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Abstract

Many plant species have succeeded in colonizing a wide range of diverse climates through local adaptation, but the underlying
molecular genetics remain obscure. We previously found that winter survival was a direct target of selection during coloniza-
tion of Japan by the perennial legume Lotus japonicus and identified associated candidate genes. Here, we show that two of
these, FERONIA-receptor like kinase (LjFER) and a S-receptor-like kinase gene (LjLecRK), are required for non-acclimated freezing
tolerance and show haplotype-dependent cold-responsive expression. Our work suggests that recruiting a conserved growth
regulator gene, FER, and a receptor-like kinase gene, LecRK, into the set of cold-responsive genes has contributed to freezing
tolerance and local climate adaptation in L. japonicus, offering functional genetic insight into perennial herb evolution.

relatively unproblematic to adapt to cold winters by recruit-
ing genetic components from existing signaling pathways
such as drought tolerance (Preston and Sandve, 2013).
Some of the most important crops, including winter wheat,
are winter annuals that are sown and germinate in autumn

Introduction

Global cooling events resulted in the establishment of tem-
perate regions with seasonal temperature fluctuations about
47-26 million years ago. A large number of plant families sub-

sequently adapted to and colonized these new environ-
ments. This process involved a number of independent
events across many lineages, suggesting that there were lim-
ited requirements for pre-adaptation and that it was

and flower and set seed in spring and summer the following
year. Together, the evolutionary history and importance for
crop productivity have spurred a strong research interest
in freezing tolerance and adaptation to temperate climates.
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Receptor-like kinases mediate freezing tolerance

The molecular genetics of freezing tolerance has been most
extensively studied in Arabidopsis (Arabidopsis thaliana),
which includes both summer and winter annuals
(Koornneef et al., 2010). Research efforts were mainly focused
on cold acclimation, a process where low, non-freezing tem-
peratures pre-condition plants to better cope with exposure
to frost (Thomashow, 1999). A large transcriptional response
was described as a component of cold acclimation, and the
CBF genes were identified as important players in the control
of a set of cold-regulated genes (Gilmour and Thomashow,
1991; Gilmour et al,, 1998). Additionally, the inducer of the
CBF expression 1 (ICET1) transcription factor was identified
as a regulator of the CBF genes (Kurbidaeva et al., 2015).

Also in Arabidopsis, a considerable effort was made to de-
termine the genetic components contributing to cold adap-
tation through natural variation and selection across
Arabidopsis accessions. Mapping using biparental popula-
tions identified several quantitative trait loci (QTLs), some
of which overlapped with the CBF genes (Alonso-Blanco
et al, 2005; Zhen and Ungerer, 2008a; Kang et al, 2013;
Oakley et al, 2014; Gehan et al, 2015). CBF2 was identified
as a causal gene underlying a specific QTL, where the southern
parental accession carried a loss-of-function allele
(Alonso-Blanco et al,, 2005). Other studies did not find direct
evidence of CBF importance for natural variation in freezing tol-
erance (Le et al,, 2008; Suther et al,, 2012; Meissner et al., 2013),
suggesting that both CBF-dependent and -independent adap-
tation has occurred. Arabidopsis natural variation for freezing
tolerance was also explored in a large genome-wide association
(GWA) study using nearly 500 global accessions. A number of
candidate genes were identified, including cold-regulated, but
not CBF genes (Horton et al., 2016). In other species, QTLs over-
lapping CBF genes have also been identified, but a causal role
has not been established (Knox et al,, 2010; Tayeh et al, 2013;
Wiirschum et al,, 2017).

Freezing tolerance is classified as cold-acclimated, follow-
ing exposure to low, non-freezing temperatures, or non-
acclimated. Non-acclimated freezing tolerance has been
less extensively studied than its cold-acclimated counterpart,
but there is evidence for correlation between the two traits,
suggesting an overlap in genetic components (Zhen and
Ungerer, 2008b). This is supported by the identification of
the Medicago truncatula novel cold tolerance LRR-RLK
gene (MtCTLK) as important for both cold-acclimated and
non-acclimated freezing tolerance and full CBF gene induc-
tion (Geng et al, 2021). The relative adaptive importance
of cold-acclimated and non-acclimated freezing tolerance
for adaptation remains an open question, and it is likewise
unclear what trajectories adaptation to colder climates has
followed in perennial herbs.

Lotus (Lotus japonicus) is a perennial herbaceous legume
that grows across a wide range of Japanese geographical loca-
tions and climate conditions from the subtropical south to
the subarctic north, and from coastal areas to alpine environ-
ments. Unlike winter annuals, such as those of Arabidopsis
and wheat (Triticum aestivum), northern Lotus accessions
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have no vernalization requirement and shed their leaves in
autumn followed by regrowth from crown buds the follow-
ing spring. In contrast, southern Lotus accessions stay green
throughout the year, allowing more rapid accumulation of
biomass in the absence of low winter temperatures. The ubi-
quitous presence across climatic gradients combined with a
well-described colonization history and a clear population
structure with southern (pop1), central (pop2), and northern
(pop3) populations makes Lotus well suited for studying per-
ennial herb climate adaptation (Shah et al, 2020). Using a
combination of GWA scans and population differentiation
analysis, we previously identified in-field winter survival as
the trait with the strongest selective signature during L. japo-
nicus colonization of Japan and discovered associated candi-
date genes (Shah et al., 2020). Here, we carry out a detailed
investigation of two of these, the receptor-like kinase gene
FERONIA (LjFER) and the G-type lectin S-receptor-like ser-
ine/threonine-protein kinase gene LjLecRK, to demonstrate
that they are required for non-acclimated freezing tolerance
and display haplotype-dependent cold-responsiveness.

Results

Transcriptional population differentiation identifies
overwintering candidate genes

Using the Lotus MG20 v.3.0 reference genome, we had previ-
ously detected several overwintering-associated genomic re-
gions based on data from field experiments carried out in
2014 (Shah et al,, 2020). Here, we repeated the GWA analysis
using the recent Gifu v.1.2 reference assembly (Kamal et al.,
2020) (Supplemental Table 1) and identified signals consist-
ent with our previous analysis. Some of the identified regions
were relatively broad and contained many candidate genes
(Figure 1A; Supplemental Table 2), making it challenging to
pinpoint specific genes for in-depth investigation.

In our earlier study, we had observed pronounced genetic
differentiation at specific loci between the northern L. japo-
nicus population, pop3, versus the southern (pop1) and cen-
tral (pop2) populations at the same single nucleotide
polymorphisms (SNPs) that showed association with winter
survival (Shah et al., 2020). We reasoned that expression pro-
filing could complement these approaches by allowing iden-
tification of genes that were strongly transcriptionally
differentiated between populations in order to provide us
with single-gene resolution for candidate gene selection. To
generate data for this transcriptome analysis, we selected a
subset of Japanese L. japonicus accessions designed to facili-
tate disentangling geographic origin and population struc-
ture (Figure 1B). This subset included southern accessions,
which showed an unusually high level of pop3 membership,
MGO072 and MG113, as well as a northern accession that did
not belong to pop3, MG008 (Figure 1B).

