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Abstract

Introduction: Understanding how mangroves respond to rare cold events has implications for both restoration
and conservation under climate change scenarios. This study investigated the responses of photosynthesis and
activities of key enzymes involving carbon and nitrogen metabolism at different ages of Kandelia obovata to a rare
cold event in the winter of 2010.

Methods: This study took place on Ximen Island, Zhejiang Province, China. We measured the physiological
recovery of 2-3-, 5-6-, 9-10- and 54-55-year-old K. obovata trees after freezing injury in February and March in
2011 and 2012, respectively.

Results: Chilling injury index and electrolyte leakage of K obovata increased with increasing tree age in the winter
of 2010, and electrolyte leakage in K. obovata at different ages in the winter of 2010 was far higher than that in the
winter of 2011. The rare cold events significantly changed the recoveries of the leaf net photosynthetic rate (Pn)
and stomatal conductance (Gs); ratios of chlorophyll a/chlorophyll b (Chl a/Chl b); contents of total soluble sugar
(TSS), sucrose, free amino acid (FAA), and soluble protein; and activities of sucrose phosphate synthase (SPS),
endopeptidase, and carboxypeptidase in K obovata at different ages. These effects were mainly due to changes in
the physiological mechanism in the 2-year-old trees. A clear decrease in Pn of the 2-year-old trees was observed in
February 2011, as exemplified by reductions in ratios of Chl a/Chl b and chlorophyll/carotenoid (Chl/Car), as well as
inhibition of the levels of TSS and FAA (osmotic substances). During recovery in 2011 and 2012, the activities of SPS
and sucrose synthase (SS) were responsible for sucrose synthesis after the rare cold events in 2011, but only SPS
activity was one of the main factors contributing to the metabolism of stachyose to sucrose without cold damage
in 2012. Carboxypeptidase played a more important role than endopeptidase during protein hydrolysis after the
rare cold events.

Conclusions: The results suggest that the recovery of photosynthetic capacity in K obovata was changed after a
rare cold event, which is associated with pigment components and activities of SS, SPS, and carboxypeptidase,
especially the seedlings.
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Introduction

Mangroves are open ecosystems that straddle the land
and the sea, from freshwater to seawater, providing
diverse habitats for plant and animal species (Li and
Less 1997). They are one of the most productive
ecosystems in the world and provide a variety of eco-
logical and societal goods and services (Liu et al
2014), such as nursing fishes (Levy et al. 2015), main-
taining biodiversity (Thornton and Johnstone 2015),
and absorbing pollution (Debenay et al. 2015). Despite
their ecological relevance, mangroves that grow along
the latitudinal extremes of their distribution in sub-
tropical and tropical environments are extremely vul-
nerable to low temperature (Ellis et al. 2006). Low
temperature can seriously affect the growth, develop-
ment, nutrient resorption, and survival of mangroves
in coastal tidal wetlands (McMillam 1971; Wang et al.
2011b). Global warming can result in mangrove for-
ests migrating to higher latitudes, either naturally or
with human-assisted migration (Field 1995; Gilman et
al. 2008). However, extreme cold events may slow
down this migration. For example, frost damage that
occurred in 2008 resulted in the death of a significant
number of mangrove seedlings introduced into the
southeast coast of China and early drop of flowers
and fruits of mature trees, thereby damaging the nat-
ural regeneration and reforestation of mangroves in
the forthcoming 1 or 2 years (Chen et al. 2010).
Thus, current physiological and ecological studies are
focusing on the cold damage of mangroves. Kao et al.
(2004) demonstrated that the leaves of Kandelia obo-
vata Sheue, Liu & Yong (2003) show a reduction in
light-saturated photosynthetic rates, stomatal conduct-
ance, electron transport rates, and quantum yields of
photosystem II after exposure to 15 °C for 1 h. In re-
cent years, combined with continuing research on
cold damage in mangroves, the recovery of physio-
logical and ecological functions of mangroves after
low temperature stress has attracted increasing atten-
tion. Studies on the recovery from low temperatures
mainly focused on extreme temperature and recovery
time (Yang et al. 2001). However, the detailed impact
of coldness on the physiology of mangroves has not
been widely reported.

