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Abstract
Background: Due to the frequent occurrence of extremely low temperatures in northern China, the problem of alfalfa mortality during
overwintering requires urgent solutions to support the development of large-scale alfalfa production in the region. Understanding the
effects of winter irrigation and the alfalfa root collar diameter on physiological and biochemical cold resistance mechanisms in alfalfa
will be of great signi�cance to �nding such solutions.

Methods: In this study, alfalfa roots with different root collar diameters (3.50±0.10 mm, 5.25±0.10 mm, 7.00±0.10 mm) were subjected to
simulated winter irrigation (0 ml, 20 ml, 40 ml) and different low-temperature stress treatments (4°C, -10°C, -15°C, -20°C) in the laboratory.
The relationships between alfalfa root collar activity, relative conductivity and the nonstructural carbon and nitrogen contents and
antioxidant enzyme activity in the collar were explored.

Results: Low-temperature stress was the most important factor causing signi�cant changes in the physiological and biochemical indexes
of the alfalfa root collar, followed by the root collar diameter. Low-temperature stress and the root collar diameter had signi�cant effects
on nonstructural carbon and nitrogen levels and enzyme activity (except POD activity) in alfalfa root collars, and winter irrigation had
extremely signi�cant effects on the nonstructural nitrogen contents of alfalfa root collars. The larger the diameter of the root collar was,
the higher the soluble protein content and the stronger the SOD activity. Simulated winter irrigation increased the C/N ratio in the alfalfa
root collars. The increases in nonstructural carbon content, C/N ratio and SOD activity in alfalfa root collars helped improve alfalfa cold
resistance.

Conclusions: Alfalfa resists low-temperature stress by adjusting the proportions of nonstructural carbon and nitrogen as well as the SOD
activity in the root collar. Therefore, fertilization, early sowing and other management measures should be adopted to ensure healthy
alfalfa growth and thereby increase the root collar diameter of alfalfa grown in cold regions in northern China. Moreover, timely
supplementary irrigation to reach soil saturation in winter can play an important role in improving cold resistance in alfalfa.

Background
Temperature affects not only the geographical distribution of alfalfa but also the sustainable utilization of arti�cial alfalfa (Medicago
sativa L.) grasslands. In recent years, alfalfa production in northern China has experienced great losses due to freezing damage caused
by low temperatures. Although overwintering problems have long plagued alfalfa production, they have not received enough attention [1].
Due to the continuous expansion of alfalfa planting areas and the rapid development of the alfalfa industry in recent years, overwintering
problems have become critical constraints on the successful establishment and sustainable utilization of arti�cial alfalfa grasslands in
northern China.

Arukerqin Banner, Chifeng city, which is known as the capital of Chinese grass production, has a large-scale alfalfa planting area of more
than 70 000 hm2 in a sandy grassland [2]. In recent years, in the water-saving irrigation planting area of the Chifeng sandy land, alfalfa
mortality during overwintering has occurred intermittently. For example, in 2014, the mortality rate of overwintering alfalfa under water-
saving irrigation reached 50%. In the spring of 2016, the overwintering survival rate in large-scale alfalfa planting areas was low. In 2018,
the overwintering survival rate of alfalfa was less than 50%, which caused great economic losses to businesses, farmers and herders [3].
The low overwintering survival rate of alfalfa in sandy lands has seriously affected the enthusiasm of businesses, cooperatives, farmers
and herders for planting alfalfa and has restricted the development of the alfalfa industry in Inner Mongolia. The key to the success of
the construction and sustainable utilization of arti�cial alfalfa grasslands is to adopt reasonable management measures to improve cold
resistance in alfalfa [3].

