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Abstract: To address the demand for natural fibers, developing new varieties that are resistant to
abiotic stress is necessary. The present study was designed to investigate the physiological and
biochemical traits of three varieties of C. capularis (Y49, Y38, and Y1) and four varieties C. olitorius
(T8, W57, M33, M18) under low temperature to identify the cold-tolerant varieties and elucidate the
mechanisms involved in enhancing cold tolerance. Research findings revealed that the varieties Y49
and M33 exhibited the highest chlorophyll and carotenoid content. Biochemical profiles revealed
that varieties Y49 and M33 were found to be able to withstand low-temperature stress by accumu-
lating different enzymatic and non-enzymatic antioxidants, such as superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), ascorbate peroxidase (APx), glutathione (GSH), and phenolics,
which participated in reducing the content of malondialdehyde (MDA) and hydrogen peroxide
(H207) caused by low temperature. Osmolytes compounds, such as total soluble sugar, significantly
increased in Y49 and M33; and proline content decreased in all varieties except Y49 and M33 after
low-temperature exposure. The rise in these osmolytes molecules can be a defense mechanism for
the jute’s osmotic readjustment to reduce the oxidative damage induced by low temperature. Fur-
thermore, PCA and hierarchical cluster analysis distinguished the seven varieties into three separate
groups. Results confirmed that group I (Y49 and M33 varieties) were low-temperature tolerant,
group II (M18, W57) were intermediate, whereas III groups (Y38, T8, and Y1) were low temperature
susceptible. PCA also explained 88.36% of the variance of raw data and clearly distinguished three
groups that are similar to the cluster heat map. The study thus confirmed the tolerance of selected
varieties that might be an efficient adaptation strategy and utilized them for establishing breeding
programs for cold tolerance.

Keywords: antioxidant activities; low-temperature stress; seedling stage; physiological and biochem-
ical response

1. Introduction

Low temperature is a significant abiotic factor in China limiting plant dispersion on
land, impeding plant growth and crop productivity, yield, and quality, and limiting the
geographical area suited for cultivating a specific plant species [1-3]. Crops are exposed
to periods of intense cold in many parts of the world [4], and tropical plants are more
susceptible to chilling than plants growing in cold climates [5].

Jute is an annual herb in the Malvaceae family, with two commercial species, C. capsu-
laris and C. olitorious [6]. Jute is produced in twenty countries, although Bangladesh, India,
and China account for 85% of global production [7,8]. Jute fiber is naturally occurring, soft,
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shiny, longest, strongest, and most recyclable derived from stem bark [8]. Recently, jute has
gained popularity as herbal medicine, renewable biofuel, and paper fiber [8-10]. Thus, the
global demand for jute is increasing [11]. As global environmental awareness rises, more
people are actively purchasing environmentally friendly products. While jute is a natural
fiber, they have many composite-like properties like rigidity and flexibility. Jute would be
a unique source to supply the global demand for eco-friendly fibers.

It provides luxuriant growth in a warm and humid climate with temperatures between
24 °C and 37 °C for optimum fiber yield, and the growth rate gradually slows down when
temperatures fall below this range [12]. It has been reported that jute is a short-day fiber
plant. The majority of biological responses that occur in jute are temperature dependent.
Any early planting provides premature flowering and reduces plant growth and yield of
fiber due to thermal sensitivity. It was reported that some varieties can be planted early with
the absence of premature flowering in appropriate sowing time [12]. In China’s subtropics,
where cold weather is unpredictable, extending the growing season (early planting and
late harvesting) is crucial. Intensive cropping during late March and early April could
make jute more profitable in China’s subtropics and warm temperate zones, as well as in
jute growing countries. It was proved that appropriate sowing and harvesting could allow
facilities to fit the crop in three cropped patterns [12]. If an intensive cropping pattern could
be established in which jute is produced from late February to early March, it is believed
that jute could be more profitably cultivated in Asia’s jute producing countries [13]. For
this purpose, new varieties that are tolerant to low temperatures will be required; therefore,
new varieties should be developed to endure various biotic and abiotic stresses.

However, there is no proof of physiological or biochemical investigation for jute’s cold
tolerance mechanism. In a previous study carried out only on the molecular level, where
DNA fingerprinting randomly amplified polymorphic DNA (RAPD) and automated am-
plified fragment length, polymorphism (AFLP) was used to detect or distinguish between
cold-tolerant and cold-sensitive jute species was assessed [13]. Findings indicated that eight
primer combinations distinguished the two cold-sensitive and four cold-tolerant jute pop-
ulations using 93 polymorphic fragments. Understanding low-temperature adaptation is
crucial to developing cold-tolerant crops. It has been reported that extreme temperature can
cause changes in numerous physiological, biochemical, molecular, and metabolic processes,
including membrane fluidity, enzyme activity, and homeostatic metabolism, which can
impact agriculture [14] by overproducing reactive oxygen species (ROS), such as superox-
ide anions (O, ™) and hydrogen peroxide (H,O,). Interestingly, plants have antioxidant
systems with various enzymatic and non-enzymatic components to protect them from the
injury caused by reactive oxygen species ROS [15]. Plants have evolved many antioxidant
systems and osmolytes to cope with stress. These include superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), glutathione (GSH), and proline, all of which contribute to
scavenging H,O, with different mechanisms under stressful conditions and avoid oxidative
damage [16-18]. Understanding low-temperature adaption processes are crucial for the
development of cold-tolerant crops. This research report summarizes the physiological
responses of a representative sample of jute varieties to cold stress, as ascertained by quantifi-
cation of photosynthetic parameters, ROS-mediated damage, antioxidant accumulation, and
osmolyte accumulation, all of which differentiate the sensitive and tolerance jute phenomes.
The main purpose of the present study was to evaluate low temperature physiological,
biochemical, and antioxidant defense responses to verify the tolerance level of seven selected
C. capsularis and C. olitorius varieties from earlier experiments.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Cold Stress Treatment