The most cold-tolerant mangrove is K. obovata in
China. Its northernmost natural distribution in China
is located in Fuding County, Fujian Province (119°
55'-120° 43" E, 26° 55'-27° 20" N), and its planta-
tion is located further north in Ximen Island, Zhe-
jiang Province (121° 09°'-121° 12" E, 28° 19'-28° 21’
N). However, chilling damage is still one of the major
factors restraining the introduction and expansion of
K. obovata. At present, K. obovata introduced at different
periods have survived in Ximen Island, Zhejiang Province,
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China. In the winter of 2010, an exceptionally cold wave
pervaded most regions in China, and this periodic frost
also threatened the region of Wenzhou, Zhejiang
Province, including Ximen Island (Wenzhou Municipal
Meteorological Bureau: Wenzhou Climate Impact Assess-
ment in 2010). Our previous study found that frost dam-
age in the winter of 2010 significantly reduced the
photosynthetic pigments and activities of antioxidant en-
zymes and interfered with ion absorption of K. obovata
seedlings (introduced in 2008 and 2009) in Ximen Island
(Zheng et al. 2013). However, current studies mainly fo-
cused on cold damages to mangrove forests. To date, the
physiological and ecological impacts on mangrove recov-
ery after cold injury in the winter have not been given suf-
ficient attention. Understanding the recovery of mangrove
forests after a cold stress is necessary to restore, protect,
and assist migration mangroves. On December 17, 2010,
the temperature in Ximen Island fell below freezing (mini-
mum -3.2 °C). Successive cold temperature appeared
since then in the winter of 2010. Afterwards, the leaves of
K. obovata were found brown and wilted, and a higher
mortality of 2-year-old seedlings was reported (Zhejiang
Provincial Oceanic Disaster Bulletin in 2011). This event
presented an opportunity to compare the recovery of K
obovata at different ages on sucrose metabolism, protein
hydrolysis, and photosynthetic characteristics after winters
that had cold events and those that did not have extreme
low temperature, which is a subsequent work of Zheng et
al. (2013). Information from this study will be helpful to
define some physiological processes in order to under-
stand the recovery mechanisms of mangroves, and the re-
sults provide a useful knowledge on how to better restore,
protect, and transplant the mangrove tree in the future.

Methods

Study site

Ximen Island (121° 09" 22"-121° 12" 13" E, 28° 19’
507-28° 21" 33" N), located in Yueqing City, Zhejiang
Province, China, with a mean seawater temperature of
18.9 °C and a mean rainfall of 2043.1 mm per year, was
selected as the study area. The study area is subject to
semi-diurnal tides, with a mean tidal range of 5.15 m.
The annual mean air temperature is 18.7 °C, with the
lowest temperature being -5.1 °C (Meteorological
Bureau of Wenzhou Municipality). Water salinity
ranges between 26 and 29 %o. The tidal flat is mainly
silty clay. The silty clay contains 13—-28 g kg™ organic
matter, 0.9-1.3 g kg™* total N, 48—65 mg kg™' avail-
able N, 10-25 mg kg™' Olsen-P.

Sampling

In Ximen Island, the four selected K. obovata forests
(which were all introduced from Fujian Province in
China as seedlings) were planted in 2009, 2006, 2002,
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and 1957, with forest ages of 2, 5, 9, and 54 years in
2011, respectively. The areas of the 2-, 5-, 9- and 54-
year-old K. obovata forests were about 10, 11, 3, and
2 km?, respectively, and their average plant height were
0.3, 1.0, 1.5, and 3.0 m, respectively. Five individuals of
K. obovata were randomly chosen for sampling in each
age level. All sample areas had a relatively similar tide
elevation.

