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Abstract: 14 

Background: Fall dormancy of alfalfa is significantly associated with its cold tolerance, 15 

while root, the main body of alfalfa for overwintering, is critical for the cold resistance 16 

of alfalfa. The effect of low temperature on mitochondrial ultrastructure and respiratory 17 

metabolism of alfalfa seedling root with different fall dormancy was examined, to study 18 

the root cold resistance mechanism by which fall dormancy affects alfalfa cold 19 

tolerance. Results: Low temperature induced mitochondrial swelling, and the decline 20 

of ATP and accumulation of H2O2 in alfalfa seedling root. Both the Cytochrome 21 

pathway (CP) and Alternative pathway (AP) respiratory rate were restrained and mETC 22 

complex I, II, III and IV activities were inhibited directly by low temperature in both kinds 23 

of alfalfa seedling root, while the decline of mETC complex II and III activities were 24 

more serious in Gannong No. 5. These results indicated that the damage of 25 

mitochondrial structure and the inhibition of mETC complex I, II, III and IV activities 26 

directly by low temperature declined the ATP synthesis and aggravated the ROS 27 
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accumulation, which inhibit the growth of alfalfa seedling root. Moreover, the lower 28 

damage on mitochondrial structure and mETC complex II, III activities and higher the 29 

percent of AP to total respiratory rate lead to the lower ATP lack and H2O2 accumulation, 30 

which contributed to the root growth of Xinmu No.4 seedling. Conclusions: Low 31 

sensitivity of mitochondrial structural stability and mETC complex II, III and Alternative 32 

respiration to low temperature contributed to the root cold resistance of alfalfa with low 33 

fall dormancy grade. 34 

Key words: low temperature; mitochondria; respiratory electron transport chain; fall 35 

dormancy; alfalfa seedling root 36 

 37 

Background 38 

Alfalfa (Medicago sativa L.), a perennial legume forage, is an important forage 39 

crop in many countries around the world，especially in China. However, in northern 40 

China, extreme weather, such as frost and cold tide in spring and low temperature in 41 

winter, often occur. The growth of alfalfa is threaten by cold and frost damage, and the 42 

alfalfa turning green would be significantly affected, which results in the drop 43 

production of alfalfa. 44 

Fall dormancy is defined as reduced growth during the fall that comes with 45 

reducing day length and temperature (Malinowski et al., 2007), and is correlated with 46 

improved winter survival in alfalfa, It is reported that, fall dormancy was significantly 47 

associated with cold tolerance (Wu et al., 2011). It is classified into three groups: 48 

dormant (1-3), semi-fall dormant (4-6), and non-dormant cultivars (>6) (Malinowski et 49 

al., 2007), among them, dormant cultivars produce short and prostrate shoots in 50 

autumn, exhibit slow stem elongation after summer harvest, and possess high winter 51 

hardiness and cold tolerance. While, non-dormant cultivars grow vigorously in autumn, 52 

forming long erect shoots, and resume rapid shoot elongation after cutting in summer 53 

and autumn, but own low winter hardiness and cold tolerance (Dhont et al., 2002; Rina 54 
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et al., 2011). 55 

The root is an important organ for absorbing, transporting, storing nutrients and 56 

water, directly affects plant regeneration. Its germination is important for alfalfa to 57 

overwinter and turn green. And the cold tolerance of alfalfa is closely related to its root 58 

(Zhang et al., 2003). At present, research about alfalfa root after low temperature 59 

mainly focuses on the development of root morphology (Nan et al., 2012), the 60 

relationship between root characteristics and environment factors, such as 61 

atmospheric CO2 (Bertrand et al. 2007) and Rhizobium Symbiosis (Liu et al.,2019). 62 

Duke and Doehlert (1981) reported that root functions (respiration, the ability to 63 

nodulate, and levels of various enzyme activities) increase to a greater extent or are 64 

more pronounced in hardy cultivars compared to those with lesser hardiness during 65 

the hardening process. While, Walton(1974) showed that those cultivars which showed 66 

greater frost hardiness under field conditions gave higher tissue impedance values and 67 

greater cell survival in the presence of sucrose than did the frost-susceptible cultivars. 68 

