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Abstract. Plants initiate lipid peroxidation or accumulate proteins to repair cell membrane damage
caused by low temperatures. However, a stationary low temperature simulation cannot accurately
explain plant tolerance to naturally low outside temperatures. Our study showed that there was a
strong negative correlation between the natural temperature decrease and the protein contents in
white clover roots, stems and leaves. The differences between the normal temperature (19 °C) and
low temperatures (0 °C and 5 °C) for lipid peroxidation, chlorophyll content, relative electrolyte
leakage, malondialdehyde (MDA) content, and superoxide dismutase (SOD) activity under the
stationary low temperature regime were significantly higher than under the natural low temperature
regime. While the difference between low temperatures and normal temperatures for relative water
content, free proline content, and superoxide anion radical production rates under the stationary low
temperature regime did not significantly change compared to the levels recorded under the natural
low temperature regime. This finding suggests that the results for low temperature tolerance by
white clover under the stationary low temperature by manual simulation regime are different from
the natural low temperature regime.

Introduction

Low temperature limits plant distribution on earth. It also decreases the yield and the quality of
agricultural products, and even causes plant death [1]. Plants have evolved a variety of efficient
mechanisms to cope with low temperature. The most conspicuous changes occur in cellular
membranes and to enzymes under low temperature stress conditions [2].

Membrane damage is accompanied by increased leakage of electrolytes and production of
reactive oxygen species (ROS). Elevated production of ROS can seriously disrupt cellular
homeostasis, which causes damage to lipids, proteins, and nucleic acid [3]. There are
non-enzymatic and enzymatic antioxidant mechanisms that eliminate the extra ROS in plants.
Furthermore, some osmotic adjustments, such as proline production, may protect cellular
membranes against low temperature stress [4].

White clover is extensively used across the globe as a cool season forage legume because it is
rich in proteins and very adaptable [5]. Some previous studies have suggested that there is a
correlation between increased antioxidant enzyme activity and cold resistance in white clover [6],
but these results were observed during short term, low temperature, and manual simulation
experiments where rapid temperature changes occurred [7]. Thus, they did not reflect the real
mechanisms that white clover uses to resist natural low temperature conditions. Therefore, this
study attempted to explore the different properties of white clover under stationary and natural low
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temperature regimes. Especially to what extent stationary low temperature represents the natural
low temperatures.

Materials and Methods

Plant materials and growth conditions. The outdoor white clover at Normal University
campus (Mianyang city, Sichuan Province, China) was chosen for the experiment. Mianyang is a
subtropical moist monsoon climate with mean annual temperature and mean winter temperature of
18-21°C and about 0 °C, respectively. So we choose 19 °C for normal temperature, 0°C and 5°C for
low temperature. The planted white clover variety was Haifa, Trifolium repens Linn., which was in
its second year of growth. Its optimum temperature for growth is 19-25°C. The sampling area was
randomly divided into 9m?3mX3m) plots, and the samples were collected using the S shape
five-point sampling method. The leaves, stems, roots, flowers, and fruits of the fresh samples were
blotted with filter paper and brought to the laboratory so that their physiological indexes could be
measured. From September to February of the next year, samples were taken every month between
7:00 am and 9:00 am. The maximum temperature, minimum temperature, and the temperature at the
time of sampling were recorded.

Sample preparation before measurement. The protein contents in the different tissues were
measured immediately after collection. The membrane lipid peroxidation indexes were measured in
the samples collected during October, December, and January. The samples were analyzed over two
days. On the first day, whole plant samples with root soil were wrapped in plastic film and placed in
a growth chamber. The temperature of the box was adjusted to the low temperatures (0°C and 5°C)
for 24h. Then the samples were removed and measured as the stationary low temperature regime
sample. On the second day, a replicate sample was analyzed immediately after collection from the
field and these results were taken as the natural low temperature regime sample. All the samples
were washed twice with distilled water and then dried with clean filter paper before measurements
were taken.

Measurement of relative water content and chlorophyll content in white clover leaves. We
measured the plant relative water content (RWC) according to following method. After plant fresh
weight (W1) was recorded when collected or prepared, the leaves were left to evaporate under room
condition for 2h and re-weighed (W2). RWC was calculated by (W1-W2)/W1 X 100%. The
chlorophyll content was determined in accordance with the following steps. Exactly 0.5g fresh
leaves were homogenized in 5SmL of pure acetone, and then centrifuged for 10minutes at 4,000rpm.
The total chlorophyll contents were determined in the supernatant by recording the optical density
at 664nm, 647nm, and 625nm.