Many studies have been performed on alfalfa cold resistance worldwide [4–7]. The results of such studies have shown that cold
resistance in alfalfa is related to the activity of root protection enzymes [8–12]. Kou et al. [13] and Zhu et al. [14] showed that alfalfa could
resist freezing injury by enhancing the activity of antioxidant enzymes in the root collar during a low-temperature stress period. In
addition to the close relationship between the activities of antioxidant enzymes and cold resistance in alfalfa, the contents of
nonstructural carbon and nitrogen in the alfalfa root collar also exhibit different responses to low temperatures [15–17]. Krasnuk et al. [18]

showed that low-temperature stress could signi�cantly increase the content of soluble protein in alfalfa roots. Trunova [19] and Wilding et
al. [20] considered that an increase in soluble protein content helped to improve cold resistance in plants. Nan et al. [21] showed that the
soluble protein, proline and soluble sugar contents in alfalfa root increased with decreasing temperature. In addition, the free proline in
plants is an important osmotic regulator that plays an important role in maintaining the osmotic balance between the protoplasm and
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the environment [22]. Alfalfa can resist low-temperature stress with its own protective mechanisms within a certain temperature range, but
its cold tolerance threshold and its physiological and biochemical processes under different low-temperature stresses need to be further
studied.

Whether alfalfa can safely survive the winter depends on the strength of its cold resistance mechanisms but is also in�uenced by
environmental factors and agricultural practices. Winter irrigation and early sowing play important roles in improving cold resistance in
alfalfa.

Sun et al. [23] proposed that the key reason for the success or failure of alfalfa regrowth in spring is winter irrigation. Winter irrigation can
increase soil moisture levels, improve the heat preservation ability of soils, slow the decline in soil temperatures, help alfalfa resist
damage from severe cold, help surface soils freeze, improve the ability of soil to resist wind erosion, and help alfalfa resist severe cold
and drought stress in the following spring [24, 25]. Schwab et al. [5, 26] found that the thicker the root collar was, the stronger the cold
tolerance of alfalfa. Timely and early sowing is conducive to normal alfalfa growth and development. It allows alfalfa plants to have a
long enough growth period to synthesize and transport su�cient nutrients for storage in the roots; having more nutrients stored in roots
in the winter is conducive to safe overwintering for alfalfa. However, the contributions of winter irrigation and the root collar diameter to
alfalfa cold resistance and the mechanisms of the physiological and biochemical changes in alfalfa during this process are still unclear.
This study aimed to explore the physiological and biochemical mechanisms of cold resistance adaptation in alfalfa plants with different
root diameters after simulated winter irrigation. Because of the complex environment and the many uncontrollable factors in the �eld, in
this study, alfalfa roots with different root collar diameters were treated with low-temperature stress after simulated winter irrigation in the
laboratory. The effects of low temperature, water application and root collar diameter on various physiological and biochemical indexes
of the alfalfa root collars were analyzed. Exploring the factors affecting alfalfa overwintering in a sandy land and the physiological and
biochemical mechanisms of root collar cold resistance will be of great signi�cance for guiding e�cient alfalfa production in the cold
areas of northern China.

Results
As shown in Table 1, the alfalfa root collar diameter and low-temperature stress had signi�cant effects on all physiological and
biochemical indexes of the root collar except for POD activity. The simulated winter irrigation treatment had signi�cant effects on the
relative conductivity, activity, free amino acid content, soluble protein content and nonstructural C / N ratio of the alfalfa root collar but
had no signi�cant effects on the soluble sugar and starch contents or antioxidant enzyme activity of the root collar. The interaction of the
root collar diameter and low-temperature stress had signi�cant effects on all physiological and biochemical indexes except the soluble
sugar content. The interaction of the root collar diameter and winter irrigation had signi�cant effects on alfalfa root collar activity and the
C/N ratio. The interaction of low-temperature stress and winter irrigation had signi�cant effects on alfalfa root collar activity and soluble
protein content. The interaction of the root collar diameter, low-temperature stress and winter irrigation had signi�cant effects on the
relative conductivity; activity; soluble sugar, starch, malondialdehyde contents; and C/N ratio of the root collar but had no signi�cant
effect on the other physiological and biochemical indexes.
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Table 1
Effects of treatment and interaction on physiological and biochemical indexes of alfalfa

