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Anthropogenic climate change precipitates the need to understand plant adaptation. Crucial in temperate climates, adaptation to
winter is characterized by cold acclimation and vernalization, which respectively lead to freezing tolerance and flowering
competence. However, the progression of these responses during fall and their interaction with plant development are not
completely understood. By identifying key seasonal cues found in the native range of the cereal model Brachypodium distachyon,
we designed a diurnal-freezing treatment (DF) that emulates summer-to-winter change. DF induced unique cold acclimation
and vernalization responses characterized by low VERNALIZATION1 (VRN1) expression. Flowering under DF is characterized
by an up-regulation of FLOWERING LOCUS T (FT) postvernalization independent of VRN1 expression. DF, while conferring
flowering competence, favors a high tolerance to freezing and the development of a winter-hardy plant structure. The findings of
this study highlight the contribution of phenotypic plasticity to freezing tolerance and demonstrate the integration of key
morphological, physiological, and molecular responses in cold adaptation. The results suggest a fundamental role for VRN1
in regulating cold acclimation, vernalization, and morphological development in B. distachyon. This study also establishes the
usefulness of reproducing natural cues in laboratory settings.

The unpredictable effects of climate change have im-
posed challenges to natural ecosystems and agriculture.
The detrimental effects of environmental stresses on
food production will become more problematic in the
future (USGCRP, 2017). Unfortunately, the limited un-
derstanding of plants’ adaptivemechanisms to changing
environments restrains our ability to predict and prepare
for these consequences. Plant adaptation is a complex
concept that transcends stress responses, plant devel-
opment, behavior, and evolution. Undertaking research
on this topic requires a global perspective on how plants

respond to change. Temperate plants have evolved to
persist under seasonal climates, and their adaptation to
cold and freezing is a useful system for adaptation
studies. However, there are still gaps in the integrative
understanding of cold adaptation, possibly due to the
disparity between controlled and natural environments
(Gusta and Wisniewski, 2013). Indeed, cold is a major
stressor in temperate regions, and climatic events, such
as late frost, will be increasingly problematic in the fu-
ture. Hence, understanding the mechanisms behind
plant adaptation to cold is crucial for the development of
hardier plants.

Freezing tolerance is an important adaptive trait in
temperate plants (Chouard, 1960). Winter-hardy plants
innately possess or can acquire the structure and
physiology to grow under cold and survive freezing
(Thomashow, 1999; Körner, 2016). In fact, it was pro-
posed that plant cold-adaptive characteristics can be
divided into three groups: (1) genotypic traits (irre-
versible within one plant’s lifetime), (2) modification of
plant structure (in response to the environment), and (3)
acclimation or physiological adjustments (that are re-
versible; Körner, 2016). The latter group, also called
cold acclimation, has been the subject of substantial
research in plants. Cold acclimation is often accompa-
nied by the production of osmolites, cryoprotective
molecules, ice formation inhibitors, andmetabolic shifts
that increase tolerance to freezing and the plant’s

1This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC Discovery grant
RGPIN-2015-06679 to J.B.C.). B.F.M. was supported by the Vanier
Canada Graduate Scholarship. The authors also acknowledge sup-
port from Centre SEVE.

2Author for contact: jean-benoit.charron@mcgill.ca.
3Senior author.
The author(s) responsible for distribution of materials integral to

the findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Jean-Benoit Charron (jean-benoit.charron@mcgill.ca).

B.F.M. and J.-B.C. designed the research; B.F.M. and A.B. per-
formed the experiments and analyses; B.F.M., A.B., and J.-B.C. wrote
the manuscript.

[OPEN]Articles can be viewed without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.19.01195

1022 Plant Physiology�, February 2020, Vol. 182, pp. 1022–1038, www.plantphysiol.org � 2020 American Society of Plant Biologists. All Rights Reserved.

https://orcid.org/0000-0001-8547-7323
https://orcid.org/0000-0001-8547-7323
https://orcid.org/0000-0001-8547-7323
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.19.01195&domain=pdf&date_stamp=2020-01-21
http://dx.doi.org/10.13039/501100000038
http://dx.doi.org/10.13039/501100000038
mailto:jean-benoit.charron@mcgill.ca
http://www.plantphysiol.org
mailto:jean-benoit.charron@mcgill.ca
http://www.plantphysiol.org/cgi/doi/10.1104/pp.19.01195


performance under cold (Thomashow, 1999). Cold
acclimation is orchestrated by the expression of cold-
regulated genes, notably through the C-repeat binding
factor pathway (Thomashow, 1999). Despite the rec-
ognized importance of plant morphology in freezing
tolerance, the interaction between cold acclimation
and morphological development has not been thor-
oughly studied (Körner, 2016). Cold acclimation is the
main mechanism by which plants increase their freezing
tolerance. Studies define cold acclimation as early events
of cold response (Bond et al., 2011). However, under cold
conditions, both early and longer-term responses likely
contribute to the establishment of a freezing-tolerant
phenotype. Providing temperatures are not so cold as
to completely inhibit growth, plant development and
the morphology acquired under cold conditions may
hence play a role in freezing tolerance (Equiza et al.,
2001; Patel and Franklin, 2009).
While cold hardiness is important for surviving cold

stress, plants also maximize their persistence in tem-
perate climates by adjusting their phenology to sea-
sonality (Chouard, 1960). The cold-mediated regulation
of flowering time, often coupled to a longer photo-
period, ensures that flowering occurs when winter is
over. Indeed, temperate plants usually require a rel-
atively long exposure to cold temperatures to acquire
the capacity to flower through a process known as ver-
nalization (Chouard, 1960). In temperate cereals, vernali-
zation is characterized by the activation of the MADS-box
transcription factor VERNALIZATION1 (VRN1) and the
quantitative accumulation of its transcripts in response to
cold (Danyluk et al., 2003). The activation of VRN1 occurs
in tandem with epigenetic changes on the VRN1 gene,
such as the depletion of histone 3 Lys 27 trimethylation
(H3K27me3; Oliver et al., 2009, 2013; Woods et al., 2017).
Because the activation of VRN1 is maintained after ex-
posure to cold, vernalization has been referred to as the
“memory of winter.”
Plants generally respond to colder temperatures and

lower photoperiod during fall. These are thought to be
important signals for cold acclimation and vernaliza-
tion and could possibly induce structural change. Al-
though these processes are triggered by similar signals,
the connection between their regulations is not well
known. Probably because cold acclimation and ver-
nalization appear to occur independently in Arabi-
dopsis (Arabidopsis thaliana; Bond et al., 2011), most
research efforts that investigated their interaction fo-
cused on temperate cereals. Indeed, cold acclimation
capacity and responsiveness to vernalization treat-
ments appear to be linked in wheat (Triticum aestivum)
and barley (Hordeum vulgare; Fowler et al., 1996; Dhillon
et al., 2010). A negative correlation between the ver-
nalized state and freezing tolerance has been reported
as plants reaching vernalization saturation started to
lose their freezing tolerance (Fowler et al., 1996). Fur-
thermore, it was shown that vernalization requirement
and cold acclimation capacity appear to be linked to
alleles of VRN1 in wheat (Ganeshan et al., 2008;
Laudencia-Chingcuanco et al., 2011). VRN1 has been

proposed as a connective node between cold acclima-
tion and vernalization (Dhillon et al., 2010). Studies
have also highlighted the role of VRN1 in regulating
elements of plant phenotypic development (Preston
and Kellogg, 2008; Voss-Fels et al., 2018). VRN1 may
hence play a fundamental role in cold adaptation in
temperate cereals. Temperate cereal crops are complex
systems to study the interaction between growth, cold
acclimation, and vernalization because of the complex
relationship between these traits and their inconvenient
use in laboratory settings. Moreover, knowledge gained
from studying these domesticated crops may not reflect
the natural variation and the adaptive mechanisms po-
tentially found in wild organisms. The undomesticated
cerealmodel Brachypodium distachyon can thus be viewed
as a useful candidate species to study cold adaptation
and its regulation in a natural context.
The temperate grass B. distachyon is native to the

