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Abstract. Seasonal deacclimation was investigated during Jan. to Mar. 2014 in leaves of
10 azalea cultivars (Rhododendron section Tsutsusi) under natural conditions in eastern
China. Based on the midwinter leaf freezing tolerance (LFT), these cultivars were
grouped as ‘‘more-hardy’’ vs. ‘‘less-hardy.’’ Eight of the 10 cultivars first showed
deacclimation when daily mean temperature over 2-week period preceding the LFT
measurement was’’9.5 8C. Deacclimation for other two cultivars was somewhat delayed
and might have involved deacclimation–reacclimation cycling before eventual deaccli-
mation. Our data indicate that the ‘‘more-hardy’’ group deacclimated slower than the
‘‘less-hardy’’ ones over the first half of the deacclimation period. This trend reversed
during the second half of the deacclimation period. Accordingly, ‘‘more-hardy’’ and
‘‘less-hardy’’ cultivars depicted a ‘‘curvilinear’’ and ‘‘reverse curvilinear/linear’’ deaccli-
mation kinetics. ‘‘More-hardy’’ cultivars generally had higher total soluble sugars (TSS)
than ‘‘less-hardy’’ ones at acclimated state. TSS declined during deacclimation in all
cultivars, and the loss was positively correlated with the loss in LFT. Leaf starch content
generally followed opposite trend to that of TSS, i.e., it was at lowest during acclimated
state and increased during deacclimation.

Geographical distribution of plants in
temperate climates is determined by their
ability to survive extended periods of sub-
freezing temperatures. Woody perennials in
such climates are able to do so by acquiring
a gradual, seasonal increase in their freezing
tolerance (FT) via a process called cold
acclimation which is induced by exposure
to short days and cooler temperatures in
autumn (Arora et al., 1992). This induced
FT is then lost via a process called deaccli-
mation when warmer temperatures return
during spring (Kalberer et al., 2006). Deaccli-
mation occurs irreversibly and at amuch faster
rate when plants are no longer endodormant

(i.e., chilling requirement is met) and spring
phenology has been triggered by warm
temperatures (i.e., ecodormancy is broken)
(Arora and Taulavuori, 2016; Kalberer et al.,
2007a; Lang, 1987; Taulavuori et al., 1997).
By contrast, a reversible and somewhat
partial deacclimation can occur in response
to unseasonal warm spells during midwinter
or early spring (Ogren, 1996; Rapacz, 2002;
Rowland et al., 2005; Strimbeck et al.,
1995). Such premature and untimely deac-
climation renders plants vulnerable to freeze
injury by abrupt return of freezing temper-
atures (Pagter and Arora, 2013). However,
plants that are capable of reacclimating
(partially or fully reacquiring the lost FT)
may be able to survive returning cold spells
(Kalberer et al., 2007b; Pagter andWilliams,
2011). Despite a significant role that deac-
climation (speed and the extent) plays in
winter survival of plant species, little is
known about its physiology and kinetics
for many economically important horticul-
tural species.

The processes of cold acclimation and
deacclimation are inherently complex involving

a myriad of physiological, biochemical, and
gene expression changes impacting carbo-
hydrate metabolism, antioxidant status,
membrane fluidity, levels of stress proteins,
compatible solutes and hormones, etc.
(Gusta and Wisniewski, 2013; Pagter and
Arora, 2013; Xin and Browse, 2000). Solu-
ble carbohydrates have often been associated
with FT transitions, both seasonal as well as
under controlled environment, in various
tissues of woody species in that they accu-
mulate during cold acclimation and decrease
during deacclimation (Pagter et al., 2008,
2011 and references therein). To the best of
our knowledge, only three studies have in-
vestigated leaf soluble carbohydrates during
a seasonal cold acclimation/deacclimation
in woody species; the first two with broad-
leaved evergreens, one with olive (Eris et al.,
2007) and the other with a woody liana,
Hedera helix (Parker, 1962), however, the
third study focused on red pine needles
(Pomeroy et al., 1970).

Evergreen azaleas belong to the genus
Rhododendron section Tsutsusi (Chamberlain
and Rae, 1990) and, in China, are distrib-
uted mainly in the south of the Yangtze
River. These woody ornamentals cease vis-
ible growth during winter (Wilkinson and
Richards, 1991) and bloom in late March to
early April as the spring flowering shrubs.
However, frequent occurrences of milder
winters or extreme temperature fluctuations
in early spring in eastern China (as per data
from Hangzhou’s climate station) can ad-
versely affect winter survival of many azalea
cultivars because such conditions can result
in inadequate cold acclimation or premature
deacclimation. For example, in 2011, two
warm spells occurred in January and/or
February with the maximum air temperature
of 15 to 20 �C and daily mean above 10 �C.
Similar warm spells have occurred in 2013,
2015, 2016, and 2017 (data not shown). It is,
therefore, important to study deacclimation
physiology of these azalea cultivars to natural
fluctuations in air temperature. No such work
has been conducted on this group of azaleas
to the best of our knowledge. The present
study was designed to investigate changes in
the LFT during seasonal deacclimation (mid-
winter to early spring) of 10 azalea cultivars.

