
Citation: Xin, W.; An, X.; Liu, H.; Liu,

S.; Yang, S.; Wei, X.; Zhao, J.; Lin, R.;

Liu, X.; Chen, Q. Differentiating Leaf

Structures and Physiological

Responses to Freezing Stress of

Mangrove Kandelia obovata from

Different Provenances. Horticulturae

2024, 10, 182. https://doi.org/

10.3390/horticulturae10020182

Academic Editor: Aušra Brazaitytė
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Abstract: Kandelia obovata (Rhizophoraceae) is the most cold-tolerant mangrove species and has been
widely used in coastal wetland ecological restoration due to its specific viviparous phenomenon,
beautiful shape, and unique floral pattern. Due to long-term adaptation to their local environment,
the phenotypic characteristics and stress resistance of widely distributed plants of the same species
often differentiate across different locations. The capacity for cold resistance is closely linked to the
physiological and structural characteristics of plants. Herein, we explored the temporal variations
in the leaf structure and physiological status of K. obovata under −5.5 ◦C from different areas such
as Jiulongjiang Estuary (JLJ, 24◦25′ N), Fujian Province, and Longgang City (LG, 27◦34′ N) and
Jiaojiang District (JJ, 28◦67′ N), Zhejiang Province. The morphological variations implied that the cold
resistance of K. obovata obviously strengthened after the northward migration and acclimatization, in
the following order: LG > JJ > JLJ. More specifically, after exposure to a sustained low temperature,
the relative conductivity (REC), an index widely used to evaluate the degree of plant damage,
remarkably increased from 33.62 ± 2.39 to 63.73 ± 3.81, 31.20 ± 1.63 to 49.48 ± 1.12, and 23.75 ± 0.13
to 54.24 ± 1.45 for JLJ, LG, and JJ, respectively (p < 0.05). Additionally, the palisade-to-spongy tissue
ratio (P/I) of JLJ and JJ decreased from 0.78 ± 0.05 and 0.75 ± 0.03 to 0.5 ± 0.04 and 0.64 ± 0.02
(p < 0.05), whereas no significant changes were found in LG (p > 0.05). The SOD activity of LG
significantly kept increasing, with values increased from 352.49 ± 10.38 to 477.65 ± 1.78 U·g−1,
whereas no apparent changes in JLJ and JJ were observed with the sustained low temperature. The
results of this study improved our understanding of the response of K. obovata to freezing stress,
which could provide a sound theoretical foundation for cultivating cold-resistant varieties, as well as
expanding mangrove plantations in higher latitudes.

Keywords: Kandelia obovata; low temperature; physiological responses; anatomical structure; palisade-
to-spongy tissue ratio; SOD

1. Introduction

Mangroves, known as Earth’s kidney, are the only woody halophytes living at the
confluence of land and sea, spanning over 118 countries and territories with a total area of
~1.7 million hectares [1,2]. They serve many important ecological and commercial functions
such as biodiversity maintenance, coastal erosion prevention, and carbon sequestration. It
is well known that mangroves are a particularly vulnerable group of temperature-sensitive

Horticulturae 2024, 10, 182. https://doi.org/10.3390/horticulturae10020182 https://www.mdpi.com/journal/horticulturae

https://doi.org/10.3390/horticulturae10020182
https://doi.org/10.3390/horticulturae10020182
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0009-0007-4004-7822
https://doi.org/10.3390/horticulturae10020182
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae10020182?type=check_update&version=1


Horticulturae 2024, 10, 182 2 of 15

plants, and their natural distribution in China is only from Sanya (18◦12′ N), Hainan
Province, to Fuding (27◦20′ N), Fujian Province. With the help of global warming, man-
groves could be pushed to their latitudinal limits. For example, Chen et al. [3] reported that
mangroves would extend to Nanjing (32◦37′ N), Jiangsu Province, if the global temperature
rises by more than 4.0 ◦C. Consequently, many attempts have been made to transplant man-
groves in higher latitudes, including Wenzhou (27◦56′ N), Taizhou (28◦41′ N), Zhoushan
(29◦93′ N), Shanghai (30◦53′ N), and Qidong (31◦59′ N), but the accompanying extreme-cold
event could lead to physiological damage, mortality, and range contraction [4]. According
to our observations, an extremely low temperature of −5.5 ◦C occurred in Yueqing Bay
(28◦20′ N) in January 2016, which caused severe damage to or even the complete loss
of some introduced mangroves. Therefore, it is of great significance to characterize and
understand how mangroves adapt and acclimate to this freezing temperature.

Temperature, one of the primary factors affecting plants, can induce altitudinal and
latitudinal differentiation in plant populations [5,6]. It is well known that cold stress obvi-
ously changes the morphological structure and physiological and metabolic characteristics
of plants, and that leaves are the most affected organ [7,8]. For example, plants growing
in regions with lower temperatures often have a thicker cuticle (CT) layer, a decreased
proportion of spongy tissue (ST), and an increased proportion of palisade tissue (PT) in
their leaves [9]. Due to long-term adaptation to the local environment, the leaf traits of
widely distributed plants of the same species often differentiate between different locations,
which may be caused by phenotypic plasticity or genetic variation [10,11].