Given the effects of cold air masses southward, the
temperature of Yueqing City continued to fall from the
afternoon of 14 December 2010, with the daily average
temperature dropped to above 12 °C. Snow appeared on
15 December 2010. The temperature dropped to 0 °C on
16 December 2010 and -1.4 °C on 17 December 2010
(data sourced from Wenzhou Climate Impact Assessment
in 2010). In Ximen Island, the temperature dropped to
-3.2 °C, which featured characteristics of a cold wave. The
temperature of Ximen Island began to drop again on 24
December 2010, accompanied with sleet. The weather of
the cold wave on 17 December 2010 and 24 December
2010 resulted in badly damaged mangroves. The cold
temperature continued, which further aggravated the ex-
tent of damage. To determine the unique influence of rare
cold events in mangroves, additional studies were carried
out in the winter of 2011. Compared with 2010, no ex-
tremely cold event occurred in 2011. Daily changes in the
mean temperature and minimum temperature were mea-
sured for Ximen Island from 2010 to 2012 (Fig. 1). The air
temperature in the mangrove area of Ximen Island was
continuously recorded at a frequency of 30 min using a
HOBO Water Temperature pro v2 Data Logger (Onset
Computer Corporation USA). During the cold events, we
assessed the impacts on leaf physiological parameters
(Zheng et al. 2013). Therefore, we could explain the differ-
ent recoveries of leaves in the winter between 2010 and
2011 in this study. Based on the knowledge that man-
groves can recover at temperature above 10 °C (non-cold
stress temperature), physiological parameters of the sec-
ond pairs of leaves at different ages was measured from
9:00 to 11:30 on 27 February 2011 (T2), 31 March 2011
(T3), 31 January 2012 (T4,), 21 February 2012 (T5), and 31
March 2012 (T6). Meanwhile, the second pairs of leaves at
different ages were obtained to determine the physio-
logical parameters.

Electrolyte leakage analysis

The leaves of the 2-year-old K. obovata seedlings were
dark brown on 31 January 2011 (T1), so samples were
collected to determine electrolyte leakage. Other samples
were also surveyed on T4. Electrolyte leakage was
assayed based on the electric conductivity of the water
extracts according to Bertin et al. (1996). In brief, two
sets of leaf samples were cut into 1-cm-long pieces and
then placed in test tubes containing 30 mL of deionized
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water. The fragments were then transferred to test tubes
containing 10 mL of deionized water. Immediately after
transfer, the initial electrical conductivity (Cy) of the
solution was measured using conductometry (Century
Instruments, Chandigarh, India). The test tubes were
then placed at 20 °C for 24 h. The final conductivity
(Ci1) was measured. The test tubes were finally auto-
claved for 30 min and cooled to room temperature
for total conductivity measurement (C,). Electrolyte
leakage was calculated using the following equation:
C% = (Ctl—Cto)/Ctot x 100.

Chilling injury index analysis

A cold damage survey was performed on T3, since
symptoms of frost injury were obvious at this time. The
chilling injury damage was calculated based on the
method of Chen et al. (2011). The severity of the symp-
toms was assessed visually according to the following
four-stage scale: 0 = no leaf injury; 1 = one third of the
leaves showed injury; 2 = two third of the leaves showed
injury; and 3 = all leaves showed injury. The chilling in-
jury (CI) index was calculated using the following
formula.

Leaf gas exchange analysis

Net photosynthetic rate (Pn) and stomatal conductance
(Gs) were measured by a LI-6400 portable photosyn-
thesis system (LiCor Inc., Lincoln, NE, USA) at a CO,
concentration of ca. 390+ 10 pmol mol™" in the leaf
chamber and a photosynthetic active radiation (PAR) of
1000 pmol m™2 s,

Leaf pigment analysis

Leaf samples (0.1 g) was cut into 5-mm-long pieces and
incubated in 25 mL of pigment extraction solution con-
taining 1:1 (v/v) acetone and anhydrous ethanol in dark-
ness for 24 h at 25 °C. Contents of chlorophyll a,
chlorophyll b, and carotenoid in the leaves were calcu-
lated according to Arnon (1949).