Measurement of membrane lipid peroxidation in leaves of white clover. Proline (Pro) content
was determined as described following. The 0.5 g of fresh leaf samples was extracted with 5mL 3%
sulfosalicylic acid, then placed in a boiling water bath for 10 min, and filtered. The extract was
added to 6mL assay media containing 2mL 2.5 % ninhydrin solution and 2mL 17.5mol-L-1 acetic
acid, incubated for 30 min at 100°C, and then cooled. The coloured product was extracted with 4mL
toluene with shaking. The absorbance of the resultant organic layer was measured the optical
density at 520 nm. Pure proline was used as a standard Malondialdehyde (MDA) content was
measured according to the following steps. The 0.5 g of fresh leaf samples was homogenized with
5% trichloroacetic acid (TCA) and centrifuged at 4,000 g for 10 min. 2mL of extract was added to
2mL 0.6 % thiobarbituric acid (TBA) placed in a boiling water bath for 10 min, and the absorbance
at 532, 600, and 450nm was determined the optical density. The relative electrolyte leakage(REL)
was measured according to the following method. 10mL distilled water were added to infiltrate
every sample in vacuum. After digested for 3h at 250C, the conductivity(E1) of the samples were
measured. And then, the samples were boiled for 10 min, and cooled to 25 oC, added distilled water
up to 10mL, again measured the conductivity(E2). the relative electric conductivity of each sample
is calculated by E1/E2x100%.

Measurement of protein content and SOD activity. The activity of superoxide dismutase
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(SOD) was assayed in accordance with the following steps. The 0.5g fresh white clover leaves were
grinded with pre-chilled mortar and pestle at 0°C and total proteins were extracted with 0.05
mol-L™ pH7.0 ice-cold phosphate buffer (lmmol-L™* EDTA, pH7.8, 0.1% TritonX-100, Immol-L™
PMSF, 2%PVP). Homogenate was centrifuged with 4,000 rpm for 20 min at 4°C. The obtained
supernatant was the crude enzyme extract used for parallel tests of protein quantity and enzyme
activity. Protein content of samples was measured using Coomassie brilliant blue G250 dye-binding
assay with bovine serum albumin as a standard. When SOD activity was determined, adding
enzyme and reaction for 10 min, then rapid determination of the optical density under 560 nm, the
phosphate buffer without the enzyme solution as control.

Measurement of superoxide anion free radical production rate in leaves of white clover. To
measure the superoxide anion free radical production rate, the 5g fresh leaves were grinded with
6mL 65mmol-L™ pH 7.8 phosphate buffer, and then filtered by four layers of gauze. The filtrate was
centrifuged with 5,000 g for 10 min. 0.9mL phosphate buffer and 0.1mL 10mmolL™ hydroxylamine
chloride were put into 1mL supernatant, mixed at 25°C and cultured it for 20min. Added 0.5mL
17mmol-L* sulfanilic acid and 0.5mL 7mmol-L™ a-naphthylamine into 0.5mL culture solution, let
it reaction for 20min at 25°C. The mixed color liquid after reaction was fully shaken with the same
volume of n-butanol. The solution was stand until it becoming two layers of liquids. And the n-butyl
alcohol phase was taken and determined the optical density of 530nm, the phosphate buffer as
control.

Statistical analysis. Data are presented as the mean + standard deviation of three replicates. The
correlation analysis and the significant of correlation coefficient were tested using pearson
correlation of SPSS11.5 software, levels of significance are P<0.01 or P<0.05.