Seeds of Corchorus capularis (Y49, Y38, and Y1) and Corchorus olitorius (T8, W57,
M33, M18) varieties were collected from the Institute of Bast Fiber Crops (IBFC), Chinese
Academy of Agricultural Sciences (CAAS) Changsha, Hunan (Table 1). These varieties were
previously screened out from large populations by studying low-temperature stress based
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on their germination rate, survival rate, visual scoring under cold stress and physiological,
and biochemical parameters. The selected jute varieties were distinguished as tolerant (Y49
and M33), intermediate (W57 and M18), and sensitive (Y38, T8 and Y1) to low temperature
and used in this present study. Seeds of all varieties were carefully rinsed with sterile
deionized water after 10 min of surface sterilization with 10% NaClO. Then seeds were
placed in a 19 x 14.5 X 6 cm germination box with three layers of sterile filter paper.
The box was placed in a brightly illuminated incubator set at 25 °C with daily water top
ups for germination. After three days of sprouting, seedlings were moved to quarter-
strength Hoagland nutritional solution containing 5.79 mmol L™! calcium and placed in
culture pots (40 x 20 cm) (NO3),, 8.02 pmmol L~ KNO3, 1.35 mmol L~ NH4H,PO,,
4.17 mmol L~! MgSQOy, 8.90 umol L~! MnSOy, 48.3 umol L~ H3BO3, 0.94 umol L~!
ZnSOy, 0.20 umol L~! CuSOy, 0.015 umol L~! (NH4),MoQy, and 72.6 umol L~! Fe-EDTA
for subsequent growth [19]. Seedlings were grown in a culture room with a day/night
temperature regime of 28/16 °C, a photoperiod of 16 h/8 h (light/dark), relative humidity
of 60%, and a light intensity of 300 umol m~2s~!. Every other day, the nutrition solution
was replenished.

Table 1. Origin of 7 varieties of C. capsularis and C. olitorius.

Species Variety Origin (Province/Country)
Y49 C. capsularis Huangma 971 Hunan
Y38 C. capsularis Miandianyuanguo Myanmar
Y1 C. capsularis Longxihongpi Longxi county, Guangdong
T8 C. olitorius T8 Zhejiang
W57 C. olitorius W57 Zhejiang
M33 C. olitorius Funong 5 Fujian
M18 C. olitorius Maliyengshengchangguo  Mali

Five-week-old morphologically uniform seedlings were selected for treatment and
transferred to another chamber for low-temperature stress. The treatment chamber’s
temperature was set at 5 °C to simulate the low-temperature condition, and the plant
maintained an optimal condition (28 °C) that was regarded as control. After 24 h of
low-temperature stress, three to four fully expanded leaves were collected. Each sample
contained a minimum of three individual plants of similar varieties mixed to form one
sample. After collection, each sample tube was immediately steeped in liquid nitrogen and
stored at —80 °C until analysis.

2.2. Determination of Photosynthetic Pigment Contents

About 0.1 g fresh leaf samples were homogenized with 10 mL (4.5:4.5:1) mixed solution
of ethanol, acetone, and distilled water until the green-colored leaf sample turned white.
After that, absorbance readings were recorded at 645, 663, and 470 nm, and concentration
(mg/g FW) of chlorophyll a (Chl a), Chlorophyll b (Chl b), total chlorophyll (Chl t), and
carotenoid were calculated by the formula [20].

Chlorophyll a (mg/g leaf fresh weight) = [12.7 (ODgg3) — 2.69 (ODg4s5)] x V/1000 x W D
Chlorophyll b (mg/ g leaf fresh weight) = [22.9(ODg45) — 4.68 (ODgg3)] x V/1000 x W (2)

Total chlorophyll (mg/g leaf fresh weight) = [20.2 (ODg45) + 8.02 (ODgg3)] x V/1000 x W 3)
Carotenoid (mg/g leaf fresh weight) = [OD470 + (0.114 * ODgg3) - (0.638 * ODgg5)] x V/1000 x W 4)

According to Sairam et al., the chlorophyll stability index (CSI) was developed [21]. It
is calculated as follows: CSI = (Total Chl under stress/Total Chl under control) x 100.

2.3. Determination of Osmolyte Contents

The proline concentrations were determined using a slightly modified method re-
ported by Bates, 1973 [22]. The proline content of fresh leaf samples (0.1 g) was assayed



Agronomy 2021, 11, 2547

4 0f 20

using aqueous 3% sulfosalicylic acid (5 mL) in a water bath for 10 min. Following this,
the mixture was allowed to cool to ambient temperature, and then the resulting extract
was filtered using filter paper. The supernatant from the second step was then combined
with ninhydrin and acetic acid to make a 2.0 mL solution. The combination was then
maintained in a boiling water bath for 30 min, and the reactions were terminated in an ice
bath. After adding 5 mL of toluene, the mixture was left in the dark for 5 h. The absorbance
of colored toluene at 520 nm was measured using the UV /Vis spectrophotometer (UV 2700,
Shimadzu, Japan), with toluene serving as a blank. The amount of proline was tested using
a standard curve constructed with L-proline common solution.

The amount of total soluble sugar (TSS) was determined using the anthrone method
proposed by Yemn and Willis [23]. About 0.1 g fresh samples were placed in 10 mL cuvette,
and after adding 10 mL distilled water, samples were heated at 100 °C for 1 h and then
filtered into 25 mL volumetric flasks. The volumetric flask was filled up to mark by distilled
water. Following that, 0.5 mL extracts, 0.5 mL mixed reagents (1 g anthrone + 50 mL ethyl
acetate), 5 mL HpSOy4 (98%), and 1.5 mL distilled water were added. After heating the
mixture to 100 °C for a minute, the 630 nm absorbance was measured. Sucrose solution
was used as a standard sample. The concentration of soluble sugar was measured using
glucose as a standard solution.