Mediterranean region, where it grows as a spring or
winter annual (Colton-Gagnon et al., 2014; Des Marais
and Juenger, 2016). The species displays a range of
vernalization requirements and has the capacity to cold
acclimate (Colton-Gagnon et al., 2014; Ream et al., 2014;
Ryu et al., 2014). Compared to wheat, however, B. dis-
tachyon has so far displayed a limited capacity to in-
crease its tolerance to freezing upon cold acclimation.
Unlike spring and winter wheat that can, for example,
increase their tolerance to freezing by 6°C and 18°C,
respectively (decrease in lethal temperature for 50% of
the plants, LT50; Ganeshan et al., 2008), B. distachyon
accessions have shown a modest gain in freezing tol-
erance of 2°C regardless of their vernalization require-
ment (Colton-Gagnon et al., 2014). The limited capacity
for acclimation of B. distachyon is particularly intriguing
because this species has been shown to have an exten-
sive natural variation in vernalization requirements.
While it is possible that the species possesses a limited
cold acclimation capacity, we hypothesized that the
low-temperature treatments commonly used under
controlled conditions are unsuccessful in eliciting the
extent of the species’ freezing tolerance. By devel-
oping a method to simulate seasonal change, we
have attempted to further characterize the species’
freezing-tolerant phenotype and highlighted a reg-
ulatory function for VRN1 in cold acclimation and
plant morphology in B. distachyon.

RESULTS

Diurnal Freezing Models the Transition from Summer to
Winter in B. distachyon’s Natural Range

It was previously shown that when cold-acclimated
for 28 d under a typical constant-chilling (CC) treatment
(4°C), the freezing tolerance of B. distachyon is estimated
at an LT50 of 210°C (Colton-Gagnon et al., 2014). This
LT50 appears to be the maximal tolerance of this species
when acclimated under constant chilling, as up to 49 d
of cold acclimation under either short- or long-day
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photoperiod does not further increase its freezing toler-
ance (Supplemental Fig. S1). However, substantially
lower freezing temperatures were measured in B. dis-
tachyon’s natural range. These observationsmay indicate
that in addition to inducing visible chilling stress, con-
stant chilling might not reproduce the cues respon-
sible for complete cold acclimation in B. distachyon
(Supplemental Fig. S1). Therefore, we attempted to find
a more appropriate experimental protocol to induce
sturdier cold acclimation in the species and investigated
the seasonal cues at geographically distinct locations in
the species’ natural range (represented by habitats H1
toH4). These locations correspond to the seed collection
sites of four accessions of B. distachyon, from lowest to
highest latitude: H1 in Iraq (Bd21-3), H2 in Spain (Bd30-
1), H3 in Turkey (Bd18-1), and H4 in Ukraine (Bd29-1).
The climatic conditions at these natural habitats H1 to
H4 are, respectively, warm semiarid (Bsh), hot-summer
Mediterranean (Csa), warm-summer Mediterranean/
cold semiarid (Csb/Bsk), and humid subtropical/oce-
anic (Cfa/Cfb) according to the Köppen-Geiger classi-
fication system and may represent the extent of B.
distachyon’s geographical range (Fig. 1; Supplemental
Fig. S1).

Meteorological data reporting monthly averages of
temperature (tmp), diurnal temperature range (dtr), fre-
quency of frost days (frs), and photoperiod (pp) that span
1901 to 2017 was used to study seasonal change in the
four locations. Principal component analysis was per-
formed to highlight the difference in atmospheric con-
ditions between seasons across the four habitats and
between H1 and H4 (Fig. 1B). This analysis shows that
the principal component1 appears to capture the sea-
sonality shared among the habitats H1 to H4, while
principal component2 describes differences between the
conditions in habitats H1 to H4. It appears that seasons
are clearly defined across the four habitats and that at-
mospheric conditions are more markedly different be-
tween seasons than between the selected habitats
(Fig. 1B). Moreover, we plotted the monthly dtr over the
monthly mean tmp at habitats H1 to H4 (Fig. 1C). These
representations depict the temperature variations expe-
rienced in a typical day at each month in each habitat,
based on 1901 to 2017 monthly average values. Accord-
ing to this data, B. distachyon experiences relatively high
diurnal temperature variations that are highest during
the summer (.20°C in H1) and lowest in winter (, 6°C
in H4) with a yearly average of 11.25°C across habitats
H1 to H4 (Fig. 1C; Supplemental Table S1).

To visualize the change in atmospheric conditions
during the progression of seasons, we plotted the at-
mospheric variables monthly tmp, dtr, frs, and pp in a
circular diagram (Fig. 1D). This diagram illustrates how
seasons are characterized by gradual change in the at-
mospheric variables tmp, dtr, frs, and pp. The lowest
monthly values are toward the center of the circle and
the highest on the edge (Fig. 1D). Unsurprisingly,
summers have highest tmp, dtr, and pp, while on the
opposite, winters show highest frs and lowest tmp, dtr,
and pp. Indeed, the transition from summer to winter

sees gradual decreases first in photoperiod (pp), second
in mean tmp, and third in dtr, while the frs increases
during fall. In other words, photoperiod leads the
change, followed by mean temperature, dtr, and frs.

In an attempt to unite the cues that signal summer-to-
winter change, we have selected specific values of the
seasonal atmospheric variables that are representative
of (1) summer, (2) fall, and (3) winter. We combined the
lowest photoperiod (end of fall) to a mean temperature
typical of fall, a high dtr typical of summer, and a high
frs typical of winter into a single treatment (called di-
urnal freezing [DF]; circled in Fig. 1, D and E). The DF
treatment is characterized by cycles of 24 h that simu-
late winter-like nighttime frost with a minimum of
21°C and a maximum of 22°C during the day. This
temperature range models a summer-like dtr and a fall-
like mean tmp of 8.7°C. The DF treatment associates
this temperature regime to a late fall-like photoperiod
of 8 h of daily light (Fig. 1E; Supplemental Table S1).

Constant Chilling and DF Emulate Distinct Cold
Conditions and Induce Divergent Responses in
B. distachyon

To further characterize the progressively colder tem-
peratures of the fall, we compared the naturally occurring
chilling and freezing at B. distachyon habitatsH1 toH4 and
DF to constant chilling (CC), to a typical laboratory cold
treatment. Hours and rates of chilling (between 0°C and
8°C) and freezing (temperature below 0°C) were deter-
mined using meteorological data collected every three
hours by nearby meteorological stations (Supplemental
Table S2). Both chilling and freezing eventswere observed
at habitats H1, H2, H3, and H4 between September and
March. In all habitats, the occurrence of freezing increases
as the hours of chilling increase (Fig. 2). Also, both chilling
and freezing rates increasewith the progression of fall and
peak at wintertime (Fig. 2C). Unsurprisingly, DF repro-
duces the relation between the occurrence of chilling and
freezing, along with chilling and freezing rates that ap-
proximate the conditions in habitats H1 to H4 (Figs. 2, B
andC). Conversely, the absence of freezing inCC, coupled
to a chilling rate twice as high as the maximum natural
chilling rate, clearly shows that the CC treatment does not
reproduce the natural occurrence of cold in these habitats
(Figs. 2, B and C).