Total soluble sugar, free amino acid, sucrose, and soluble
protein analysis

Dry leaf sample powder (0.1 g) was extracted twice
with 80 % (v/v) ethanol at 80 °C. The extraction was
collected to determine the contents of total soluble
sugar (TSS), sucrose, and free amino acid (FAA). The
content of TSS was measured using the anthrone re-
agent method (Zhang et al. 2011). In general, 5 mL
anthrone sulfuric acid solution (75 % v:v) was added
to 0.1 supernatant. The mixture was boiled in 90 °C
for 15 min, after it was refrigerated in cool water
bath (0 °C). Absorbance at 620 nm was read using a
spectrophometer. FAA was determined with the nin-
hydrin reagent method (Moore and Stein 1954). One
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Fig. 1 Variations of the maximum mean temperature and annual minimum temperature between 2010 and 2012. L0 the line of 0°, 77 31 January
2011, 72 27 February 2011, T3 31 March 2011, 74 31 January 2012, 75 21 February 2012, 76 31 March 2012. The annual maximum temperature
implies the daily maximum temperature, and the annual minimum temperature implies the daily minimum temperature

milliliter of acetate buffer (pH =5.4) and 1 ml chromo-
genic agent were added to 1 mL FAA extraction. The mix-
ture was heated in boiling water bath for 15 min. After
being cooled in ice water, 3 mL ethanol (60 %, v/v) was
added. The content of FAA was measured as the absorb-
ance at 570 nm.

Sucrose content was assayed by the method of Hen-
deix (1993).

Soluble protein content in leaves was determined ac-
cording to Bradford (1976).

Determination of activities of sucrose phosphate synthase
and sucrose synthase analysis

Sucrose phosphate synthase (SPS) activity was assayed
according to Miron and Schaffer (1991), with minor
modifications. The assay mixture contained 50 mM
HEPES-NaOH buffer (pH 7.5), 10 mM MgCl,, 5 mM
fructose-6-phosphate, 5 mM glucose-6-phosphate,
5 mM UDP-glucose, and 0.1 mL of enzyme extract. The
mixture (0.4 mL) was incubated at 30 °C for 30 min, and
the reaction was terminated by the addition of 0.1 mL of
2 M NaOH. The remaining hexose was destroyed by

placing the tubes in a boiling water bath for 10 min
and allowing them to cool. After the addition of
1 mL of 0.1 % (w/v) resorcinol and 3.5 mL of 30 %
(v/v) HCI, the mixture was incubated at 80 °C for
10 min. After the tubes cooled, the absorbance of su-
crose was determined at 480 nm. The sucrose syn-
thase (SS) assay was conducted following the same
aforementioned steps, except that it contained 25 mM
fructose instead of fructose-6-phosphate and was de-
void of glucose-6-phosphate.

Activities of endopeptidase and carboxypeptidase
analysis

Enzymes of endopeptidase and carboxypeptidase were
extracted and estimated according to the procedure of
Mehta and Mattoo (1996) and Wang et al. (2003). Fresh
leaves of 1 g were homogenized in 5 mL of refrigerated
grinding medium containing 50 mM Tris-HCI buffer,
4 mM DTT, 1 mM EDTA, and 1 % PVP. The extraction
was centrifuged at 15,000 rpm for 30 min, and the
supernatant was collected for estimating endopeptidase
and carboxypeptidase activities.
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The reaction mixture contained 0.4 mL of enzyme ex-
tract, 0.4 of mL 100 mM acetate buffer (pH 4.8), and
0.2 mL of 0.05 M bovine hemoglobin. After incubation
at 38 °C for 1 h, the reaction was terminated with the
addition of 1 mL of 10 % three chloroacetic acid, while
1 mL of 10 % TCA was added to the control group be-
fore being heated. Then the reaction mixture was placed
at 4 °C for 3 min, and centrifuged at 4000xg for 10 min.
The final volume of the solution was used for ninhydrin
reaction (Moore and Stein 1954). Endopeptidase activity
was expressed as pmol a-NH, formed g”' FW h™'. The
reaction mixture for carboxypeptidase assay was similar
to endopeptidase assay but it contained 0.3 % (w/v)
hippuryl-L-phenylalanine instead of 0.05 M bovine
hemoglobin.

Data analysis

The results were reported as mean + standard deviation
(SD) of at least five replicates. One-way analysis of vari-
ance (ANOVA) using the least significant difference
(LSD) test at P < 0.05 significance level was performed to
determine the effects of low temperature on leaf chilling
injury and electrolyte leakage at different ages in the
same year. Also, by applying multiple comparison tests
for statistical analysis of all differences among means of
the other parameters at the same year, which included
photosynthetic parameters, proportional of photosyn-
thetic pigment, sucrose metabolism, and protein hydro-
lysates. All data were conducted using the SPSS 10.0
software (Chicago, IL, USA).

