and
demonstrate that Pooideae specific gene duplications putatively important for evolution of
freezing tolerance were clustered in the E-O cooling period. If we instead assume the EBPR
hypothesis of Prasad et al. (2005), and set the rice-Pooideae divergence to ~75 My ago, then

our age estimate of initial Pooideae specific duplication events are pushed back to ~62 My
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ago. Most intriguingly, this estimate coincides with the even more dramatic climate change
during the K-T boundary, a time where many other plant genomes are thought to have
undergone adaptive increase in genome size (FAWCETT et al. 2009). Consequently, the
interpretation of the Pooideae specific duplication events in the context of paleoclimatic
change and adaptive evolution remains relevant, even if the LBPR hypothesis should turn out

to be the correct model of Poaceae evolution.
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Figure 8. Competing hypotheses for the age of key nodes in the Poaceae evolutionary tree. A) The Late
BEP-PACCAD radiation hypothesis with node ages supported by Vicentini et al. (2008) (1), Bremer (2002) (2),
Gaut (2002) (3), Sandve and Fjellheim (2010) (4), and Sandve et al. (2008) (5). Node ages are presented as the
mean of the estimates from these studies. B) Early BEP-PACCAD radiation hypothesis with node ages
supported by Prasad et al. (2005). Grey triangles indicate further radiation within lineages, but do not represent a
quantitative presentation of the timing, speed or extent of radiation.
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Are molecular responses in laboratories relevant in nature?

Investigations into the molecular basis of CA and freezing tolerance have almost exclusively
been done under controlled laboratory conditions. Such controlled conditions works to our
advantage if our goal is to identify genes and molecular processes that are regulated by low
temperature per se. However, it is seldom the case that laboratory conditions accurately
reflect natural conditions. The conclusion from a recent study by Brachi et al. (2010) on
genetic variation underlying variation in 4. thaliana flowering time in nature provides a great
example. In this study, the authors observed poor correlation between flowering time in the
laboratory and in the field, and none of the well studied genes underlying flowering time
variation in greenhouse studies were found to associate with flowering time in nature (BRACHI
et al. 2010). This highlights the importance of taking gene-environment interactions into
account when studying complex traits. If the ultimate goal is to understand the basis for
freezing tolerance in nature we must therefore ask the question: what is the relevance of
molecular responses under laboratory condition CA and freezing tolerance in natural

conditions?

One of the biggest discrepancies between what goes on in nature compared to laboratory
experiments on CA is related to the speed at which the temperature changes. In laboratory
experiments plant are often moved directly from 20°C to low temperatures with constant light
conditions, referred to as cold shock treatment (LEE ef al. 2005; VOGEL et al. 2005). In natural
conditions on the other hand, the temperature gradually decreases over the course of months
with intermittent temperature fluctuations, and repeated shifts between warmer day time and
cooler night time temperatures. A recent study on wheat under more natural CA conditions
demonstrated that a gradual decrease in temperature produced novel and different patterns of
transcriptional regulation compared to the commonly used laboratory conditions (WINFIELD et
al. 2009). The CBF genes were for example regulated differently when the temperature
changed gradually compared to if plants underwent cold shock (WINFIELD ef al. 2010).
Another discrepancy between laboratory and natural conditions is that in nature changes in
day length, irradiance and light quality accompanies the decreasing temperature in natural
systems. Interactions between light conditions and temperature have been demonstrated to
modulate CA-associated gene expression (CROSATTI et al. 1999; GRAY et al. 1997), and are

likely important in CA-responses in nature.
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The debated role of ABA dependent transcriptional regulation in CA might also be linked to
differences in laboratory versus natural conditions. Most experiments using cold shock do not
support an important role of ABA signalling and ABA mediated transcriptional regulation
early in the CA process (SHINOZAKI and Y AMAGUCHI-SHINOZAKI 2000; THOMASHOW 1999).
Because ABA synthesis during cold stress commences after the initial up-regulation of CBF
pathways (THOMASHOW 1999), ABA is often excluded from the discussions of genetic
pathways involved in CA. Although rarely mentioned in the literature, ABA has in fact been
shown to increase the expression of CBF genes in 4. thaliana (KNIGHT et al. 2004) and
several other plant species (AGARWAL et al. 2006). Moreover, very little is known about the
generation of ABA and the control of ABA-dependent gene expression during CA under
natural conditions (GUSTA et al. 2005). It is therefore possible, and even likely, that ABA
accumulation is more important for CA-transcriptional regulation in a natural CA-process

compared to laboratory conditions.

It is certain that the widespread use of artificial laboratory conditions have biased our
understanding of genes and genetic pathways involved in CA and freezing tolerance in nature.
However, I must also stress that laboratory studies have been ever so central for our
understanding of molecular mechanisms involved in freezing tolerance in nature, and the best
example is the CBF pathway. Apart from the overwhelming numbers of experimental
laboratory studies confirming the essential role of CBF genes for freezing tolerance, data from
natural populations also supports the importance of CBF genes (e.g. ZHEN and UNGERER
2008).

Conclusions and future perspectives

Through the work presented in this thesis we have both confirmed previous findings and
revealed novel insights into the genetics of CA and freezing tolerance of Pooideae grasses.
Many of the genes identified to be involved in CA in F. pratensis confirmed previous findings
in other plant species. Two of these genes, FpTPT and FpQOM, are highly interesting candidate

genes potentially underpinning phenotypic differences in freezing tolerance. The use of DArT
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markers to associate genetic loci with difference in freezing tolerance identified and
confirmed several chromosomal regions previously found to harbour QTLs for freezing
tolerance and at the same time demonstrated the utility of the newly developed forage grass
DATrT resources. Patterns of molecular evolution in genes important for the CA process and
acquirement of freezing tolerance suggest that lineage-specific gene duplications and
evolution of a novel ice-binding protein domain in an early Pooideae ancestor could have
been important for subsequent adaptation to cold climates. Our results also link the
expansions of CBF, FST, and IRIP gene copy numbers to a global climate cooling during the
E-O boundary ~34-26 My ago and we hypothesize that the E-O cooling was central in

Pooideae evolution and adaptation to cold climates.

The novel sequences generated in our work and the rapidly increasing sequence databases of
fully and partially sequenced Pooideae genomes will aid in future investigations into
comparative- and functional genomics. Recently, the genomic sequence of the model
Pooideae species B. distachyon was released (THE INTERNATIONAL BRACHYPODIUM
INITIATIVE 2010), and in time an increasing numbers of T-DNA lines, transgenic resources
would be available. This will enable further research and understanding of the molecular
mechanisms important for Pooideae grass CA and freezing tolerance. Increased focus on
importance of small RNA and epigenetic mechanism in the years to come will also likely
broaden our perspectives on the complexity of the mechanisms involved in abiotic stress

tolerance and climate adaptation.

Ongoing and future work will involve functional studies of the Pooideae specific IRIP genes
including knock-down studies in transgenic B. distachyon plants, additional EST analysis of
the Pooideae species CA-transcriptome using high throughput sequencing, and genome wide
analysis of molecular evolutionary patterns of genes involved in CA. These (and other) future
research efforts will contribute to an even better understanding of how, year after year, for
millions of years, Pooideae grasses have come out victorious in the fierce battle against the

northern winter climate.
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ABSTRACT

Studies of differential gene expression between cold acclimated (CA) and non-cold acclimated (NA) plants
yield insight into how plants prepare for cold stress at the transcriptional level. Furthermore genes
involved in the cold acclimation process are good candidate loci for genetic variation in frost tolerance
and winter survival. In this study we combine different approaches to try to decode the genetics of cold
acclimation and frost tolerance in meadow fescue (Festuca pratensis Huds). An EST library of cold acclima-
tion responsive genes was established by suppression subtractive hybridization (SSH), and a microarray
experiment was used to identify gene expression differences between high and low frost tolerance geno-
types in response to cold acclimation. Many genes known to be involved in CA in other species were
confirmed to be involved in CA in F. pratensis, however, 18% of the ESTs did not show significant homol-
ogy to any database proteins. Seven genes were found to be differentially expressed (>2-fold) between
high and low frost tolerance genotypes. Two of these genes, FpQM and FpTPT, represent interesting

Expressed sequence tags

candidate genes for frost tolerance in perennial forage grasses.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The Pooideae grasses (temperate grasses) is a large and econom-
ically important plant sub-family, including cereals (Triticeae tribe)
and forage grasses (Poaeae tribe). Meadow fescue (Festuca pratensis
Huds.) is the second most important forage grass species in North-
ern Europe. Species within the genera Festuca have a higher level of
general stress tolerance compared with perennial ryegrass and is
therefore excellent for studying plant adaptations to cold environ-
ment because of their adaptation to a life in northern most Europe.

Exposure to low, non-freezing temperatures induces a process
in plants known as cold acclimation (CA). This process improves
frost tolerance (FT) and survival of over-wintering plants through
the expression of cold-responsive genes, which ultimately leads
to altered physiological state of the plant [1]. The CA process is
multigenic and drives major metabolic changes including changes
in carbohydrates, proteins, nucleic acids, amino acids, growth regu-
lators, phospholipids, and fatty acids [2]. Expression analyses using
the Arabidopsis whole-genome array have shown that about 4-14%
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0168-9452/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.plantsci.2010.07.014

of the Arabidopsis genome is cold-responsive [3,4]. Similar results
have been reported in Pooideae grasses [5-7].

Low temperature specific gene expression is mediated by differ-
ent parallel signal transduction pathways. In Arabidopsis two main
signaling pathways are known; one is depending on the involve-
ment of the phytohormone abscisic acid (ABA) and one is not [8].
Both pathways trigger the expression of a range of transcription
factors (TFs) that binds to CRT/DRE, ABRE, and MYCR/MYBR bind-
ing sites, amongst others, and regulates downstream transcription
of CA and FT associated genes [9].

Many molecular processes which happen during CA are con-
served between the dicot and monocots lineages [10]. However,
most studies on CA transcriptional responses have been carried
out on species that are not adapted to a perennial life in extreme
winter climates such as the Pooideae forage grasses. This is impor-
tant because adaptation to a perennial life history in harsh winter
climates must have required changes at the genetic level which
cannot be studied using an annual model species. If we constrict
our research on cold and frost stress transcriptional responses to
Arabidopsis or annual Triticeae species, we can only have limited
insights into the genetic mechanisms underlying frost tolerance
in important agricultural forage grass species. Some investigations
into CA transcriptional responses in perennial forage grasses have
been limited to L. perenne [11,12], a species which does not repre-
sent a typical frost tolerant forage grass.

Furthermore, identical CA conditions can result in large differ-
ences in interspecific FT levels. Such differences have been linked
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to several QTLs in Pooideae species [13,14], unpublished results
including one QTL which co-locate with CBF transcription fac-
tors upstream in the regulation of CA-associated genes [15,16].
This might suggests that natural variation in regulation of down-
stream targets during CA may be a common cause for differences in
FT levels. The relative importance of regulatory mutations versus
structural mutations in adaptive evolution is a debated topic [17],
however there are many examples of natural variation in gene reg-
ulation contributing to phenotypic evolution [18,19]. An attractive
hypothesis is therefore that selection acts on variation in expres-
sion levels of important CA genes that are involved in minimizing
damaging effects of cold stress.

The aim of this work was to identify genes differentially regu-
lated in response to cold acclimation (CA) in the frost tolerant forage
grass F. pratensis and to establish links between differences in CA
induced gene expression and levels of frost tolerance (FT). This was
achieved using a combination of experiments involving artificial
selection for frost tolerance, phenotyping of FT using freezing tests,
SSH-EST library construction, and microarray analysis.

2. Material and methods
2.1. Plant materials used to generate SSH cDNA libraries

Plant material used to construct the two SSH cDNA libraries
were developed from a pair-cross between a genotype from a
Yugoslavian cultivar (B14/16) and a genotype from a Norwegian
cultivar (HF2/7). A total of 138 plants from the F; population
were freeze tested by Alm et al. [20] and the two most extreme
genotypes with the lowest and highest FT was selected. Five
clonal ramets of the two genotypes were pre-grown at 17/12°C
day/night, 16/8 h light/darkness for 12 weeks. The light intensity
was 135 wmol m~—2 s~1 (400 W HQI-BT Osram bulbs). Crown tissues
from the pre-grown non-acclimated (NA) clonal ramets were sam-
pled at the same time as the pre-grown clonal ramets of the two
genotypes were placed under cold acclimating conditions, i.e. 1°C
for 16 h photoperiod at 243 pmolm~2 s~!. This was done in order
to avoid effects of differences in developmental stage when com-
paring CA vs. NA plants, since the plants subjected to CA at 1 °C will
stop growing at this temperature. Crown tissue of cold acclimated
(CA) clonal ramets were sampled after 19 days of cold acclimation;
a length of cold acclimation supposed to induce a state of maxi-
mum cold hardening under these conditions in meadow fescue. We
ended up with two SSH cDNA libraries, one from the HF population
and one from the LF population.

2.2. Divergent selections for freezing tolerance used to validate
SSH and microarray results

In order to (i) validate the efficiency of the suppression subtrac-
tive hybridization (SSH) procedure in detecting candidate genes
for frost tolerance and (ii) associate frost tolerance with gene
expression levels, we developed two synthetic F, populations by
divergent selections for frost tolerance. These selections were based
on plant material from the ‘B14/16 x HF2/7' meadow fescue map-
ping family. One high frost tolerant (HF) and one low frost tolerant
(LF) population was made by intercrossing the twelve plants with
highest and lowest freezing tolerance, respectively. The freezing
tolerance data of the ‘B14/16 x HF2/7' meadow fescue mapping
family has been presented by Alm et al. (unpublished data). Cross-
ings within each selected population were done by open pollination
in isolation to get selected syn-1 populations. Twenty plants were
randomly selected from HFsy,.1 and LFsy,.1, respectively, cloned
and subjected to freezing tests as described by Larsen [21] using
12 replications. Frost tolerance was scored as regrowth after 10

and 20 days, according to a scale from 0 (dead) to 9 (without dam-
age). Based on the average freezing scores the 10 most extreme
high vs. low frost tolerance genotypes among the 20 HFsy,; and
LFsyn1 genotypes were selected for validation of the SSH procedure
by hybridization of pooled mRNA extracted from crown tissues of
non-cold acclimated (NA) and cold acclimated (CA) clonal ram-
ets (see description below). The average FT of the plants from
which the pooled mRNA samples were prepared was 6.49 4 0.52
and 2.98 + 0.51 for HFgy,1 and LEgy,, respectively.

2.3. Extraction of RNA from crown tissue

For use in microarray hybridization total RNA was isolated using
a modified LiCl extraction protocol. Tissue was grinded to a fine
powder with a prechilled mortar and 5 ml RNA extraction buffer
(100 mM Tris pH 9.0, 1% SDS, 100 mM LiCl, 8 M LiCl and 10 mM
EDTA) added per gram of plant material together with an equal vol-
ume of phenol (pH 8.0). The powder was quickly transferred into a
50 ml tube, vortexed and incubated at 60°C in a water bath. After
centrifugation (3000 rpm, 10 min) the supernatant was extracted
with 1/2 volume of chloroform:isoamyl alcohol (24:1). The extrac-
tion was repeated once and one-third volume of 8 M LiCl was added
to the supernatant, transferred to a 12 ml tube and incubated at 4°C
for 2 h. After centrifugation (10,000 rpm, 4 °C for 10 min), the pellet
was washed (80% EtOH) dried and dissolved in 50 .l DEPC dH;0 per
gram tissue. The RNA samples were DNase treated using Ambion
DNA-free™ and purified using Qiagen RNeasy Mini Kit (Qiagen,
Valencia, CA, USA).

2.4. Suppression subtractive hybridization

Subtracted cDNA libraries were constructed using the PCR-
selected cDNA subtractive hybridization kit (SSH) according
to manufacturer’s protocol (Clontech, USA) and described by
Diatchenko et al. [22]. PolyA* RNA was extracted from 300 mg
crown tissue after 19 days of CA with oligo (dT) mag-
netic beads (DYNAL Dynabeads®mRNA DIRECT™Kit). The mRNA
quality and quantity were measured on the Agilent 2100
Bioanalyzer.

Tester and driver cDNAs were prepared from 0.5 pg of Poly A*
RNA extracted from CA and NA crown tissues, respectively. We
ended up with two subtracted cDNA libraries, one from the HF
genotypes and one from the LF genotypes, enriched for differen-
tially expressed genes after CA. cDNA fragments were inserted into
the pGEM®-T Easy Vector (Promega). Approximately 1000 clones
were randomly selected for sequencing using M13 forward and
reverse primers flanking the multiple cloning sites of the pGEM®-T
Easy vector. DNA sequencing was performed using an automatic
DNA sequencer (ABI Prism 3700) according to the manufacturer’s
instructions.

2.5. ¢cDNA microarray

Randomly selected clones (559) among the 1000 sequenced
were amplified by PCR using SP6 and T7 primers and the ampli-
fication products purified using the Montage® PCR 96 plate PCR
Clean up kit (Millipore). EST’s from the two SSH libraries were
chosen based on quality and length of the sequences and printed
together with 4161 Lolium perenne cDNAs originating from the
other partners in the EU project GRASP [23] on a Lolium/Festuca
cDNA microarray. Each PCR product was printed four times and
the whole array was printed two times (two sub-arrays). Equal
amounts of total RNA from crown tissues of non-acclimated (NA)
and cold acclimated (CA) plants of the 10 extreme high frost tol-
erant Hfsy,.; genotypes and the 10 extreme low frost tolerant
LFsyn-1 genotypes were pooled separately generating four pools
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of RNA; HFgyn1-CA, HFsyn1-NA, LFsyn1-CA, LFsyn1-NA, and used for
hybridization.

cDNA was obtained by reverse transcription from 40 g and
20 g total RNA and fluorescently indirect labeled with the fluo-
rochromes cyanine-3 (Cy3) or cyanine-5 (Cy5), respectively. RNA
was mixed with control luciferase polyA* mRNA (1 and 0.5ng
for Cy3- and Cy5-labeled samples, respectively) and first-strand
synthesis was done in the presence of modified nucleotides (amino-
allyl-dUTP) using random hexamer as primers (for details see [24]).
Dyeswap with Cy5- and Cy3-labeled samples was carried out for
each comparison. The slides were hybridized, washed and scanned
for fluorescence emission using a ScanArray Express HT (Perkin
Elmer, Boston, MA, USA).

2.6. Quantitative RT-PCR

Total RNA (100mg) was extracted from each sample using
RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Frozen materials
were placed inliquid nitrogen and grinded with a mortar and pestle.
The tissue powder was treated as described in the manufacturer’s
protocol and we did DNase digestion on the column to eliminate
genomic DNA contamination (RNeasy Mini Handbook, Qiagen). We
then used RNeasy MinElute kit (Qiagen) to clean up RNA. RNA
quality was analyzed using Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA, USA) and RNA quantity was measured
three times on a Nanodrop ND-1000 UV-Vis Spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA) and averaged for
real-time PCR quantification. 2.5 ug of total RNA was reversed
transcribed using SuperScriptVilo cDNA synthesis kit (Invitrogen,
Carlsbad, CA, USA). For quantitative RT-PCR we used the EXPRESS
two-step qRT-PCR universal kit (Invitrogen) with the superscript
VILO cDNA synthesis kit (Invitrogen). We used 2 pl of the cDNA
synthesis reaction for each qPCR reaction in a total of 20 pl reac-
tion volume. Primers were used at a concentration of 0.5 .M each
and TagMan probes at a concentration of 0.2 wM. Final ROX con-
centration was 0.05 wM. Transcript levels were analyzed using a
ABI7500 real-time PCR machine (Applied Biosystems) according
to the 7500 System software (Fast Cycling Program); 95°C 20s
and 40 cycles of 95°C 3s, and 60°C 30s. As an endogenous con-
trol we used transcript analysis of GADPH. TagMan MGB probes
and primer sets were designed using Primer Express Software
(Applied Biosystems). The primer and probe sequences are pre-
sented in Supplementary data, Table S1. Each RNA sample was
assayed in duplicate and each experiment was replicated three
times with independent biological materials. A standard curve
was made for each primer and probe pairs and transcript levels
were calculated relative to GADPH using the comparative thresh-
old cycle method (ACT method). Fold changes in transcript levels
over time and between treatments was calculated using the AAC;
method.

2.7. Analyses of microarray data

The final expression level comparison was based on a single
dyeswap comparison with eight technical replicates per microar-
ray slide. The spot recognition software, ScanArray Express was
used and global background correction (normalization based on
all data) was performed. Expression data collected were fur-
ther analyzed using the GeneSpring software (Silicon Genetics,
Redwood City, CA, USA) using the cross-gene error model. Unfor-
tunately, limitations in the production of the custom made
microarrays in this study excluded the possibility of testing for
significant expression changes; hence a 2-fold change thresh-
old was applied to classify genes as having different expression
profiles.

Table 1

Mean (+SD) of frost tolerance and heritability estimates of divergent selections
based on a regrowth test. Phenotypic scale of freezing tolerance; 0=no regrowth,
dead to 9=no visible damage, max regrowth.

Population Base population ~ Selection HF  Selection LF

Base population 4.48 +0.59 5.35+£0.16 3.61+£0.79
(B14/16 x HF2/7)

Syn-1 525+1.34 421+1.20

Selection differential (S) 0.87 0.87

Selection response (R) 0.77 0.27

Realized heritability (h?) 0.89 0.31

2.8. Sequence analysis

EST sequences were run through a sequence quality check and
assembly pipeline consisting of the Phred, Phrap and Consed pro-
grams [25-27]. Annotation of ESTs was done by selecting the best
blastx search hit against Wheat TIGR10, Rice TIGR, Wheat Unigene,
and UNIPROT databases.

3. Results
3.1. Divergent selection for frost tolerance

The results of the divergent selections for frost tolerance demon-
strate good responses to selection especially for selection in
direction high frost tolerance (Table 1). Additive genetic varia-
tion for freezing tolerance is thus large within the ‘B14/16 x HF2/7’
meadow fescue mapping population, illustrated by realized heri-
tability estimates of h2 = 0.89 and 0.39 for selection in direction high
and low frost tolerance, respectively. The difference in realized her-
itability is explained by differences in genetic variance components
in the populations selected for high and low frost tolerance, respec-
tively. These selections should therefore be very suitable for testing
differentially expression of genes involved in cold acclimation and
freezing tolerance in meadow fescue.

3.2. EST sequencing and sequence analysis

The subtracted cDNA libraries contained DNA fragments rang-
ing in size from 400 to approximately 1500 bp, with an average of
500 bp. From an initial 885 good sequences, we ended up with a
total of 372 ESTs after sequence quality checks and contig assem-
bly. An overview of the EST contig depth distribution is presented
in Fig. 1. Blastx searches with an E-value cut off at <1E—4 yielded
322 ESTs homologous to putative proteins in the Uniprot, TIGR
Wheat or TIGR Rice protein databases. Functional classification was
done manually for all ESTs aided by the blastx searches, and the
putative proteins were classified into 14 functional classes (Fig. 2).
Proteins within “cell signaling”, “cellular transport and membrane
associated”, “transcription” and “metabolism” are expected to be
important for cold acclimation and these classes represent (21%) of
the proteins. For genes known to be directly involved in the cold
acclimation process we made a “cold stress” functional class that
constituted 2% of the proteins. A large proportion (18%) of the ESTs
could not be classified and were grouped into “unknown proteins”.
The three biggest classes, not considering “other” or “unknown”
proteins, were “protein synthesis”, “cell signaling” and “cellular
transport and membrane associated” representing 21, 9 and 8%
respectively.

3.3. Microarray analysis

The microarray analysis confirmed the enrichment of CA-
associated genes in our EST collection. Among our 559 cDNAs
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Fig.1. Occurrence of ESTs in contigs. After sequence quality check and contig assem-
bly we ended up with a total of 372 ESTs. A relatively high numbers were singletons
in our subtracted cDNA libraries.

spotted on the array 147 (26%) genes were differentially expressed
more than 2-fold, 111 upregulated and 36 downregulated when
comparing HFgy,1-CA against HFgy,1-NA populations (data not
shown). Several known candidate frost tolerance gene homologs
were found among the upregulated genes (>2-fold), e.g. an
ice recrystallization inhibition protein (IRIP), a 6-ft (fructan 6-
fructosyltransferase) homolog, cr7 (low temperature membrane
protein), and wcor80 (dehydrin) (Table 2). Analyses of differ-
ential expressions between HFsy,1-CA and LFsy,1-CA identified
only 7 (1.3%) genes that displayed >2-fold difference, 4 upregu-
lated and 3 downregulated (Table 3). Interestingly, two of these
genes, the QM and TPT genes, have previously been associated
with FT.

3.4. Relative expression of two candidate genes after cold
acclimation

qRT-PCR were performed on two of these seven candidate genes
for which other studies have indicated a role in plant FT, the tumor
suppressor gene or QM gene [22] and a triose phosphate/phosphate
translocator (TPT) [23]. The relative expression after cold acclima-
tion was measured in the two parents in the Festuca mapping family
(B14/16 and HF2/7) after 1, 2 and 3 weeks of CA and in three dif-
ferent tissues (crowns, stems and leaves). HF2/7 has higher slightly
higher frost tolerance and much higher winter survival than B14/16
(unpublished data). The FpQM gene is upregulated after CAin stems
and leaves (Fig. 3A). The relative expression is highest after 1 week
CA and decreases in stems whereas in leaves it peaks at 2 weeks
CA and then decreases. In the crown tissue the expression is lower
compared to stems and leaves. The FpTPT gene, encoding a puta-
tive TPT, is upregulated after CA in crown tissue, stems and leaves
in HF2/7 relative to the B14/16. As a summary, the expression peaks
after 3 week CA in crows, 1 week in stems and 2 weeks in leaves of
HF2/7 (Fig. 3B).

3.5. Characterization of a QM homologue

In our study we found that upregulation of a QM homologue
were associated with differences in frost tolerance in F. praten-
sis genotypes. Based on the EST sequence of the partial FpQM
gene we screened a Festuca BAC library [28] by PCR using gene-
specific primers. The BAC clone was sequenced and Blast searches
in the BrachyBase (http://www.brachybase.org/blast/) showed that
Brachypodium distachyon contains at least two homologous genes
on different chromosomes. A multiple sequence alignment of the
deduced amino acid sequences of FpQM with other plant homologs
showed very high conservation in the N-terminal and internal part
of the protein (Supplementary data, Figure S1), with the presence of
the ribosomal protein L10e signature (ADRLQTGMRGAFGKPQGV-
CARV) [29].

