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Abstract: Although Liliaceae are valuable resource plants with medicinal and edible uses, techniques
for evaluating their tolerance to various abiotic stresses are very limited. This study evaluated the
cold tolerance using visual inspection, electrolyte leakage, and Evan’s blue assay. Visual inspection of
the responses to different temperatures, using a temperature range of 4 to —12 °C, showed that Scilla
scilloides was receive the least damage. However, electrolyte leakage tests showed slightly different
results from visual inspection. The median lethal temperature (LT5p) was expected to be between —4
and —8 °C. The LT5y was considered a measure of damage due to electrolyte leakage in plant cold
tolerance evaluation. As a result of predicting the lethal temperature using the logistic regression
equation, the average LT5( of the four plants was —9.0 °C. The species with the lowest LT5y was
measured for Hosta plantagines (—11.14°C), whereas the highest LT5y was measured for Hemerocallis
fulva (—7.14°C). As a result of the Evan’s blue assay, it was found that cell necrosis occurred when the
plants were exposed to low temperatures. Visual observation showed that more than 50% of the three
plants’ cells, except for H. plantaginea, were stained blue even at 8 °C. From this result, H. plantaginea
was judged to have strong low-temperature tolerance. At —12 °C, more than 50% of the four Liliaceae
plants were colored blue, and the LT5j value was expected to be below —12 °C. The reducing sugar
content, an indicator of plant cold tolerance, was the highest in H. plantaginea, followed by S. scilloide
and H. longipes. Combining the three methods, H. plantaginea had the highest cold tolerance, followed
by H. longipes, S. scilloides, and H. fulva. The results of this study will be widely used in selecting
cold-tolerant useful resource plants.

Keywords: cold stress; electrolyte leakage; Evan’s blue assay; visual inspection

1. Introduction

Plants are continuously exposed to their natural environment. Plants are sometimes
damaged by abiotic stresses such as cold, heat, drought, and salinity [1]. As global warming
progresses, abnormal climate change occurs worldwide, including in the Korean Peninsula.
The Korean peninsula is becoming polarized, where summer is very hot and winter very
cold. In addition, due to irregular cold waves such as frost that suddenly appear in the
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early spring and winter, the plants can become frozen once they reach temperatures below
the limits that they can withstand [2]. Freezing injury is one of the most severe problems
during germination and early seedling growth.

Stress is any substance or stimulus that restricts plant metabolism, growth, devel-
opment, or crop productivity, and includes biotic and abiotic stresses [3,4]. Cold stress,
including chilling (0-15 °C) and freezing (<0 °C), is an abiotic stress that adversely affects
the growth and agricultural productivity of plants [5,6].

Generally, various methods for measuring plant life and death include visual inspec-
tion and electrolyte leakage [7]. The electrolyte leakage method, the TTC reduction method
(2,3,5-triphenyl tetrazolium chloride reduction), the regrowth test, etc., have been used
in the evaluation of the cold tolerance of plants [8]. Electrolyte leakage is generally the
first method used in evaluating cold stress among the other stress factors [9]. When plants
are exposed to cold stress, they lose membrane permeability, which results in electrolyte
leakage. The measured electrolyte leakage values can be applied to a non-linear regres-
sion curve to estimate the temperature at which the electrolyte leakage was 50%. The
derived LTs, values are also used to compare plant cold tolerance in each species [10,11].
Evan’s blue assay identifies plant cells’ death under heavy metal stress [12]. This method
allows for identifying dead cells visually using a microscope and comparing the species by
numerical percentage.

The numerical expression of low-temperature tolerance levels is often required in
temperature stress studies. The relationship between low-temperature stress and elec-
trolyte leakage has the form of an S-shaped response curve, and the temperature at which
50% of electrolyte leakage begins to be observed is defined as the median lethal temper-
ature, LT5p [10,13,14]. Estimation of the LT5y has been attempted primarily using linear
interpolation, the logistic model, and the Gompertz model [15].