These reports indicated that energy metabolism of alfalfa root is important for its 69 

hardiness in low temperature.  70 

Respiration is the only source of energy in alfalfa root without chloroplasts. It is 71 

also one of the most important physiological processes for life, and an important 72 

indicator for measuring the strength of life activities. Mitochondria, the hub of cellular 73 

material metabolism and energy metabolism, plays an important role in the process of 74 

plant growth metabolism (Saks et al., 2007), and is also one of the main damage sites 75 

of stress (Jones, 2000; Lam et al., 2001). Mitochondria electron transport chain 76 

complexes are located in the mitochondrial inner membrane. Mitochondrial enzyme 77 

complexes interact and coordinate with each other to complete electron transfer and 78 

energy conversion. Only if all the structures and functions of enzyme complexes are 79 

intact and collaborative can mitochondria guarantee normal respiratory electron 80 

transport and ATP synthesis (Millar et al., 2001). So it is important to maintain the 81 

mitochondrial function for growth of alfalfa root under stress condition. 82 
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Here, the effects of low temperature stress on seedling root mitochondrial 83 

ultrastructure and respiratory metabolism of alfalfa with different fall dormancy were 84 

analysed by artificial temperature and light conditions. The changes of root vitality, ATP 85 

content and reactive oxygen species (ROS) in alfalfa seedling root were studied at low 86 

temperature, and the effect of low temperature on mitochondrial respiration, including 87 

different respiratory pathways and the mECT complexes activities of alfalfa seedling 88 

root were analysed. The effect of low temperature on the structure and function of root 89 

was explored to enrich the theoretical system between alfalfa's fall dormancy and cold 90 

resistance, and provide new ideas for genetic improvement of cold-resistant alfalfa 91 

varieties and breeding of cold-resistant varieties in the future. 92 

  93 

Results 94 

1 Effect of low temperature on growth, vitality of alfalfa seedling root  95 

 96 

Fig. 1 Effect of low temperature on growth, vitality of alfalfa seedling root. The length (A), vitality (B), 97 

ATP(C) and H2O2 content (D)of alfalfa seedling root after low temperature treatment. Data are the means 98 
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± SE of 3-5 independent measurements.  99 

The growth of alfalfa root was seriously inhibited by LT in both kinds of alfalfa 100 

seedling, indicated by the decrease of root length after the LT treatment. And the 101 

suppression of LT on growth in Gannong No.5 was more serious than that in Xinmu 102 

No.4(Fig. 1A). Moreover, LT caused a significant decrease in root vitality in both kinds 103 

of alfalfa seedling, and the decline of root vitality in Gannong No.5 was more serious 104 

than that in Xinmu No.4 (Fig.1B), which indicated that low temperature not only 105 

slowed root growth but also inhibited the root vitality. 106 

ATP is the only energy source that maintains root vitality and growth. Then the 107 

ATP was tested to explore the mechanism of low temperature slow the root growth. 108 

2 Effect of low temperature on ATP and ROS content of alfalfa seedling root  109 

LT caused the depletion of ATP in both kinds of alfalfa seedling root, and after the 110 

treatment for 72h, the ATP content declined to 27% of the control group in Xinmu No.4, 111 

while the decline of ATP in Gannong No.5 was 45%(Fig. 1C). Simultaneously, after  112 

LT treatment, intracellular H2O2 content significantly increased, approximately 1.6 113 

times of the control group in Xinmu No.4, while about 2.3 times in Gannong No.5(Fig. 114 

1D). These results showed that low temperature treatment induced ROS accumulation.  115 

Both the ATP synthesis and ROS production depend on the respiration 116 

metabolism, so respiration metabolism was targeted to explored the reason of ATP 117 

depletion and the production site of ROS, by which clarify the mechanism that low 118 

temperature inhibited the root growth.  119 

3 Effect of low temperature on mitochondrial ultrastructure in alfalfa seedling 120 

root 121 

The biological function of mitochondria is inseparable from the specific internal 122 

structure. Mitochondrial swelling degree is a hallmark of mitochondrial dysfunction[21]. 123 

