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Abstract

Cold acclimation (CA) and deacclimation (DA), which are often accompanied by changes in freezing tolerance (FT), carbohydrates
and hormones, are crucial for winter survival, especially under global warming. Plants with weak CA and premature DA caused by
warm winters and/or unseasonal warm spells can be easily injured by adverse reactions to cold. Thus, understanding the molecular
mechanisms of FT is imperative. In this study, we used high-throughput RNA-seq to profile the CA and DA of leaves of overwintering
Rhododendron “Miyo-no-Sakae” over time; these leaves do not undergo dormancy but do undergo photoprotection during CA, and
they do not grow during DA. Using Mfuzz and weighted gene coexpression network analysis, we identified specific transcriptional
characteristics in each phase of CA and DA and proposed networks involving coexpressed genes and physiological traits. In particular,
we discovered that the circadian rhythm is critical for obtaining the strongest FT, and high expression of circadian rhythm-related
genes might be linked to sugar accumulation during winter. Furthermore, evergreen leaves exhibited robust photoprotection during
winter, as revealed by high values of nonphotochemical quenching, high expression of transcripts annotated as “early light-induced
proteins”, loss of granum stacks and destacking of thylakoids, all of which were alleviated during DA. The strong requirement of
photoprotection could be the reason for decreased abscisic acid (ABA) and jasmonic acid (JA) contents during CA, and decreases
in ABA and JA contents may contribute to decreases in lignin content. Our data suggest that the molecular mechanisms of FT in

overwintering leaves are unique, which may be due to the high requirements for photoprotection during winter.

Introduction

Freezing tolerance (FT) is an acquired ability of plants
native to boreal and temperate zones. However, the pro-
cess by which woody perennials gradually acquire FT
in response to a short photoperiod and low temper-
atures in the fall and winter is called “cold acclima-
tion” (CA), while the process by which plants gradu-
ally lose their acquired FT in response to elevated tem-
peratures is called deacclimation (DA) [1, 2]. In recent
years, warm winters and unseasonal warming caused
by climate change and global warming have occurred
frequently, resulting in incomplete CA or premature DA
of some plant species. Forinstance, peach, apple and pear
trees exhibited early DA and vegetation development
due to high late-winter temperatures in 2007 in Oak
Ridge, Tennessee. As a result, adverse reactions to cold
pose a serious threat to these plants [3]. Therefore, this
highlights the imperative need to better understand the
molecular mechanisms of CA and DA [4].

As early as in the 1980s, the short photoperiod in the
fall was documented to induce FT in woody perennials,

such as Haralson apple and rhododendrons [5, 6, 7, 8]
However, many investigations on the molecular mecha-
nisms of CA concentrated merely on the low temperature
because the main cause of CA in herbaceous plants was
low temperature and because the study of the underlying
molecular mechanism in woody perennials has been
slow. CA s typically induced at a temperature of 4°C with
a constant photoperiod, light intensity, and/or light qual-
ity (applied via a growth chamber) [9, 10, 11]. As a result,
researchers have identified classic cold response path-
ways involving C-repeat/DREB-binding factors (CBFs) [12]
and largely confirmed the importance of CBFs for CA in
various plant species and in various tissues, including the
buds and leaves of woody perennials [13]. In addition to
CBFs, abscisic acid (ABA) and jasmonic acid (JA) are also
involved in CA in both herbaceous and woody species
[14-17]. However, in the field, seasonal changes in tem-
perature are accompanied by changes in light signals;
e.g. as temperatures decrease from fall to winter, the
photoperiod shortens, the light intensity decreases, and
the ratio of red light to far-red light decreases [18], all
of which are difficult to simulate artificially in growth
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chambers. Therefore, studying plant responses to a sin-
gle stress—low temperature—has limitations for under-
standing the CA of plants under field conditions. As the
recognition of such limitations grows, numerous investi-
gations of CA have been carried out. It has been shown
that a short photoperiod and light quality can affect CA
by regulating circadian clock-associated genes such as
CCA1 and LHY [19-21]. Moreover, circadian clock-related
genes can influence the expression of cold-responsive
genes (including CBFs and CORs) [22-24]. The circadian
clock is thus the gateway of the cold response [23].

To date, most knowledge of plant CA is based on that
from studies using Arabidopsis and other herbaceous
model species [23]. Reviews on the molecular regulation
of cold hardiness or CA of trees are still based on findings
of Arabidopsis [4, 23]. Welling & Palva [25] reported that
except for dormancy development during overwintering,
buds of woody perennials shared similar signal-related
and cold-regulated genes and mechanisms underlying
CA with those of herbaceous annuals. For overwintering
leaves that undergo no dormancy but do undergo
photoprotection during CA, the mechanisms might not
always follow the traditional regulatory pathways. For
example, in our previous study on overwintering leaves
of Rhododendron “Elsie Lee”, the ABA and JA contents,
which usually exhibit a positive relationship with FT,
decreased with increasingleaf FT (LFT) [18]. Furthermore,
DA after CA is also crucial for plant winter survival but
is largely neglected [26, 27]. In woody perennials, DA
focuses mostly on buds, which are closely related to the
release of endodormancy and growth [28-30], whereas
no growth occurs for overwintering leaves during DA.

Here, we performed a transcriptomic analysis of an
azalea cultivar of Rhododendron “Miyo-no-Sakae” across
seasons to explore the molecular mechanisms of CA and
DA in overwintering leaves. Using Mfuzz and weighted
gene coexpression analysis (WGCNA), we found signa-
ture events in each phase of CA and DA. Our data reveal
that some circadian rhythm-related genes are closely
related to changes in LFT and that they are thought to
regulate several photoprotective behaviors. Furthermore,
photoprotection could be the reason for the decreased
ABA and JA contents, thus decreasing lignin during CA.
ABA and JA contents began to increase at the end of DA,
but the lignin content did not.