Fig. 2. Distribution of functional categories among EST clusters in meadow fescue. For 18% of the sequences no protein function could be found after blastx search against
Wheat TIGR10, Rice TIGR, Wheat Unigene, and UNIPROT databases, with an E-value cut off at <1E—4. Functional classification was done manually for all ESTs aided by the
blastx searches, and the putative proteins were classified into 14 functional classes. “Others” means proteins that have other functions than the ones described in the figure.
The different classes are shown by different colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 2

Homologous meadow fescue genes associated with cold acclimation and frost tolerance in other grass species. Blastx search of ESTs isolated by subtractive cloning of cold
acclimated (CA) low frost (LF) and high frost (HF)-tolerant meadow fescue. All have E-values <1E—05.

EST Accession# Homologous gene Source
S2.59 X57554 Cold-regulated protein BLT14 H. vulgare
S2.59 128093 LTS (low temperature specific) protein, TACR7 T. aestivum
ST3.70 TAE132439 mRNA for protein encoded by It1.1 gene T. aestivum
ST3.45 AF494041 Fructan 6-fructosyltransferase (6FT) L. perenne
S5.10 U73212 Cold acclimation protein WCOR80 T. aestivum
S5.10 AF031250 Dehydrin-/LEA group 2-like protein T. elongatum
S2.94 S47480 Chlorophyll a/b-binding protein type II, photosystem I L. temulentum
S2.94 S52341 LHCI-680, photosystem I antenna protein H. vulgare
ST3.40 NP_565489 LRR receptor protein kinase A. thaliana
S2.5 AF069331 BLTI-5 (low temperature induced) H. vulgare
S2.5 AF271260 Cold-responsive protein (WIt10) T. aestivum
A2S.6 AF184280 Polyubiquitin (RUBQ2) gene 0. sativa
ST1.7 TAVDAC1 Voltage dependent, anion-selective channel (VDAC) protein T. aestivum
ST3.135 CAB87814 Ice recrystallisation inhibition protein (AFP) L. perenne
ST3.146 BLYINOPP mRNA for vacuolar membrane proton-translocating inorganic pyrophosphatase H. vulgare
ST1.45 JT0280 Sucrose synthase (EC 2.4.1.13) T. aestivum
ST1.2 BA97282 Succinate dehydrogenase flavoprotein alpha subunit A. thaliana
ST2.14 AJ311048 Alcohol dehydrogenase P. glaucum
ST1.20 XP464488 Putative zinc finger and C2 domain protein 0. sativa
ST2.11 X57313 H2B histone Z. mays
ST3.123 AJ496413 Manganese superoxide dismutase (SOD) A. camphorate
S5.87 XP483065 Putative heat shock protein 0. sativa

4. Discussion
4.1. Functional groups involved in CA

In this study we have successfully combined the technolo-
gies of SSH and cDNA microarrays to identify genes differentially
expressed between cold acclimated and non-acclimated plant tis-
sues. In general, the results are comparable to other studies on
CA as regards the distribution of functional classes in our EST
libraries [30-32]. There was relatively high abundance of differ-
entially expressed genes involved in cell signaling i.e. receptor-like
protein kinases, calcium-modulated protein kinases, MAPK, casein
kinases and serine/threonine protein kinases. Moreover, many
genes involved in protein synthesis and metabolism (e.g. carbo-
hydrates) were also differentially regulated between NA and CA
plants.One important functional group commonly found to be
regulated during CA is genes involved in photosynthesis [30]. In
our study we used RNA from non-photosynthetic tissue from the
crown, hence very few (3%) differentially expressed genes were
classified as photosynthesis related. Recently Winfield et al. [7]
demonstrated that the global transcriptional pattern in wheat dur-
ing CA is very different between crown and leaf tissue. In fact,
only 1-10% of the genes found to be regulated during CA were
overlapping between the two different tissues [7], highlighting the
importance of studying molecular processes in different tissues for
a complete understanding of CA.

Few transcription factors were identified in our SSH library (1%),
however this is likely due to the timing of RNA sampling during the
CA process. RNA was sampled after 19 days of CA and the tran-

Table 3

scription factors involved in regulation of CA responses are most
abundant in the very early stages of CA [33,34].

The co-location of QTLs for frost tolerance and map position of
ESTs involved in CA could indicate the involvement of the EST-locus
in frost tolerance. For one CA-associated EST, the position on the
F. pratensis genetic map was known. This was a homolog of the
ice recrystallization inhibition protein (IRIP) genes that has been
shown to be Pooideae grass specific [35], bind to ice crystals [36]
and enhance frost tolerance by reducing cell membrane destruction
during freezing stress [37]. Interestingly the FpIRI1 gene mapped
1.5cM distal to the confidence interval of a major QTL for frost
tolerance in F. pratensis (unpublished results).

4.2. Expression differences in a few genes during CA is associated
with divergent frost tolerance levels

Variation in gene expression during CA could represent can-
didate mechanisms underlying phenotypic differences in winter
survival in natural populations. Mutants and transgenic plants with
changes in the CA-pathways have been used to investigate the
causative link between frost tolerance phenotypes and differences
in gene expression [6,33,38]. In this study we used synthetically
selected plants to link expression levels during CA with freezing
tolerance phenotypes. Because abiotic stress tolerance is a highly
quantitative trait, adaptive evolution from standing genetic vari-
ation are expected to happen through small changes in many
genes, so-called soft sweeps [39]. This was demonstrated for gene
expression levels in Drosophila melanogaster. Synthetic selection for
divergent levels of abiotic stress tolerance have been shown to pro-

tBlastX search of ESTs differentially expressed more than 2-fold between cold acclimated (CA) high frost (HF) and low frost (LF) genotypes after
microarray hybridization. ND = not determined, because of no homology to any proteins in the tBlastX search.

EST tBlastX E-value
S2-82 Hypothetical protein 3E-14
S2-72 Lolium perenne clone LpSSR020 SSR marker sequence (AY919047) 3E-39
ST1-31 Arabidopsis thaliana putative tumor suppressor protein (At1g14320) 1E-72
A2S-95 Hypothetical protein

ST3-96 ND ND
ST2-22 Zea mays protein disulfide isomerase (PDIL2-3) (AY739290) 3E-50
ST3-127 Zea mays clone 285969 triose phosphate/phosphate translocator (EU965428) 6E-34
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Fig. 3. Quantitative RT-PCR of the two candidate genes, FpTPT and FpQM in F. pratensis after cold acclimation (CA). Relative transcription was measured for the FpTPT (A)
and FpQM (B) in crown, stem and leaves after 1 week (light grey), 2 weeks (grey) and 3 weeks (dark grey) of CA. The X-axis represents different length of CA treatments and
tissues for two different frost tolerance genotypes (HF2/7 and B14/16). The Y-axis represents relative fold change in expression compared to non-acclimated (NA) controls.

duce small adaptive expression level changes in hundreds of genes
[40]. Unfortunately, limitations in the production of the custom
made microarrays in this study excluded the possibility of testing
for significant expression changes in our study and a 2-fold change
threshold was applied. With this criterion, only 1.3% of the genes
experienced a change in expression level between plants with high
and low frost tolerance. Furthermore, we analysed pooled RNA
from multiple genotypes in high and low frost tolerance groups,
respectively. In pooled RNA samples genotype specific expression
differences not related to the frost tolerance per se is averaged
out by the combination of many genotypes. However, this pooling
strategy also eliminates genotype specific expression differences
that truly are related to the selection for frost tolerance. Conse-
quently, both the 2-fold filter and the RNA pooling strategy results
in a highly conservative estimate of the actual numbers of genes
differentially expressed between high and low frost tolerant geno-
types. On the other hand, our conservative approach increases the
chance that the expression differences associated with divergent
frost tolerance are functionally linked to the phenotype.

4.3. Candidate genes linking gene expression and frost tolerance

Our results indicate that expression differences in only 7 genes
are associated with differing levels of frost tolerance. Of these 7
genes, the QM-like and TPT-like genes have to some degree been
functionally characterized in other plants and represent excellent
candidates for being casually linked to the differences in frost tol-
erance. The QM gene was first isolated and identified as a putative
tumor suppressor gene [41,42] and is highly conserved among
eukaryotes [43]. As today the QM function is elusive. Functional
studies have demonstrated that QM holds DNA-binding properties
and regulate transcription [41,42]. Other studies have demon-
strated ribosomal localization of the QM protein [44,45] and the
conserved L10e ribosomal binding domain of QM is known to orga-

nize the architecture of the aminoacyl tRNA binding site of the
ribosome [29]. QM homologs in both animals and plants have been
implicated in abiotic and biotic stress responses. In carp fish, a QM
homolog was upregulated subsequent to viral and bacterial infec-
tions [46]. In plants, upregulation of QM has been demonstrated
during cold (and also other abiotic stress) in rice [47] and the tem-
perate plant Caragana jubata that grows under extreme cold and
high altitude in Himalaya [48]. Furthermore, the expression of a
tomato QM gene in yeast protected against oxidative stress by
increasing the accumulation of proline [49]. Because intercellular
biochemical changes ultimately depend on mRNA-translation and
protein synthesis, one hypothesis is that QM upregulation during
cold stress (and also other biotic and abiotic stress) ensures that
necessary intercellular biochemical adjustments are carried out
efficiently to mitigate the adverse effects of the stress. However,
ribosomal proteins are often implicated in extra-ribosomal func-
tions [50], which also is the case for the QM gene [41], thus another
hypothesis is that the QM protein are involved in transcriptional
regulation of other genes involved in CA, e.g. genes in the proline
synthesis pathway [49].

The TPT-like gene encodes a protein homologous to a triose
phosphate/phosphate translocator (TPT). TPT proteins are located
in the chloroplast membrane and are responsible for export of
sucrose to the cytosol [51]. Accumulation of sucrose in the cytosol
during CA is important for frost tolerance in Arabidopsis leaves
[52,53] and in the Antarctic hair grass Deschampsia antarctica
[54,55]. The causative link between sucrose accumulation and
acquirement of frost tolerance could be related to stress alleviating
functions of sucrose itself [56]. Sucrose has been demonstrated to
make sugar-membrane interactions and stabilize membranes dur-
ing freezing [57-59], and sucrose can also protect protein structure
during freezing [60]. Moreover, the sucrose levels also affect the
ability of the plant to produce other important CA-related com-
pounds. In many plants [61-63], including Pooideae grasses [64],
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fructan accumulation have been demonstrated to improve cold
stress tolerance and frost tolerance. The initial step in fructan syn-
thesis is the conversion of two sucrose molecules to a fructan
molecule by the fructocyl transferase enzyme 1-sucrose-sucrose-
fructosyltransferase [65]. Hence, TPT expression levels could also
affect frost tolerance by influencing the cytosolic fructan levels
which ultimately depend on sucrose availability.
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ABSTRACT

Species belonging to the Festuca-Lolium complex are important grassland, pasture and turf
species and as such have been intensively studied. However, the limited availability of
molecular markers and the out-crossing reproduction system of these species make genetic
studies a challenging task. Here, we report on the saturation of F. pratensis and L. multiflorum
genetic maps with diversity array technology (DArT) markers from the DArTFest array. In
total, 658 DArT markers were placed on the genetic maps of the two species. Subsequently
these mapped markers were sequenced and mapped in silico to the rice and Brachypodium
distachyon genomes. The utility of the DArTFest array was then tested on a Festulolium
population (FuRs0357) in an integrated analysis using the DArT marker map positions and
sequence information to study associations between DArT markers and freezing tolerance.
Ninety six markers were significantly associated with freezing tolerance and five of these
markers were genetically mapped to chromosomes 2, 4 and 7. The three genomic loci
associated with freezing tolerance in FuRs0357 co-localized with chromosome segments and
QTLs previously implicated in freezing tolerance. The work presented clearly demonstrates
the power of the DArTFest array in genetic studies of the Festuca-Lolium complex. The
annotated DArTFest array resources could accelerate further studies and improvement of

important traits in Festuca-Lolium species.



INTRODUCTION

The Lolium—Festuca species complex includes some of the world’s most important forage
grasses. Even though the forage grasses are closely related to the cereals and thus shares many
characteristics with wheat, barley and other well studied crops, species of the Lolium—Festuca
complex also possess several features unique to this group. This includes biological features,
e.g. the perenniality of many forage grasses compared to the annuality of temperate cereals,
and genomic features such as Lolium—Festuca specific chromosome rearrangements (ALM et
al. 2003). Species within the Lolium—Festuca complex possess a range of complementary

characteristics which are exploited in grass hybrid breeding.

Italian ryegrass (Lolium multiflorum Lam.) is one of the most important forage grasses of
temperate regions. It is especially valued for its high dry matter yield and his excellent forage
quality. Although primarily used for hay and silage production in temporary leys, it is also a
substantial component of permanent grassland (PETER-SCHMID et al. 2008). However, Lolium
species usually have poor persistence under abiotic stress. Festuca species on the other hand,
generally have a better abiotic stress tolerance compared to Lolium species. Meadow fescue
(F. pratensis Huds.) is a forage grass of high quality and yield potential which constitutes a
significant component of species-rich permanent pastures and hay fields in alpine and eastern
regions of Europe. In Scandinavia it is a major component also of intensively managed swards
cut for silage (ROGNLI et al. 2010). Because of their close evolutionary relationships,
introgression of Festuca genes into Lolium genomes (to make Festulolium hybrids) can be
used to improve forage grass stress resistance (HUMPHREYS et al. 2005). In this respect F.
pratensis is commonly used to improve freezing tolerance in such Lolium x Festuca hybrids

(KOSMALA et al. 2006).

To better understand the links between the biological characteristics of the forage grasses and
their genomic constitution and allelic variation, availability of genome wide molecular
markers for high throughput characterization of Lolium—Festuca species is essential. Diversity
Arrays Technology (DArT) is a high-throughput sequence independent genotyping method
based on reduction of genome complexity and DNA microarray hybridization (JACCOUD et al.
2001). Through the past decade, it has become a valuable source of markers for genomes with
limited sequence information. DArT arrays have been developed for crop species like banana,

cassava, cereals as well as for model plants such as Arabidopsis, rice and sorghum (for
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complete list see http://www.diversityarrays.com/publications.html). Although DArT markers
were originally developed for diversity studies, they are frequently used for construction and
saturation of genetic maps (TINKER et al. 2009; WENZL et al. 2006). DArT markers have also

been used in the analysis of important agricultural traits (SINGH et al. 2010).

Recently, Kopecky et al. (2009) developed a DArTFest array containing 7680 probes for the
Festuca-Lolium complex. Diverse accessions of three Festuca (F. arundinacea, F.
glaucescens and F. pratensis) and two Lolium (L. multiflorum and L. perenne) species were
used for array development. There are several reasons why the DArTFest array could become
a valuable tool for genomic characterization of Festuca-Lolium species. Many of the DArT
markers cross-hybridize to several different species which enables comparative genomics
studies. DArT markers can also be sequenced and physically mapped to the genomes of fully
sequenced model species to further understand the syntenic relationships between
chromosomes of forage grasses and model plants. This may in turn lead to more efficient

identification of genes underlying important agricultural traits.

According to breeding priorities, molecular dissection of agronomic traits in L. multiflorum
has so far mainly been focused on resistance to diseases such as crown rust or bacterial wilt
(e.g. STUDER et al. 2007; STUDER et al. 2006). In this context, a genetic linkage map based on
306 F; individuals has been established (X7zg-ART) and more recently been used for
establishing a consensus linkage map in Lolium using EST-derived SSR markers (STUDER ef
al. 2010). Alm et al. (2003) established a F. pratensis mapping population (HF2/7 x B14/16)
consisting of 138 F, individuals based on 446 RFLP, AFLP and SSR markers. This has been
used for analysis of freezing and drought tolerance, winter hardiness, and vernalization
sensitivity (ALM et al. submitted; ERGON et al. 2006). In this study we (i) saturate and
improve these genetic maps of F. pratensis and L. multiflorum with DArTFest markers (ii)
sequence the mapped markers to investigate the genomic origin of the DArT markers and the
syntenic relationships to model genomes, and (iii) use these new DArTFest array resources in
an integrated analysis of the agriculturally important trait freezing tolerance in a L. perenne x

F. pratensis hybrid population.



MATERIAL AND METHODS

Plant material

The HF2/7 x B14/16 mapping family (ALM et al. 2003) consisting of 138 F1-offspring was
used for the construction of the F. pratensis map, while the Xzg-ART mapping population
(STUDER et al. 2006) consisting of 288 F1 individuals was used for the construction of the L.
multiflorum map. In the association study the Festulolium population FuRs0357 was used.
FuRs0357 (L. perenne x F. pratensis) originates from a wide genetic pool from several initial
hybrids made from either Festulolium cv. Prior (LpFp, 4n) crossed with L. perenne (2x), or
crosses between L. perenne (4n) and F. pratensis (2n). The initial hybrids were backcrossed
twice onto diploid L. perenne to obtain BC, progenies and then put through two generations
of seed propagation. Twenty one plants belonging to either a high freezing tolerance (HFT)
group (11 plants) or a low freezing tolerance (LFT) group (10 plants) were used in the study.

DArT screening

Genomic DNA was isolated from individual plants of the mapping populations and FuRs0357
using Invisorb Spin Mini Kit (Invitek, Berlin, Germany). The previously developed DArTFest
array (KOPECKY et al. 2009) was hybridized with fluorescently labelled genomic
representations of individual plants which were prepared from genomic DNA by the same
Pstl/Taql complexity reduction method as used for preparing the array (for details see AKBARI
et al. 2006). Hybridization signals were converted into 0-1 scores using the DArTsoft
software package developed at Diversity Arrays Technology Pty Ltd (DArT P/L, Yarralumla,
Australia).

Genetic mapping

The F. pratensis and L. multiflorum maps were constructed in JoinMap 4.0 using the Kosambi
mapping algorithm. Because DArT markers are dominant, marker files were coded as for
double haploid populations (DH) and maps were calculated for each parent separately. Maps
were then combined using bridging markers present in both parents. Inclusion of markers was
decided by the following procedure. First, all markers were grouped into putative linkage
groups based on likelihood ratio odds grouping. Next, initial maps were calculated and all
markers with a chi-square value of >3 (highly distorted segregation) were removed.
Subsequent recalculation of maps was performed until no markers had a chi-square score of
>3. Finally, the two parental maps for each LG were combined into one. All final linkage

maps were edited and finalized using the MapChart software (VOORRIPS 2002).
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Association of DArT markers with freezing tolerance

Freezing tolerance was measured with the re-growth method (LARSEN 1978). In brief, 300
genotypes from FuRs0357 were put through controlled freezing stress which resulted in
differential freezing induced damage and survival. Plants were randomly grouped in boxes
using 6 replicates per genotype. The resulting HFT and LFT plants belonged to the 10%
highest and lowest freezing tolerance phenotypes, respectively. The HFT group had an
average freezing tolerance score of 7.06 (+0.22) and the LFT group had an average freezing
tolerance score of 2.59 (£0.61) (range; 0 (dead) — 9 (no damage)). Associations between
DArT marker genotypes and freezing tolerance groups were tested using Fisher’s exact test.
The null hypothesis is that the DArT marker genotypes are not associated with freezing
tolerance; hence we expect random distribution of genotypes in HFT and LFT groups. We
calculated the corresponding g-values from the Fisher Exact test p-values (STOREY 2002) to
correct for multiple testing and false positives. A significance threshold of q<0.05 was used.
Statistical analyses were carried out in R (R DEVELOPMENT CORE TEAM 2009) using the

“fisher.test” and “q-value” functions in the base and qvalue packages, respectively.

Sequencing of selected clones/markers

All the DArT markers placed on the genetic maps of F. pratensis and L. multiflorum or
significantly associated with freezing tolerance were selected for sequencing. The DNA was
isolated according to standard DNA-isolation kit procedures. Reaction mix for cycle
sequencing was prepared using standard BigDye chemistry (BigDye® Terminator v3.1 Cycle
Sequencing Kit, Applied Biosystems). The dilution of reaction components was scaled to the
final volume of 10 ul containing 3.2 pmol of universal M13 (forward or reverse) primer and
20 ng of sequence-ready (DArT clones) template. The reaction products were purified using
the CleanSEQ kit (Agencourt Bioscience Corp., Beckman Coulter Comp., Beverly, MA,
USA) and analyzed on an ABI 3730x]I DNA analyzer (Applied Biosystems, Foster City, CA,
USA). The obtained raw sequence data were assembled and edited using the DNA Baser
software v.2 (HeracleSoftware, http://www.DnaBaser.com). Vector and adaptor sequences
were removed prior to further analysis. All sequences were deposited in GenBank under

accessions AAA —Z77.



Sequence analysis

All mapped markers were compared to each other to determine the extent of redundancy in
DATT clones. Stand alone blastn software was used for the search with E-value set to e-10.
Only reciprocal blast hits were taken into account. The map position of markers with
significant hits was checked and markers which mapped to different map positions were not
considered redundant. The sequences were further compared to known plant repeat sequences.

To analyse repeat content TREP Release 10 (http://wheat.pw.usda.gov/ITMI/Repeats/) was

joined with TIGR Plant Repeat Databases for Brassicaceae, Fabaceae, Poaceae and
Solanaceae (OUYANG and BUELL 2004). This in-house build database contains 8,432
repetitive elements from 18 different genera. Repeat analysis was performed using

RepeatMasker software (http://repeatmasker.org) with CrossMatch search engine

(http://www.phrap.org/phredphrapconsed.html) and default settings. We compared DArT
sequences with non-redundant protein sequences (nr) and non-human, non-mouse ESTs
database (est others) at GenBank in order to estimate the number of DArT markers derived
from expressed loci. The protein search (blastx) was performed using blastcl3 with default
settings and BLOSUMSG62 scoring matrix. Nucleotide search (blastn) was also performed by
blastcl3 with default settings but reward for a nucleotide match was set to 2. Only the best

blast hits (with lowest E-value) were taken into account.

Comparison of mapped DArTs to model genomes

The sequences of the mapped DArT markers were compared to the Oryza sativa ssp. japonica
cultivar Nipponbare genome and the Brachypodium distachyon Bd21 genome using blastn
with E-value set to e-10. Twelve pseudomolecules for the rice chromosomes (Build5) were
downloaded from the IRGSP website
(http://rgp.dna.affrc.go.jp/E/IRGSP/Build5/build5.html). The Bd21 genome was downloaded

from Brachybase.org (http://files.brachypodium.org/). Only the best blast hits with alignment

lengths of at least 50 bp were taken into account.

GISH analysis of Festulolium plants

Twelve individuals from FuRs0357 were selected randomly, six from HFT and six from LFT,
for analysis of genomic constitution using Genomic in situ hybridization (GISH) as described
by Kopecky et al. (2005). In brief, total genomic DNA of F. pratensis was labeled with
digoxigenin using DIG-Nick Translation Kit (Roche Applied Science, Indianapolis, IN, USA)
and used as a probe. Genomic DNA of L. multiflorum was sheared to ~200 bp fragments and
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used as blocking DNA. Sites of probe hybridization were detected by anti-DIG-FITC
conjugate (Roche). Chromosomes were counterstained with 1.5pg/ml 4',6-diamidino-2-
phenylindole (DAPI) prepared in Vectashield antifade solution (Vector Laboratories,
Burlingame, USA). Observations were made using an Olympus AX70 microscope equipped
with epi-fluorescence and SensiCam B/W camera. Scionlmage and Adobe Photoshop

software were used for processing of color pictures.

RESULTS

Genetic mapping

As the DH mapping strategy was used for the construction of genetic maps, only markers
segregating close to the expected 1:1 ratio (>0.4 and <0.6) were used. In total, 658 markers
were placed on genetic maps, 148 markers in the F. pratensis population HF2xB14, and 529
markers in the L. multiflorum population X¢g-ART (Table 1, Fig. 1). Only 16 markers were

mapped in both species.

Sequencing and sequence analysis of mapped markers

The 621 successfully sequenced DArT markers (out of 658 markers mapped) yielded 303.297
bp of sequence with an average length of 488.4 bp. A total of 399 DArT markers (64.3%)
were found to represent unique genomic loci while the 222 remaining markers were redundant
and assigned to 90 marker bins. The biggest bin consisted of six markers. Hence, 489 non-
redundant DArT markers/loci were mapped when counting each bin as a unique locus (Table
2). Some markers belonging to a bin differ slightly in map position (see Fig. 1), which is most

likely a result of genotyping errors or inaccuracies in the consensus map estimation.

To estimate the number of DArT markers derived from plant repetitive elements we
performed blast search against an in-house built composite plant repeat database. Only 44
(7.1%) of the DArT markers contained repetitive elements supporting the notion that DArT
markers represent hypo-methylated genomic regions. The number of retrotransposons (27)
dominated over DNA-transposons (13) in DArT sequences. The remaining three hits in the
plant repeat database were unclassified. To estimate the impact of repeat elements on marker
redundancy we compared DArT markers derived from repetitive elements, with the marker
bins. Interestingly, repetitive elements could only explain the presence of redundant markers

for 7 (7.8%) of the marker bins.



In order to estimate the proportion of expressed sequences among our mapped DArT markers
we performed a blastn search against GenBank “est others” database. This identified 368
(59.3%) DArT markers with significant homology to expressed sequences. Blastx search
against non-redundant protein sequences (nr) revealed 163 (26.2%) DArT markers with
significant homology to known and hypothetical proteins, and of these 152 were also
identified as expressed sequences in blastn search. In total, 379 DArT markers (293 non-
redundant bins) were identified as potentially gene derived sequences. In addition, most of the
repetitive element derived DArT markers (31 out of 44) had blast hits to ESTs and

hypothetical proteins identified in data sets.

Comparison of mapped DArT markers to model genomes

The genetically mapped DArT markers were compared to the rice and B. distachyon genome
in order to map the sequences in silico and investigate the synteny between model genomes
and the Festuca-Lolium complex. Using the defined criteria for blast search, mapped DArT
markers in L. multiflorum produced 228 (162 non-redundant bins) and 298 (225) hits against
rice and B. distachyon genomes, respectively. Of the markers mapped in F. pratensis, 51 (40)
and 71 (56) produced blast hits in rice and B. distanchyon genomes, respectively. Due to the
low numbers of mapped F. pratensis markers, the analysis of syntenic relationships was only
performed between L. multiflorum and rice (Table 3) and L. multiflorum and B. distachyon

(Table 4). All significant homologies are listed in Supplementary table 1.