The results showed that, the root mitochondrial structure of alfalfa was complete, the 124 

inner mitochondrial membrane was folded into cristae that permeate the soluble, 125 

internal matrix, and the intervals of mitochondrial cristae was obvious, both in gannong 126 
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No.5 and Xinmu No.4 seedling root under RT (Fig. 2A,B). After the LT treatment, the 127 

mitochondrial volume became larger, transparent blank parts appeared in the matrix, 128 

the original ordered specific structure was destroyed, intervals of mitochondrial cristae 129 

expanded, part of them disappeared, and increase of mitochondrial swelling degree 130 

was observed in LT-treated mitochondria as showed in Fig. 2C,D. Moreover, the 131 

increase of mitochondrial swelling degree was more serious in Gannong No.5than that 132 

in Xinmu No.4 (Fig. 2). This suggested that low temperature destroyed the 133 

mitochondrial integrity in alfalfa seedling root. 134 

 135 

 136 

Fig. 2 Effect of low temperature on alfalfa seedling root mitochondrial ultrastructure(30000×). The 137 

mitochondrial structure of Xinmu No.4 under 26℃(A)and 4 ℃(C), of Gannong No.5 under 26℃(B)and 138 

4 ℃(D) . M：Mitochondria 139 

4 Effect of low temperature on total respiration via CP and AP capacity in alfalfa 140 

26℃ 

4℃ 

Xinmu No.4 Gannong No.5 

A B 

C D

M

M

M

M
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seedling root 141 

The effect of low temperature on total respiration, CP and AP capacity in alfalfa 142 

was studied. LT treatment decreased the total respiration and CP and AP capacity in 143 

alfalfa seedling root both in Gannong No. 5(Fig. 3A) and Xinmu No.4(Fig. 3B). The 144 

respiration inhibition was mainly resulted from the Cytochrome respiration decreased 145 

by LT in alfalfa seedling root, and the decline of respiration was more serious in 146 

Gannong No. 5 than in Xinmu No.4(Fig. 3C).  147 

 148 

Fig. 3 Effect of low temperature on respiration in alfalfa seedling root. The respiratory rate of total 149 

respiration, CP and AP pathway capacity in Ganong No.5 (A) and Xinmu No.4(B) seedling root, the 150 

respiration inhibition by low temperature analysed by (CK-LT)/CK*100(C), and the percent of AP pathway 151 

to the total respiration (D) in alfalfa treated with low temperature. Data are the means ± SE of 15-20 152 

independent measurements. Letters represent values that differed significantly between different alfalfa 153 

in the LSD range test (P < 0.05). 154 

Alternative oxidase oxidizes ubiquinone directly and reduces oxygen to water, 155 

bypassing the two coupling sites of complexes III and IV of the cytochrome electron 156 

transport chain. The percent of AP to total respiration shows the electron flow through 157 

the AP, by which, alternative respiration could relieve the over-reduction of respiratory 158 
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electron transport chain and reduce the production of reactive oxygen species (ROS) 159 

efficiently. After the LT treatment, the percent of AP to total respiration increased, 160 

especially in Xinmu No.4, though the AP respiratory rate decreased (Fig. 3D). 161 

Thisresult indicated that the respiration was inhibited by low temperature, which was 162 

more serious in Gannong No. 5 seedling root, while the increased percent of AP to 163 

total respiration may contribute to the less ROS accumulation in Xinmu No.4 seedling 164 

root. 165 

5 Effect of low temperature on the activities of complexes I, II, III, IV and ATP 166 

synthase of alfalfa seedling root mitochondria 167 

To further study the attack sites of low temperature in the electron transport chain, 168 

the activities of the five complexes in the mECT were measured. There was obvious 169 

inhibition in the activities of complexes I, II, III, IV, except ATP synthase in the 170 

mitochondria of alfalfa with LT treatment both in Gannong No.5(Fig. 4A) and Xinmu 171 