Results
Plant growth and leaf freezing tolerance (LFT)

Seasonal changes in the air temperature and photope-
riod during the study period are shown in Fig. 1 a and b.
Stem growth gradually ceased in early November and did
not resume until March (Fig. 1c). The amounts of stem
growth from February 19 to March 20 and March 20 to
April 18 were 7.3 mm and 20.9 mm, respectively (Fig. 1c).
Flower buds gradually stopped growing in December
and resumed growth in the following February (Fig. 1c).
Flower bud growth significantly accelerated between

February 19 and Mar.20 (Fig. 1c), and flowering occurred
in late March and early April (Fig. S1). Leaf buds sprouted
on Feb. 19, and some new leaves fully expanded on
Mar. 20 (Fig. S2). These results indicate that the time
of leaf bud emergence was essentially the same as the
time of resumption of flower bud growth, which was
approximately one month earlier than the resumption
of stem growth (Fig. 1c; Fig. S2).

Generally, the LTs, at Sept. 27 was approximately
—4.5°C, which did not significantly change from Sept.
27 to Oct. 24, despite the photoperiod being reduced
by 0.8 h (Fig. 1b,d). The leaf freezing tolerance (LFT)
began to increase (more negative LTso) from Oct. 24 to
Jan. 19 as the temperature and photoperiod decreased
(Fig. 1a, b, d) (i.e. CA) and then gradually decreased as the
temperature and photoperiod increased from January to
April (Fig. 1d) (i.e. DA). From Oct. 24 to Nov. 9, the LTsg
decreased by ~2°C, during which the stems stopped
growing (Fig. 1b, d). The strongest LFT occurred on Jan.
19, for which the LTsq was —16.4°C (Fig. 1d). From Jan.
19 to Feb. 19, the growth of new leaves seemed to occur
simultaneously with the loss of LFT (Fig. 1d; Fig. S2). Our
data suggest that the increase in LFT was accompanied
by the cessation of stem growth during CA, and the loss of
LFT was accompanied by the emergence of leaf buds and
the regrowth of flower buds and stems during DA. After
blossoming, the leaves completely lost their acquired LFT
(Fig. 1d; Fig. S1).

Three phases of CA and two phases of DA

To fully explore the whole processes of CA and DA,
we used all transcripts identified by RNA-seq to per-
form principal component analysis (PCA). As shown in
Fig. 2a, the transcriptome data follow a circular trajec-
tory according to the CA and DA over time. These results
show that 1) the three biological replicates for each time
point are similar and that 2) the relative proximity of
the following pairs—Oct. 24 and Nov. 9, Nov. 28 and
Dec. 26, and Feb. 19 and Mar. 20—are close, suggesting
that the leaf physiological status in each pair was sim-
ilar at the transcriptional level. Furthermore, the corre-
lation matrix and hierarchical cluster analysis results
using all transcripts were consistent with those of PCA
(Fig. S3). According to these results, we selected several
time points, i.e. Sept. 27, Nov. 9, Nov. 28, Jan. 19, Mar. 20,
and Apr. 18, for further analysis and divided the whole
experimental period into five phases—three phases for
CA and two phases for DA—as follows: Phase I, the early
phase of CA (Sept. 27-Nov. 9); Phase II, the middle phase
of CA (Nov. 9-Nov. 28); Phase III, the late phase of CA (Nov.
28-Jan. 19); Phase IV, the early phase of DA (Jan. 19-Mar.
20); and Phase V, the late phase of DA (Mar. 20-Apr. 18).
In total, we identified 25148 transcripts that were
differentially expressed in at least one phase through
time-series pairwise comparisons. There were 10435,
8404, 5201, 6012, and 12386 DETs in Phases I, II, III, IV
and V, respectively (Fig. 2b). To explore transcriptional
changes in each phase during CA and DA, we performed
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Figure 1. (a) Maximum (black solid line), minimum (black dashed line) and mean (red solid line) air temperatures at the experimental site from
September 2016 to April 2017; (b) changes in photoperiod (h) from September 2016 to April 2017; (c) growth of stems and buds from October 2016 to
April 2017; (d) seasonal changes in leaf freezing tolerance (indicated as the LTS0 value, the temperature causing 50% injury); n=4. The lowercase
letters represent significant differences among sampling dates (p < 0.05), which were calculated using Fisher’s least significant difference test.
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Figure 2. (a) Principal component analysis (performed by MetaboAnalyst, http://www.metaboanalyst.ca) results based on all transcripts identified by
RNA-seq. PC1, principal component 1; PC2, principal component 2. Each treatment included three biological replicates; (b) Number of differentially
expressed transcripts (DETs) (|fold change| > 2; p < 0.01) identified by RNA-seq during cold acclimation and deacclimation over time; (c) In total, 25 148
DETs identified in this study were classified into ten clusters using the Mfuzz package in R; (d) KEGG pathway enrichment in each cluster (p <0.05); (e)
DETs annotated to the “circadian rhythm - plant” pathway of Clusters 2, 5, 9, and 10.

a KEGG enrichment analysis. Six KEGG pathways,
“phenylpropanoid biosynthesis”, “diterpenoid biosynthe-
sis”, “starch and sucrose metabolism”, “MAPK signaling
pathway plant”, “circadian rhythm - plant”, and “plant-
pathogen interaction”, were commonly enriched in each
phase, suggesting that these biological processes were
transcriptionally active in both CA and DA (Fig. S54).