We planted the accessions in a field located near Tohoku
University and carried out transcriptional profiling of leaf
samples collected in August, October, December, and
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Figure 1 Winter-survival candidate genes. A, The Manhattan plot of a GWA scan for winter survival in 2014 at the Tohoku field site. LjFER and
LjiLecRK SNPs are highlighted (red dots). B, Origins of the 12 accessions selected for seasonal transcriptional profiling. Pie charts indicate their
pop3 membership (dark gray slice). Their Northern latitude and Pop3 membership (Pop3) binary classification in the logistic regression analysis
are indicated. C, LjFER haplotype distribution. D, LjLecRK haplotype distribution. Red letters indicate differences with respect to the Gifu haplotype
(Ref or Hap1). E and F, Winter survival in 2014 for accessions split by the LjFER and LjLecRK haplotypes or haplotype combinations indicated. The
bottom and top of the boxes are the first and third quartiles, respectively, the middle line is the median, the whiskers are the most extreme values
with 1.5X interquartile range below or above the first and third quartiles, and the remaining outlier data points are shown as individual dots (one-
way ANOVA with post hoc Tukey’s test: ns, no significant (P> 0.05), *P < 0.05, **P < 0.01, ***P < 0.001).

February 2018/2019 (Supplemental Table 3). We divided the logistic regression to evaluate how well the accessions could
accessions into two groups both with respect to geographical be separated with respect to these two traits based on the
origin and pop3 membership (Figure 1B) and then used  seasonal expression profile of a given gene. There were
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3,164 genes where a maximum of one accession was misclas-
sified for pop3 membership. Out of these, 1901 genes showed
better classification of pop3 membership than geographical
origin (Supplemental Table 4), indicating an association
with population differentiation. Intersecting our GWA re-
sults with the 1,901 candidate genes from the logistic regres-
sion analysis left 59 SNPs of which 9 out of the top 10 were
associated with 2 receptor-like kinases (Supplemental
Table 5). The first was the G-type lectin S-receptor-like
serine/threonine-protein kinase gene, LotjaGi6g1v0343100,
which we name LjLecRK. The second was the multifunctional
receptor-like kinase gene FERONIA (LJFER),
LotjaGi1g1v0458500. Based on the combined GWA and tran-
scriptome analysis, we chose to focus on these two candidate
genes.

LjFER and LjLecRK haplotypes are associated with
variation in winter survival

LjFER showed 11 SNPs in an intron within the 5’'UTR and 4
silent SNPs in the coding region (Figure 1C). There were
two distinct FER haplotypes (Figure 1C). Although both hap-
lotypes were present in all Lotus populations, LjFER_Ref was
mainly found in pop1 (89.8%) and pop2 (77.3%), which gen-
erally showed low winter survival, while LjFER_AIt was found
in 88.6% of the winter-hardy pop3 accessions. LjlecRK
showed a total of 15 SNPs, 12 in the promoter region and
3 in the coding region, and comprised 3 haplotypes.
LjLecRK_Hap1 is the reference (Gifu) haplotype;
LjLecRK_Hap2 has a single amino acid substitution with re-
spect to the reference; and LjLecRK_Hap3 shows one add-
itional amino acid change compared to LjlecRK_Hap?2
(Figure 1D). There were no differences between
LjLecRK_Hap2 and LjLlecRK_Hap3 with respect to the pro-
moter SNPs (Figure 1D).

To investigate the winter-survival characteristics of the
LjFER and LjLecRK haplotypes in more detail, we re-examined
data from the Tohoku field site in 2014 (Shah et al., 2020).
Splitting the accessions by population and LjFER and
LjLecRK haplotypes, we observed no significant differences
between populations for accessions with the LjFER_Ref/
LjLecRK_Hap1 haplotype (Figure 1E). In contrast, LjFER_Alt/
LjLecRK_Hap1 accessions showed significant survival differ-
ences between subpopulations (Figure 1E). The LjFER_Alt/
LjLecRK_Hap3 combination was nearly exclusive to pop3
and the accessions with this haplotype showed the highest
median winter survival (Figure 1E). The LjFER_Ref/
LjLecRK_Hap3 haplotype was not found in our population
sample. Across all populations, accessions carrying the
LjFER_AIt allele showed increased survival (one-way
ANOVA with post hoc Tukey’s test, P<0.01) and there
was a clear additive effect with LjlecRK_Hap3 (one-way
ANOVA with post hoc Tukey’s test, P < 0.001) (Figure 1F).

Our earlier work indicated that winter survival in field ex-
periments depended greatly on the conditions of each specif-
ic year (Shah et al, 2020). In addition, experimental
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replication was limited to one winter climate per site per
year. To establish a more flexible experimental system that
would allow assaying multiple different cold challenges per
year in the absence of cold acclimation, we grew Lotus acces-
sions in the glasshouse and transferred them to unprotected
outdoor conditions for a 4-week period before returning
them to the glasshouse to recover. Using this approach, we
exposed plants to shocks of different severity, depending
on the timing of the outdoor transfer. We examined 23
Lotus accessions selected based on the haplotype combina-
tions of LFER and LjlecRK and geographical origin
(Figure 2A). The first round of experiments was carried out
in winter 2019/2020, when the lowest temperature of —4.7°
C was reached in mid-February (W7) (Figure 2B). In winter
2020/2021, the minimum temperature of —7.6°C occurred
in early January (W3) (Figure 2C). The survival rates tracked
the temperature curves during the test period in both experi-
mental years (Figure 2, B and C; Supplemental Table 6), indi-
cating that the outdoor temperature during the challenge
influenced the survival rates for all accessions. Again, we ob-
served pronounced differences in survival between the differ-
ent LjFER/LjLecRK haplotypes and we found the highest
survival rates in the LjFER_AIlt/LjLecRK_Hap3 accessions
(Figure 2, B and C).

With respect to the LjFER/LjLecRK haplotype effects, we
also observed a marked difference between years. In winter
2019/2020, when the coldest period occurred relatively
late, the LjFER_Ref and LjLecRK_Hap1 accessions showed
some overlap in survival rate with the LjFER_Alt and
LjLecRK_Hap2/3 accessions, some reaching survival rates of
more than 90% (Figure 2, B-D). This overlap was reduced
in winter 2020/2021, where a stronger differentiation was ob-
served between the accessions carrying different LjFER/
LjLecRK haplotypes (Figure 2, B-D). The trend was especially
clear for Gifu, which originates from central Japan (Figure 2).
It shows mixed pop2/3 membership and a LjFER_Ref/
LjLecRK_Hap1 haplotype. In winter 2019/2020, it showed
the highest survival among the LjFER_Ref/LjLecRK_Hap1 ac-
cessions during the coldest period, whereas its survival was
strongly reduced in 2020/2021 (Figure 2, B-D). This is con-
sistent with the LjFER_AIt/LjLecRK_Hap3 haplotype being
more critical for freezing tolerance under more challenging
conditions.