No.4(Fig. 4B). Furthermore, the decrease of complexes II and III activities were more 172 

serious in Gannong No.5 than that in Xinmu No.4 (Fig. 4C). These results indicated 173 

that low temperature affected the activities of complexes, especially complexes I, II, III, 174 

IV of alfalfa seedling root mitochondria, which subsequently inhibited alfalfa 175 

mitochondrial respiration. Moreover, the activities complexes in the mECT, especially 176 

complexes II and III of Gannong No.5 seedling root was more sensitive to low 177 

temperature than that in Xinmu No.4. 178 
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 179 

Fig. 4 Effect of low temperature on the complexes activities of alfalfa seedling root mitochondria. The 180 

activities of complexes in Gannong No.5(A) and in XInmu No.4(B). The inhibition percent of low 181 

temperature to CK(C). Data are the means ± SE of 15-20 independent measurements. Letters represent 182 
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values that differed significantly in the LSD range test (P < 0.05). 183 

6 Effect of low temperature on the respiration state of alfalfa seedling root 184 

mitochondria185 

 186 

Fig. 5 Effect of low temperature on the respiration state of alfalfa seedling root mitochondria. 187 

Respiration states of root mitochondria when NADH (A) and succinate (B), respectively, 188 

are used as substrate after LT treatment, and the decline percent of Gannong No.5 189 

respiration state compared to Xinmu No.4 respiration state analysed by (Xinmu No.4 - 190 

Gannong No.5)/ Xinmu No.4 *100 with different substrates after LT treatment (C). The 191 

respiration control rate (RCR) with different respiration substrates after LT treatment (D). 192 

The data are the means ± SE of 15-20 independent measurements. Letters represent 193 

values that differed significantly in the LSD range test (P < 0.05). 194 

Mitochondrial respiration states were measured to assess the effect of LT 195 

treatment on respiratory electron transport. The results showed that the rates of 196 

respiration state I, state III, and state IV of Gannong No.5 seedling root mitochondria 197 

were more significantly inhibited than that in Xinmu No.4, whether NADH (Fig. 5A) or 198 

succinate (Fig.5B) was used as a respiratory substrate. Compared to NADH, when 199 
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succinate was the respiratory substrate, the rates of respiration state I, state III and 200 

state IV were declined more seriously in Gannong No.5 after LT treatment (Fig. 5C), 201 

which indicated that mitochondrial electron transport based on complex II was more 202 

sensitive to low temperature in Gannong No.5 than that in Xinmu No.4. 203 

RCR is used to assess the coupling degree of mitochondrial electron transport 204 

and oxidative phosphorylation. The results showed that after LT treatment, the RCR of 205 

Gannong No.5 were decreased more seriously than that in Xinmu No.4, both with the 206 

NADH and succinate as substrates, among them, the decline of RCR was greater 207 

when succinate was used as a substrate compared to NADH ((Fig. 5D). These results 208 

indicated that mitochondrial electron transport based on complex II was decoupled 209 

oxidative phosphorylation, and limited ATP synthesis in Gannong No.5 after LT 210 

treatment. 211 

The activities of complexes I, II, III, IV were declined both in Gannong No.5 and 212 

Xinmu No.4 after LT treatment, but the less damaged complex I still contributed to the 213 

transmembrane proton gradient that is used to synthesize ATP to support cell alive.  214 

Discussion 215 

This study demonstrated that the damage of mitochondrial structure and the 216 

inhibition of complex I, II, III and IV activities in the mETC by low temperature restrained 217 

respiratory metabolism, declined the ATP synthesis and aggravated the ROS 218 

accumulation, which inhibited the growth of alfalfa seedling root. 219 

Low temperature induced mitochondrial swelling (Fig. 3A), which led to the inner 220 

and outer mitochondrial membranes into closer proximity, increased the contact sites, 221 

and negatively affected mitochondrial electron transport and oxidative phosphorylation 222 