Possible signature events in a certain phase,
according to Mfuzz analysis

To define the temporal characteristics of the complete
transcriptome dataset, using Mfuzz, we performed

clustering analysis of 25148 DETs across 18 samples,
which divided all the DETs into 10 clusters (Fig. 2c). We
searched for enriched KEGG pathways (p <0.05) within
each cluster and summarized these pathways via a
heatmap (Fig. 2d). We found that some KEGG pathways
were specific to one or two phases. For instance,
the “a-linolenic acid metabolism” and “linoleic acid
metabolism” pathways in Clusters 4, 6 and 8 were specific
to Phases I and/or V; the “anthocyanin biosynthesis”,
“flavone and flavonol biosynthesis”, and “flavonoid
biosynthesis” pathways in Cluster 5 were specific to
Phases II and III; “photosynthesis” and “photosynthesis
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- antenna proteins” in Clusters 3, 7 and 9 were specific
to Phases IV and/or V; and the glycan biosynthesis and
metabolism-related pathways in Clusters 3, 6 and 9 were
specific to Phases IV and/or V (Fig. 2d).

The DETs in Cluster 10 (Data S1) could be candidates
for affording the strongest LFT during winter, since
the highest expression was exhibited on Jan. 19 with
the strongest LFT (Fig. 1d; Fig. 2c). The top enriched
KEGG pathway in this cluster was “circadian rhythm”
(Fig. 2d) (p= 3.2e7°), which was also enriched in Clusters
2 (p=4.7e¢°), 5 (p=4.1e7%), and 9 (p=5.3e78). Thus, the
“circadian rhythm” pathway might represent different
changes in Phases II, III and IV, all three of which are
important for obtaining robust LFT in CA or an early
DA response (Fig. 2e). We analyzed the DETs associated
with “circadian rhythm” in each cluster and found that
the DETs annotated as “cryptochrome 1 (CRY1)” and
“bHLH/PIF3” were enriched only in Cluster 10 (Fig. 2e;
Table S1). Thus, the upregulation of CRY1s and PIF3s
could play important roles in obtaining the strongest
LFT in overwintering leaves.

Coexpression networks of genes and
relationships between physiological parameters
and DETs

To explore coexpression networks of genes and possible
relationships between the changes in physiological
parameters and DETs, we performed a WGCNA, which
revealed 20 modules (Fig. 3a; Fig. S5a). The expression
trends in each module are shown in Fig. S5b. Three
LTso-related modules, the “red” (1282 DETs) (r?=—-0.96),
“blue” (3616 DETs) (r?=-0.80) and “turquoise” (7049
DETs) (r?=0.65) modules, for which p was <0.01, were
further analyzed (Fig.3a). In the red module, DETs
were generally up—/downregulated from Sept. 27 to
Jan.19 and gradually down—/upregulated from Jan.
19 to Apr. 18 (Fig. 3b; Data S2). Genes coexpressed in
this module were significantly enriched in “circadian
rhythm”, “ABC transporters”, and “plant hormone signal
transduction” (p < 0.05) (Fig. 3b). In the blue module, DETs
up—/downregulated from Sept. 27 to Nov. 28, stayed
at the upregulated levels until Jan. 19, and then pro-
gressively became down—/upregulated (Fig. 3b; Data S2).
These DETs were significantly enriched in 8 KEGG

» oo«

pathways (p <0.05), such as “circadian rhythm”, “vita-
min B6 metabolism”, “ether lipid metabolism”, “basal
transcription factor”, and “glutathione metabolism”
(Fig. 3b). In the turquoise module, DETs were sharply
downregulated/upregulated from Sept. 27 to Nov. 9,
continuously downregulated/upregulated from Now.
9 to Nov. 28, stayed at those levels, and then were
upregulated/downregulated from Mar. 20 to Apr. 18
(Fig. 3b; Data S2). DETs were significantly enriched in 19
KEGG pathways (p < 0.05), such as “plant-pathogen inter-
action”, “MAPK signaling pathway-plant”, “«-linolenic

acid metabolism”, “plant hormone signal transduction”,
and “linoleic acid metabolism” (Fig. 3b).

“Circadian rhythm” was the most significantly enriched
pathway, with 30 DETs (p= 1.3e’) in the red module and
50 DETs in the blue module (p= 8.1e7°) (Table S2). In
red module, the DETs were annotated as “transcription
factor bHLH/phytochrome-interacting factor 3 (PIF3)”,
“two-component response regulator APRR5/9 (APRR)”,
“Cyclic dof factor 2/3 (C2C2-Dof)”, “zinc finger protein
CONSTANS (CO)”", “E3 ubiquitin-protein ligase COP1
(COP1)”, and “cryptochrome 1 (CRY1)” (Table S2). In the
blue module, DETs were annotated as “transcription
factor MYBs”, “transcription factor TCPs”, “protein SPA1-
RELATEDs”, “C2C2-Dofs”, “B-Box (BBXs)”, and “APRRs”.
Module membership (MM) represents the degree of
eigengene-based connectivity, which is a measurement
of the membership of a gene with respect to a module
and is used to screen hub genes. The highly connected
hub genes with MM values higher than 0.9 included
CRY1s, CO, C2C2-Dofs, bHLHs, and APRRs in the “red”
variety and SPAI1-RELATEDs, C2C2-Dofs, APRRs, BBXs,
MYBs, and bHLHs in the “blue” variety (Table S2).