Treatment

Index

RCD LTS SWW RCD×LTS RCD×SWW LTS×SWW RCD×LTS×SWW

df F-value df F-value df F-value df F-value df F-value df F-value df F-value

RC 2 18.199** 3 329.989** 2 3.706* 6 8.764** 4 1.022 6 2.134 12 2.623**

RCA 2 4.542* 3 329.441** 2 3.622* 6 11.79** 4 7.731** 6 3.784** 12 2.791**

SS 2 24.662** 3 36.148** 2 1.321 6 2.104 4 1.801 6 0.715 12 1.999*

S 2 21.602** 3 68.135** 2 2.374 6 7.465** 4 1.809 6 1.241 12 2.044*

FAA 2 9.204** 3 37.678** 2 6.137** 6 3.978** 4 0.836 6 1.712 12 1.785

SP 2 24.001** 3 81.683** 2 8.936** 6 8.243** 4 2.118 6 2.606* 12 1.681

SOD 2 5.902** 3 6.329** 2 0.047 6 6.323** 4 2.241 6 0.130 12 1.052

POD 2 0.626 3 2.603 2 1.021 6 3.158** 4 1.740 6 0.295 12 1.076

CAT 2 3.476* 3 15.002** 2 0.472 6 2.418* 4 1.812 6 1.209 12 1.004

MDA 2 7.335** 3 4.661** 2 0.737 6 3.039* 4 1.259 6 1.448 12 4.436**

C/N 2 35.204** 3 85.712** 2 4.465* 6 5.821** 4 3.334* 6 1.523 12 4.044**

RCD, LTS and SWW represent the alfalfa root collar diameter, low-temperature stress and simulated winter irrigation treatment,
respectively. RCD × LTS, RCD × SWW, LTS × SWW and RCD × LTS × SWW represent the interactions among the RCD and the
treatments. RC, RCA, SS, S, FAA, SP, SOD, POD, CAT, MDA and C/N refer to the relative conductivity; activity; soluble sugar, starch, free
amino acid, and soluble protein contents; superoxide dismutase, peroxidase, and catalase activity; malondialdehyde content and
nonstructural carbon to nitrogen ratio of the root collars, respectively. df and F-value refer to the degrees of freedom and the F value,
respectively. * : The treatment had a signi�cant effect on the index at the 0.05 signi�cance level; ** : the treatment had a signi�cant
effect on the index at the 0.01 signi�cance level.

In this experiment, the RI was used to characterize the effects of the root collar diameter, the treatments (temperature and winter
irrigation) and their interactions on the physiological and biochemical indexes of the alfalfa root collars. Figure 1 shows that the low-
temperature stress treatment had the greatest impact on the physiological and biochemical indexes of the alfalfa root collars, followed
by the root collar diameter and the interaction between the root collar diameter and low-temperature stress; the winter irrigation treatment
and the interactions related to the winter irrigation treatment had little impact on the physiological and biochemical indexes of the alfalfa
root collars.

With decreasing stress temperature, the alfalfa root collar activity decreased gradually (Fig. 2). The activity of the root collar at 4°C was
signi�cantly higher than that at -10°C, − 15°C, and − 20°C. The activity of the root collar at -20°C was the lowest, at 0.1076 µ g·g− 1·h− 1.
When the temperature reached − 15°C, the relative conductivity of the alfalfa root collar did not increase with decreasing temperature. The
relative conductivity at 4°C was the lowest and was signi�cantly lower than that in the other low-temperature treatments. There was no
signi�cant difference in relative conductivity between − 15°C and − 20°C.