Kandelia obovata (Rhizophoraceae) is the most cold-tolerant mangrove species [12] and
has been widely used in coastal wetland ecological restoration due to its specific viviparous
phenomenon, beautiful shape, and unique floral pattern [13]. Recognizing the ecological
and economic value of mangroves, the government of Zhejiang Province has initiated
a growing series of K. obovata afforestation programs since the late 1950s. Nowadays,
Zhejiang Province has >600 ha of mangroves in a monospecific stand of K. obovata, and
more than 350 ha is planned to be planted within the next 5 years. Using AFLP and InDel
markers, both Ruan et al. [14] and Liu et al. [11] found significant differentiation between
most population pairs of K. obovata along the southeastern coast of China. Lu et al. [6]
also observed genetic differentiation in K. obovata among its natural populations along the
latitudinal gradient, and that the most cold-tolerant group came from the northernmost
population. Notably, it is unknown whether the difference in cold resistance of artificial
K. obovata populations is associated with their provenance differentiation.

It has been reported that Jiulongjiang Estuary (JLJ, 24◦25′ N) is the distribution center
of K. obovata in the world. The K. obovata located in Longgang City (LG, 27◦34′ N) was
recognized as cold-resistant varieties by the Forestry Department of Zhejiang Province in
2018 [15]. The Jiaojiang District (JJ, 28◦67′ N) contains the northernmost artificial K. obovata
capable of natural reproduction. In this study, we assumed that the leaf structure and
physiological characteristics of K. obovata were genetically adapted to the coldest monthly
temperature. The objective of this study was to evaluate the temporal variations in phys-
iological status, as well as differences in leaf structure, between these three K. obovata
provenances under a continuous low temperature of −5.5 ◦C. The results of this study
could improve our understanding of the response and adaptability of K. obovata to freezing
stress, which could provide a sound theoretical foundation for cultivating cold-resistant
varieties, as well as expanding mangrove plantations in higher latitudes.

2. Materials and Methods
2.1. Plant Materials and Experimental Design

The K. obovata hypocotyls of three provenances were collected in April–May 2021
from Jiulongjiang Estuary (JLJ, 24◦25′ N), Fujian Province, Longgang City (LG, 27◦34′ N),
Zhejiang Province, and Jiaojiang District (JJ, 28◦67′ N), Zhejiang Province, respectively. The
climatic characteristics of the three areas are shown in Table 1. The healthy hypocotyls
were selected and soaked in a 0.5% potassium permanganate solution for 15 min. After
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rinsing with water, they were put into 8 × 10 cm non-woven fabric seedling bags with mud
from intertidal areas. The bottom of the hypocotyl was inserted into the soil matrix to a
depth of approximately one-third of the total soil depth. Then, they were then placed in
the intertidal zone of Niyu Island (24◦52′ N, 121◦02′ E), Dongtou District, Wenzhou City,
Zhejiang Province, China, for cultivation. This area has a subtropical marine monsoon
climate with an average annual temperature of 17.5 ◦C. The lowest temperature occurs
in February, reaching −3.6 ◦C, while the highest temperature occurs in August, with a
value of 35.7 ◦C. The frost-free period lasts for ~350 days per year, and the average annual
rainfall is 1319.4 mm. The soil in the study area originates from modern marine and
fluvial deposits (marinic aqui-orthic halosols). The soil texture is silty clay loam (USDA
classification), and the basic soil physico-chemical properties were recorded as follows:
pH, 8.03~8.44; salt content, 16.06~33.24 g kg−1; organic matter, 14.11~35.70 g kg−1; alkali-
hydrolyzable N, 14.55~44.70 mg kg−1; available P, 5.44~12.03 mg kg−1; available potassium,
730.94~2373.88 mg kg−1.

Table 1. Geographical location, climatic characteristics, and hypocotyl information of K.obovata from
different provenances.

Provenance Geographical
Coordinates

Annual
Minimum

Temperature (◦C)

Annual
Maximum

Temperature (◦C)

Hypocotyl
Length (cm)

Hypocotyl
Ground

Diameter (mm)

Hypocotyl
Weight (g)

JLJ 24◦25′ N, 117◦55′ E 5 40 22.16 ± 0.58 11.99 ± 0.86 14.92 ± 1.19
LG 27◦34′ N, 120◦36′ E −4 38 17.03 ± 0.13 9.75 ± 0.09 7.83 ± 0.12
JJ 28◦67′N, 121◦43′ E −5 39 17.53 ± 0.09 9.91 ± 0.21 7.93 ± 0.15

Note: values are expressed as mean ± SD (n = 30); JLJ: Jiulongjiang Estuary, Fujian Province; LG: Longgang City,
Zhejiang Province; JJ: Jiaojiang District, Zhejiang Province; the same below.