We identified 11 syntenic regions with more than 5 markers shared between particular L.
multiflorum and rice chromosomes. The highest degree of synteny was found between L.
multiflorum chromosome 3 (Lm3) and rice chromosome 1 (Osl), where 71.4% of Lm3
markers had a homologous sequence on Osl. In comparison, 12 syntenic regions with more
than 5 shared markers were found between the genomes of L. multiflorum and B. distachyon
(Bd). The most conserved syntenic relationships were found between Lm5-Bd4 and Lm3-
Bd2, with 76.9% and 76.5% of the L. multiflorum markers having significant blast hits,

respectively.

Analysis of markers associated with freezing tolerance
Out of 1868 DArT markers segregating in the FuRs0357 population, about 5% (96) had a
significantly different distribution of genotype scores among HFT and LFT plants (q<0.05).

Five of the significant markers (four non-redundant bins) had a genetic map position. These

9



five markers mapped to Fp4 (D556159), Fp7 (D560433), Lm2 (D560530), and Lm4
(D558701, D562536) (Table 5, Fig. 1). The FuRs0357 population was in fact derived from a
cross between L. perenne and F. pratensis. Nevertheless, one can expect that map positions
of DATT markers in L. perenne are highly co-linear with their position in L. multiflorum due

to the close evolutionary relationship of their genomes (CATALAN et al. 2004).

Seventy two (out of 96) of the markers associated with freezing tolerance were successfully
sequenced. Their sequences were then mapped (by blast analysis) to the B. distachyon

genome to further study the localization of association signals (Fig. 2).

GISH analysis of Festulolium plants

Microscopic analysis of mitotic metaphase plates of six LFT and six HFT plants revealed that
FuRs0357 contained plants with different ploidy levels. Four of the LFT plants were
tetraploid, while all six HFT plants were diploid. Such a large difference is not likely to occur
by chance (Fisher Exact test; P=0.045), which indicates that the polyploidy levels are
functionally linked to freezing tolerance. The higher ploidy level could affect the proportion
of markers which cannot be called as “0” or “1” when converting fluorescence signal since it
increases signal to noise ratio. Exactly this pattern was observed in the FuRs0357 population.
The average numbers of not called DArT markers per plant were 14 in HFT and 127 in LFT
populations (T-test; P=0.0003), reflecting the higher ploidy level in the LFT group.

GISH revealed F. pratensis chromatin only in a low proportion of plants, irrespective of their
freezing tolerance phenotype. Two recombined chromosomes carrying terminal F. pratensis
segments were found in one tetraploid LFT plant (Fig 3a), while two HFT plants had

chromosomes carrying terminal F. pratensis segments (Fig 3b).

DISCUSSION

DArT marker mapping

The DArT technology has become a valuable resource for many plant species. More than
thousand DArT markers have been genetically mapped in rye (BOLIBOK-BRAGOSZEWSKA et
al. 2009) and oat (TINKER et al. 2009), and in barley more than two thousands have been
mapped (WENZL et al. 2006). Here we have used the recently published DArTFest array
(KOPECKY et al. 2009) and genetically mapped 658 DArT markers in the Festuca-Lolium

complex. The mapped markers were not distributed equally between the two studied species;
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and four times as many markers were mapped in L. multiflorum compared to F. pratensis.
Among the accessions used for the DArTFest array development, Kopecky et al. (2009) found
twice as many polymorphic loci in L. multiflorum compared to F. pratensis (L. multiflorum:
2148, F. pratensis: 1078), for the same number of plants screened. Based on this, we should
expect about 50% fewer mapped DArT markers in F. pratensis. Some of the remaining 25%
discrepancy in number of markers mapped in L. multiflorum compared to F. pratensis could
be explained by a low genetic variation between the mapping parents of the F. pratensis
mapping population. A higher level of polymorphism in L. multiflorum ecotypes compared to
F. pratensis ecotypes was also observed when using co-dominant SSR markers (PETER-
ScHMID et al. 2008). Based on studies of cpDNA variation Fjellheim et al. (2006) concluded
that meadow fescue in Europe went through a bottleneck during or after the last glaciations..
Thus, the number of genetically mapped markers probably also reflect the overall diversity

within the particular species.

Sequence analysis of DArT markers

Among the sequenced DArT markers, 64.3% were found to be unique. In similar studies
(WITTENBERG et al. 2005) and (TINKER et al. 2009) found 56.3% and 48.1% unique markers
among DArTs developed for Arabidopsis and oat, respectively. The levels of redundancy is
strikingly similar despite the great difference in genome size, ranging from 157 Mbp for A.
thaliana to 12,961 Mbp for oat (BENNETT and LEITCH 2005), and the contrasting repeat
content of three species. In this study we found that only about 7% of DArT markers are
derived from repetitive elements, hence the effect of inclusion of repetitive DNA on marker
redundancy seems to be negligible. The origin of redundant DArT markers is therefore mostly
a result of sampling multiple copies of the same probe locus in array development and
possibly also sampling of probes deriving from tandem-duplicated genes which are frequent

in plant genomes (HANADA et al. 2008; R1ZZON et al. 2006).

DArT markers are derived from genomic representations prepared with methyl-sensitive
restriction enzymes and hence should represent low-copy number genomic regions. As
expected, a majority of the sequences were found to be derived from expressed parts of the
genomes. About 60% of all markers had homology to the NCBI EST databases and one fourth
had homology to the NCBI protein database. These groups are overlapping extensively;
resulting in slightly more than 60% expressed non-redundant markers/bins. This is similar to

the finding of (TINKER ef al. 2009) in oat. Interestingly, most of the DArT markers with
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repetitive origin had blast hits to ESTs and proteins. This further supports the tendency of

DATrT markers to originate from expressed genomic loci.

DArT map synteny with rice and rice and B. distachyon

Genome-wide comparisons of L. multiflorum to rice and B. distachyon based on DArT
markers revealed common syntenic regions shared among the species. We found syntenic
blocks shared between L. multiflorum and the model species for all chromosomes but Lm5. A
few syntenic marker relationships between Lm5-Os3, Lm5-Os12, and Lm5-Bd1 were found
as expected from other Pooideae species (BOLOT et al. 2009; THE INTERNATIONAL
BRACHYPODIUM INITIATIVE 2010), although not many enough were identified to meet our
criteria of a syntenic block on the chromosome scale (Table 3 and 4). The number of DArT
markers used to infer syntenic regions in this paper is small, and many grass chromosomes
have complex syntenic relationships (The International Brachypodium Initiative 2010). Thus
the lack of expected syntenic blocks on Lm5 in our study could be related to uneven and low
marker coverage of L. multiflorum chromosomes. We also found an additional syntenic
relationship between Lm6 and Bd4, which have not been reported in cereals (BOLOT et al.
2009; THE INTERNATIONAL BRACHYPODIUM INITIATIVE 2010). However, in this case the
number of markers shared is the lowest we have accepted; thus this syntenic relationship

should be confirmed with additional markers.

The DArTFest resources and marker-trait analysis

As an example of how we can integrate the DArT marker map positions genetic maps and the
DArT marker sequence information generated in this study, we performed a marker-trait
association study in Festulolium populations with divergent freezing tolerance levels. It must
be noted that the FuRs0357 population used in this study is anticipated to have high LD-levels
due to the breeding scheme and selections; hence, any positive association signals are
expected to only provide evidence of chromosome regions containing QTLs rather than

identification of specific candidate genes.

We found DArT markers associated with the freezing tolerance phenotype on chromosome 2,
4 and 7 (Fig. 1, 2). Three significant markers, two mapped in L. multiflorum and one in F.
pratensis, were mapped to the same central region of chromosome 4. This is in accordance
with the findings by Kosmala et al. (2006) in a different Festulolium population. The same

chromosomal region correspond to a QTL for freezing tolerance in F. pratensis (ALM et al.
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submitted) (Fig. 2). This F. pratensis QTL is mapped to the same genomic region as the Fr-1
QTL for freezing tolerance in cereals, which is closlely linked to Vrnl, a key transcription
factor involved in the transition from winter-growt to flowering (GALIBA et al. 2009;
PRESTON and KELLOGG 2007). It has been debated whether the gene underlying the Fr-1 is
directly involved in freezing tolerance, or if it simply is a pleiotropic effect of Vrnl function
(CATTIVELLI et al. 2002; TREVASKIS et al. 2007). Recently, polymorphisms in Vrnl was
shown to exhibit a pleiotropic effect on freezing tolerance by directly or indirectly affect

expression of genes involved in the CA pathway (e.g. CBF genes) (DHILLON et al. 2010).

The existence of several Vrnl-like paralogs in grasses (PRESTON and KELLOGG 2007)
complicates the comparative genomic analysis of syntenic relationships. In rice, two Vrnl-like
paralogs (referred to as FULI and FUL2) are situated on Os3 and Os7, while in B. distachyon
two Vrnl-like paralogs are found on Bdl (HIGGINS et al. 2010). Syntenic relationships
between forage grass chromosome 4 and both regions containing Vrnl-like gene copies on
Bd1 were revealed by additional blast analysis of the significant DArT markers to Bd1 (Fig.
2). Furthermore, DArT markers significantly associated with freezing tolerance had blast hits
flanking both FUL1 and FUL2 paralogs on Bd1 (Fig. 2). In conclusion the results indicate that
the significant markers on Lm4 and Fp4 are (i) derived from the same genomic region, (ii) are
likely to be in linkage disequilibrium with the same underlying QTL, and (iii) that the QTL
could be functionally linked to variation in a FVrnl gene function and differences in the

vernalization control rather than differences in the ability to withstand freezing.

The remaining significant DArT markers were mapped to the central part of Lm2 and the
proximal part of Fp7. Chromosome 2 have been previously been implicated in freezing
tolerance in Festulolium (KOSMALA et al. 2006) and L. perenne (SHINOZUKA et al. 2006). The
significant marker on Fp7 mapped about 1.5 ¢cM proximal to a freezing tolerance QTL in F.
pratensis (ALM et al. submitted). However, no striking candidate genes are closely linked to

the significant DArT markers on Lm2 and Fp7.

A common notion is that polyploid plants have improved stress tolerance compared to their
diploid progenitors (JACKSON and CHEN 2010; ZHANG et al. 2010). However, the tolerance to
physical stresses as freezing may decrease. A tetraploid C2 population of F. pratensis was
shown to be less freezing tolerant and with lower genetic variation than its original diploid

population (LARSEN 1978; LARSEN 1994). This is in agreement with our findings, where the
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frequency of tetraploid plants was significantly higher in plants with low freezing tolerance.
High freezing tolerance in Festulolium hybrids are sometimes explained by small (sometimes
even undetectable by GISH) F. pratensis introgressions carrying desired genes and alleles into
a L. multiflorum genomic background (KOSMALA et al. 2006). It is therefore possible that the
low freezing tolerance in tetraploids can be explained by fewer F. pratensis introgressions as
a result of their polyploid state or other genetic and/or epigenetic changes accompanying
polyploidization event. The FuRs0357 Festulolium population was constructed by crossing 4x
(autotetraploid) L. perenne with 2x F. pratensis, and backcrossing to 2x L. perenne for two
generations. This should usually produce 2x hybrid plants with introgressed F. pratensis
segments. Tetraploid hybrid plants among the BC2 progenies could have originated from
unreduced gametes from the 4x L. perenne parent, and if this is the case they will contain

nearly pure Lolium genomes.
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FIGURE LEGENDS

Figure 1

Genetic maps of seven F. pratensis and L. multiflorum chromosomes. DArTFest markers are
red, and labeled with “D” followed by a clone number (six digits). Markers belonging to one
redundant marker bin are indicated by the same superscript. Markers associated with freezing
tolerance are labeled green.

Figure 2

Syntenic relationships between F. pratensis, L. multiflorum, and B. distachyon
chromosome 4. Comparative map showing the syntenic relationships between the freezing
tolerance QTL in F. pratensis and the DArT markers associated with freezing tolerance
phenotype closely linked to VRN paralogs in the B. distachyon genome. The position of the
DArT markers on Bd1 are extrapolated from the best blastn hit in the Bd genome. Red color
text denotes bridging markers between maps. Green color text denotes DArT markers
significantly associated with freezing tolerance phenotype flanking FUL1 and FUL2. For the
Bd1 chromosome the left side numbers are physical position in base pair. Left side numbers
for all other maps are genetic distance in cM. The rightmost map is reproduced from Alm et
al. (submitted) where the black bar represent the 95% confidence interval for a freezing
tolerance QTL.
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TABLES

Table 1. Distribution of genetic markers among linkage groups

Festuca pratensis Lolium multiflorum
Non-DArT DArT Non-DArT DArT
markers markers
LG1 61 23 (27.4%) 63 67 (55.8%)
LG2 26 10 (27.8%) 43 73 (62.9%)
LG3 34 22 (39.3%) 49 73 (59.8%)
LG4 68 22 (24.4%) 61 106 (63.5)%
LGS 70 12 (14.6%) 43 71 (62.3%)
LG6 49 27 (35.5%) 35 63 (64.3%)
LG7 65 32 (33.0%) 68 76 (52.8%)
Total 373 148 (28.4%) 352 529 (60.0%)
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Table 2. Redundancy of sequenced DArT markers

Extent of redundancy  Distribution of DArT Markers [%]
markers

unique 399 64.3

2 marker bins 64 20.6

3 marker bins 15 7.2

4 marker bins 8 52

5 marker bins 1 0.8

6 marker bins 2 1.9
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Table 3. Synteny of L. multiflorum and rice as revealed by mapped DArT markers

Lml Lm?2 Lm3 Lm4 LmS Lm6 Lm7
Os01 1 1 15 1 1 1 -
0502 2 - 1 3 2 16 -
Os03 - 1 - 18 - - 2
0Os04 2 10 2 2 2 1 -
Os05 7 - 1 1 - - -
0Os06 - - - 2 - - 15
0s07 - 7 - 1 - 2 -
Os08 - 2 - - - - 7
0s09 - - - - 7 1 -
Os10 7 - - - 1 1 -
Osl1 1 - 1 5 1 2 1
Os12 - - 1 - 3 - 1
Total 20 21 21 33 17 24 26

Note: Numbers correspond to non-redundant clusters mapped to each rice chromosome.

Chromosome relationships with highest synteny are shaded.
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Table 4. Synteny of L. multiflorum and B. distachyon as revealed by mapped DArT markers

Lml Lm?2 Lm3 Lm4 LmS Lm6 Lm7
Bdo1 1 11 3 30 1 3 22
Bdo02 12 1 26 2 4 2 1
Bdo03 10 2 1 4 1 20 8
Bd04 1 1 3 8 20 5 1
Bdo05 1 15 1 1 1 1 2
Total 25 30 34 45 26 31 34

Note: Numbers correspond to non-redundant clusters mapped to each B. distachyon
chromosome. Chromosome relationships with highest synteny are shaded.

Table 5. Mapped markers having significantly (Fisher Exact test) different distributions
among HFT and LFT plants. “Presence” denotes if a hybridization signal is associated with

the LFT or HFT group.

DArT ID | g-value | Presence LG cM
D560433 | 0,028 LFT LG7 F. pratensis 67
D556159 | 0,042 HFT LG4 F. pratensis 73
D558701 | 0,042 LFT LG4 L. multiflorum | 103
D562536 | 0,042 LFT LG4 L. multiflorum | 102
D560530 | 0,044 HFT LG2 L. multiflorum | 115
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Abstract

Background: Grasses are adapted to a wide range of climatic conditions. Species of the subfamily
Pooideae, which includes wheat, barley and important forage grasses, have evolved extreme frost
tolerance. A class of ice binding proteins that inhibit ice re-crystallisation, specific to the Pooideae
subfamily lineage, have been identified in perennial ryegrass and wheat, and these proteins are
thought to have evolved from a leucine-rich repeat phytosulfokine receptor kinase (LRR-PSR)-like
ancestor gene. Even though the ice re-crystallisation inhibition function of these proteins has been
studied extensively in vitro, little is known about the evolution of these genes on the molecular level.

Results: We identified |5 putative novel ice re-crystallisation inhibition (IRl)-like protein coding
genes in perennial ryegrass, barley, and wheat. Using synonymous divergence estimates we
reconstructed the evolution of the IRI-like gene family. We also explored the hypothesis that the
IRI-domain has evolved through repeated motif expansion and investigated the evolutionary
relationship between a LRR-domain containing IRl coding gene in carrot and the Pooideae IRI-like
genes. Our analysis showed that the main expansion of the IRI-gene family happened ~36 million
years ago (Mya). In addition to IRI-like paralogs, wheat contained several sequences that likely were
products of polyploidisation events (homoeologs). Through sequence analysis we identified two
short motifs in the rice LRR-PSR gene highly similar to the repeat motifs of the IRI-domain in cold
tolerant grasses. Finally we show that the LRR-domain of carrot and grass IRI proteins both share
homology to an Arabidopsis thaliana LRR-trans membrane protein kinase (LRR-TPK).

Conclusion: The diverse IRI-like genes identified in this study tell a tale of a complex evolutionary
history including birth of an ice binding domain, a burst of gene duplication events after cold
tolerant grasses radiated from rice, protein domain structure differentiation between paralogs, and
sub- and/or neofunctionalisation of IRI-like proteins. From our sequence analysis we provide
evidence for IRI-domain evolution probably occurring through increased copy number of a
repeated motif. Finally, we discuss the possibility of parallel evolution of LRR domain containing IRI
proteins in carrot and grasses through two completely different molecular adaptations.
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Background

The Poaceae family (grasses) contains some of the most
economically important and well studied plant species,
e.g. maize, wheat, barley, and rice. Generally speaking the
Pooideae subfamily, which includes wheat, barley and
forage grasses, are adapted to cold seasons. Many species
in this subfamily can withstand temperatures far below
freezing and intercellular ice formation [1,2]. Rice and
maize on the other hand belongs to the subfamilies
Ehrhartoideae and Panicoideae, respectively, and are
adapted to warm and tropical climates. Pooideae lineage
(from now on referred to as cold tolerant grasses) adapta-
tion to cold climates makes grasses an interesting model
system for studying climatic adaptation at the physiologi-
cal and molecular level.

Frost tolerance adaptations are in many organisms associ-
ated with the evolution of antifreeze proteins (AFPs) [3].
AFPs can affect freezing- and ice crystallisation related
stress via different mechanisms. Thermal hysteresis (TH)
depresses the freezing point at which ice crystallisation
initiates, which render it possible for organisms to survive
under freezing temperatures. Ice re-crystallisation inhibi-
tion (IRI) on the other hand does not hinder ice crystalli-
sation but manipulates the growth of the ice crystals such
that small ice crystals grow at the expense of larger ice crys-
tals, and this has been suggested to prevent or minimize
the cellular damage in plants [4]. A third mode of AFP
action is membrane stabilisation which has been reported
for a fish AFP [5]. Animal AFPs generally possess high
thermal hysteresis (TH) characteristics and lower ice crys-
tallisation initiation temperature by 1-5°C [6,7]. Plant
AFPs on the other hand have low TH-activity, but exhibits
strong ice re-crystallisation inhibition (IRI) activity [6].

Genes encoding peptides with IRI capacity have evolved
independently several times in different lineages of higher
plants. These IRI peptides are homologous to diverse pro-
tein classes, e.g. thaumatin like proteins, endochitinases,
endo-B-1,3-glucanase, and leucine rich repeat (LRR) con-
taining proteins [6,8,9]. Three LRR-domain containing IRI
proteins (LRR-IRI) have been identified in plants, one in
carrot (DcAFP; accession number AAC6293) and two in
wheat (TalRI1 and TalRI2 with accession numbers
AAX81542 and AAX81543) [10,11]. DcAFP has been clas-
sified as a polygalacturonase-inhibiting protein (PGIP)
but does not exhibit PGIP activity [12]. LRR motifs span
across the entire processed DcAFP protein and form 10-
loop beta-helix secondary structure with solvent exposed
asparagine residues at putative ice binding sites [13].
TalRI1 and TalRI2 genes (accession numbers AY9968588
and AY968589) have been identified as homologous to
the LRR-domain coding region of a rice phytosulfokine
LRR receptor kinase (OsLRR-PSR: NP_001058711) and an
Arabidopsis trans-membrane protein kinase (AtLRR-TPK:

http://www.biomedcentral.com/1471-2148/8/245

NP_200200). The wheat IRI peptides differ structurally
from DCcAFP in that the LRR-domain only comprises
about half of the processed peptide [10].

In addition to the N-terminal LLR domain, wheat IRI pro-
teins have a C-terminal repeat domain consisting of two
similar A and B motifs, NxVxG and NxVxxG, respectively.
This repeat domain has been reported to exhibit strong in
vitro IRI capacity [14]. Interestingly, blast search yields no
sequences with homology to the IRI-domain outside the
subfamily of cold tolerant grasses [10]. Protein modelling
has shown that the A and B repeated motifs of the IRI-
domain folds into a B-roll with ice binding sites matching
the prism face of ice [15]. Expression studies have shown
that increased expression levels in wheat [10] and peren-
nial ryegrass [Rudi et al, unpublished] are correlated to
cold acclimation, but no in vivo studies to determine the
localisation of these grass IRI peptides have been reported
in the literature. However, TalRI1 and TalRI2 have been
predicted to encode a N-terminal 20 amino acid signal
peptide domain targeting the proteins to the secretory
pathway, suggesting that the peptides could be located in
the extracellular space [10].

While DcAFP is evolutionarily closely related to PGIPs;
TalRI1 and TalRI2 genes are thought to have evolved from
a LRR-PSR like ancestor gene. Furthermore, the evolution-
ary origin of the IRI-domain in grass IRI genes is much less
obvious, because the IRI-domain is not homologous to
any other sequences outside the cold tolerant grass line-
age. Tremblay et al. [10] proposed a "TE-hypothesis" to
explain this apparent lack of homologous coding regions;
that the IRI-domain had arisen by a transposable element
(TE) insertion. However, no TE signature sequence could
be identified surrounding the IRI-domain [10], thus no
empirical data supports the TE-hypothesis so far.

Here we report the identification and characterisation of
novel LRR-IRI homologous genes in cold tolerant grass
species. We perform a detailed study of the evolutionary
relationships between OsLRR-PSR and IRI-like genes by
analysing sequence divergence at synonymous sites. We
also use synonymous site divergence to trace the evolu-
tionary history of the IRI-like gene family with respect to
gene duplication events. The evolution of gene families
per se is in itself a much debated topic, and gene family
expansion and subsequent functional diversification is
thought to have been a significant factor contributing to
adaptations to new environments [16,17]. The evolution
of the IRI-like gene family of cold tolerant grasses is dis-
cussed in the context of the Duplication-Degeneration-
Complementation (DDC) model [18]. Finally we address
the unresolved matter of the evolutionary mechanism
underlying the birth of the cold tolerant grass IRI-domain,
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and propose a novel hypothesis on the evolution of this
IRI-domain.

Results

Screening of perennial ryegrass BAC libraries

Initial screening of the perennial ryegrass (Lolium perenne)
LTS18 BAC library with the LpAFP primer pair produced
two hits, from which LpIRI1 (EUG680848) and LpIRI2
(EU680849) were isolated. The NV#20F1-30 BAC library
produced four hits with the LpIRIx primer pair, and three
hits with the LpAFP primer pair. LpIRI4 (EU680851) was
subsequently isolated from one of the four positive LpIRIx
hits and LpIRI3 (EU680850) was isolated from one of
three positive LpAFP hits. All genes isolated from peren-
nial ryegrass were intronless and encoded putative pep-
tides with high identity to the wheat TaIRI1 and TalRI2
genes (blastp < 4e-10). LpIRI1, LpIRI4, and LpIRI3 were
similar in size and encoded peptides of 285, 242, and 254
amino acids, respectively. LpIRI2 encoded a shorter ORF
of 150 amino acids that was 94% identical to the LpIRI4
IRI-domain. The IRI-domain of LpIRI3 is identical to an
earlier identified partial IRI peptide encoded by LpAFP
(A1277399).

Nucleotide alignments of the LpIRI-like genes showed
that LpIRI2 has undergone a deletion of almost the entire
LRR-domain coding region, the only remains of it being a
102 base pair (bp) fragment upstream of the LpIRI2 puta-
tive start codon. This could indicate that LpIRI2 is a pseu-
dogene or a non-functional allele. Non-functional
sequences are expected to evolve under neutral expecta-
tion, which means that the rate of non-synonymous to
synonymous substitutions (w) is expected to be 1. Aver-
age w between LpIRI2 and the other perennial ryegrass
sequences was estimated to be 0.56 which suggests that
LpIRI2 is under selective constraints despite the major
deletion in the LRR-domain.

In silico identification of IRI-like sequences

The blastn EST search resulted in 189 wheat, 100 barley,
21 tall fescue (F. arundinacea), 5 Italian ryegrass (L. multi-
florum) and 2 darnel ryegrass (L. temulentum) sequences.
In silico mining produced from zero to eleven full length
IRI-like sequences (i.e. with a start and stop codon) per
species (Table 1), and sequences were annotated as fol-
lows; an initial two letters indicating latin species name,
"C" indicating a contig of more than two ESTs, and lastly
an identifier number. The number of ESTs in the contigs
ranged from 2 to 40 (Table 2), with an average of 17 ESTs
per contig. In addition we identified several partial IRI-
like sequences; one partial wheat IRI-like contig of 10
ESTs, and three partial barley sequences of 2, 3, and 6 EST
sequences. The partial sequences were not included in fur-
ther analysis. A barley mRNA, AK249041, did not align to
any barley contig but coded for a full length IRI-like ORF,

http://www.biomedcentral.com/1471-2148/8/245

Table I: All IRI-like sequences identified through EST in silico
mining.

Species No. EST sequences IRI-like sequences
Full length  Partial
Wheat 189 I |
Barley 100 3 3
Tall fescue 21 0 2
Italian ryegrass 5 0 |
Darnel ryegrass 2 0 |

IRI-like gene homologous ESTs were identified by a blastn search
using TalRI|.

hence we included this mRNA in our dataset. In silico min-
ing with tall fescue, Italian ryegrass, and darnel ryegrass
ESTs did not produce any full length IRI-like sequences. In
silico EST mined sequences were considered validated if a
core nucleotide sequence from NCBI had > 99% identity
over > 200 bp. TaC3 was validated as being identical to
TalRI1, and HvC1 was validated by being identical to a
full length mRNA sequence (AK252915). Accession num-
bers for ESTs belonging to full length IRI-like contigs
acquired through in silico mining are included in addi-
tional material [see Additional file 1].