In the turquoise module, “starch and sucrose
metabolism” is related to carbohydrate metabolism, “a-
linolenic acid metabolism” and “linoleic acid metabolism”
are upstream of JA biosynthesis, “carotenoid biosyn-
thesis” is upstream of ABA biosynthesis, and “phenyl-
propanoid biosynthesis” is upstream of lignin biosynthe-
sis. Thus, we measured carbohydrate (glucose, fructose
and sucrose), ABA, JA and lignin contents across the
six sampling dates (Fig.4a, b, c, d, e, f, g). Relationships
among modules and these physiological parameters
were also determined via WGCNA (Fig. 3a). Fructose
and glucose were highly correlated with the red module
(r’=0.89, p=9.0e”” and r*=0.78, p= 1.0e™*, respectively)
(Fig. 3a; Fig. 4a); sucrose was highly correlated with the
blue module (r?=0.84, p= 1.0e) (Fig. 3a; Fig. 4a); ABA,
JA, cinnamic acid, ferulic acid, and sinapic acid contents
were highly correlated with the turquoise module
(r’=0.89, p=9.0e”’ and r>=0.86, p= 5.0e~°® and r>=0.82,
p=3.0e>andr’=0.77,p=2.0e * and 1> =0.84, p= 1.0e>,
respectively) (Fig. 3a; Fig. 4b, c, d, f, g); and no module
was correlated with p-coumaric acid (Fig. 3a; Fig. 4e).
Since the red, blue and turquoise modules were highly
related to the LTso (Fig. 3a), glucose, fructose, sucrose,
ABA, JA and lignin contents were also correlated with
LTso values. Furthermore, “circadian rhythm” was the top
pathway enriched in the red and blue modules (p=1.3e~/
and p = 8.1e7>, respectively), which exhibited the highest
relationships with sugars (Fig.3a). Thus, there could
be interactions between sugars and “circadian rhythm”
during CA and DA. ABA, JA, and lignin contents showed
the highest relationship with the turquoise module
(Fig. 3a), suggesting that there could be interactions
between ABA, JA, and lignin during CA and DA.

Photoprotection during CA and DA

Photosystem- or photoprotection-related DETs were
enriched in the red and blue modules; these enriched
DETs included “ribulose bisphosphate carboxylase
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Figure 3. Analysis of gene coexpression and the relationships between genes and physiological parameters. (a) Module-trait correlations and gene
coexpression network analysis performed by the weighted gene coexpression network analysis (WGCNA) package in R during cold acclimation and
deacclimation in overwintering leaves of Rhododendron “Miyo-no-Sakae”. Module-trait correlations are shown, and the corresponding p values are
shown in parentheses. The color scale on the right represents the module-trait correlations from —1 to 1. The red, blue and turquoise modules with
stars closely related to the LT50 (p < 0.01). (b) Seasonal expression trends of DETs in the red, blue and turquoise modules and the KEGG pathway
enrichment analysis (performed by the pHYPER function in R) for each module (p <0.05).
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test.

small subunits (RBCSs)”, “early light-induced proteins
(ELIPs)”, the “ATP-dependent =zinc metalloprotease
FTSH”, “chlorophyllase”, “low photosystem II (PSII)
accumulation”, and the “PSII 22 kDa protein” (Table S3).
Except for some RBCSs and one “low PSII accumulation”
protein, others exhibited high expression levels in
winter (Table S3). Photoprotection-related DETs were
coexpressed with circadian rhythm-related genes in the
red and blue modules, suggesting that there could be
relationships between photoprotection and circadian
rhythm during CA and DA.

To determine the PSII performance, we measured
the fraction of absorbed light energy utilized by PSII
photochemistry (®II) and the photochemical quenching
(gP) (Fig. 5 a,b). ®II and gP significantly declined during
CA (p <0.05), reached minimal values on Jan. 19, and

then increased during DA (Fig. 5 a, b), suggesting that
photosynthetic activities were gradually downregulated
in CA and resumed in DA. Furthermore, we quantified the
amount of absorbed light energy dissipated as heat by
nonphotochemical quenching (NPQ) and the quantum
yield of nonregulated or constitutive loss of energy
(®NO) (Fig. 5¢, d). NPQ significantly increased during CA
(p <0.05) and reached its maximal value on Jan. 19, which
was almost twice that on Sept. 27 and Nov. 9. Afterward,
it decreased during DA and returned to its original level
on Apr. 18 (Fig. 5¢). The accumulation of zeaxanthin is
the main component of NPQ. Therefore, the trends of
NPQ suggest that zeaxanthin gradually accumulated to
dissipate excess light energy during CA. ®NO, also called
basal intrinsic nonradiative decay, exhibited its highest
value on Nov. 9 but then gradually declined, reaching its
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calculated using Fisher's least significant difference test.

minimal level on Apr. 18 (Fig. 5d). Furthermore, in terms
of chloroplast ultrastructure, we found massive losses of
granum stacks and destacking of thylakoids in the winter
(Jan. 19) compared with the findings of chloroplasts after
a 6-day recovery period with a photoperiod of 14 h under
alight intensity of 80 umol m~=2 s~ at 22°C (Fig. Se, f). The
destacking of thylakoids allows the formation of PSII and
PSI complexes and allows the direct transfer of excess
energy from PSII to PSI, which is a component of ®NO
[31].

Changes in ABA-, JA-, and lignin-related genes
during CA and DA

ABA content showed the highest level on Sept. 27 (Fig. 4b).
The ABA content then gradually declined and reached its
lowest level on Jan. 19, after which it progressively accu-
mulated and reached approximately half of its original
level on Apr. 18 (Fig. 4b). The changes in ABA content were
negatively related to LFT (positive to LTs) (Fig. 1d; Fig. 3a;
Fig. 4b), which was consistent with the results of our
previous study [17]. From geranylgeranyl diphosphate to
violaxanthin, most DETs showed high expression from

Nov. 28 to Mar. 20 (Fig. 6a; Data S3). UDP-glucosyl trans-
ferase and ABA 8'-hydroxylase, two enzymes catabo-
lizing ABA, exhibited low expression from Nov. 28 to
Mar. 20 (Fig. 6a; Data S3). In ABA signaling, most PYLs
showed high expression on Nov. 28 and Jan. 19, whereas
most PP2Cs and SnRK2s showed high expression on Sept.
27 and Apr. 18 (Fig. 6a). The trends of most PP2Cs and
SnRK2s were consistent with the changes in ABA content
(Fig. 4b; Fig. 6a; Data S3).