In December 2021, 100 K. obovata seedlings from each provenance of similar sizes were
selected and transferred to plastic pots (10 cm in diameter and 11 cm in height) with tidal
mud substrate and saltwater solution (5 ‰) reaching just below the base of the plants.
Then, all of the seedlings were placed in a controlled climate chamber (SAFE-DG-ZJNKY-6)
for low-temperature stress testing. The experimental conditions were set as follows: 8 h of
short daylight, light intensity of 1000 Lx, relative humidity of 75%, and a temperature of
−5.5 ◦C. Samples were randomly chosen and taken at 8 h, 24 h, and 48 h, respectively. More
specifically, the second set of leaves below the shoot apex was collected for anatomical
analysis, while the third set of leaves was used for physiological analysis. Finally, the
collected leaves were cut into lengths of approximately 0.5–1 cm, taking care to avoid buds.

2.2. Determination of Leaf Anatomy

Segments of 1 cm were sequentially fixed in Carnoy’s solution, dehydrated using
an alcohol gradient dehydration method, embedded in paraffin, sliced using an RM2016
paraffin microtome, stained with sarranine-fast green, and sealed with neutral gum. The
treated segments were randomly selected, observed, and photographed under a light micro-
scope (HT7700, Hitachi, Ltd., Tokyo, Japan) in an upright position. The sliced images were
measured using K-viewer(1.5.3.1) software [16], and parameters including leaf thickness
(LT), cuticle thickness (CT), epidermis thickness (ET), hypodermis thickness (HT), palisade
tissue thickness (PT), and spongy tissue thickness (ST) were obtained. The tissue looseness
index (SR), tissue compactness ratio (CTR), and palisade-to-spongy tissue ratio (P/I) were
calculated as follows: SR = ST/LT, CTR = PT/LT, and P/I = PT/ST.

2.3. Determination of Leaf Physiological Changes

About 0.1 g of the leaf samples was heated in boiling water for 30 min, then centrifuged
at 5000× g rpm, and the soluble sugar (SS) concentration of the supernatant was measured
using the anthrone colorimetric method. For the proline (Pro) detection, approximately
0.1 g of the leaf samples was homogenized in 3% aqueous sulfosalicylic acid, heated at
100 ◦C for 30 min, and filtered. Then, the filtrate was mixed with acid-ninhydrin and glacial
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acetic acid (1:1:1, v/v/v) in a water bath at 100 ◦C for 1 h. Finally, the reaction mixture was
extracted with toluene and the absorbance was determined at 520 nm [17].

The soluble protein (SP) content and the activities of superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) were determined ac-
cording to the method of Liu et al. [4], Shi et al. [18], and Xu et al. [8]. For the SP, SOD, POD,
CAT, and APX detection, approximately 0.1 g of the leaf samples was taken into a mortar,
and 1 mL ice-cold sodium phosphate-buffered solution (50 mmol L−1, pH 7.0) mixed with
ethylenediaminetetraacetic acid (1.0 mmol L−1) and 2% polyvinylpyrrolidone was added
in an ice bath. Then, the homogenate was centrifuged at 5000× g rpm, 4 ◦C for 10 min, and
the supernatant was collected. The SP content was measured with the Coomassie brilliant
blue staining method. The SOD activity was measured following the photoreduction of
nitroblue tetrazolium assay. For the determination of POD, a mixture of 50 mL of 50 mmol
phosphate buffer (pH 7.8), 28 µL of guaiacol, 19 µL of 30% H2O2, and 200 µL of enzyme
solution was reacted for 30 min, and a colorimetric assay was performed at 470 nm. For
the determination of CAT, a mixture of 1 mL of 50 mmol Tris-HCl, 1.75 mL of water, and
0.05 mL of enzyme solution was reacted for 3 min, and then 0.2 mL of H2O2 was added
to determine the absorbance value at 240 nm. For APX, a mixture of 0.65 mL of water,
0.1 mL of 50 mmol phosphate buffer (pH 7.8), 0.1 mL of 2 mmol ascorbic acid, 0.05 mL of
enzyme solution, and 0.1 mL of 2 mmol H2O2 was used to determine the absorbance value
at 290 nm.

The content of H2O2 was measured as follows: a 0.06 g sample was extracted with 2 mL
of 5% trichloroacetic acid, and then 100 µL of 20% titanium tetrachloride, 200 µL ammonia,
and 3 mL sulfuric acid were added for color development, and finally a colorimetric assay
was performed at 410 nm [8]. The thiobarbituric acid (TBA) method was used to determine
the malondialdehyde (MDA) level [19]. Briefly, ~0.5 g of leaf segments was placed in
5 mL 10% trichloroacetic acid and centrifuged at 5000× g rpm. Then, the supernatant was
mixed with 2 mL of 0.67% thiobarbituric acid, heated at 100 ◦C for 30 min, and centrifuged
at 5000× g rpm. The absorbance values at 450 nm, 532 nm, and 600 nm wavelengths
were recorded, respectively. The MDA content was calculated based on the following
formula: C (µmol L−1) = 6.452 × (A532 − A600) − 0.559 × A450. The relative electrical
conductivity (REC) was determined using the water bath method [20]. For example,
the initial conductivity (EL1) was measured using a conductivity meter (DDSJ-319L, Lei
Magneto, Shanghai, China). Then, each sample was placed in a boiling water bath for
30 min and oscillated at room temperature (150 rpm) for 10 h. The final conductivity (EL2)
was measured, and the REC value was calculated as EL1/EL2 (%). The flavonoid content
(Fla) was measured as follows: 20 µL of the sample, 4 µL of 10% aluminum nitrate, 4 µL of
1 M potassium acetate, and 172 µL of ethanol were mixed in the wells of a 96-well plate.