The genus Lilium, a member of the family Liliaceae, contains about 110 to 115 taxa
and is mainly distributed in cold and temperate regions of the northern hemisphere [16]. It
is one of the most important flowering crops as cut flowers, horticultural plants, and potted
plants [17]. Liliaceae plants are ornamental, but flowers and bulbs, which are roots, are
used for food in China and Korea [18,19]. In oriental medicine and oriental medicine folk
remedies, lily is used for the treatment of bronchitis, pain relief, neuralgia, etc., and it is said
that it has effects such as moistening the lungs, affecting sleep, coughs, affecting the heart,
and softening the nerves. Lily bulbs contain various alkaloids, such as colchicine, ferulic
acid, p-coumaric acid, sinapic acid, capsanthin, starch, proteins, and fats [1]. However,
Liliaceae plants living in temperate regions struggle to survive due to global warming.
Temperature stress induces physiological and molecular-level changes in Lilium, affecting
growth and development [20]. For this reason, studies should be conducted to evaluate the
degree of damage suffered by such plants after a cold period.

Many studies have been conducted to test the tolerance of plants to abiotic stresses
resulting from climate change [21]. However, plant cold tolerance studies have mainly
focused on crops and fruits such as wheat, barley, pear, grape, and peach [22-25]. In
particular, these studies focus on cold tolerance tests by measuring electrolyte leakage. Cold
tolerance studies of Lilaceae plants are very rare. Xu et al. [26] predicted the thermotolerance
and cold tolerance of Chinese wild Lilium based on open plant and related environmental
data sets rather than physiological experiments. However, there is no study that approaches
the cold tolerance of four Lilaceae plants from a physiological point of view. The evaluation
of plant cold tolerance is still low in accuracy and reliability, so it is necessary to improve
its reliability.

The hypotheses for conducting this study are as follows. First, will the cold tolerance
of Liliaceae plants be measured using a combination of LT5 and visual inspection? Second,
can we anatomically observe the cell death of plant tissues in response to ROS stress in
Liliaceae plants? Third, is there is a relationship with biochemical defense substances
against cold stress, and what kind of compounds are they?
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This study used various cold resistance evaluation methods such as visual inspection,
electrolyte measurement, reducing sugar, anatomical evaluation of cell death and derivation
of nonlinear regression coefficient to confirm the cold tolerance of Liliaceae plants; these
were lacking in previous studies to determine cold tolerance.

2. Materials and Methods
2.1. Experimental Plants

The four Liliaceae (Hemerocallis fulva (L.)L., Hosta longipes (Franch. & Sav.) Matsum.,
Hosta plantagines (Lam.) Asch. and Scilla scilloides (Lindl.) Druce) used in this study were
obtained from Gyeongsangnam-do Forest Environment Research Institute (Jinju, Republic
of Korea). Seeds and plants of the Liliaceae plants were identified by Professor Hyun-
Sik Moon, Department of Forestry and Environmental Resources, Gyeongsang National
University, who majored in plant taxonomy. The seedlings were planted in the same sized
pots (top diameter: 16 cm, bottom diameter: 11 cm, height: 17 cm) containing soil composed
of peat moss, perlite, and vermiculite (1:1:1, v/v/v). Then, the seedlings were acclimated
for three months in the growth chamber under a photoperiod of 16 h illumination with a
light intensity of 25 umol m~2s~! and 8 h dark at 25 4- 1 °C. Similar sized seedlings were
collected to avoid experimental errors and used for further experiments. The plants used
in the study had an average height of 16.4 & 2.77 cm, an average diameter at the root collar
of 0.8 & 0.1 cm, and average leaf width of 6.73 + 0.52 cm?.