2.4. Determination of Oxidative Damage and Enzymatic Antioxidant Activities

To determine the degree of oxidative damage and different antioxidant activity, 0.2 g
fresh leaf was extracted with 5% thiobarbituric acid (TBA) dissolved in 5% trichloroacetic
acid (TCA) for MDA content detection and homogenized in 0.2 M phosphate buffers
(pH 7.0~7.5) for SOD, POD, APx, and CAT activity detection and GSH content. The
assessed activities of MDA, H,O, GSH, SOD, POD, CAT, and APx using the assay test
kits were purchased from Nanjing Jian Cheng Bioengineering Institute in Nanjing, China.
Protein content was determined using the Bradford protein colorimetry method with
bovine serum albumin (BSA) as a protein standard [24]. Briefly, in a 50 mL 95% ethanol
solution, 100 mg Coomassie Brilliant Blue G-250 was dissolved (C;H;OH). Following that,
100 mL of 85% phosphoric acid (H3PO4) was carefully added while stirring and then diluted
with distilled water to a total volume of 1 L. The solution was filtered and maintained at a
temperature of 4 °C. For the measurements, 20 pL extract and 200 uL Bradford solution
were combined and incubated for 5 min before determining the absorbance at 595 nm
using a UV /Vis spectrophotometer (UV 2700, Shimadzu, Japan).

2.5. Determination of Non-Enzymatic Antioxidant Compounds

The leaf sample (0.2 g) was homogenized in 10 mL of 80% ethanol to determine the
total phenolic and flavonoids. The ethanolic extract was then centrifuged at 12,000x g for
20 min at 4 °C, and the supernatants were collected in the flask. The supernatant was then
utilized to determine the total phenolic and flavonoid content.

The total flavonoid content (TFC) in the sample was determined using a modified
aluminum chloride assay reported [25] with rutin as standard. Briefly, 1 mL of the extract
was placed in a 10 mL volumetric tube. To begin, each volumetric flask was filled with
2 mL of 0.1 M AICI3 and incubated for 5 min. Then, 3 mL of 1 M CH3COOK was added,;
the volume was topped up 10 mL with 80% ethanol and thoroughly mixed. At 420 nm, the
absorbance was measured against a blank using a UV /Vis spectrophotometer (UV 2700,
Shimadzu, Japan). The results were expressed in mg rutin equivalents per gram dry weight.

The concentration of total polyphenol content (TPC) was determined using the Folin—
Ciocalteu colorimetric technique with minor modifications [26]. Briefly, 1.5 mL distilled
water was added to 0.5 mL extracted plant samples in a test tube. After adding 0.2 mL
FC reagent, the mixture was gently oscillated and maintained at room temperature for
4 min. Following that, each sample was vortexed with 0.8 mL of newly prepared 10% (w/w)
NayCOs3. The mixtures were left for 1 h in a dark room condition to ensure a good reaction.
The absorbance of the solution was determined using a UV /Vis spectrophotometer (UV
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2700, Shimadzu, Japan) at 765 nm compared to the reagent blank. To estimate all of the
determinations, three biological replications were carried out. The total phenolic content
was reported in milligrams of gallic acid standard equivalent (mg) dry weight (mg of
GAE/g DW).

3. Statistical Analysis

The data were examined using the one-way analysis of variance (ANOVA) using SPSS
16. The effect of treatment of each variety was determined compared to the control, and
the statistical differences between control and treatment were performed using a least
significant difference (LSD) test when p < 0.05. The correlation coefficient was determined
using Pearson’s correlation coefficient. All data were transformed to stress tolerance
indices prior to Pearson’s correlation, principal component analysis (PCA), and cluster
analysis. The stress tolerance index was described as the observed value of a target trait
when subjected to a particular level of stress divided by its mean value under control. To
investigate the relationship between varieties and cluster features, principal component
analysis (PCA) and cluster heat map analysis were performed using the Origin software
and an online ClustVis application, respectively.

4. Results
4.1. Effect of Cold Stress on Photosynthetic Pigment Contents

Low temperature impacts chlorophyll level in plant species based on their cold tol-
erance [27,28]. To determine the effect of cold stress on photosynthesis, we measured
chlorophyll a and b concentrations and total chlorophyll in jute plant leaves. The results
of our experiment indicated that the production of photosynthetic pigments (Chl 4, Chl b,
and Total Chl) varied significantly between selected varieties, with variation patterns being
comparable across all varieties (Table 2). It was observed that the total chlorophyll concen-
tration of leaves declined with cold stress compared to their control. Greater decrease was
observed in the varieties Y38 and T8, whereas a lower reduction rate was observed in Y49
and M33 varieties with the highest chlorophyll stability index (CSI) as 97.96% and 90.97%,
respectively. Our findings suggested that these varieties were less harmed at 5 °C and
more resistant to chilling injury than others, implying that they possessed a greater cold
tolerance. In the case of the carotenoid content, a similar trend was observed as chlorophyll;
except for Y49, all varieties showed declined trend compared to control. Meanwhile, the
Y38 and T8 recorded significantly decreased by 18.46% and 19.62%, respectively, relative to
control, and an increase and slight decrease was observed in Y49 and M33, respectively.
This result suggests that Y49 and M33 have more low-temperature tolerance potential,
whereas Y38 and T8 demonstrate a low degree of tolerance.

4.2. Oxidative Stress Evaluation

Lipid peroxidation, reflected by MDA content, usually accompanies ROS accumula-
tion. Our experiment examined the effects of MDA content, and it showed that concentra-
tions were considerably greater than the control. The highest increase was observed in Y38
(91.26%) and Y1 (65.81%), followed by T8 (48.82%). Whereas low level of MDA content was
observed in Y49 (17.25%) and M33 (11.50%) varieties compared to optimal temperature
(Figure 1a). The above result indicated that Y49 and M33 varieties suffered the least and cell
membrane experienced little damage under cold injury, whereas Y1, Y38, and T8 varieties
might have suffered severe and irreversible damage. The result of this study demonstrated
that H,O, content significantly increased under cold treatment conditions compared to
control based on mean comparisons (Figure 1b). However, the lowest increase was noted
in the varieties Y49 (11.64%) and M33 (17.25%). Whereas the Y38, T8, and M18 varieties
showed a greater increase of HyO, by 30.70~46.61% under low-temperature treatment than
in the optimum temperature.
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Table 2. Changes of chlorophyll content compared to control, chlorophyll stability index (CSI), and carotenoid in different varieties under exposure to cold stress.