To measure the growth response of B. distachyon to CC
and DF, we measured the number tillers and leaf chloro-
phyll content in plants exposed to either treatment for 7 to
56 d. B. distachyon developed fewer tillers under CC than
under DF. After 56 d of exposure to either treatment, DF
plants tended to be more similar to plants growing under
control conditions than plants growing under CC condi-
tions (Fig. 2D). Moreover, all accessions lose more chlo-
rophyllwhen exposed toCC than toDF (Fig. 2E).Notably,
DF did not induce visible chilling stress injuries as ob-
served under CC (Supplemental Fig. S1C). Hence, CC
reproduces maximum chilling conditions that limit
growth and reduce plant chlorophyll content. Conversely,
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DF simulates conditions that are closer to natural events
and leads to less growth reduction than CC.

DF Leads to Higher Freezing Tolerance

To compare the cold acclimation response under CC
and DF, we measured the freezing tolerance, the

transcript accumulation of cold-regulated (COR) genes,
and the levels of nonstructural carbohydrates and
proline (Pro) in plants exposed to either treatment. We
measured survival to freezing temperatures of Bd21-3,
Bd30-1, Bd18-1, and Bd29-1 subjected to CC or DF for 7 d
by performing whole-plant freeze tests, during which
plants were exposed to gradually lower freezing tem-
peratures (Fig. 3). DF-treated plants showedmeasurably

Figure 1. Specific seasonal cues observed at four habitats of B. distachyon can be combined into a diurnal freezing treatment to
mimic seasonal change. A, Climate at selected geographical locations (habitats) that correspond to the parental seed collection
sites of accessions Bd21-3 (H1), Bd30-1 (H2), Bd18-1 (H3), and Bd29-1 (H4). The colors correspond to the following climate:
Group B, dry (arid) climates. BSh, hot semiarid; BSk, cold semiarid; BWh, hot desert; BWk, cold deser. Group C, temperate/
mesothermal climates. Csa, Mediterranean hot summer; Csb, Mediterranean warm/cool summer; Csc, Mediterranean cold
summer; Cfa, humid subtropical; Cfb, oceanic; Cfc, subpolar oceanic. Group D, continental/microthermal climates. Dfa, hot-
summer humid continental; Dfb, warm-summer humid continental; Dfc, subarctic; Dsa, Mediterranean-influenced hot-summer
humid continental; Dsb, Mediterranean-influencedwarm-summer humid continental; Dsc, Mediterranean-influenced subarctic.
Group E, polar climates. ET, tundra. B, Principal component analyses illustrating clusters of the climatic data by habitat H1 to H4
(top) or by season across the four habitats (bottom) over the following variables: tmp, dtr, pp, and frs. C, Diagram depicting a
typical daily temperature variation for each month at each habitat. Values represent the monthly average diurnal temperature
range centered around the monthly average temperature from data spanning 1901 to 2017 in H1 to H4. D, Radar plot sum-
marizing the gradual monthly change of tmp, dtr, pp, and frs that characterize seasonal change and representative values (circled)
selected as parameters of a diurnal freezing treatment (DF): frs observed in winter, dtr observed in summer, and values of tmp and
pp observed in the fall. E, Representation of a 24-h cycle of DF.
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Figure 2. Constant chilling and diurnal freezing simulate distinct chilling and freezing conditions and induce divergent growth
responses. A, Cumulative hours of chilling (between 0°C and 8°C) and freezing (, 0°C) in four habitats of B. distachyonH1 to H4
compared to CC and DF treatments. B, Cumulative freezing in relation to cumulative chilling in H1 to H4, CC, and DF. C, Actual
rate of chilling and freezing in the four habitats based on meteorological stations from 1973 to 2017 (Supplemental Table S2)
compared to CC and DF. D, Number of tillers in control (CTR), CC-, and DF-treated B. distachyon accessions Bd21-3, Bd30-1,
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higher survival to freezing in all accessions. More-
over, we measured the survival of Bd21-3 CC28 and
DF28 plants that were subjected to either treatment
for 28 d. The results show that at 212°C, more than
60% of DF28 survive, compared to almost 0% of
CC28 (Fig. 3B). Therefore, we estimated that the LT50
of DF28 plants (which we were not able to measure)
is probably below 212°C.
Transcript accumulation of cold-regulated (COR)

genes at the first 16 and 24 h of exposure to CC or DF
suggests that cold acclimation occurs under both
treatments. However, COR gene profiles are different
between the two treatments, as illustrated by the early
high levels of ICE-RECRYSTALLIZATION INHIBI-
TOR (IRI) observed under DF (Fig. 3C). Interestingly,
all accessions seem to respond similarly to either CC
or DF. We further deepened our analysis by measur-
ing the contents of Pro and nonstructural carbohy-
drates. Both treatments induced to similar levels the
accumulation of raffinose, Glc, Fru, and high-density
polymerization fructans (Fig. 3D). Nevertheless, the
accumulation of Suc, whole-soluble sugars, starch,
and total nonstructural carbohydrates were higher in
CC-treated plants. Similarly, the accumulation of Pro
was higher in CC-treated than in DF-treated plants
(Fig. 3E). Altogether, CC and DF induce distinct cold
acclimation in B. distachyon. DF-treated plants gain a
higher freezing tolerance but accumulate lower levels
of total nonstructural carbohydrates and Pro com-
pared to CC-treated plants.

CC and DF Induce Contrasting Vernalization and
Flowering Responses

To determine the effects of DF on flowering time, we
measured the number of days to heading in Bd21-3
(facultative accession with a low vernalization re-
quirement) and Bd18-1 (winter accession with high
vernalization requirement) that were vernalized under
CC, a typical vernalization treatment, or DF. Plants
were vernalized under either treatment for 7 to 56 d
prior to being transferred to a flowering-inducing
treatment (long-day conditions). Compared to non-
vernalized controls, both cold treatments decreased
time to flowering in Bd21-3 and Bd18-1. Although both
treatments induced flowering, when vernalized for up
to 21 d, CC-treated Bd21-3 flowered earlier than DF-
treated Bd21-3. Similarly, CC-treated Bd18-1 vernal-
ized for 7 and 14 d also flowered earlier than
DF-treated Bd18-1. However, the flowering time of
CC-treated and DF-treated plants in all later time
points were equivalent (Fig. 4). Hence, vernalization
under DF could effectively induce a flowering response

in both B. distachyon accessions but did so slightly
slower than the CC treatment.
We further measured the transcript levels of the

cold-responsive vernalization gene VERNALIZATION1
(VRN1), whose expression is known to provide flow-
ering competence in B. distachyon. VRN1 transcripts
accumulate to higher levels in CC than in DF in all
four accessions tested (Fig. 4B). Linear regression of
form y 5 mx1b showed that, according to the m coef-
ficient in CC- and DF-fitted models, VRN1 transcript
levels accumulate ;5.8 times faster under CC than
under DF (Fig. 4B). Plotting the levels of VRN1 tran-
scripts against the corresponding days to heading in the
vernalization-requiring accession Bd18-1 shows that
DF-treated plants reach minimum flowering time with
lower VRN1 transcript levels than in CC-treated
plants (Supplemental Fig. S2). Again, as CC and DF
induce similar flowering responses, linear regression
shows that the accumulation of VRN1 transcripts
under DF induces vernalization, with ;5.6 lower
VRN1 transcript levels than under CC (Supplemental
Fig. S2). Hence, plants exposed to DF show a ver-
nalization response that leads to flowering compe-
tence with significantly lower VRN1 transcript levels,
which indicates that lower expression of VRN1 than
previously observed under CC are necessary to reach
flowering competence in B. distachyon. Moreover, the
vernalization response under DF also suggests the in-
fluence of DF-responsive factors on vernalization and
flowering.
The vernalization response is characterized by the acti-