Fig. 1. Changes in the daily maximum and mini-
mum temperatures at the experimental site
from 6 Jan. to 31 Mar. 2014. Black dashed
lines indicate the exact sampling dates (6 Jan.,
22 Jan., 9 Feb., 24 Feb., 14 Mar., and 31 Mar.)
for this experiment.
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Experiments were also conducted to deter-
mine their corresponding levels of carbohy-
drates (total soluble sugars and starch) to
explore any correlations between the changes
in these carbohydrates and deacclimation ki-
netics.

Materials and Methods

Plant material and sampling environment.
The experimentwas conducted using 2-year-old
clonally propagated plants (from cuttings)
of 10 evergreen azalea cultivars, ‘Changchu-
nerhao’, ‘Dazhusha’, ‘Elsie Lee’, ‘Hongshanhu’,
‘Nuccio’s Pink Bobble’, ‘Shiyandujuan,
‘Yudaizhirong’, ‘Zhuangyuanhong’, ‘Zihu-
die’, and ‘Zi’e’. No information is available
on the precise species to which these cultivars
belong but most likely these are complex

interspecific hybrids developed by the local
gardeners. They were planted in 3.79-L pots
containing peat, pine needles, and yellow clay
(3:1:1 by volume) and maintained outside in
a field nursery located in Hangzhou, Zhejiang
Province (30�15#N, 120�10#E).

Local air temperatures were obtained
from Hangzhou climate station (Fig. 1). In
this area, January, usually the coldest month
of the year, was regarded as the midwinter
time point, i.e., cold acclimated stage. The
winter of 2014 was somewhat unusual be-
cause of unseasonal warm spells in January.
The daily mean temperature during 6 to 22
Jan. was around 5 �C, and the minimum air
temperature of –2.0 �C occurred on 20 Jan.
Thereafter, the temperature began to rise
from 23 Jan. onwards with an occurrence
of � +24 �C by the end of January to early
February (2 Feb.). During this spell daily mean
temperature was �12 �C. Thereafter, daily
mean temperature dropped to � +5 �C be-
tween 3 Feb. and 9 Feb. with temperature
dipping down to –2 �C on the night of 8/9 Feb.
Overall, there were 7 d with daily mean
temperatures above 10 �C during 7 Jan. to 24
Feb. In March, the daily mean temperatures
generally increased.

Fully expanded leaves from the current
year growth were collected about every 15 d,
i.e., on 6 Jan., 22 Jan., 9 Feb., 24 Feb., 14
Mar., and 31 Mar. 2014. Sampling for each
cultivar was made from 20 plants, separated
into three biological replication blocks (n = 3),
each containing six to seven plants. Two to
eight leaves, depending on the leaf size, were
randomly collected (to make 0.3 g sample)
from each biological replication block for
freezing tests. The leaves used to determine
FT (LT50) (see below) were used right after
sampling whereas others were frozen in

liquid nitrogen and stored at –80 �C until
biochemical analysis.

Freeze-test (determination of LT50).
Three biological replicates (of two to eight
leaves each) per cultivar were randomly
sampled, quickly rinse blotted, and placed
into a plastic bag; air was squeezed from the
sample bags before sealing. A total of 24
sample bags per cultivar, i.e., triplicate for
each target temperature (n = 3) (4, 0, –5, –10,
–15, –20, –25, and –30 �C) were placed in an
ethanol freezing bath. The leaves were ex-
posed to a stepwise lowering of temperature
and holding for 4 h at each target temperature
before removing from the bath to thaw at 4 �C
for 24 h (Fig. 2). Samples exposed to 4 �C
served as unfrozen control (UFC). Thawed
and UFC samples were immersed in 15-mL
ultrapure water and vacuum infiltrated. After
a quick vortex of tubes, the first ion leakage
(ILfrozen) was made after 24-h incubation at
room temperature with a DDS-12A sensor
(STARTER 3C; OHAUS, Shanghai, China).
Samples were then heat killed at 100 �C for
30 min to allow the maximum ion leakage,
and the second ion leakage (ILheat-killed) was
determined at room temperature. The ion
leakage ratio (ILR) was calculated as

ILR = ILfrozen=ILheat�killed½ � · 100%

The injury percent (below) at each target
temperature was calculated as per Lim and
Arora (1998):

Injury %ð Þ = ILRtarget temperatue

�

– Average ILRUFCð Þ�� 100ð½
– Average ILRUFCð Þ� · 100

Measurement of TSS and starch. TSS
and starch were measured according to
a previously described method (Laurentin

Fig. 2. Flow-sheet diagram of freeze-thaw protocol employed to assess leaf freezing tolerance of azaleas.

