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The grass subfamily Pooideae dominates the grass floras in cold temperate regions and has evolved complex physiological
adaptations to cope with extreme environmental conditions like frost, winter, and seasonality. One such adaptation is cold
acclimation, wherein plants increase their frost tolerance in response to gradually falling temperatures and shorter days in the
autumn. However, understanding how complex traits like cold acclimation evolve remains a major challenge in evolutionary
biology. Here, we investigated the evolution of cold acclimation in Pooideae and found that a phylogenetically diverse set of
Pooideae species displayed cold acclimation capacity. However, comparing differential gene expression after cold treatment in
transcriptomes of five phylogenetically diverse species revealed widespread species-specific responses of genes with conserved
sequences. Furthermore, we studied the correlation between gene family size and number of cold-responsive genes as well as
between selection pressure on coding sequences of genes and their cold responsiveness. We saw evidence of protein-coding and
regulatory sequence evolution as well as the origin of novel genes and functions contributing toward evolution of a cold
response in Pooideae. Our results reflect that selection pressure resulting from global cooling must have acted on already
diverged lineages. Nevertheless, conservation of cold-induced gene expression of certain genes indicates that the Pooideae
ancestor may have possessed some molecular machinery to mitigate cold stress. Evolution of adaptations to seasonally cold
climates is regarded as particularly difficult. How Pooideae evolved to transition from tropical to temperate biomes sheds light
on how complex traits evolve in the light of climate changes.

Frost is one of the most dramatic abiotic stresses a
plant can experience, and exposure to frost is a limiting
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factor for many species to diversify in temperate and
arctic regions. Only a few ancestrally tropical angio-
sperm lineages have colonized temperate biomes (Judd
et al., 1994; Wiens and Donoghue, 2004; Kerkhoff et al.,
2014). These lineages represent several independent
transitions from tropical to temperate environments
and represent a variety of evolutionary adaptations to
both unpredictable, short incidents of episodic frost and
predictable periods of periodic frosts (i.e. winter).
Today’s cold climate is the result of gradual cooling
over the last 50 million years, and the temperate bi-
omes originated relatively recently in Earth’s history
when the global climate started to cool in the late
Eocene (Potts and Behrensmeyer, 1992; Morley, 2000;
Zachos et al., 2001; Fine and Ree, 2006; Eldrett et al.,
2009; Liu et al., 2009; Stromberg, 2011). Around the
Eocene-Oligocene (E-O) transition 34 million years
ago, global temperatures fell dramatically (Pound
and Salzmann, 2017). Throughout the Oligocene the
temperatures continued to drop, and together with
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increased seasonality (Zachos et al.,, 2001; Eldrett
et al., 2009) this triggered the greater expansion of
temperate biomes. The successful colonizers of the
emerging temperate climates faced gradually more
severe environmental stresses and evolved adapta-
tions to frost, increased temperature seasonality, and
short growing seasons (Zachos et al., 2001; Eldrett
et al., 2009; Mudelsee et al., 2014). The fact that only
a restricted number of plant lineages have transi-
tioned into the temperate region suggests that it is
challenging to evolve the coordinated set of physio-
logical changes needed to withstand low tempera-
tures (Donoghue, 2008).

The capacity for surviving environments with sub-
zero temperatures depends on the acquisition of frost
tolerance. Most importantly, plants need to maintain
the integrity of cell membranes to avoid osmotic stress
during prolonged freezing (Thomashow, 1999). To en-
dure predictable, periodic frost, plants must have
evolved to integrate both phenology and complex
physiological adjustments. Through a process called
cold acclimation, freezing tolerance is acquired through
a range of physiological changes governed by diverse
molecular pathways. These changes result in an in-
crease in the sugar content of cells, change in lipid
composition of membranes, and synthesis of antifreeze
proteins (Janska et al., 2010; Preston and Sandve, 2013).
In addition, low nonfreezing temperatures may affect
plant cells by decreasing metabolic turnover rates,
inhibiting the photosynthetic machinery, and decreas-
ing stability of biomolecules (e.g. lipid membranes;
Sandve et al., 2011; Crosatti et al., 2013). Temperate and
arctic plants use the gradually lower temperature and
daylength in the autumn as cues to initiate cold
acclimation.

In the grass family (Poaceae), the subfamily Pooideae
occupies the coldest climate space (Edwards and Smith,
2010). Except for a few hundred species in early di-
verging Pooideae tribes, most of the approximately
4,200 Pooideae species belong to the species-rich core
Pooideae clade (Davis and Soreng, 1993; Soreng and
Davis, 1998). The closest sister group to the core Pooi-
deae is the tribe Brachypodieae, which contains the
model grass Brachypodium distachyon (Soreng et al.,
2015). Because core Pooideae contain economically
important species like wheat (Triticum aestivum) and
barley (Hordeum wvulgare) as well as several forage
grasses like ryegrass (Lolium perenne), there is extensive
knowledge about the physiological and molecular
mechanisms underlying frost tolerance; however, this
knowledge is derived from only a limited number of
core Pooideae species (Thomashow, 1999; Sandve et al.,
2008, 2011; Galiba et al., 2009; Preston and Sandve,
2013; Fjellheim et al., 2014; McKeown et al., 2016,
2017; Woods et al., 2016). It has been shown in nu-
merous studies that several species of the core Pooideae
are capable of cold acclimation. Facilitating these re-
sponses are, among others, five gene families known to
play important roles during cold-stress response and
cold acclimation in core Pooideae. These gene families
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code for C-repeat-binding factors (CBF; Badawi et al.,
2007; Li et al., 2012), dehydrins (DHN; Olave-Concha
et al., 2004; Rorat, 2006; Kosova et al., 2007, 2014),
chloroplast-targeted cold-regulated proteins (ctCOR;
Gray et al., 1997; Crosatti et al., 1999, 2013; Tsvetanov
et al., 2000), ice recrystallization inhibition proteins
(IRIP; Antikainen and Griffith, 1997; Hisano et al., 2004;
Kumble et al., 2008; Sandve et al., 2008, 2011; John et al.,
2009; Zhang et al., 2010), and fructosyl transferases
(FST; Hisano et al., 2004; Tamura et al., 2014).

Although Pooideae species dominate temperate and
arctic grass floras (Hartley, 1973; Visser et al., 2014), the
ancestors of this group were most likely adapted to
tropical or subtropical climates (Bouchenak-Khelladi
et al., 2010; Stromberg, 2011). Pooideae originated in
the late Cretaceous or early Paleogene period
(Bouchenak-Khelladi et al., 2010; Christin et al., 2014;
Spriggs et al., 2014; Schubert et al., 2018) during a time
where the global climate was generally warm (Zachos
et al., 2001; Mudelsee et al., 2014) and seasonality in
temperature was relatively low (Archibald et al., 2010).
The colonization of temperate biomes by Pooideae was
likely facilitated by the evolution of successful adapta-
tions to cold conditions. Although studies have inferred
adaptation to cooler environments at the base of the
Pooideae phylogeny (Edwards and Smith, 2010;
Schubert et al., 2018), it is still not known whether the
Pooideae’s most recent common ancestor already was
adapted to cold and/or freezing conditions or if adap-
tations to cold evolved during the diversification of
Pooideae along with falling temperatures throughout
the Cenozoic and expansion of temperate biomes.

In this study, we investigated the evolution of frost
tolerance in response to cold acclimation in the grass
subfamily Pooideae. We first conducted classical cold
acclimation and freezing test experiments to determine
if cold acclimation is a shared trait throughout the
Pooideae phylogeny. Next, we took advantage of
comparative transcriptomics analyses to investigate if
the molecular basis of cold acclimation in Pooideae is
shared. Finally, we interpreted our results in a phylo-
genetic and paleoclimatic context and suggest a model
of mostly independent evolution of cold acclimation
responses.