2.4. Statistical Analysis

Data are expressed as average ± standard errors of three biological replicates. A one-
way analysis of variance (one-way ANOVA) was conducted for statistical analysis, followed
by Duncan’s test using SPSS version 21.0 (SPSS, Chicago, IL, USA). SigmaPlot version
12.5 software was used for data visualization. A significance level of p < 0.05 or p < 0.01
was applied.

3. Results
3.1. Comparison of Morphology in Different K. obovata Provenances under Freezing Stress

As shown in Figure 1, the cold injuries of K. obovata showed a trend of increasing with
the sustained low temperature. More specifically, green spots appeared on the leaves of
K. obovata in all provenances after 24 h of low-temperature treatment. Among them, the
JLJ sample was seriously frost-damaged, with more than 50% of the leaves withering and
40% of the branches drying up, respectively. Less than 40% of the leaves and 30% of the
branches were frost-damaged in the LG sample. With the continuous low temperature of
48 h, 100%, 90%, and 60% of the leaves, branches, and stems were frost-damaged in the JLJ
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sample. For JJ, 85%, 65%, and 45% of the leaves, branches, and stems were frost-damaged.
In the LG sample, 75% of the leaves were withered and 60% of the branches were dried up,
whereas no damage was observed in the stems.
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Figure 1. Morphological changes in K. obovata leaves from different provenances under freezing stress.

3.2. Effects of Freezing Stress on the Anatomical Structure of K. obovata Leaves

As shown in Figure 2, in the early stage of freezing stress (0~8 h), the leaf cells
of K. obovata were injured, produced ice crystals, and gradually became thicker. With
the continuous low temperature (8~48 h), the cells undergoing apoptosis within tissues
gradually lost contact with their neighboring cells, especially for JLJ. As shown in Table 2,
the LT values of JLJ and LG were 512.45 ± 8.80 µm and 507.94 ± 11.28 µm, respectively,
significantly higher than that of JJ (439.85 ± 9.38 µm, p < 0.05). Similarly, all ET, PT, and
ST values also exhibited the same trend: JLJ > LG > JJ. Interestingly, the CT of LG was
8.86 ± 0.31 µm, substantially higher than other two provenances (JJ, 8.12 ± 0.3 µm; JLJ,
7.23 ± 0.23 µm; p < 0.05). The CTR and P/I showed the following trend: JLJ > JJ > LG. For
example, the P/I values for JLJ, JJ, and LG were 0.78 ± 0.05, 0.75 ± 0.03, and 0.66 ± 0.04,
respectively. Overall, there are obvious differences in the leaf anatomical structures of
K. obovata from different provenances.
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Table 2. Differences and response characteristics in the leaf structure of K. obovata under freezing stress.

Provenance Item 0 h (CK) 8 h 24 h 48 h

JLJ

LT/µm 512.45 ± 8.80 c 449.90 ± 10.85 ab 437.22 ± 12.33 a 474.27 ± 13.83 b
CT/µm 7.23 ± 0.23 a 7.78 ± 0.28 ab 8.11 ± 0.31 b 8.21 ± 0.33 b
ET/µm 48.25 ± 1.57 b 44.82 ± 0.84 ab 47.11 ± 1.29 ab 43.73 ± 1.34 a
HT/µm 47.9 ± 1.78 b 42.14 ± 1.24 a 42.74 ± 2.8 ab 55.63 ± 1.94 c
PT/µm 175.46 ± 6.27 c 144.06 ± 3.56 b 139.25 ± 6.35 b 117.63 ± 5.03 a
ST/µm 233.61 ± 10.62 bc 211.11 ± 9.74 ab 200.01 ± 7.95 a 249.07 ± 13.16 c
CTR/% 34.36 ± 1.3 b 32.16 ± 0.79 b 31.86 ± 1.21 b 25.05 ± 1.21 a
SR/% 45.39 ± 1.44 a 46.6 ± 1.18 a 45.73 ± 1.26 a 52.07 ± 1.49 b

P/I 0.78 ± 0.05 b 0.7 ± 0.03 b 0.71 ± 0.05 b 0.5 ± 0.04 a

LG

LT/µm 507.94 ± 11.28 bc 510.79 ± 18.58 c 472.61 ± 11.69 ab 455.51 ± 10.20 a
CT/µm 8.86 ± 0.31 b 8.32 ± 0.21 b 6.78 ± 0.56 a 8.54 ± 0.29 b
ET/µm 47.69 ± 2.06 a 51.58 ± 1.71 a 47.66 ± 1.05 a 48.09 ± 1.14 a
HT/µm 45.6 ± 2.12 a 48.98 ± 2.82 a 46.18 ± 2.26 a 49.25 ± 1.44 a
PT/µm 157.48 ± 5.97 b 162.18 ± 6.85 b 152.07 ± 4.26 b 129.59 ± 7.44 a
ST/µm 248.32 ± 10.09 b 239.73 ± 12.17 ab 219.93 ± 9.29 a 220.04 ± 7.05 a
CTR/% 31.06 ± 1.13 ab 31.83 ± 0.82 b 32.29 ± 0.81 b 28.32 ± 1.36 a
SR/% 48.7 ± 1.3 a 46.6 ± 1.06 a 46.32 ± 1.01 a 48.36 ± 1.29 a