LjFER and LjLecRK are required for freezing tolerance
A comprehensive, non-transgenic insertion mutant resource
was previously generated in the Gifu genetic background by
activation of the endogenous LOTUS RETROTRANSPOSON 1
(LORET) (Urbanski et al., 2012; Matolepszy et al., 2016). We
therefore used LORET mutants selected from Lotus Base to
test whether LjFER and LjLecRK play a role in freezing toler-
ance, even in the Gifu accession that does not carry the
LjFER_AIt and LjLecRK_Hap3 haplotypes. We identified a sin-
gle heterozygous insertion line for LjFER and three homozy-
gous insertion lines for LjLlecRK (Mafolepszy et al, 2016;
Mun et al, 2016) (Figure 3A). Since homozygous insertion
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house experiments. B and C, Accession recovery rate and outdoor air temperature winter 2019/2020 (B) and 2020/2021 (C). The period of the out-
door challenge is indicated at the bottom of the upper panel. For example W1-4 indicates that the plants were exposed to outdoor winter conditions
in Weeks 1 through 4 in 2021. Survival rates were determined after 2 weeks of recovery inside the glasshouse following the outdoor exposure. The
x-axis on the lower panels indicates the week number in which the temperature was measured. (n = 13-16). D, Boxplots showing recovery rate
grouped by LjLecRK and LjFER haplotypes. Each dot represents the recovery rate when the temperature minimum occurred (W7-W12 in winter
2019/2020 and W1-W6 in winter 2020/2021). The bottom and top of the boxes are the first and third quartiles, respectively, the middle line is
the median, the whiskers are the most extreme values with 1.5X interquartile range below or above the first and third quartiles, and the remaining
outlier data points are shown as individual dots (paired Student’s t test: ns, no significant, ****P < 0.0001). Data points from Gifu are highlighted in

black.



Receptor-like kinases mediate freezing tolerance

lines of fer-1 could not be obtained, we checked the expres-
sion level of LFER in each heterozygous insertion line to
examine the possibility that the heterozygous insertions
might cause expression instability. We found that the gene
expression level of LjFER was significantly different between
the tested heterozygous fer-1 individuals and was greatly re-
duced compared to the Gifu wild type (Supplemental
Figure 1A). Therefore, we used heterozygous fer-1 lines for
further functional analyzes. We found extremely reduced
LjiLecRK expression levels in all three LORET insertion lines
(Supplemental Figure 1B).

We then grew the non-transgenic LORET mutants at the
Tohoku field site during summer and examined the overwin-
tering rate in spring the following year. We found 15%-30%
reduction of winter survival in the lecrk mutants, whereas the
fer-1 mutants did not display reduced survival compared to
the Gifu wild type (Supplemental Figure 1C). We then chal-
lenged the mutants using the outdoor exposure method
described above (see the “Materials and methods” section).
The minimum air temperature during the 4 weeks of out-
door exposure reached —1.2°C and —7.6°C for the winter
2019/2020 and winter 2020/2021 experiments, respectively
(Supplemental Figure 2, A and B). During winter 2019/2020
(Figure 3C), all LORET insertion lines and the Gifu wild type
stayed green, albeit with some leaf shedding in the first
week of treatment followed by severe damage with etiolated
leaves in the fourth week of treatment. After 1 week of recov-
ery, green leaves appeared in Gifu and in some fer-1 indivi-
duals. These also exhibited new crown buds during their
final recovery. We found extremely low recovery rates in all
lecrk insertion lines compared to that in Gifu (Figure 3B).
Since the phenotypic effects of the fer-1 insertion were not
as clear as those of the lecrk insertions, we compared the ex-
pression level of LjFER in the first and third weeks of outdoor
exposure with the survival phenotype. Individuals with poor
recovery showed significantly lower LjFER expression in both
Weeks 1 and 3 (Supplemental Figure 3A) similar to those of
the lecrk insertions (Supplemental Figure 3B), indicating that
strong reductions in LjFER expression were detrimental to re-
covery from cold exposure. We repeated the LORET mutant
experiments in winter 2020/2021 with consistent results
(Supplemental Figures 4-7). Furthermore, we carried out
additional transcriptional profiling in 2020/2021, which
showed induction of LjFER and LjLecRK during cold treat-
ment in the Gifu wild type and absence of induction in the
fer-1 and lecrk mutants (Figure 3, D and E; Supplemental
Figure 6, A and B).

LjFER and LjLecRK show haplotype-specific
temperature-dependent expression

Gifu carries the LjFER_Ref/LjLecRK_Hap1 haplotype and the
LORET mutant experiments demonstrated that loss of ex-
pression of either of the two genes, despite their non-winter
hardy haplotypes, was detrimental to freezing tolerance. In
addition, LjFER lacked coding region SNPs and the logistic
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regression analysis of seasonal gene expression indicated
that LjFER and LjLecRK profiles could predict winter survival.
To determine if the different LjFER and LjLecRK alleles had
distinct expression patterns, which could explain their effects
on winter survival and freezing tolerance, we carried out
RT-qPCR gene expression analysis using samples collected
after the first week of cold exposure in the glasshouse experi-
ments. For LjFER_Ref accessions, we observed a small increase
in expression concomitant with a drop in outdoor air tem-
perature (Figure 4, A and B). This trend was much more pro-
nounced for LjFER_AIt, and the expression peak was clearly
different between the 2 years, coinciding with the first major
drop in temperature to below freezing (Figure 4, A and B). For
both years, there were significant differences in expression
between the LjFER haplotypes at the expression peaks in
Weeks 8 and 3, respectively (paired Student’s t test, P <
0.0001). A similar temperature-dependent response was
seen in both years for LjlecRK_Hap3 accessions, whereas
there were very limited temperature-dependent expression
changes for LjLecRK_Hap1. Expression differences between
accessions with different LjLecRK haplotypes in Weeks 8
and 3, respectively, were highly significant (paired Student’s
t test, P<0.0001) (Figure 4, A and B). It is worth noting
that Gifu, which carries the LjLecRK_Hap1 haplotype, did
show significant induction in Weeks 1and 3 in the glasshouse
experiment (Figures 3E and 4B), but the induction level was
much greater for the LjLecRK_Hap2/3 accessions (Figure 4B).

Zooming in on sets of accessions originating from similar
geographical locations that show LjFER/LjLecRK haplotype
differences, we found consistent patterns of haplotypes, ex-
pression and freezing tolerance. From the Kaimon area in
Kagoshima, MG028 (LjFER_Ref/LjLecRK_Hap1) consistently
showed lower peak LjFER expression and lower survival rates
than MG022 (LjFER_AIt/LjLecRK_Hap1), while no differences
in LjLecRK expression were observed (Supplemental Figure 8).
Similarly, the accessions from the Aso area showed a gradient
of freezing tolerance consistent with the haplotype combina-
tions and expression levels. The LjLecRK_Hap2 haplotype
found in MG113 showed clear temperature responsiveness
(Supplemental Figure 9).