RESULTS
Cold Acclimation Exists in Early Diverging Lineages

We conducted a classical cold acclimation and freez-
ing test experiment in nine species that represent
major, species-rich clades in the Pooideae subfamily
or belong to very early diverging lineages (Fig. 1A)
and that are distributed in areas where they are
regularly exposed to cold, subzero temperatures
(Fig. 1B). Freezing tests revealed that cold acclima-
tion (i.e. increased frost tolerance through expo-
sure to cold nonfreezing periods) exists both in
core Pooideae and species of early diverging lineages
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Figure 1. The Pooideae phylogeny, present temperature data for focal species, and paleotemperature. A, Schematic phylogeny of
the study species. The species phylogeny and dates are inferred from Schubert et al. (2018), except for B. sylvaticum, which was
not included in the study. Placement and divergence date for B. sylvaticum are thus approximate. B, The range of the minimum
temperature of the coldest month (WorldClim v1.4 data set, Bioclim variable 6, 2.5 km? resolution [Hijmans et al., 2005]) of the
species geographical distribution (Global Biodiversity Information Facility, 2018). C, Oxygen isotope ratios as a proxy for his-
torical global temperature (Zachos et al., 2001; Mudelsee et al., 2014). The transition between the Eocene and the Oligocene is

shaded. Mya, Million years ago.

(Fig. 2). All acclimated plants exhibited higher regrowth
capacity at —4°C and —8°C compared with that of
nonacclimated plants, although the increase in
regrowth capacity was not significant at —4°C for

Hordeum vulgare

Elymus repens

Stipa lagascae and Nardus stricta. Nonacclimated
plants of early diverging Pooideae species performed
better at —4°C than nonacclimated Brachypodium
species and H. vulgare and were comparable with the

Lolium perenne
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Figure 2. Frost tolerance after cold acclimation. Box plot representation shows the regrowth of nine acclimated and non-
acclimated Pooideae species after exposure to three freezing temperatures (—4°C, —8°C, and —12°C). Regrowth is scored on a
scale from 0 to 9, where 0 is dead and 9 is undamaged. Significant differences in regrowth between acclimated and non-
acclimated plants are indicated by asterisks (***, P < 0.001; **, P < 0.01; and *, P = 0.05).
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regrowth capacity of nonacclimated plants of the pe-
rennial core Pooideae species L. perenne and Elymus
repens.

De Novo Transcriptome Assembly Identified
8,633 High-Confidence Ortholog Groups

To investigate the molecular basis of cold response
evolution, we sampled leaf material from five species
spanning early to later diverging Pooideae lineages
before and after subjecting them to a drop in tempera-
ture and shorter days (Supplemental Fig. S1). The
transcriptome of each species was assembled de novo
from RNA sequencing (RNA-Seq) reads (Supplemental
Table S1). Ortholog groups (OGs) were inferred by
using protein sequences from the five de novo assem-
blies and the reference genomes of L. perenne, H. vulgare,
B. distachyon, rice (Oryza sativa), sorghum (Sorghum bi-
color), and corn (Zea mays). A set of 8,633 high-
confidence ortholog groups (HCOGs) was identified
after filtering based on gene tree topology and species
representation (Supplemental Table S2).

Shared Cold-Response Genes Included Known Abiotic
Stress Genes

To investigate shared expression patterns across
species, we constructed a single cross-species gene ex-
pression table with HCOGs as rows and samples as
columns, which was created by summing the expres-
sion values of monophyletic paralogs and setting the
expression of missing orthologs to zero (Supplemental
Table S3). After removing differences in mean expres-
sion levels between species for each gene, clustering
reconstructed a tree with replicates, followed by time
points, grouping together (Supplemental Fig. S2A). The
fact that time points mostly clustered before species
indicated a common transcriptional response to cold
across species. Exceptions were time points W4 and
W9, which tended to cluster together and by species,
indicating that responses after 4 and 9 weeks were very
similar. We also observed a clear effect of the diurnal
rhythm, with time points sampled in the morning (WO,
W4, and W9) forming one cluster and time points
sampled in the afternoon (D0 and D1) forming another.

Next, we focused on the response to short- and long-
term cold treatment by analyzing changes in gene ex-
pression from before cold treatment to that following
8 h (short-term) and 4 to 9 weeks (long-term) of cold
treatment. For all species pairs, there was a low, but
statistically significant, correlation between expression
changes after cold treatment of orthologs in HCOGs
(Supplemental Fig. S2B). This indicates that orthologs
tend to change expression in the same direction after
cold treatment, an observation that explains the clus-
tering of samples according to treatment before species
(Supplemental Fig. S2A). Finally, we analyzed the sta-
tistical significance of expression change after cold

Plant Physiol. Vol. 180, 2019

Schubert et al.

treatment by classifying each individual gene as
either differentially expressed or not (false discovery
rate-adjusted P < 0.05 and fold change > 2 or < 0.5;
Supplemental Table S4). Although a considerable
number of genes responded to cold in each species
(1,000-3,000 genes), the overlap between species was
low. Of the 5,577 HCOGs with at least one differentially
expressed gene (DEG), 50% contained only one DEG
and thus represented orthologs differentially expressed
in only one species. Thirty-one percent contained DEGs
from two species, 14% contained DEGs from three
species, and only 4% contained DEGs from four species.
Importantly, this pattern was independent of expres-
sion level and did not change for the subsets of HCOGs
with medium or high expression (Supplemental Table
54). Sixteen genes shared the same cold response (either
short or long term) in the same direction (either up or
down) in all five species (Table 1). These genes thus
represent strong candidates for responses to cold that
might have been conserved throughout the evolution of
Pooideae. Nine of these genes belonged to families
known to be involved in cold stress or other abiotic
stress responses in other plant species. Of the 16 con-
served genes, 12 genes displayed short-term up-
regulation, indicating that stress response, as opposed
to long-term acclimation response, is potentially more
conserved.

We compared our DEGs with a compilation of
55 H. vulgare genes shown to be responsive to low
temperature in several previous microarray experi-
ments (Greenup et al., 2011). We could map 33 of these
genes to unique OGs, of which 11 were HCOGs. We
observed significant similarity in cold response be-
tween the 33 previously identified cold-response genes
and the short-term DEGs in our data (P < 0.05;
Supplemental Fig. S3). This similarity was statistically
significant for all five species, although noticeably
larger in H. vulgare than in the other species. This
comparison thus shows that our transcriptome data
were consistent with previous findings in H. vulgare
and that cold-response genes identified in H. vulgare
exhibit some cold response in other Pooideae.

Biological Processes Involved in Cold Response

To identify biological processes that evolved regula-
tion at different stages of Pooideae speciation, we tar-
geted gene sets that were exclusively differentially
expressed in all species within a clade in the phyloge-
netic tree (i.e. branch-specific DEGs) and tested these
for enrichment of Gene Ontology (GO) biological pro-
cess annotations (Fig. 3A). For the genes that were dif-
ferentially expressed in all our species (Pooideae base),
we found that up-regulated genes were enriched for
GO annotations related to signal transduction (two
pseudo-response regulators and diacylglycerol kinase2
[DGK?2]) and abiotic stimulus (Gigantea, LEA-14, Dna,
and DGK2), whereas down-regulated genes were
enriched for photosynthesis and metabolism. For the
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Table 1. HCOGs with conserved cold responses in all five Pooideae species

These 16 genes had the same type of cold response (short or long term) with the same manner of expression change (up- or down-regulation) in all
five species. L, Responsive to long-term cold treatment; S, responsive to short-term cold treatment; #, up-regulated; , down-regulated. Annotations

were inferred from the literature using orthologs.