2.2. Cold Treatment

For the low-temperature treatment, the experiment was conducted by setting the inter-
val and setting the temperature referring to the method [27]. Low-temperature treatment
was initially applied at —6 °C at 12 h intervals. However, it was difficult to determine the
difference in damage to the plants. Instead of increasing the low-temperature treatment
time to —6 °C, the plants were treated at various temperatures to test the cold tolerance.

Plants at 25 °C were placed at 4° C for 48 h to precool. It was confirmed in a preliminary
experiment that the precooling treatment increases the survival rate after the treatment
at a temperature below the freezing point. Fully fledged low-temperature treatment was
performed at 0 °C for 30 min, —4 °C for 30 min, —8 °C for 30 min, and —12 °C for 30 min each.
After low-temperature treatment, the plants were placed again at 4 °C to recover (Figure 1).
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Figure 1. The low temperature treatment model of test plants used in this study.

2.3. Visual Inspection of Cold-Treated Plants

Cold treatment of Liliaceae plants was performed in a laboratory freezer (SH-75BS,
Seyoung Scientific Co., Republic of Korea). After cooling the plants for 48 h at 4 °C, the
cold treatment of all plants was carried out by allowing the plants to be cold at —6 °C
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intervals from 12 h up to 48 h. Specific standards quantified leaf damage rates according
to the method in [28]. The following scale recorded the visual damage from freezing:
0 =no damage, 1 = <10% damage, 2 = 11~50% damage, 3 = 51~90% damage, 4 = >90%
damage, 5 = dead.

2.4. Electrolyte Leakage and Prediction of Lethal Temperature

In order to measure the value of electrolyte leakage, 5 g of leaves were placed in a
15 mL tube and treated at a low temperature. The leaves were then placed in 25 mL of
distilled water and extracted in a shaker for 6 h. The electrolyte leakage value (L;) was
measured using a conductivity meter (VE 4810, Korea Scientifics, Seoul, Republic of Korea).
After the leaves were completely dead following treatment using an autoclave at 121 °C for
15 min, they were cooled down, and then we measured the electrolyte leakage value (L)
again. The relative electrolyte leakage (Rt, %) was calculated based on Equation (1) [9].
Ly
Rt (%) =100 x — 1)
Lim
The LT5p means the median lethal temperature (Figure 2). The LT5y represents the
temperature at which the electrolyte leakage level reaches the mid-point between the
lowest and highest levels. In this study, the temperature at which the electrolyte leakage
was over 50% was used, and this was a relatively easy method to compare plants [29,30].
The plant’s response to cold stress appears as a sigmoid curve in the lethal temperature
function [31]. Using the following basic formula (Equation (2)), the lethal temperature of
the plant was estimated. According to many previous studies, the relationship between
cold stress and electrolyte leakage also shows a sigmoid curve [10,32,33]. In this study, a
non-linear regression method was used to obtain the LTs.
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Figure 2. The value of LT5( at low temperatures.

The lethal temperature prediction has been applied via linear interpolation, using
the logistic model and Gompertz model [15]. To predict the LT5y temperature from the
basic sigmoid function (Equation (2)), the baseline logistic model (Equation (3)) was used
by setting the baseline level of the electrolyte leakage value (z), the slope of the inflection
point (k), and the LT5q (Tm) as parameters.

£(l) = @
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2.5. Measurement of Cell Death of Cold-Treated Plants

After the same temperature treatment, cells were well dyed with 1 mL of 1% (w/v)
Evan’s blue and incubated for 6 h. The cells were rinsed with deionized water. Dyed
leaf cells were photographed using a microscope at 200x magnification (BH, Olympus,
Japan). To figure out the extent of dyeing in the dead cells, they were dissolved in 50 mL
(w/v) ethanol which contained 2% (w/v) SDS at 60 °C for 30 min, and we measured the
absorbance at 500 nm. The leaves were treated in an autoclave at 121 °C for 15 min. The
obtained values were used to estimate the degree of cell death by using Equation (4).