Fig. 3. Freeze-thaw injury sigmoid response for
leaves of ‘Zihudie’ on 9 Feb. 2014, using
Gompertz function. LT50, a midpoint (46.2%)
between the minimum (0%) and maximum
(�92.4%) injury, is the temperature causing
50% injury and defined as leaf freezing toler-
ance (LFT).
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and Edwards, 2003; McCready et al., 1950)
with slight modifications. About 0.3 g of
fresh weight was ground in 5 mL of 80%
ice-cold ethanol (v/v) (n = 3). The slurry was
centrifuged at 4000 rpm for 5 min. This step
was repeated thrice, and resultant superna-
tants were combined and used to determine
TSS concentrations. Leftover sediments were
mixed with 52% perchloric acid and centri-
fuged at 4000 rpm for 30 min. This step was
repeated twice, and resultant supernatants
were combined and used to determine starch.
The TSS and starch contents were determined
using the colorimetric anthrone-sulfuric acid
method. Glucose was used as standard. Five
hundred microliter sample (TSS or starch
extractions) + 500 mL distilled water + 10 mL
anthrone was heated at 100 �C for 10 min, and
then cooled to room temperature in dark.
Absorbance was determined at 620 nm using
1510 spectrophotometer (Spectrophotometer
1510-02046; Thermo Fisher Scientific Oy,
Vantaa, Finland).

Statistical analyses. Leaf freezing toler-
ance, defined as the temperature causing 50%
injury (LT50), was calculated by fitting the
injury percent at each target temperature to

Gompertz sigmoid function (Lim and Arora,
1998) (Fig. 3). The polynomial regression
equations of LFT were processed by using
Excel 2016. Deacclimation rates were calcu-
lated as DLFT/Dtime, where the numerator
denoted the difference between LT50 values
for two sampling dates and denominator the
intervening days. One-way analysis of vari-
ance (ANOVA) was conducted to determine
the significant differences between LFT and
physiological parameters. Differences be-
tween treatments were tested using Fisher’s
least significant difference tests at the 5%
significance level. Pearson’s correlation was
used to determine correlation coefficients.

Results

LFT at cold acclimated state and during
de-acclimation time-line. Essentially, all cul-
tivars further gained in LFT from 6 Jan.
through 22 Jan. although some by relatively
more than others (Table 1). By 22 Jan.,
however, eight of the 10 cultivars (except
‘Nuccio’s Pink Bobble’ and ‘Shiyandujuan’)
had attained maximal cold acclimation
whereas the two exceptions did so by 9 Feb.

sampling (Table 1). The most freeze-tolerant
azalea cultivar in this study based on the cold
acclimated/midwinter LFT was ‘Elsie Lee’
with an LT50 of –23.35 �C on 22 Jan. We
placed the 10 cultivars in two general cate-
gories based on their midwinter LFT:
1) ‘‘more-hardy’’ group with LFT colder than
–20 �C (‘Elsie Lee’, ‘Nuccio’s Pink Bobble’,
‘Changchunerhao’, ‘Yudaizhirong’, and
‘Shiyandujuan’) and 2) ‘‘less-hardy’’ groupwith
LFT lower than –20 �C (‘Zhuangyuanhong’,
‘Zihudie’, ‘Zi’e’, ‘Hongshanhu’, and ‘Dazhusha’)
(Table 1).

Eight of the 10 cultivars began to deac-
climate from 22 Jan. onwards whereas ‘Nuc-
cio’s Pink Bobble’, and ‘Shiyandujuan’ did
so from 9 Feb. onwards through 31 Mar.
(Table 1). Statistical analyses of the deaccli-
mation response revealed distinct periods
when the loss of LFT in certain cultivars
was more pronounced than at other periods.
For example, during 22 Jan. to 9 Feb.,
‘Dazhusha’, ‘Zhuangyuanhong’, ‘Zihudie’,
and ‘Zi’e’ lost their LFT by 36%, 35%,
35%, and 41%, respectively, whereas their
de-acclimation was �2%, 18%, 10%, and
14% during 9 Feb. to 24 Feb. These four
cultivars exhibited LFT loss of 22%, 15%,
9%, and 21% during 24 Feb. to 14 Mar., and
8%, 36%, 45%, and 13%, respectively, dur-
ing the last sampling interval (14 Mar. to 31
Mar.) (Table 1). Similar variable deacclima-
tion response can be gleaned for other six
cultivars as well (Table 1).