B. distachyon Ortholog

Description and Relation to Stress Response

Response

Bradi2g39230

Hyperosmolality-gated CA2*-permeable channel (OSCA). Stress-activated calcium channels (Yuan S~

et al., 2014) that are highly conserved in eukaryotes (Hou et al., 2014); in O. sativa, OSCA genes
are differentially expressed in response to osmotic stress (Li et al., 2015)

Bradi2g06830

Calcium-binding EF hand-containing calcium exchange channel (EF-CAX). Calcium ions are S»

important mediators of abiotic stress in plants (Day et al., 2002; Bose et al., 2011); expression of
calcium-binding proteins correlates with exposure to cold stress in several plants, such as
Arabidopsis (Thomashow, 1999), Musa X paradisiaca (Yang et al., 2015), and H. vulgare (Greenup

etal.,, 2011)
Bradi2g05226

GIGANTEA. Promotes flower development in plants (Andrés and Coupland, 2012); in Arabidopsis, S»

this gene is involved in CBF-independent freezing tolerance (Cao et al., 2005; Xie et al., 2015), and
it is responsive to cold in Z. mays (Sobkowiak et al., 2014); also part of the circadian clock

Bradi4g24967

Arabidopsis Pseudo-Response Regulator3-like (AtPRR3-like). AtPRR3 is a member of the circadian S»

clock quintet AtPRR1/TOCT (Murakami-Kojima et al., 2002; Murakami et al., 2004); no association
with stress response found in the literature; however, AtPRR3-like might be closer related to
AtPRR5/9 than to AtPRR3 (see Bradi4g36077, PRR95)

Bradi2g09060

Triacylglycerol lipase, a/B-hydrolase superfamily. Studies in Arabidopsis (Wang et al., 2011) and S~

Ipomoea batatas (Liu et al., 2009) suggest that genes with a/B-hydrolase domains respond to
osmotic stress; in Triticum monococcum, atriacylglycerol lipase was induced by pathogen stress

(Guan et al., 2015)
Bradi2g07480

Late-Embryogenesis-Abundant protein14 (LEA-14). Responsive to drought, salt, and cold stress in S~

Arabidopsis (Kimura et al., 2003; Singh et al., 2005), Betula pubescens (Rinne et al., 1998), and B.

distachyon (Gagné-Bourque et al., 2015)
SNACT-like/NAC transcription factor67. NAC transcription factors mediate abiotic stress responses; S»

Bradi1g04150

osmotic stress increases the expression of SNACT in O. sativa (Nakashima et al., 2012), NAC68 in
M. paradisiaca (Negi et al., 2015; Yang et al., 2015), and NAC67 in T. aestivum (Mao et al., 2014)

Bradi4g36077

Pseudo-Response Regulator95 (PRR95). Homologous to conserved circadian clock gene AtPRR5/9 S~

(Murakami et al., 2003; Campoli et al., 2012); AtPRR5 gene is cold regulated in Arabidopsis (Lee
et al., 2005), and PRR95 is cold responsive in Z. mays (Sobkowiak et al., 2014)

Bradi2g43040

DnaJ chaperon protein. DnaJ cochaperons are vital in stress response and have been found to be S+L~

involved in the maintenance of PSII under chilling stress and to enhance drought tolerance in
tomato (Solanum lycopersicum; Kong et al., 2014; Wang et al., 2014)

Bradi3g33080

Glycogenin Glucuronosyltransferase (GGT). GGT belongs to the GT8 protein family (Yin etal., 2011); L~

in O. sativa, OsGGT transcripts are induced in submerged plants and respond to various abiotic
stresses except cold (Qi et al., 2005; Uddin et al., 2012)

Bradi1g04500
Bradi3g14080
Bradi1g35357

Major facilitator superfamily transporter. Association with stress response unknown L~
Glycosyl transferase. Association with stress response unknown L~
Uncharacterized membrane protein. Association with stress response unknown S~

Bradi2g48850
Bradi1g33690
Bradi1g07120

Uncharacterized protein. Association with stress response unknown S~

Uncharacterized protein. Association with stress response unknown
Putative S-adenosyl-L.-Met-dependent methyltransferase. Association with stress response unknown

S
L

genes that were exclusively differentially expressed in
all species except N. stricta (early split), down-regulated
genes were again enriched for metabolism and
photosynthesis.

Positive Selection in Cold-Responsive Genes

To resolve the uncertain placement of Meliceae and
Stipeae lineages within the Pooideae species tree, we
reconstructed gene trees using the 3,914 HCOGs with
exactly one sequence from each of the five Pooideae
species and O. sativa. In the most common gene tree
topology, S. lagascae and Melica nutans formed a mon-
ophyletic clade (755 trees), but topologies where either
M. nutans or S. lagascae diverged first (434 and 271 trees,

408

respectively) were also common (Supplemental Fig. S4).
Averaging the posterior probabilities of the branches
leading to the most recent common ancestor of S. lagascae
and M. nutans did not produce significant support for
any of the four most common topologies. Thus, we dis-
played the relationships of Meliceae and Stipeae tribes as
unresolved trichotomy in Figures 3 and 4, which is
congruent with 1,460 of the gene trees.

We also tested for positive selection (i.e. selection for
beneficial substitutions) in coding sequences at each of
the internal branches of the species tree. The tests were
only performed on the branches where the respective
HCOG gene tree topology was compatible with the
species tree topology. Sixteen percent to 18% of the
HCOGs showed significant signs of positive selection
(P < 0.05) depending on the branch (Fig. 3B). Next, we
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Figure 3. GO enrichmentand positive selection in branch-specific cold-responsive genes. A, GO enrichment analysis of HCOGs
that were differentially expressed (DEGs) in all species (Pooideae base [PB]), only in species after N. stricta split off (early split
[ES]), or only in B. distachyon and H. vulgare (late split [LS]). Significant differences are indicated by asterisks (*, P < 0.05; **, P<
0.01; and ***, P < 0.005, Fisher’s exact test). GO enrichments are shown for up- and down-regulated DEGs, not distinguishing
between short- and long-term responses. Both the number of annotated genes and the number of annotations are indicated for
each set of branch-specific DEGs. B, Positive selection at different stages in Pooideae evolution. The circles and numbers represent
the HCOG gene trees that were tested for positive selection at each split. The inner blue circle and numbers below the branches
represent HCOGs with branch-specific differential expression (i.e. genes that were cold responsive exclusively in the species
under the respective branch), whereas the outer circles and numbers above the branches represent all other HCOGs. The purple
and red pie-chart slices represent the proportions of HCOGs (first number) with positive selection (P < 0.05) among the total
number of tested HCOGs (second number). The Pvalues indicate the overrepresentation of positive selection among the branch-

specific DEGs (hypergeometric test).

tested for overrepresentation of positive selection
among the branch-specific DEGs. Although not sta-
tistically significant, there was a tendency that gain of
cold response was associated with positive selection
on coding sequence at the early-split and late-split
branches (P = 0.077 and P = 0.072, respectively;
Fig. 3B). This observation indicates that selection on
both regulatory and protein-coding sequences may
have played a role in evolving cold responses in
Pooideae.

Cold Acclimation Gene Families Have Diverse
Evolutionary Histories

Of the 33 previously described cold-responsive
H. vulgare genes that were also differentially expressed
in our experiment (Supplemental Fig. S3), as many as 22
were not included in the HCOGs, mainly because they
belonged to gene families with complex gene duplica-
tion histories in lineages leading up to two or more
of our studied species. Next, we tested if this was a
general trend for all cold-responsive genes. This
analysis showed that cold-responsive genes in
general are members of larger gene families
than genes that do not respond to cold, with
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the exception of short-term down-regulated genes
(Supplemental Fig. S5). Conversely, short-term
down-regulated genes were enriched in single-
copy gene families, whereas up-regulated genes
were less common in these families (Supplemental
Fig. S5). We also tested if cold response was associ-
ated with the age of the gene family through a
phylostratigraphic analysis. The general trend
was that cold-responsive genes tended to be un-
derrepresented among the most ancient families
(Supplemental Fig. S6).