Predicted protein structure characterisation

The OsLRR-PSR peptide sequence was used as a template
for comparisons of the LRR-domains. The OsLRR-PSR is
suitable for this purpose because it is a putative homo-
logue to the LRR-domain of the IRI-like sequences. In the
following peptide structure characterization we assume
that the most recent common ancestor (MRCA) of all IRI-
like grass genes encoded the same domain architecture as
OsLRR-PSR. OsLRR-PSR was predicted to encode one LRR
N-terminal domain (LRR-NT), 21 internal LRR homolo-
gous motifs (1-21), and a protein kinase (PK) C-terminal

Table 2: Full length IRI-like sequences identified through EST in
silico mining and the number of ESTs per contig.

Species Contig name ESTs in contig

Wheat TaCl 16
TaC2 39
TaC3 19
TaC4 21
TaC5 16
TaCé 12
TaC7 16
TaC8 17
TaC9 3
TaCl0 4
TaCl |l 2

Barley HvClI 23
HvC2 40
HvC3 15
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domain. Only the LRR-NT and six internal LRR motifs
were predicted with significant E-values by Pfam. Com-
pared to OsLRR-PSR all predicted IRI-like peptides have
reduced number of LRR motifs and lacks the PK-domain.
Three internal LRR motifs did not align to any OsLRR-PSR
LRR motifs. These have probably arisen through deletions
in the LRR-domain causing two partial LRR motifs to
merge into a novel LRR motif. Comparative sequence
analysis suggests that deletions between LRR motifs 1-16,
2-16, and 12-16 of a OsLRR-PSR-like grass ancestor gene
have resulted in three novel LRR-domains; LRR1b, 2b,
and 16b (Fig. 1).

The IRI-domain also varies in size by number of repeated
motifs (Fig. 1). About 60% of all sequences with an IRI-
domain have 15 repeat motifs or more. Six sequences
were detected to have a reduced number of repeat motifs,
or had completely lost the IRI-domain. Analysis of codon
based nucleotide alignments revealed that frameshift (FS)
mutations could be identified in four of the IRI-like
sequences (TaC3, TaC10, TaC11, and AK249041) that
showed reduced IRI-domain size (data not shown). HvC3
is the only IRI-like sequence with a completely reduced
IRI-domain. For all sequences in the HvC3 contig addi-
tional information on abiotic conditions under which the
plants had been grown were included in the EST files.
Without exception all ESTs originated from tissue sam-
pled from etiolated barley seedlings, and not from cold
acclimated tissue. This is congruent with HvC3 lacking the
entire ice binding IRI-domain, suggesting that IRI-like par-
alogs are involved in several different stress responses.

Prediction of the subcellular location of the IRI-like pep-
tides (see methods) predicted a signal peptide that targets
the peptides to the secretory pathway present in all IRI-
like peptides, except from LpIRI2. The lack of an LpIRI2
signal peptide, and the fact that LpIRI2 has undergone a
deletion of almost the entire LRR-domain could suggest
that LpIRI2 is in fact a non-functional allele or pseudog-
ene. However the results from the w estimates contradict
the non-functionality hypothesis. Alternatively the lack of
a signal peptide can be interpreted as that LpIRI2 simply
has evolved a different function than the IRI-like peptides
with a conserved signal peptide.

Phylogenetic analysis of IRI-like paralogs

OsLRR-PSR has highest homology to IRI-like genes out-
side the Pooideae subfamily (blastp E-value of 2e4¢) and
was therefore used as an out-group in the phylogenetic
analysis. The paralog phylogenies of perennial ryegrass,
barley, and wheat IRI-like peptide sequences are given in
Figure 2A, 2B, and 2C, respectively. In the wheat phylog-
eny TalRI2, the amino acid sequence with the highest
number of conserved LRR-domains, diverge as a mono-
phyletic branch, while all other wheat sequences with fur-
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ther reduced LRR-domain sizes form a second
monophyletic group. This large monophyletic group can
be subdivided into two smaller monophyletic clades (Fig.
2C). In group I a FS mutation in the IRI-domain of TaC3
shortens the ORF and separates TaC3 structurally from the
other sequences. One might be tempted to speculate if
this FS is due to alignment errors but the FS in the TaC3
contig have been validated independently by the full
length mRNA TalRI1. Group II contain IRI-like genes with
high degree of divergent predicted peptide structure, i.e.
putative peptides with strongly reduced and completely
lost IRI-domain (TaC9 and TaC11) as well as predicted
peptides with large IRI-domains. Alignments of predicted
amino acid sequences with all FS mutations removed, that
were used for the phylogenetic analysis, are presented in
additional material [see Additional file 2, 3, and 4].

Estimation of synonymous divergence of IRI-like sequences
If we assume a molecular clock, synonymous substitution
rates (dS) between two DNA sequences can be interpreted
as a relative measurement of time since MRCA, thus for
two paralogous genes dS can be interpreted as the time
since gene duplication [19]. Without being able to
account for all the IRI-like paralogs existing in a genome
we cannot infer if two paralogs descend from a single
duplication event (i.e. being true paralogs) or if they are
products of two separate duplication events. We therefore
restricted our initial analysis of IRI-like gene duplication
events to only comprise the dS,,, and dS;, for all pair-
wise comparisons. The dS,,,.-dS,;, range can be inter-
preted as the evolutionary time span in which all
duplications of IRI-like genes in our dataset have
occurred.

The average dS between OsLRR-PSR and LRR-domains of
all IRI-like sequences from cold tolerant grasses was esti-
mated to 0.97 (standard deviation (SD) = 0.11). Hence if
OsLRR-PSR is the true ortholog of IRI-like genes, the radi-
ation of cold tolerant grasses from rice predates the initia-
tion of IRI-like gene family expansion in our dataset (Fig.
3A). All paralog dS ranges for wheat, barley and perennial
ryegrass overlapped, however there are large range differ-
ences. These range differences is caused by the low dS;,
range of wheat and perennial ryegrass IRI-like sequences
(Fig. 3A). For perennial ryegrass the dS between LpIRI2
and LpIRI4 lowered the dS,;, estimate from 0.40 to 0.03.
Dissection of wheat paralog dS estimates showed that the
low wheat dS_,;, range could be traced back to low pair-
wise dS within the monophyletic clades I and II (Fig. 2C).
If dS estimates from sequence pairs within clade I and 1I
were removed the wheat dS,;, shifted from 0.01 to 0.39.

Very low dS between paralog pairs might reflect the inclu-
sion of highly diverged alleles in our paralog dataset.
Sequencing errors in ESTs and inclusion of highly
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Predicted peptide structure of OsLRR-PSR and IRI-like sequences. Peptide structures of the LRR and IRI-domains of
IRI-like sequences as predicted by Pfam and by visual characterisation, respectively. OsLRR-PSR was used as a template for pep-
tide structure comparisons. Grey LRR-domains were predicted with significant P-values in Pfam (P < 0.05). Numbers of IRI
motifs in the IRI-domains and whether frame shift mutations were identified are given in parentheses.
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Figure 2

Maximum Likelihood paralog phylogenies of all full length IRI-like amino acid sequences. Bootstrap values from
1000 replicates are in percent at internal nodes. Bootstrap values < 50 are not shown. A) Phylogeny of barley IRI-like full length
sequences. B) Phylogeny of perennial ryegrass IRI-like full length sequences. C) Phylogeny of wheat IRI-like full length
sequences. Two monophyletic clades of very low within-clade synonymous divergence (I, Il) are boxed.
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Figure 3

Synonymous divergence between paralogous and
orthologous sequences. A) Maximum and minimum dS
range between all IRI-like paralogous sequences of wheat,
barley and perennial ryegrass and the average dS between
OsLRR-PSR and all IRI-like sequences. Dotted lines for the
divergence estimate between OsLRR-PSR and IRI-like
sequences represent SD of the ortholog dS. Dotted lines for
wheat and perennial ryegrass indicate changes in dS range if
putative alleles are included. B) A tree indicating the average
synonymous divergence, given in dS, estimated from ten con-
trol genes from rice, wheat, and perennial ryegrass.

diverged genotypes in our dataset could potentially give
an inflated polymorphism level producing artificial con-
tigs that are alleles rather than paralogs. To identify puta-
tive false paralogs we set an allelic dS threshold of dS <
0.03 (see methods section). Based on this definition we
identified two putative allelic sequence pairs TaC2-TaC11
(dS = 0.01) and LpIRI2-LpIRI4 (dS = 0.03).

Estimation of synonymous divergence between control
genes

The ten control orthologs chosen for evolutionary rate
control and their pairwise dS estimates are listed in Table
3. Based on these genes the average dS between rice and
cold tolerant grasses were estimated to be 0.54 with an
average SD between dS estimation methods of 0.08. The
estimated divergence of rice and cold tolerant grasses
based on the control genes (dS = 0.54) is substantially
lower than the minimum equivalent estimate found by
using OsLRR-PSR and IRI-like genes (dS = 0.72) (Fig. 3A

http://www.biomedcentral.com/1471-2148/8/245

and 3B). The average dS between perennial ryegrass and
wheat genes were 0.32, with an average SD of 0.04
between the estimation methods.

Molecular analysis of LRR and IRI-domains

The alignment of the LRR-domain of OsLRR-PSR and the
IRI-domains of a subset of the IRI-like peptide sequences
shows two blocks of strikingly high conservation between
the OsLRR-PSR and two IRI-domain motifs (Fig. 4). The
two motifs have 2/3 of the motif sequence residues con-
served between rice and cold tolerant grasses. The first
motif has an Ile-Val substitution while the second motif
has a Leu-Val substitution, neither of which are substitu-
tions with large effect on hydrophilic properties.

Relatively low level of conservation between DcAFP and
grass IRI-like peptide sequences was found (blastp 1e-4).
All sequences in the LRR-domain alignment (Fig. 5) have
a blast E-value of < 1e-18 to at least one other sequence in
the alignment, but no larger blocks of conservation
between DcAFP and any monocot LRR-domain can be
identified. However we observe that several blocks of 2-4
conserved residues exist throughout the alignment of the
LRR-domain between DcAFP and grass IRI-sequences.

Discussion

Until now only three cold tolerant grass IRI protein cod-
ing genes have been reported; a partial coding sequence of
an IRI-domain from perennial ryegrass [14], and two
highly identical full length mRNA paralogs from wheat
[10]. Through in silico mining and BAC sequencing we
have identified 15 full length and 8 partial novel IRI-like
genes in cold tolerant grasses. In addition, we have
obtained the complete sequence of LpAFP. The data accu-
mulated leaves no doubt: cold tolerant grasses of the Pooi-
deae subfamily have evolved a lineage specific family of
IRI-like genes.

IRI-gene family radiation happened after the cold tolerant
grass divergence

The prevailing hypothesis on the evolution of LRR-IRI-like
genes belonging to cold tolerant grasses is that they are
lineage specific and that an OsLRR-PSR-like gene is the
MRCA [10]. This hypothesis was proposed based on
sequence homology data only and we therefore re-exam-
ined this idea using more rigorous statistical methods by
estimating synonymous divergence. When employing a
commonly used mutation rate for grasses of 6.5*10- [20-
22], estimated by Gaut et al. [23], the synonymous diver-
gence level between OsLRR-PSR and IRI-like sequences
suggested a MRCA about 75 Mya. This is slightly higher
than upper thresholds of some published rice-Pooideae
divergence estimates [22]. However, our estimate of diver-
gence time between rice and cold tolerant grasses based
on the control genes suggest a rice-Pooideae divergence
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only 42 Mya. This is similar to divergence estimates pub-
lished by Patterson et al. [24] and Salse et al. [20], dating
back 41-47 and ~46 Mya, respectively. Our wheat and
perennial ryegrass divergence estimates is dated ~10 mil-
lion years prior to a previously published estimate of ~35
Mya [25].

The observed discrepancy between the two divergence
estimates of rice and cold tolerant grasses in our study
(Fig. 3A and 3B) can be interpreted in two different ways.
The OsLRR-PSR gene is the true ortholog of IRI-like genes
and the incongruent divergence time estimates are caused
by differences in molecular clock rates. Or alternatively, if
the molecular clock rate is similar, it follows that OsLRR-
PSR diverged from IRI-like genes long before rice and cold
tolerant grasses diverged (Fig. 3). The burst of IRI-like
sequence duplications must then have occurred in the
ancestor genome of rice, and this implies that the rice
genome subsequently must have lost all genes belonging
to the IRI-like gene family. Even though loss of genes and
whole gene families is not an uncommon feature of plant
genome evolution [16,24], elevated clock rate differences
is a more parsimonious explanation to the divergence esti-
mate differences seen in Figure 3A and 3B. Evolutionary
rate differences are highly common among closely related
species, different lineages of a species, and also within a
genome [26,27]. When using a single gene family to esti-
mate divergence between species, as with the IRI-like
genes, deviation from the average genome clock rate
would be expected. As an example the clock rate of the ten
control genes varied from 4.1-7.1*10-, with an average
rate of 5.4*10°9, when using a divergence time between
rice-cold tolerant grasses of 50 My.

http://www.biomedcentral.com/1471-2148/8/245

Assuming true orthologous relationship between OsLRR-
PSR and IRI-like genes we can calibrate an average molec-
ular clock rate for IRI-like genes using the dS = 0.97 and
assuming an absolute divergence time of 50 Mya (see
methods). This gives us an estimate of an IRI-like gene
family specific clock rate of 9.7*10°. Employing this
adjusted clock rate pushes the estimates for the initiation
of IRI-like gene duplications forward to 36, 27, and 39
Mya for wheat, perennial ryegrass and barley, respectively.
This is approximately 3-14 My after our estimate for
divergence between rice and cold tolerant grasses based
on the control genes.

Species specific differences in IRI-like sequence numbers
Twice as many IRI-like sequences, partial and full length,
were identified in wheat compared to barley (Table 1). In
silico mining is vulnerable to methodologically intro-
duced uncertainties. For example, the fact that the wheat
EST database at NCBI is more than twice as large (1.2 M
ESTs) than for barley (500 K ESTs) could be a contributing
factor to the differences in numbers of IRI-like mined
sequences because we expect that the EST database size is
positively correlated to transcriptome coverage of an
organism. A separate effect of a larger EST database will be
the inclusion of ESTs from an increased number of geno-
types, which could be a source of introduction of allelic
polymorphisms.

Even though methodological properties might elevate the
number of wheat sequences identified to some extent, we
believe that much of the difference in wheat and barley
IRI-like sequence numbers are related to genomic ploidy
level differences. Wheat (Triticum aestivum) is an allo-hex-
aploid originating about 8.000 years ago. It has three
homoeologous genomes A, B, and D, which are estimated

Table 3: Evolutionary rate control genes and their pairwise synonymous distances.

Gene Accession number Synonymous distance (dS)
TavsLp Talp vs Os
Ta Lp Os ds ds*

Cytosolic glyceraldehyde-3-phosphate dehydrogenase EF592180 EF463063 NM_001059674 0.33 (0.04) 0.47 (0.06)
Actin AB181991 AY014279 NM_ 001062196 0.30 (0.03) 0.49 (0.07)
Gibberellin 20-oxidase Y 14008 AY01428I NM_ 001058486 0.37 (0.02) 0.70 (0.13)
Phytochrome B AF137331 AF137308 NM_001056445 0.39 (0.04) 0.57 (0.07)
Casein protein kinase 2 alpha subunit AB052133 AB213317 NM_001065287 0.30 (0.05) 0.48 (0.09)
Na+/H+ antiporter precursor AY461512 AY987047 NM 001074903 0.33 (0.04) 0.58 (0.09)
Putative plasma membrane Na+/H+ antiporter AY326952 AY987046 CB634542 0.14 (0.02) 0.44 (0.06)
Myo-inositol phosphate synthase AF542968 AY154382 NM_001055777 0.32 (0.04) 0.57 (0.07)
Cinnamoyl CoA reductase CKl161291 AF010290 NM_001052667 0.28 (0.01) 0.41 (0.03)
Fructan beta-(2,1) fructosidase AJ564996 DQO0I16297 NM 001052039 0.39 (0.06) 0.72 (0.11)

Accession numbers are given for putative orthologous genes from wheat (Ta), perennial ryegrass (Lp) and rice (Os) used for evolutionary rate
control. Their synonymous pairwise divergence was calculated as a mean of three estimates (see methods section), and the standard deviation of all
three estimates is given in parenthesis. *denotes a mean synonymous distance of two pairwise comparisons between perennial ryegrass-rice and

wheat-rice (referred to as Talp-Os).
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Figure 4

Amino acid alignment between IRI-like sequences and OsLRR-PSR at the initiation of the IRI-domain. Shaded
residues are identical in > 90% of sequences. Black bars underlines IRI-domain A- and B motifs (NxVxG/NxVxxG). Boxed
motifs are IRI-domain motifs shared between OsLRR-PSR and IRI-like sequences.

to have diverged 4.5-2.5 Mya [25]. Our results from the
phylogenetic analyses, supported by the dS estimates, sug-
gests that IRI-like sequences within monophyletic clade I
and II (Fig. 2) could be homoeologous rather than paral-
ogous. But low pairwise dS can alternatively reflect recent
gene duplications. Consequently our inferences on the
evolutionary relationship between putative wheat
homoeologous sequences must be viewed in a critical
manner.

A model of wheat IRI-like sequence evolution

As mentioned, wheat differs from the diploid grasses in
our study in that it has many more and younger IRI-like
paralogs, some of which probably can be accounted for by
wheat polyploidisation. Using the IRI gene specific clock
rate of 9.7*10- we built a model of the evolutionary his-
tory of wheat IRI-sequences using a phylogenetic
approach (Fig. 6A). According to literature and the data
acquired in this study wheat and barley specific duplica-
tions would be younger than ~35-25 My and wheat spe-
cific duplications would be younger than ~11 My [25].
The internal nodes of the phylogeny in Fig. 6 can therefore
be interpreted as putative ancient duplication events hap-
pening before divergence within Pooideae (D,), putative

duplication events specific to wheat and barley (Dyy),
putative speciation event between wheat and barley (Sy),
putative gene duplication events specific to wheat (Dyy),
speciation events of the A, B, and D genomes of wheat
(Sapp). and lastly allelic divergence (A).

The evolutionary model with adjusted clock rates
strengthens our hypothesis on the homoeologous rela-
tionship of the wheat clade I and II sequences (Fig. 2). The
divergence between TaC6 and TaC2/TaC11 are predicted
slightly earlier than the polyploidisation event, thus this
internal node could not be classified unambiguously.
Sub-trees of clade I and II, in which we have included the
barley sequence with lowest synonymous distance to each
clade, are presented in Figure 6B and 6C, respectively. The
sub-trees further support the hypothesis that clade I and II
represents genes that mainly have arisen through poly-
ploidisation events. In both sub-trees the closest related
barley sequence is estimated to have diverged from the
wheat clade I and IT about 15 Mya, coinciding with wheat-
barley divergence [25]. However without a complete
knowledge of the orthologous relationships of the IRI-like
sequences the inferences on evolutionary relationships
are somewhat speculative.
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Figure 5

Amino acid alignment of homologous LRR-domains from monocot and dicot species. The alignment shows homol-
ogous LRR-domains between Arabidopsis (AtLRR-TPK), carrot (DcAFP), rice (OsLRR-PSR), wheat (TalRII) and perennial rye-
grass (LpIRII). All sequences in the alignment has a blastp E-value of > [*10-18 to at least one other sequence in the alignment.
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Shaded residues are identical in > 60% of sequences.
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Structural and functional diversification of the IRI-like
gene family

A striking feature of the IRI-like gene family is the struc-
tural differentiation between paralogs (Fig. 1). Structural
diversification of IRI-like genes, as seen in our sequence
collection, would be expected to affect the spectrum of
IRI-like peptide function, because both LRR and IRI-
domains are known to be involved in substrate binding
[15,28]. One interpretation of this pattern is that IRI-like
sequences with complementary combinations of LRR
motifs and IRI-domain sizes are selected for and retained
in the genome, which is what we expect from the duplica-
tion-degeneration-complementation (DDC) model of
paralog evolution [18]. DDC predicts that mutations in
regulatory elements increase the probability of paralog
retention because it leads to partitioning of ancestral func-
tions (subfunctionalisation), and the model has proven to
be an important contribution to understanding evolution
of paralogous genes [29,30]. The DDC model has later
been expanded to coding sequences [31,32], and recently
a combination of regulatory and structural DDC has been
demonstrated [33,34].

Regulatory subfunctionalisation in gene expression and
tissue localisation has been demonstrated between TalRI1
and TalRI2 (TaC3) [10], two genes coding for highly
divergent LRR-domain structure and length. In our study
we have also found evidence that peptide structure diver-
gence has led to sub- or neofunctionalisation. A barley
IRI-like sequence contig (HvC3) with no IRI-domain still
seems to play a functional role under etiolation. This sug-
gests that the LRR-domain of IRI-like genes may play a
functional role in multiple stress responses. Other LRR-
domain containing genes in plants have also been shown
to be involved in stress responses under drought stress
and as a key membrane-bound regulator of absiscic acid
signalling [35,36].

One interesting aspect of the structural divergence pattern
is that all genes except LpIRI2 are predicted to encode a
conserved N-terminus signalling domain targeting the
proteins to the secretory pathway. Secretion to the apo-
plast is expected for proteins with ice interacting func-
tions. In the light of these data, an interpretation of the
structural variability of LRR-domains, combined with the
apparent conservation of the N-terminal signalling
domain, is that IRI-like genes might be under selective
pressure for a continuous ORF from the signalling
domain across the LRR-domain and into the IRI-domain,
conserving the crucial function of apoplast export of IRI
peptides. The LRR-domain itself might not be under func-
tional conservation. As an example: the full length
sequenced mRNA AK249041 from barley has a N-termi-
nal conserved predicted signal peptide motif, a com-

http://www.biomedcentral.com/1471-2148/8/245

pletely reduced LRR-domain with no predicted LRR
motifs, and an IRI-domain.

Less dramatic polymorphisms between paralogs, such as
single amino acid substitutions or small motif number
differences could potentially have a large effect on the
functionality. Single amino acid substitutions have been
shown to radically change AFP functionality in both plant
and animal AFPs [13,37]. Chakrabartty and co-workers
[38] showed that only small deletions in an AFP with
repetitive structure from flounder altered the ice interact-
ing properties dramatically. Thus, all the observed poly-
morphisms between IRI paralogs, even down to single
amino acid substitutions, could potentially be of func-
tional significance.

Birth of an IRI repeat domain

The molecular mechanisms underlying the metamorpho-
sis from an OsLRR-PSR-like ancestor gene into the first
bipartite IRI-like gene have been addressed by Trembley et
al. [10]. They proposed the "transposable element
hypothesis" (TE) suggesting that the IRI-domain is a TE
insertion that has resulted in a FS mutation and caused the
loss of the PK-domain. However no TE signatures were
found flanking the IRI-domain [10]. Based on results
from our sequence analysis (Fig. 4) we propose a compet-
ing hypothesis on the evolution of the IRI-domain,
namely the repeated motif expansion (RME) hypothesis.
It has been shown that expansions of domains by dupli-
cation of repeated motifs are common in genes of repeti-
tive structure [39]. We suggest that IRI motifs have
increased in copy number by a yet unknown mechanism,
possibly illegitimate recombination, slippage, or uneven
crossing over. Contrary to the TE-hypothesis the RME
hypothesis can explain the evolution of the IRI-domain
and at the same time account for the existence of two IRI
motif-like blocks in OsLRR-PSR (Fig 4). Lastly, if the entire
IRI-domain is a TE-insertion we would expect this TE
sequence to be found at other loci in grasses. However no
such reports of TE-like sequences homologous to the IRI-
domain are known to our knowledge.

Convergent evolution of LRR containing AFPs
LRR-domain containing proteins are extremely abundant
in plants. The largest LRR containing plant peptide group
is LRR receptor kinases (LRR-RK), having more than 200
members in the A. thaliana genome [40]. Plant disease
resistance associated genes (NBS-LRR) comprise another
large LRR containing functional group [41]. Common for
the function of LRR domains in any peptide is that they
are associated with peptide-peptide recognition and bind-
ing interactions [42-44].

Through comparative protein domain analysis we have

shown that LRR-domains of IRI-like genes are much less
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Figure 6

Wheat-Barley Polyploidisation

event

Evolutionary relationships between the wheat IRI-like sequences inferred with an IRI-like gene specific molec-
ular clock rate. Phylogenetic trees based on pairwise synonymous distances made with Unweighted Pair Group Method with

Arithmetic Mean (UPGMA). Distance scale shows synonymous

site divergence and estimated absolute divergence time in mil-

lion years. Internal nodes represent duplication, speciation, or allelic divergence events. D, = ancient duplication events shared
by wheat, barley, and perennial ryegrass; D,z = duplication events shared by wheat and barley; D,y = duplication events exclu-
sive for the wheat lineage; Syz = speciation event between wheat and barley; S,p = speciation event for the A, B, and D

genomes of wheat; A = allelic divergence event. A) Tree based

on all wheat IRI-like sequences. B) Sub-tree of monophyletic

clade Il including the two most recently radiated IRI-like sequences in our dataset (HvC| and TaC4). C) Sub-tree of mono-
phyletic clade | including the single most recently radiated barley IRI-like sequence.

conserved compared to the predicted signal peptide motif
flanking the N-terminus of the LRR-domains. We believe
that this could be due to lack of selective constrains on the
LRR-domain function itself, or perhaps selection for diver-
gent LRR-domain functions as predicted by DDC. What-
ever functional role today's IRI-like sequence LRR-
domains might play; there is little doubt that the LRR-
domain of IRI-like genes in cold tolerant grasses shares an
ancient common ancestor with the LRR-domain of DcAFP
(Fig. 5). However, while cold tolerant grass IRI-like pro-
teins have evolved ice binding capacity through the evolu-
tion of an IRI-domain [14,15], DcAFP have evolved ice
binding capacity through changes in the LRR-domain
itself [13]. DcAFP and grass LRR-IRI genes are therefore

intriguing examples of parallel evolution of function by
two completely different molecular mechanisms; evolu-
tionary alterations of a pre-existing LRR-domain and evo-
lution of a novel repeat domain with ice binding
properties.

Conclusion

The IRI-like genes identified by Sidebottom et al. [14] and
Tremblay et al. [10], and in this study tell a tale of a com-
plex evolutionary history that includes birth of an ice
binding domain, a burst of gene duplication events after
cold tolerant grasses radiated from rice, domain structure
differentiation between paralogs, and sub- and/or neo-
functionalisation of IRI-like proteins. Given more
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detailed functional studies, the IRI-like gene family can
provide a valuable example of how duplicated genes
evolve novel functional spectres. The hypothesis that evo-
lution of IRI-like genes has been important for Pooideae
grass adaptation to cold climate [10] is strengthened by
this study as we show that the evolution of the IRI-like
gene family probably happened after the divergence from
rice, and furthermore that the numbers of IRI-like genes
are higher than earlier known.