The JA content was highest on Sept.27 (Fig. 4c).
However, it sharply decreased from Sept. 27 to Nov. 9,
stayed at a low level until Mar. 20, and then increased to
approximately one-third of its original level on Apr. 18
(Fig. 4c). The changes in DETs related to JA biosynthesis
were mostly consistent with the changes in JA content
(Fig. 4c; Fig. 6b; Data S3). This is also consistent with
the findings of our previous study [18]. The expression
of DETs related to JA catabolism was mostly opposite
that of the JA content (Fig. 6b). Furthermore, DETs
annotated as “chloroplast envelope quinone oxidoreduc-
tase (QORH)” and “PsbP” were enriched in “a-linolenic
acid metabolism” (Data S3), a JA biosynthesis pathway
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(Fig. 6b), and exhibited high expression from Nov. 9 to
Mar. 20. QORH is located in the inner membrane of the
chloroplast envelope and can detoxify the products of
polyunsaturated fatty acid peroxides (y-ketols [32]). PsbP
is an extrinsic subunit of PSII that participates in the
normal function of photosynthetic water oxidation. PSII
lacking PsbP has been shown to be hypersensitive to light
[33]. In JA signaling, except for COIs, which showed high
expression from Nov. 9 to Jan. 19, the trends of most
DETs annotated as JAZs and MYC2s were similar to
those of the JA content (Fig. 6b). Seasonal changes in
ABA and JA contents during CA were consistent with the
findings of our previous study on overwintering leaves of
Rhododendron “Elsie Lee” [18].

Although DETs annotated as “phenylalanine ammonia
lyase (PAL)” and “cinnamate 4-monooxygenase (C4H)”
were highly expressed on Nov. 28 (Fig. 6¢), the cinnamic
acid and p-coumaric acid contents decreased from Sept.
27 to Nov. 28 (Fig. 4 d, e). This suggests that changes in
cinnamic acid and p-coumaric acid were not regulated
at the transcriptional level during CA in the field. p-
Coumaric acid, ferulic acid, and sinapic acid are precur-
sors of three monolignols—p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol, which are incorporated into
lignin polymers and represent p-hydroxyphenyl (H), gua-
iacyl (G), and syringyl (S) moieties, respectively (Fig. 6¢).
Ferulic acid and sinapic acid contents largely declined
from Sept. 27 to Nov. 28. They then stayed at those
levels until April (Fig. 4 f, g), suggesting that lignin con-
tents decreased in CA and did not recover until the end
of DA.

“4-Coumarate-CoA ligase (4CL)", “cinnamoyl-CoA
reductase (CCR), cinnamyl-alcohol dehydrogenase (CAD),
and peroxidase (PRX)” were found to participate in
lignin biosynthesis (Fig. 6¢). Most CCRs showed high
expression from Nov. 9 to Jan.19, and CADs exhibited
high expression on Sept. 27 or during DA (Fig. 6c).
Peroxidase catalysis is the last step for H-, G-, or S-
lignin formation, and PRXs did not exhibit a noticeable
trend during CA and DA (Fig. 6¢). Furthermore, there were
DETs annotated as “beta-glucosidase (BGLU)” enriched in
the “phenylpropanoid biosynthesis” pathway (Data S3).
Moreover, ten out of 16 BGLUs were downregulated
during CA and upregulated during DA (Fig. 6¢). BGLUs
are capable of hydrolyzing coniferin to release coniferyl
alcohol. Coniferin is the 4-O-glucoside of coniferyl
alcohol and has been proposed to be either a transport or
storage form of monolignols [34]. BGLU and PRX are the
final steps of lignin biosynthesis, both of which occur in
the cell wall [34, 35].

Discussion

Circadian rhythm could play a key role in the CA
and DA of overwintering leaves of plants under
field conditions

The accumulation of carbohydrate such as sucrose
is often reported to be cryoprotectant in tissues in
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response to low temperatures during the winter [2,
36]. However, sugars can also be inducers of signals.
Exogenous sucrose application could induce the expres-
sion of circadian clock-related genes such as AtCCA1,
AtGIGANTEA (GI), and AtTOC1 [37]. Endogenous sugars
produced by photosynthesis, including sucrose, glucose
and fructose, could entrain circadian clock-related genes
in Arabidopsis [38, 39]. These aforementioned studies
support that sugars could regulate circadian-related
function in plants. In the present study, seasonal changes
in glucose, fructose, and sucrose levels were closely
and significantly related to the red and blue modules
according to the WGCNA (p <0.01) (Fig. 3a), whose top
KEGG pathway was “circadian rhythm” (p=1.3e~” and
8.1e7° in the red and blue modules, respectively) (Fig. 3b).
These findings suggest that sugars could be involved
in regulating circadian rhythm-related genes during CA
and DA and that their accumulation might induce the
upregulation of circadian rhythm-related genes during
winter.

Kidokoro et al. [40] reported that Arabidopsis plants
recognize cold stress as two different signals—either
rapid or gradual temperature decreases, resulting in the
expression of AtCBF3, and the latter occurs through two
circadian oscillators, CIRCADIAN CLOCK-ASSOCIATED
1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY). In
this study, the air temperature decreased from fall to
winter, which corresponded to a gradual temperature
decrease. “Circadian rhythm” was enriched in Phases II
(p=4.7e7> and 4.1e~% in Clusters 2 and 5, respectively)
and I (p=3.2e%) during CA and Phase IV (p=5.3e7%)
during DA according to the Mfuzz analysis (Fig. 2d),
suggesting that “circadian rhythm”is related to obtaining
the hardiest LFT in winter and could be an early sensor
of DA. Additionally, “circadian rhythm” was the top
KEGG pathway in the red and blue modules of the
WGCNA results (p < 0.05) (Fig. 3b), and these modules are
closely related to LTso values (r* = —0.96 and p=2e~1 for
the red module and r>=-0.8 and p=7e~> for the blue
module) (Fig. 3a), suggesting again that the circadian
rhythm is important for both CA and DA. Ramos et al
[41] reported that the regular daily oscillation of CsTOC1
and CsLHY in chestnut was disrupted in tissues of stems
and buds and showed constantly high expression during
winter dormancy. CsPRR5/7/9 in the stems of chestnut
is constantly and highly expressed at low temperature
[42]. In Populus buds, continuously high expression of
PttLHY1/2 was suggested to be essential for the clock’s
adjustment to cold hardiness [43]. This information
suggests that clock disruption under cold conditions
could be part of an adaptive strategy that enables
deciduous woody perennials to survive winter [44]. In
this study, DETs related to “circadian rhythm” in Clusters
2,5, and 10 and associated with the red and blue modules
showed high expression in winter (on Nov. 28 or Jan. 19)
(Fig. 2c; Fig. 3b), including DETs annotated as HY5s, LHY,
and APRRs (Fig. 2e; Data S2), which suggests that high
expression also occurs in the tissues of overwintering
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leaves. Therefore, these DETs are important candidates
for obtaining LFT and thus for winter survival.