We conducted detailed analyses of five of the best
studied cold acclimation gene families, coding for CBF,
DHN, ctCOR, IRIP, and FST. We reconstructed gene
trees for these families (Supplemental Figs. S7-514)
using reference sequences and de novo assembled
transcripts (Supplemental Table S5) and overlaid in-
formation on DEGs responsive to short- and long-term
cold treatment. DHN genes are well studied in H. vul-
gare, with 13 known DHN homologs (termed HvDHN1
to HvDHN13). Structurally, they can be grouped into
four distinct types based on the presence of amino acid
segments (Y, K, and S): SKs-type (HyDHNS), KS-type
(HvDHN13), K,-type (HvDHNS5), and Y,SKj-type
(the 10 remaining HvDHN homologs) DHN (Kosova
et al., 2007). Because the genes for these four groups
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represent phylogenetically distinct clades (Karami
et al.,, 2013), we reconstructed individual gene trees
for each group; however, this was not performed for
HvDHNS, because homologs were only found in the H.
vulgare transcriptome. Two groups of CBF genes,
CBFlllc/d and CBFIV, are especially important for cold
acclimation in Pooideae and are restricted to this sub-
family (Badawi et al., 2007; Li et al., 2012). As the CBF
gene family is large and highly complex, we restricted
our analyses of the CBF gene family to these two
groups. Our analyses could not completely resolve the
topologies for most of the gene trees, owing to their
complex evolutionary history. We identified, however,
that DHN8 and DHN13 of the DNH gene family and the
ctCOR gene family are likely candidates for conserved
cold acclimation genes within the Pooideae (Fig. 4).
Also, the expansion of the CBFIIId group likely started
in the earliest Pooideae lineage. In contrast, the evolu-
tion of the IRIP and FST motifs, the expansion of the
CBFIV group, and the evolution of DHN5 (no tree
reconstructed) were restricted to later diverging line-
ages. Furthermore, these detailed analyses revealed a
decreasing similarity in transcriptional cold response
with increasing phylogenetic distance (Fig. 4). Natu-
rally, this analysis is biased toward H. vulgare, as most
of what we know about these gene families is derived
from crop species.
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DISCUSSION

Cold Acclimation Evolved Independently in
Separate Lineages

It has been suggested that the ecological success of
the Pooideae subfamily in the northern temperate re-
gions critically relies on adaptations to cold tempera-
tures. Here, we show that cold acclimation increased
frost tolerance relative to that in nonacclimated plants
in all the major Pooideae lineages (Fig. 2). This dem-
onstrates that the cold acclimation trait is pervasive
across Pooideae and an important part of adaptation to
a life in temperate and arctic biomes.

To dissect the molecular basis of the cold acclimation
responses and determine if the cold acclimation re-
sponse has a shared molecular basis, we conducted a
global comparative, transcriptomic analysis for five
phylogenetically diverse species. For each species,
10% to 30% of the highly conserved genes (i.e. genes in
the 8,633 HCOGs) responded to cold, which is in line
with what we know about cold acclimation programs
from other species, such as Arabidopsis (Arabidopsis
thaliana; Park et al., 2015). Transcripts involved in
photosynthesis and response to abiotic stimuli were
significantly enriched among the genes with cold re-
sponse in all species (Fig. 3A). It is known that down-
regulation of the photosynthetic machinery during
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cold temperatures is one mechanism to prevent pho-
toinhibition (Crosatti et al., 2013) and cellular damage.
This protective mechanism might therefore have
existed early in the evolution of Pooideae. Enrichment
of genes involved in photosynthesis among differen-
tially expressed genes is not specific to cold stress, but
it can be observed in response to other stresses, in-
cluding salt stress (Yamamoto et al., 2015) as well as
heat and drought stress (Liu et al., 2015). Interestingly,
in our study, nearly half of all cold-responsive genes
were species specific in differential expression tests
(Supplemental Table S4). This pattern was also sup-
ported by low (although significant) correlations in
gene expression fold changes (Supplemental Fig. S2B).
These results indicate that the evolution of cold accli-
mation evolved at least partly independently in sep-
arate lineages and are in line with recent work on
transcriptional responses to vernalization in Pooideae
(McKeown et al., 2016; Zhong et al., 2018).

Many genes previously associated with cold accli-
mation belong to complex gene families (Thomashow,
1999; Sandve and Fjellheim, 2010) and are therefore not
included in the global analysis of highly conserved
orthologs. We therefore conducted an in-depth analysis
of gene families known to be important for cold accli-
mation (Fig. 4; Supplemental Figs. S7-514) in well-
studied core Pooideae species (Choi et al, 2002;
Végtijfalvi et al., 2003; Badawi et al., 2007; Knox et al.,
2008, 2010; Livingston et al., 2009; Zhang et al., 2010;
Soltész et al., 2013; Jekni¢ et al., 2014; Todorovska et al.,
2014; Marozsan-Té6th et al., 2015). The lack of conserved
expression patterns of these genes across the tested
Pooideae species (Fig. 4) further supports that cold ac-
climation is regulated differently in the five Pooideae
species.

Three gene families or gene family members known
to be involved in cold acclimation in core Pooideae crop
species evolved de novo or evolved a new function in
some lineages. First, the FST gene family originated at
the base of the core Pooideae (Supplemental Fig. S14).
Second, the functional domain of the IRIP gene family
evolved at the base of core Pooideae/Brachypodium
(Supplemental Fig. S13). Lastly, in the DHN gene fam-
ily, the gene DHNb5 evolved in Triticeae (Fig. 4). To-
gether, these three examples provide conclusive
evidence that the cold acclimation responses in early
diverging lineages at least partly rely on other genes
and mechanisms than the core Pooideae and Brachy-
podium. Some very likely candidates for cold responses
specific to early diverging Pooideae lineages are ho-
mologs of the Y,SK,-type DHN genes in the DHN
family (Fig. 4; Supplemental Fig. S11). Y,SKy-type DHN
genes are neither known to be involved in cold accli-
mation of Brachypodium and core Pooideae nor have we
found any support for that in our data.

Even though our analyses show that the species
largely follow independent evolutionary trajectories,
the responses to a large extent build on a common ge-
netic basis. The CBF, DHN, and COR gene families are
known to be involved in cold stress adaptation across
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the plant kingdom (Thomashow, 2001; Rorat, 2006),
and FST genes has evolved several times from vacuolar
invertases independently across the angiosperms (Vijn
and Smeekens, 1999). This indicates that some genes
code for proteins with biochemical functions suited to
be recruited for cold stress mitigation. One gene family
whose function in cold acclimation might be conserved
throughout the Pooideae is the ctCOR gene family
(Fig. 4; Supplemental Fig. S12), rendering this gene
family an interesting candidate that could constitute a
shared molecular basis of the cold acclimation trait in
Pooideae. Interestingly, a c¢tCOR homolog is up-
regulated in response to short-term cold treatment in
O. sativa (Maruyama et al., 2014), indicating that the
cooption of this gene to the highly specialized cold ac-
climation pathway in Pooideae builds on a cold stress
response that is conserved well beyond Pooideae. A
very similar scenario is likely for the two genes DHNS8
and DHN13. Homologs of both genes are induced
during chilling stress in O. sativa (Aguan et al., 1991; Lee
et al., 2005), and there is strong support for both genes
having a function in cold acclimation of core Pooideae
species (Kosova et al., 2007). Our results suggest that
DHNS8 and DHN13 are single-copy genes involved in
cold acclimation in all but one of the species
investigated here.