Chlorophyll
Carotenoid
Chl a Chl b Total Chl
Genotypes
Control Treatment CSI1% Control Treatment CSI1% Control Treatment CS1% Control Treatment
Y49 1.77 +£0.012 1.73+0.02 97.81 0.61+0.0° 0.60 +0.01b 98.42 239+0.0¢° 234 +0.0P 97.97 0.127 £0.0b 0.12940.02
Y1 193 +£0.022 1234+0.01P 64.14 050 +0.042 0.77 £0.02b 152.87 24340012 2.00+003P 82.44 0.13+0.0¢% 012 +0.0P
Y38 194 +002 1.10 £ 0.02P 56.85 044 +0.022 0.31+0.02b 69.18 23940012 141+001° 59.17 0.124+0.012 0.10 £0.0P
M33 1.82+0.0" 1.85+0.02 101.67 055+0.042 031+001° 55.62 237 +0.0° 2.16 £0.02b 90.97 0.12+0.0¢° 0.10 £ 0.0°
T8 1.754+0.032  1.1040.02° 63.23 0.46+0.0° 0.44 +0.0° 94.93 220+0.012 1.544+0.02b 69.88 0.11+0.0¢° 0.09+0.0b
W57 151+£002 1.21+00Pb 80.43 0.324+0.0° 025+ 0.0P 78.95 1.83+0.014 146 +£0.0Pb 80.17 0.104+0.02 0.09+0.02
M18 1.61+0022 1.2440.03P 77.03 0.53+0.02 048 +0.012 110.51 2.094+0.0° 1.77 £ 0.03 P 84.71 0.109+0.02 0.105+0.0"

Significant difference at p < 0.05 probability level using LSD test. Values in the table represent means and standard errors. Different lowercases indicate difference significant at 0.05 level.
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Figure 1. Influence of cold stress on leaf antioxidant and enzymatic antioxidants in jute varieties.
Plant under control (28 °C) and stress (5 °C) showed a response in: (a) Lipid peroxidation MDA,
(b) Hydrogen peroxide (H,O;). Different significant level marked with **** p < 0.0001, *** p < 0.001,
**p <0.01, * p <0.05, and ns mean non-significant.

4.3. Effect of Cold Stress on Osmolytes Contents

The present investigation has shown that proline content is higher in leaves of stress
treatment than under room temperature when exposed to 5 °C (Figure 2a). The most
elevated proline was recorded in Y49, followed by M33 with 67.84% and 60.0% increased
rate on cold stress compared to control condition, whereas the lowest increase was recorded
in T8 (7.89%) and Y38 (11.39%)

In comparison to the control group after 24 h at 5 °C, our results revealed that total
soluble sugar content of the leaves in most of the varieties demonstrated decline except
Y49 and M33 (significantly increased by 16.77~24.99% and reached in highest in low-
temperature treatment compared to other) (Figure 2b). Conversely, the highest rate of
decrease was observed in the varieties T8 (30.07%) and Y38 (27.81%) compared to other
varieties in stress treatment.
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Lo )
3 - . _ -
5 41
2
3
& 24
Y49 Yl Y38 M33 T8 W57 MIS
Varieties Y49 Y1 Y38 M33 T8 W57 MIS
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Figure 2. Response of jute varieties to low temperature treatments, with control (28 °C) and stress
(5 °C) showing differential response in osmolyte content. (a) Proline content, (b) Soluble sugar
content. Different significant level marked with *** p < 0.0001, *** p < 0.001, * p < 0.05, and ns mean
non-significant.
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4.4. Enzymatic Antioxidant Activities (SOD, POD, CAT, and APx)

Low-temperature treatment caused a significant decrease in SOD activity in all vari-
eties except Y49 and M33 in cold-induced leaves shown in Figure 3a. The activity of SOD
during low-temperature stress was dramatically reduced in most of the varieties compared
with control. In contrast, the Y49 and M33 had an increasing trend, which only increased
by 5.16% and 14.13%, respectively.

Our experiment revealed that POD activity significantly decreased in Y38, T8 followed
by W57 cultivar compared to control (Figure 3b). Conversely, POD activity was increased
higher in both Y49 and M33 cultivars. There was a substantial difference in CAT activity
between all varieties between control and stress conditions in our study. CAT activity
decreased significantly in most of the varieties compared to the control (Figure 3c). There
was a much lower level of CAT activity in Y1, Y38, and T8 after low temperature stresses
Y49 and M33 than the control, whereas Y49 and M33 increased the CAT activity by 50.87%
and 25.80%, respectively.

Cold treatment also had a significant effect on APx activity in the treatment leaves;
however, cold treated leaves of the Y49, Y33, M33, T8, and M18 varieties exhibited an in-
creasing trend in APx activity, whereas T8 and W57 exhibited a decreasing trend (Figure 3d).
It was observed that Y49 and M33 enhanced by 47.5% and 84.79%, respectively compared
with those of the non-stress condition. Increased APX activity in low temperature-treated
leaves of Y49 and M33 may indicate that Apx interferes with cold signal transduction.