As shown in Fig. 3, with decreasing temperature, the contents of soluble sugars and free amino acids and the POD activity in the alfalfa
root collar increased, decreased, and increased again. These indexes reached peak values at − 10°C; they decreased signi�cantly from − 
10°C to − 15°C and increased signi�cantly from − 15°C to 20°C. The soluble sugar content and POD activity reached a maximum at -20°C,
and the free amino acid content reached a maximum at -10°C. The starch content, C/N ratio, SOD activity, CAT activity and MDA content
of the alfalfa roots decreased with increasing temperature. The starch content, CAT activity and MDA content were the highest at − 10°C;
these values were signi�cantly higher than those at 4°C and − 20°C. The C/N ratio and SOD activity were the highest at − 15°C; these
values were signi�cantly higher than those at other temperatures. Among the various indexes, the soluble protein content was the only
index to decrease �rst and then increase with increasing temperature; it reached a minimum at − 15°C and was signi�cantly lower than at
other temperatures, then increased nonsigni�cantly at 4°C and − 20°C.

As shown in Fig. 4, the treatments with no and 20 ml of winter irrigation had no signi�cant effect on the relative electrical conductivity or
root collar activity of alfalfa. However, when 40 ml of winter irrigation was added, the relative electrical conductivity of the alfalfa root
collar increased signi�cantly, while the root collar activity decreased signi�cantly. The temperature changes in the temperature control
boxes are different from those that occur in �eld soil. The temperature change in a temperature control box affects the whole box, and
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the whole root system of alfalfa experiences the external low-temperature stress at the same time. In the �eld, soil temperature change is
a slow, gradual process that begins with a change in the air temperature and progresses downward from the soil surface.

As shown in Fig. 5, With the increase in the amount of simulated winter irrigation applied, the contents of starch, soluble protein and free
amino acids in the alfalfa roots decreased gradually, and they decreased signi�cantly compared with those in the control when 40 ml of
simulated winter irrigation was applied. The C/N ratio increased with the increase in applied simulated winter irrigation, and the C/N ratio
under 40 ml of winter irrigation was signi�cantly higher than that under no irrigation. The soluble sugar content; SOD, POD, and CAT
activities, and MDA content were not signi�cantly affected by the simulated irrigation.

The root collar diameter had certain effects on the relative conductivity and activity of the root collars (Fig. 6). With the increase in root
collar diameter, the relative conductivity decreased signi�cantly. The activity of the root collar was not signi�cantly different between 3.5
cm and 5.25 cm but increased signi�cantly compared with that at 5.25 cm when the diameter of the root collar reached 7 cm. This result
indicated that the larger the diameter of an alfalfa rhizome is, the weaker the effect of low-temperature stress.

As shown in Fig. 7, The soluble sugar, starch and free amino acid contents and the C/N ratio were the highest and were signi�cantly
greater than those at 5.25 cm when the diameter of the root collar was 3.5 cm. The starch content, free amino acid content and C/N ratio
were not signi�cantly different between 5.25 cm and 7 cm in collar diameter. The contents of soluble protein and MDA increased with
increasing root collar diameter, but the activity of SOD decreased signi�cantly. The CAT activity at 5.25 cm was signi�cantly higher than
that at 3.5 cm and 7 cm. In addition, the diameter of the root collar had no signi�cant effect on POD activity in the root collar.

The correlation analysis between the diameter class and treatments and the indexes showed that there was a signi�cant negative
correlation between the root collar diameter and the starch content, soluble protein content and C/N ratio in the root collar. There was a
signi�cant negative correlation between the treatment temperature and the relative conductance, soluble sugar and C/N ratio of the
alfalfa root collar and a signi�cant positive correlation between the treatment temperature and the root collar activity (Table 2). There
was a signi�cant negative correlation between the winter irrigation level and the contents of free amino acids and soluble protein.

 
Table 2

Correlation analysis between treatment and physiological and biochemical indexes of alfalfa root collar
Index

Treatment

RC RCA SS S FAA SP SOD POD CAT MDA C/N

RCD -0.174 0.082 0.035 -0.252** -0.169 0.317** -0.269** -0.070 0.036 0.266** -0.284**

LTS -0.861** 0.888** -0.441** -0.006 0.031 0.341** -0.107 -0.072 0.184 0.089 -0.464**

SWW 0.059 -0.073 -0.057 -0.106 -0.206* -0.190* -0.020 -0.097 0.059 -0.087 0.130

**: Represents a signi�cant correlation at the 0.01 level (P<0.01), *: Represents a signi�cant correlation at the 0.05 level (P<0.05).