RESULTS

Changes to the Protein Content in the Different Tissues over the Growing Season. The air
temperature gradually decreased from 20°C of September to 0°C of January, and then increased
from January (Fig. 1A). In contrast, the protein content of the leaves, stems, and roots gradually
increased from October, reaching a peak in January, and fell back from January onwards (Fig. 1B).
Especially the protein content of the leaves, it increased from 33.27ug-g™*-FW™ in September to
166.13ug-g*-FW™ in January, and dropped to 151.79ug-g™*-FW™ in February. There were very
significant differences in protein content between November, December, January, and February,
compared to September (P<0.01). The correlation analysis showed that there was a very significant
negative correlation between protein content and temperature (P<0.01) (Fig. 1C). The correlation
coefficients were —0.9500, —0.9737 and —0.9897 for the leaves, stems and roots, respectively. The
protein content of white clover reproductive organs remained virtually the same from September to
November (Fig. 1D). However, the protein content in the fruit was higher than in the flowers. The
changes range of the protein content in flowers and fruits is between 16.44-19.33ug-g™*-FW™.
Furthermore, the flower and fruit protein content gradually dropped from October to November,
whereas there was little change in the protein contents in the flowers and fruits in the period before
they began to fall (P>0.05).
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Fig.1 The protein contents in the leaves, stems, and roots of white clover were negatively related to
the change in temperature.

A. The maximum, minimum, and sampling time temperatures between September and February of

the next year. B. The protein contents of leaves, stems, and roots of white clover under the natural

temperature regime. C. Correlation analysis between the protein contents of the leaves, stems, and

roots, and the temperature. D. The protein contents of white clover flowers and fruit between

September and November.

Changes in the Relative Water Content and Chlorophyll Content of White Clover Leaves
under the Natural and Stationary Low Temperature Regimes. The relative water content and
chlorophyll content of white clover leaves fell from 95.4 to 80.8 % and from 1.849 to 1.394 mg-g*,
respectively, as the temperature dropped (Fig. 2). There were no significant differences in the
relative water content of the leaves between 5°C and 0°C, and the normal temperature under the
natural low temperature and the stationary low temperature regimes (Fig. 2A). However the
chlorophyll content of the leaves was significantly different at 0°C compared to 19°C under the
stationary low temperature regime, but there was no significant difference under the natural low
temperature regime (Fig. 2B). Therefore the stationary low temperature regime at 0°C produced
different results for chlorophyll content than the natural temperature regime at 0°C.
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Fig. 2 The relative water content(A) and the chlorophyll content(B) of white clover leaves at 5 °C or
0 °C Membrane Lipid Peroxidation of White Clover Leaves under the Natural and Stationary
Low Temperature Regimes. The relative electrolyte leakage, the MDA content, and the free

Proline contents of white clover leaves all increased from 15.18 % to 26.54 %, 3.68 to 8.51umol-g™

and 18.26 to 45.62ug-g*-FW™, respectively, as the temperature fell (Fig.3). There were very

significant differences between the relative electrolyte leakage values at 19°C under the stationary
low temperature regime and the values at 5°C or 0°C (Fig. 3A). However, the differences between
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the 5°C and 0°C values under the stationary low temperature regime were not significantly different.
The MDA contents at 0°C were very significantly different from the values at 19°C for both the
natural and the stationary low temperature regimes, but the MDA contents at 5°C were only
significantly different from the value at 19°C under the stationary low temperature regime (Fig. 3B).
The values for free Pro content at 0°C were significantly different from the values at 19°C for both
the natural and the stationary low temperature regimes (Fig. 3C). Membrane lipid peroxidation in
white clover leaves under the natural temperature regime was significantly different from the
stationary low temperature regime. The stationary low temperature relative electrolyte leakage and
the MDA results at 5°C were significantly different than the natural temperature results at 5°C. The
stationary low temperature relative electrolyte leakage results were also significantly different from
the natural temperature results at 0°C.
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Fig. 3 The relative electrolyte leakage(A), the MDA content(B), and the free Pro content(C) of
white clover leaves at 5 °C or 0 °C.

Changes in SOD Activity and the Superoxide Anion Radical Production Rate in White
Clover Leaves under the Natural and Stationary Low Temperature Regimes. The SOD activity
and the superoxide anion radical production rate in white clover leaves under the natural and
stationary low temperature regimes both increased as the temperature fell (Fig. 4). The ranges is
between 100.81 and 201.53 U-mg™ for SOD activity, and between 0.457 and 18.427 U-mg™ for the
superoxide anion radical production rate. The SOD enzyme was more active under the stationary
low temperature regime than under the natural low temperature regime (Fig. 4A). There were
significant differences between stationary low temperature activities at 5°C or 0°C, and the values at
19°C (Fig. 4B). However there were no differences in activities under the natural low temperature
regime. The changes in the superoxide anion radical production rate were very significantly
different between 5°C or 0°C, and 19°C for both the natural and stationary low temperature regimes.
However, the superoxide anion radical production rate under the stationary low temperature regime
was 2 times greater than under the natural low temperature regime. The stationary low temperature
regime at 5°C and 0°C produced significantly different SOD activity results from the natural
temperature regime at 5°C and 0°C.
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Fig. 4 The SOD activity(A) and the superoxide anion radical production rate(B) in white clover
leaves at 5 °C or 0 °C.