I Control
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a X % NS ¥ kkk Kk kk b
204 . o . . * * NS %kk%k %k NS %%
T | 2.0+
% L |
%00 Eosd b "
5 i . g N
= o = i i =
2 107 2 -
E 2 1.0+
: z
5 2
2 go.s-
-9
Y49 Yl Y38 M33 T8 W57 MIS 0.0-
Varieties Y49 Yl Y38 M33 T8 W57 MIS
Varieties
C kkkk kk %k kkkkkkkk NS *%k d *kk kkkk 3k kkk kk kkkk Xk

0.6

CAT (Units /mg protein)
APx (Units /g FW)
o
i
1
y

Y49 Y1 Y38 M33 T8 W57 MI8 Y49 Yl Y38 M33 T8 W57 MIS
Varieties Varieties

Figure 3. Influence of cold stress on leaf antioxidant and enzymatic antioxidants in jute varieties.
Plants under control (28 °C) and stress (5 °C) showed a response in: (a) Superoxidase dismutase (SOD)
activity, (b) Peroxidase (POD) activity (c) Catalase (CAT) activity and (d) APx activity. Different
significant level marked with *** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, and ns mean
non-significant.
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4.5. Non-Enzymatic Antioxidant Activities (TFC, TPC, and GSH)

Our findings showed that the controlled and low temperature-treated leaves accumu-
lated phenolic compounds differently during cold stress. Determining phenolic contents
in response to stress can help research the cultivation tolerance mechanism and crop loss
minimization. When exposed to stress, phenolic compounds serve as antioxidants and
activate the cell’s enzyme system [29]. In Figure 4a, it was noticed that most of the varieties
showed a decreasing trend in low-temperature treatment, whereas the Y49 and M33 vari-
eties showed significantly accelerated by 17.71% and 32.94%, respectively, and most reduced
level was observed in T8 (12.08%) and Y1 (11.75%) compared to non-stressed conditions.

Like TPC, total flavonoid content (TFC) was enormously accelerated in Y49 (23.96%)
and M33 (4.94%); whereas a high reduction rate was recorded in Y1, T38, T8, and W57
in stress conditions compared to control (Figure 4b). In the case of GSH, after 24 h low
temperature stress, GSH contents were significantly increased in varieties Y49 (78.66%),
M33 (45.65%), and M18 (4.86%) (Figure 4c). In contrast, the rest of the varieties demon-
strated a decrease from 10.82~47.99%. The higher GSH level and homeostasis enhanced
the antioxidant and glyoxalase systems’ activity to alleviate cold-induced damage in the
cold tolerant.
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Figure 4. Influence of cold stress on enzymatic and non-enzymatic antioxidants in jute varieties.
Plants under control (28 °C) and stress (5 °C) showed a response in: (a) Total polyphenol, (b) Total
flavonoid, and (c) GSH activity. Different significant level marked with **** p < 0.0001, *** p < 0.001,
**p <0.01, * p <0.05, and ns mean non-significant.

4.6. Principle Component Analysis (PCA)

PCA is a multivariate exploratory technique used to reduce the multidimensionality
of the facts and provide a two-dimensional map that explains the determined variance. In
the PCA analysis, eigenvalues greater than 1 were regarded as significant and loading plots
allowed for easy visualization of biochemical parameters and varieties of C. capsularis and
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C. olitorius (Figure 5). Cumulative PCA biplot contributes 88.36% of the total variability of
the studied parameters, while PC1 accounts for 78.98% and PC2 accounts for 9.38% of the
original data in this study. The angle of the trait vectors reflected the correlation of variables.
A lower angle between distinct factors pointing in the same direction suggested a strong
correlation between the respective varieties’ classification criteria. The broad spectrum
distribution of measured parameters in this biplot showed the differential correlation (posi-
tively and negatively to different PC groups) with each other. SOD, APx, proline, soluble
sugar, total polyphenols (TPC), and POD were clustered on the right upper side of the
biplot with positive loading, indicating that these parameters exhibited a significant degree
of positive correlation among themselves. Total flavonoids, CAT, GSH, total chlorophyll,
and carotenoid were all located on the right lower side of the biplot, indicating a positive
association between these measures. MDA and H;O, were detected on the left upper
section, indicating that these parameters had a strong negative and substantial association
with one another.
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Figure 5. Biplot for the first two principal components (PC1 and PC2) was shown using the principal
component analysis (PCA) with all measured parameters and 7 varieties.

Under the low-temperature stress, the varieties Y49 and M33 were clustered together
on the right side of the biplot with positive loading, and these two varieties were consid-
ered for low-temperature tolerance potential. The varieties Y38, T8, and Y1 were clustered
together in the direction of MDA and H,O; to the upper area of the biplot, and relatively
poor performance of different enzymatic and non-enzymatic antioxidants activities indi-
cated increased susceptibility to low-temperature stress. Whereas the varieties W57 and
M18 shifted to the lower portion and were classified as intermediate to cold stress.

4.7. Cluster Heat Map Analysis

Further, cluster heat map approach to hierarchical cluster analysis using the average
linkage via Ward’s method of agglomeration. According to the heatmap, seven jute varieties
were divided into three main groups based on their varieties’ potential (Figure 6) consistent
with PCA. The distribution pattern showed that cluster-I contained Y49 and M33 had
the highest mean STI (1.26) values based on physiological and biochemical parameters.
Therefore, the varieties in Cluster-I can be considered as low temperature-tolerant potential
varieties. On the other hand, three varieties viz. Y1, T8, and Y38 were clustered in Cluster-II
represented that sensitive group with the lowest mean STI (0.93). The rest of two varieties
(W57 and M18) were found in Cluster-III with moderate mean STI (0.98) value. Comparing
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the score plots to the cluster heat map revealed that the PCA score plots corresponded to
the HCA scores, suggesting tolerant, intermediate, and sensitive varieties.

g & 8

Figure 6. Cluster heat map results were obtained based on biochemical parameters in low-
temperature stress conditions.

4.8. Genotypic Variation under Cold Stress

In our study, radar plot examination of STI values revealed that the jute varieties
responded differently to cold treatment (Figure 7). The varieties Y49 and M33 had the highest
average STI values, while the variety T8 had the lowest for all parameters except MDA and
H>0O, concentration (Table 3). Under cold stress, the Y1, Y38, and T8 varieties collected
the highest STI of MDA and H,O, content, whereas M33 and Y49 varieties accumulated
the lowest STI of MDA and H;O, under the same conditions. Additionally, Y49 and M33
varieties maintained the higher STI value when exposed to cold stress conditions.
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M18 Y1 «+«0++ Soluble sugar
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=
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Figure 7. Radar plot represents the varietal variations in biochemical traits at low-temperature stress.
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Table 3. Stress tolerance index (STI) with their mean.