The relative conductivity and activity of the root collar are important criteria for characterizing cold resistance in alfalfa. The results
showed that the relative conductivity of the alfalfa root collar had a very signi�cant positive correlation with the soluble sugar content
and C/N ratio, a signi�cant positive correlation with the starch content and SOD activity, a very signi�cant negative correlation with the
soluble protein content, and a signi�cant negative correlation with the free amino acid content (Table 3). The root collar activity was
negatively correlated with the soluble sugar content and C/N ratio and positively correlated with the soluble protein content and CAT
activity.

  
Table 3

Correlation analysis of relative electrical conductivity, root collar activity and physiological and biochemical indexes of alfalfa
Index SS S FAA SP SOD POD CAT MDA C/N

RC 0.301** 0.227* -0.191* -0.469** 0.190* 0.060 -0.130 -0.174 0.619**

RCA -0.387** -0.040 -0.047 0.351** -0.112 -0.043 0.275** 0.118 -0.474**

**: Represents a signi�cant correlation at the 0.01 level (P<0.01), *: Represents a signi�cant correlation at the 0.05 level (P<0.05).
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Discussion
Understanding the physiological and biochemical mechanisms of cold resistance in alfalfa under different winter irrigation levels and
different diameters of alfalfa root collars is very important for improving cold resistance in alfalfa. Alfalfa overwintering is a complex
process that can be considered to include biological (fungi, bacteria, etc.) and abiotic (frost, frost heaving, drought, etc.) stress factors [4].
When plants are damaged by low temperatures, the permeability of the cell plasma membranes changes greatly, and electrolytes are
exosmosed to varying degrees. Cells with strong cold resistance or little damage not only have low permeability but can also reverse their
permeability, which allows them to easily return to normal conditions; in contrast, cells with weak cold resistance or severe damage
cannot return to normal, which leads to injury or cell death [27]. Zhu et al. [28] showed that the root collar activity in alfalfa plants
decreased signi�cantly after low-temperature stress, while the relative electrical conductivity of root collars increased signi�cantly; cold
resistance in the plants could be determined by measuring the relative electrical conductivity and root collar activity of alfalfa. The same
conclusion was reached in this study. The results showed that the root collar activity and relative conductivity of alfalfa were extremely
sensitive to low temperatures. Therefore, the root collar activity and relative conductivity of alfalfa were used as important indexes for
analyzing cold resistance in alfalfa.

Previous studies have shown that increases in the soluble sugar, soluble protein and free amino acid contents in alfalfa root collars can
have a positive effect on improving cold resistance [19, 20]. However, the conclusion of this study is that the C/N ratio of the alfalfa root
collar increases due to an increase in the content of soluble sugar and a reduction in the contents of soluble protein and free amino
acids; both of these changes increase cold resistance in alfalfa. The content of nonstructural nitrogen in the root collar of alfalfa
increases after the overwintering period begins, but the increase range of the soluble sugar content in the root collar is greater than that
of nonstructural proteins, so the C/N ratio is also higher. This self-regulation mechanism for coping with low-temperature environments is
undoubtedly the most effective manifestation of alfalfa improving its cold resistance. Why did the contents of soluble protein and free
amino acids decrease during the early stage of the low-temperature treatment? They may have decreased because this experiment is an
indoor, controlled experiment. The temperature in the temperature-controlled boxes was lowered to the target temperature at 4°C per hour.
This temperature change is rapid compared with those in the �eld environment, and the self-regulation mechanisms in alfalfa roots may
have struggled to become activated within this short time period. Alfalfa improves its cold resistance by increasing the soluble sugar
content in its root collar and reducing the soluble protein and free amino acid contents to regulate the nonstructural C/N ratio. The C/N
ratio indirectly re�ects the contents of nonstructural carbon and nitrogen in plant tissues and is one of the indicators used to measure
plant stress resistance. Studies have shown that the higher the C/N ratio is, the more favorable it is for plant overwintering success [29].
The correlation analysis in this study also showed that the C/N ratio had a very signi�cant positive correlation with plant cold resistance.
Therefore, the value of the nonstructural C/N ratio in the alfalfa root collar can be used as the criterion for assessing cold resistance.