De-acclimation kinetics and rates. Deac-
climation rate (DR) was defined as the loss of
LFT per day, and for this calculation, we
divided the entire deacclimation duration into
two halves, i.e., 22 Jan. to 24 Feb. and 24 Feb.
to 31 Mar. During 22 Jan. to 24 Feb., the DRs
in 10 cultivars ranged from 0.05 to 0.28 �C·d–1.
Cultivars with DRs of <0.17 �C·d–1, i.e., the
midpoint of this range, were grouped as
‘‘slow deacclimators’’ whereas those with
$0.17 �C·d–1 as ‘‘fast deacclimators.’’ Ac-
cordingly, ‘Changchunerhao’, ‘Elsie Lee’,
‘Nuccio’s Pink Bobble’, ‘Shiyandujuan’, and
‘Yudaizhirong’ were grouped as ‘‘slow deac-
climators’’ during 22 Jan. to 24 Feb., whereas
‘Dazhusha’, ‘Hongshanhu’, ‘Zhuangyuanhong’,
‘Zihudie’, and ‘Zi’e’ as ‘fast deacclimators’
(Table 2). During 24 Feb. to 31 Mar., however,

Table 1. Freezing tolerance changes in leaf tissues of 10 azalea cultivars during 6 Jan. to 31 Mar. 2014. Data were calculated using asymmetric sigmoid
(Gompertz) function (see Methods).

Cultivar

Leaf freezing tolerance (�C)
6 Jan. 22 Jan. 9 Feb. 24 Feb. 14 Mar. 31 Mar.

Changchunerhao (MH)z –18.17 ± 0.31y –21.43 ± 0.70x –20.27 ± 0.12 –17.40 ± 0.45 –15.80 ± 0.25 –6.70 ± 0.21
Dazhusha (LH)w –14.97 ± 0.03 –15.83 ± 0.12 –10.13 ± 0.11 –9.97 ± 0.20 –7.77 ± 0.07 –7.13 ± 0.07
Elsie Lee (MH) –18.07 ± 0.61 –23.35 ± 0.38 –22.47 ± 0.05 –20.80 ± 0.17 –16.60 ± 0.22 –7.03 ± 0.14
Hongshanhu (LH) –16.37 ± 0.14 –16.83 ± 0.41 –15.00 ± 0.09 –11.20 ± 0.17 –7.60 ± 0.21 –4.93 ± 0.03
Nuccio’s Pink Bobble (MH) –19.43 ± 0.39 –20.63 ± 0.55 –21.80 ± 0.21 –20.10 ± 0.40 –15.30 ± 0.65 –8.37 ± 0.44
Shiyandujuan (MH) –16.73 ± 0.12 –15.30 ± 0.39 –20.23 ± 0.12 –15.03 ± 0.15 –13.00 ± 0.08 –5.67 ± 0.17
Yudaizhirong (MH) –19.00 ± 0.34 –20.97 ± 0.52 –20.53 ± 0.10 –18.60 ± 0.41 –12.70 ± 0.05 –7.50 ± 0.17
Zhuangyuanhong (LH) –16.50 ± 0.19 –19.53 ± 0.21 –12.70 ± 0.19 –10.43 ± 0.10 –8.90 ± 0.21 –5.70 ± 0.24
Zihudie (LH) –15.17 ± 0.64 –18.93 ± 0.21 –12.33 ± 0.10 –11.07 ± 0.10 –10.10 ± 0.05 –5.53 ± 0.14
Zi’e (LH) –15.07 ± 0.27 –17.97 ± 0.17 –10.53 ± 0.31 –9.10 ± 0.09 –7.17 ± 0.37 –6.23 ± 0.34
zCultivars with midwinter LT50 < –20 �C were grouped as ‘‘more-hardy’’ (MH).
yValues are mean ± SE of three biological replicates (see Methods).
xHighest (most negative) LT50 during midwinter in each cultivar shown in bold.
wCultivars with midwinter LT50 $ –20 �C were grouped as ‘‘less-hardy’’ (LH).

Table 2. Rates of deacclimation in leaf tissues of 10 azalea cultivars. For the calculation of deacclimation
rate (DR), entire deacclimation duration (22 Jan. to 31 Mar.) was divided in two equal periods, 22 Jan.
to 24 Feb. and 24 Feb. to 31 Mar.

Cultivar

De-acclimation ratez (�C·d–1)
22 Jan. to 24 Feb. 24 Feb. to 31 Mar.