Although the molecular mechanisms behind adap-
tive evolution are still an active field of research, it is
now indisputably established that novel gene regula-
tion plays a crucial role (Romero et al., 2012). The
evolution of gene regulation proceeds by altering non-
coding regulatory sequences in the genome, such as cis-
regulatory elements (Wittkopp and Kalay, 2011), or by
altering the coding sequences of regulatory proteins.
The high number of genes with species-specific cold
responses observed in this study is consistent with the
recruitment of genes with existing cold tolerance func-
tions by means of regulatory evolution. However,
previous studies have also pointed to the evolution of
coding sequences (Vigeland et al., 2013) as underlying
the acquisition of cold tolerance in Pooideae. To in-
vestigate possible adaptive evolution in coding regions,
we tested for the enrichment of positive selection
among branch-specific cold-responsive genes (Fig. 3B).
Although not statistically significant (P = 0.07), in-
creased signals for positive selection on coding se-
quences was observed for cold-responsive genes in a
period of gradual cooling preceding the E-O event. In
conclusion, we find evidence to support that increased
selection for protein-coding sequence, changes in gene
regulation, and novel genes and functions play roles in
the evolution of cold responses in Pooideae.

In general, it is important to note that lack of shared
signals between lineages can also arise for other reasons
than biologically meaningful differences and must
therefore be interpreted with caution. In our study,
limited statistical power and the use of de novo tran-
scriptomes could impact our ability to detect overlap in
cold responses between species. To minimize the effect
of these putative biases in this study, we only analyzed
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OGs containing genes that could be assembled across
all species in the phylogeny, ensuring that we measured
changes in gene expression levels and not changes in
gene content. Furthermore, since three of the species
lacked reference genomes, we employed a de novo as-
sembly pipeline to reconstruct the transcriptomes. We
showed that this pipeline could recover a set of H.
vulgare genes previously identified as cold responsive
(Greenup et al., 2011) and that most of these genes were
also cold responsive in H. vulgare in our experiment
(Greenup et al., 2011). Moreover, we conducted analy-
ses to assess if sequencing depth was a significant factor
in our ability to identify shared patterns of differential
expression (Supplemental Table S4). These results
clearly show that sequencing coverage cannot explain
the high ratio of lineage-specific cold acclimation re-
sponses, indicating that increasing the statistical power
will not change the conclusions of this study. Hence, the
global trend of low levels of shared cold acclimation
responses is unlikely to be a methodological artifact and
is consistent with the evolution of cold tolerance
mechanisms being shaped mostly independently in the
different Pooideae lineages.

A Shared Adaptive Potential for Evolution of
Cold Adaptation

Our differential expression analysis revealed 16
genes sharing cold-associated gene expression shifts
across all species (Table 1). An overwhelming majority
(12 of 16) of the conserved genes was responsive to
short-term cold treatment (Table 1), and this observa-
tion suggests that existing stress genes have been the
first to be coopted into the cold-response program. Ten
of these genes have previously been shown to be reg-
ulated by other abiotic and biotic stressors (Table 1).
Nine of these conserved cold-response genes are in-
volved in response to abiotic stresses in other plants,
such as osmotic stress and drought. The SNACI-like/
NAC transcription factor67 is one example, with homo-
logs induced by osmotic stress in the three monocots M.
paradisiaca (Negi et al., 2015; Yang et al., 2015), O. sativa
(Nakashima et al., 2012), and T. aestivum (Mao et al.,
2014). Cooption of such genes into a cold-responsive
pathway might have been the key to acquire cold tol-
erance. Some responses may be even more ancient than
the most recent common ancestor of the Pooideae, as
some of the genes with cold response in all five species
are also expressed in response to cold in other species
(Table 1), among them O. sativa, which is a related
tropical species with some tolerance to chilling stress
(Wang et al., 2016). Shaar-Moshe et al. (2017) recently
identified B. distachyon genes induced by drought, high
salinity, or heat as well as by their combinatorial ef-
fects. All genes from Table 1 were differentially
expressed in at least one of these stress conditions.
Noticeably, however, none of those genes were re-
sponsive to drought stress alone. We also found that
cold-responsive genes are underrepresented among
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the most ancient gene families (Supplemental Fig. S6).
Taken together, it seems that transcriptional cold re-
sponses that are shared across the Pooideae phylogeny
represent deeply conserved ancestral responses to
mitigate general cellular stress rather than specific
adaptations to prepare for periodic frost.

Pooideae Lineages Evolved Specific Cold Adaptation by
Expanding Gene Families

Gene family expansion has previously been sug-
gested to play a role in cold adaptation in Pooideae
(Sandve and Fjellheim, 2010; Li et al., 2012). As previ-
ously discussed, the conservative filtering of OGs
employed in this study removed complex gene families
containing duplication events shared by two or
more species. A majority of the previously described
H. vulgare cold-responsive genes (Greenup et al., 2011)
belonged to gene families with complex gene duplica-
tion histories. Moreover, an analysis of all cold-
responsive genes confirmed a positive association be-
tween gene family size and cold response in our data,
with the exception of those genes down-regulated in
response to short-term cold treatment, which were in-
stead enriched among single-copy gene families
(Supplemental Fig. S5). These results thus confirm
previous findings that stress-related genes are enriched
in fast-evolving gene families (Panchy et al., 2016). The
gene trees of the gene families targeted for phylogenetic
analyses (Fig. 4; Supplemental Figs. S7-514) displayed
several duplication events and gene family expansions.
Based on our results, we propose that gene family ex-
pansion was an important mode of cold adaptation in
the Pooideae subfamily. Our results corroborate find-
ings from Sandve and Fjellheim (2010), who identified
an increase of gene copy number in the CBFIV group
and the FST and IRIP gene families as an evolutionary
force of cold climate adaptation of core Pooideae and
Brachypodium species. Although we lack sufficient ge-
nomic data for early diverging Pooideae species, we
found evidence for Pooideae-specific expansions in the
CBFIIId group, the ctCOR gene family, and in Y,SK,—
type DHN genes. Expansion of gene families may have
led to functional specialization or novel functions of the
various gene copies. Other studies have shown that
stress-related gene families tend to expand via tandem
duplications (Hanada et al., 2008), which may lead to
lineage-specific expansion of the gene family (Lespinet
et al., 2002). Although de novo assembly of tran-
scriptomes from short-read RNA-Seq data are a pow-
erful tool that has vastly expanded the number of target
species for conducting transcriptomic analysis, the ap-
proach has limited power to distinguish highly similar
transcripts such as paralogs. Homologous genes might
exist in early diverging Pooideae species but may not be
expressed. Furthermore, coding sequences may contain
insufficient informative substitutions to reconstruct
the true species topology. Further insight into the role
of gene duplication events in the evolution of the
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Pooideae cold adaptation would therefore benefit im-
mensely from additional reference genomes.

Evolution of Cold Adaptation in a Paleoclimatic Context

At face value, the most striking result from our study
is the presence of cold acclimation capacity in all our
study species and at the same time a generally low
similarity between the species in transcriptomic re-
sponses to cold acclimation as well as the presence of
well-described cold acclimation genes, such as FSTs,
DHNS, and functional IRIP, in only some of the species.
However, in a phylogenetic and paleoclimatic context,
these contrasting patterns can easily be reconciled. A
recent study by Schubert et al. (2018) places the diver-
gence of all study species well before the E-O transition,
when the global climate was warm, seasonality was
low, and temperate biomes had yet to expand. Thus, the
most likely scenario is that our study species have ex-
perienced more than 45 million years of independent
evolution and that adaptations to periodic frost have
independent evolutionary origins.