P/I 0.66 ± 0.04 a 0.69 ± 0.03 a 0.71 ± 0.03 a 0.6 ± 0.04 a

JJ

LT/µm 439.85 ± 9.38 a 525.99 ± 10.29 b 551.99 ± 25.18 b 448.44 ± 20.38 a
CT/µm 8.12 ± 0.3 c 7.51 ± 0.35 bc 6.93 ± 0.2 b 5.61 ± 0.17 a
ET/µm 45.24 ± 2.87 a 48.82 ± 5.9 ab 50 ± 1.37 b 46.87 ± 1.7 ab
HT/µm 46.61 ± 1.38 a 45.63 ± 1.34 a 49.56 ± 1.53 a 48.39 ± 2.28 a
PT/µm 144.57 ± 5.60 ab 159.65 ± 3.73 b 163.63 ± 8.64 b 136.64 ± 9.23 a
ST/µm 195.32 ± 5.28 a 264.38 ± 9.98 b 281.87 ± 17.99 b 210.93 ± 10.24 a
CTR/% 32.77 ± 0.84 b 30.46 ± 0.77 ab 29.75 ± 1.01 a 30.13 ± 0.75 a
SR/% 44.44 ± 0.93 a 50.06 ± 1.06 b 50.63 ± 1.34 b 46.99 ± 0.61 a

P/I 0.75 ± 0.03 b 0.62 ± 0.03 a 0.6 ± 0.03 a 0.64 ± 0.02 a

Note: LT, leaf thickness; CT, cuticle thickness; ET, epidermal thickness; HT, endodermal thickness; PT, palisade
tissue thickness; ST, spongy tissue thickness; SR, tissue porosity; CTR, tissue tightness; P/I, grid-to-sea ratio;
the same below. Different lowercase letters indicate significant differences in the same K. obvata provenance at
different times during the low-temperature treatment at p < 0.05 according to the LSD test.

For the LT, the JLJ sample showed a trend of first decreasing and then increasing
under the sustained low temperature, with the lowest value being 437.22 ± 12.33 µm at
24 h. The LT of LG significantly decreased from 507.94 ± 11.28 µm to 455.51 ± 10.20 µm
(p < 0.05). The LT of JJ dramatically increased from 439.85 ± 9.38 µm to 525.99 ± 10.29 µm
when initially exposed to freezing stress (8 h), and gradually increased with as the persisted
low temperature progressed (8~24 h), and ultimately decreased to the original value
(448.44 ± 20.38 µm, p > 0.05) at 48 h. Under freezing stress, the CT, ET, and HT values of JLJ
showed an increasing–decreasing (first increasing and then decreasing) trend, respectively.
There were no significant changes in the CT, ET, and HT of LG with the extension of the low-
temperature stress time (p > 0.05). For JJ, the CT decreased, the ET increased first and then
decreased, and the HT did not change significantly (p > 0.05). The PT and ST of all the three
provenances showed a similar trend to the LT in response to the low-temperature treatment.
In terms of P/I and SR, no obvious changes were found in LG under low-temperature
treatment ranging from 0 to 48 h (p > 0.05). For JLJ and JJ, the P/I and SR exhibited
the same trend, decreasing from 0.78 ± 0.05 and 0.75 ± 0.03 to 0.5 ± 0.04 and 0.64 ± 0.02,
while the SR increased from 45.39 ± 1.44 and 44.44 ± 0.93 to 52.07 ± 1.49 and 50.63 ± 1.34,
respectively (p < 0.05). To sum up, the characteristics of the response to freezing stress
in the leaf structure of K. obovata varied significantly between provenances. As shown
in Figure 3, the low-temperature stress duration was significantly negatively correlated
with the PT, CTR, and P/I (Figure 3b,e,f), whereas a significant positive correlation was
observed between the SR and stress duration (p < 0.05, Figure 3d). For LG, both PT and
P/I were significantly negatively correlated with the stress duration (p < 0.05, Figure 3b,f).
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For JJ, only the CT was obviously negatively correlated with the stress duration (p < 0.05,
Figure 3a).
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3.3. The Physiological Response of K. obovata to Freezing Stress