vation of VRN1 that sees its chromatin transition from a
closed to an open state under cold exposure. Thus, we
measured the levels of histoneH3, repressive histonemark
H3K27me3, and polymerase-II-bound DNA at the VRN1
locus on nonvernalized (NV) control (56-week-old plants
grown under short-day 22°C) and vernalized CC56 (CC)
and DF56 (DF) Bd21-3 plants. NV show the highest levels
of H3 and H3K27me3 and no binding of polymerase II at
the VRN1 locus (Fig. 4C). CC leads to significantly lower
H3 and H3K27me3 levels and significantly higher signals
of polymerase II binding to VRN1 compared to both NV
and DF. Compared to NV, DF shows lower nucleosome
density levels around the first exon of VRN1 (CaRG and
R1) and lowerH3K27me3 levels toward the endof thefirst
intron (R6), indicating a vernalization response. However,
the overall chromatin state of VRN1 observed in DF-
vernalized plants appears to be similar to NV rather
than CC vernalized. Therefore, the chromatin state of
VRN1 measured under DF suggests a moderate vernal-
ization response compared to the highly relaxed state
and the highly active transcription measured under CC.
Because CC and DF induced a similar flowering re-

sponse and contrasting epigenetic and transcriptional

Figure 2. (Continued.)
Bd18-1, and Bd29-1 for 7 to 56 d. E, Relative total chlorophyll contents in CTR, CC, andDFmeasured in Bd21-3, Bd30-1, Bd18-1,
and Bd29-1 at 0, 7, and 28 d. * indicates statistical differences between CC and DF; P , 0.05; error bars represent SD between
three biological replicates.
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Figure 3. Constant chilling and diurnal freezing induce contrasting cold acclimation and freezing tolerance. A, Survival to
freezing in Bd21-3, Bd30-1, Bd18-1, and Bd29-1 after 7 d in either control conditions (CTR; short-day 22°C), constant chilling
(CC), or diurnal freezing (DF) measured in whole-plant freeze tests in which temperature hourly decreases by 1°C down to
212°C. B, Survival to freezing in Bd21-3 after 28 d in either control (CTR), constant chilling (CC), or diurnal freezing (DF). C,
Relative transcript accumulation of C-REPEAT BINDING FACTOR 1 (CBF1), ICE-RECRISTALLIZATION INHIBITOR (IRI), and
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state of VRN1, we measured the expression of FLOW-
ERING LOCUS T (FT), whose expression promotes
flowering, as previously identified in B. distachyon
(Ream et al., 2014). Prior to the transfer to flower-
inducing conditions, transcript levels of FT are higher
in plants vernalized under CC compared to plants
vernalized under DF (Fig. 4D). However, when trans-
ferred to flowering conditions, plants vernalized under
DF accumulate FT transcripts to significantly higher
levels than CC-vernalized plants despite lower VRN1
levels (Fig. 4E). Hence, change in FT may occur inde-
pendently of VRN1 expression under DF. To determine
the effects of VRN1 expression and the acquisition of
flowering competence under CC and DF, we measured
the transcript levels of VRN1 and FT in previously de-
scribed VRN1 overexpressor (UBI:VRN1) and knock-
down (amiVRN1) lines that respectively display rapid
flowering without vernalization and strong flowering
delaywhen vernalized in response to CC andDF (Ream
et al., 2014; Woods et al., 2016). As expected, UBI:VRN1
shows higher transcript levels ofVRN1 under both cold
treatments (Supplemental Fig. S3). As observed with
Bd21-3 (Fig. 4E), both VRN1 transgenic lines that were
vernalized under DF show higher transcript levels of
FT once transferred to flowering conditions, compared
to CC-vernalized plants (Supplemental Fig. S3).
Therefore, these results suggest that CC and DF in-
duce different vernalization and flowering responses
and that vernalization under DF appears to lead to a
higher expression of FT independently of the ex-
pression of VRN1.

High VRN1 Transcript Levels Limit Cold Acclimation and
Freezing Tolerance

Plants grown under CC accumulate high levels of
VRN1 transcripts and display a moderate tolerance to
freezing. Conversely, plants grown under DF develop a
high tolerance to freezing with lower levels of VRN1.
Hence, we investigated the link between VRN1 ex-
pression, cold acclimation, and freezing tolerance in
VRN1 overexpressor (UBI:VRN1) and knockdown
(amiVRN1) transgenic lines. With a similar non-
acclimated freezing tolerance and a lower cold-
acclimated freezing tolerance, UBI:VRN1 showed a
lower capacity to cold-acclimate under both CC and DF
compared to 10A and ami:VRN1 plants in whole-plant
freeze test (Fig. 5A). Within the first 16 h of exposure to
DF, the profiles of COR gene transcript accumulation in
the VRN1 transgenic lines suggest that VRN1 influ-
encesCOR gene transcription (Fig. 5B). AlthoughVRN1
transgenics show complex differences in the tran-
scription profiles of COR genes, the transcript levels of

the cold-responsive transcription factors C-REPEAT
BINDING FACTOR1 (CBF1), CBF2, and BCF3 were
significantly different between all lines at 4 and 16 h
for CBF1, at 16 h for CBF2, and at 12 h for CBF3;
UBI:VRN1 showed the lowest while amiVRN1 showed
the highest transcript levels (Fig. 5B). In addition to
being significantly different from one another, both
transgenic lines also showed lower transcript levels
compared to the control line 10A for the structural COR
gene COR410 at 12 and 16 h.
To determine whether the VRN1 protein was directly

interfering with the transcriptional regulation of CBF
genes, we performed a chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) assay on theACV5-tagged
VRN1 fusion protein in the UBI:VRN1 background
(Fig. 5C). The results suggest that VRN1 binds to
the promoters of CBF1 and CBF3 and hence that high
VRN1 levels affect cold acclimation by interacting
with CBF’s promoters.

VRN1 Influences Plant Morphology and Winter Hardiness

As the DF treatment is closer to natural conditions,
studying how the growth, cold acclimation, and
vernalization responses are integrated under this
treatment may better explain winter hardiness in B.
distachyon. Indeed, DF-treated plants developed a dis-
tinctive plant structure. We recorded final height, final
leaf number, number of tillers, number of spikes, dry
weight, and weight of seeds in control, CC-, and DF-
treated Bd21-3 and Bd18-1. CC56 and DF56 were both
shorter than control CTR56 and tend to produce more
spikes and heavier seeds (Fig. 6A). However, CC and
DF led to two distinct plant morphologies with large
differences in the number of final leaves and tillers.
Indeed, DF-treated plants developed compact plant
structure with a high number of leaves and tillers and
consequently tended to produce more biomass
(Fig. 6A). In addition to producing more leaves and
tillers than CC-treated plants, DF plants acquired a
compact structure compared to control plants, with
similar numbers of tillers. Indeed, the length be-
tween each node (where tillers emerge) is signifi-
cantly smaller in DF plants (Supplemental Fig. S4).
This structure appears to better insulate the crown
tissues of the plant, which are believed to be an im-
portant structure for surviving freezing (Supplemental
Fig. S4).
Phenotypic measurements along with the corre-

sponding VRN1 transcript levels (Fig. 4A) and days to
heading (Fig. 4B) in CC7-56 and DF7-56 of both Bd21-3
and Bd18-1 were summarized in a heatmap. Associated
dendrograms show that CC35-56 followed by CC21-28