Responding to episodic and periodic frost are two
fundamentally different physiological processes
(Korner, 2016). Episodic frost induces a stress response,
and such existing responses could be exploited to tackle
frost when first experienced by the plants in the cooling
climate during the Eocene. On the other hand, re-
sponses to periodic frost require controlled changes in
cellular components initiated by plants upon sensing
shortening photoperiod and lower temperatures in the
autumn. This complex response must have evolved
over a long period of evolutionary time, during which
the plants were exposed to increasingly more severe
winters, exerting selection pressure for the cold accli-
mation response. Ancestral state reconstructions of
climatic niches of Pooideae species suggest that severe
winter was not encountered by the Pooideae ancestor
but was first experienced by Pooideae species more
recently in their evolutionary history (Schubert et al.,
2018). Based on phylogenetic and paleoclimatic data,
we would therefore expect that selection pressure for
adaptation to winter seasons and frost spells across the
Pooideae phylogeny would result in the independent
evolution of cold acclimation capacity, involving many
lineage- and species-specific gene expression responses,
as shown by our analyses.

Nevertheless, ancestral state reconstruction of the
climatic niche of the ancestor shows that it likely ex-
perienced episodic incidents of frost and that Pooideae
possibly originated in a temperate microniche in
emerging alpine orogenies (Schubert et al., 2018). The
conserved set of stress-response genes identified in our
comparative transcriptome analysis may have repre-
sented a preliminary toolkit to cope with frost stress.
This may have represented a fitness advantage for the
Pooideae ancestor in the newly emerging environment
with incidents of mild frost, allowing time to evolve the
more complex physiological adaptations required to
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endure the temperate climate with strong seasonality
and cold winters that emerged following the E-O
transition (Eldrett et al., 2009). Thus, preadaptations to
temperate climate may have given Pooideae species the
advantage to expand and diversify with the expanding
temperate biomes after the E-O transition while grad-
ually building more complex adaptations to cold. This
is in line with the results of Schubert et al. (2018) that
show that diversification rates in Pooideae are inversely
correlated with temperature.

MATERIALS AND METHODS
Plant Material

Seeds from nine Pooideae species were acquired from germplasm collections
or collected in nature. The selected species represent major, species-rich clades in
the Pooideae subfamily or belong to very early diverging lineages (Soreng et al.,
2015). All species are distributed in areas where they are regularly exposed to
cold, subzero temperatures. Furthermore, to ensure that the accessions of the
wild species that were used in the experiment are adapted to cold conditions,
accessions were selected from localities with cold winters (mean temperature of
the coldest quarter is below 0°C, according to data extracted from the World-
Clim v.1.4 data set [Hijmans et al., 2005]; Supplemental Fig. S15A).

Nardus stricta (2n = 2x = 26) is a perennial species, distributed in Europe,
western parts of Asia, and North Africa and introduced to New Zealand and
North America (Tutin, 1980; Hultén and Fries, 1986; Clayton et al., 2006). Seeds
were collected in July 2012 in Romania (46.69098 N, 22.58302 E). The locality of
the collected accession experiences subzero temperatures in November to
March, and the mean temperature of the coldest quarter is —3°C (Supplemental
Fig. S15B).

Stipa lagascae (2n = 2x = 22) is a perennial species that is distributed in
temperate regions around the Mediterranean Sea and parts of temperate west
Asia (Tutin, 1980; Hultén and Fries, 1986; Clayton et al., 2006). Seeds from ac-
cession PI 250751 were acquired from the U.S. National Plant Germplasm
System (U.S.-NPGS) via the Germplasm Resources Information Network
(GRIN). The accession was collected 49 km northwest of Tabriz, Iran, in 1958.
The locality of the collected accession experiences subzero temperatures in
December to March, and the mean temperature of the coldest quarter is -0.2°C
(Supplemental Fig. S15B).

Melica nutans (2n = 2x = 18) is a perennial species distributed in temperate
parts of Eurasia (Tutin, 1980; Hultén and Fries, 1986; Clayton et al., 2006). Seeds
were collected in Germany (50.70708 N, 11.23838 E) in June 2012. The locality of
the collected accession experiences subzero temperatures in December to
March, and the mean temperature of the coldest quarter is -0.9°C
(Supplemental Fig. S15B).

Brachypodium distachyon (2n = 2x = 10) is an annual species natively dis-
tributed in Europe, east Africa, and temperate parts of west Asia (Tutin, 1980;
Hultén and Fries, 1986; Clayton et al., 2006). Seeds for accession Bd1-1 (W6
46201) were acquired from U.S.-NPGS via GRIN. This accession is a single-seed-
descent inbred line of the accession PI170218 (U.S.-NPGS, GRIN) collected in
Soma, Manisa, Turkey, in 1948. The line is classified as a winter variety (i.e. Bd1-
1 requires vernalization to flower and is freeze tolerant; Colton-Gagnon et al.,
2014).

Brachypodium pinnatum (2n = 2x = 18) is a perennial species distributed in
temperate parts of Eurasia (Tutin, 1980; Hultén and Fries, 1986; Clayton et al.,
2006). Seeds were collected in October 2015 in Norway (59.71861 N, 10.59333 E).
The locality of the collected material experiences subzero temperatures in
November to March, and the mean temperature of the coldest quarter is -3°C
(Supplemental Fig. S15B).

Brachypodium sylvaticum (2n = 2x = 18) is a perennial species distributed in
temperate parts of Eurasia (Tutin, 1980; Hultén and Fries, 1986; Clayton et al.,
2006). Seeds were collected in October 2015 in Norway (59.68697 N, 10.61012 E).
The locality of the collected material experiences subzero temperatures in
November to March, and the mean temperature of the coldest quarter is -3.2°C
(Supplemental Fig. S15B).

Hordeum vulgare (2n = 2x = 14) seeds for cv Igri were provided by Asmund
Bjornstad (Department of Plant Sciences, Norwegian University of Life
Sciences). The cv Igri is a two-row winter barley developed in Germany in 1976
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and is much used across western Europe (Fischbeck, 2003). Igri requires ver-
nalization to flower and is tolerant to frost (Kosova et al., 2010). The cv Sonja is a
two-row winter barley developed in Germany in 1974 (Fischbeck, 2003).

Lolium perenne seed for cv Fagerlin were provided by Mallikarjuna Rao Kovi
(Department of Plant Sciences, Norwegian University of Life Sciences). The cv
Fagerlin is a winter-hardy variety developed in Norway in 2008.

Elymus repens (2n = 4x, 6x = 28, 42) is a perennial species distributed in
Europe and northern parts of Asia and is introduced to North America (Tutin,
1980; Hultén and Fries, 1986; Clayton et al., 2006). Seeds were collected in
October 2015 in Norway (59.66111 N, 10.89194 E). The locality of the collected
material experiences subzero temperatures between November and March, and
the mean temperature of the coldest quarter is —3.1°C (Supplemental Fig.
S15B).

Freezing Tests

Seeds from all nine species (for H. vulgare, cv Sonja was used) were germi-
nated and plants were grown in a greenhouse at 20°C under natural daylight.
Each individual was divided into four clones, one for each treatment and
control. The plants were acclimated at 4°C and short days (8 h) for 3 weeks.
Control conditions were short days and 20°C. The light intensity was 50 wmol
m~2 571 At the end of the cold acclimation period, plants were subjected to
freezing at three different temperatures (—4°C, —8°C, and —12°C) following
Alm et al. (2011). For each temperature, we used 15 acclimated and 15 non-
acclimated individuals per species. After freezing, plants were cut down to
approximately 3 cm and grown at 20°C under long days in a greenhouse with
natural light conditions. Two and 3 weeks after the plants were moved into
20°C and long days, they were assessed for regeneration ability and scored from
0 (dead) to 9 (growth without damage). Differences between acclimated and
nonacclimated individuals within each species were tested with a one-tailed
Students f test in R (R Core Team, 2016) using the stats package.