The glasshouse experiments represent a non-cold-
acclimated response, where plants are transferred directly
from a warm glasshouse into cold and dry winter conditions.
The logistic regression results suggested that LjFER and
LjLecRK also showed haplotype-dependent seasonal vari-
ation. We investigated this further by sampling the same
23 accessions grown in the field across the growth season
and quantifying LjFER and LjLecRK expression. The field-
grown material showed clear haplotype-dependent differ-
ences in seasonal expression profiles (Figure 4, C and D).
These were especially clear for LjLecRK, as most accessions
displayed some degree of seasonal variation in LjFER expres-
sion (Figure 4, C and D), similar to what we observed for the
glasshouse experiment (Figure 4, A and B).
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LjFER and LjLecRK show different cold induction
dynamics

Similar temperature-dependent expression was seen for LjFER
and LjLecRK, and the cold-responsiveness was especially pro-
nounced in LjFER_Alt and LjLecRK_Hap2/3 (Figure 4). To de-
termine if their cold-induction showed similar dynamics on a
shorter timescale after induction, we quantified gene expres-
sion for 35 accessions at 1, 3, and 5 days after exposure to
—4°C. Both LjFER haplotypes showed strong induction 1 day
post exposure followed by an additional increase on Day 3
and most accessions maintained relatively high expression
on Day 5 (Figure 5A). In LjLecRK we observed different dynam-
ics between LjLecRK_Hap1 and LjLlecRK_Hap2/3. Although
both haplotypes showed induction on Day 1, the magnitude
of induction was much larger for LjLecRK_Hap2/3, and
LjLecRK_Hap2/3 also maintained expression at high levels
on Day 5, in contrast to the rapid reduction seen for
LjLecRK_Hap1 (Figure 5B). This rapid reduction likely explains
the low LjLecRK_Hap1 expression level observed in the glass-
house experiment where gene expression was quantified 1
week after winter exposure (Figure 4, A and B).

For LjFER, there was an overlap in expression levels between
the different haplotypes. This was explained by a strong correl-
ation with the latitude of accession origin, especially for
LjFER_AIt (Pearson’s R = 0.88, P < 0.0001) (Figure 5, C and E), in-
dicating that LjFER is transcriptionally controlled by a combin-
ation of haplotype-specific factors and latitude-related
regulation that act on both haplotypes. In contrast, LjLecRK ex-
pression was generally lower for LjlecRK_Hap1 than for
LjLecRK_Hap2/3 accessions. There was no latitude dependency
for LjiLecRK_Hap2/3 (Figure 5, D and F), confirming that LjLecRK
expression is strongly haplotype-dependent. Only Gifu deviated
somewhat, displaying the highest induction level observed for a
LjLlecRK_Hap1 haplotype.

Assaying expression in the mutant backgrounds, we found
that LjFER remained cold-responsive in the lecrk mutant
background and vice versa (Figure 5, G and H), indicating
that LjFER and LjLecRK are not required for each other’s in-
duction. However, LjFER showed significantly lower levels of
expression in all three lecRK alleles at Days 3 and 5, suggesting
that LjLecRK contributes to LjFER regulation to some degree.

Discussion

In our earlier study, we combined population structure-
corrected GWA and population differentiation analyses
to identify traits and associated genes under direct selec-
tion during colonization. In-field winter survival under
stressful conditions showed both the strongest GWA sig-
nals and the most pronounced association with popula-
tion differentiation (Shah et al, 2020). GWA scan
resolution is generally high, with linkage disequilibrium
(LD) decaying over a few kilobases in the Japanese Lotus
population sample (Shah et al,, 2020). However, it varies
with local LD patterns, and selecting specific candidate
genes for molecular genetic analysis was not
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straightforward. Here, we compared the GWA results
with differentiation of seasonal transcriptional profiles
between northern and southern populations to focus a
smaller subset of genes. Although the two chosen candi-
dates, LjFER and LjLecRK, did not show the strongest GWA
signals (Figure 1A), they were characterized by both gen-
etic and transcriptional differentiation between popula-
tions adapted to different climates and a stronger
association with in-field winter survival than could be ex-
plained by population structure alone. In addition, the
fer-1 and lecrk mutants showed very dramatic loss of non-
acclimated freezing tolerance (Figure 3). Together, these
characteristics argue strongly for the relevance of these
two receptor-like kinases for Lotus freezing tolerance
and climate adaptation.

LjLecRK resides in a genomic region with six copies of very
similar G-type lectin S-receptor-like serine/threonine-protein
kinases (Supplemental Figure 10), and the transcription data
were helpful in identifying LjLecRK as the prime candidate.
There may be selection favoring expansion of the LjLecRK
gene cluster, which would allow duplicate copies to acquire
new functions or share ancestral functions. This is reminis-
cent of the amplification of CBF genes in Arabidopsis, M.
truncatula, wheat, and barley (Hordeum vulgare) (Medina
et al,, 1999; Knox et al,, 2010; Tayeh et al.,, 2013; Wiirschum
et al, 2017). CBF genes did not appear as candidates in our
GWA analysis. This may be explained by selection mainly act-
ing on non-acclimated freezing tolerance for Lotus, with the
CBF genes playing a more prominent role in cold acclimation.
There is evidence that cold acclimation and CBF copy num-
bers are genetically linked to vernalization in cereal winter
annuals (Knox et al,, 2010), whereas Lotus does not require
vernalization. CBF genes could consequently be integrated
differently in Lotus cold responses. It is also worth noting
that CBF genes were not identified as candidates in an
Arabidopsis GWA study (Horton et al,, 2016), despite their
adaptive importance in this annual species (Alonso-Blanco
et al,, 2005).

In Lotus, the large number of LjLecRK copies has afforded
some flexibility at the protein level, since the haplotypes
show amino acid substitutions in addition to their different
expression characteristics (Figure 1D). It is striking that
although the single instance of LjLecRK_Hap2 shows similar
cold-responsiveness to LjLecRK_Hap3, it represents the only ex-
ample of a cold-responsive LjLecRK haplotype found together
with a LjFER_Ref haplotype, whereas all LjLecRK_Hap3 haplo-
types are found in LjFER_AIt/LjLecRK_Hap3 combinations.
This could either be due to independent selection at the two
loci greatly favoring the LjFER_Alt/LjLecRK_Hap3 combination
in northern regions or be the result of LjFER_Ref/
LjLecRK_Hap3 genetic incompatibility.