Figure 3. (Continued.)
COLD-REGULATED410 (COR410) at 16 or 24 h after exposure to CC or DF. D, Nonstructural carbohydrate contents in CTR, CC-,
and DF-treated plants after 7 d in either treatment. E, Pro contents in CTR, CC-, andDF-treated plants after 7 d in either treatment.
Error bars represent SD among three biological replicates; different letters represent statistically significant differences; P, 0.05.
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Figure 4. CC and DF lead to flowering competence but induce contrasting vernalization and flowering responses. A, Days to
heading in weak vernalization requiring Bd21-3 and strong vernalization requiring Bd18-1. Prior to being transferred to flower
inducing conditions, plants were either nonvernalized (NV; grown under noninductive control conditions) or vernalized for 7 to
56 d (7-56) under CC or DF. B, Relative levels of VRN1 transcripts in Bd21-3, Bd30-1, Bd18-1, and Bd29-1 in a nonvernalizing or
vernalization treatment CC or DF for 7 to 56 d. Linear regression of the form y5 mx1b was fitted on both CC- and DF-induced
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form distinct phenotypic groups, highlighting the ef-
fects of long-term CC on plant phenotype. In contrast,
DF-treated plants cluster together along with CTR0,
CTR56, and CC7-14. Generally, the number of final
leaves decreases over time under both CC and DF until
vernalization saturation. However, only DF plants
showed a subsequent increase in final leaf number
(Fig. 6B; Supplemental Fig. S5). In addition, the heat-
map shows that VRN1 is an important discriminating
factor between CC- and DF-treated plants. As CC and
DF lead to disparate plantmorphologies and drastically
different transcription of VRN1, we investigated the
effects of high VRN1 expression on plant morphology.
B. distachyon is a long-day plant that does not flower

under 8 h light/day (e.g. control SD22°C, CC, and DF).
Hence, when grown for 56 d under noninductive pho-
toperiod, UBI:VRN1 plants adopted a distinct plant
stature compared to control and amiVRN1 plants
(Fig. 6C). UBI:VRN1 were taller and displayed fewer
tillers under all treatments. Moreover, UBI:VRN1 DF56
plants that have flowered had around twice the height
and half the number of tillers and leaves compared
to 10A (empty-vector control) and ami:VRN1 plants
(Supplemental Fig. S6). When grown under DF,
ami:VRN1 plants adopt a shorter stature than control
plants (Fig. 6C). These results show that VRN1 ex-
pression influences plant morphology. Possibly, the
phenotypic difference between CC-treated and DF-
treated plants can be at least partly attributed to the
levels of VRN1 transcripts, as also suggested by the
dendrogram (Fig. 4B): high levels prevent the de-
velopment of short-statured plants with high num-
bers of tillers and leaves. Importantly, UBI:VRN1
failed to produce a compact plant structure under
DF. These results allowed us to generate a model of
the effects of VRN1’s expression on vernalization,
plant phenotype, and winter hardiness (Fig. 6D).

DISCUSSION

DF Induces High Freezing Tolerance in B. distachyon

The DF treatment was designed to maximize the
signals of seasonal change toward winter by combining
specific values of seasonal atmospheric variables that
are typical of summer, fall, and winter in four habitats
inside the natural range of B. distachyon. Compared to
CC, the DF treatment induced higher freezing tolerance
in all tested accessions. The transcript accumulation
profiles of COR genes, as well as the levels of Pro and

nonstructural carbohydrates, indicate that DF induces
a different cold acclimation response compared to the
one elicited by CC. Cold acclimation induced by
freezing temperatures has been described in temperate
cereals, Brassica napus, and Arabidopsis (Kacperska
and Kulesza, 1987; Herman et al., 2006; Takahashi
et al., 2019). This response, termed subzero acclima-
tion or described as a secondary stage of cold accli-
mation, appears to regroup acclimation mechanisms
different from those of chilling-induced acclimation.
Plants exposed to transient nondamaging frost and
diurnally freezing temperatures were shown to un-
dergo changes in photosynthesis, organelle structure,
phospholipid content and composition, cell wall com-
position, andwater potential that contribute to increasing
freezing tolerance (Andrews et al., 1974; Sikorska and
Kacperska-Palacz, 1979; Kacperska and Kulesza, 1987;
Le et al., 2008; Takahashi et al., 2019). Hence, by exposing
plants to negative temperatures, DF likely induces cold
acclimation mechanisms different from those induced
by CC.
Under DF, B. distachyon developed similarly to con-

trol conditions but acquired more leaves and a more
compact plant stature (Fig. 6, A and B). This compact
plant stature contributes to insulating the crown tissues
(Supplemental Fig. S4) and was described as a mor-
phological adaptation to cold climates in alpine plants
(Körner, 2016). This more extensive growth response
compared to CC can in part be attributed to the pro-
motion of leaf initiation by warmer temperatures (Li
et al., 2019). Moreover, it was also shown that subzero
acclimation can affect plant growth capability and that
variations in the excitation state of PSII caused by day/
night temperature changes can affect growth and plant
structure (Kacperska and Kulesza, 1987; Gray et al.,
1997). As such, the compact plant stature displayed
by DF-treated plants could hypothetically be the result
of individual or a combination of environmental fac-
tors, such as freezing, warm temperatures, and diurnal
temperature variation and likely contributed to the
significantly higher freezing tolerance measured in
DF28 compared to CC28.
Because the daily temperature cycles are relatively

wide in B. distachyon’s natural range, the occurrence of
freezing and chilling appear to be closer to the freeze-
thaw cycles of DF than to stable chilling temperatures
(Figs. 1C and 2, A–C–C). This particularity simulta-
neously allows the occurrence of cold and subzero ac-
climation, coupled to amorphological response. Hence,
the response induced by DF may elicit mechanisms of
cold acclimation and freezing tolerance closer to what

Figure 4. (Continued.)
VRN1 transcript levels (y) over time under either treatment (x). C, Chromatin state of theVRN1 gene in Bd21-3 at 56 d of exposure
to CC or DF; levels of H3, H3K27me3, levels of polymerase II (Pol II) binding, and mock control at four regions of VRN1 (regions
adapted fromWoods et al. [2017]). D, Relative levels of FT transcripts in Bd21-3 NVor vernalized for 7 to 56 d (7-56) under CC or
DF. E, Relative transcript levels ofVRN1 in Bd21-3 and of the flowering gene FT inNV control, CC56, or DF56 (vernalized; V), or a
week after being transferred to flower inducing conditions (flowering; FL) after vernalization. Error bars (B–E) represent SD between
three biological replicates; different letters and asterisks represent statistically significant differences; P , 0.05.
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Figure 5. HighVRN1 expression limits cold acclimation and freezing tolerance. A, Survival to freezingmeasured of empty-vector
pANIC 10A control (10A), VRN1 overexpressor (UBI:VRN1), and VRN1 knockdown (amiVRN1) lines grown under control (CTR)
and cold-acclimated under CC or DF. B, Relative levels of cold acclimation gene transcripts at 0, 4, 8, 12, and 16 h under DF. C,
Chromatin immunoprecipitation showing binding of the ACV5-tagged VRN1 protein in UBI:VRN1 background on cold-
responsive transcription factors CBF1, CBF2, and CBF3. Error bars represent SD between three biological replicates. Different
letters and asterisks represent statistically significant differences; P , 0.05.
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Figure 6. The development of a winter-hardy phenotype is mediated by the expression levels of VRN1. A, Phenotypic data on
control (CTR56), CC, and DF plants exposed for 56 d to either treatment (CC56 and DF56) in Bd21-3 and Bd18-1. Pictures il-
lustrating the contrast between CTR0 (equivalent to CC0 and DF0), CC56, and DF56 plant phenotypes (B. distachyon Bd30-1).
Error bars represent SD between six biological replicates; different letters represent statistically significant differences; P, 0.05. B,
Heatmap and dendrogram summarizing these differences in phenotype in CC- or DF-treated Bd21-3 and Bd18-1 (CC7-56,
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the species undergoes in a natural context. Although a
range of vernalization responsiveness was found in B.
distachyon, studies so far show that all accessions un-
derwent vernalization when exposed to cold (Ream
et al., 2014), and because they all showed the capacity
to increase their freezing tolerance, no “true” spring
accession was found in the species (Colton-Gagnon
et al., 2014). Because B. distachyon can grow under
cold conditions, acquiring an adaptive morphology
to mitigate the negative effects of freezing during
cold exposure may hence be part of its freezing tol-
erance strategy.