In Arabidopsis, AtCCA1 and AtLHY bind to and induce
the expression of AtCBFs [45, 46]. The induction of PttCBF1
was abolished in lhy mutant Populus buds [43]. In this
study, sequences of transcripts in “Miyo-no-Sakae” leaves
subjected to BLAST searches matching AtCBF3 with
high bit scores (>100) were in the turquoise module
and showed trends opposite those of LHYs and LFT
(Table S2; Table S4; Fig. 3b; Fig. 1d). The sequences of
five transcripts subjected to BLAST searches matching
AtCBF3 with relatively low bit scores (<100) in the
red or turquoise module, such as isoform_ 40839 and
isoform_36666, were positively related to LHYs and
LET (Table S4). We then investigated trends of AtCBF
downstream target genes, such as AtCOR15a, AtCOR47,
and AtKIN1 [47], in Rhododendron “Miyo-no-Sakae”. There
was no DET whose sequence in Rhododendron “Miyo-no-
Sakae” matched those of AtCOR15a and AtKIN1 upon
BLAST searches. The sequences of DETs that matched
those of AtCOR47s via BLAST searches were mostly
annotated as “dehydrins”, and they were downregulated
during CA (Table S4). However, there were 6 DETs
annotated as “dehydrins” but whose sequences were
not homologous to that of AtCOR47 in the blue module,
such as isoform_39935 and isoform_4588, which were
upregulated during CA (Table S4). Jiang et al. [48] reported
that PHYTOCHROME-INTERACTING FACTOR 3 (PIF3)
negatively regulates FT in Arabidopsis, while in this
study, PIF3s were positively correlated with LFT (p < 0.05)
(Table S2; Fig.3b). CRY1, a sensor of blue light, was
reported to be negatively involved in AtCBF regulation
in the early stage of CA [49] and could mediate plant
responses to high irradiance by upregulating AtELIP1/2 in
Arabidopsis [50]. In this study, CRY1s exhibited a positive
relationship with LFT (p<0.05) (Table S2, Fig.3a) and
was coexpressed with ELIPs in the red module (Table S2;
Table S3).

Photoprotection and the necessity for
photoprotection in overwintering leaves may be
responsible for the decrease in ABA and JA
during CA
In this study, as the air temperature decreased from fall
to winter, the photosynthetic activity in terms of ®II and
gP significantly decreased (p < 0.05) (Fig. 5a, b). Therefore,
overwintering leaves had a high demand for photopro-
tection under the combination of high light and low
temperatures during CA. The photoprotection of over-
wintering leaves was multifaceted, which included the
high expression of ELIPs, destacking of thylakoids, and a
significant increase in NPQ (p < 0.05) (Table S3, Fig. 5c, e).
Harmer et al. [51] reported that the expression of
genes implicated in light harvesting (LHCA and LHCB)
and PSII reaction centers of photosynthesis cycled with
the circadian rhythm, which suggests that the circadian
clock regulates photosynthesis-related genes. In this
study, we found that in the red and blue modules,

many genes related to photoprotection were identified
(Table S3). Among them, there were 37 DETs annotated
as ELIPs. ELIPs are nuclear-encoded, thylakoid-bound
proteins with a photoprotective function [52]. Moreover,
they were proven to show diurnal circadian oscillations
in pea and barley [53, 54], which suggested that they
could be regulated by the circadian rhythm. Our data
have proven that RhHY5 and RhBBX24, two circadian-
related genes, can directly bind to and affect the
expression of RhELIP3 in Rhododendron “Elsie Lee” (Fig. S6).

Thylakoid destacking was observed in January when
the minimum air temperature was approximately 0°C
(Fig. 5e; Fig. 1a). Bag et al. [31] reported that chloroplasts
lost granum stacks during early spring. The average
number of grana per chloroplast in Scots pine was
shown to decline from autumn to winter and reached
its minimal level in early spring. Evergreen conifers
are mostly localized in boreal zones with a minimal
temperature lower than —20°C during winter. Moreover,
in early spring, the minimum air temperatures are also
frequently lower than —10°C. Our data indicate that
changes in chloroplast ultrastructure also occurred in
overwintering leaves of plants inhabiting places with
relatively warm winters.