In contrast to LjLecRK, LjFER is a single-copy gene in Lotus.
It shows no variation at the protein level, despite the pres-
ence of coding region SNPs, and the population differenti-
ation is exclusively seen at the regulatory level (Figure 1C).
This is consistent with the role of FER as a universal and
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highly conserved growth regulator involved in the integra-
tion of plant hormone and peptide signaling related to
both biotic and abiotic stresses in addition to its essential
role in fertility through facilitation of communication be-
tween male and female gametophytes (Huck et al, 2003;
Liao et al,, 2017). Interestingly, FER was not identified among
6,061 transcripts identified as cold-responsive in a large study
using 10 diverse Arabidopsis ecotypes (Barah et al., 2013), but
Arabidopsis Atfer-4 mutants showed loss of non-acclimated
freezing tolerance (Chen et al., 2016). This is similar to our ob-
servations for Gifu, which carries the less cold-responsive
LjFER_Ref haplotype (Figure 2A), but showed a very clear
loss of non-acclimated freezing on FER loss of function
(Figure 3, B and C). Lotus recruitment of FER into the set
of cold-regulated genes represents an example of recruit-
ment of genes from existing stress-response pathways to pro-
mote freezing tolerance, which is hypothesized to be a
widespread phenomenon (Preston and Sandve, 2013). In
both Lotus and Arabidopsis, FER is required for basal non-
acclimated freezing tolerance. In contrast to annual
Arabidopsis, however, FER is cold-responsive to some degree
in all tested perennial Lotus accessions (Figure 3, B-D), but
the LjFER_AIt haplotype affords a much greater amplitude
in the cold and seasonal response, especially to northern
accessions that also carry the LjlecRK_Hap3 haplotype
(Figures 3, B-D and 5). The LjLecRK_Hap3 haplotype is
not required for a strong LjFER cold/seasonal response,
though, as illustrated by MG110, which carries a LjFER_AIt/
LjLecRK_Hap1 haplotype (Supplemental Figures 11 and 12)
and LjFER also remains cold-inducible in the lecrk mutant
background (Figure 5G).

In summary, we have identified two receptor-like kinases,
LjFER and LjLecRK, that mediate non-acclimated freezing tol-
erance and have likely contributed to climate adaptation in
the perennial herb Lotus. They may represent adaptations
specific to perennial herbs, although LecRK is highly con-
served also in annual legumes (Supplemental Figure 13).
Because of its central role in growth regulation and extensive
conservation, the recruitment of FER as a cold-responsive
gene in Lotus potentially has broad implications for selecting
or engineering frost tolerance in crops.

Materials and methods

Read mapping, variant calling, and GWA analysis
The previously generated reads (Shah et al, 2020) were
mapped to the lotus (L. japonicus) Gifu genome v.1.2 (Kamal
et al, 2020) using the mem function from the Burrows—
Wheeler Aligner with default parameters (Li and Durbin,
2009). A mapping quality (MQ) filter of 30 was applied to
the BAM files using SAMtools (Li et al., 2009), which removed
reads that mapped to multiple locations. Variant calling was
performed on the filtered, sorted, and indexed BAM files using
mpileup and call from BCFtools (Danecek et al,, 2021). The re-
sulting VCF file included 9,008,653 putative SNPs.
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Lotus accessions are highly inbred. The number of hetero-
zygous calls in the VCF file, however, was higher than ex-
pected. We inspected the genotype likelihoods and
observed numerous inconsistencies on the heterozygous
calls. In the variant calling process, especially when the cover-
age was low, a locus was called as heterozygous even though
the genotype likelihood was not 0 for a heterozygous call. For
such calls, genotype likelihoods of reference or alternative
homozygous were 0 instead. Therefore, we used a custom
Python script to correct for these false heterozygous calls.
After this step, the number of heterozygous calls was reduced
to a reasonable level. Then, a filter for inbreeding coefficient
(IBC) was applied (Shah et al, 2020). When the IBC is higher
than 0, it indicates that the number of the heterozygotes is low-
er than that expected according to the Hardy—Weinberg prin-
ciple. This suits our data well, thus we only took the loci where
IBC > 0. The other criteria that we used in our filtering step were
as follows: (1) MQ > 30, (2) total depth > 60, (3) quality > 60,
(4) must be biallelic, (5) missing genotypes <50%, (6) Gifu
and MG020 must be homozygous, and (7) minor allele fre-
quency > 0.05.

GWA analysis was carried out using the approach previ-
ously described (Shah et al., 2020). Prior to GWA analysis,
missing genotype data points were imputed using Beagle
(Browning et al,, 2018) and the VCF file was converted to a
simple genotype-only format (012 format) with VCFtools
(Danecek et al, 2011). Then GWA analysis was performed
using a Python implementation of EMMA (https://app.
assembla.com/spaces/atgwas/git/source) (Kang et al., 2008;
Atwell et al,, 2010) with a minor allele count cutoff of 10.
Finally, the Manhattan plot was made using the ggman pack-
age in R (Turner, 2018).

Plant materials and field phenotyping

To investigate the plant winter-survival phenotype under
field conditions, we grew the Lotus accessions at a field site
located near the Graduate School of Life Sciences, Tohoku
University, Kashimadai, Miyagi Prefecture, Japan (38.46°N,
141.09°E). All seeds were scarified and sterilized with 2% (v/v)
of NaClO then were transferred to a 0.8% (w/v) agar plate
and incubated in a controlled growth chamber for 3 days of
dark and 2 days for normal condition (70% of humidity ratio
(HR) with 16 h:8 h, light:dark at 25°C). Germinated seeds
were transferred into plant cell trays containing 1:1 mixture
of soil and vermiculite, and were grown in a glasshouse for 1
month before transplanting to the field. Two individuals
from the same accessions were transplanted, spaced at least
50 cm apart directly into the field soil. These sets of two in-
dividuals per accession were planted with 60 cm intervals.
Each accession consisted of 8 sets of replicates, a total 16
plants grown per accession. The transplanting was carried
out in early May 2018 and plants were then grown for two
consecutive years to the end of March 2020. Leaf samples
from three plants of each accession were harvested at five
time points (August, October, December, February, and
March) for gene expression analysis in two consecutive years.
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The field air temperature data were obtained from the
Automated Meteorological Data Acquisition System
(AMeDAS) in Kashimadai provided by Japan Meteorological
Agency (https://www.jmagojp/jp/amedas), as AMeDAS
Kashimadai was located at the Tohoku field. The winter-
survival rate was calculated as the ratio between the total
number of surviving plants (observed during early spring)
and the total number of plants growing before the onset of
winter (observed during early fall).

Transcriptional profiling and logistic regression
analysis

To facilitate disentangling geographic origin and population
structure, we carried out transcriptome profiling of selected
accessions (Figure 1B). Total RNA from leaf samples collected
in August, October, December, and February 2018/2019 was
extracted using the RNeasy Plant Mini kit (Qiagen) according
to the manufacturer’s instructions. The residual genomic
DNA contaminants were then removed with DNase | treat-
ment (Qiagen). The mRNA-seq libraries were constructed
by using the SureSelect Strand Specific RNA Library Prep
kit (Agilent Tech.) following the manufacturer’s recommen-
dations. The libraries were then sequenced on a NextSeq 500
(llumina Inc.) with 75 base single-end reads. The reads were
mapped to the L. japonicus Gifu genome (v.1.2) (Kamal et al,,
2020) using the Bowtie2 (v.2.3.5) aligner (Langmead and
Salzberg, 2012) and the number of reads mapped per gene
was quantified using SAMtools (v.1.9) (Li et al., 2009). The re-
sulting expression profiles were used in logistic regression
analysis (Supplemental Table 3). For this, the accessions
were split into two groups based on latitude and pop3 mem-
bership, respectively. The accessions were assigned to one
group if their latitude or pop3 membership was larger than
the mean and to the other if their value was lower than
the mean. Logistic regression analysis, as implemented
in the Python library sklearn, was then used for accession
classification into the two groups based on the expression
profile of a given gene, and the fraction of correctly classified
accessions was recorded for each gene for both latitude and
pop3 membership.