Abs© — AbsNC
Inhibition index = —————— x 100% 4
Abs"C — ApsNC @)
AbsC: absorbance value of the cold-stressed sample; AbsNC: absorbance value of

negative control; Abs"C: absorbance value of positive control.

2.6. Determination of Reducing Sugar Contents

To find out how plants produce reducing sugars during the precooling period, we
treated plants at 4 °C (precooling temperature) for 48 h. The soluble reducing sugar was
assessed by the DNS (3,5-dinitrosalicylic acid) method [34]. After weighing 0.1 g of plant
leaves, the leaves were placed in a 15 mL tube containing 5 mL distilled water and extracted
for 30 min. The extracted solution, filtered through the filter paper, was added to the DNS
solution. Moreover, the output was measured by a UV spectrometer at 565 nm. The
obtained values were used to estimate the degree of reducing the sugar using Equation (5).

Abs25°C — Abs4°C

Reducing sugar Index = Ab25°C x 100% ®)

2.7. Selection of Cold-Tolerant Plants

Cold-tolerant plants were finally selected by estimating the lethal temperature us-
ing the above visual inspection, electrolyte leakage, Evan’s blue staining method, and
estimating lethal temperature by the logistic regression equation.

2.8. Statistical Analysis

The visual inspection data were analyzed using the non-parametric ANOVA analysis.
Duncan’s multiple range tests were used to test the statistical significance at o« = 0.05. The
baseline logistic regression model predicted the LT5( from the electrolyte leakage data. The
statistical analysis was conducted using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Visual Inspection of Cold-Treated Plants

The damage levels of Liliaceae plants at low temperatures were visually analyzed
(Figures 3 and 4). As the treatment time of all species increased from 0 to 48 h, the low-
temperature damage became larger. All the plant species were slightly damaged after 12 h
of cold treatment. They suffered some cold damage, and the low-temperature damage
ratings of these plants were between 0.3 and 3.0. H. fulva was the most affected species at
low temperatures, and S. scilloides was almost unaffected.

For the 24 h treatment, the visual damage of H. fulva and H. longipes were the same as
the result for the 12 h treatment. However, H. plantaginea and S. scilloides obtained 3 points
and 1 point, respectively, and it was judged that the visual damage increased.

In the case of 36 h of treatment, H. fulva and H. longipes showed the same points of 3.3.
However, H. plantaginea and S. scilloides had 3.3 and 1.3 points, respectively.
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After 48 h, the cold damage of the plant increased. The most damaged species among
the plant species was H. fulva. On the other hand, S. scilloides had the lowest visual damage.
In this study, the most tolerant plant to cold was S. scilloides, followed by H. longipes,
H. plantaginea, and H. fulva. As the treatment time increased, the visual damage increased,
and the degree of damage was different for each species.

3.2. Measurement of Electrolyte Leakage Value

The electrolyte leakage values of all of the species increased as the treatment tem-
perature reduced (Table 1). Thus, the lower the temperature, the greater the leakage of
electrolytes and the greater the cell membrane damage.

Control

Figure 3. The visual observations of different species, according to cold treatments. ((A): H. fulva,
(B): H. longipes, (C): H. plantaginea, and (D): S. scilloide.)