Cold Treatment: Sampling, RNA Extraction,
and Sequencing

Seeds from N. stricta, M. nutans, S. lagascae, B. distachyon, and H. vulgare (cv
Igri) were germinated and initially grown in a greenhouse at a neutral day-
length (12 h of light), 17°C, and a minimum artificial light intensity of 150 wmol
m~2s7L. To ensure that individual plants were at comparable developmental
stages at sampling, the onset of treatment for different species was based on
developmental stage rather than absolute time. Most importantly, none of the
plants had transitioned from vegetative to generative phase, as this could have
affected the cold response. Plants were grown until three to four leaves had
emerged for M. nutans, S. lagascae, B. distachyon, and H. vulgare or six to seven
leaves for N. stricta (which is a cushion-forming grass that produces many small
leaves compared with its overall plant size). Depending on the species, this
process took 1 week (H. vulgare), 3 weeks (B. distachyon and S. lagascae), 6 weeks
(M. nutans), or 8 weeks (N. stricta) from the time of sowing. Subsequently, plants
from all species were randomized and distributed to two cold chambers with
short days (8 h of light), constant 6°C, and a light intensity of 50 umol m~2s~1.
Plants were kept in cold treatment for the duration of the experiment. Leaf
material for RNA isolation was collected (1) in the afternoon (at zeitgeber time
[ZT] 8) on the day before cold treatment (D0) and in the afternoon (ZT 8) on the
first day of cold treatment (8 h after initiation of cold treatment; D1) and (2) in
the morning (ZT 0) before cold treatment (W0), 4 weeks of cold treatment (W4),
and 9 weeks of cold treatment (W9; Supplemental Fig. S1). The sampling time
points were chosen to be able to separate chilling stress responses (first day of
treatment) and responses to long-term cold treatment that represent acclima-
tion to freezing temperatures (4 and 9 weeks of treatment). Flash-frozen leaves
were individually homogenized using a TissueLyser (Qiagen Retsch), and total
RNA was isolated (from each leaf) using an RNeasy Plant Mini Kit (Qiagen)
following the manufacturer’s instructions. The purity and integrity of total
RNA extracts was determined using a NanoDrop 8000 UV-Vis Spectropho-
tometer (Thermo Scientific) and 2100 Bioanalyzer (Agilent), respectively. For
each time point, RNA extracts from five leaves sampled from five different
plants were pooled and sequenced as a single sample. In addition, replicates
from single individual leaves were sequenced for selected time points (see
Supplemental Table S1 and “Differential Expression” below). Two time points
lacked expression values: W9 in B. distachyon (RNA integrity was insufficient
for RNA-Seq) and WO in S. lagascae (insufficient supply of plant material).
Samples were sent to the Norwegian Sequencing Centre, where strand-specific
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cDNA libraries were prepared and sequenced (paired end) on an Illumina
HiSeq 2000 system.

Transcriptome Assembly and Ortholog Inference

Using Trimmomatic v0.32 (Bolger et al., 2014), all reads were trimmed to a
length of 120 bp, Illumina TruSeq adapters were removed from the raw reads,
low-quality bases were trimmed using a sliding window of 40 bp and an av-
erage quality cutoff of 15, and reads below a minimum length of 36 bp were
discarded. Read quality was checked using fastqc v0.11.2. For each species,
transcripts were assembled de novo with Trinity v2.0.6 (Grabherr et al., 2011;
strand-specific option, otherwise default parameters) using reads from all
samples. We assessed the completeness of the transcriptomes using Bench-
marking of Universal Single-Copy Orthologs v3.0.2 (Waterhouse et al., 2018)
with the provided Embryophyta database, based on OrthoDB version 9
(Zdobnov et al., 2017; Supplemental Table S6). Coding sequences (CDS) were
identified using TransDecoder rel16JAN2014 (Haas et al., 2013). Where Trinity
reported multiple isoforms, only the longest CDS was retained. OGs were
constructed from the five de novo transcriptomes and public reference tran-
scriptomes of H. vulgare (barley_HighConf_genes_MIPS_23Mar12), B. dis-
tachyon (brachypodium v1.2), Oryza sativa (rap2), Zea mays (ZmB73_5a_WGS),
Sorghum  bicolor (sorghum 1.4), and L. perenne (GenBank TSA accession
GAYX01000000) using OrthoMCL v2.0.9 (Li et al., 2003). All reference se-
quences except L. perenne were downloaded from http://pgsb.helmholtz-
muenchen.de/plant/plantsdb.jsp.

HCOGs

To compare gene expression across Pooideae, we required OGs to contain one
gene from each species that all descended from a single gene in the Pooideae
ancestor. As the OGs inferred using orthoMCL sometimes cluster more distantly
related homologs as well as include both paraphyletic and monophyletic
paralogs, we further refined the OGs by phylogenetic analysis. Several
approaches to phylogenetic refinement have been proposed previously (Yang
and Smith, 2014). Here, we first aligned protein sequences within each OG
using mafft v7.130 (Katoh and Standley, 2013) and then converted these protein
alignments to codon alignments using pal2nal v14 (Suyama et al., 2006). Gene
trees were then constructed from the codon alignments using Phangorn
v1.99.14 (Schliep et al., 2011; maximum likelihood GTR+I+G). Trees with ap-
parent duplication events before the most recent common ancestor of the in-
cluded species were split into several trees. This was accomplished by
identifying in-group (Pooideae) and out-group (Z. mays, S. bicolor, and O. sativa)
clades in each tree and then splitting the trees so that each resulting subtree
contained a single out-group and a single in-group clade. Finally, we only
retained the trees where all species in the tree formed one clade each (i.e. only
monophyletic paralogs), B. distachyon and H. vulgare formed a clade, and at least
three of the five studied species were included. These trees constituted the
HCOGs.

Differential Expression

Reads were mapped to the de novo transcriptomes using bowtie v1.1.2
(Langmead et al., 2009), and read counts were calculated with RSEM v1.2.9 (Li
and Dewey, 2011). We observed higher numbers of monophyletic species-
specific paralogs in the de novo assembled transcriptome than in the refer-
ence genomes of H. vulgare and B. distachyon. Since the de novo assembly
procedure thus seemed to overestimate the number of paralogs (most likely
because alleles or alternative transcript isoforms were assembled into separate
contigs), we chose to represent each species in each HCOG by a single read-
count value equal to the sum of the expression of all assembled paralogs
(analogous to so-called monophyly masking [Smith et al., 2011]). By addition-
ally setting counts for missing orthologs to zero, we created a single cross-
species expression matrix with HCOGs as rows and samples as columns
(Supplemental Table S3).

To identify conserved and diverged cold response across species, DEGs were
identified using DESeq2 v1.6.3 (Love et al., 2014) with a linear regression model
that combined the species factor and the time point factor (with time points
W4/9 as a single level). Pooled samples provided robust estimates of the mean
expression in each time point. To also obtain robust estimates of the variance,
the model assumed common variance across all time points and species within
each HCOG, thus taking advantage of both biological replicates available for
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individual time points within species and the replication provided by analyzing
several species. For each species, we tested the expression difference between
DO and D1 (response to short-term cold treatment) and the difference between
WO and W4/9 (response to long-term cold treatment; Supplemental Fig. S1).
B. distachyon lacked the W9 sample, and response to long-term cold treatment
was therefore based on W4 only. S. lagascae lacked the W0 sample, and response
to long-term cold treatment was therefore calculated based on D0. Due to the
observed diurnal effect (Supplemental Fig. S2A), this might have resulted in
more unreliable estimates of the response to long-term cold treatment in S.
lagascae. Genes with a false discovery rate-adjusted P < 0.05 and a fold
change > 2 or < 0.5 were classified as differentially expressed.