To study the relationships between physiological status and cold tolerance in K. obovata,
it is imperative to study a variety of osmotic adjustment substances. As shown in Figure 4,
only the SS of JLJ obviously increased from 13.42 ± 0.28 to 15.78 ± 0.48 mg·g−1 when
initially facing the freezing stress (0~8 h), which then returned to the original value at
24 h (p > 0.05, Figure 4b). Meanwhile, no significantly changes were observed in the SP
and Pro contents of JLJ during the freezing stress period (p > 0.05, Figure 4a,c). For LG,
the contents of SP and SS obviously increased from 51.19 ± 0.80 to 57.92 ± 2.04 mg·g−1

and 17.69 ± 0.22 to 18.99 ± 0.45 mg·g−1 (0~8 h), respectively, and then maintained a
relatively stable level (8~24 h), whereas no obvious change was observed in the Pro content
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(Figure 4a–c). For JJ, there were significantly changes in the SP, SS, and Pro contents
between 0 and 8 h (p > 0.05, Figure 4a–c). From 8 to 24 h, the SP, SS, and Pro increased from
42.89 ± 1.04 to 67.68 ± 1.54 mg·g−1, 18.42 ± 0.31 to 21.74 ± 0.23 mg·g−1, and 36.10 ± 0.77
to 43.31 ± 0.86 µg·g−1, respectively.
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Figure 4. Changes in physiological characteristics of K. obovata under prolonged low−temperature
treatment. (a) SP, soluble protein; (b) SS, soluble sugar; (c) Pro, proline; (d) POD, peroxidase; (e) CAT,
catalase (f) SOD, superoxide dismutase; (g) APX, ascorbate peroxidase; (h) Fla, flavonoid; (i) MDA,
malondialdehyde; (j) H2O2, hydrogen peroxide; (k) REC, relative conductivity. Bars and error bars
indicate the mean ± standard deviation from three biological replicates. Different capital letters
indicate significant differences between different K. obovata provenances at the same time points of
the low−temperature treatment, and different lowercase letters indicate significant differences of the
same K. obovata provenance at different time points of the low−temperature treatment at p < 0.05
according to the LSD test.

For JLJ, the H2O2 content positively increased with the sustained low temperature,
with the values going from 24.73 ± 0.61 to 30.41 ± 1.12 µmol·g−1. The changing trend
of the H2O2 content in LG and JJ first increased and then decreased, reaching a peak at
8 h. Notably, only LG returned to the original value at 24 h (42.34 ± 0.54 vs. 43.95 ± 0.61,
p > 0.05), implying the ability of K. obovata to remove H2O2 is ranked in the following order:
LG > JJ > JLJ (Figure 4j). For SOD activity, there were no apparent changes induced by the
sustained low temperature in JLJ and JJ. For LG, the SOD activity significantly increased
from 352.49 ± 10.38 to 477.65 ± 1.78 U·g−1 (Figure 4f). The CAT activity of JLJ, LG, and JJ
dramatically increased from 21.11 ± 0.77 to 26.70 ± 1.60 nmol·(g·min)−1, 20.68 ± 0.56 to
29.60 ± 0.49 nmol·(g·min)−1, and 20.88 ± 0.57 to 28.16 ± 0.61 nmol·(g·min)−1 in the early
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stage of freezing stress, and then decreased in LG and JJ, but kept increasing in JLJ (Figure 4e).
When exposed to the low temperature, the POD activity decreased from 123.54± 2.26 to
106.94± 1.53 U·g−1 in JLJ, but increased from 115.63 ± 1.55 to 135.36± 2.17 U·g−1 in LG
(Figure 4d). The APX activity of LG and JJ obviously increased from 669.31 ± 19.77 to
909.25± 10.47 nmol·(g·min)−1 and 824.11± 33.68 to 1087.28± 24.39 nmol·(g·min)−1 at 8 h, re-
spectively, and subsequently returned to original values at 24 h. The APX activity of JLJ changed
slightly between 0 and 8 h (1220.04± 22.80 nmol·(g·min)−1 vs. 1197.84± 41.68 nmol·(g·min)−1,
p > 0.05), and peaked with a value of 1331.43 ± 74.18 nmol·(g·min)−1 at 24 h (Figure 4g).
The MDA contents, an indicator of damage to plant cells under stress, obviously increased
from 11.59 ± 0.17 to 13.52 ± 0.18 nmol·g−1 and from 10.95 ± 0.11 to 13.79 ± 0.36 nmol·g−1

in LG and JJ, respectively. Notably, the MDA of JLJ remarkably decreased at 8 h, and then
returned to the original value at 24 h (12.53 ± 0.40 nmol·g−1 vs. 12.80 ± 0.07 nmol·g−1,
p > 0.05, Figure 4i). The REC, another index widely used to evaluate the degree of plant
damage, remarkably increased from 33.62 ± 2.39 to 63.73 ± 3.81, from 31.20 ± 1.63 to
49.48 ± 1.12, and from 23.75 ± 0.13 to 54.24 ± 1.45 for JLJ, LG, and JJ, respectively (p < 0.05,
Figure 4k), which is consistent with the results of our analysis of morphological changes
(Figure 1). Moreover, the Fla content of all three provenances significantly increased when
exposing to freezing stress, especially for the LG sample (Figure 4h).