Outdoor winter challenge (glasshouse experiment)

Scarified and sterilized treated seeds were germinated in 0.8%
(w/v) agar followed by transferring into a 1:1 mixture of soil
and vermiculite. The plants then grew for 4 weeks in the
glasshouse at ~26°C. Thirteen to 16 individuals of each acces-
sion were used. Afterwards, the plants were moved to the
open field for 4 weeks during the winter season, exposing
them to natural winter conditions. During snowy days, we
did not remove the snow that covered the plant surface.
Similarly, the frozen water surrounding the plants was not
discarded during the freezing day. The daily minimum air
temperatures were recorded using a digital thermometer
during the exposure periods. After 4 weeks of exposure,
the plants were returned to the glasshouse for recovery at
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~26°C for 2 weeks. Leaf samples from three plants were col-
lected on the day before treatment (BT) inside the glass-
house and after one of winter exposure (Day-7). This set of
experiments was repeated weekly from early December to
late March in winter 2019/2020 and winter 2020/2021. The
outdoor temperatures for the two experimental years are
shown in Figures 2 and 4.

LORET1 functional analysis

To evaluate the function of the candidate genes, the Lotus
retrotransposon (LORET) insertion tag lines were identified
using Lotus Base (https://lotus.au.dk/lore1/search) (Mun
et al, 2016), and used a single insertion line in LjFER with
ID 30049953 as fer-1 and three insertion lines in LjLecRK
with mutant IDs 30124875, 30057969, and 30007797 as
lecrk-1, lecrk-2, and lecrk-3, respectively. All LORET lines are
in the Gifu genetic background (Matolepszy et al, 2016).
The LORET and Gifu seeds were treated and germinated as
described for the Japanese accessions above. LORET genotyp-
ing was performed by “touchdown PCR” using the PCR pri-
mers provided by Lotus Base (Mun et al, 2016) to confirm
the insertion integrity as well as the homozygosity in the
LORET1 lines using Gifu as the wild type control. Primer se-
quences are listed in Supplemental Table 7 (Urbanski et al,,
2012; Mun et al, 2016). The gene expression of the target
genes was then analyzed in all these plants including the non-
insertion and heterozygous individual before transferring to
either field or glasshouse, using the same procedures as de-
scribed for the Japanese wild accessions. For the outdoor win-
ter exposure, we harvested leaf samples from six LORE1
mutant plants as well as Gifu on the day BT inside the glass-
house, and at the end of Week-1 (W1) and Week-3 (W3) of
winter exposure for gene expression analysis. Recovery took
place as described for the Japanese wild accessions. This set
of experiments was carried out in two experimental years,
winter 2019/2020 and winter 2020/2021. The winter 2020/
2021 experiment was performed in three experimental repli-
cates. The periods as well as the observed minimum air tem-
perature of outdoor winter exposure are shown in
Supplemental Figure 2, A and B.

Freezing temperature exposure

To investigate the gene expression regulation together with
the relationship between LjFER and LjLecRK, we performed
a single temperature exposure treatment followed by gene
expression analysis using RT-qPCR. The seeds of 35 selected
Lotus accessions and LORET insertion mutants were germi-
nated and grown under the same conditions used in the
glasshouse experiment for 4 weeks. Afterwards, the plants
were moved into the growth chamber with a cooling system.
We then subjected the plants to —4°C for five consecutive
days (16 h light:8 h dark). Leaf samples from three and six
plants of wild accessions and LORET mutants, respectively,
were collected before, and after 1, 3, and 5 days of freezing
exposure to quantify gene expressions.


https://www.jma.go.jp/jp/amedas
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
https://lotus.au.dk/lore1/search
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data

1150 | PLANT PHYSIOLOGY 2023: 191; 1138-1152

RNA extraction and gene expression analysis by
RT-qPCR analysis

LjFER and LjLecRK gene expression was quantified using re-
verse transcription quantitative PCR. Total RNA from leaf
samples collected during field experiments, outdoor winter
challenges, freezing exposure, and LORET analysis was ex-
tracted using the RNeasy Plant Mini kit (Qiagen) and was
treated with DNase | (Qiagen). cDNA was synthesized from
total RNA using the PrimeScript reverse transcriptase re-
agent Kit (Perfect Real Time) (Takara) according to the man-
ufacturer’s instructions. Three and six biological replicates of
Japanese accessions and LORET mutants were used for the
analysis, respectively. RT-qPCR was performed using KAPA
SYBR FAST gPCR Master Mix (KAPABiosystems) on the
CFX Connect Real-time PCR system (Bio-Rad) according to
the manufacturer’s instructions. LjFER- and LjLecRK-specific
primers were designed using Primer3Plus (sequences listed
in Supplemental Table 7) (Untergasser et al, 2012). The
gene expression level was determined by comparison to
the reference gene LjUbig using the formula 272" where
ACT is the crossing point difference between target and ref-
erence genes. Three technical replicates for each accession
and target gene were conducted.

Statistical analysis

The statistical analysis was performed using R software with
its own function (v.3.6.1). The haplotype comparison for
winter-survival rate in 2014 (Figure 1, E and F) as well as
LjFER and LjLecRK expression level (Figure 5, C-D and
G-H) were analyzed using one-way ANOVA followed by
post hoc Tukey’s test in R package agricolae. The compari-
sons for outdoor winter challenge recovery boxplots
(Figure 2D) and gene expression by RT-qPCR were analyzed
using paired Student’s t test. The correlation analysis was per-
formed using Pearson’s R correlation coefficient with statis-
tical significance calculated by linear regression in R
function (Figure 5, E and F). In the figures, the statistical sig-
nificance is represented by the following notations: ns=no
significant (P> 0.05), *P<0.05 **P<0.01, **P<0.001,
P < 0.0001.

Code availability
The code used in this study is available on GitHub in the reposi-
tory https://github.com/yusdarmust/Lotus_overwintering.

Accession numbers

The RNA-seq data used in this study have been deposited
and available in the DDBJ Read Sequence Archive repository
under accession numbers DRR342836-DRR342883. The list
of accession numbers of the major genes mentioned in this
article can be found in Supplemental Table 8 and can be ac-
cessed in the GenBank/EMBL data libraries.

Mustamin et al.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. LORET mutant in Tohoku field.