(Halestrap et al., 2000). Saeki et al. (2008) reported that lipid bilayers and contents 223 

mixed, and resonance energy transferred between aggregated mitochondria 224 

(Françoise et al., 1995). Low temperature might increase the surface charge density 225 

of the mitochondria, and result in repulsion between mitochondria (Saeki et al., 2008), 226 

which then reduces the aggregation degree of the mitochondrial membrane. The 227 
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destroyed structure leads to mitochondrial dysfunction. 228 

Low temperature not only damaged the mitochondrial structure, but also inhibited 229 

the activities of mitochondrial complexes I, II, III and IV(Fig. 5), which inhibited proton 230 

transport to the intermembrane space (Leeuwen et al., 2011); or induced proton 231 

electrochemical gradient across the mitochondrial membrane to drive proton leak and 232 

not involve ATP synthesis (Porter et al., 1999), so that proton electrochemical gradient 233 

across the mitochondrial membrane was not enough to drive the ATP synthase to 234 

complete ATP synthesis, eventually led to the ATP depletion (Fig. 2A), while the ATP 235 

synthase had not been damaged (Fig. 5). ATP is the direct energy for cell metabolism 236 

and is also an important signalling molecule. The shortage of energy in the cells 237 

inhibited cell growth.  238 

Moreover, mitochondria are key place of reactive oxygen species (ROS) 239 

production. Low temperature blocked the respiration mETC and then increased the 240 

leak of electrons from the mETC. In addition, the AP is efficiently to reduce the 241 

production of ROS (Kornfeld et al., 2013; Zhang et al., 2012). Therefore, the increase 242 

of ROS was aggravated by the inhibition of low temperature to AP activity or capacity, 243 

which indicated by the result that the higher decline of alternative respiration in 244 

Gannong No.5 showed higher H2O2 content. All of these mechanisms were involved in 245 

the accumulation of ROS in alfalfa treated by low temperature. The accumulation of 246 

ROS would damage cell membrane lipids, proteins and nucleic acids, eventually 247 

leading to cell death (Pospíšil, 2012). The excessive accumulation of ROS caused by 248 

the inhibition of the mitochondrial electron transport by low temperature may be 249 

another important mechanism by which low temperature inhibits alfalfa seedling root 250 

growth.  251 

Alfalfa fall dormancy is an adaptive response of alfalfa to changes in autumn 252 

environment. Studies have shown that the cold resistance of alfalfa is related to the fall 253 

dormancy level. The higher the fall dormancy level, the lower the cold resistance (Wu 254 

et al., 2011). In this study, the seedling root mitochondrial structure and function of the 255 
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Gannong No. 5 alfalfa with high fall dormancy grade were highly sensitive to low 256 

temperature. This may be one of the reasons why alfalfa's cold resistance is lower due 257 

to the damage caused by low temperature to alfalfa seedling root. In addition, the lower 258 

decline of alternative respiration may contribute to the resistance of low temperature 259 

in Xinmu No.4. with low fall dormancy grade. 260 

Conclusions 261 

In a conclusion, by damaging the mitochondrial structure and inhibiting mECT 262 

complex I, II, III and IV activities directly, low temperature inhibited the respiration, 263 

reduced ATP synthesis, this is the main cause for low temperature to inhibit alfalfa 264 

seedling root growth. The higher sensitivity of root mitochondrial structure and mECT 265 

complex II, III activities to low temperature, which aggravated by higher decline of 266 

alternative respiration, led to the lower cold-resistance of alfalfa with higher fall 267 

dormancy grade. 268 

Methods 269 

1 The alfalfa growth and low temperature treatment 270 

1.1 Growth of alfalfa 271 

The different fall dormancy alfalfa  were tested in this experiment. Medicago 272 

sativa L. Xinmu No. 4 with fall dormancy 2 was acquired from Department of Grassland 273 

Science, Xinjiang Agricultural University, and Medicago sativa L. Gannong No. 5 with 274 

fall dormancy 8 was acquired from College of Grassland Science, Gansu Agricultural 275 

University. The culture was carried out at a constant temperature of 26 °C in the culture 276 

chamber, and the nutrient solution was poured 3 times a week to promote its growth.  277 