Slow deacclimation followed by fast de-acclimation
Elsie Lee 0.08y 0.39x

Nuccio’s Pink Bobble 0.05 0.34
Yudaizhirong 0.07 0.32
Changchunerhao 0.12 0.31
Shiyandujuan 0.16 0.27

Fast deacclimation followed by slow de-acclimation
Hongshanhu 0.17y 0.18x

Dazhusha 0.18 0.08
Zihudie 0.24 0.16
Zhuangyuanhong 0.28 0.14
Zi’e 0.27 0.08

zDeacclimation (DA) rates were calculated as DLFT/Dtime, where DLFT is the difference between LT50

values on two sampling dates andDtime is the number of intervening days. For example,DLFT between 22
Jan. and 24 Feb. for ‘Changchunerhao’ was 4.03 �C; Dtime for this interval was 33 d; thus, the DA rate is
4.03 �C/33 d = 0.12 �C·d–1.
yDuring 22 Jan. to 24 Feb., DRs in 10 cultivars ranged from 0.05 to 0.28 �C·d–1. DR of <0.17 �C·d–1, i.e., the
midpoint of this range, was referred as ‘‘slow DA’’ whereas $0.17 �C·d–1 as ‘‘fast DA.’’
xDuring 24 Feb. to 31 Mar., DRs in 10 cultivars ranged from 0.08 to 0.39 �C·d–1. DR of <0.24 �C·d–1, i.e.,
the midpoint of this range, was referred as ‘‘slow DA’’ whereas $0.24 �C·d–1 as ‘‘fast DA.’’
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the DRs in 10 cultivars were 0.08 to 0.39 �C·d–1
(Table 2). Using the criterion defined previ-
ously, the first five cultivars (‘Changchunerhao’,
‘Elsie Lee’, ‘Nuccio’s Pink Bobble’,
‘Shiyandujuan’, and ‘Yudaizhirong’) were
grouped as ‘‘fast deacclimators’’ in this
period, whereas the latter five (‘Dazhusha’,

‘Hongshanhu’, ‘Zhuangyuanhong’, ‘Zihu-
die’, and ‘Zi’e’) as ‘‘slow deacclimators’’
(Table 2).

We also used LFT data in EXCEL to
derive polynomial regression equations and
a graphical representation of deacclimation
kinetics (Fig. 4). Our data indicate that the

cultivars defined as ‘‘slow deacclimators’’
during 22 Jan. to 24 Feb. and ‘‘fast deac-
climators’’ during 24 Feb. to 31 Mar.
(‘Changchunerhao’, ‘Elsie Lee’, ‘Nuccio’s
Pink Bobble’, ‘Shiyandujuan’, and ‘Yudaiz-
hirong’) exhibited a ‘‘curvilinear’’ response
with an initial stationary phase followed by
a relatively steep drop in LFT (Fig. 4). On
the other hand, ‘Dazhusha’, ‘Hongshanhu’,
‘Zhuangyuanhong’, ‘Zihudie’, and ‘Zi’e’, cat-
egorized as ‘‘fast deacclimators’’ initially
followed by relatively slow deacclimation,
exhibited a ‘‘negative curvilinear or negative
linear’’ deacclimation response with variable
slopes (Fig. 4).

TSS and starch concentrations. Leaf TSS
concentrations in 10 cultivars were at their
maximum during 6 to 22 Jan.; eight of these
cultivars had reached their maximum cold
acclimation by 22 Jan. while two (‘Nuccio’s
Pink Bobble’ and ‘Shiyandujuan’) did so by
the next sampling date (9 Feb.). Leaf TSS
progressively declined during deacclimation,
reaching their lowest by 31Mar. (Fig. 5). TSS
for the ‘‘more-hardy’’ group ranged from
95.7 mg·g–1 (the highest of all 10 cultivars)
to 74.7 mg·g–1, averaging at 87.9. By con-
trast, it ranged from 84.3 to 60.2 mg·g–1 (the
lowest of all) for the ‘‘less-hardy’’ group at
an average of 75.8. Leaf TSS concentra-
tions were positively correlated with LFT
(Table 3).

Leaf starch concentration in 10 cultivars
was relatively low during 6 Jan. to 9 Feb.
(acclimated state), followed by a progressive
increase during deacclimation reaching its
maximum by 31Mar. in all but two cultivars;
‘Changchunerhao’ and ‘Hongshanhu’ had
highest leaf starch on 14 Mar. followed by
a small reduction by 31 Mar. (Fig. 6). Starch
concentration was negatively correlated with
LFT for all but one cultivar (Table 3).