Supplemental Figure S2. Observed air temperature of
LORET mutant outdoor exposure in two experimental years.

Supplemental Figure S3. LjFER and LjLecRK expression in
LORET mutant during outdoor exposure of winter 2019/
2020.

Supplemental Figure S4. LjFER expression in Gifu wild
type and fer-1 heterozygous lines before outdoor exposure
of winter 2020/2021.

Supplemental Figure S5. Recovery rates of fer and lecrk
LORE1 mutants during winter exposure 2020/2021.

Supplemental Figure S6. LjFER and LjLecRK expressions in
LORE1 mutants during outdoor winter exposure 2020/2021.

Supplemental Figure S7. The phenotypes of fer and lecrk
LORET mutants as well as Gifu wild type during outdoor win-
ter exposure 2020/2021.

Supplemental Figure S8. Exposure survival and expression
of the accessions from Kaimon area, Kagoshima during 2
years of outdoor winter exposure.

Supplemental Figure S9. Exposure survival and expression
of the accessions from the Aso area during 2 years of outdoor
winter exposure.

Supplemental Figure $10. Genomic region where LjLecRK
resides with other very similar G-type lectin S-receptor-like
serine/threonine-protein kinases.

Supplemental Figure S11. Temperature- and haplotype-
dependent LjFER and LjLecRK expression patterns during out-
door winter exposure with accession-highlight.

Supplemental Figure S12. Temperature- and haplotype-
dependent LjFER and LjlecRK expression patterns in
Tohoku field in the first and second year plant with
accession-highlight.

Supplemental Figure S13. Multiple alignment of LjLecRK
with its putative orthologues in annual legumes.

Supplemental Table S1. Genotype calls based on the ref-
erence assembly.

Supplemental Table S2. GWAS results for overwintering
2014 phenotype based on Gifu reference assembly.

Supplemental Table $3. RNA-seq expression data based
on RPKM value.

Supplemental Table S4. Logistic regression results.

Supplemental Table S5. Fifty-nine SNPs corresponded
with 12 GWAS candidate genes which intersect with the can-
didate genes from the logistic regression analysis.

Supplemental Table S6. Observed minimum air tempera-
ture (°C) and accession recovery rates of outdoor winter
exposure.

Supplemental Table S7. PCR primers used for LORE1
genotyping and RT-qPCR.

Supplemental Table S8. Accession numbers of the major
genes mentioned in this study.


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
https://github.com/yusdarmust/Lotus_overwintering
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data

Receptor-like kinases mediate freezing tolerance

Acknowledgments

We thank Ms. Chikako Mitsuoka and Ms. Motoko Chiba for ex-
cellent technical assistance. Accessions of L. japonicus were pro-
vided by the National BioResource Project “Lotus/Glycine”.

Funding

This work was funded by JSPS KAKENHI Grant Number
JP20H02884,  JST-Mirai Program Grant Number
JPMJMI20E4, and JST CREST Grant Number JPMJCR1601,
Japan (S.S.) and the InRoot project coordinated by Jens
Stougaard supported by The Novo Nordisk Foundation
Grant Number NNF129SA0059362, Denmark.

Conflict of interest statement. None declared.

Data availability

All data are either in the main paper or the Supporting
Information. Source data are provided in this paper.
Requests should be directed to the corresponding authors.
The Supplemental Table 1 was deposited and publicly avail-
able on Mendeley Data repository with DOI: 10.17632/
yxhz58mx73.1 titled “GWA OW—Genotype calls”.

References

Alonso-Blanco C, Gomez-Mena C, Llorente F, Koornneef M, Salinas
J, Martinez-Zapater JM (2005) Genetic and molecular analyses of
natural variation indicate CBF2 as a candidate gene for underlying
a freezing tolerance quantitative trait locus in Arabidopsis. Plant
Physiol 139(3): 1304-1312

Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, Li Y,
Meng D, Platt A, Tarone AM, Hu TT, et al. (2010) Genome-wide as-
sociation study of 107 phenotypes in Arabidopsis thaliana inbred
lines. Nature 465(7298): 627-631

Barah P, Jayavelu ND, Rasmussen S, Nielsen HB, Mundy J, Bones AM
(2013) Genome-scale cold stress response regulatory networks in ten
Arabidopsis thaliana ecotypes. BMC Genomics 14(1): 722

Browning BL, Zhou Y, Browning SR (2018) A one-penny imputed gen-
ome from next-generation reference panels. Am J Hum Genet
103(3): 338-348

Chen ), YuF, LiuY, DuG, Li X, Zhu S, Wang X, Lan W, Rodriguez PL,
Liu X, et al. (2016) FERONIA Interacts with ABI2-type phosphatases
to facilitate signaling cross-talk between abscisic acid and RALF pep-
tide in Arabidopsis. Proc Natl Acad Sci USA 113(37): E5519-E5527

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA,
Handsaker RE, Lunter G, Marth GT, Sherry ST, et al. (2011) The
variant call format and VCFtools. Bioinformatics 27(15): 2156-2158

Danecek P, Bonfield JK, Liddle ), Marshall J, Ohan V, Pollard MO,
Whitwham A, Keane T, McCarthy SA, Davies RM, et al. (2021)
Twelve years of SAMtools and BCFtools. Gigascience 10(2): giab008

Gehan MA, Park S, Gilmour S}, An C, Lee C, Thomashow MF (2015)
Natural variation in the C-repeat binding factor cold response path-
way correlates with local adaptation of Arabidopsis ecotypes. Plant J
84(4): 682-693

Geng B, Wang Q, HuangR, Liu Y, Guo Z, Lu S (2021) A novel LRR-RLK
(CTLK) confers cold tolerance through regulation on the
C-repeat-binding factor pathway, antioxidants, and proline accumu-
lation. Plant ) 108(6): 1679-1689

PLANT PHYSIOLOGY 2023: 191; 1138-1152 | 1151

Gilmour SJ, Thomashow MF (1991) Cold acclimation and
cold-regulated gene expression in ABA mutants of Arabidopsis thali-
ana. Plant Mol Biol 17(6): 1233-1240

Gilmour S), Zarka DG, Stockinger EJ, Salazar MP, Houghton JM,
Thomashow MF (1998) Low temperature regulation of the
Arabidopsis CBF family of AP2 transcriptional activators as an
early step in cold-induced COR gene expression. Plant | 16(4):
433-442

Horton MW, Willems G, Sasaki E, Koornneef M, Nordborg M (2016)
The genetic architecture of freezing tolerance varies across the range
of Arabidopsis thaliana. Plant Cell Environ 39(11): 2570-2579

Huck N, Moore JM, Federer M, Grossniklaus U (2003) The
Arabidopsis mutant feronia disrupts the female gametophytic con-
trol of pollen tube reception. Development 130(10): 2149-2159

Kamal N, Mun T, Reid D, Lin J-S, Akyol TY, Sandal N, Asp T,
Hirakawa H, Stougaard J, Mayer KFX, et al. (2020) Insights into
the evolution of symbiosis gene copy number and distribution
from a chromosome-scale Lotus japonicus Gifu genome sequence.
DNA Res 27(3): dsaa015