Discussion
There has been considerable previous research into the mechanisms underlying plant tolerance to

low temperatures [8]. Arabidopsis is capable of cold acclimation, i.e., during a period of cold,
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non-freezing temperatures, its tolerance of freezing temperatures increases [9]. This process, also
referred to as cold hardening, involves many metabolic and developmental changes, which lead to
the accumulation of proteins and compatible solutes, and alterations in membrane composition [10].
Our study showed that protein content increased at low temperatures (Fig. 1A, Fig. 1B), and that
there was a significant negative correlation between the decrease in temperature and increased
protein content (Fig. 1C). This indicated that low temperature initiated the expression of cold
induced proteins and a rapid increase in protein content. Although protein accumulated at low
temperatures, there were differences in protein content between the different white clover tissues. In
this study, it was noticed that the protein contents in the flowers and fruit of the white clover did not
increase as the temperature fell (Fig. 1D), whereas they did in the leaves, stems, and roots. This may
be due to the fact that flowers and fruits only exist for a relatively short period of time. Although the
natural temperatures fell between September and October, the temperatures were still relatively high
during this period, at above 15°C, which is a suitable growth temperature for white clover. So the
protein contents in the leaves, stems, and roots remained substantially unchanged during this period.

Low temperatures first alter the membrane phase of the phospholipid bilayer. The change in the
membrane phase may inhibit cell membrane function, and the change in configuration may
influence membrane stability [11]. If the cell membrane ruptures, then the macromolecule
substances in the cells would exosmose. This could lead to the formation of ice in the intercellular
space and to a decrease in the osmotic pressure differential, which would increase cellular
dehydration. Cell membrane penetrability was evaluated by the relative conductance of the cell
membrane under cold stress [12]. In this study, as the temperature fell, the relative water and
chlorophyll contents in the white clover leaf cells both decreased (Fig. 2), which suggested that low
temperature stress damaged the plant cell membrane, and affected plant photosynthesis. However,
relative electrolyte leakage did not exceed 50% (Fig. 3A), which indicated that low temperatures
did not destroy the white clover leaf cell membrane system. Membrane damage can also be
evaluated by MDA production, which is considered to be the final product of lipid peroxidation in
the plant cell membrane [13]. In our experiment, the increase in the MDA content indicated that low
temperature stress caused some damage to the cell membrane and induced a rapid increase in MDA
(Fig. 3B). The free proline acts as an osmolyte to facilitate osmoregulation, which protects plants
from dehydration caused by cold stress by reducing plant cell water potential [14]. Our study
indicated that low temperatures led to the accumulation of free proline in the leaves of white clover
(Fig. 3C), and this was consistent with previous studies [15].

The production and metabolism of active oxygen in vivo is at equilibrium under normal
circumstances, but this balance is disrupted at low temperatures. Large amounts of active oxygen
and excess free radicals accumulate in vivo [16]. The function of SOD is to remove the H,O,
produced during oxygen metabolism and some of the free radicals produced from it. In this study,
the increase in SOD activity, combined with superoxide anion radical accumulation (Fig. 4),
strongly indicated that low temperature stress disrupted the active oxygen metabolism balance in
vivo, which led to the accumulation of active oxygen.

In summary, the 5°C or 0°C low temperatures increase membrane lipid oxidation and gradually
initiate the resistance system, which enhances protein expression levels, but do not destroy the cell
membrane system. This indicates that the white clover is resistant to continuously low temperatures
after the initial temperature decrease. Therefore, moderate acclimation under the natural low
temperature regime can increase the expression of low temperature induced proteins. We found that
there is considerable variability between the changes that occur in the plant under the natural low
temperature and stationary low temperature regimes, which indicated that plant low temperature
stress caused by the stationary low temperature regime was greater than the stress caused by the
natural low temperature regime.
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