Methods

In silico IRI-like sequence mining

A blastn search in the NCBI database was performed using
TalRI1. All sequences with blast E-value < 1*10-20 were
downloaded from the EST and core nucleotide databases.
Contigs were aligned with alignment parameters set to >
97% identity and > 40 nucleotides overlap using
Sequencher (Gene Codes Corp., Ann Arbor, MI, USA).
The 97% identity threshold was set to allow contig align-
ments to include different allelic forms and polymor-
phisms caused by EST sequencing errors. Non-coding
nucleotides (i.e. promoter and 3'UTR) were removed after
an initial prediction of open reading frame (ORF), and
subsequently the sequences were realigned with identical
parameters. All contigs were translated into their pre-
dicted amino acid sequence. Sequence contigs with lack of
start and stop codon due to incomplete sequence coverage
or putative sequence errors causing frame shift mutations
were not included in the analysis. We validated the in silico
mining method by aligning EST mined unigenes with four
full length cDNA clones of grass IRI-like genes from the
NCBI core nucleotide collection (barley; AK252915,
AK249041/wheat; AY968588, AY968589).

BAC identification and sequencing

Two perennial ryegrass BAC libraries were used to identify
novel IRI-like genes [45]. Primers for the initial identifica-
tion of novel IRI-like genes were designed from coding
sequences of LpAFP (AI277399) and a partial sequence of
a Festuca pratensis IRI-like homolog (EU684537). The
LpAFP primer pair had forward primer 5'GATGAACAGCC
GAATACGATTITCT3' and reverse primer 5'GCTTCCAGAT
ACAACGTGGTTGCT3', denaturing at 94°C for 4 minutes
and then 35 cycles of 94°C 30's, 60°C 45 s, 72°C 45 s,
and 72°C 10 min. Primer pairs designed from the F. prat-
ensis sequence were forward primer 5'TGTCATATCGGGG
AACAACA3' and reverse primer 5'’ACATGGTTTCGTCCG
GATACS3' denaturing at 94°C for 4 minutes and then 40
cycles of 94°C 10's, 60°C 45 s, and 72°C 1.30 min, and
70°C for 10 min. We also designed a third primer pair,
referred to as LpIRIx primer pair, with forward primer
5'GAATGCCGTATCTGGGGACC3' and reverse primer
5'GTGGTTCCCGGATACGGTATT3', based on multiple
sequence data acquired from sequencing of the above
mentioned genes. This primer pair was used under the

http://www.biomedcentral.com/1471-2148/8/245

same conditions as the LpAFP primers. DNA maxi-preps
of the BAC-clones were preformed using the NucloBond
BAC 100 Kit (MACHEREY-NAGEL, Diiren, Germany). For
BAC-sequencing 500 ng BAC-DNA was combined with 20
UM of primer, 8 ul BigDye 3.1 ready mix and dH,0, to 20
pl total volume. Following 5 min of denaturising at 95°C,
50 cycles were performed with 30 s at 95°C, 10 s 50°C,
and 4 min 60°C. Subsequently, the sequencing reactions
were precipitated and sequenced on an ABI PRISM 3100
(Applied Biosystems, Foster City, CA, USA).

Protein domain characterisation

Predicted peptide LRR domains were characterised using
Pfam [46]. We verified the Pfam results by visual inspec-
tion of the sequences defining a LRR motif as LxxLxLxx, or
variations of it where L is substituted with I, V, or A. To
track the molecular evolution of the LRR-domain, OsLRR-
PSR was used as a template for comparison to the pre-
dicted domains of IRI-like sequences. LRR motifs pre-
dicted by Pfam were considered significant if the Pfam E-
value was lower than 0.05. IRI-like amino acid sequences
were aligned with the LRR-domain of OsLRR-PSR and the
LRR motifs in IRI-like sequences were named according to
which of the LRR motif number in OsLRR-PSR they
aligned to. IRI-domain characterisation was performed by
visual scoring of the total number of repeat motifs
(NxVxG/NxVxxG). IRI-domain repeat motifs were consid-
ered as "present", and counted, when they contained no
more than one amino acid substitution compared to the
consensus motifs. Signal peptide domains were predicted
by TargetP [47].

Estimation of substitution rates

To estimate divergence times between putatively paralo-
gous and orthologous sequences we used the average dS
obtained from three different methods, Nei & Gojobori
[48], Kumar [49], and the Li-Wu-Luo [50] method, in
MEGA (4.0) [51]. As a control for evolutionary rates of
IRI-like genes we calculated the average dS values of ten
randomly selected orthologs from wheat, perennial rye-
grass, and rice. Maximum likelihood estimation of non-
synonymous to synonymous substitution ratios (w) was
performed using Codeml in the PAML software package (v
3.15) [52]. The 3 x 4 codon substitution model was cho-
sen for Codeml w estimations. PAL2NAL [53] was used to
make codon based nucleotide alignments for the use in
MEGA and PAML. The absolute time of divergence
between orthologs and paralogs was estimated using a
rate of 6.5*107 substitutions/synonymous site/year for
grasses [23]. For estimation of mutation rates and abso-
lute divergence times we used the relationship k = dS/2T,
where k is the absolute rate of synonymous substitutions
per year, dS is the synonymous substitution rate, and T is
the absolute time since divergence. To identify putative
alleles not grouped in the same contig due to methodo-
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logical errors, a cut-off threshold of dS = 0.03 was used.
This threshold was set on the basis of average inter-allelic
dS for LRR-domains of 27 disease resistance like genes in
A. thaliana [54], and inter-allelic dS,,, of LpIRI1 calcu-
lated from twelve European perennial ryegrass genotypes
(dSax = 0.015, data not published).

Molecular and phylogenetic analysis

All amino acid and nucleotide alignments were made by
MAFFT [55] and manually edited in BioEdit [56], and the
phylogenetic trees were constructed in Treefinder [57]. An
AIC criteria test [58], implemented in the Modeltest
option in Treefinder, was used to choose substitution
model for the phylogenetic analysis. ML trees were boot-
strapped with 1000 replicates. Synonymous distance
based trees were inferred by UPGMA from a pairwise dS
distance matrix in MEGA. Alignment figures were pre-
pared by BoxShade http://www.ch.embnet.org/software/

BOX_ faq.html.
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Did gene family expansions during the
Eocene-Oligocene boundary climate cooling play a role
in Pooideae adaptation to cool climates?

SIMEN ROD SANDVE and SIRI FJELLHEIM
Department of Plant and Environmental Sciences, Norwegian University of Life Sciences, PO Box 5003, 1431 Aas, Norway

Abstract

Adaptation to cool environments is a common feature in the core group of the grass
subfamily Pooideae (Triticeae and Poeae). This suggest an ancient evolutionary origin of
low temperature stress tolerance dating back prior to the initiation of taxonomic
divergence of core Pooideae species. Viewing the Pooideae evolution in a palaeo-climatic
perspective reveals that taxonomic divergence of the core Pooideae group initiated shortly
after a global super-cooling period at the Eocene-Oligocene boundary (~33.5-26 Ma).
This global climate cooling altered distributions of plants and animals and must have
imposed selection pressure for improved low temperature stress responses. Lineage-
specific gene family expansions are known to be involved in adaptation to new
environmental stresses. In Pooideae, two gene families involved in low temperature stress
response, the C-repeat binding factor (CBF) and fructosyl transferase (FT) gene families,
has undergone lineage-specific expansions. We investigated the timing of these gene
family expansions by molecular dating and found that Pooideae-specific expansion
events in CBF and FT gene families took place during Eocene-Oligocene super-cooling
period. We hypothesize that the E-O super-cooling exerted selection pressure for
improved low temperature stress response and frost tolerance in a core Pooideae ancestor,
and that those individuals with multiple copies of CBF and FT genes were favoured.

Keywords: climate change, evolution, gene family evolution, Pooideae
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Introduction

The grass family Poaceae is thought to have originated
~70-80 million years ago (Ma) (Crepet & Feldman 1991;
Janssen & Bremer 2004; Prasad et al. 2005) and is one of
the largest plant families with ~10 000 species, many of
which have immense ecological, cultural, and economical
value. From a human perspective the sub-family Pooi-
deae (herein also referred to as pooids), which includes
the cereals and forage grasses, is one of the most impor-
tant plant groups. Thus the pooids have been the subject
of intense research, including great effort to understand
the ancient evolutionary history of the group.

Pooideae is thought to have originated from a com-
mon ancestor shared with bamboo (Bambusoideae sub-
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E-mail: simen.sandve@umb.no

© 2010 Blackwell Publishing Ltd

family) and rice (Ehrhartoideae sub-family) (Barker
et al. 2001) about 46-41.4 Ma (Gaut 2002; Stromberg
2005; Sandve et al. 2008). Adaptation to cool environ-
ments is a common feature among the core pooid
species (Triticeae and Poeae tribes) (Barker ef al. 2001),
suggesting a common evolutionary origin for low tem-
perature tolerance. The present natural distribution of
pooids is skewed towards cooler climatic zones in
the northern and southern hemisphere, the northern
parts of Canada and Greenland and Antarctica being
the extreme latitudinal limits (Hartley 1973). Any
adaptations to low temperature stress common to all
core pooids must date back prior to the most recent
common ancestor (MRCA) of the core pooids, which is
thought to be ~25 million years (Myr) old (Gaut 2002;
Sandve et al. 2008).

Coinciding with early pooid evolution (45-35 Ma)
was a global climate transition towards a cooler climate,
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often referred to as the Cenozoic ‘greenhouse to ice-
house transition” (Zachos et al. 2001, 2003). Ice-encapsu-
lation of the Arctic and Antarctic initiated ~45 Ma
(Lear et al. 2000; Moran et al. 2006; Eldrett et al. 2007)
and there is evidence for establishment of sea ice in the
Arctic ~47.5 Ma (Stickley et al. 2009). Cenozoic cooling
rate climaxed in a super-cooling event at the Eocene—
Oligocene (E-O) boundary that lasted from 33.5 to
~26 Ma (Zachos et al. 2001; Liu et al. 2009). Mean
annual continental temperature at present semi-high lat-
itudes (~44°N) is estimated to have dropped as much
as 8°C (Zanazzi et al. 2007) and was probably accom-
panied by increased seasonality (Eldrett et al. 2009).
This climate cooling is associated with large scale
extinctions and shifts in global distributions of both
fauna and flora (Ivany et al. 2000; Coxall & Pearson
2007; Seiffert 2007).

A recent study of a large collection of plant lineages,
including the grasses, shows that plants that had under-
gone whole genome duplications were more likely to
survive the Cretaceous—Tertiary (K-T) boundary mass
extinction (Fawcett et al. 2009). The evolutionary advan-
tage of increased gene content under extreme environ-
mental disturbance is thought to be related to increased
rate of evolution and adaptation due to functional
redundancy (Crow & Wagner 2006). Similar to the K-T
boundary, but much less extreme, the E-O boundary
represents a global sudden shift in climate driven selec-
tion pressure. However, no whole genome duplications
in core pooids are associated with the E-O boundary
(Blanc & Wolfe 2004; Fawcett et al. 2009). On the other
hand, adaptive increase in gene content is not restricted
to whole genome duplications. Selection for lineage spe-
cific expansion of individual gene families can also play
an important role in adaptive evolution (Kondrashov &
Kondrashov 2006; Chen et al. 2008; Zou et al. 2009).
Thus it is possible that the E-O climate cooling selected
for individuals with redundancy of genes involved in
low temperature stress response which then facilitated
rapid adaptation.

Two well studied gene families known to be impor-
tant in cold stress response in the pooids are the fructo-
syl transferase (FT) and the C-repeat binding factor
(CBF) gene families (Note: The FT abbreviation used
herein must not be confused with Flowering Locus T).
Interestingly, it is shown that both of these gene fami-
lies have undergone Pooideae-specific gene family
expansion events (Badawi ef al. 2007; Hisano et al.
2008). However the timing of these expansion events
has not yet been studied. Fructosyl transferase genes
encode fructan-sugar synthesizing enzymes. Fructan
accumulation in grasses initiates at exposure to low
temperatures and is thought to play two roles in adap-
tation to cool environments by (i) acting as storage

nutrients in overwintering plants and (ii) stabilizing cell
membranes under freezing stress (reviewed in Living-
ston ef al. 2009). Recently a causal link between fructan
accumulation and low temperatures stress tolerance has
been confirmed through transgenic studies in rice (Ka-
wakami et al. 2008), tobacco (Konstantinova et al. 2002;
Parvanova et al. 2004; Li et al. 2007) and pooids (Hisa-
no et al. 2004). CBFs are transcription factors that regu-
late downstream genes under abiotic stress, including a
large proportion of the cold responsive genes (Agarwal
et al. 2006). Two CBF sub-groups, the CBFIllc/d and
CBFIV, has been identified as Pooideae specific and
contain genes that are expressed under cold treatment
(Badawi et al. 2007). Moreover, several studies have
linked polymorphisms in CBFIllc/d and CBFIV genes to
phenotypic differences in frost tolerance levels of wheat
and barley (Knox et al. 2008; Fricano et al. 2009; Sutton
et al. 2009).

The acquirement of Pooideae-specific CBFIllc/d,
CBFIV and FT gene families are good candidate events
to represent ancient adaptive gene family expansion
events. One interesting question is therefore; could
CBFlllc/d, CBFIV and FT expansions be associated to
the E-O cooling period? The aim of this study was
therefore to analyse the timing of the initial expansions
of the Pooideae-specific CBFIllc/d, CBFIV and FT gene
families and assess if these expansion events were asso-
ciated with the E-O climate cooling period. Our results
indicate that expansion events in all three gene families
are likely to have happened in a core pooid ancestor
within the E-O cooling period. The possible implica-
tions of Pooideae-specific evolution of gene families
involved in cold and frost stress for the Pooideae-line-
age adaptation to cold climates is discussed.

Materials and methods

Sequences and alignments

We retrieved pooid and rice FT and CBF sequences identi-
fied by Hisano et al. (2008) and Badawi et al. (2007),
respectively, from the NCBI database. Our initial
sequence collection included eight species of core pooids,
five species from the Triticeae tribe (Triticum aestivum,
T. monococcum, Hordeum vulgare, H. brevisubulatum and
Secale cereale) and three Poeae tribe species (Festica
arundinacea, Avena sativa and Lolium perenne). We chose
to include A. sativa in the Poeae tribe based on recom-
mendations in recently published treatments (Quintanar
et al. 2007; Soreng ef al. 2007). In addition we included
10 rice CBF-homologs and one Arabidopsis thaliana FT-
homolog. To minimize alignment uncertainties only
coding sequences were used in the analyses. Protein
alignments for the corresponding nucleotide sequences
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were first made in MAFFT (Katoh et al. 2005) and then
protein alignments were used to guide nucleotide
alignments with Pal2Nal (Suyama ef al. 2006). Due to
substantial variation in the degree of conservation
across the gene length, all alignments were manually
checked and trimmed using BioEdit (Hall 1999) to con-
tain only highly conserved domains. The Arabidopsis
thaliana FT-homolog (NP564798) and a rice FT-homolog
(NP001052748) was retrieved from the NCBI database
to be used as outgroups in FT phylogenies.

Phylogenetic analysis

Reliability of phylogeny-based molecular dating
depends on alignment quality, phylogenetic analysis,
calibration methods, and the use of correct calibration
time (Fawcett et al. 2009). We used multiple phyloge-
netic methods and calibration methods to ensure that
the node age estimates were not biased by a specific
method. The phylogenetic tree estimations were done
using three different methods, all with differing under-
lying assumptions. Two methods were Bayesian meth-
ods, MrBAYEs (Huelsenbeck & Ronquist 2001) and BEAST
(Drummond & Rambaut 2007) while one method were
based on Maximum Likelihood (ML) and was imple-
mented in Treefinder (Jobb ef al. 2004). Further, the
methods differed in their assumption of a molecular
clock. MrBAYES and Treefinder have no assumption of a
molecular clock, while BEAST assumes a relaxed molecu-
lar clock. In this study we used the uncorrelated lognor-
mal relaxed clock to allow local rate variability. The
evolutionary models used in the ML phylogenetic
analysis were chosen based on the Akaike Information
Criteria (AIC) model test implemented in Treefinder.
The AIC model test selected ]2, a sub-model of TIM
(transitional model), and TVM (transversional model)
with gamma distributed substitution rate heterogeneity
(five classes) for the CBF and FT datasets, respectively.
Because these models are not included in MRBAYES or
BEAST, we used the GTR model (general time reversible)
with gamma distributed rate heterogeneity for the
Bayesian phylogenetic inference. The ML phylogenies
were 50% consensus trees made from 100 bootstrap
replicates. MRBAYES estimations were performed by run-
ning two MCMC chains for 100 000-500 000 generations
with nst =6 (GTR model) and rates = gamma. After
each run the convergence diagnostics were inspected.
In addition to visual convergence inspection, we con-
trolled that the split frequencies between the MCMC
chains were <0.01 in all analysis and that the conver-
gence diagnostic (PSRF) were ~1. Fifty percent consen-
sus trees with a burn-in equal to 25-50% of the total
number of trees were subsequently constructed (>5000
trees sampled). For BEAsT phylogenies a single chain
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was run for 10 000 000 generations under a Yule tree
model using GTR substitution model with five catego-
ries of gamma distributed rates. Trees were sampled
every 1000 generations. Burnin was set to 50% of chain
length (sampling 5000 trees) after inspecting conver-
gence and sampling statistics. The effective sample size
(ESS) for each run was checked in Tracer software
(v1.5). The ESS of the posterior distribution were >500
in all analysis, indicating that the MCMC sampling
were well mixed.

Initially, two consensus trees were made from all FT
and CBF sequences, respectively. The two initial trees
were used to confirm that CBFIIIc/d, CBFIV and FT
were indeed Pooideae-specific as reported in Hisano
et al. (2008) and Badawi et al. (2007). Next, new
reduced alignments were made containing only
CBFlllc/d and CBFIV sequences with one or two out-
group sequences. From these reduced alignments cali-
bration-phylogenies were estimated for the use in node
age estimation. The CBFlllc/d and CBFIV alignments
were 382 and 530 nucleotides long, respectively. The
average pairwise similarity between sequences was 0.80
(x0.05) in the CBFlllc/d alignment and 0.83 (+0.05) in
the CBFIV alignment. The calibration-phylogenies were
not allowed to contain polytomies because this was
observed to severely affect node age estimates. Hence,
the phylogenies were trimmed to only contain well
resolved clades (no bootstrap values or posterior proba-
bilities smaller than 0.8). For the FT analysis slightly dif-
ferent alignments were used in MRBAYES/ML compared
to the BEAST analysis. Instead of the divergent A. thaliana
FT-homolog outgroup, a more closely related rice
homolog (NP_001052748) was used in BEAST analysis.
This also affected the alignment length used in analysis.
The FT alignment in MrBAYES and ML analysis were 522
nucleotides long and in the BEAsT analysis 1701 nucleo-
tides long, with average sequence similarity of 0.77
(x0.08) and 0.79 (£0.07), respectively. All Gen Bank
accession numbers for sequences that were used in the
final analyses can be found in the respective phyloge-
netic trees in the result section. Alignments used in the
final calibration analysis can be found in the Supporting
Information.

Calibrations of phylogenetic trees

We can divide the calibration methods (i.e. transforma-
tion of the phylogenies from relative to absolute time)
used in this article into two types. The first type is the
calibration methods which were used on phylogenetic
trees inferred with MRBAYES and ML methods. In these
calibrations the 50% consensus tree topology and
branch lengths are assumed to be ‘true’ and no phyloge-
netic uncertainties are incorporated into the calibrations.
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Two such methods were used, the Local Rates Mini-
mum Deformation (LRMD) and Non Parametric Rate
Smoothing (NPRS) (Sanderson 1997), implemented in
the Treefinder software. Both LRMD and NPRS assume
that rates are more similar in neighbouring branches
and try to minimize the rate change along the lineages.
Such autocorrelated rates in a tree is a fair assumption
for a gene family derived phylogeny. As novel paralogs
evolve, rates will change in the tree due to gene redun-
dancy and relaxed selection. Two distantly related par-
alog genes in the tree would be expected to have less
similar rates compared to close orthologs in the tree.
The difference between LRMD and NPRS methods lies
in their cost function and how these rate changes are
estimated. The second type of calibration method that
was used was integrated in the BEAST analysis. Phyloge-
netic reconstruction in BEAST assumes a relaxed molecu-
lar clock which enables simultaneous inference of
phylogeny and absolute time calibration. In addition
BEAST incorporates phylogenetic uncertainties (i.e. varia-
tion in branch length and topology) into the confidence
intervals of the node age estimates while the only
uncertainty incorporated in the LRMD and NPRS cali-
brations in this study is uncertainty of the age of the
calibration point used.

As calibration point for estimation of absolute time
we used the Pooideae-Rice divergence, i.e. the node
which defined the split between the closest rice homo-
log and the Pooideae-specific clades. Three recent publi-
cations using different dating techniques have
estimated the rice-pooid split to 46 Ma (Gaut 2002),
42 Ma (Sandve et al. 2008) and 41.4 Ma (Stromberg
2005). See the discussion for more details on the reliabil-
ity of these rice-pooid divergence dates. To reflect the
uncertainties linked to the rice-pooid divergence time, a
time window between 46 and 41.4 Ma was used as the
rice-pooid split in the calibration procedure. The MRCA
between Triticeae and Poeae orthologous sequences rep-
resent the divergence between Triticeae and Poeae lin-
eages, which is estimated to be ~25 Myr old (Gaut
2002; Sandve et al. 2008). We used these nodes (in
which we have a prior expectation of age) to assess the
reliability of our calibration results. Extreme deviations
from the expected Triticeae-Poeae MRCA age would
indicate potential errors in our node age estimates.

For the LRMD and NPRS calibrations a point estimate
of the node ages and 95% confidence interval (CI) were
estimated by repeating the calibration procedure 1000
times, each time with a random calibration time point
drawn from a uniform distribution in the defined cali-
bration time window (46-41.4 Ma). LRMD and NPRS
calibrations could only use the one distance from one
Pooideae-specific sequence to the rice homolog at one
time. To control for the possibility that calibrations with

different Pooideae sequences produce different results,
we calibrated every tree multiple times with several
Pooideae sequences. As parameters in the BEAsT calibra-
tion we used a uniformly distributed prior probability
on the rice-pooid split similar to the LRMD and NPRS
calibrations (46-41.4 Ma). Furthermore, we used a nor-
mally distributed prior on one of the Triticeae-Poeae
splits in each phylogeny. This prior was set as the aver-
age of all Triticeae—Poeae split estimates (see ‘Results’
section) from the LRMD and NPRS calibrations with its
associated standard deviation.

Randomization test

Clustering of randomly sampled events in time can occur
simply by chance. To assess if the initial gene family
expansion events in the CBFIllc/d, CBFIV and FT clades
cluster closer to the E-O cooling period than expected by
chance, we used a randomization test (Manly 2006). The
null hypothesis is that the initial expansion events in
CBFllIc/d, CBFIV and FT clades are not clustered closer
to the E-O cooling period than expected by the null
distribution of three random events. We calculated the
null distribution by drawing all possible sets of three
expansion events in a time window spanning from
Pooideae-origin (set to 43.7 Ma) to the divergence of
Triticea—Poaea lineages (set to 25 Ma) (Gaut 2002; Sandve
et al. 2008) using the statistical environment R (R Devel-
opment Core Team 2009). We performed this test on the
results from all three calibration methods separately and
on the average node age estimates across all calibration
methods. Divergence from the null hypothesis was
evaluated using the standard Euclidean distance as test
statistic; i.e. the test statistic is defined as the sum of the
squared distances from all initial gene duplication events
to the middle of the cool period following the E-O
boundary (29.75 Ma). The exact P-value was calculated
as the proportion of all possible draws of sets of three
events that produced a smaller or equally small test
statistic when compared to our data. Small values of the
test statistic led to rejection of the null hypothesis in
favour of the alternative hypothesis that the clustering is
not a chance event. The reason we use the distance to
the middle of the cool period instead of the distance to
the E-O boundary itself, is because selection pressure for
improved low temperature stress response must have
been an ongoing process during the whole super-cooling
period. R-script for the randomization test can be found
in Supporting Information.

Test for positive selection

One type of adaptive evolution is favourable changes of
one or more amino acids in a protein, also referred to
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as positive selection. This type of evolution is expected
to leave the signature at the molecular level of a non-
synonymous substitution rate (dN) larger than synony-
mous substitution rate (dS) (AN/dS = w > 1). We used
pylogenetic analysis with maximum likelihood (PAML
v4.4) (Yang et al. 2000) to test if the pooid-specific
CBFllic/d, CBFIV, or FT genes showed any signatures
of such positive selection (® > 1). The same alignments
as used in the phylogenetic analysis was used in the
PAML analysis, however all outgroup sequences were
removed. As suggested in Yang et al. (2000), model 0,
1, 2, 3, 7, and 8 were fitted to the data and likelihood
ratio tests (LRT) were performed to evaluate if models
which allow for positively selected sites (model 2 and
model 8) had a better fit compared to models that did
not allow for positive selection (model 1 and model 7).
The comparison of model 0 and model 3 was done to
test if ® was constant or varied among codons. The
LRT was performed by comparing two times the log-
likelihood difference between two nested models under
a 2 distribution (Yang et al. 2000). See Yang et al.
(2000) for a detailed description of PAML models.

Results

Phylogenetic estimations

In the initial phylogeny of all CBF sequences CBFIV
grouped in a monophyletic clade with OsCBFIV-1.B.1 as
the closest related rice homolog (Supporting Informa-
tion). This is in accordance with Badawi et al. (2007).
The CBFlllc/d topology obtained by Badawi et al. (2007)
could not be recreated by MrBAYES or ML estimations
when all CBF sequences were included in the phyloge-
netic analysis (Supporting Information). The OsCBFIIIb-
1H was identified as the closest rice homolog to the
Pooideae CBFlllc/d sequences, but the CBFlllc/d
sequences did not form a monophyletic clade (Support-
ing Information). In the MRrBAYES phylogeny, one
sequence (TmCBFIIld-17) clustered outside the entire
Pooideae CBFlllc/d clade and the OsCBFIIIb-1H formed
a polytomy within the assumed Pooideae-specific
CBFllIc/d clade. The ML phylogeny showed similar ten-
dencies, but in the ML phylogeny all Pooideae-specific
CBFlllc/d sequences were clustered in one monophy-
letic clade which also included the OsCBFIIIb-1H. Sub-
sequently we re-estimated mMrBAaYES and ML phylogenies
using a reduced number of divergent outgroup
sequences to increase the length of the alignment with
high conservation and thus improve parameter estima-
tions. We were now able to recreate the monophyletic
relationship of Pooideae-specific CBFIllc/d sequences
as presented in Badawi et al. (2007). The Bayesian FT
phylogeny supported the monophyletic origin of the
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Pooideae-specific FT sequences as presented by Hisano
et al. (2008) with rice vacuolar invertase 3 (AF276704)
as the closest related rice sequence (data not shown).