Kang HM, Zaitlen NA, Wade CM, Kirby A, Heckerman D, Daly M),
Eskin E (2008) Efficient control of population structure in model or-
ganism association mapping. Genetics 178(3): 1709-1723

Kang), Zhang H, Sun T, Shi Y, Wang J, Zhang B, Wang Z, Zhou Y, Gu
H (2013) Natural variation of C-repeat-binding factor (CBFs) genes is
a major cause of divergence in freezing tolerance among a group of
Arabidopsis thaliana populations along the Yangtze River in China.
New Phytol 199(4): 1069-1080

Knox AK, Dhillon T, Cheng H, Tondelli A, Pecchioni N, Stockinger E)
(2010) CBF gene copy number variation at frost resistance-2 is asso-
ciated with levels of freezing tolerance in temperate-climate cereals.
Theor Appl Genet 121(1): 21-35

Koornneef M, Reymond M, Alonso-Blanco C (2010) Natural variation
in Arabidopsis thaliana. Springer, New York, pp 123-151

Kurbidaeva A, Novokreshchenova M, Ezhova T (2015) ICE genes in
Arabidopsis thaliana: clinal variation in DNA polymorphism and se-
quence diversification. Biol Plant 59(2): 245-252

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with
Bowtie 2. Nat Methods 9(4): 357-359

Le MQ, Engelsberger WR, Hincha DK (2008) Natural genetic variation
in acclimation capacity at sub-zero temperatures after cold acclima-
tion at 4°C in different Arabidopsis thaliana accessions. Cryobiology
57(2): 104-112

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14): 1754-1760

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, Subgroup 1000 Genome Project Data
Processing (2009) The Sequence Alignment/Map format and
SAMtools. Bioinformatics 25(16): 2078-2079

Liao H, Tang R, Zhang X, Luan S, Yu F (2017) FERONIA receptor kinase
at the crossroad of hormone signaling and stress responses. Plant Cell
Physiol 58(7): 1143-1150

Malolepszy A, Mun T, Sandal N, Gupta V, Dubin M, Urbanski D,
Shah N, Bachmann A, Fukai E, Hirakawa H, et al. (2016) The
LORET1 insertion mutant resource. Plant ) 88(2): 306-317

Medina J, Bargues M, Terol ), Pérez-Alonso M, Salinas ] (1999) The
Arabidopsis CBF gene family is composed of three genes encoding
AP2 domain-containing proteins whose expression is regulated by
low temperature but not by abscisic acid or dehydration. Plant
Physiol 119(2): 463-470

Meissner M, Orsini E, Ruschhaupt M, Melchinger AE, Hincha DK,
Heyer AG (2013) Mapping quantitative trait loci for freezing toler-
ance in a recombinant inbred line population of Arabidopsis thaliana
accessions Tenela and C24 reveals REVEILLE1 as negative regulator of
cold acclimation. Plant Cell Environ 36(7): 12561267

Mun T, Bachmann A, Gupta V, Stougaard ], Andersen SU (2016)
Lotus base: an integrated information portal for the model legume
Lotus japonicus. Sci Rep 6(1): 39447


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac533#supplementary-data

1152 | PLANT PHYSIOLOGY 2023: 191; 1138-1152

Oakley CG, Agren J, Atchison RA, Schemske DW (2014) QTL map-
ping of freezing tolerance: links to fitness and adaptive trade-offs.
Mol Ecol 23(17): 4304-4315

Preston JC, Sandve SR (2013) Adaptation to seasonality and the winter
freeze. Front Plant Sci 4: 167

Shah N, Wakabayashi T, Kawamura Y, Skovbjerg CK, Wang M-Z,
Mustamin Y, Isomura Y, Gupta V, Jin H, Mun T, et al. (2020)
Extreme genetic signatures of local adaptation during Lotus japonicus
colonization of Japan. Nat Commun 11(1): 253-215

Suther E, Schulz E, Childs LH, Hincha DK (2012) Clinal variation in the
non-acclimated and cold-acclimated freezing tolerance of
Arabidopsis thaliana accessions. Plant Cell Environ 35(10):
1860-1878

Tayeh N, Bahrman N, Sellier H, Bluteau A, Blassiau C, Fourment J,
Bellec A, Debellé F, Lejeune-Hénaut I, Delbreil B (2013) A tandem ar-
ray of CBF/DREB1 genes is located in a major freezing tolerance QTL re-
gion on Medicago truncatula chromosome 6. BMC Genomics 14(1): 814

Thomashow MF (1999) Plant cold acclimation: freezing tolerance
genes and regulatory mechanisms. Annu Rev Plant Phys 50(1):
571-599

Mustamin et al.

Turner SD (2018) Qgman: an R package for visualizing GWAS
results using Q-Q and manhattan plots. ] Open Source Softw 3(25):
731

Untergasser A, Cutcutache |, Koressaar T, Ye ), Faircloth BC, Remm
M, Rozen SG (2012) Primer3—new capabilities and interfaces.
Nucleic Acids Res 40(15): e115

Urbanski DF, Malolepszy A, Stougaard J, Andersen SU (2012)
Genome-wide LORE1 retrotransposon mutagenesis and high-
throughput insertion detection in Lotus japonicus. Plant | 69(4):
731-741

Wiirschum T, Longin CFH, Hahn V, Tucker MR, Leiser WL (2017)
Copy number variations of CBF genes at the Fr-A2 locus are
essential components of winter hardiness in wheat. Plant ] 89(4):
764-773

Zhen Y, Ungerer MC (2008a) Relaxed selection on the CBF/DREB1
regulatory genes and reduced freezing tolerance in the southern
range of Arabidopsis thaliana. Mol Biol Evol 25(12): 2547-2555

Zhen Y, Ungerer MC (2008b) Clinal variation in freezing tolerance
among natural accessions of Arabidopsis thaliana. New Phytol
177(2): 419-427



	FER and LecRK show haplotype-dependent cold-responsiveness and mediate freezing tolerance in Lotus japonicus
	Introduction
	Results
	Transcriptional population differentiation identifies overwintering candidate genes
	LjFER and LjLecRK haplotypes are associated with variation in winter survival
	LjFER and LjLecRK are required for freezing tolerance
	LjFER and LjLecRK show haplotype-specific temperature-dependent expression
	LjFER and LjLecRK show different cold induction dynamics

	Discussion
	Materials and methods
	Read mapping, variant calling, and GWA analysis
	Plant materials and field phenotyping
	Transcriptional profiling and logistic regression analysis
	Outdoor winter challenge (glasshouse experiment)
	LORE1 functional analysis
	Freezing temperature exposure
	RNA extraction and gene expression analysis by RT-qPCR analysis
	Statistical analysis
	Code availability

	Accession numbers
	Supplemental data
	Acknowledgments
	Funding
	Data availability
	References