Results

Chilling injury

The cold damage of K. obovata was expressed as the
chilling injury index, and the results are shown in Fig. 2.
The cold damage of K. obovata decreased with increas-
ing tree ages. The most obvious symptoms of chilling
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damage was about 80 % of leaf defoliation in the 2-year-
old K. obovata, which resulted in a much higher cold
damage index compared with that of other tree ages
(P <0.05). Although the cold damage index of the 5-
and 9-year-old K. obovata was significantly higher
than that of the 54-year-old K. obovata (P<0.05), no
leaves of trees at these ages were obviously withered
and scorched.

Electrolyte leakage on T1 showed a similar pattern to
the chilling injury index of K. obovata at different ages.
Electrolyte leakage of the 2-year-old K. obovata was only
significantly higher than that of the other ages on T4
(P<0.05), whereas no statistical difference was ob-
served between the 6-, 10-, and 55-year-old trees.

Leaf gas exchange

At the end of February (T2) and March (T3), the values
of leaf Pn and Gs of the middle aged (5- or 9-year-old)
mangroves were higher than those of the younger
(2-year-old) and older (54-year-old) mangroves
(Fig. 3a, b). In February, leaf Pn and Gs of the 2-year-old
K. obovata were the lowest among all trees. In March
2011, 32 days after the February sample, leaf Pn and Gs of
all tree ages in March significantly increased, especially for
the 2- and 5-year-old trees (P < 0.05).

Younger trees had higher leaf Pr and Gs of K. obovata
than older trees in February (T5) and March (T6). Leaf
Pn and Gs of the 2-year-old trees were significantly
higher compared with those of the 55-year-old trees at
T5 and T6 (P<0.05), but no significant difference was
observed in the 6- and 10-year-old trees (Fig. 3b, d).

Photosynthetic pigment

At the end of February (T2), the Chl a/Chl b and chloro-
phyll/carotenoid (Chl/Car) ratios in leaves increased
with increasing tree ages. The leaf Chl a/Chl b ratios of
the 5-, 9-, and 54-year-old trees were higher by 24.4,
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Fig. 2 Changes in chilling injury index and electrolyte leakage of K obovata at different ages. Data are means+ SD (n =5). Different lowercase
letters above the columns indicate a statistical significant difference at P <0.05. T7 31 January 2011, 73 31 March 2011, T4 31 January 2012
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29.9, and 34.6 % than those of the 2-year-old trees, re-
spectively, whereas the leaf Chl/Car ratios of 5-, 9- and
54-year-old trees were higher by 11.2, 10.6, and 14.1
than those of the 2-year-old trees, respectively. However,
the responses of both ratios to tree ages were opposite
at the end of March (T3) (Fig. 4a, ¢).

Changes in the Chl a/Chl b ratio of K. obovata at dif-
ferent ages at T5 showed a reverse trend compared with
those at T2, (Fig. 4a, b), and significant differences in the
Chl a/Chl b ratio were observed among the 2-, 10-, and
55-year-old trees. By contrast, we found no statistical
difference in the Chl/Car ratio of K. obovata between
different ages at T5. On 31 March 2012, changes in both
the Chl/Car and Chl/Car ratios were similar to those of
trees at different ages at T3 (Fig. 4d).

Sucrose metabolism

At the end of February (T2), the TSS content in the
2-year-old plant leaves was significantly lower by
22.3-34.6 % than that of the other trees (P <0.05),
and we observed no statistical difference among the
5-, 9-, and 54-year-old trees (Fig. 5a). The leaf su-
crose content increased with tree ages. Compared
with the 2-year-old trees, the leaf sucrose contents of

the 5-, 9-, and 54-year-old trees were higher by 8.4,
35.1 and 63.4 %, respectively (Fig. 5b). After 32 days,
the total sugar contents of all tree leaves significantly
decreased (P<0.05), as well as the sucrose contents
in the 9- and 54-year-old tree leaves at the end of
March (T3) (Fig. 5¢). At the end of March (T3), the
total sugar contents increased but the sucrose con-
tents significantly decreased with tree ages (P <0.05)
(Fig. 5a, c).