NPQ is mainly dependent on the accumulation of
zeaxanthin in the xanthophyll cycle [55, 56]. Zeaxanthin
is proposed to be a quencher itself or plays an allosteric
role; nonetheless, this compound can effectively inhibit
the production of reactive oxygen species (ROS) [57,
58]. Oxylipins (including JA, its precursor 12-OPDA, and
MeJA) are plant messengers derived from the oxidation
of polyunsaturated fatty acids via the lipoxygenase (LOX)
pathway (Fig. 6b) [59-60]. In this study, DETs annotated
as LOXs were downregulated in the early stage of CA
(Fig. 6b). Additionally, the significant upregulation of NPQ
(p <0.05) (Fig. 5c) (i.e. accumulation of zeaxanthin) and
high expression of ELIPs (Table S3) during CA indicate the
upregulation of photoprotection, which could effectively
decrease the production of ROS, thus suppressing fatty
acid peroxidation and oxylipin formation [61]. Wild-
type Arabidopsis exhibited a much lower concentration
of JA than did Atnpql mutants (which are deficient in
zeaxanthin accumulation) after exposure to high light for
7 days [62]. Thus, zeaxanthin-dependent photoprotection
prevented JA production under light stress [61]. The
biosynthesis of zeaxanthin occurs upstream of ABA
biosynthesis (Fig. 6a). The accumulation of zeaxanthin
resulted in the deficiency of ABA biosynthesis, which has
been observed in previous studies [18, 63, 64]. Previous
reports also showed that exogenous application of MeJA
significantly improved FT, while blocking JA biosynthesis
led to hypersensitivity to freezing stress in Arabidopsis
[65]. Endogenous JA increased under cold stress in Oryza
sativa and Vitis amurensis calli, and JA biosynthesis-
related genes were upregulated [17, 66]. Exogenous ABA
increased bud FT, and the ABA-deficient mutant of
Arabidopsis lost its capacity for CA [67, 68]. However, these
results were obtained under cold stress only. Our data
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suggest that in overwintering evergreen leaves, the pho-
toprotection caused by the combination of low tempera-
tures and high light could inhibit the activity of the ABA-
and JA-dependent pathways to increase the LFT in CA.

The decrease in ABA and JA could be partially
responsible for the decrease in lignin contents
during CA.

Lignin is the major component of plant secondary cell
walls and is affected by various stresses. The PAL enzyme
catalyzes the first step of the phenylpropanoid pathway
to regulate the biosynthesis of lignin. Previous studies
reported that Nicotiana tabacum and Brachypodium PAL-
knockdown/downregulated plants presented signifi-
cantly reduced lignin contents in their stems [69, 70],
and Arabidopsis pall pal2 double mutants presented 30%
less rosette leaf lignin content when compared with that
of the wild type [71]. These previous results suggest that
PALs positively regulate lignin biosynthesis under no abi-
otic or biotic stress. In this study, PALs were upregulated
from Sept. 27 to Nov. 28 (Fig. 6¢), while the cinnamic acid
and precursors of lignin contents significantly decreased
during winter (p <0.05) (Fig. 4d, e, g, f). The decrease in
lignin in the winter could be the following reasons:

(1) The phenylpropanoid pathway occurs upstream of
both flavonoid and lignin biosynthesis (Fig. 6¢). Cinnamic
acid and p-coumaric acid could be mainly allocated to
flavonoid accumulation, which could function as antiox-
idants during winter (Fig. S7) [72].

(2) Endogenous ABA biosynthesis and its associated
signaling pathway are involved in lignin deposition in
Arabidopsis through the core ABA-signaling component
SnRK2 kinases [73]. Lignification was reduced in the
aba2-1 and snrk2.2/3/6 triple mutants of Arabidopsis com-
pared to the wild type [73]. In this study, SnRK2s were
mostly downregulated during CA and upregulated during
DA (Fig. 6a). WGCNA showed that seasonal changes in
ABA and lignin contents were highly correlated with the
same turquoise module, suggesting that the decreased
ABA content and downregulation of SnRK2s during CA
could lead to a decrease in lignin in overwintering leaves.

(3) Exogenous JA or its derivative methyl jasmonate
(MeJA) treatment can stimulate the expression of genes
related to the biosynthesis of cell wall components [74,
75] and MeJA induced cell wall in-growth in the phloem
of leaves [76] which suggests that JA may be positively
related to lignin. Thus, the decrease in JA during CA
in this study may cause a decrease in lignin content
(Fig. 4c, d, e, f, @).

(4) Ji et al. [71] revealed that the increase in FT is
negatively correlated with lignin accumulation under CA
in Arabidopsis, and this was regulated by the downregula-
tion of the BLUE COPPER-BINDING PROTEIN (BCB) gene.
We used the sequence of AtBCB (At5g20230) as a query
to search BCBs in “Miyo-no-Sakae” via BLAST and found
that most BCBs were in the turquoise or blue modules
and were generally downregulated in CA but upregulated
in DA (Table S5).
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Conclusions

Based on the data analyzed during CA and DA in Rhodo-
dendron “Miyo-no-Sakae” in the field in the present work
and those from our previous publication on the compar-
isons between field-based and artificial CA in overwin-
tering evergreen leaves, we found that circadian rhythm
might play a key role in obtaining robust LFT during
winter. In this study, we proposed that the upregula-
tion of some circadian rhythm-related genes during CA
and their downregulation during DA could be related
to the accumulation and catabolism of sugars, respec-
tively, by our analysis of module-trait relationships via
WGCNA (Fig. 7). The ABA and JA contents in overwin-
tering leaves decreased during CA in both Rhododendron
“Miyo-no-Sakae” and Rhododendron “Elsie Lee” and did not
recover until the complete loss of the obtained LFT in
Rhododendron “Miyo-no-Sakae”. The negative relationship
between LFT and ABA or JA content was quite different
from what has been reported for other tissues such as
buds and stems or other plant species such as Arabidop-
sis and rice. The reason for this could be the induced
photoprotection during CA under field conditions (Fig. 7).
The decreased ABA and JA biosynthesis during winter
could result in a decrease in lignin content (Fig. 7). We
therefore propose that the mechanisms of acquiring LFT
in overwintering leaves under both low temperature and
high light stresses in CA under field conditions were
unique, which occurred through the strong photoprotec-
tion and accumulation of carbohydrates in conjunction
with decreases in ABA, JA and lignin contents.