Soluble

Genotypes Total chl Carotenoid Sugar Proline SOD POD CAT APx MDA H,0, GSH TFC TPC Mean STI
Y49 0.98 -+ 0.0 2 1.00 ﬂac 0.01 125 f 0.04 1.68 ? 0.06 1.14 fac 0.04 121 f 0.07 152 % 0.01 144 % 0.07 117 f 0.02 1.12 ? 0.01 1.79 f 027 124 fac 0.05 1.18 % 0.03 1.29
0.66+001 094+001 079+008 1.17+006 08 +0.0 1.07+003 069+005 116+00 166+017 1.15+0.02 0.59+0.03 ¢ 0.88 £+ 0.02
Y1 c be b b be be d cd ab c cd 0.85.05 od 0.96

e 082+002 072+005 111+0.04 092£0.03 095+£0.06 0.67=+0.05 1.05 £ 0.0 191+£010 147+£006 0.61+006 0.82+0.02 0.77 £0.02
Y38 0.59 £ 0.0 d b b b o d cde a a od c d 0.96
M33 0.91 :li: 0.03  0.99 :at 001 117 :{i: 0.02 1.60 i: 0.02 1.10 ::: 002 124 ja: 002 127 :;: 001 1.82 :al: 017 1.12 :Ct 0.01 1.07 :Ci: 0.01 146 ;I: 0.11 1.05 4 0.0° 1.33 ja: 0.04 1.24
0.70 £ 0.01 0.80 £0.0 p 1.08+0.03 080+0.05 0.92+0.03 0.64 £0.0 095+0.01 149+£006 131+003 0524008 091+0.03 0.88=£0.04
T8 4 d 0.70 £ 0.0 b < 4 q de b b d < od 0.90
W57 0.80 & 0.0°¢ 0.9 :530.01 0.79 :g: 005 1.16 i: 0.06  0.80 :i: 0.02 0.99b:C|i10.01 0.94 :i: 0.02 0.85 + 0.0 1.17 :CI: 005 125 it 0.01  0.89 t:)lz 0.02 092 :i: 0.03  0.95 :i: 0.05 0.96
M8 0.85 ? 0.01 096 f 001 083 f 004 115 f 0.03 0.77 f 0.05 111 :E 0.01 087 dcz 0.02 1.23 i 003 1.18 f 0.03 145 4+ 002 1.05 f 0.05 092 4+ 0° 0.90 fcc 0.01 1.02

Significant difference at p < 0.05 probability level using LSD test. Values in the table represent of means and standard errors. Different lowercases indicate difference significant at 0.05 level.
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4.9. Correlation of Various Biochemical Parameters

Pearson’s correlation analysis was used to investigate the association between the
physiological and biochemical characteristics of C. capsularis and C. olitorius under conditions
of cold stress (Figure 8). Although most physiological and biochemical markers tested
correlated significantly, some indices were more tightly related than others. Different
physiological traits like photosynthetic pigment content (total chlorophyll) were observed
to be positively correlated with different enzymatic and non-enzymatic antioxidants but
negatively associated with reactive oxygen species (like HyO, and MDA contents). At the
same time, a strong positive significant positive correlation was observed between MDA and
H,0O;. It was observed that, in most cases, MDA and HyO, made a high negative correlation
with other enzymatic and non-enzymatic antioxidants. This high negative correlation
suggests lipid peroxidation caused by cold stress was the main reason for decreasing non-
enzymatic antioxidant activity and the occurrence of severe damage to jute varieties. In
comparison, other enzymatic antioxidants such as SOD, POD, CAT, APx, and GSH exhibit a
substantial positive connection with non-enzymatic antioxidants and physiological indices.
Pearson correlation coefficient data supported the cluster analysis conclusion.
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Figure 8. Pearson’s correlation analysis of different physiological and biochemical traits under
low-temperature stress.

5. Discussion

Like other tropical and subtropical plants, jute seedlings could be susceptible to
chilling temperatures, and the injuries are results of their susceptibility. This circumstance
shows dramatic reductions in the rates of many physiological characteristics when they are
under chilling stress. Chlorophyll is a necessary and vital biomolecule in photosynthesis,
serving as an absorber of light and a converter of light energy [30]. When plants are
subjected to low-temperature stress, chlorophyll biosynthesis is impaired, resulting in a
decrease in light harvesting [31]. It has been reported that plants with a high tolerance for
cold keep a constant chlorophyll content, while plants with low cold tolerance experience
a decrease in chlorophyll content [28]. The present study reported that except M33, all
varieties significantly reduced the chlorophyll content. This may be due to a cold-induced
increase in the activity of the chlorophyll degrading enzyme, chlorophyllase reported by
Noreen, 2009 [32]. It was also observed that varieties Y49 showed stable or less decreased,



Agronomy 2021, 11, 2547

14 of 20

whereas Y38 and T8 had a high level of changes compared to control. This indicates that
leaf chlorophyll content was better protected in Y49 and M33 varieties, probably because
of the high antioxidant enzyme activities.

Our study observed that varieties Y49 and M33 showed a less declining trend at
chilling than other varieties compared to their control condition. In our research, nearly
stable and small changes in chlorophyll and carotenoid contents in Y49 and M33 are
consistent with B. oleracea varacephalais a plant with good cold tolerance reported by Atici
et al. [33]. Like this, high chlorophyll stability index (CSI) under chilling stress in Y49 and
M33 varieties are considered superior among the varieties studied. Due to their genetic
heterogeneity and the difference in the method of defense, the examined varieties in our
study behaved differently than at the same low temperature.