At 4 °C, plants’ electrolyte leakage values were 3—4 except for S. scilloides. The elec-
trolyte leakage value was not significantly increased at 4 °C compared to 0 °C in all four
species, the difference was 1%, and the electrolyte leakage was highest in S. scilloides. The
values at —4 °C were not significantly different from the 0 °C treatment except in H. plan-
taginea. The values at —8 °C increased rapidly except in H. plantaginea. H. fulva showed
more than 70% values, and the LT5j is expected to appear between —4 and —8 °C. At
—12 °C, since all of the plants had values above 50%, the LTsj is expected to show up
between —8 and —12 °C, except for H. fulva which has its LT5q values as already shown.
The values of electrolyte leakages at —12 °C were not statistically different. The results
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show that the LT5( of each plant appeared at temperatures above —12 °C, so the damage
after the LT5 is not much different. The LT5 is considered to be important in the ability
to measure damage by electrolyte leakage in the cold tolerance evaluation of plants. The
tolerance to low temperatures in this study was highest in H. plantaginea, followed by
H. longipes, S. scilloides, and H. fulva.
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Figure 4. The visual damage changes of different species, according to cold treatments. After cooling
the plants at 4 °C for 48 h, the plants were cooled again at —6 °C intervals from 12 h up to 48 h. Visual
damage of freezing was recorded as 0 = no damage, 1 = <10% damage, 2 = 11 to 50% damage, 3 = 51
to 90% damage, 4 = >90% damage, 5 = death. ((A): H. fulva, (B): H. longipes, (C): H. plantaginea, and
(D): S. scilloide.)

Table 1. Electrolyte leakage values of Liliaceae plants at different low-temperature treatments.

Electrolyte Leakage (Mean =+ SE, %)

Scientific
Name 4°C 0°C —4°C —8°C —-12°C
H. fulva 394074  43+059P 5740832 70749332 761413462
H. longipes 7+1.162 85+0.892  94+5892% 422+2416P 89.9+3.752
H.plantaginea ~ 2.4+037P  36+039P  39+1.047 4544825 76141092
S. scilloides 274055  374085P 7441532 10+24°  69.5+14.352

* The means with the same superscripts within a column are not significantly different at p < 0.05.
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3.3. Prediction of Lethal Temperature

The electrolyte leakage values above were obtained using a logistic regression equation
(Figure 5). It was necessary to cut the plant leaves to measure the electrolyte leakage, and
it was expected that the standard value (z) would be at least 0. The standard values
of electrolyte leakage (z) showed much difference, which was judged to be due to the
characteristics of each species. We also tried to obtain the inflection point temperature
(Tm) through this study, which was located in the middle of the curve. This temperature is
where more than 50% of electrolyte leakage occurs.
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Figure 5. Scatter plot and fitted electrolyte leakage curve under low temperatures. ((A): H. fulva,
(B): H. longipes, (C): H. plantaginea, and (D): S. scilloide).

Table 2 shows the LT5y values of the four Liliaceae plants obtained from the baseline
logistic function and the 95% confidence interval of the LT5j. The mean lethal temperature
of all four species was —9.0 °C. The value of H. fulva was —7.16 °C, which was the lowest,
and those of the other plants were in the order of S. scilloides and H. longipes. On the other
hand, the LTs of H. plantagines was —11.14 °C.

Table 2. The LT5 values obtained by electrolyte leakage under low temperatures.

Scienific Name Estimated Confidence Limits (95%)
Lethal Temperature (°C)  Lowest Temp. (°C)  Highest Temp. (°C)
Hemerocallis fulva -7.15 —8.44 —5.86
Hosta longipes —8.87 —9.71 —8.03
Hosta plantaginea —-11.14 -11.71 —10.58
Scilla scilloides —8.77 —9.68 —7.86

3.4. Determine the Degree of Cell Damage in Cold-Treated Plants

When the plants were exposed to low temperatures, the results showed that the lower
the treatment temperature, the darker the Evan’s blue dyeing (Figure 6). The completely
dead cells of the plants treated at —12 °C were stained with a deep blue color. All of the
species were not stained at 4 °C treatments, so it was judged that there was no damage.
Plants were dyed dark blue at 0, —4, —8, and —12 °C. At 0 °C, H. fulva, H. plantaginea, and
S. scilloides were stained blue, but H. longipes were almost not stained. However, H. plan-



Horticulturae 2023, 9, 751

9of 15

taginea and S. scilloides were stained dark at —4 °C, but H. fulva and H. longipes did not
change significantly. In visual observation, more than 50% of all three plants except
H. plantaginea were stained blue at 8 °C. From this result, it was judged that H. plantaginea
has strong tolerance against low temperature. At —12 °C, it was expected that 50% or
more of all four plants would be stained blue, and the LT5 value appeared below —12 °C.
However, since the degree of dyeing was different for each plant, it is considered that the
damage at low temperature was different for each plant.