Compared with the 2-year-old trees, the contents of
TSS and sucrose in 6-, 10-, and 55-year-old trees was
significantly lower at T5 and T6 (P < 0.05). However, the
contents of TSS and sucrose were not significantly dif-
ferent among the 6-, 10-, and 55-year-old trees (P < 0.05)
(Fig. 5b, d).

At the end of February (T2), the activities of SS and
SPS in leaves increased with tree ages. In detail, SS activ-
ity in the leaves of the 5-, 9- and 54-year-old trees in-
creased by 15.1, 25.4, and 38.2 %, respectively, compared
with those in the 2-year-old trees, whereas SPS activity
increased by 8.1, 61.0, and 64.8 %, respectively. However,
both activities were low at the end of March (T3), and
the degree in the lower SS activity was more obvious
than that of SPS activity (Fig. 6a, c).
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SS activity in leaves also increased with tree ages at
T5, whereas only the activity of the 2-year-old trees
was significantly higher than that of the other trees
(P <0.05). The significant difference in the SS activity
between trees at different ages disappeared with rising
temperatures (Fig. 6b, d). SPS activity in the leaves at
T5 and T6 exhibited a reverse pattern to SS activity
at T5, and SPS activity of 2-year-old K. obovata signifi-
cantly increased compared with that of the 6-, 10-, and
55-year-old trees at T5 and T6 (P < 0.05) (Fig. 6b, d).

Proteolytic enzymes
In February and March, the contents of soluble protein
and FAA in trees increased firstly and then decreased
with tree ages. As the temperature rose, the contents of
soluble protein and FAA in the 2- and 54-year-old tree
leaves were unchanged, and those in the 5- and 9-year-
old tree leaves showed an obvious decrease (Fig. 7a, c).
The contents of soluble protein and FAA decreased at
T5 and T6 with increasing tree age (Fig. 7b, d). The
contents of soluble protein and FAA in the leaves of the
2-, 6- and 10-year-old trees were significantly greater
compared with those of the 55-year-old trees (P < 0.05),

but no significant differences were observed in the con-
tents of soluble protein and FAA among the 2-, 6-, and
10-year-old trees.

Activities of endopeptidase and carboxypeptidase in
the leaves increased firstly and then decreased thereafter
with tree ages in the middle of February (Fig. 8a, ).
Endopeptidase activity exhibited a similar trend at the
end of March, but carboxypeptidase activity showed a
gradual decrease with tree ages. These findings sug-
gested that endopeptidase activity showed no substantial
difference with temperature, whereas carboxypeptidase
activity showed an obvious decrease with all ages of
trees.

Carboxypeptidase activity in the leaves of 2-, 6-, and
10-year-old trees significantly increased compared with
those in the leaves of the 55-year-old trees at T5 and T6
(P <0.05) (Fig. 8b). However, there was only a difference
between the 2-, 6-, and 10-year-old trees and 55-year-
old trees in endopeptidase activity at T5 (Fig. 8d).

Discussion
Chilling injury can induce leaves to fall off and disrupt
normal carbon and nitrogen metabolism of mangrove
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trees, resulting in negative effects on the growth, devel-
opment, and mortality of seedlings (Ellis et al. 2006;
Zheng et al. 2013). Therefore, the recovery of carbon
and nitrogen metabolism after winter is an important
process impacting mangrove survival. Leakage of elec-
trolytes through damaged cell membrane is well docu-
mented after exposure to freezing temperatures (Burr et
al. 1990; Islam et al. 2009), and low-temperature electro-
lyte leakage is a good indicator of chilling tolerance dur-
ing vegetative growth (Bertin et al. 1996). In the present
study, the cold damage index of the 2-year-old K. obo-
vata was significantly higher than that of other older (5-,
9-, and 54-year-old) trees, and electrolyte leakage in the
2-year-old trees increased by 42.8 % at T1 compared
with that in the same trees at T4 (Fig. 2). The most
prominent symptoms of cold injury in the 2-year-old
seedlings were leaf scorch and defoliation In contrast to
the 2-year-old trees, the 5- and 9-year-old trees were not
obviously injured and only few of them had fallen leaves.
The oldest trees (54 years old) had very few yellow
leaves. These results were in accordance with the
changes in electrolyte leakage at T1 (Fig. 2). Thus, the
resistance to leaf drop of K. obovata increased with
tree ages. However, only leaf electrolyte leakage of the

2-year-old trees significantly increased compared with
that of other trees without rare cold events in the
winter of 2011 (Fig. 2).