In response to cold stress, total chlorophyll, stable, or low decrease was noticed in Y49
(1.17%) and M33 (14.08%) while Y38 and T8 recorded the highest change as decreased. The
lower fall in carotenoid concentration in response to cold stress compared to in chlorophyll
a or b content may reflect the activity of xanthophyll cycle carotenoids in releasing thermal
energy and protecting PSII reaction centers. It has been suggested that a decrease in chloro-
phyll biosynthesis in plants exposed to cold temperatures is partially due to the reduction
of 5-aminolevulinic acid biosynthesis [34]. Reduced photosynthetic pigments diminish
light absorption, and the greater decrease in carotenoid content than in chlorophyll a or
b content in Y49 and M33 may be related to the release of heat energy and protection of
PSII reaction centers by xanthophyll cycle carotenoids [35,36]. Numerous studies have
established that low-temperature stress impairs photosynthesis, as evidenced by decreases
in photosynthetic rate and pigment concentrations [37]

Proline is a well-established suitable osmolyte required to maintain osmotic balance
and stabilize cellular structures in plants under a variety of abiotic conditions [38]. Plants
protect their tissues from low-temperature damage by accumulating proline in the cells lead-
ing to a better osmotic adjustment by eliminating stress-induced excess H* and protecting
enzymes from denaturation [39]. It was believed that more significant proline accumulation
during stress conditions might account for a portion of plants” increased tolerance to cold
stress conditions by mitigating the ROS-induced oxidative damage [40]. In this experiment,
results showed that low-temperature stress significantly increased proline content where
a high increasing trend was observed in Y49 and M33 by 67.84% and 60%, indicating
that these two varieties improve the cold tolerance by scavenging ROS produced under
stress condition. Whereas lower increase was observed in Y38 (11.39%) and T8 (7.89%),
which reflected that these two have less radical scavenger activity. Moreover, in support of
the outcomes of the present study, several other scholars reported that tolerant varieties
accumulated a higher proline content than sensitive varieties during the low-temperature
treatment period in seedling of sugarcane [41] and grafted watermelon [42].

It has been proved that soluble sugars play a critical role in the process of cold toler-
ance. Soluble sugars protect plant cells from cold stress-induced damage in a variety of
ways, including as osmoprotectants, nutrition, and by reacting with the lipid bilayer [43].
In our study, varieties Y49 and M33 recorded high soluble sugar accumulation, where other
varieties displayed a decreasing trend compared to the control. The highest reduction was
displayed in Y1 (31.84%), followed by T8 and Y38 with 30.94% and 32.84 % respectively.
Thus, more accumulated varieties attained low-temperature tolerance by increasing mem-
brane cryostability. Increased membrane cryostability is required for freezing tolerance
since membrane instability is the main source of plant injury [44]. Considerable research
indicated that cold-tolerant varieties accumulated higher soluble sugar, especially sucrose,
which decreased significantly in the susceptible varieties [45,46].

It has been reported that cold stress increased uncontrolled ROS production, resulting
in lipid peroxidation, protein degradation, DNA degradation, and mutation. Lastly, it
affected cellular metabolism and physiology, impairing the plant’s membrane stability.
Normally, the breakdown of unsaturated fatty acids produced MDA as the primary product
in biological membranes. Likewise, greater HyO, accumulation in many cell compartments,
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including chloroplasts, mitochondria, and apoplastic space, relates to oxidative damage
in plants under cold stress [47]. Both MDA and H,O, are useful indicators for detecting
and monitoring oxidative stress in plants [48,49]. In the current study’s treatment groups,
lipid peroxidation was enhanced and triggered cell-produced MDA accumulation. It has
been shown that cold stress increases lipid peroxidation and H,O, concentrations, but
lesser accumulation observed in tolerant varieties suggests protection against oxidative
damage through a better regulating mechanism to control the synthesis of more MDA and
H,0; [47]. Our research showed that at low-temperature stress, MDA levels and H,O,
increased more pronouncedly in the Y1, Y38, and T8 varieties than other varieties compared
to control, indicating that the damage caused by cold injury in these varieties was more
severe than others. Among the tested varieties, less augmented MDA levels and H,O,
were noticed in Y49 and M33 varieties, indicating a greater ROS scavenging mechanism
effectiveness and higher tolerance to cold stress. The current research findings were similar
to those previously reported on sugarcane seedlings; tolerant seedlings showed the lower
MDA content while susceptible seedlings demonstrated higher MDA levels [41]. It also
noted that MDA content was lower in the treatment groups while proline content was
more elevated, and other radical scavenging enzymes were observed [50]. The enzymatic
antioxidant system may prevent the degradation of polyunsaturated fatty acids. Thus,
increased proline under cold stress helps adjust osmotic levels by reducing the MDA
content and improving the cell membrane.

Due to the increased electron leakage to molecular oxygen, unfavorable conditions
promote the generation of reactive oxygen species (ROS) such as HyO, (hydrogen peroxide),
O, ™ (superoxide), and OH_ (hydroxyl) radicals (Arora et al., 2002). An increase in ROS
accumulation under abiotic stress parallels increased lipid peroxidation. To mitigate HyO,
induced oxidative damage and lipid peroxidation caused by the accumulation of MDA,
plants increase their defense mechanisms against ROS by enhancing the ability of variety
components both enzymatic and non-enzymatic to detoxify ROS [51]. In our study, a
significant increase of SOD, CAT, POD, and APx were observed in the varieties of Y49
and T8 compared to other varieties and control conditions. It has been discovered that
increasing enzyme activity results in a decrease in MDA and H,O, concentrations below
those found in control plants [48]. SOD and CAT serve as the initial line of defense for
plants” antioxidative machinery. They prevent the production of more hazardous reactive
oxygen species (ROS) and play a vital role in intracellular H,O; signaling [52]. In the
initial stage, SOD catalyzes the dismutation of O, to HyO, and O, molecules. Hydrogen
peroxide is less toxic than superoxide radicals. On the other hand, POD enzymes catalyze
the conversion of HyO; to H,O and O,. Then, H,O; is detoxified by APx, POD, and CAT
in different organelles and antioxidant cycles [51]. CAT is an antioxidant enzyme with a
high capacity for rapidly HyO, scavenging and is more engaged in H,O, detoxification
(removes H,O, by breaking it down to create H,O and oxygen and oxidizes H* donors via
peroxide consumption), which is required for cold stress tolerance [53,54]. In the current
investigation, varieties (Y49 and M33) with a relatively high CAT activity accumulated
less HyO, and MDA than varieties with a relatively low CAT activity and vice versa. In
comparison, following 24 h of low-temperature treatment at 5 °C, the activity of CAT
increased up to 2.3-fold in cold-treated leaves compared to control leaves. Similar results
were also obtained from different studies; Zhang et al. stated that cold-tolerant banana
varieties demonstrated a significant increase in CAT activity under cold stress [55] and
winter-type wheat revealed much higher CAT activity than the spring type soybean plants
when exposed to cold [56].