Discussion

LT50 has been a widely used parameter to
define freezing tolerance of tissues in diverse
herbaceous and woody species (Arora et al.,
1992; Lim and Arora, 1998; Min et al., 2014;
Pagter et al., 2008; Puhakainen et al., 2004;
Rapacz, 2002). Using electrolyte-leakage-
based LT50 as a measure of LFT and juxta-
posing it on the climatic data (compare
Table 1 and Fig. 1), our results indicate that
none of the 10 cultivars should have been
vulnerable to cold injury at the experimental
site since their LT50s ranged from –23.35 �C
(highest cold hardiness for any cold accli-
mated sample) to –4.93 �C, the lowest among
deacclimated samples; the lowest tempera-
ture at this site did not drop below –4 �C at
any time during the experiment. This in-
terpretation, however, assumes that LFTs
determined by laboratory-based freeze-thaw
test in this study accurately predict field
hardiness which may not necessarily be true.
It must also be cautioned that these cultivars
might have sustained some leaf damage un-
der the minimum temperatures prevailing at
the experimental site because LT50 only re-
fers to the temperature causing 50% injury. A

Fig. 4. Changes in leaf freezing tolerance (LT50; �C) of 10 azalea cultivars and their regression equations
during a deacclimation time course (22 Jan. to 31 Mar. 2014). LT50 changes fitted quadratic response
with different regression equations. 6 Jan. sampling date was omitted in this figure because plants were
still acclimating during 6 Jan. to 22 Jan.
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close examination of the raw percent injury
data for 10 cultivars revealed that 9 of 10
cultivars exhibited only 3% to 9% injury
during 9 to 24 Feb. interval which also
included the last coldest night (� –3 �C);
‘Zi’e’ cultivar sustained 13.8% injury on 24
Feb. sampling.

De-acclimation response. Our data on
midwinter LFT place 10 cultivars into
‘‘more-hardy’’ vs. ‘‘less-hardy’’ categories.
Moreover, our results indicate that these two
groups exhibited different deacclimation ki-
netics and rates (Table 2; Fig. 4). ‘‘More-
hardy’’ group (‘Elsie Lee’, ‘Nuccio’s Pink
Bobble’, ‘Changchunerhao’, ‘Yudaizhirong’,
and ‘Shiyandujuan’) appears to be relatively
more resistant to deacclimation during the
first half of the deacclimation time line (22
Jan. to 24 Feb.) than the ‘‘less-hardy’’ group
(‘Dazhusha’, ‘Hongshanhu’, ‘Zhuangyuan-
hong’, ‘Zihudie’, and ‘Zi’e’). However, this
trend reversed during the second half, i.e.,
‘‘less-hardy’’ group deacclimated slower
than the ‘‘more-hardy.’’ Therefore, it appears
that midwinter leaf hardiness and deacclima-
tion resistance represent two distinct traits
that are not necessarily linked. Fast or slow
deacclimation response has been previously

reported for buds of several azalea genotypes
and ecotypes (Kalberer et al., 2007b) as well
as other woody perennials, such as hydrangea
(Pagter andWilliams, 2011), blueberry (Arora
et al., 2004), grapes (Wolf and Cook, 1992),
and bilberry (Taulavuori et al., 2002).

Fast or slow deacclimation is likely
a function of combination of factors, such
as environment (temperature fluctuations),
genotype, tissue type, dormancy status, all of
which impinge on the physiology and thereby
the threshold warming required for deac-
climation (Arora and Taulavuori, 2016).
Kalberer et al. (2007a) concluded that azalea
buds were more resistant to deacclimation in
the endodormant state and that this resistance
declined as buds progressively accumulated
chill units and transitioned to ecodormancy.
Although, we did not evaluate chilling re-
quirements or dormancy status of the azalea
cultivars in this study, the higher or lower
resistance to deacclimation particularly dur-
ing 22 Jan. to 24 Feb. could be related to the
dormancy status/chilling requirements of
the two ‘‘hardiness’’ groups. However, this
hypothesis could only be valid if the leaf
deacclimation physiology of these cultivars
was found to be related to, or influenced

by, bud dormancy status, a topic of future
investigations.