After removing the sequences which created polyto-
mies all the phylogenetic methods produced identical
topologies. The final calibration tree for CBFIllc/d con-
tained 14 genes; three were rice homologs (AY327040,
AF300970, AP008215), three belonged to the Poeae and
eight belonged to Triticeae. The CBFIllc/d phylogeny
contained two nodes representing divergence between
Triticeae and Poeae, however in the initial phylogenetic
estimations with MRBAYES the sub-clade containing one
of these Triticeae—Poeae splits had a very low Bayesian
support (0.62). This led us to remove TmCBFIII-16 and
re-estimate the CBFIlc/d phylogeny as this sequence
have a high likelihood of being incorrectly placed in
the phylogeny. The CBFIV calibration phylogeny con-
sisted of 17 genes; two rice homologs (AY327040,
AY785894), one sequence belonging to Poeae and 15
belonging to Triticeae. Two different FT phylogenies
both including 17 genes were used. For the LRMD
and NPRS analyses one A. thaliana homolog, one rice
homolog, seven Poeae sequences, and nine Triticeae
sequences was included. In the BeasT analysis the
A. thaliana homolog was swapped with a distant rice
homolog (0s04g0692800). The accession numbers for all
sequences included in the final calibrated trees can be
found in Figs 1-4.

Tree calibration and node age estimation

Table 1 contains point estimates and 95% confidence
limits for the ages of the initial expansion events in the
three Pooideae-specific clades. Switching the Pooideae
calibration sequences within the same phylogeny in
LRMD and NPRS calibrations did not affect the node
age estimates more than +250 000 years, hence only
results from one calibration run is presented. When
averaging over all phylogenetic estimation methods and
calibration methods, the initial expansion events were
estimated to have happened within the E-O cooling
period; at 33.4 (+1.93), 27.1 (+1.46), and 31.1 (+1.63) Ma
in CBFlllc/d, CBFIV and FT clades respectively. Overall,
BEAST produced the oldest and LRMD produced the
youngest estimates for the initial expansion events.
BEAST also produced the largest Cls, reflecting that BEAsT
takes into account uncertainties linked to branch lengths
and topology when estimating the 95% CI of node ages.
All node age estimates for the initial expansions in
CBFIV and FT clades were placed inside the boundary
of the E-O cooling period. Moreover, 95% CI from the
BEAST analysis does not extend much beyond the E-O
cooling period (Figs 1 and 2). Our results therefore
strongly suggest that the initial expansion events in
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CBFIV and FT clades happened within the E-O cooling
period. The results from the CBFIIlc/d clade differ from
the CBFIV and FT clades in two ways. First, only the

Fig. 1 Calibrated CBFIV phylogeny
from BeastT. Calibrated phylogeny from
BEAST. Outgroup sequence (AY327040) is
removed from the figure. Grey bars
represent 95% CI, numbers to the left of
each node represents Bayesian posterior
probabilities, and numbers to the right of
the nodes are the average node age esti-
mates. Black circle represents the initial
gene family expansion event, grey circle
represents secondary expansion event
ancestral to the core pooids, white smaller
circles represents the putative Triticeae—
Poeae divergence node. Star denotes
the calibration points at which prior
probabilities were defined. Gene names
in the phylogenies consist of species
abbreviation and gene classification
according to Badawi et al. (2007) and Gen
Bank accession numbers. Species abbrevi-
ations are as follows: Ta=T. aestivum.
Tm = T. monococcum. Hv = H. vulgare.
As = A.sativa. Os = O. sativa.

Fig. 2 Calibrated FT phylogeny from
BEAST. Calibrated phylogeny from BEAST.
Outgroup sequence (Os04g0692800) is
removed from the figure. Grey bars rep-
resent 95% CI, numbers to the left of
each node represents Bayesian posterior
probabilities, and numbers to the right
of the nodes are the average node age
estimates. Black circle represents the ini-
tial gene family expansion event and
white smaller circles represent the
putative  Triticeae-Poeae  divergence
nodes. Star denotes the calibration
points at which prior probabilities were
defined. Gene names in the phylogenies
consist of species abbreviation, putative
gene function followed by the Gen
Bank accession number. Species abbre-
viations are as follows: Ta = T. aestivum.
Hv = H. vulgare. Lp = L. perenne. Os =
O. sativa.

LRMD calibration results places the initial expansion
event within the E-O cooling period (Table 1; Fig. 4).
Second, the CBFIllc/d clade has a second expansion
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Fig. 3 Calibrated CBFIllc/d phylogeny
from BeAsT. Calibrated phylogeny from
BEAST. Outgroup sequences (AY327040,
AF300970) are removed from the figure.
Grey bars represent 95% CI, numbers to
the left of each node represents Bayesian
posterior probabilities, and numbers to
the right of the nodes are the average
node age estimates. Black circle repre-
sents the initial gene family expansion
event and white smaller circles repre-
sents the putative Triticeae—Poeae diver-
gence node. Star denotes the calibration
points at which prior probabilities were
defined. Gene names in the phylogenies
consist of species abbreviation and gene
classification according to Badawi et al.
(2007) and Gen Bank accession numbers.
Species abbreviations are as follows:
Ta =T. aestioum. Tm =T. monococcum.
Hv = H. ovulgare. As = A. sativa. Os =
O. sativa.

Fig. 4 LRMD calibrated CBFlllc/d phy-
logeny from MrBAYEs. Calibrated MRBAYES
phylogeny using the Local Rate Mini-
mum Deformation method. Outgroup
sequences (AY327040, AF300970) are
removed from the figure. Black circle
represents the initial gene family expan-
sion event, grey circle represents sec-
ondary expansion event ancestral to the
core pooids, and white smaller circles
represent the putative Triticeae-Poeae
divergence nodes. Gene names in the
phylogenies consist of species abbrevia-
tion and gene classification according to
Badawi et al. (2007) and Gen Bank
accession numbers. Species abbrevia-
tions are as follows: Ta = T. aestivum.
Tm = T. monococcum. Hv = H. wvulgare.
As = A. sativa. Os = O. sativa.
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Table 1 Estimated age (million years) of the initial expansion of Pooideae-specific FT and CBF gene families

Calibration method Software Statistical framework Gene family Initial expansion 95% CI
LRMD MRBAYES Bayesian, no clock CBFIlIc/d 31.8 33.5-30.3
CBFIV 26.7 28.0-25.3
FT 28.8 30.2-27.4
Treefinder ML, no clock CBFIlIc/d 31.3 32.8-29.7
CBFIV 26.1 27.4-24.8
FT 30.1 31.6-28.6
NPRS MRBAYES Bayesian, no clock CBFIlIc/d 33.6 34.9-31.6
CBFIV 26.2 27.5-24.9
FT 31.8 33.5-30.3
Treefinder ML, no clock CBFIIIc/d 34.2 35.9-32.5
CBFIV 26.7 28.0-25.3
FT 33.0 34.6-31.3
Uncorrelated log-normal BEAST Bayesian, relaxed clock CBFlllc/d 36.1 29.9-42.1
CBFIV 29.6 24.0-34.7
FT 31.6 25.7-36.9

Point estimates from Local Rates Minimum Deformation, Near Parametric Rate Smoothing, and BeasT calibration methods are

presented with their estimated 95% CIL.

event dating back prior to the Triticea-Poaea split. In
the calibrations that estimated the initial expansion to
have happened prior to the E-O cooling, this second
expansion was placed inside the E-O cooling period
(compare Figs 3 and 4). Estimated node age for this
secondary expansion event in the CBFIIlc/d clade ran-
ged from 25.8 to 31.1 Ma between all calibrated phylog-
enies in our study. Consequently, even though the age
of the initial CBFIllc/d expansion event is uncertain, it
seems likely that there was at least one CBFIIlc/d
expansion event inside the E-O cooling period in a core
pooid ancestor.

In the CBFllic/d, CBFIV and FT phylogeny two, one
and two nodes, respectively, represent a putative
MRCA for the Triticcae and Poeae lineages. In the
LRMD and NPRS calibrations the youngest and oldest
Triticeae-Poeae divergence node were dated to 21.0 and
30.1 Ma, with an average age of the Triticeae-Poeae
divergence of 24.5 Ma (+2.93). The average age and
its standard deviation were used in subsequent BEAST
calibrations as a prior on one of the Triticeae-Poeae
divergence nodes in each tree. The age estimates of the
Triticeae-Poeae splits in the FT and CBFIV clades were
distributed on both sides (older and younger) of the
average age, depending on phylogenetic method and
calibration method (data not shown). However, in the
CBFllIc/d calibrations the ages of the Triticeae-Poeae
divergence nodes were younger than 24.5 Myr in all
analyses. The average age of the Triticeae-Poeae diver-
gence in MRBAYES phylogenies calibrated with LRMD
and NPRS were 21.25 (+0.2) Myr. The same trend is
seen in the un-constrained Triticeae-Poeae split node in
the BEAST analysis (21.5 Myr) (Fig. 3).

Randomization test for random clustering of gene
duplications events

We performed a randomization test to assess if the clus-
tering of CBFIllc/d, CBFIV, and FT initial expansion
events inside the E-O cooling period is likely to occur
by chance. This was done by investigating the probabil-
ity of acquiring similar clustering when any three ran-
dom events were drawn from the same defined time
interval. Not all calibration methods produced a cluster-
ing which gave a significant test. The randomization
test was significant for the LRMD calibration results
(P =0.034 for both ML and Bayesian phylogenies) but
not for the NPRS calibration results (ML; P =0.14,
Bayesian; P = 0.10) or BeasT results (P =0.16). If we
used average node ages from all calibration results
(across all phylogenetic methods and calibration meth-
ods) the test was significant (P = 0.04). The overall low
P-values reflect that is unlikely that a clustering of
expansion events in the E-O cooling period is due to
chance.

Analysis of substitution rates

Model 3 with variable ® had a significantly better fit
compared to the one-ratio ® model for all gene families
(P <0.001, d.f. =4), but only CBFlllc/d family had a
o-category with o > 1. Tests for positive selection were
significant in the CBFIIIc/d clade but only with the model
7- model 8 comparison (P < 0.01, d.f. =2). The Bayes
Empirical Bayes (BEB) (Yang et al. 2005) analysis
implemented in the PAML analysis identified amino
acids number 64 (A), 71 (R), and 100 (Q) with a posterior
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probability greater than 0.54, 0.64, and 0.89 for being pos-
itively selected sites in the CBFIIlc/d alignment. The
CBFIV and FT families had no signatures of positive
selection. The w-categories estimated under model 3 was
<0.6 in both gene families and neither model 2 or model
8 had a significantly better fit compared to model 1 or
model 7, respectively. All parameter estimates from the
PAML analyses can be found in Supporting Information.

Discussion

Node ages and estimate reliability

The reliability of phylogeny based molecular dating
depends on alignment quality, phylogenetic analysis,
calibration methods, and the use of correct calibration
time and point (Fawcett et al. 2009). Since we only use
one calibration point in our study the reliability of our
results depends mainly on the use of correct calibration
time and the identification of the true MRCA node
between rice and the pooid sequences. In our analysis
we have assumed that rice and Pooideae shared a
MRCA ~46-41.4 Ma. This time window was based on
results from three recent publications which used three
different methods of phylogenetic dating. It is impor-
tant to be aware that even though the three estimates
were derived from different methods, two of them were
(directly and indirectly) based on an identical underly-
ing assumption. Sandve et al. (2008) used a synony-
mous substitution rate to date the MRCA of rice and
pooids. The synonymous substitution rate was origi-
nally estimated by Gaut et al. (1996) based on the
assumption that the MRCA of rice-maize are 50 Myr
old, an age which was inferred from fossil evidence dis-
cussed in a paper by Stebbins (1981). In Gaut (2002) the
same assumption is used (MRCA of rice-maize 50 Myr -
old), but in this study the dating was done by NPRS
calibration of a multigene phylogeny. Although this is a
weakness one of the most comprehensive studies of the
grass family evolution done by Bremer (2002) supports
the use of 50 Myr as the rice-maize divergence. In his
study Bremer used four fossil based calibration points
spanning the entire depth of the grass family phylog-
eny. Moreover, Stromberg (2005) used a very different
approach to acquire her rice-pooid split estimate, using
a combination of phytolith assemblages and grass
macrofossils (see citations in Stromberg 2005) as calibra-
tion points. In conclusion, up to date literature concern-
ing the age of Pooideae-rice split support the choice of
calibration time interval used in this study.

The second assumption our calibration results depend
on is that we have identified the true MRCA node
between rice and the Pooideae-specific clades. A way of
assessing this is to examine the age estimates of other

© 2010 Blackwell Publishing Ltd

nodes in the tree where an expected age can be defined.
One such node is the putative MRCA of the Triticeae—
Poeae lineages which is estimated to be ~25 Myr old in
two other studies (Gaut 2002; Sandve et al. 2008). The
average age of the putative Triticeae-Poeae split across
all LRMD and NPRS calibrations were 24.5 Myr
(+2.93 Myr), indicating that our calibration results
seems dependable. However, there were deviations in
the CBFIllc/d clade from the expected Triticeae—Poeae
divergence age which deserve some attention. In all cal-
ibrations the Triticeae-Poeae divergence in CBFIllc/d
were found to be younger than the average age, and
younger than any of the Triticcae-Poeae divergence
nodes in FT and CBFIV clades. A reason for this could
be the second expansion event in CBFIllc/d as calibra-
tion results are known to be increasingly unreliable
with increasing distance to the calibration point in the
phylogeny (Battistuzzi et al. 2010).

In the CBFIV and FT clades the initial expansion
event is consistently placed within the E-O transition
super-cooling period, regardless of the method. The
initial expansion event in CBFIllc/d was on the other
hand not unambiguously placed within the E-O cool-
ing period (Figs 3 and 4). The incongruence in
CBFlllc/d  calibration results with initial expansion
event in the CBFIllc/d clade ranging from 36.1 to
31.3 Ma raises an important question. Which of the
CBFlIlc/d calibrated trees most correctly reflect the true
evolutionary history? This question is unfortunately
hard to answer. There are no evidence to suggest that
a relaxed molecular clock method (e.g. BEAST) produces
any superior phylogenetic reconstruction than a non-
clock based method (e.g. MrBAYES and ML) (Wertheim
et al. 2010). Neither can we imagine any good reason
to strongly favour the results from NPRS over LRMD,
or vice versa. However it is important to note, for
the evolutionary interpretation of our results, that
CBFlllc/d has two expansion events prior to the core
pooid group divergence ~25Ma. Thus at least one
ancient expansion event in CBFIllc/d was placed
within the E-O cooling period in all calibrations (com-
pare Figs 3 and 4). Any ancient expansions that are
common to all core pooids, even secondary ones, could
be adaptive.

The evolutionary impact of gene family expansions

Increase in gene content by gene family expansions is
thought to be important for adaptive evolution (Lespi-
net et al. 2002; Chen et al. 2008; Flagel & Wendel 2009).
In humans for example there are evidence for adaptive
copy number increase of AMY1 for starch digestion
(Perry et al. 2007), and in many genes related to immu-
nity, olfactory function and protein secretion (Nguyen
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et al. 2006). In insects adaptive copy number increase of
enzymes that break down toxic compounds have been
demonstrated in evolution of insecticide resistance
(Ferrarri & Georghiou 1991). Interestingly, a recent
study by Chen ef al. (2008) on an Antarctic fish spe-
cies provides insights into the genetic basis of adapta-
tion to colder environments in animals. An increase in
copy numbers relative to closely related warm water
adapted species was found for >100 genes potentially
important for physiological fitness under cold stress
(Chen et al. 2008). One of these proteins was a homo-
logue to the fish type II antifreeze proteins. Similarly,
lineage specific expansion of the ice interacting ice
re-crystallization inhibition proteins (IRIPs) have previ-
ously been shown to have occurred in cold tolerant
Pooideae grasses (Sidebottom et al. 2000; Sandve et al.
2008).

In this study we suggest that copy number increase
of FT, CBFIlIc/d, and CBFIV clades could have been
involved in adaptation of pooids to cold stress, and
subsequent ecological expansion into cooler habitat
types. One interesting question that arises is therefore;
in which way did an increased number of FT and CBF
genes provide better fitness in cold environments? Evo-
lutionary models for maintenance of gene duplicates
predict several mechanisms in which a gene duplication
event might be adaptive. First, a proximate fitness
advantage of a gene duplication event is either an effect
of increased gene dose (Ferrarri & Georghiou 1991) or
functional redundancy (Gu 2003; Moore et al. 2005). FT
genes encode enzymes involved in fructan sugar
synthesis. Doubling of the FT enzyme dose could have
resulted in a better sugar metabolism efficiency and
thus more rapid fructan accumulation, or perhaps
elevated maximum fructan levels (or a combination).
Fitness effect of a higher dose of CBFIllc/d and CBFIV
genes could similarly have led to increased expression
of transcription factors under abiotic stress. This might
have (i) led to a quicker stress response due to more
rapid accumulation of downstream gene products, or
(ii) provided the plant with a longer and stronger
response to cold stress if higher CBF transcript levels
also lead to CBF mRNA being present in the cell for a
longer time. If CBF and FT gene duplications did not
provide any fitness enhancing gene dose effects in a
pooid ancestor, these expansions would still have
provided functional redundancy and genetic buffering.
Genetic buffering protects against deleterious effects of
null mutations (Gu et al. 2003) and could be advanta-
geous in environments where for example just a slight
decrease in frost tolerance (weak deleterious mutations)
would be detrimental to the plants. However, the
adaptive advantage (strength of selection) for maintain-
ing duplicates purely as genetic buffering has been

questioned by many researchers because of the extre-
mely low rates of null mutations (Hahn 2009). Both the
dose effect and genetic buffering models would predict
patterns of nucleotide variation reflecting purifying
selection, which is consistent with substitution patterns
observed in the FT and CBFIV clades.

Second, other models of adaptive increase in gene
copy numbers are gene specialization (sub-functional-
ization), and neofunctionalization (Ohno 1970; Gibson
& Goldberg 2009; Hahn 2009). These models assume
positive selection on post-duplication mutations rather
than an adaptive consequence of the duplication event
itself (Hahn 2009). Evolution of lineage specific gene
expression patterns is involved in adaptive evolution
(Ferea et al. 1999; Rifkin et al. 2003; Nuzhdin et al.
2004), thus gene specialization or neofunctionalization
in CBFIllc/d and CBFIV genes might have resulted in
favourable changes in abiotic stress signal networks
leading to novel gene expression patterns and improved
cold stress response. The significant test for positive
selection in the CBFIllc/d clade (P < 0.01) could be
interpreted as a support for such adaptive changes in
target site specificity. Extant FT paralogs have under-
gone evolution of different substrate specificities
(Livingston et al. 2009). This could indicate that gene
specialization of redundant FT enzymes in a pooid
ancestor could have played a role in evolution of low
temperature stress tolerance. Even though we found no
signatures for positive selection in the FT gene family
we cannot fully exclude positive selection in the FT
clade due to the relatively low power of such tests
(Hahn 2009).

Genetic basis for Pooideae-lineage adaptation to cooler
climates

Functional studies provide compelling evidence that
evolution of CBFlllc/d, CBFIV, and FT genes are impor-
tant for present day low temperature stress response in
Pooideae (see ‘Introduction’). Hence the rise of FT,
CBFlllc/d, and CBFIV clades in a pooid ancestor did
likely affect the evolution of cold stress tolerance. On
the other hand, a number of FT and CBF genes are also
known to be involved in drought stress (Xue et al. 2008;
Livingston et al. 2009; Xu et al. 2009) and some authors
argue that evolution of drought stress was important in
early Pooideae evolution (Schardl et al. 2008). If we
assume that the E-O climate change influenced aridity
levels, the rise of FT, CBFIllc/d and CBFIV clades could
have played dual roles in adaptation to abiotic stress.
Unfortunately very little data on global aridity level
changes across the E-O boundary is available. One
recent palaeo-climate study from terrestrial systems in
central North America could not identify resolvable
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aridity changes across the E-O boundary (Zanazzi et al.
2007), whereas the climate cooling at the E-O boundary
is evident from many studies (see ‘Introduction’).
Hence, the evidence from both functional gene studies
and palaeo-climate data are in support for a link
between adaptation to cold climate and the expansion
of the FT, CBFlllc/d, and CBFIV gene families.

Two additional Pooideae-specific evolutionary inno-
vations have also been suggested to be important for
adaptation to cold climates: (i) evolution of vernaliza-
tion responsiveness related to the VRN1 gene (Preston
& Kellogg 2008) and (ii) evolution of the Pooideae-spe-
cific ice re-crystallization inhibition protein (IRIP) gene
family (Sidebottom et al. 2000; Tremblay et al. 2005).
The timing of VRNI recruitment in vernalization
responsiveness is unknown, thus any link to the E-O
climate cooling remains undeterminable. IRIP genes are
thought to play an important role in frost stress; the
IRIP gene expression is regulated by exposure to cold
temperature (Tremblay ef al. 2005) and the IRI-domain
of IRIP proteins binds to ice crystals and modify their
size and shape in vitro (Sidebottom et al. 2000). Further-
more, the IRIP genes have undergone multiple rounds
of gene duplication (Sandve et al. 2008). Average syn-
onymous substitutions per synonymous site (dS) is
assumed to be unaffected by natural selection, thus rep-
resents a measurement of relative time. The dS between
TalRI2 (AAX81543) and other wheat IRIP paralogs in
Sandve et al. (2008) can therefore be used as an esti-
mate for time since initial expansion of the wheat IRIP
gene family. The average dS between TalRI2 and all
other wheat paralogs were 0.69 (+0.1), and between all
wheat IRIP paralogs and the rice homolog 0.99. An

ad hoc dating of the initial expansion event in the IRIP
gene family can then be done by using the relationship
of yearly synonymous substitution rate = dS/2T, where
T is time since divergence from MRCA. By this method,
the initial gene family expansion is dated to 26.4
(+2.64) Ma, if we assume the rice-pooid divergence at
43.7 Ma. This strongly suggest that a fourth expansion
event in a gene family involved in low temperature
stress might be associated with the E-O super-cooling
period.

Conclusions

We have identified three Pooideae-specific gene families,
CBFllIc/d, CBFIV, and FT, which have undergone expan-
sion events during the E-O cooling in a pooid ancestor.
A fourth gene expansion event in the Pooideae-specific
IRIP gene family has also likely occurred during the E-O
cooling period. Moreover, the clustering of the initial
expansion events close to, or inside E-O cooling period
is not likely to be a chance events (P-values ranging from
0.034 to 0.14, depending on the calibration results used).
Our results shed light on how Pooideae species might
have evolved into a group of species well adapted to
cold environments. We suggest a model of cold stress
tolerance evolution in Pooideae where strong selection
pressure on a pooid ancestor during the E-O cooling
led to adaptive evolution of better cold tolerance
through expansions of CBFIllc/d, CBFIV, FT and IRIP
gene familes (Fig. 5). This adaptive increase in gene
content could have been linked to proximate gene dose
effects or perhaps subsequent gene specialization, or
neofunctionalization.

Pooideae E-O
°”9'”| cooling period
IRIP L0.0
1
CBFOIHC/d Diver_sification of core pooids . 0.56
into cooler habitats
CBFlllc/d® E—— L 112
—o— .
CBFIV
1.68
18
30
-2.24
r " : v v ; 2.80
60 50 40 30 20 10
Initiation of pole E-O transition -3.92
glaciations 33.5 Mya
Time before present 448
(million years)

Fig. 5 Rise of gene families involved in low temperature stress tolerance in a palaeo-climatic perspective. White dots represent the
average age of all estimates for CBFIllc/d, CBFIV, FT and IRIP expansions common for the Pooideae lineage. CBFIllc/d' and
CBFlIllc/d? denotes the first and the second expansion event in the CBFIllc/d clade, respectively. Black bars are standard deviations
of the average age between all calibration methods. The estimate of initial IRIP expansion is calculated based on the synonymous dis-
tance between wheat IRIP paralogs (data collected from Sandve et al. 2008). Scale on y-axis is average global 8'*0%, values (a proxy
for global temperature) and is extrapolated from Zachos et al. (2001).
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Stromberg (2005) concluded from studying phytolith
records in North America that the ecological expansion
of pooids happened >10 Myr after the onset of E-O
boundary. However, these data are geographically con-
stricted to mid-latitude (~40-45°N) and thus cannot be
used to draw conclusions about the timing of ecological
expansion of pooids in more fringe localities. It is there-
fore possible that novel cool-climate adaptations
allowed for ecological range expansion in fringe habi-
tats which in turn led to taxonomic radiation of core
pooids in cold environments. Further research into early
palaeo-distribution of pooid species (40-20 Ma) in more
extreme latitudes would therefore be of great value for
the understanding of Pooideae evolution.
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Abstract Novel high-throughput genotyping tech-
nologies have facilitated rapid genotyping of single
nucleotide polymorphisms in non-model organisms.
Most plant species have complex genomes with a
large proportion of their genes having one or more
paralogous copies due to single gene duplications and
ancient or recent polyploidization events. These
paralogous gene copies are potential sources of
genotyping errors, and hence genotyping of plant
genomes is inherently difficult. Here we present a
case study that exemplifies paralog-related problems
in high-throughput genotyping of plant genomes. We
used the MassARRAY genotyping platform to geno-
type the LpIRI locus in L. perenne populations; this
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gene is thought to be involved in low-temperature
stress tolerance. The dissection of the molecular
genetics underlying the genotyping results provides a
good example of how unknown paralogs can mask
the true genotype of the locus, instructive to the non-
specialist plant researcher and breeder.