In this study, after low temperature stress in the win-
ters of 2010 and 2011, both Pn and Gs of K. obovata at
different ages increased with time (Fig. 3). Similar find-
ings have been reported in cucumber (Cucumis sativus
L.) (Hu et al. 2010) and tomato (Lycopersicon esculentum
Mill.) (Liu et al. 2012). In addition, we also observed that
leaf Pn and Gs increased and then decreased with in-
creasing tree ages in February and March of 2011,
whereas leaf Pn and Gs decreased in February and
March of 2012. The two-year-old trees were found to be
the most sensitive to low temperatures among the trees
at different ages (Fig. 3a, c). Our results indicated that
the cold rare events in the winter of 2010 changed the
resilience of leaf photosynthesis by different amounts in
trees of different ages.

The ratios of Chl a/Chl b and Chl/Car in plants are
considered to be good indexes of photosynthetic func-
tion under chilling stress (Haldimann 1997). In the
present study, we observed that the ratios of Chl a/Chl b
and Chl/Car in leaves increased with increasing tree ages
on 27 February 2011. By contrast, the Chl a/Chl b ratio
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showed a reverse tendency, and no significant differ-
ences in the Chl/Car ratio were observed among trees
on 21 February 2012. On 31 March 2011 and 2012, the
ratios of Chl a/Chl b and Chl/Car were lower for youn-
ger tree ages (Fig. 4). Our findings indicated that the
biosynthesis of chlorophyll and carotenoid in seedlings
from the 2-year-old trees was affected by rare cold
events during the recovery period, whereas the photo-
synthetic parameters (Pn and Gs) of the older (5-, 9- and
54-year-old) trees were not evidently changed. An ap-
propriate ratio of Chl a/Chl b is critical in the regulation
of photosynthetic antenna size (Wu et al. 2007; Oster et
al. 2000). A high Chl a/Chl b ratio under adverse situ-
ation usually indicates a preferential decrease in light-
harvesting a/b-binding proteins associated with photo-
system II (PSII) and thus allowing PSII to transfer less
excitation energy to the PSII core complex (Wang et al.
2011a). In the current study, the ratio of Chl a/Chl b in-
creased in the leaves of the 5-, 9-, and 54-year-old trees
on 27 February 2011, which indicated that the total
number of photosystems decreased, and light-harvesting
antenna complexes in these trees might be lower than
those of the 2-year-old trees. This phenomenon is also an
essential protective mechanism of older (5-, 9- and 54-
year-old) K. obovata undergoing rare cold events.

However, the 2-year-old trees suffered serious injuries be-
cause of the lack of a protective mechanism under cold
stress, which was proven in previous studies (Zheng et al.
2013).