The increase in the activities of protective enzymes (SOD, POD and CAT) in the root collar of alfalfa plays an important role in improving
cold resistance in alfalfa. Wang et al. [30] summarized the research progress on cold resistance in alfalfa in Australia and showed that the
antioxidant enzyme activity of alfalfa roots was higher in cold, high-altitude areas than in other areas. Qi [31] showed that the activity of
POD in alfalfa leaves �rst increased and then decreased with decreasing temperature, indicating that alfalfa could resist low-temperature
stress by enhancing the activity of POD in leaves under short-term low-temperature treatments. In this study, as the temperature
continued to decrease, the activity of POD decreased, while the activity of SOD increased signi�cantly. Yang's study showed that the
activities of SOD, POD and CAT in the alfalfa root collar �rst increased and then decreased with decreasing temperature and reached a
maximum in early winter. In midwinter, the activities of the three enzymes �uctuated to varying degrees but decreased signi�cantly
overall. In this study, low-temperature stress had no signi�cant effect on POD activity in the root collar of alfalfa but had a signi�cant
effect on SOD and CAT activity, both of which �rst increased and then decreased with decreasing treatment temperature. However, the
difference between SOD and CAT was that SOD activity was the strongest at -15°C, while CAT activity was the strongest at -10°C.
Therefore, we suggest that the increase in SOD and CAT activities in the alfalfa root collar is conducive to cold stress resistance and that
when alfalfa reaches its stress tolerance limit, the enzyme activity will cease to increase.

Winter irrigation is considered to be an important management technique for reducing frost damage in alfalfa [32, 33]. To some extent, the
simulated winter irrigation in this study slowed the drastic change in soil temperature and thereby reduced freezing damage in the alfalfa
plants. The results showed that the C/N ratio of the alfalfa root collar increased with the increase in simulated winter irrigation, and the
C/N ratio was the highest when su�cient water was provided to saturate the soil. Therefore, the mechanism by which winter irrigation
increases cold resistance in alfalfa may be related to the metabolism of carbon and nitrogen in the root collar. Alfalfa root collars that are
larger in diameter will exhibit stronger activity in the root collar and lower relative conductivity; therefore, they will experience less damage
under low-temperature conditions. Moreover, there is a very signi�cant positive correlation between the root collar diameter and the
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soluble protein content, which indicates that the accumulation of soluble protein in the root collar helps to alleviate freezing damage in
alfalfa; this �nding is consistent with previous research results [14, 19, 20].

Conclusions
Low-temperature stress is the most important factor causing signi�cant changes in the physiological and biochemical indexes of alfalfa
root collars. Increases in the nonstructural carbon content and C/N ratio and the SOD activity in the alfalfa root collar help to improve
cold resistance in alfalfa. Alfalfa root collars had higher C/N ratios at the highest level of simulated winter irrigation. Alfalfa with larger
root collars had higher collar activity and soluble protein contents under low-temperature stress than alfalfa with smaller root collars;
these factors helped the alfalfa with larger root collars better resist low-temperature stress. Therefore, fertilization, early sowing and other
management measures should be adopted to ensure healthy alfalfa growth in the cold northern regions of China and to increase the root
collar diameters of alfalfa plants. In addition, timely supplementary irrigation to reach soil saturation in winter can play an important role
in improving cold resistance in alfalfa.