GSH can be produced in both the cytosol and the chloroplast of the plant’s leaves,
which is the primary component of plants’ non-enzymatic antioxidant system. ROS detox-
ification in the chloroplast is known to be primarily carried out by the ascorbate-GSH
cycle due to its high reductive potential and electron donor properties; GSH could scav-
enge H,O,, or react non-enzymatically with 10,,0,°~, and *OH and protects the various
biomolecules by forming adducts (glutathiolated) or reducing them in the presence of ROS
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or organic free radicals [57]. However, GSH is a strong antioxidant in its own right; its
key role is to renew another hydrophilic antioxidant, ascorbic acid, mainly through the
Asc-GSH cycle. The APx directly reduces HyO, into H,O and O,, utilizing ascorbic acid
(AA) as areducing agent. Many researchers reported that increased APx activity can reduce
ROS levels and promote resistance to oxidative stress, whereas reduced APx activity can
decrease the cold tolerance of plants [58]. In our investigation, Y49 and M33 accumulated
high GSH by 78.66% and 45.65%, whereas APx activity increased by 44.35% and 71.78%,
respectively compared to control. This resulted in higher efficiency of the H,O-H,O and
ascorbate-glutathione cycles. On the other hand, APx is more likely to be responsible for
fine-tuning ROS in the signaling pathway, whereas CAT may be accountable for removing
excess ROS during stress [59,60]. On the other hand, much reduced APx content was
observed in Y38 and T8; as a result, these varieties cannot neutralize ROS under cold
stress and showed susceptibility to cold stress. Phenols (flavonoids, polyphenols) are a
large class of specialized metabolites found in plant tissue that exhibit antioxidant activity
due to their structure (aromatic ring with —OH or —OCHj substituents) [61]. They have
a high capacity for electron or hydrogen atom donation due to their quick stabilization
of generated phenol radicals. Additionally, by trapping lipid alkoxy radicals, they will
directly capture 'O, and reduce lipid peroxidation [62]. This procedure is helpful for
avoiding chilling harm and cell collapse during periods of cold stress [63]. According to
our results (Figure 4a,b), low temperature significantly increases total flavonoid in Y49
(23.97%) and M33 (4.94%), and polyphenols content increased 17.72% and 32.95% for Y49
and M33, respectively. In contrast, other varieties showed decreasing trend compared
to that of the control. For flavonoids highest decrease was recorded in Y1, Y38, and T8
(15.49%, 18.16%, 9.24%, respectively), whereas polyphenols in Y38 (22.62%) were followed
by Y1 (11.75%), and (12.02%). It has been reported that increased phenolic levels have been
shown to contribute to ROS detoxification, enhance phenolic compound accumulation in
plant cell walls, and increase cell wall thickness, showing that these compounds have a
role in stress tolerance at low temperatures [61]. The findings of this study were similar to
previous publications where the synthesis of phenolic compounds in plant tissue was seen
under abiotic stress [64—66].

Therefore, plants were resistant and adapted to low temperatures by alleviating oxida-
tive stress caused by low temperature and thus protecting the photosynthetic system [67,68].
Current experimental results revealed that different antioxidant and non-enzymatic an-
tioxidant activities at low-temperature stress had been changed; those are relevant to cold
tolerance. It was noted that the synergistic interactions of the SOD-POD-CAT-APx system
were found to be efficient in preventing oxidative damage in jute plants exposed to cold
stresses. Overall, the results indicated that cold indices, PCA, and cluster heat map gener-
ated a wide range of variability and could be used as credible approaches for screening
jute varieties and identifying tolerant varieties based on physiological and biochemical
performance under cold stress. From both of PCA and heat map, it was observed that
all varieties were placed in three separate groups. In cluster heat map analysis, Group
I (Y49 and M33 varieties) was low-temperature tolerance (MSTI 1.26) with improved
physiological and biochemical traits such as total chlorophyll, soluble sugar, proline, and
different enzymatic and non-enzymatic antioxidants activities. Whereas Group-II (Y38, T8,
and Y1) was low-temperature susceptible (MSTI 0.93) by displayed low level activates of
different antioxidants and osmolytes, thus these groups were identified as low-temperature
susceptible varieties. Groups-III (M18, W57) with MSTI 0.98 were moderately tolerant or
susceptible due to intermediate physiological and biochemical activities. Many researchers
revealed that cluster analysis could be a promising tool to screen the desirable varieties
based on the similarity [69]. The study thus explained the cold-tolerant mechanisms in jute
and verified the cold tolerance level of selected varieties.
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6. Conclusions

The selection of stress-tolerant genotypes might be a promising approach to alleviate
the detrimental effects of abiotic stress and cultivate natural fiber crop productivity in the
cooler regions. In the present study, the results show that the cold-induced inhibition of
growth was significantly ameliorated in Y49 and M33 varieties, as manifested by physi-
ological indices, such as much better adaptation with much higher chlorophyll, proline,
and soluble sugar contents; lower levels of ROS, and lipid peroxidation; higher enzymatic
antioxidant activities, especially SOD, POD, CAT, APx; and higher levels of non-enzymatic
activities like TFC, TPC, and GSH. On the contrary, Y38, T8, and Y1 varieties exhibited more
sensitivity by low temperature by increasing cell membrane damage through a high level
of MDA and H,O,. Furthermore, for PCA or cluster heat map, seven varieties created three
different groups effectively, where Cluster I (Y49 and M33) indicated the low-temperature
tolerant varieties. To summarize, our data demonstrate the role of several antioxidants and
non-enzymatic activities in modifying physiological and biochemical responses associated
with cold tolerance. Thus, the results would provide the theoretical guidance to the evalua-
tion of jute varieties under cold stress, cold tolerance response mechanisms, and cropping
adjustment on cooler regions.
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