Figure 6. Determination of the cell death rate of Liliaceae plants using Evan’s blue staining method.
((A): H. fulva, (B): H. longipes, (C): H. plantaginea, and (D): S. scilloide.)

As a result of staining with Evan’s blue reagent, the degree of staining and LT5y were
different for each temperature (Figure 7). The LTsy of H. fulva was highest (23%) at 4 °C,
and the LT5 values of H. longipes, H. plantaginea, and S. scilloides were less than 20% at
0 °C, while H. fulva had its highest value of 30% at 4 °C. At —4 °C, the LT5 values were
below 10% for all four plants. However, the LT5g values of H. fulva and S. scilloides reached
more than 50% at —8 °C. These two species were expected to have an LT5, value at about
—8 °C, and the other species’ tolerance at low temperatures were considered to be relatively
weaker. However, the LT5g values of the other two species appeared at lower temperatures.
At —12 °C, the LTj5q values of all four plants were more than 50%. The degree of dyeing
was in the order of H. longipes, S. scilloides, H. fulva, and H. plantaginea at —12 °C. From
the above results, H. plantaginea was more tolerant of low temperatures, followed by
H. longipes, S. scilloides, and H. fulva.

In order to select cold-tolerant Liliaceae plants, cold tolerance evaluation was per-
formed using visual inspection, electrolyte leakage, and Evan’s blue assay. Visual inspec-
tion, observed at —6 °C at 12 h intervals, showed that S. scilloides was most tolerant of low
temperatures, followed by H. longipes, and H. fulva. However, electrolyte leakage showed
slightly different results from visual inspection. In tests measured by the LTsy value,
the tolerance to low temperatures was highest in H. plantaginea, followed by H. longipes,
S. scilloides, and H. fulva. In the LT5p measurements using the baseline logistic function, the
value of H. fulva was the lowest, at —7.16 °C, and the values of the other plants were, in
order, S. scilloides and H. longipes.
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Figure 7. Changes in Evan’s blue staining appearance under low temperatures. ((A): H. fulva, (B): H.
longipes, (C): H. plantaginea, and (D): S. scilloide.)

4. Discussion

The Liliaceae showed different degrees of damage to low temperatures, and the
degree of damage increased with increasing treatment time. Plants can be divided into
cold-tolerant and -sensitive plants depending on their ability to survive under cold stress
conditions. Since stress tolerance mechanisms of plants may differ from species to species
at developmental stages, cold tolerance varies greatly depending on the species [35]. Sakai
and Weiser [36] reported that Pinus ponderosa, Pinus monticola, and Pinus controta, northern
pine trees, can withstand temperatures of —60 to —80 °C. On the other hand, the southern
pine trees, such as Pinus palustris and Pinus elliottii, can only survive to below —15 °C. Plants
suffer morphological changes, such as chlorosis, germination, necrosis, and wilting leaves
when subjected to low temperatures [37]. Based on the above changes, we performed the
visual inspection method.

However, since the experiential knowledge of the observer judges the visual measure-
ment method, it is not an objective judgment. Nonetheless, low-temperature plant damage
generally leads to changes in color [38], and these changes have been used as a critical
indicator of cold tolerance [39]. The visual inspection showed that S. scilloides was more
tolerant, followed by H. longipes, H. plantaginea, and H. fulva.

Visual inspection reported more stable results when mixed with other methods [38].
Visual inspection by the SPAD method or measurement of chlorophyll or photosynthesis
rate was more reliable than visual inspection alone [40]. This study performed an electrolyte
leakage test following the visual inspection.