Materials and methods

Plant materials and environmental conditions
Pots of 3-year-old cuttings of Rhododendron “Miyo-no-
Sakae” (Hirado Hybrids) procured from Jinhua Yonggen
Rhododendron Cultivation Co., China, were grown in a
mixture of peat, pine needles, and yellow clay (3:1:1 by
volume) and maintained outside under full sunlight for
CA and DA in a nursery located in Hangzhou, Zhejiang
Province (30° 15’'N 120° 10’E, hardiness zone 10), for DA.
The experimental period was from fall to the spring of
the following year, with the specific sampling dates of
Sept. 27, 2016, Oct. 24, Nov. 9, Nov. 28, Dec. 26, Jan. 19,
2017, Feb. 19, Mar. 20, and Apr. 18. Forty-eight pots were
randomly divided into four biological replicates (12 pots
per biological replicate). Fully expanded leaves from the
current year of growth were collected for experiments.
Leaf tissues (except for those used for leaf freezing
tolerance measurements) collected on the sampling
dates were flash frozen in liquid nitrogen and then stored
at —80°C until analysis.

Plant growth measurements

Ten stems and flower buds were chosen at random and
marked. Stem length from Sept. 26 to Apr. 18, as well as
the length and width of flower buds from Oct. 24 to Mar.
20, were measured using a Vernier caliper approximately
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every 2 weeks. The difference between two consecutive
measurements revealed the expansion of the stem or
buds.

Leaf freezing tolerance (LFT) tests (determination
of LT50)

The lab freeze-thaw protocol was used to investigate LFT
[2]. Briefly, collected leaf tissues were placed in plastic
bags and put into an ethanol freezing bath. The stepwise
lowering of target temperatures was set according to its
rough LTs, (the temperature causing 50% injury), e.g.
0, =5, =10, —15, =20, =25, and —30°C for midwinter
samples. The leaves were maintained for 4 h at each
target temperature before thawing at 4°C overnight.
Samples maintained at 4°C throughout the whole freeze—
thaw protocol were considered unfrozen controls. After
thawing at room temperature for 1 h, we immersed
all samples in 15 mL of ultrapure water for 24 h after
vacuum infiltration. First, ion leakage was measured
after the samples were quickly vortexed, and a second
measurement was conducted at room temperature
after the tissues were destroyed by being subjected
to 100°C. We used the Gompertz function to calculate
LTs0s [77]

Sample preparation for RNA-seq and ISO-seq

Total RNA was extracted from leaf tissues collected on
each sampling date using an RNAprep Pure Plant Plus Kit
(Polysaccharide & Polyphenolic-rich) (Tiangen, Beijing,

China). For RNA-seq, each sampling date was considered
one treatment, and each treatment included three bio-
logical replicates; for ISO-seq, one biological replicate in
each treatment was mixed. The transcripts assembled
by ISO-seq constituted the reference transcriptome used
for RNA-seq. Unigenes with [logy(fold change) |>1 and
p values < 0.01 were identified as differentially expressed
transcripts (DETs). The ISO-seq and isoform annotations,
RNA-seq and data analysis are described in the support-
ing methods.

Quantification of carbohydrates and the ABA, JA,
and lignin contents

Glucose, fructose, and sucrose concentrations were mea-
sured by HPLC (Waters e2695) equipped with a refrac-
tive index detector (Waters 2414 RI Detector) using the
method described in Liu et al. [18].

ABA, JA and lignin concentrations were measured by
UPLC-ESI-MS/MS. The method for measuring ABA and
JA was performed according to the methods of Liu et
al [18]. Details of the method through which lignin was
measured are provided in the supporting methods.

Modulated chlorophyll fluorescence
measurements

Chlorophyll fluorescence parameters were measured
in leaves after 20 min of dark adaptation with the
MAXI version of an imaging pulse amplitude-modulated



(PAM) fluorimeter (Heinz-Walz). The following equa-
tions were used: ®II (the quantum yield of photo-
chemical efficiency)=(Fm'-F)/Fm’, qP (photochemical
quenching) = (Fm’-Fs)/(Fm’-Fo), NPQ (nonphotochemical
quenching) = (Fm-Fm')/Fm’, and ®NO (the quantum
yield of nonregulated dissipation)+ ®NPQ + &II=1.
The initial fluorescence (Fo) was determined after
switching on the measuring beam, followed by a 0.8 s
saturating pulse (4000 pmol m~=2 s71) to obtain the
maximum fluorescence (Fm) [78]. Fm’ was the maximum
fluorescence yield under 200 umol m~2 s~! actinic
illumination, and Fs was the steady-state fluorescence
during actinic illumination. We generated dark-light
induction curves of leaves at 200 umol m~2 s~1, and
®II, gP, NPQ and ®NO data were collected after 5 min
of dark-light inductions.

Transmission electron microscopy (TEM)

Samples were first fixed in 2.5% glutaraldehyde. The
samples were then thoroughly washed with 0.1 M phos-
phate buffer (pH 7.0) and postfixed in 1% osmium tetrox-
ide. The fixed material was dehydrated in an ethanol
series with increasing concentrations from 30% to 80%
and acetone from 90% and 95%. The specimen was then
infiltrated with a series of Spurr resin with increasing
ratios from 1:1 to the final Spurr resin. After heating at
70°C for 9 h, the specimen was sectioned in a Leica EM
UC7 ultratome. Ultrathin sections (70 nm) were stained
with uranyl acetate and alkaline lead citrate and sub-
sequently observed with a Hitachi H-7650 transmission
electron microscope.

Statistical analysis

We used Fisher’s least significant difference test in R to
calculate the statistical significance (p <0.05), Metabo-
Analyst (https://www.metaboanalyst.ca) to perform the
principal component analysis, and the Mfuzz package in
R to conduct the cluster analysis.

A gene coexpression network was established via the
WGCNA package in R. Modules were identified using the
“one-step network construction and module detection
function” method with a soft thresholding power of 6 and
a relatively large minimum module size of 30, and the
threshold for merging modules was 0.25.

Analyses of KEGG pathway enrichment in this study
were performed via the BGI Dr. Tom system, which uses
the pHYPER function in R.
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