Eight of 10 cultivars (except ‘Nuccio’s
Pink Bobble’ and ‘Shiyandujuan’) showed
deacclimation during 22 Jan. to 9 Feb. (Ta-
ble 1) which might have been in response to
abrupt warming (mean temperature 12 �C)
with temperatures rising up to 24 �C on 2 Feb.
(Fig. 1). This suggests that the threshold
warming required to induce deacclimation
was sufficient for these eight cultivars during
this interval. By contrast, LFT of ‘Nuccio’s
Pink Bobble’ and ‘Shiyandujuan’ on 9 Feb.
was even greater than on 22 Jan. Our climatic
data (Fig. 1) reveal a cooling spell of few
days during 4 to 9 Feb. with the daily mean
temperature of � +5 �C and the maximum
and minimum ranging from +9 to –2 �C. It is
tempting to speculate that Nuccio’s Pink
Bobble and Shiyandujuan cultivars might
have reacclimated in response to this brief
but significant cooling (after some deaccli-
mation) whereas for other eight cultivars
either this cooling dose was not conducive
for reacclimation or they were already pre-
disposed to irreversible deacclimation. For
‘Nuccio’s Pink Bobble’ and ‘Shiyandujuan’,
deacclimation was first noticed on 24 Feb.
There were four occurrences of the maximum
temperatures ranging from 10 to 14 �C during
the 2 weeks before 24 Feb. sampling, which
might have been the driver for deacclimation
in these two cultivars. Experiments using
precisely controlled temperatures and sam-
plings at smaller intervals for LFT estimation
are needed in future studies to test this
hypothesis. It is noteworthy though that
‘Nuccio’s Pink Bobble’ and ‘Shiyandujuan’
also belong to the group that was deemed as
‘‘slow deacclimator’’ during 22 Jan. to 24
Feb. ‘Nuccio’s Pink Bobble’ and ‘Shiyandu-
juan’ leaves began to finally deacclimate
during 9 to 24 Feb. interval when the daily
mean temperatures were around +5 �C, sug-
gesting the mean threshold temperature for
deacclimation in these cultivars to be around

Fig. 5. Changes in concentrations of total soluble sugars (TSS) in leaf tissues of 10 azalea cultivars starting from 6 Jan. and ending on 31 Mar. 2014. Values are
means ± SE of three replicates. Different letters indicate significant differences across sampling dates but for the same cultivar, calculated by Fisher’s least
significant difference test (P < 0.05).

Table 3. Correlation coefficients between leaf freezing tolerance (LFT; LT50) and concentrations of total
soluble sugars (TSS) and starch, as well as TSS vs. starch in leaf tissues of 10 azalea cultivars during
6 Jan. to 31 Mar. 2014.

Cultivars

Correlation coefficients

LFT vs. TSS LFT vs. starch TSS vs. starch

Changchunerhao 0.84* 0.38 NS –0.31 NS

Dazhusha 0.79 NS –0.75 NS –0.57 NS

Elsie Lee 0.90* –0.93** –0.94**
Hongshanhu 0.67 NS –0.85* –0.29 NS

Nuccio’s Pink Bobble 0.77 NS –0.98*** –0.81*
Shiyandujuan 0.75 NS –0.91** –0.92**
Yudaizhirong 0.96** –0.91** –0.83*
Zhuangyuanhong 0.85* –0.81* –0.58 NS

Zihudie 0.86* –0.79 NS –0.63 NS

Zi’e 0.85* –0.77 NS –0.69 NS

NSNo significant difference; *, **, *** significant at P < 0.05, 0.01, or 0.001.
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5 �C. Similar results have been obtained for
hydrangea stems (Pagter et al., 2011), poplar
xylem (Sauter et al., 1996), and conifer
shoots (Bigras et al., 2001).

From 24 Feb. onwards till the end of
March, all cultivars continued to deacclimate
by various degrees. Eight cultivars deaccli-
mated most substantially during 14 Mar. to
31Mar., i.e., by 35% to 58%. By comparison,
‘Dazhusha’ and ‘Zi’e’ deacclimated by only
8% and 13%, respectively. These varying
degrees of deacclimation during this interval
may be the reflection of different heat-unit
requirements of these cultivars to overcome
ecodormancy and/or differential physiologi-
cal responses by leaves to warming. It has
been widely reported that the greatest loss of
freezing tolerance in spring coincides with the
loss of ecodormancy and/or spring phenology/
bud break, presumably explained by altered
physiology (increased cellular hydration,
higher respiration leading to loss of sugars,
hormonal changes, etc.) (Arora and Taulavuori,
2016 and references therein). Zhou et al. (2016)
have recently reported that vegetative and floral
budbreak in spring for most azaleas in Zhejiang
region of China begins to occur around late
February to late March, respectively.

LFT versus TSS and starch. In six of 10
cultivars, the concentration of TSS was
highly correlated to LFT, suggesting a rela-
tively important role of TSS in LFT in azaleas
(Table 3; Fig. 5). Ours is only the second
report to our knowledge to show changes in
TSS and seasonal deacclimation in overwin-
tering leaves of a woody shrub or tree. On the
other hand, several studies have reported
carbohydrate accumulation patterns in stem
or bud tissues in relation to cold hardiness
changes, both, seasonally and under con-
trolled environment (Ashworth et al., 1993;
Palonen, 1999; Pomeroy et al., 1970). Rela-
tively recent studies on hydrangea stems
reported accumulation patterns of individual

sugars (glucose, sucrose, fructose, raffinose,
kestose, galactose, etc.) during seasonal ac-
climation and deacclimation (Pagter et al.,
2008, 2011). In all these studies, loss of TSS
was positively correlated with deacclimation.