Keywords Genotyping error - Paralogs -
Plant - MassARRAY

Results
A genotyping case study

High-throughput genotyping (HTG) technologies like
the Sequenom MA platform, and Illumina’s Golden-
Gate and Infinium platforms, permit custom-designed
HTG of single nucleotide polymorphism (SNPs)
(Bray et al. 2001; Butler and Ragoussis 2008)
suitable for non-model organisms with few genomic
resources. However, using custom-designed HTG
SNP assays for non-model species also comes with a
cost: the uncertainty related to genotyping errors
caused by unknown paralogs. The validity of the
HTG results from “unknown genomic terrain” is
sometimes difficult to assess without prior expecta-
tions of sequence variation, or without time-consum-
ing and expensive sequencing validations of the
genotyping results. The case study presented herein
highlights this problem.
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In the quest for novel genes associated with frost
tolerance, we investigated allele frequencies of
candidate genes in three experimental populations
(high frost tolerance, low frost tolerance, and unse-
lected) of the diploid forage grass species Lolium
perenne L. The experimental populations originated
from crosses between five unrelated parental geno-
types from a European collection of L. perenne
germplasm. High and low frost tolerance populations
had been through two generations of divergent
selection for frost tolerance and each selection round
was followed by a single round of open pollination
(random matings). The unselected population had
been through two cycles of random mating. Thus all
populations were expected to be in Hardy—Weinberg
equilibrium (HWE). Thirty individuals from each
population were genotyped.

MassARRAY genotyping of LpIRII

The genotyping was conducted on the Sequenom
mass spectrometry-based MassARRAY (MA) geno-
typing platform (Bray et al. 2001). One of the loci
under investigation was LpIRI] (EU680848), a gene
previously sequenced from a BAC clone. The allelic
variation at the LpIRII loci was investigated in all
five parental genotypes prior to MA genotyping by
direct sequencing of LpIRI] PCR products (primers

(a) Genomic DNA template

(b) PCR-amplicon template

can be found in Electronic Supplementary Material).
Sequencing revealed SNP heterozygosity in all
parental genotypes; hence we expected a maximum
of ten haplotypes in the experimental populations.
The primers used in the MA assay can be found in
Electronic Supplementary Material. A selection of
five SNPs was chosen for genotyping.

In the initial attempt to genotype LpIRII SNPs,
genomic DNA was used as a template. The genotype
score plots showed clustering of genotype classes for
most SNP loci (see example in Fig. 1a), as expected
for a successful genotyping. However, there was
evidence that the genotyping results did not reflect
the true genotypes at the SNP loci. First, even at SNP
loci with relatively well-clustered genotypes, some of
the homozygous genotypes (GG cluster in Fig. 1a)
tended to be located closer to the heterozygote than
expected. The expected spatial distribution of geno-
types in the MA genotype score plots is along the x
and y axes for the homozygous genotypes and along
the diagonal for the heterozygous genotypes (see
Fig. Ic). Second, two out of the five SNP loci
deviated from HWE (P < 0.0001), SNP1 having an
excess of heterozygote genotypes while SNP2 had no
heterozygote genotypes at all. The other three SNP
loci had a small excess of heterozygote genotypes
compared to the Hardy—Weinberg expectations but

did not deviate significantly from expected
(C) Synthetic diploid locus
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Fig. 1 MassARRAY (MA) genotyping results for LpIRIl
SNP1. Filled up triangle = homozygous G-genotypes, filled
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Fig. 2 Polymorphic sites and sequence conservation between
LpIRI paralogs. a Degree of conservation between three
distantly related LpIRI-paralogs. Conservation across the
coding sequence is indicated by grey bars. Each bar represents
the average degree of conservation across 50 base pairs.
* Indicates loci that significantly deviated (P < 0.0001) from

proportions. As a footnote, all SNPs in two additional
genes (LpPhyC and Lp6FT) in the same population
were in HWE, as expected from our experimental
design (data not shown). Deviations from the neutral
expectations for SNPs in LpIRII but not in other
genes indicate genotyping errors in the dataset.
Extensive BAC library exploration subsequently
revealed two additional full-length paralogs, LpIRI3
and LpIRI4 (Sandve et al. 2008). An analysis of the
homology between LpIRII, LpIRI3, and LpIRI4

HWE. Dotted lines indicate large InDels (>50 bp). b Degree of
conservation between the 15 nearly identical LpIRII-like
paralogs. Black background indicates 100% similarity. Dotted
black arrows indicate the alignment of the SNP locus-specific
(LS) primers for SNP 1-3. Black arrows indicate alignment of
extension (E) primers for SNP 1-3

revealed relatively high homology across the coding
region, only interrupted by some InDels (Fig. 2a).
None of the primers used in the MA assay aligned
perfectly with LpIRI3 or LpIRI4 but for SNP1, for
example, none of the mismatches between MA
primers and LpIRI3 was closer than four nucleotides
from the 3’ end of the primers, i.e., where mismatches
have the strongest preventive effect on unspecific
amplification. Hence paralog mixing of LpIRI3 in our
MA assay could not be ruled out.
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To circumvent any paralog-caused genotyping
errors due to LpIRI3, LpIRI4, or any additional
unknown paralogs, we then attempted to genotype the
LpIRII-SNPs using LpIRI] PCR amplicons as tem-
plate for MA (PCR-MA). The forward primer was
designed in the 5’ flanking region of LpIRII which
has no homology to either LpIRI3 or LpIRI4 (primers
can be found in Electronic Supplementary Material).
The amplicon was designed to be 550 bp long for
sequencing purposes; hence only SNP loci 1-4 were
included in the PCR-MA analysis. Surprisingly, the
PCR-MA did not produce well-separated genotype
classes (Fig. 1b). At SNP1, only four of the GG
genotypes are classified as “perfect” GG genotypes
(tight clustering along the x-axis), while all the other
GG genotypes are poorly clustered and lie closer to
the heterozygous genotypes in the plot. This pattern
could theoretically be caused by (1) unequal allele
amplification, i.e., less amplification of C alleles
compared to G alleles, (2) a mix of G and C allele
signals from unknown paralogs, or (3) DNA contam-
ination and PCR amplification of the LpIRII locus
from several genotypes simultaneously. It is possible
that unequal allele amplification contributed in some
part to the poor clustering in the MA plot (Fig. 1a, b),
but probably not to a large extent. If for example
unequal allele amplification were highly influential in
Fig. 1b, the GG genotypes close to the diagonal must
in reality be GC genotypes. This is highly unlikely
because the populations would then have a large
excess of heterozygous genotypes compared to the
Hardy—Weinberg expectations. Unspecific amplifica-
tion of unknown paralog loci with C alleles would
explain our results without having to assume that
most GG genotypes are true heterozygotes.

Identification of LpIRII-like nearly identical
paralogs

In an attempt to determine the cause of the PCR-MA
genotyping failure, we sub-cloned and sequenced one
LpIRII-specific PCR product per plant from an
independent subsample of 40 genotypes in the
experimental populations. Five clones from each
genotype were randomly picked and sequenced and
only haplotypes that occurred in a minimum of two
independent PCR products were used in the analysis.
Fifteen LpIRII-like nearly identical haplotypes were
identified (GenBank accession numbers GU201907—

@ Springer

GU201921) (Fig. 2b). Many genotypes had more
than two LpIRII haplotypes and as many as five
different LpIRII-like haplotypes were found in one
individual. Because we only sequenced five clones
from each PCR product, the total number of LpIRII-
like haplotypes in our population is probably larger.
The average identity between all nearly identical
paralog (NIP) sequences was 98.6% (£0.06%) cal-
culated as the average pairwise sequence identity
across the entire alignment (455 nucleotides, not
including a six-codon gap).

Maximum likelihood and Bayesian phylogenies
estimated with Treefinder (Jobb et al. 2004) and
MrBayes (Huelsenbeck and Ronquist 2001) supported
a NIP haplotype phylogeny with strong support for two
main haplotype groups (Fig. 3). Analyses of synony-
mous substitution divergence in MEGA (Tamura
et al. 2007), using an IRIP-specific molecular clock
(Sandve et al. 2008), suggest these groups diverged ~ 2
million years ago (Fig. 3). With two exceptions (hap-
lotypes 20 and 36), the two NIP groups reflect the
presence or absence of a three-codon deletion (Fig. 3).
An evolutionary scenario where identical deletions
arise independently in two loci within ~2 million
years is highly unlikely. A better explanation to the
incongruous relationship between topology and dele-
tion is gene conversion or non-allelic homologous
recombination, which is not uncommon between
tightly linked paralogs (Lam and Jeffreys 2006; Storz
etal. 2007). Tests for recombination were carried out in
DNAsp (Rozas et al. 2003) and revealed that within
haplotype group I one recombination event was
predicted if haplotypes with the deletions are included
in the analysis. However, no recombination events
were predicted when the haplotypes with deletions
were omitted from the analysis. Even though we can
conclude that LpIRII-like haplotypes belong to at least
two loci, it is hard to determine the true number of
LpIRII-like NIPs without larger sequencing efforts.

MassARRAY on synthetic diploid genotypes

Next, we performed PCR-MA using the LpIRII-like
clones as template (1) to assess how genotype score
plots of a bona fide diploid LpIRII locus would appear,
and (2) to confirm that the use of PCR amplicons per se
(Fig. 1b) was not interfering with the genotyping. Ten
combinations of four different cloned LpIRII-like
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SNP loci genotype

1234
Haplotype group 1 LpIRI1 GCGT
0.55
haplotype 23 GCGT
haplotype 31 (S) GCGT
0.95
(64) ‘ haplotype 36 D(S) G C G T
0.73
1) 1 haplotype 21 GCCC
haplotype 20 D GCCC
Haplotype group 2 75) 005 haplotype 14 D cccc
haplotype 41 D cccc
— haplotype 43 D cccc
0.99
75) ) haplotype 39 D cccc
el haplotype 38 D cCTCC
0.64
— haplotype 4 D cCTCC
haplotype 5 D cTCC
haplotype 7 D cTCC
haplotype 3 D cccc
haplotype 24 D GCCC
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.05 0.15 0.25 0.35 0.45 0.55

Fig. 3 Phylogeny of the LpIRII-like nearly identical haplo-
types. Bayesian phylogeny of LpIRII-like haplotypes. Numbers
without brackets at internal nodes represent Bayesian posterior
probabilities, while numbers in brackets are the corresponding

haplotypes (haplotypes 3,4, 21, and 24) were used. All
synthetic diploid genotypes were correctly genotyped
by PCR-MA, confirming that failure of the initial PCR-
MA was not related to the use of PCR products per se.
Furthermore, the synthetic diploids had genotype
scores distributed perfectly along the x, y, or diagonal
axes (Fig. 1c) and no tendency of “cloudy” clustering
of heterozygote genotypes or shifts in the spatial
location of homozygote genotypes, as seen in genomic-
MA results (Fig. 1a). Mismatches between primer and
template as close as four bases from the 3’ end did not
influence genotyping results. It should be noted that we
did not test all haplotypes in this experiment and it is

bootstrap values in percent (1,000 replicates) from the
maximum likelihood phylogeny. D = haplotypes with a three-
codon deletion, S = haplotypes with a premature STOP codon

possible that mismatches closer to the primer 3’ end can
have added to the complexity of the poor MA-plot
clustering (Fig. 1a, b). Lastly, genotyping data from
the synthetic diploids provide indirect proof that
genotypes in the populations carried LpIRII-like
haplotype combinations that must have affect the
genotyping results. To mention one example, genotype
36 from the low frost tolerance population contained at
least three LpIRI1-like haplotypes (3, 23, and 24). This
combination would give a 2:1 ratio of G:C and C:G at
SNP1 and SNP3, respectively, and thus result in a MA-
plot genotype that lies in between the homozygous and
heterozygous.
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Discussion

What was to be a simple genotyping experiment
turned into an extensive study that included BAC
library screening, BAC sequencing, clone-based
sequencing, and multiple rounds of HTG, before we
were able to resolve the molecular genetics underly-
ing the SNP genotyping results. Our example might
be an extreme one in the sense that the LpIRII-like
paralogs are almost identical. However, we do think
it is important to stress that unknown paralogs can
pose a serious threat to genotyping accuracy in non-
sequenced genomes.

Minimizing genotyping errors in HTG

Minimizing the probability of genotyping errors
caused by polymorphisms between paralogous loci
is crucial. This encompasses careful experimental
planning which involves selection of SNP loci to be
genotyped, thorough bioinformatics analysis, and
post-analysis data clean-up. When dealing with non-
sequenced genomes, a major issue of HTG is lack of
knowledge of existing paralogs. To maximize the
information basis of the HTG experiment, a BLAST
search against all fully sequenced plant genomes and
expressed sequence tag (EST) databases of closely
related species should be done to determine whether
the locus of interest belongs to a gene family. The
size of gene families varies between species (Rensing
et al. 2008); therefore the existence of paralogs in one
genome does not accurately predict the presence of
paralogs in another. Even so, a BLAST identification
of paralogs in related plant species can help flag loci
that can potentially contribute to genotyping errors.
Figure 4 shows the expected paralog sequence
divergence for different evolutionary scenarios using
a discrete version of the codon-based Markov model
of Yang et al. (2000) and the synonymous substitu-
tion rate of 6.5 x 107 (Gaut et al. 1996). The results
shed light on the importance of which SNPs to choose
to minimize the probability of unspecific paralog
genotyping signals. In our case study we attempted to
genotype an intronless gene belonging to a gene
family. If we assume that all codons on average are
under purifying selection, the entire gene-length of
intronless genes is diverging at a very slow rate
(Fig. 4). Thus, genotyping of SNPs in coding region
of paralogs are much more likely to result in
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Fig. 4 Expected nucleotide differences accumulated between
two paralogs over time. Different evolutionary scenarios are
represented, starting from the fop curve: Scenario 1, Two non-
functional paralog sequences (e.g., intron sequences), ®; =
w, = 1; Scenario 2, intermediate purifying selection for both
paralogs, @, = w, = 0.3; Scenario 3, one gene under inter-
mediate purifying selection while the other evolves as a
pseudogene, w; = 0.3, w, = 1; Scenario 4, both paralogs
under strong purifying selection, w; = w, = 0.1. w is the ratio
of non-synonymous to synonymous substitutions in a gene

genotyping errors. In hindsight, genotyping SNPs in
flanking non-coding regions of LpIRII could have
been a better strategy for avoiding paralog-related
genotyping errors. Although genotyping SNPs in
flanking regions might provide better locus specific-
ity, one should be aware that this simultaneously
increases the chance of genotyping errors caused by
unequal allele amplification due to higher allelic
variation.

A study of paralog age distribution in the genomes
of maize, cotton, wheat, lettuce, sunflower, barley,
ice plant, potato, soybean, rice, and Arabidopsis
thaliana shows that the age distribution has an
exponential decay, with most paralogs being younger
than 60 million years (Blanc and Wolfe 2004). Based
on our paralog divergence model, 60 million years
translates to an expected divergence level of ~50%
for non-coding freely evolving sequences (scenario 1,
Fig. 4). However, many genes belonging to gene
families are not evolving as neutral sequences but are
under selective constraints, and thus the average
expected divergence level for two paralogs in a plant
genome could be significantly lower than 50%
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(Fig. 4). A potentially much bigger problem arises
when HTG is put to the test in recent polyploid
species. For example, in hexaploid wheat most genes
have three homoeologous copies which diverged
about 2.5-4.5 million years ago (Huang et al. 2002).
Even if two out of three homoeologs had evolved as
neutral loci, the expected level of differences between
the homoeologs would still be very low.

Furthermore, if the locus of interest is known to be
part of a gene family, PCR-amplicon genotyping
could provide a solution. But as our study showed, if
nearly identical paralogs exist, even a PCR-MA could
be unreliable. Thus, a thorough validation of the
specificity of the PCR through cloning and sequenc-
ing of PCR products is recommended before any
HTG is carried out on amplicons from genes
belonging to a gene family.

Lastly, data quality control is important before
allowing genotyping results to be included in any
final analysis. Testing for deviations from expected
segregation can reveal SNP loci with genotyping
errors caused by paralogs (or other genotyping error
sources), even when raw data from HTG appear
normal (Fig. la). On the other hand, exclusion of
SNPs that deviate from HWE should not be carried
out without a critical examination of the SNP. This
could lead to unfortunate rejections of biologically
significant SNP loci that deviate from HWE because
of selection. In this case study, however, the popu-
lations that were used had undergone one generation
of random mating and were expected to be in HWE.

Does the choice of HTG platform matter?

One very interesting question that arises is: does the
choice of HTG platform matter with regard to paralog
related genotyping errors? SNP genotyping in soy-
bean has provided some insights into the performance
of MA and GoldenGate platforms in complex
genomes. In soybean, which has recently undergone
a whole genome duplication (Blanc and Wolfe 2004),
the paralog-related genotyping failure rate was esti-
mated to be 23% for PCR-based STS genotyping
targeting the 3’ region of ESTs (Choi et al. 2007). The
same authors later designed a high-throughput MA
assay for SNPs located in those EST sequences that
produced reliable STS genotypes (unpublished data
referred to in Hyten et al. 2008) and 30% of these

SNP assays did not produce a reliable assay, most
likely due to paralog mixing. Hyten et al. (2008)
genotyped 384 soybean SNPs using the GoldenGate
assay and reported that only 10% of the SNP assays
failed. However, because the genotyped plants were
from recombinant inbred line mapping populations,
the authors were able to successfully genotype more
SNPs than if the mapping populations had been F2 or
backcross populations (Hyten et al. 2008). In hetero-
zygous out-crossing populations the frequency of
SNPs which would have been classified as failed
assays due to poor genotype clustering would have
increased substantially. Identical conclusions have
been drawn in recent studies on the performance of
HTG in polyploid wheat genomes. Bérard et al.
(2009) and Akhunov et al. (2009) showed that
SNPlex, MassARRAY, and GoldenGate could be
used with great success in inbred wheat lines, but
they also concluded that HTG in heterozygous
genomes would be extremely challenging, and much
less successful, due to interference from homoeologs.

Different genotyping technologies vary in the way
SNPs are detected and scored, hence these differ-
ences might affect the propensity to paralog-related
genotyping errors. The two major differences
between the two platforms discussed above, Golden-
Gate and MA, are the locus-specific amplification
step and the different genotype detection technolo-
gies implemented. In the GoldenGate assay the locus-
specific PCR step is performed with universal
primers, while the MA assay uses custom-made
locus-specific primers. The result of this could be a
higher chance of unequal allele amplification in the
MA assay, but this ultimately depends on the prior
knowledge of sequence variation at that locus in the
population under investigation. The second big
difference between MA and GoldenGate is how they
translate molecular signals (SNP genotypes) into
genotype calls; GoldenGate uses fluorescence signals
while MA uses the mass of a single base extension
reaction to score the genotypes. This step, and
downstream software handling of these genotype
signals, could play a role. A side-by-side comparison
of the performance of HTG platforms in paralog-rich
genomes would therefore be a valuable study that
could provide the plant research community with
guidelines for choosing the HTG technology best
suited for their purpose.
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We review recent progress in understanding cold and freezing stress responses in forage grass species,
notably Lolium and Festuca species. The chromosomal positions of important frost tolerance and winter
survival QTLs on Festuca and Lolium chromosomes 4 and 5 are most likely orthologs of QTLs on Triticeae
chromosome 5 which correspond to a cluster of CBF-genes and the major vernalization gene. Gene expres-
sion and protein accumulation analyses after cold acclimation shed light on general responses to cold
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stress. These responses involve modulation of transcription levels of genes encoding proteins involved in
cell signalling, cellular transport and proteins associated with the cell membrane. Also, abundance levels
of proteins directly involved in photosynthesis were found to be different between genotypes of differing
frost tolerance levels, stressing the importance of the link between the function of the photosynthetic
apparatus under cold stress and frost tolerance levels. The significance of the ability to undergo photo-

AFP synthetic acclimation and avoid photoinhibition is also evident from numerous studies in forage grasses.
Fructans Other interesting candidate mechanisms for freezing tolerance in forage grasses are molecular responses
to cold stress which have evolved after the divergence of temperate grasses. This includes metabolic

machinery for synthesis of fructans and novel ice-binding proteins.
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1. Introduction

Plants in cold climates are frequently exposed to sub-zero tem-
peratures in the autumn, winter, and spring seasons. Exposure
to sub-zero temperatures requires a battery of molecular and
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physiological adaptations to minimize frost related injuries which
potentially can be fatal. Cold acclimation (CA) is a process whereby
plants in response to low but non-freezing temperatures undergo
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a range of biological changes in order to increase their frost toler-
ance (FT) and prepare for the winter season [1]. The process of CA
encompasses biological modifications on many levels, e.g. modu-
lation of gene expression levels [2], accumulation and degradation
of proteins [3-5] changes in sugar content [6], and changes in the
photosynthetic machinery [7].

Alarge part of the research concerning plant cold stress response
and FT has been carried out using the model species, Arabidopsis
thaliana (named herein as Arabidopsis) and Oryza sativa (rice) [1]. As
a consequence, the research on low-temperature stress responses
in non-model species has focussed on genetic mechanisms, which
originally were identified in the model species and have been con-
served between plant lineages over hundreds of millions of years. In
many cases a direct inference of gene function based on homology
between model dicot plants and agriculturally important species
is elusive. Moreover, neither Arabidopsis nor rice is adapted to a
perennial life in extreme winter climates. This is important because
adaptation to a perennial life history in harsh winter climates must
have required changes at the genetic level which cannot be studied
using an annual model species. Hence if we only use model plant
species to investigate the molecular basis of cold and frost stress
response this might provide limited insights into the genetic mech-
anisms underlying these traits in important agricultural species.

The Pooideae grasses (temperate grasses) is a large and eco-
nomically important sub-family including cereals (Triticeae tribe)
and forage grasses (Poaeae tribe). Divergence of temperate grasses
from the most recent common ancestor shared with rice is thought
to have happened ~46-42 million years ago (Mya) [8,9]. Paral-
lel to the origin and early evolution of the Pooideae group the
global climate became gradually cooler [10]. As opposed to rice,
which is adapted to warm and humid environments, Pooideae
grasses radiated in cooler environments [11]. This is reflected by the
present distribution of Pooideae species which is extremely skewed
towards cooler environments [12]. Thus evolution of cold and frost
stress responses, either through fine tuning of ancient abiotic stress
responses or evolution of novel adaptations to cold environments
must have been central for the Pooideae sub-family.

The evolutionary history of temperate grasses makes them
an excellent model system for studying adaptations to cold and
frost stress. During the last decade several research groups have
focussed their research on understanding the cold and freezing
stress responses in forage grass species (Poeae tribe), mainly Lolium
and Festuca species, and recently also Phleum pratense L. Species
of the Poeae tribe are excellent models for plant adaptations to
cold environment because of their adaptation to habitats in the
northernmost part of the Northern hemisphere, i.e. the circumpolar
arctic region. The research on the Poeae species includes map-
ping of quantitative trait loci (QTL), transcriptomics, proteomics,
and functional gene studies, and plant physiology research of low-
temperature (CA) response and FT. We do not intend for this review
to serve as an elaborate review of every aspect of CA and FT but aim
to summarize the progress in CA and FT research on forage grasses
from the past decade. We will start by highlighting results from
studies at the -omics level, and then focus on three specific mech-
anisms involved in CA and FT where research performed on forage
grasses has made significant contributions; (1) photoinhibition, (2)
ice interacting proteins, and (3) fructan synthesis.

2. QTL mapping and genomics

Winter survival (WS) is a very complex trait determined by
combinations of frost, desiccation, water logging, ice-encasement,
anoxia, and snow cover. However, FT is the single component that
generally explains most of the variation in WS [13]. There are few
reports of Quantitative Trait Locus (QTL) mapping of FT and WS in
forage grass species. Mapping of frost and drought tolerance QTLs

using regrowth tests, and WS QTLs based on field survival, in the
‘B14/16 x HF2/7’ full-sib family of meadow fescue (Festuca pratensis
Huds.) was reported by Alm [14] and Alm et al. unpublished results.
Major QTLs for FT/WS were located on chromosomes 1F, 2F, 5F and
6F, and for drought tolerance traits on chromosomes 1F, 3F, 4F, and
5F. In many cases the QTLs co-located with genes involved in abiotic
stress tolerance, e.g. orthologs of barley Dhn (dehydrin) genes. QTLs
for several stress tolerance traits mapped to the same regions on
Festuca chromosomes 1F, 4F and 5F. Frost and drought both induce
cell dehydration which induces many stress-responsive genes via
the DREB1A/CBF-transcription factors [1,15] (Fig. 1). Co-location of
WS QTLs with drought tolerance QTLs indicates that dehydration is
the major factor behind these QTLs, while co-location with FT QTLs
indicate frost tolerance as the main factor. WS QTLs not co-located
with any component stress factors are most probably caused by
genes affecting seasonal adaptation, e.g. photoperiodic sensitivity.
Coincidence of QTLs provided thus information about the roles of
frost and dehydration in the genetic control of WS, and illustrates
the advantage of mapping several stress tolerance traits in the same
family. Two FT/WS QTLs on chromosome 5F most likely correspond
to Fr-A1 [16] and Fr-A2 [17] on wheat homoeologous group 5A,
while a small QTL for FT on chromosome 4F, located at the position
of FpVRN1, an ortholog of the wheat VRN1 gene [18], most likely is
a pleiotropic effects of vernalization and/or a photoperiodic genes
as in wheat [19,20].

Asingle QTL for electrical conductivity (i.e. an indirect measure-
ment for FT) was detected on linkage group (LG) 4 in the p150/112
mapping population of perennial ryegrass (Lolium perenne) [21].
Comparison with QTLs on Triticeae homoeologous chromosomes 4
was rather inconclusive due to lack of common markers, but the
authors discussed whether the location corresponded to the ver-
nalization/FT (VRN1/Fr1) region on homoeologous chromosomes 5
of wheat [16]. No QTL for WS was detected in this family. Iden-
tification of QTLs controlling FT and WS in an annual (Lolium
multiflorum) x perennial (L. perenne) ryegrass interspecific hybrid
population was reported by Xiong et al. [22]. They measured FT by
ion leakage and electrical conductivity following natural cold accli-
mation in the field in two consecutive years. The two methods gave
very similar results. WS was recorded by visual scoring in the field
in two springs. Two QTLs associated with WS on linkage groups 4
and 5, and one QTL for FT on LG 5 were consistently detected over
several years and different maps (male and female). They proposed
that the QTL for WS on LG 4 could correspond to the QTL for electri-
cal conductivity reported by Yamada et al. [21] and might be caused
by the action of an ortholog of the vernalization gene of wheat and
barley. The other consistent and overlapping QTLs detected for WS
and FT on LG 5 by Xiong et al. [22] were proposed to be orthologous
to the QTL for FT detected in a homoeologous position in wheat and
barley chromosomes 5, similar to the situation in Festuca.