High VRN1 Expression Inhibits Freezing Tolerance

The results show that high expression of VRN1 limits
cold acclimation and the acquisition of a compact plant
stature. Our results show that VRN1 overexpressors
have a limited ability to cold acclimate and tolerate
freezing and show lower freezing tolerance and lower
COR gene expression (Fig. 5, A and B). This observation
can be at least partly explained by the direct binding of
the VRN1 protein to the CBF1 and CBF3 promoters. As
B. distachyon is an obligate long-day plant, light condi-
tions under control, CC, and DF treatments (8 h light
per day) did not induce flowering. Under noninductive
treatments (SD, CC, and DF), VRN1 overexpressors
grew into taller plants with fewer tillers and leaves, and
VRN1 knockdown plants had a shorter stature under
DF but showed a similar number of tillers and leaves.
As the VRN1 overexpressors failed to develop a
freezing-tolerant plant structure normally induced by
DF (Fig. 6C), VRN1 seems to be involved in cold accli-
mation and the regulation of plant morphology, with
high VRN1 expression inhibiting freezing tolerance in
B. distachyon. Interestingly, previous work on barley
demonstrated that VRN1 binds and regulates the ex-
pression of diverse target genes, such as genes involved
in hormone metabolism and CBF (Deng et al., 2015). In
addition to regulating vernalization in cereals, VRN1 is
active in wheat meristems during flower morphogen-
esis (Preston and Kellogg, 2008). Furthermore, recent
work demonstrated that VRN1 influences root archi-
tecture in barley and wheat (Voss-Fels et al., 2018). Our
results suggest that BdVRN1 plays a basic role in cold
adaptation by regulating vernalization, cold acclima-
tion, and plant morphology. This finding is in accor-
dance with putative functions of VRN1 reported in this
species and other temperate cereals (Dhillon et al.,
2010; Feng et al., 2017). Recent work suggested that

vernalization, in that case associated with highVRN1
expression, limits freezing tolerance in B. distachyon
(Feng et al., 2017). Our results indicate that vernalization
can occur with relatively low expression of VRN1 and
hence can coincide with high freezing tolerance, as il-
lustrated by DF-treated plants. Our findings support
that VRN1 is involved in cold acclimation and plant
development, and as such, its expression levels are de-
terminant in acquiring a freezing-tolerant phenotype.

DF Induces a Distinct Vernalization and
Flowering Response

CC and DF induced distinct responses characterized
by markedly different VRN1 levels. CC-treated plants
showed a lower tolerance to freezing and higher VRN1
expression levels compared to DF-treated plants.
According to the function of VRN1 in regulating the
freezing-tolerant phenotype, the higher expression
levels measured under CC are likely involved in limit-
ing freezing tolerance but unsurprisingly have induced
a strong vernalization response. Under both treatments,
vernalization is characterized by the activation ofVRN1
and the associated epigenetic changes (lower nucleo-
some density and depletion in H3K27me3) that were
previously observed in B. distachyon and in barley
(Oliver et al., 2013; Woods et al., 2017). However, CC-
induced vernalization showed higherVRN1 expression
that extended long after vernalization saturation (when
plants had fully transitioned to flowering competence).
This highly active transcriptional state was linked to the
presence of RNA polymerase II and few nucleosomes
on the VRN1 locus, indicating an extensively relaxed
chromatin state. Conversely, the lower transcript levels
of VRN1 measured under DF coincided with higher
nucleosome andH3K27me3 levels compared to CC and
was overall closer to the NV chromatin state of VRN1.
Interestingly, CC-vernalized and DF-vernalized plants
flowered at relatively the same time but had contrasting
levels of both VRN1 and the flowering gene FT under
cold treatment, but also under flowering conditions
postvernalization (Fig. 4, D and E). Vernalization under
DF induced lower FT expression but led to higher FT
expression once transitioned to a flowering treatment.
This change in FT expression occurred independently
of VRN1 expression levels, as also shown in VRN1
transgenic lines (Supplemental Fig. S3). It was previ-
ously shown that FT overexpression B. distachyon lines
also flower rapidly without vernalization (Ream et al.,
2014). Hence, strictly speaking, the higher expression of

Figure 6. (Continued.)
DF7-56, CTR0, and CTR56). vrn1, VRN1 transcript levels; vgr, number of tillers; ht, height; dth, days to heading; fln, final leaf
number; nbsp, number of spikes; dw, dry weight; seed, total seed weight. (C) Morphology of empty-vector pANIC 10A control
(10A), VRN1 overexpressor (UBI:VRN1), and VRN1 knockdown (amiVRN1) lines grown in control (CTR56; short-day 22°C),
constant chilling (CC56), and diurnal freezing (DF56; no flowering occurs under these treatments). Error bars represent SD be-
tween biological replicates; different letters represent statistically significant differences; P , 0.05. D, Model summarizing the
relationship between VRN1 expression levels, flowering, and winter hardiness.
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FT in DF-vernalized plants once transitioned to flowering
could compensate for the lower VRN1 levels induced by
DF. Studies have shown that there is a regulatory loop
betweenVRN1 and FT, as high transcript levels of FTwere
measured in UBI:VRN1 and high levels of VRN1 were
measured in FT-overexpressing mutants (Ream et al.,
2014). The DF treatment seems to induce the expression
of FT postvernalization independently of this regulatory
loop, which suggests the existence of different flowering
mechanisms than previously described. Overall, these re-
sults show that vernalization and the acquisition of flow-
ering competence can occur with a relatively weaker
activation of VRN1 expression than previously described
(Colton-Gagnon et al., 2014).

DF Is an Artificial Treatment That Elicits Seemingly More
Balanced Cold Responses

Cold induces acclimation during early exposure and
leads to both physiological and morphological changes
that can contribute to maximizing survival to freezing.
Vernalization becomes relevant when flowering can oc-
cur, thus in later stages (probably at springtime, when
photoperiod increases in the case of B. distachyon).
Therefore, it seems logical that cold-induced reproduc-
tive growth would occur subsequently and without
inhibiting the development of freezing tolerance. CC and
DF treatment lead to two different outcomes regarding
the unfolding of cold acclimation, plant growth, vernal-
ization, and flowering in B. distachyon. On the one hand,
DF treatment resulted in cold-acclimated, short-statured,
and flowering-competent plants. On the other hand, CC
treatment resulted in highly vernalized plants that dis-
played lower cold acclimation and signs of chilling stress.
Therefore, the response induced by DF appears to be
more effective in inducing freezing tolerance and flow-
ering. Because DF more closely models the natural onset
of cold, this manifestation of cold acclimation and ver-
nalization may better reflect the plants’ cold-adaptive
traits. Nevertheless, the DF treatment is artificial and
the responses it elicits may diverge from the plant’s nat-
ural cold responses. The DF treatment is a representa-
tional approach to reproduce and combine extreme
natural cues of a given geographical range. The combi-
nation of extreme signals like the co-occurrence of low
photoperiodwith repetitive freezing and high dtr are not
typically experienced by plants. However, this unique
combination may have exacerbated some of the re-
sponses associated with seasonal change, such as the
existence of morphological mechanisms of freezing tol-
erance and an alternative induction of vernalization and
flowering. Hence, the DF treatment appears to have ex-
perimental value. Other crucial factors such as water
availability, light quality, and light intensity were main-
tained constant in our study and would deserve more
attention in such treatments, especially as drought ap-
pears to have applied an important selective pressure on
the species (Des Marais and Juenger, 2016). It is of course
impossible to reproduce the complexity of nature