Our data reinforce previous observations
and indicate a positive correlation between
seasonal LFT and leaf TSS in 10 azalea
cultivars (Table 3), with six of these more
strongly correlated than the other four, i.e.,
‘Dazhusah’, ‘Hongshanhu’, ‘Nuccio’s Pink
Bobble’, and ‘Shiyandujuan’. Contrary to
expectation, two of these four cultivars
showed loss in TSS during 22 Jan. to 9 Feb.
when LFT indeed increased. As discussed
elsewhere in this article, we suggest such
increased LFT in these two cultivars was
perhaps a reflection of reacclimation after
presumed partial deacclimation. Accord-
ingly, we speculate that TSS accumulation
perhaps lagged behind the change in LFT for
these cultivars during 22 Jan. to 9 Feb.
Similar lag in accumulation of sugars relative
to changes in freezing tolerance of pine
needles and bark has been previously ob-
served (Pomeroy et al., 1970). Our data also
indicate that TSS of ‘‘more-hardy’’ cultivars,
in general, were higher than that of ‘‘less-
hardy’’ group (Fig. 5). However, the hardier
cultivars within each group did not always
have higher TSS. Accumulation of sugars has
been implicated in promoting freezing toler-
ance directly or indirectly; some have as-
cribed protection of cellular membranes from
freeze-induced desiccation as being the role
of sugars (Crowe et al., 1998; Hincha et al.,
2002) whereas others have opined that sugars
are needed as substrates for the synthesis of
cryoprotectants (Klotke et al., 2004).

Our data indicate that increasing concen-
tration of leaf starch generally coincided with
the loss of LFT and reduction in TSS concen-
trations, suggesting sugar–starch conversion
during deacclimation (Table 1; Figs. 5 and

6). This is further reinforced by the negative
correlation between LFT vs. starch concen-
tration and TSS vs. starch concentration
data (Table 3). However, the two excep-
tions, ‘Changchunerhao’ and ‘Hongshanhu’,
showed drop in leaf starch on the last sam-
pling date compared with the previous
sampling. Although reason for this is not
clear, similar phenomenon was observed in
Hydrangea stems (Pagter et al., 2008). Re-
versible seasonal sugar–starch accumulation
patterns have been widely reported for stem or
bud tissues of woody species (Pagter et al.,
2008; Sauter and Cleve, 1991; Siminovitch
et al., 1953). Ours is the only such report, other
than that by Pomeroy et al. (1970) for pine
needles, in overwintering leaves during de-
acclimation. Starch-sugar conversion could
be brought about by differential activities/
amounts of starch degrading or sucrose syn-
thesizing enzymes (amylases or sucrose phos-
phate synthase, respectively) as a function of
changing temperatures during the seasonal
cycle (Elle and Sauter, 2002; Schrader and
Sauter, 2002). Examining the activity of these
enzymes in the leaves of azalea cultivars
along with photosynthesis response is needed
to gain further insight into mechanistic basis
of sugar vs. starch status. Wei et al. (2005)
noted cold acclimated leaves of Rhododen-
dron catawbiense to be highly enriched in
beta amylase expressed sequence tags (ESTs)
whereas nonacclimated/de-acclimated tissues
were deficient in these transcripts. It suggests
that starch is catabolized by amylases during
winter into simple sugars which could serve
as osmoprotectants and protect overwintering
leaves from freeze desiccation.

In conclusion, our results indicate that
leaves from 10 azalea cultivars used in this
study could survive freezing stress by resist-
ing deacclimation and that this trait may be
helpful at different periods of overwintering
cycle: ‘‘more-hardy’’ group may be well

Fig. 6. Changes in concentrations of starch in leaf tissues of 10 azalea cultivars starting from 6 Jan. and ending on 31 Mar. 2014. Values are means ± SE of three
replicates. Different letters indicate significant differences across sampling dates but for the same cultivar calculated by Fisher’s least significant difference
test (P < 0.05).
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suited to survive hard frosts after unseasonal
warm spells in midwinter, whereas those
from ‘‘less-hardy’’ group could survive sud-
den frost in the early spring, a frequent
occurrence in early March in this region.
Moreover, leaves of ‘‘more-hardy’’ group
are less prone to frost injury in early spring
mainly because of their higher leaf-freezing
tolerance. This information when reconciled
with dormancy physiology and freezing tol-
erance of buds of these cultivars may provide
valuable resource for breeding azalea culti-
vars that may be resilient to vagaries of
climate.
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