Sample Clustering

Sample clustering was based on read counts normalized using the variance-
stabilizing transformation (VST) implemented in DESeq2. The purpose of the
VST transformation is to create expression values where the variability is not
related to the mean. For large counts, these VST values are equal to log,-trans-
formed values. HCOGs that lacked orthologs from any of the five species, or that
contained orthologs with low expression (VST < 3), were removed, resulting in
4,981 HCOGs used for the clustering. To highlight the effect of the cold treatment
over the effect of expression level differences between species, the expression
values were normalized per gene and species. First, one expression value was
obtained per time point per gene by taking the mean of the replicates. Then, these
expression values were centered by subtracting the mean expression of all time
points. Distances between all pairs of samples were calculated as the sum of ab-
solute expression differences between orthologs in the 4,981 HCOGs (i.e. Man-
hattan distance). The sample clustering tree (Supplemental Fig. S2A) was
generated using neighbor joining (Saitou and Nei, 1987).

Comparison with Known Cold-Responsive Genes

Genes identified as responsive to short-term cold treatment in H. vulgare
were acquired from Supplemental Table S10 of Greenup et al. (2011). These
genes were found to be responsive to cold in three independent experiments
with Plexdb accessions BB64 (Svensson et al., 2006), BB81 (no publication), and
BB94 (Greenup et al., 2011). The probe sets of the Affymetrix Barley1 GeneChip
microarray used in these studies were BLASTed (BLASTX) against all protein
sequences in our OGs. Each probe was assigned to the OG with the best match
in the H. vulgare reference. If several probes were assigned to the same OG, only
the probe with the best hit was retained. Correspondingly, if a probe matched
several paralogs within the same OG, only the best match was retained. DESeq2
was used to identify DEGs responsive to short-term cold treatment for all
transcripts in all OGs (i.e. this analysis was not restricted to the HCOGs), and
these were compared with DEGs from Greenup et al. (2011). The statistical
significance of the overlap between our results and those reported by Greenup
etal. (2011) was assessed for each species by counting the number of genes that
had the same response (up- or down-regulated DEGs) and comparing that with
a null distribution. The null distribution was obtained from equivalent counts
obtained from 100,000 trials where genes were randomly selected from all
expressed genes (mean read count > 10) with an ortholog in H. vulgare.

GO Enrichment Tests

GO annotations for B. distachyon were downloaded from Ensembl Plants
Biomart and assigned to the HCOGs. The TopGO v2.18.0 R package (Alexa and
Rahnenfuhrer, 2018) was used to calculate statistically significant enrichments
(Fisher’s exact test, P < 0.05) of GO biological process annotations in each set of
branch-specific DEGs using all annotated HCOGs as the background. The en-
richment analysis was restricted to a subset of GO terms relevant to plants (i.e.
plant GO plant). Branch-specific DEGs were those genes that were exclusively
differentially expressed in all species within a clade in the phylogenetic tree.

Positive Selection Tests

To test for positive selection, we first identified a species tree topology.
HCOGs with a single ortholog from each of the five Pooideae species and O.
sativa were used to infer gene trees. BEAST v1.7.5 (Drummond and Rambaut,
2007) was run with an HKY + I' nucleotide substitution model using an un-
correlated lognormal relaxed clock model. A Yule process (birth only) was used
as prior for the tree and monophyly of the Pooideae was constrained. Markov
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chain Monte Carlo analyses were run for 10 million generations, and parame-
ters were sampled every 10,000 generations. For each gene tree analysis, the first
10% of the estimated trees were discarded and the remaining trees were sum-
marized to a maximum clade credibility tree using TreeAnnotator v1.7.5. The
four most supported gene tree topologies are shown in Supplemental Figure S4.
The placement of the lineages Meliceae and Stipeae within the Pooideae species
tree is uncertain. The species tree topology used in the positive selection tests
was equal to the most common topologies among the 3,914 maximum clade
credibility trees.

Each of the HCOG gene trees was tested for positive selection using the
branch-site model in codeml, which is part of PAML v4.7 (Yang, 2007). We only
tested branches for positive selection in HCOGs meeting the following criteria. (1)
The tested branch had to be an internal branch also in the gene tree (i.e. there were
atleast two species below the branch). (2) The species below and above the tested
branch in the gene tree had to be the same as in the species tree or a subset thereof.
(3) The first species to split off under the branch had to be the same as in the
species tree (for the early split, either S. lagascae or M. nutans was allowed). We
then used the hypergeometric test to identify statistically significant overrepre-
sentation of positive selection among branch-specific DEGs (see “GO Enrichment
Tests”) at the Pooideae base, the early-split, and the late-split branches.

Gene Family Size and Age

The gene family size was estimated as the number of genes in the OG divided
by the number of species (i.e. the average copy number per species in an OG).
Family size was then plotted for each category of DEGs (Supplemental Fig. S5).
Error bars were computed as 95% confidence intervals of the mean.

Gene trees were downloaded from the Ensembl plants compara database
(Herrero et al., 2016) and used to assign OGs to phylostrata through matching
B. distachyon gene identifiers. The age of the root of each ensembl gene tree was
used as the phylostratum for the corresponding OG. We used log odds ratio to
visualize the enrichment of cold-response genes within each phylostratum
(Supplemental Fig. S6).

Identification of Candidate de Novo Transcripts and Gene
Tree Reconstruction

For five cold acclimation gene families (CBFIII and CBFIV, DHN, ctCOR,
IRIP, and FST), we downloaded previously identified H. vulgare DNA-coding
(CDS) and amino acid sequences (Supplemental Table S5) from GenBank. The
amino acid reference sequences were used in protein BLAST searches against
translated de novo transcripts. Potential candidate transcripts were identified
by discarding protein BLAST results with a maximum bitscore < 90 and
e-value > 1E-21. When at least one transcript met those criteria, all transcripts of
the respective HCOG were defined as candidate transcripts. The HCOGs also
contained reference CDS from the Pooideae species H. vulgare, L. perenne, and
B. distachyon as well as from the outgroup species O. sativa, S. bicolor, and
Z. mays. De novo transcripts not part of an HCOG were included when they met
a maximum bitscore > 110 and e-value < 1E-31. MUSCLE v.3.8.31 (Edgar,
2004) was used to create initial multiple sequence alignments (MSAs) by
aligning all de novo candidate transcripts and reference CDSs with H. vulgare
GenBank CDSs and best BLAST hits for Triticum spp., B. distachyon, and non-
Pooideae CDS. To reduce redundancy, reference CDSs were merged with
GenBank CDSs when these were identical. To ensure proper tree root resolu-
tion, additional outgroups were included where necessary.

After reconstructing an initial gene tree using PhyML (Guindon et al., 2010)
assuming an HKY + I" nucleotide substitution model, we removed sequences that
were not part of the clade defined by GenBank CDS and outgroup sequences.
Subsequently, we used the program CD-HIT-EST (available from http://
weizhongli-lab.org/cd-hit/) to merge de novo transcripts from each species with
a sequence identity greater than 90%. Remaining intronic and noncoding regions
were removed from the MSAs with exonerate v2.2.0 (Slater and Birney, 2005).
Additionally, we excluded fragmented de novo transcripts that were shorter than
one-third of the GenBank CDS length. We produced a final MSA with MACSE
v1.2 (Ranwez etal., 2011) setting de novo transcripts as less reliable sequences and
generated gene trees with PhyML applying a GTR + I' model.

Accession Number
The raw reads are available in the ArrayExpress database (www.ebi.ac.uk/
arrayexpress) under accession number E-MTAB-5300. Major genes identified

by our analyses are listed in Table 1.
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