indoors; however, our study shows that attempting to
simulate natural conditions of plant’s native range can
lead to new and informative observations. Bridging the
gap between basic experimental research and field
studies is a crucial step in making relevant conclusions
about the relationship between natural phenomena and
biology, especially when investigating the consequences
of anthropogenic climate change. Altogether, the ap-
proach presented in this study can contribute to the un-
derstanding of the effect of natural environmental
conditions and could be applied to other plant species
with different climatic specificities. Importantly, the DF
treatment contributed to revealing a basic function for
VRN1 in cold adaptation. The regulation of its expression
levels appears to be central to an adaptive unfolding of
cold acclimation andmorphological change that increase
freezing tolerance. As studies have shown, the implica-
tion of VRN1 in regulating cold adaptation makes this
gene a prime subject to understand the regulation and the
evolution of cold adaptation in plants, as previously
suggested (McKeown et al., 2016).

CC Induces Chilling Stress and Suboptimal
Cold Acclimation

Although CC has been a useful treatment in the dis-
covery and study of cold responses in many species, it
does not seem to reproduce the natural patterns of cold
acclimation conditions present in the native range of B.
distachyon and appears to induce chilling damages
along with limited cold acclimation in the species. It has
already been proposed that the lack of progress in ef-
fectively improving winter hardiness in plants is partly
due to a failure to reproduce in laboratory settings
the complexity of natural conditions (Gusta and
Wisniewski, 2013). We observed larger accumulation
of total nonstructural carbohydrates and Pro in re-
sponse to CC than to DF (Fig. 3). The lower levels of
nonstructural carbohydrates measured in DF plants
may be linked to a different allocation, for example
toward biomass (Fig. 6). Even though the accumulation
of Pro is considered as a marker of cold acclimation in
many species, it does not correlate with freezing toler-
ance in B. distachyon (Colton-Gagnon et al., 2014). In
fact, Pro is known to accumulate in plants during stress
(Hayat et al., 2012), and the higher Pro concentrations
measured under CC may hence be a sign of stress
(Supplemental Fig. S1). Overall, it seems that the levels
of Pro and nonstructural carbohydrates reflect the dif-
ferent responses induced by CC and DF rather than
indicating cold acclimation and the levels of freezing
tolerance.

CC Vernalization Leads to Oververnalization

This study suggests that previous observations of
negative correlations between cold acclimation and the
vernalized state in temperate cereals may have been
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biased by high expression of VRN1 induced by the
traditional use of CC to study cold acclimation and
vernalization under controlled conditions. For many
years, the number of leaves at senescence (final leaf
number) has been used as an indicator of the number of
days to heading or of the transition between the vege-
tative to the reproductive stage (Wang et al., 1995).
Here, the relationship between days to heading and
final leaf number is visible in early time points in both
CC- and DF-vernalized plants (Supplemental Fig. S5).
However, plants exposed to DF begin to reaccumulate
leaves after vernalization saturation (i.e. 28 d in Fig. 6A;
Supplemental Fig. S5). Thus, as also observed in VRN1
overexpressors, the number of leaves appears to be
mostly indicative of high expression of VRN1, rather
than the vernalized state (Fig. 6C; Supplemental Fig.
S6). From these observations, we can suggest two
stages during DF-induced vernalization: (1) acquisition
of flowering competence and (2) development after
vernalization saturation. Probably because the expres-
sion ofVRN1 is relatively low throughout vernalization
under DF, its effects on the number of leaves and tillers
is attenuated once vernalization saturation is reached
(Supplemental Fig. S5). Therefore, the acquisition of
flowering competence would be a “checkpoint” event
during the development of B. distachyon, rather than a
developmental determinant. As vernalization satura-
tion is reached under DF, B. distachyon can resume its
vegetative growth and, subsequently, once flowering
signals are present (e.g. higher temperatures and long
days), can transition to reproductive growth by up-
regulating FT (Fig. 4E; Supplemental Fig. S3). As
such, the unfolding of development and the acquisition
of flowering competence could be linked to the ex-
pression of VRN1 during vernalization and flowering
to the expression of FT postvernalization. A tentative
model summarizes the influence of VRN1 on winter
hardiness and flowering in Figure 6D.

CC-induced vernalization is characterized by high
expression of VRN1 and FT (Fig. 4) and prompt flow-
ering with no change in VRN1 or FT expression, as seen
in wild-type and VRN1 overexpressing and knock-
down transgenic plants. Therefore, CC appears to
prime plants differently to flowering than DF. It was
previously described that overly long exposure to cold
induces growth-inhibitory effects in monocots. This
phenomenon, termed oververnalization, is attributed to
delayed development and reduced numbers of buds,
leaves, and spikes (Weiler and Langhans, 1968; Derera
and Ellison, 1974). Notably, the number of leaves and
tillers are lower in VRN1 overexpressors (Fig. 6C;
Supplemental Fig. S6). CC-induced vernalization also
leads to fewer tillers, leaves, and spikes, which may be
linked to the growth inhibition imposed by the treat-
ment and to the high expression of VRN1. If we con-
sider plant stature, growth, and tillering as factors that
influence winter hardiness in B. distachyon, the growth
inhibition and VRN1 overexpression induced by CC
inhibit winter survival. As the overly high VRN1 ex-
pression may not be required to achieve flowering and

negatively affects freezing tolerance, it appears that
the oververnalization induced by CC is therefore
ultimately deleterious to winter hardiness. Because
CC is far from modeling the atmospheric conditions
measured in B. distachyon’s natural range, this state
of oververnalization may hence deviate substantially
from what can be observed in natural populations of
B. distachyon.

Conclusion

This study reports an innovative approach to model
atmospheric cues of seasonal change. By combining
cues specific of summer, fall, and winter, the DF treat-
ment induced cold acclimation and morphological
change toward a freezing-tolerant plant structure and
led to flowering competence through an expression of
VRN1 significantly lower than previously described.
The results show that high expression of VRN1 inhibits
freezing tolerance and that CC treatments induce arti-
ficial responses that limit freezing tolerance in B. dis-
tachyon. The work presented in this study also suggests
that VRN1 plays a fundamental role in cold adaptation
by regulating flowering, cold acclimation, and mor-
phological development. By providing a glimpse of how
cold adaptation responses are integrated in B. distachyon,
this study shows that modeling elements of the natural
context in laboratory experiments can provide new
perspectives to scientific knowledge.

MATERIALS AND METHODS

Climatic and Meteorological Datasets

Monthly average data for tmp, dtr, and frs were retrieved from the Climatic
Research Unit TS4.01 dataset (Harris et al., 2014) covering data from 1901 to
2017 at stated or estimated collection sites of the parent accessions of Brachy-
podium distachyon inbred lines Bd21-3, Bd30-1, Bd18-1, and Bd29-1 corre-
sponding to four habitats named H1, H2, H3, and H4, respectively. The data
were retrieved by GPS coordinates from datasets archived by the Centre for
Environmental Data Analysis (University of East Anglia Climatic Research Unit
et al., 2017). Climates at the four habitats, aswell as the data used to generate the
map displayed in Figure 1A, were obtained from a Köppen-Geiger climate
world map that was reanalyzed in 2017, and produced with data from 1986 to
2010 (Kottek et al., 2006). Hourly temperature data used to generate Figures 1C
and 2, A–C, and Supplemental Figure S1B were retrieved from the HadISD:
Global subdaily, surface meteorological station data, 1931–2017, v2.0.2.2017f
(Dunn et al., 2015; Met Office Hadley Centre and National Centers for
Environmental Information – NOAA, 2018) for specific stations as summa-
rized in Supplemental Table S2. The data and raster file of the climate mapwere
analyzed in R to produce Figure 1A (R Core Team, 2013).