Methods

Field experiments
The experimental material was Gongnong No. 1 alfalfa (Medicago sativa L. Gongnong No. 1) provided by the Grassland Research
Institute of the Jilin Academy of Agricultural Sciences. The experimental site was located in the grass production base of Ar Horqin
Banner near the Nei Mongol Autonomous Region, China (coordinates 42°30′50.4″ N; 115°27′34.2″ E). The nutrient composition of the soil
is shown in Table 4. On July 1st, 2017, sowing was carried out by mechanical seeding at a rate of 22.5 kg·hm-2. 

Table 4
 Soil nutrient contents at the test site

Index Alkaline nitrogen
(mg·kg-1)

Available phosphorus
(mg·kg-1)

Available potassium
(mg·kg-1)

Organic matter
(mg·kg-1)

pH
value

Content 38.80 2.10 103.00 7.28 7.26

Sampling and measurements
Alfalfa roots were sampled during the soil freezing and thawing period on November 10, 2017, and the excavation depth was
approximately 20 cm. A Vernier caliper was used to measure root collar of alfalfa in the laboratory. The alfalfa roots were divided into
three categories by root collar diameter (3.50 ± 0.10 mm, 5.25 ± 0.10 mm and 7.00 ± 0.10 mm) and stored at 4 °C in a refrigerator. 

Experimental design of the low-temperature treatment
The sampled overwintering organs (roots) of alfalfa in the three diameter classes (3.50±0.10 mm, 5.25±0.10 mm, and 7.00±0.10
mm) were washed with distilled water. We grouped the treatments as shown in Table 5. Each treatment was repeated 3 times, and each
replicate included 10 alfalfa roots. The length of the roots in all treatments was standardized to 15 cm. The roots were placed side by
side on 30 cm × 20 cm pieces of absorbent cotton with a thickness of 3 mm. After wrapping the roots in the absorbent cotton, 0 (control),
20 ml (50% of the soil water-holding capacity) or 40 ml (80% of the soil water-holding capacity) of distilled water was sprayed onto the
wrapped roots. Finally, the cotton-wrapped roots were enclosed in 30 cm × 30 cm pieces of tin foil. Alfalfa root materials kept in a
refrigerator at a constant temperature of 4 °C were used as controls. The roots in the other treatments were placed into programmable,
temperature-controlled boxes for the low-temperature treatments. The target temperatures of the treatments were - 10 °C, - 15 °C and - 20
°C. Each temperature control box was set as follows: the starting temperature was 4 °C; the temperature was reduced to the target
temperature at a rate of 4 °C · h-1 and then maintained for 6 h; then, the temperature was raised at a rate of 4 °C · h-1 to reach room
temperature. The roots were then removed from the boxes and kept at 4 °C for 12 h, at which point the relevant indexes were measured [3,

28].
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Table 5
Experimental design

Treatment temperature  -10 °C 4 °C

Root crown diameter (mm) 3.5 3.5 3.5 5.25 5.25 5.25 7 7 7 3.5

Simulated winter irrigation (ml) 0 20 40 0 20 40 0 20 40  -

Treatment temperature  -15 °C  -

Root crown diameter (mm) 3.5 3.5 3.5 5.25 5.25 5.25 7 7 7 5.25

Simulated winter irrigation (ml) 0 20 40 0 20 40 0 20 40  -

Treatment temperature  -20 °C  -

Root crown diameter (mm) 3.5 3.5 3.5 5.25 5.25 5.25 7 7 7 7

Simulated winter irrigation (ml) 0 20 40 0 20 40 0 20 40  -

 Measurement indexes and methods [34-36]

After the low-temperature treatments, the alfalfa root collars (0-0.5 cm) were sampled with a blade and sliced for the determinations of
root collar activity, relative conductivity, nonstructural carbon and nitrogen contents and antioxidant enzyme activity. The root activity
was determined by TTC staining. The soluble protein content was determined by the Coomassie brilliant blue method. The soluble sugar
and the starch content were determined by anthrone colorimetry. The free amino acid content was determined by ninhydrin staining. The
malondialdehyde content was determined by the thiobarbituric acid method. Superoxide dismutase (SOD) activity was determined by the
nitro-blue tetrazolium method. Catalase (CAT) activity was determined by the UV absorption method. Peroxidase (POD) activity was
determined by the guaiacol method. The relative conductivity was measured by the electrolyte permeation method. The nonstructural
C/N ratio was calculated as C/N = (soluble sugar content + starch content) / (free amino acid content + soluble protein content) [37].