3.4. Principal Component Analysis and Membership Function Analysis of K. obovata from
Different Provenances

A principal component analysis (PCA) was adopted to evaluate the contribution of
the main indices to the cold resistance of K. obovata. The principal components 1 (PC1) and
2 (PC2) contributed 42.9% and 16.4%, respectively, with a cumulative variance contribution
of 59.3%. The Fla and SOD were the closest physiological indicators to the LG clustered
samples, deeming them essential factors for LG (Figure 5). As it is difficult to accurately
reflect the cold resistance of plants using a single index, a comprehensive evaluation of cold
resistance by combining several main physiological and biochemical indices will increase
the accuracy of the results. Owing to the different units and properties of each index, the
membership function method was used to evaluate these 20 indicators of leaf structure
and physiological characteristics comprehensively, and consequently, an average value was
obtained to evaluate the cold resistance of K. obovata. The greater the average membership
value, the stronger the cold resistance of the sample from that provenance, and vice versa.
As shown in Table 3, the average membership function values of JLJ, LG, and JJ were 0.338,
0.496, and 0.458, respectively, indicating that LG had the strongest cold resistance among
the three provenances.
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Table 3. Analysis of membership function values of K. obovata seedlings from different provenances
under low−temperature stress.

Membership Function Value
Provenance

JLJ LG JJ

LT 0.255 0.522 0.599
CT 0.446 0.580 0.354
ET 0.282 0.615 0.472
HT 0.286 0.644 0.690
PT 0.378 0.497 0.461
ST 0.226 0.470 0.599
SR 0.237 0.447 0.636

CTR 0.666 0.435 0.285
P/I 0.758 0.508 0.357
SP 0.059 0.578 0.390
SS 0.141 0.632 0.707
Pro 0.235 0.065 0.616

MDA 0.452 0.622 0.456
H2O2 0.117 0.797 0.141
REC 0.496 0.323 0.319
POD 0.106 0.207 0.787
CAT 0.382 0.519 0.437
SOD 0.140 0.577 0.354
APX 0.877 0.122 0.378
Fla 0.231 0.754 0.119

Mean value 0.338 0.496 0.458
Order of stress resistance 3 1 2

4. Discussion

K. obovata is an excellent coastal wetland landscape tree due to its specific viviparous
phenomena, beautiful shape, and unique floral pattern, while its northern boundary of
artificial cultivation has not yet broken through Yueqing Bay (28◦20′ N). This study re-
vealed the temporal variations in the physiological status, as well as differences in the leaf
structure, of K. obovata from three provenances with different degrees of cold resistance
under a continuous low temperature of −5.5 ◦C. The results of this study could deepen
our understanding of the leaf structure and physiological characteristics of K. obovata after
the northward migration and acclimatization, which could provide a sound theoretical
foundation for cultivating cold−resistant varieties, and consequently expanding mangrove
plantations in higher latitudes.

4.1. Differential Anatomical Variations in the Leaf Structure of K. obovata from Different
Provenances and Their Responses to Freezing Stress

A plant’s ability to respond and adapt to environmental changes is primarily based on
changes in the anatomy of its leaves [21,22]. The SR, combined with differences in the LT,
PT, and ST, is often used to assess the cold tolerance of plants [23]. As shown in Figure 3,
no significant correlation was found between the SR and low-temperature time for LG and
JJ (p > 0.05), while the SR of JLJ progressively increased with increases in the stress duration
(p < 0.01), indicating that low-latitude K. obovata might suffer the most severe frost damage
with obvious anatomical variations (Figure 2). Maintaining photosynthesis is of essential
importance for plants to survive under low temperatures. Among their various anatomical
characteristics, the P/I is positively correlated with the net photosynthetic rate [24,25]. The
PT and ST are increased under low temperatures, which facilitates the rapid transfer of
metabolites among mesophyll cells, the consequence of which is a high photosynthetic
rate [26]. Consistently, the P/I of LG was also significantly positively related with the stress
duration (p < 0.05, Figure 2). Notably, a remarkably negative correlation was observed
between the P/I and stress time (p < 0.05, Figure 3), implying that the leaves of JLJ might
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be severely damaged, as noted in the leaf morphological observation in Figure 1. The
membership function evaluation further demonstrated that the cold resistance of K. obovata
from different provenances can be ranked in the following order: LG > JJ > JLJ. Moreover,
the CT is often positively related to the cold resistance of plants [27,28]. Luis et al. [29] found
that a larger CT in African oil palms (Elaeis guineensis) reduced the exclusion of nutrients
and other substances required for the early development of pathogens, thus improving
their environmental adaptability. In our study, the CTs of LG and JJ were substantially
thicker than JLJ, implying that a larger leaf CT might be an adaptation of K. obovata to the
low-temperature environment in the high latitude. Thus, improving the freezing tolerance
of K. obovata via engineering CT synthesis is an existing possibility and should be explored
more extensively. Generally, we concluded that P/I and CT could be applied to assess the
cold resistance of K. obovata.