Plant Growth and Treatments

B. distachyon inbred lines Bd21-3, Bd30-1, Bd18-1, and Bd29-1 seeds were
soaked for 2 h and stratified at 4°C in the dark for 7 d. Stratified seeds were
planted 3 3 3 in 3-inch 0.5-L pots filled with 160 g of G2 Agromix (Fafard et
Frères), which were placed in an environmental growth chamber (Conviron) at
22°C under photosynthetically active radiation intensity of 150 mmol m22 s21

for 8 h of light per day. When plants reach the three-leaf stage (;14 d under
control conditions), theywere either transferred to the CC treatment at 4°C in an
environmental growth chamber or to the DF treatment (see details in
Supplemental Table S1) programmed into a LT-36VL growth chamber (Percival
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Scientific). CC and DF light conditions were identical to control (8 h of light per
day at 150 mmolm22 s21), and all plants were kept equally watered throughout
the treatments. To induce flowering, plants were transferred to 16 h of light per
day also at a photosynthetically active radiation intensity of 150 mmol m22 s21

on a growth bench at 25°C and maintained watered until senescence.

Phenotypic Measurements

Days to heading were determined from the date plants were moved to flower-
inducing conditions to the date when plants showed first visible emergence of
heads (flowers). The number of tillers and plant height were determined prior to
being transferred to flowering conditions except whenmentioned otherwise. Total
chlorophyllwas extracted usingmethanol from fresh and groundpooled leaf tissue
of three plants and observed by spectrophotometry as previously described
(Ritchie, 2006). Final leaf number, number of spikes, dry weight, and seed weight
were determined after senescence. Dry weight measurements were performed on
total aerial tissue (without seeds) after thorough drying of plant tissues.

Survival to Freezing

Plant survival to freezing was measured in whole-plant freeze tests in a LT-
36VL growth chamber (Percival Scientific). The freezing program decreases the
chamber temperature from 21°C to 212°C at the rate of 1°C per h. Prior to
the freeze test, the pots were watered to soil saturation and randomly placed in
the growth chamber. Three randomly selected pots containing nine plants each
were removed after each hourly plateau from27°C to 212°C. The plants were
then left to thaw at 4°C in the dark for 24 h, then switched to 22°C with no light
for an additional 24 h before being moved back to control conditions. Percent
survival was determined after a week of recovery under control conditions.
Prior to planting, all pots contained insulating pads to prevent drastic soil
freezing and emulate natural soil cooling conditions. Plants exposed to whole-
plant freeze test were at the three-leaf stage in all experiments except for CC28
and DF28 plants that had a higher number of tillers.

Pro and Sugar Quantification

Tissueused forProand sugarquantificationwerepooledaerial tissue from27
plants per replicate and dehydrated, extracted, and quantified as previously
described (Colton-Gagnon et al., 2014).

RNA Extraction and Reverse Transcription (RT)-qPCR

Plant tissue was sampled from whole aerial tissue of plants at the three-leaf
stage for cold acclimation samples (Fig. 2D) and 1 g of leaf tissue for vernalization
samples (Fig. 3, B and C). Sampled tissue was flash-frozen in liquid nitrogen
before storage at 280°C. Each sampling was performed by pooling plant tissue
from three plants. Samples were then extracted using EZ-10 spin column plant
RNA miniprep kit (cat. no. BS82314, Bio Basic) following the manufacturer’s
protocol. Reverse-transcriptase cDNA was synthesized using iScript advanced
cDNA synthesis kit for RT-qPCR (cat. no. 1725037, Bio-Rad) as stated in the
manufacturer’s protocol. Relative transcript levels were determined by RT-qPCR
reactionswith Green-2-Go qPCRmastermix (cat. no. QPCR004, Bio Basic) using a
CFX Connect Real Time system (Bio-Rad) and relative transcript levels were
analyzed following the DDCT method using UBC18 gene as reference on bio-
logically independent replicates (Hong et al., 2008; Ream et al., 2014;Woods et al.,
2017). The genes studiedwere previously identified as important cold-responsive
genes in B. distachyon and include CBF1, CBF2, CBF3 (Colton-Gagnon et al., 2014;
Ryu et al., 2014), IRI (Herman et al., 2006; Colton-Gagnon et al., 2014; Bredow
et al., 2016), and VRN1 (Colton-Gagnon et al., 2014; Ream et al., 2014). Primer
sequences can be found in Supplemental Table S3.

VRN1 Transgenic Lines

VRN1 mutant lines UBI:VRN1 and ami:VRN1 were previously described
and published (Ream et al., 2014; Woods et al., 2016).

ChIP and qPCR

ChIP was performed from a pool of three plants’ cross linked aerial tissue.
ChIP was performed with anti-histone H3 antibody (cat. no. ab1791, Abcam),

anti-histone H3 antibody (tri-methyl K27; cat. no. ab6002, Abcam), and anti-
RNA polymerase II antibody (clone CTD4H8, Sigma-Aldrich) performed on the
VRN1 locus. For the VRN1 protein binding analysis, ChIP was performed using
anti-ACV5 antibody (cat. no. A2980, Sigma-Aldrich) targeted to the VRN1-ACV5
fusion protein expressed by UBI:VRN1 plants and a mock no-antibody control.
Immunoprecipitated samples were analyzed by qPCR using the reagents de-
scribed above for RT-qPCR and expressed by percent input (H3) or percent H3 as
previously described (Mayer et al., 2015) without removing the mock signal from
IP signals. Primer sequences can be found in Supplemental Table S3.

Statistical Analysis

One-way ANOVA tests followed by Tukey’s test were performed in JMP (SAS
Institute; https://www.jmp.com/en_ca/home.html). Statistical significance was
determined with P , 0.05 on at least three independent biological replicates, in-
cluding fold values for qPCR data. Error bars represent SD between biological
replicates. Linear model fits were performed in R using lm() for Figure 4, B and C.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under the following accession numbers: UBC18 (Bradi4g00660), VRN1
(Bradi1g08340),CBF1 (Bradi3g51630),CBF2 (Bradi1g49560),CBF3 (Bradi4g35650),
IRI (Bradi5g27350), COR410 (Bradi3g51200), and FT (Bradi1g48830).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Freezing tolerance in CC-treated B. distachyon
and associated chilling stress.

Supplemental Figure S2. VRN1 transcript levels in relation to days to
heading in CC- and DF-treated vernalization requiring Bd18-1.

Supplemental Figure S3. Expression of VRN1 and FT in NV, vernalized in
CC and DF, and flowering postvernalization VRN1 transgenic lines.

Supplemental Figure S4. The compact plant structure produced by DF
may better insulate crown tissues.

Supplemental Figure S5. Phenotype of Bd21-3 and Bd18-1 in response to
CC and DF at 7 to 56 d of exposure.

Supplemental Figure S6. Phenotype of DF56 VRN1 transgenic plants at
senescence.

Supplemental Table S1. Summary of the dataset on habitats H1 to H4 and
the DF treatment and the detailed temperature and light cycles of DF.

Supplemental Table S2. Accessions selected for this study, the corre-
sponding geographic location of their parental seed collection site, and
associated climate.

Supplemental Table S3. Primers used in this study.
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