The electrolyte leakage method is generally the method that most tests the response of
plants to low temperatures [41]. The measured electrolyte leakage value was applied to
the nonlinear regression curve to estimate the temperature at which the electrolyte leakage
was 50%. Furthermore, the induced LT5 values are used to compare the cold tolerance
of each plant species [10,11]. This study showed the same S-shaped curve as reported
in previous studies [42]. Lethal temperature predictions due to electrolyte leakage have
been shown to overestimate cold tolerance by predicting relatively low lethal temperatures
at low temperatures rather than actual plant regeneration [10,13,43]. However, since
this study aimed to compare and predict the lethal temperature between plants, it was
concluded that the cold tolerance comparison between plants was possible because the



Horticulturae 2023, 9, 751

110f15

experiment was carried out under the same conditions. Nevertheless, it is important to
find a way to compensate for the overestimation error in the cold tolerance for a more
accurate assessment.

The visual measurement results in this study had a high correlation with electrical
conductivity. The same results were reported due to measuring the damage from the sea
on Satsuma mandarin [44].

The Evan’s blue staining method has been extensively used to indicate cell death [45,46].
Plants exposed to cold stress show various phenotypic symptoms that include reduced leaf
expansion, wilting and chlorosis (yellowing of leaves), and may lead to necrosis (death of
tissue) [47]. Plants under low-temperature (both chilling and freezing) stress can induce
programmed cell death [48]. It was reported that tobacco BY-2 suspension cells exposed to
5-6 °C for 2-5 weeks progressively developed characteristic features of programmed cell
death, including DNA condensation and fragmentation (laddering) [49].

Furthermore, studies have been conducted on the way that the cell organelles of
cold-stressed plants respond to stress. Recently, cold stress has been shown to induce
the death of columella stem daughter cells and, in turn, induce DNA damage of rhizome
cells (early progeny), preventing the further division of columella stem cells [50]. It also
identifies plant cell death under stress conditions [12]. This method has been quantified
using naked microscopy to identify dead cells and to compare species [51]. The four lilies
were completely stained at —8 or —12 °C, respectively, and the LT5 values were at —8 or
—12 °C when compared with the degree of dyeing. That is, the degree of dyeing with the
Evan’s blue reagent was visually observed, and the damage to the cells became larger as
the temperature was lowered.

Xu et al. [26] divided the adaptability of Lilium to temperature stress into five groups
based on open-access plant and related environmental data sets. In addition, based on
multi-source data integrated at the taxon level, the heat and cold tolerance of Lilium was
predicted according to environmental conditions. As a result, among 42 taxa, individuals
with potential for heat or cold resistance were predicted as 13 taxa. As a result, among
42 taxa, individuals with potential for heat or cold resistance were predicted as 13 taxa.
The optimal temperature for Lilium growth is around 18-22 °C [52,53]. The cold-tolerant
group could withstand a cold environment below —5 °C [26]. Another previous study
showed that cold stress inhibited the growth of lily bulbs at —8 °C [54,55]. In this study, the
lowest temperature affecting cold tolerance was —8.44 to —11.71 °C, and the upper limit
temperature was —5.86 °C to —10.58 °C. In the case of H. plantaginea, the predicted lethal
temperature was —11.14 °C. Some of the plant species in this study, such as H. plantaginea,
were not included in the study species [26]. The difference in lethal temperature seems to
vary according to the plant species, but it is judged that the difference caused by the analysis
method is more significant. Measuring cold tolerance through physiological experiments
rather than climate data will enable the degree of tolerance to be judged more accurately.

Furthermore, the experiments in this study were conducted at an experimentally
controllable temperature; however, this is different from the temperature of the actual
natural environment. The point at which the LT5y appears in Nature may differ. However,
it was considered possible to compare the cold tolerance of each plant under the same
controlled conditions in the laboratory because the LT5 is the most sensitive and crucial
part of the cold tolerance measurement and is the most used measure to compare cold
tolerance between plants [56-58]. For a more reliable evaluation of cold tolerance, it is
imperative to conduct further research, especially in the field.