1.2 Low temperature treatment of alfalfa 278 

When the plants grow to the seedling stage ( after 2 week growth period), the 279 

whole plants with the same growth are transferred to the artificial climate incubator, 280 

and treated at room temperature 26°C (RT) and low temperature 4°C (LT), respectively. 281 

After 72h of treatment, the root samples are taken and each sample is determined. 282 

2 Experimental methods 283 
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2.1 Measurement of root vitality 284 

Take 0.2g the root tip of the plants with different treatment, use the filter paper to 285 

dry the surface water, and put them into a petri dish to test the root vitality by TTC 286 

method (Dorota, 2010). The dehydrogenase activity in root is represented by the 287 

reduction of TTC, which would be used to reflect the root activity. 288 

2.2 Measurement of intracellular H2O2 content 289 

Intracellular H2O2 was extracted and analysed according to Patterson et al. (1984). 290 

Fresh weight (0.3 g) of alfalfa root were ground and extracted with 5 mL of 5% (w/v) 291 

trichloroacetic acid (TCA) and centrifuged at 12 000 g for 10 min. The supernatant was 292 

used for the H2O2 assay. The results presented were the means of 3-5 independent 293 

measurements. 294 

2.3 Measurement of root respiratory rate 295 

The effects of low temperature on root respiration were examined by measuring 296 

the oxygen consumption in alfalfa root with an Oxytherm oxygen electrode (Hansatech, 297 

UK). Fresh weight (0.5 g) of alfalfa root in 1 mL of assay buffer and the required amount 298 

of low temperature mother liquor added to Oxytherm oxygen electrode incubation 299 

chamber (final concentration was 0.2 mmol·L-1) were used to examine oxygen 300 

consumption at 25 ºC. In this experiment, AP capacity and CP capacity were measured 301 

in the presence of KCN and salicylhydroxamic acid (SHAM), respectively (Yip and 302 

Vanlerberghe, 2001; Robson and Vanlerberghe, 2002). 303 

2.4 Measurement of mitochondrial ultrastructure 304 

The samples were fixed in 2.5% glutaraldehyde diluted in phosphate buffer (0.1 305 

M, pH 7.3) and the washed in phosphate buffer and post-fixed in 1% osmium tetroxide 306 

also diluted in phosphate buffer. The samples were washed in distilled water and 307 

placed on uranyl acetate 0.5% for 2h, after which, the material was dehydrated in an 308 

increscent series of acetone (50-100%), transferred to a mixture of acetone and 100% 309 

resin AralditeTM (1:1) and left overnight. After incubation (37°C for 1h), the samples 310 

were embedded in the appropriate AralditeTM resin molds and incubated at 60°C for 311 
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48h. The cuttings were made with an ultrafine diamond knife microtome Ultracut 312 

(LeicaTM) and sections were examined and photographed in a Philips CM-100TM 313 

electron microscope(Borgo et al., 2015). 314 

2.5 Measurement of ATP content 315 

ATP was quantified according to Liu et al.(2012) and Chen et al.(2013). A total of 316 

0.5g of alfalfa seedling root was homogenized in 5ml boiling water, the homogenate  317 

incubated at 37 °C for 30 min, followed by centrifugation at 4000 rpm for 10 min to 318 

obtain the supernatant. An ATP analysis kit (A095) was purchased from the Chengjian 319 

Bioengineering Institute (Nanjing, China) and the ATP content was measured at 320 

636nm according to the manufacturers. 321 

2.6 Measurement of mECT complexes activities and respiration states 322 

The root mitochondria from alfalfa seedling was isolated according to Martin et 323 

al.(2011). Alfalfa seedling roots were harvested in the buffer (0.4M Mannitol, 1mM 324 

EGTA, 0.1% BSA, 50mM Tricin, 20mM β-mercaptoethanol, 1% w/v 325 

Polyvinylpyrrolidone, NaOH pH 7.8) and homogenized using a Polytron blender (9500 326 

min-1). The homogenate was filtered through cheesecloth and nylon net. The filtrate 327 

was centrifuged twice and the resulting pellet was resuspended in wash media [0.4M 328 