As one of the main outcomes of plant photosynthesis,
sucrose is influenced by activities of metabolism-related
enzymes (Artuso et al. 2000; Shu et al. 2009). A previous
study reported that the inhibition of SPS activity de-
creased the rate of sucrose synthesis in plants following
exposure to chilling temperature (Van Heerden et al
2004). In the present study, besides the sucrose content
of the 2-year-old K. obovata leaves in 2011, the TSS and
sucrose contents of leaves from trees at other ages grad-
ually decreased with increasing temperature, which were
related to increases in activities of SPS and SS in 2011
(Figs. 4 and 5). On 27 February 2011, the sucrose con-
tent increased with increasing tree ages, whereas those
of trees at different ages showed a reverse pattern on 21
February 2012. In addition, we noted differences in the
TSS content of trees at different ages between 2011 and
2012. A previous study demonstrated that the sucrose
content in leaves is determined by the photosynthetic
rate in leaves exposed to chilling temperature (Du and
Nose 2002). According to this view, we further specu-
lated that the rare cold events in the winter of 2010
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inhibited the photosynthesis of the 2-year-old K. obovata
and affected sugar translocation. In addition, we ob-
served that both SS and SPS activities in leaves were cor-
related with the synthesis of sucrose in 2011 and 2012
(Fig. 6). The activities of SS and SPS and sucrose content
in leaves increased with increasing tree ages on 27 Feb-
ruary 2011, whereas SPS activity and sucrose content de-
creased but SS activity increased on 21 February 2012.
Our findings suggested that the activities of SPS and SS
were responsible for sucrose synthesis after the rare cold
events in 2011, but only SPS activity was one of the
main factors contributing to the metabolism of stachyose
to sucrose without cold damage in 2012. In March 2011
and 2012, the activities of SS and SPS in plant leaves in-
creased rapidly when the temperature gradually rose,
and similar reductions in the activities of SPS and SS
and sucrose content were observed with increasing tree
ages (Fig. 6). Although the 2- and 3-year-old K. obovata
trees were exposed to similar temperatures, we noted
significant differences in the activities of SPS and SS and
sucrose content in leaves between the 2- and 3-year-old
trees. These differences were possibly due to the rare
cold events in the winter of 2010. Compared with K
obovata on 21 February 2012, the 5-, 9-, and 54-year-old

K. obovata could still maintain higher photosynthetic
capacity under lower temperature (in February), thereby
promoting the synthesis of carbohydrates (osmotic sub-
stances) (Figs. 2, 5). The increase in osmotic substances
may protect plants during rare cold events.

Lower temperatures could promote the accumulation
of soluble protein and FAA in leaves of older K. obovata
trees, which could be used to alleviate the damaging ef-
fects of cold stress (Zheng et al. 2013). In February and
March of 2011 and 2012, the accumulation of soluble
protein and FAA in the leaves decreased with increasing
tree ages, except in the leaves from the 2-year-old K
obovata in February and March of 2011 (Fig. 7). These
results indicated that the rare cold events could result in
alterations in various important metabolic traits of the
2-year-old seedlings, and the recovery period of the
2-year-old trees after the rare cold events would be
long. Yang and Lin (1997) speculated that the in-
crease in proteins in cold tolerance might be associ-
ated with the degradation of high-molecular-weight
proteins or generation of several novel proteins. We
also observed that the leaf soluble protein content of
the 2-year-old K. obovata was higher compared with
that of the 54-year-old trees, but the FAA content in
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the leaves was lower on 27 February 2011 (Fig. 7),
which was mainly caused by a reduction in endopep-
tidase activity. The reduction in endopeptidase activ-
ity could prevent the proteins in leaves from being
broken down into small peptides. In this case, al-
though carboxypeptidase activity was high, the synthe-
sis of FAA was still low (Fig. 8). The contents of
soluble protein and FAA in the leaves of the 54-year-
old trees were in contrast to those of the 2-year-old
trees (Fig. 7). This difference was largely due to the
higher activities of endopeptidase and carboxypepti-
dase, which could complete the hydrolysis of proteins
into more amino acids (Fig. 7). By analyzing the cor-
relation with Pn (data not shown), we found that
endopeptidase played an important role in February
2011, whereas carboxypeptidase played a more im-
portant role in March 2011. This finding suggested
that the recoveries of both enzymes were closely
related to temperature. However, carboxypeptidase
played a more important role than endopeptidase
during protein hydrolysis after winter.

Conclusions

Significant differences were observed in the recovery of
carbon and nitrogen metabolism in K. obovata at differ-
ent ages after winters that had cold events and that did

not have extreme low temperatures. Some prominent
features among them were the changes in Pn, sucrose
metabolism, and proteolysis in the leaves of the 2-year-old
trees after the rare cold events in the winter of 2011. The
sensitive carbon and nitrogen metabolism of the 2-year-
old trees could be explained by the decreasing ratios of
Chl a/Chl b; contents of TSS, sucrose, and FAA; and activ-
ities of SS, SPS, endopeptidase, and carboxypeptidase.
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