As a result of measuring the amount of reduced sugars, there was a difference between
the two species. Many studies have reported the relationship between sugar content and
cold tolerance in plants at low temperatures. Plants make osmotic substances to adapt
to cold stress [59]. Based on these studies, we measured how much reducing sugar is
produced during the precooling period when plants adapt to low temperatures. Sugar
accumulation is known to increase cold tolerance by effectively controlling cell membrane
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protection or cellular osmotic potential [60,61]. For this reason, H. plantaginea was judged
to have a strong cold tolerance because it has a relatively high level of reducing sugars.

In this study, the most cold-tolerant Liliaceae plant was H. plantaginea. H. plantaginea is
a cold-tolerant perennial plant of the Liliaceae plants, and about 70 species are distributed
worldwide. There are 40 to 50 species in the center of Korea, China, and Japan [62]. The
leaf shape of H. plantaginea is good, and some flowers have a scent, so it is widely used as
a flower bed and garden both in the East and the West. In recent years, leaves (patterned
species) have also been used as materials for potting and flower arrangements that can be
appreciated indoors. However, there are no reports of the cold tolerance of these species. A
similar study found that in Harbin City, China, we selected a species of the Liliaceae plants
that could survive in winter. Among Hosta undulate, H. plantaginea, and H. plantaginea cv.
Rosea, H. undulate has been reported to have the highest cold tolerance. This species is a
perennial plant and is expected to be used as a botanical plant on slopes as well as having
various pharmacological effects, and it is used indoor and outdoor horticultural plant.
Figure 8 shows the sequence of an efficient method for selecting Liliaceae cold-tolerant
plants and further measuring the cold tolerance of other crops.

* Growth inhibition * Visual inspection of cold treated plants
* Solute leakage * Measurement of electrolyte leakage value

l

* Activation of transcription factors
and stress responsive genes

l

* Prediction of lethal temperature

» Detoxification of reactive oxygen stress * Determination of cell death by Evan's blue
* Damage control and repair begins _— staining
* Osmolytes synthesis * Determination of reducing sugar content

|

Cold stress tolerance

Figure 8. Experimental method schematic for the selection of cold-tolerant plant species.

On the other hand, the LTs( of H. plantagines showed the highest value, at —11.14 °C.
As a result of staining with Evan’s blue reagent, H. longipes, S. scilloides, H. fulva, and
H. plantaginea were stained in that order at —12 °C, which was the lowest temperature. In
summarizing the above results, H. plantaginea is the most tolerant to low temperatures,
followed by H. longipes, S. scilloides, and H. fulva.

5. Conclusions

The results of cold stress in four species of Liliaceae plants satisfied all the hypotheses
mentioned above. First, it was confirmed that H. plantaginea had the highest cold resistance
by visual inspection and electrolyte leakage measurement. As a result of predicting the
lethal temperature using the logistic regression equation, the average lethal temperature
of the four plants was —9.0 °C. On the other hand, the LT5 of H. plantagines, which was
analyzed to have the highest cold resistance, showed the highest value, at —11.14 °C.
Second, the Evan’s blue assay could identify the cold-tolerant plant species more clearly by
measuring the cell death of plant tissues in response to ROS stress in Liliaceae plants. Third,
in Liliaceae plants, reducing sugars, a biochemical defense substance against cold stress,
were measured at higher levels as the temperature went down, consistent with previous
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cold resistance test results. As a result of this study, instead of measuring the cold resistance
of plants, a series of methods of predicting lethal temperatures based on visual inspection,
electrolyte leakage, and EC values and, finally, measuring cell death through anatomical
analysis can be used to determine cold-resistant plants more accurately. The results of this
study will be widely used to select cold-resistant plants other than the species of this study.
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