Twenty CBF-genes have been identified in barley (Hordeum vul-
gare), of which 11 are found in two tight tandem clusters on the
long arm of chromosome 5H in the same region as the Fr-H2 frost
resistance locus [23,24]. An orthologous genomic region in Triticum
monococcum contains similar CBF gene clusters located at the Fr-
A™M2 frost resistance QTL [17,25]. In Lolium perenne five LpCBF genes
were identified of which four mapped tightly on LG5 in a position
orthologous to the CBF-clusters in wheat and barley [26]. One CBF
gene (FpCBF6), which is induced and has peak expression 2 h after
start of cold acclimation, has been identified in meadow fescue
[Alm et al., unpublished results]. Based on phylogenetic analysis,
FpCBF6 was placed in the subclade CBF3-3a [27] together with
OsDREB1A/CBF3, HvCBF6, TaCBF6, LpCBF3 and FaDREB1A. It maps on
meadow fescue chromosome 5F and co-locate within the major
FT/WS QTL that most likely is orthologous to the Fr-H2 and Fr-A™2
frost resistance QTLs in barley and wheat, respectively [Alm et al.,
unpublished results].

Please cite this article in press as: S.R. Sandve, et al., Molecular mechanisms underlying frost tolerance in perennial grasses adapted to
cold climates, Plant Sci. (2010), doi:10.1016/j.plantsci.2010.07.011
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Fig. 1. Summary model of molecular mechanisms important for frost tolerance in perennial grasses. The figure does not depict all mechanisms involved in frost tolerance but
those discussed in this review. (1) Top panel: cold temperatures in combination with high light intensity result in various stresses and physiological responses. Ice formation
in apoplast can lead to direct physical stress on the cell membrane but also osmotic stress due to incorporation of water molecules into growing ice crystals. High light
intensity combined with low temperature during autumn and early winter trigger photoinhibition of the chloroplast. (2) Middle panel: molecular responses to cold stress
during autumn and early winter encompass large scale modulations of gene expression levels and abundance of proteins responsible for further transcriptional regulation and
signalling (e.g. CBFs), energy metabolism and modification of the photosynthetic machinery, and proteins or enzymes that directly or indirectly help stabilize cell membrane
integrity (e.g. IRIPs and fructosyl transferases). (3) Lower panel: known and presumed physiological responses to avoid cellular destruction during cold and freezing stress,

and secure survival of perennial grasses through the winter.

The coincident location of several of the QTLs in Festuca and
Lolium with QTLs and genes in Triticeae species indicate the action of
structural or regulatory genes that are conserved across evolution-
arily distant species [28]. In this respect CBF-transcription factors
and dehydrin genes regulating the expression of cold and drought
regulated genes, and the vernalization response genes appear to
play decisive roles. The major structural difference between the
Festuca/Lolium and Triticeae homoeologous chromosomes 4 and 5
[29,30] is especially interesting in comparative genomics of frost
tolerance. The major vernalization gene VRNT and the FT QTLs/CBF-
gene clusters are both located on homoeologous chromosomes 5
in Triticeae, while in Festuca/Lolium they are on different chromo-
somes, i.e. (VRN1) on chromosome 4 and (FT QTLs/CBF-genes) on
chromosome 5. This makes it feasible to separate the indirect effects
of the major vernalization gene on CA and FT from the effects of

genes on chromosome 5 directly involved in developing frost tol-
erance.

3. Transcriptomics of cold acclimation and frost tolerance

Comprehensive research on transcriptional modulation during
CA has been carried out in Arabidopsis using different microarray
technologies and different statistical criteria. These studies have
estimated the number of Arabidopsis genes being regulated by CA
to be in the order of 2-13% [31-34]. Recently, CA transcriptional
responses have also been investigated in cold tolerant Pooideae
species such as winter and spring wheat (Triticum aestivum) culti-
vars [35,36], barley (H. vulgare) [37], L. perenne [38], and F. pratensis
[39]. Only two of these studies [36,37] surveyed the entire genome
and the results showed that Pooideae grasses have a comparable
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number (~9-12%) of cold regulated genes to that of Arabidopsis.
However, these two studies were carried out on cereal species
(wheat and barley) hence we can only assume that this global pic-
ture of the amount of transcriptional changes during CA is similar
in forage grasses. The overall picture of the type of transcriptional
changes occurring during CA in Pooideae grasses is also very similar
to what has been found in Arabidopsis (see above mentioned ref-
erences). Genes involved in signaling, regulation of transcription,
cellular transport, cell membrane, and genes with putative pro-
tective roles during freezing-related stress are up-regulated, while
genes involved in metabolism, respiration and photosynthesis are
down-regulated [35-39].

More interestingly is therefore what we have learned from
studying CA transcriptional responses in Pooideae grasses that is
different or novel compared to the Arabidopsis studies. One aspects
of CA transcriptional response which cannot be studied in Arabidop-
sisis the difference in cold regulated genes between over-wintering
perennial crown tissue and the annual leaf tissue. In wheat strik-
ingly little overlap was observed (1-10%) between genes which
underwent transcriptional changes in leaf compared to crown tis-
sue during CA [36]. A similar trend is also evident in forage grasses.
For example, genes involved in photosynthesis is common in CA-
EST libraries from leaves [38] but almost absent in crown tissue
[39]. This does not imply that CA processes in leaves are not
important for winter survival of perennial tissues, in fact leaves
are very important for production of CA-associated metabolites
such as sugars; it simply means that understanding biologically
relevant transcriptional responses to cold stress in agriculturally
important Pooideae grasses is difficult if the focus is on annual
non-grass model plants only. Another important lesson from study-
ing CA transcriptomes of Pooideae grasses is the abundance of
Pooideae-specific cold regulated genes. This includes for example
genes encoding novel ice interacting proteins and novel enzymes
involved in sugar metabolism [37-39] (treated in greater detail in
the last part of this review).

In Arabidopsis the genetic basis for differences in frost toler-
ance has been investigated by studying variation in transcriptional
response during CA using inbred mutant lines [33]. This type of
experiment is unfortunately not feasible in Pooideae forage grasses
due to their self-incompatibility and outbreeding nature. However
in Pooideae cereals, where inbreeding is possible, such experiments
have been carried out. chloroplast development pathway mutants,
Svensson et al. demonstrated that only 11% of all cold respon-
sive genes maintained normal regulation during CA in plants with
non-functioning chloroplasts [37]. This emphasizes the importance
of photosynthesis-related molecular mechanisms during CA and
acquirement of frost tolerance in Pooideae grasses.

An alternative to experiments with inbred mutant genotypes
is to study genetic differences between genotypes selected for
divergent frost tolerance, and this has been carried out in forage
grasses. By analyzing contrasting gene expression patterns after
long-term CA (19 days) between high frost tolerant (HFT) and
low-frost tolerant (LFT) genotypes of F. pratensis, Rudi et al. [39]
identified potential candidate genes underlying the differences in
frost tolerance. Surprisingly only 7 (1.3%) of the genes studied were
>2-fold differentially expressed between the HFT and LFT geno-
types. This result could imply that the difference in FT levels is not
causally linked to large global variation in transcriptional responses
during CA but instead determined by either (i) transcriptional dif-
ferences in a few important genes or (ii) post-transcriptional and
post-translational mechanisms. However we must stress that Rudi
et al. [39] studied transcription differences after 19 days of CA;
hence variation in early transient transcriptional regulation would
not be detected in this study.

Three out of the seven genes found to differ in expression
between high- and low-frost tolerant genotypes had significant

blastresults to a tumor-suppressor protein, a phosphate/phosphate
translocator, and a protein disulfide isomerise [39]. Based only on
homology these three genes are putatively involved in regulation
of translation, oxidative protein folding and metabolic regulation,
respectively. There are evidence from other studies to support
the involvement of the tumor-repressor homolog and the phos-
phate/phosphate translocator homolog in freezing stress. Recently,
the tumor-suppressor protein homolog has been cloned in Cara-
gana jubata, a temperate plant that grows under extreme cold
and at higher altitudes in Himalaya, and this gene was shown to
be up-regulated after low-temperature treatments [40]. Further,
sucrose flux through sucrose biosynthesis has been shown to mod-
ify development of freezing tolerance in Arabidopsis [41]. Because
phosphate/phosphate translocators play a vital role in the sucrose
biosynthesis pathway, increased expression of this gene would be
expected to influence sucrose metabolism and therefore possibly
also frost tolerance. This assumes of course that the same or a sim-
ilar molecular mechanism is conserved in monocot grasses.

4. Frost tolerance and proteomics

Even though there is a hierarchical, and to some extent deter-
ministic, relationship between the transcriptome and the proteome
response, gene expression levels and protein levels are in many
cases not strictly correlated (e.g. [42]). Hence, genome-wide tran-
scription analyses do not offer the complete picture of plant
molecular responses during CA and cold stress. It is therefore
important to complement gene expression studies with studies
of proteomic changes under CA and investigate how changes in
protein abundance during CA correlate with differences in FT.

Many CA-proteomic studies have been carried out in Arabidopsis
[43-46]andrice [47-51].Even though rice belongs to the grass fam-
ily the results from the studies in rice are only partly transferable to
Pooideae grasses since rice cannot cold acclimate and develop tol-
erance to frost. Some investigations have been conducted on cereal
species with CA-ability but these studies are mainly restricted to
studying a few genes, e.g. Wsc120 in T. aestivum [52] and Cor14b
in H. vulgare [7,53]. Only one comprehensive study of proteome
responses to CA has been carried out in Pooideae forage grass
[4]. In this study F. pratensis genotypes with distinct levels of FT
were selected for comparative analyses of leaf protein accumula-
tion before and after 2, 8, 26 h, and 3, 5, 7, 14 and 21 days of CA.
High-throughput two-dimensional electrophoresis (2-DE) in com-
bination with electrospray ionization mass spectrometry was used
to study how the proteome of the different genotypes changed in
response to CA. Comparisons between HFT and LFT plants revealed
a total of 41 (5.1%) proteins which showed a minimum of 1.5-fold
difference in abundance during the CA process. The largest differ-
ences in protein abundance (28.1%) appeared relatively early, most
often on the 2nd day of CA. At the time point when maximal levels
of FT and maximal difference in FT between HFT and LFT individu-
als were reached (the 21st day of CA), 10 out of the 41 proteins
(24%) had >1.5 fold differences in abundance between HFT and
LFT.

The majority of differentially accumulated F. pratensis pro-
teins were proteins which are directly involved in photosynthesis,
stressing the importance of the link between the function of the
photosynthetic apparatus under cold stress and FT levels (Fig. 1).
Several of the F. pratensis proteins identified had not been reported
before to possibly be involved in the development of CA and FT,
even in model species. This group includes chloroplast-localized Ptr
ToxA binding protein 1, globulin 2, 50S ribosomal protein L10 from
chloroplasts, 30S ribosomal protein S10 from chloroplasts, ADP
(adenosine diphosphate) - glucose pyrophosphatase, and ADP-
ribosylation factor 1 [4]. Adirect comparison of the results obtained
for F. pratensis with those described by others, e.g. for Arabidopsis
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[43-46] is unfortunately not possible due to different methodolog-
ical approaches of the studies. In the case of F. pratensis the protein
abundance of HFT and LFT plants were compared before CA and
at eight different time points of CA while in the Arabidopsis stud-
ies the abundance of particular proteins of non-acclimated and cold
acclimated plants was mainly analyzed (e.g.[43]). Also an extract of
total leaf proteins from F. pratensis was used, whereas in Arabidopsis
protein extracts derived from different cell compartments, includ-
ing the nucleus [44], plasma membranes [46] and chloroplasts [45],
were applied.

Kosmala et al. [4] reported that degradation of the oxygen-
evolving enhancer protein 1 was observed during CA of F. pratensis.
Studies in rice have shown degradation of the Rubisco large sub-
unit, Rubisco activase, sedoheptulose-1, 7-bisphosphatase, PS Il
oxygen-evolving complex protein 2, ATP (adenosine triphosphate)
synthase alpha chain, and ATP synthase CF1 beta chain during
low-temperature treatment e. It is well known that the abil-
ity of cells to adapt to new environmental conditions requires a
rapid reconstruction of existing regulatory pathways. Thus, pro-
tein degradation is one of the most essential components of plant
responses to environmental stimuli [54].

In another recent study Kosmala et al. [5] analyzed the pro-
tease activity after 3 weeks of CA in two F. pratensis genotypes
with high and low Tgi5¢ values (Tgiso =temperature of 50% sur-
vival determined by electrical conductivity). A differences in the
protease activity of HFT and LFT genotypes appeared after 2 h of
cold acclimation and the activity of the proteases was significantly
higher in the LFT genotype than the HFT genotype at almost all the
studied time points during 21 days of CA. After 3 weeks of CA the
protease activities increased 3-fold in LFT and 2-fold in the HFT
plant compared to the activities detected before CA [5]. However,
at this time point it would be difficult to determine which of the
identified proteolytic activities actually was associated with cold
acclimation and differentially expressed FT among the F. pratensis
genotypes.

The proteomic approach presented herein for F. pratensis should
be further extended to cover a wider part of the proteome. Further-
more, integration of plant responses to cold and frost stress on the
transcriptome, proteome, and metabolome levels, similar to that
described for Arabidopsis (e.g. [55-57]) is necessary to fully under-
stand the mechanisms underlying genetic differences in FT among
genotypes of forage grass species.

5. Photoinhibition avoidance in cold and freezing tolerance

Photoinhibition is the process whereby light energy absorbed in
the photosynthetic light processes exceeds energy demand of the
dark processes which leads to PSII over-reduction and subsequent
inhibition of the photosynthetic capacity (Fig. 1). This can result
not only in destruction of the photosynthetic apparatus but also to
damage of whole cells due to production of reactive oxygen species
accompanying PSII over-reduction [58]. Under low temperatures
in winter and spring, the photosynthetic fixation of CO, is very
limited, a condition which can cause photoinhibition even under
relatively low irradiance [59]. The tolerance to this cold-induced
photoinhibition seems to be closely related to freezing tolerance,
a relationship which is partially due to common mechanisms of
acclimation to both stresses as demonstrated in winter wheat and
rye (Secale cereale L.) [60]. PSII over-reduction may also act as one
of the signals triggering gene expression of cold regulated genes
involved in CA as shown inrye [61] (Fig. 1). Reduction of PSII capac-
ity must be carefully controlled by the plant to avoid processes
that destroy photosystems and cells due to the overproduction of
reactive oxygen species under photoinhibition [62-64]. As a conse-
quence photosynthetic acclimation to photoinhibitory conditions
are also induced under cold [60].

Two main strategies of acclimation of the photosynthetic appa-
ratus are found in higher plants during cold hardening [60,65]. The
first strategy, called the photochemical mechanism, depends on
increasing the energy demand by increasing carbon assimilation
and carbon metabolism [60]. This strategy is observed especially in
over-wintering herbaceous plants which are not able to accumulate
sufficient amounts of photoassimilates during the summer. Accu-
mulation of high amounts of photoassimilates in autumn and early
winter acts as an energy source for the cold acclimation process
[60,66]. The second strategy relies on an intensification of pro-
tective non-photochemical mechanisms that harmlessly dissipate
excess excitation energy as heat. The non-photochemical mech-
anism is the most important in equilibrating between absorption
and utilization of light energy [63] and has been shown to be impor-
tant also in herbaceous plants when low temperatures generate a
strong photoinhibitory pressure [67].

Perennial forage grasses are very interesting model systems
for studying mechanisms of photosynthetic acclimation to cold.
Firstly, acclimation of the photosynthetic apparatus to high light-
low temperature conditions is essential for perennial forage grasses
to develop winter hardiness and FT. Laboratory experiments and
field experiment over multiple winters has showed that the capac-
ity for photosynthetic acclimation was correlated with genotypic
differences in WS [68]. Furthermore, genotypes with impaired
photosynthetic acclimation were shown to be unable to undergo
proper CA and increase their freezing tolerance [68]. However
the correlation between winter hardiness (or freezing tolerance)
and the ability of photosynthetic acclimation was ~0.7, indi-
cating that in the case of some plants, freezing tolerance and
tolerance to cold-induced photoinhibition are at least partially
independent mechanisms [68]. Secondly, there seems to be a
link between FT levels and the type of photosynthetic acclima-
tion which grasses undergo. Studies on androgenic genotypes of
allotetraploid Festulolium cultivars (F. pratensis (4x) x L. multiflo-
rum (4x)) demonstrated that plants with higher winter hardiness
in the field, and higher FT in the laboratory were also more
tolerant to cold-induced photoinactivation of PSIl. The higher
tolerance to photoinhibition was mainly due to increased non-
photochemical dissipation of excess energy, however in one of the
androgenic genotypes reduced non-photochemical dissipation was
compensated by an increased electron transport (i.e. photochemi-
cal mechanism) [68]. Further studies have shown that perennial F.
pratensis genotypes with high FT has increased dissipation capac-
ity compared to biennial L. multiflorum genotypes in which only
increased quenching of photochemical energy was observed [69].

Experiments with F. pratensis x L. multiflorum hybrids illustrate
that transfer of the non-photochemical mechanism from Festuca to
Lolium results in increasing frost tolerance [68,69]. More detailed
studies of the genomic composition of Festuca x Lolium hybrids
have given some indications of which chromosomal regions that
harbour the underlying genes. Hybrid genotypes with a L. multiflo-
rum genetic background and a chromosome 4 introgression from
F. pratensis were more frost tolerant than pure Lolium genotypes
[69] and this is probably due to changes in the non-photochemical
mechanism of photosynthetic acclimation. In a chromosome sub-
stitution population in which each L. perenne chromosome has been
replaced by its F. pratensis homologue [70], the chromosome 4-
substitution line has both higher expression of non-photochemical
mechanism of the photosynthetic acclimation and the highest
freezing tolerance [69].

Some evidence also exists for the importance of adaptation to
photoinhibition under low temperatures in natural populations
of Poeae species. Photosynthetic acclimation to cold conditions is
thought to play arole in the altitudinal range distribution of Festuca
species in Babia Gora Mountain in Poland. In Babia Gora Festuca
rubra distribution is limited to lower altitude habitats compared
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to species of mountainous fescues (Festuca versicolor and Festuca
supina) which have more efficient non-photochemical mechanisms
of photosynthetic acclimation to low temperatures than F. rubra
[71].

6. Pooideae lineage specific genes: ice interacting proteins
and fructan metabolism

Several gene families, or sub-classes of gene families, are known
to be lineage specific for the Pooideae grasses, for example sub-
clades of the CBF-transcription factor family [72], the fructocyl
transferase (FST) gene family [73], and one Pooideae-specific ice
re-crystalization inhibition protein coding gene family [9]. It has
been speculated if these Pooideae-specific gene family expansions
have been important for adaptation of a common Pooideae ancestor
to cold climates and subsequently ecological expansion of Pooideae
into cooler habitats [74]. In the following sections we will focus on
IRIP and FTS genes and their importance for FT in Pooideae grasses.
Since relatively little research has been done on CBFs in forage
grasses we recommend a recent review on grass CBFs in cereals
[75] for further discussion on this topic.

6.1. Ice interacting proteins

Anti-freeze proteins (AFP), i.e. proteins that modify the water
freezing process, have evolved independently in many organisms
[76] and are thought to be an important adaptation to a life in
frost-exposed environments. AFPs can be classified into two groups
according to their function; (1) AFPs that affect the temperature
at which water freezes (thermal hysteresis), and (2) AFPs that
are ice re-crystallization inhibition proteins (IRIP). Only the latter
type is thought to be important in plant AFP action [77]. Ice re-
crystallization is the process where larger ice crystals grow at the
expense of smaller crystals. However, when IRIPs are present under
freezing conditions ice re-crystallization is inhibited, forcing new
small crystals to form rather than an increase in the crystal size.
It is thought that controlled ice crystal growth provides protection
from physical damage caused by ice formation in the apoplastic
space (Fig. 1).

The first report of ice-binding proteins in plants came from
experiments with rye (S. cereale) [78]. Subsequently many plant
AFPs of different evolutionary origin have been discovered [79,80].
In forage grasses the first report of an ice interacting protein were
in a study by Sidebottom et al. [80]. The authors reported the dis-
covery of a cold-induced mRNA transcript encoding a partial ice
re-crystallization inhibition protein (IRIP) isolated from L. perenne
(LpAFP, AJ277399). Several IRIP homologs have subsequently been
isolated from forage grass species and it is now clear that they
belong to a Pooideae-specific multi-gene family [9,81-83]. Pro-
tein modelling and functional protein studies have shown that
NxVXG/NxVxxG repeat motifs forms a beta-roll with a beta-sheet
ice-binding face that can bind to ice and is responsible for ice re-
crystallization inhibitory action in vitro [84,85]. The grass IRIP genes
encode a signal peptide that targets the proteins to the apoplast [9],
and apoplastic export of IRIPs have been shown to happen in vivo
in transgenic Arabidopsis plants [82].

Interestingly the ice interacting domain of IRIPs is not homol-
ogous to proteins in rice, Arabidopsis, or any other plant outside
the Pooideae sub-family but have probably evolved through repeat-
motif expansion events after the Pooideae divergence [9]. Synthetic
AFPs have been shown to enhance FT, but the importance of IRIPs in
determining FT in forage grasses have yet to be demonstrated. How-
ever, recently Arabidopsis plants expressing L. perenne IRIP genes
were shown to display improved cell membrane stability during
freezing and increased FT [86]. This strongly supports the notion

that IRIP genes are important for survival in frost-exposed envi-
ronments.

6.2. Fructan synthesis

Fructans are soluble fructosyloligosaccharides derived from
sucrose, which are used for carbohydrate storage in some (~15%)
flowering plants, including the cereals and forage grasses [87].
It has long been recognized that temperate grasses accumu-
late fructans in response to seasonal drop in temperature in the
field and under exposure to cold temperatures in the laboratory
[65,73,88-92]. Yet historically, the direct functional significance
of fructan synthesis under low-temperature stress and the role of
fructan synthesis in adaptation to cold climates have been con-
troversial [93]. Research on forage grasses from the past decade
have provided evidence that fructan molecules themselves have
a direct effect on freezing and low-temperature stress tolerance
[94,95]. The question today is not if but how fructans help increase
the FT.

The study of fructan biosynthesis under cold temperatures
has been important to understand the role of fructans in
cold stress. Fructan sugars are synthesised by four fructo-
syl transferase (FST) enzymes [94]. The initial step in fructan
synthesis is the conversion of two sucrose molecules to a
fructan molecule by the 1-Sucrose-sucrose-fructosyltransferases
(1-SST). Further polymerization are then carried out by other
FSTs, i.e. Fructan:fructan 1-fructosyltransferases (1-FFT), Fruc-
tan:fructan 6G-fructosyltransferases (6G-FFT), and Sucrose:fructan
6-fructosyltransferases (6-SFT), resulting in five possible types of
fructan sugars [see [94] for review]. Several studies on cereals and
forage grasses have demonstrated that FST gene expression levels
are regulated by exposure to low temperatures [89,96]. However,
the most elaborate study on expression of FST genes under CA was
done by Hisano et al. [73] in L. perenne. The authors investigated
the expression patterns of multiple FST genes during the CA pro-
cess and found that it was consistent with the proposed model of
fructan synthesis pathway. Expression levels of genes involved in
the initial steps of fructan synthesis (1-SST and 6G-FFT) increased
shortly after transferring the plants to cold conditions, while genes
encoding enzymes that elongate the fructan chains (putative 6-SFT)
increased their expression levels throughout the cold acclimation
process. The correlation between FT gene expression and fructan
sugar accumulation under CA has been demonstrated through sev-
eral experiments [73,97]. Tamura et al. [98] reported that the PpFT1
gene from timothy (P. pratense) is a novel gene with unique enzy-
matic properties that differ from previously cloned plant 6-SFTs,
and is involved in the synthesis of highly polymerized levans in tim-
othy. Accumulation of large amounts of carbohydrates as fructans
with high degree of polymerization by PpFT1 and other enzymes
might be involved in the superior winter hardiness of timothy.

The direct functional role of fructans on cold stress tolerance
is thought to be linked to increased cell membrane stabilization
(Fig. 1). Fructans have been shown to interact with model cell mem-
branes [99,100] and change their stability under freezing [101].
A pioneering study using transgenic plants have provided evi-
dence that fructans stabilize cell membranes in vivo under freezing.
Hisano et al. [6] made transgenic L. perenne plants that overex-
pressed wheat 1-SST and 6-SFT genes and showed that increased
fructan synthesis reduced electrolyte leakage (i.e. reduced cell
membrane damage) during freezing. Similar results have later
been replicated in transgenic tobacco expressing a lettuce 1-SST
gene [102]. Two additional studies using transgenic plants with
increased fructan content have showed increased freezing tol-
erance in tobacco [103] and increased chilling tolerance in rice
[104], however, these studies did not measure cell membrane dam-
age.
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7. Concluding remarks

Perennial forage grasses are essential elements of sustain-
able and multifunctional farming systems providing both feed for
ruminants and ecosystem services, e.g. carbon sequestration, soil
formation and protection, nutrient cycling, and aesthetic landscape
values. This is especially the case in high-latitude and high-altitude
temperate regions where perennial grasses make up a very large
part of the agricultural land. Climate changes are predicted to give
more unpredictable and unstable winter climates with more cycles
of freezing-thawing and less long-lasting snow cover. These cli-
mates pose new combinations of winter stresses, and in many cases
increasing stress, for perennial plants in many regions.

In this review we have summarized present knowledge on
important molecular mechanisms underlying cold and freezing
stress survival in perennial forage grasses (Fig. 1). Even though the
last decade of research have disclosed important molecular systems
involved in winter survival and adaptation to cool environments
we have still a long way to go to understand frost tolerance at the
whole plant level. Important topics to address in future research
include: how does plants sense temperature changes - are there
one universal or several different termosensor systems? We need
to understand more about the detailed role of carbohydrate compo-
sition and turnover at the whole plant level during different types of
winter climates; how do plants regulate respiration during winter,
and how is photosynthetic activity controlled at low light inten-
sity during warmer periods of the winter at higher latitudes, or at
low light intensity under snow cover? We also lack understand-
ing of the reversion from a cold acclimated state to a growth state,
the de-hardening process, and how this is regulated at the molecu-
lar level. Repeated cycles of hardening/de-hardening/re-hardening
during winters are likely outcomes of the predicted climate changes
affecting the northern hemisphere. A better understanding of these
processes is vital in order to predict and mitigate the effects of
climate change and develop forage grass cultivars with superior
combinations of winter survival, dry matter production and nutri-
tive quality.
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