Statistical analyses
Microsoft Excel software was used for data calculation and tabulation, and SigmaPlot software was used to generate the �gures. SPSS
17.0 software was used to analyze the signi�cance of the variance of three factors (root collar diameter, irrigation level and temperature)
with regard to the relative electrical conductivity, activity, antioxidant enzyme activity and nonstructural carbon and nitrogen in the root
collars. The correlations between the physiological and biochemical indexes of the alfalfa root collar and the activity and relative
electrical conductivity of the root collar at low temperatures were analyzed. The response index (RI) was calculated as RI = (0.5x +
1.0y)/N, where x is the number of indicators that had a signi�cant impact, y is the number of indicators that had an extremely signi�cant
impact, and N is the total number of indicators. A treatment that had a signi�cant effect on the RI at P < 0.05 was recorded as a value of
0.5; a treatment that had an extremely signi�cant effect on the RI at P < 0.01 was recorded as 1.0; and a treatment that had no signi�cant
effect on the index (P > 0.05) was recorded as 0.
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malondialdehyde; C/N: ratio of unstructured carbon to nitrogen.
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Figures

Figure 1

Effect of treatment and interaction on response index. RCD, LTS and SWW represent the alfalfa root collar diameter, low-temperature
stress and simulated winter irrigation treatment, respectively. RCD × LTS, RCD × SWW, LTS × SWW and RCD × LTS × SWW represent the
interactions among the RCD and the treatments.
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Figure 2

Effect of low-temperature stress on the relative conductivity and activity of alfalfa root collars. RC and RCA refer to the relative
conductivity and activity of the root collar, respectively. 4 °C, - 10 °C, - 15 °C and - 20 °C refer to the target temperatures for the alfalfa
roots under the low-temperature treatments. Different lowercase letters indicate that the difference between low-temperature treatments
was signi�cant at the 0.05 level.
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Figure 3

Effects of low temperature stress on physiological and biochemical indexes of alfalfa root collar. SOD, POD, CAT, MDA and C/N refer to
superoxide dismutase activity, peroxidase activity, catalase activity, and the nonstructural carbon to nitrogen ratio, respectively. Different
lowercase letters indicate that the differences among low-temperature treatments were signi�cant at the 0.05 level.
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Figure 4

Effects of simulated winter irrigation on the relative conductivity and activity of alfalfa root collars. 0, 20 and 40 represent the simulated
winter irrigation treatments for the alfalfa roots, and different lowercase letters indicate that the difference between simulated winter
irrigation treatments was signi�cant at the 0.05 signi�cance level.
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Figure 5

Effects of simulated winter irrigation on the relative conductivity and activity of alfalfa root collars. SOD, POD, CAT, MDA and C/N refer to
superoxide dismutase, peroxidase, and catalase activity and the nonstructural carbon to nitrogen ratio, respectively. Different lowercase
letters indicate that the difference between simulated winter irrigation treatments was signi�cant at the 0.05 level.
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Figure 6

Effect of root collar diameter on the relative conductivity and activity of alfalfa root collars. Different lowercase letters indicate that the
difference between root collar diameter classes was signi�cant at the 0.05 signi�cance level.
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Figure 7

Effect of root collar diameter on the relative conductivity and activity of alfalfa root collars. SOD, POD, CAT, MDA and C/N refer to
superoxide dismutase, peroxidase, and catalase activity, and the nonstructural carbon to nitrogen ratio, respectively. Different lowercase
letters indicate that the difference between root collar diameter classes was signi�cant at the 0.05 signi�cance level.
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