4.2. Temporal Variations in the Physiological Status of K. obovata from Different Provenances
under Cold Stress

Botanical species have evolved several physiological and molecular adaptations, such
as osmolyte accumulation, to cope with cold stress [30]. Osmotic regulators can regulate
the concentration of cellular fluids, reduce the osmotic potential inside and outside the
cell, and prevent water loss. The SS and SP are the main compatible solutes, and have an
obviously positive correlation with the cold resistance of K. obovata, especially in LG and JJ
(Figure 4a,b). In our study, cold stress resulted in a 13.15~57.80% increase in SP, significantly
higher that seen in the SS (7.34~18.02%), implying that SP might play a more important
role than SS in enhancing tolerance to freezing stress. To respond and adapt to cold stress,
plants synthesize many water-soluble proteins, including antioxidative enzymes, heat-
shock proteins, chaperones, and late embryogenesis abundant proteins [31]. Consistent
with our findings, a previous study by Fei et al. [32] reported that while the SS maintained
a relatively stable level, the SP of K. obovata increased gradually as time extended and
then reached a peak at 12 h. Peng et al. [33] speculated that the higher increases in SP
observed in K. obovata (43.0%) and Aegiceras corniculatum (44.1%) may partly account for
their higher cold resistance compared to Avicennia marina (31%). Provart et al. [34] also
found ~8000 genes involved in protein biosynthesis responding to low-temperature stress
in Arabidopsis. The contents of SS and SP in JLJ exhibited a decreasing trend after 24 h of
−5.5 ◦C exposure, indicating that this low temperature severely led to metabolism disorder
in JLJ. Liu et al. [4] also observed that SS and SP exhibited a remarkably decreased tendency
when initially responding to a low temperature of −4.1 ◦C under natural frosty conditions.

Membranes are a primary site of cold-induced injury, whose stability is considered
to be a reliable indicator of cellular damage. Low temperatures can increase membrane
permeability, leading to the leakage of internal solutes, decreased osmotic potential, and
finally causing cell death due to water loss in severe cases. As shown in Figure 4i, the
MDA, the final product of membrane peroxidation, significantly increased in the JJ and
LG samples under freezing stress. However, the MDA of JLJ obviously decreased at 8 h,
and then returned to its original value at 24 h, suggesting that −5.5 ◦C might exceed
the tolerance threshold of JLJ, as it severely destroyed the membrane, and consequently
influenced the detection outcomes. When plants sense low temperatures, membrane
permeability increases, electrolyte exosmosis occurs, and REC increases. The REC in our
study exhibited an increasing range in the following order: JLJ > JJ > LG, implying that the
cold resistance of K. obovata strengthened after the northward migration and acclimatization.
Therefore, it can be reported that the REC was a better measure as a cold resistance index
for K. obovata (Figure 4k).

Low temperatures cause damage primarily through producing a large number of
reactive oxygen species (ROS), leading to lipid peroxidation, protein degradation, and
enzyme inactivation [30]. As the first line of a plant’s enzymatic defense system, SOD
acts as a primary defense against ROS by converting superoxide anion radicals (O2

−) into
molecular oxygen and H2O2. The activity of SOD remarkably increased under freezing
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stress, and the largest increase was observed in the LG sample (Figure 4f). Consistently, the
H2O2 content increased following the same order: LG > JJ > JLJ (Figure 4j), indicating that
the SOD activity played a vital role in scavenging ROS. It has been reported that H2O2 is
crucial for signaling molecules that regulate plant cold tolerance [35]. Orabi et al. [36] also
found that H2O2 can stimulate the antioxidant system and consequently enhance tolerance
to cold stress. POD and CAT mainly play the role of enzymatic degradation of H2O2
to avoid peroxidation of the cell membrane. The CAT activity of all three provenances
dramatically increased, and then kept increasing in JLJ, but gradually decreased in LG and
JJ, and then returned to original values (Figure 4e,g). Additionally, the POD activity showed
the oppositive trend, decreasing in JLJ but increasing in LG and JJ when exposed to freezing
stress (Figure 4d). Interestingly, obvious reductions in H2O2 content were observed in
LG and JJ, whereas the H2O2 content of JLJ continued to increase as the sustained low-
temperature treatment progressed. Therefore, we speculated that the ability of K. obovata to
scavenge ROS was improved after the northward acclimation partly through regulating
POD activity. The Fla content of all three provenances also remarkably increased when
exposed to freezing stress, especially for the LG sample (Figure 4h). Both Korn et al. [37] and
Schulz et al. [38] found that the content of Fla is positively correlated with plant freezing
tolerance after cold acclimation. Therefore, we speculated that the Fla content might partly
account for the strongest cold resistance of LG. To date, how the Fla content affects the
cold resistance of the mangrove plant is not fully understood, and thus the role of the Fla
content for K. obovata at low temperatures requires further investigation.

5. Conclusions

To the best of our knowledge, this is by far the northernmost artificial K. obovata and
lowest-temperature (−5.5 ◦C) study on mangrove cold resistance. After the northward
migration and acclimatization, the resistance of K. obovata to low temperatures strengthened.
Notably, −5.5 ◦C might exceed the tolerance threshold of JLJ, with severe damage to the
membrane of K. obovata, and thus REC might be better than MDA as a cold resistance
index for future mangrove research. After northward acclimatization, the CT of the leaves
became thickened and the ability to scavenge ROS improved, primarily through regulating
SOD and POD activity, especially for LG. The SP might play a more important role than
SS in enhancing tolerance to freezing stress. Moreover, mechanisms related to the Fla
content should be further studied, which might account for the highest cold resistance of
LG. Overall, it seems likely that the trend LG > JJ > JLJ exhibited by the CT, SP, SOD, and
REC values reveal the levels of freezing tolerance among the three biotypes. The findings
presented here could provide a sound theoretical foundation and guidance for cultivating
cold-resistant varieties and aiding in expanding mangrove plantations in higher latitudes.
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