Mannitol, 10mM MOPS (KOH), 1mM EGTA, 0.1% BSA, pH 7.8 with NaOH] and loaded 329 

on top of Percoll step gradient (40, 28, and 20% (v/v) Percoll). After centrifugation, the 330 

enriched mitochondria diluted in 3 volumes of mannitol wash media and centrifuged at 331 

11,500 rpm. The pellet was resuspended in sucrose wash media [0.3M Sucrose, 0.1% 332 

(w/v) BSA and 10mM TES- NaOH, pH 7.5 and loaded on top of a 28% Percoll gradient 333 

(Millar et al., 2001). After centrifugation mitochondrial band near the top of the gradient 334 

was collected and concentrated by two successive centrifugations. The final pellet was 335 

suspended in mannitol wash media (Teodoro et al., 2015). 336 

The mECT complexes activities were measured according to the methods of the 337 

instructions of the activities test kit of complexes I, II, III, IV and V in the mitochondrial 338 

respiratory electron transport chain (Cominbio, Chain). The respiration states were 339 
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measured according to Liu et al.(2014). 340 

3 Statistical analyses 341 

Least significant difference (LSD) was used to analyse differences between the 342 

different treatments by using SPSS 11.5. 343 

Abbreviations 344 

Cytochrome pathway : CP; Alternative pathway :AP; Low temperature : LT 345 
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Figure Legends 466 

Fig. 1 Effect of low temperature on growth, vitality of alfalfa seedling root.  467 

The length (A), vitality (B), ATP(C) and H2O2 content (D)of alfalfa seedling root after low temperature 468 

treatment. Data are the means ± SE of 3-5 independent measurements. 469 

Fig. 2 Effect of low temperature on alfalfa seedling root mitochondrial ultrastructure(30000×).  470 

The mitochondrial structure of Xinmu No.4 under 26℃(A)and 4 ℃(C), of Gannong No.5 under 26℃(B)and 471 

4 ℃(D) . M：Mitochondria 472 

Fig. 3 Effect of low temperature on respiration in alfalfa seedling root.  473 

The respiratory rate of total respiration, CP and AP pathway capacity in Ganong No.5 (A) and Xinmu 474 

No.4(B) seedling root, the respiration inhibition by low temperature analysed by (CK-LT)/CK*100(C), and 475 

the percent of AP pathway to the total respiration (D) in alfalfa treated with low temperature. Data are the 476 

means ± SE of 15-20 independent measurements. Letters represent values that differed significantly 477 

between different alfalfa in the LSD range test (P < 0.05). 478 

Fig. 4 Effect of low temperature on the complexes activities of alfalfa seedling root mitochondria. 479 

The activities of complexes in Gannong No.5(A) and in XInmu No.4(B). The inhibition percent of low 480 

temperature to CK(C). Data are the means ± SE of 15-20 independent measurements. Letters represent 481 
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values that differed significantly in the LSD range test (P < 0.05). 482 

Fig. 5 Effect of low temperature on the respiration state of alfalfa seedling root 483 

mitochondria. 484 

Respiration states of root mitochondria when NADH (A) and succinate (B), respectively, 485 

are used as substrate after LT treatment, and the decline percent of Gannong No.5 486 

respiration state compared to Xinmu No.4 respiration state analysed by (Xinmu No.4 - 487 

Gannong No.5)/ Xinmu No.4 *100 with different substrates after LT treatment (C). The 488 

respiration control rate (RCR) with different respiration substrates after LT treatment (D). 489 

The data are the means ± SE of 15-20 independent measurements. Letters represent 490 

values that differed significantly in the LSD range test (P < 0.05). 491 

 492 



Figures

Figure 1

Effect of low temperature on growth, vitality of alfalfa seedling root. The length (A), vitality (B), ATP(C)
and H2O2 content (D)of alfalfa seedling root after low temperature treatment. Data are the means ± SE
of 3-5 independent measurements.



Figure 2

Effect of low temperature on alfalfa seedling root mitochondrial ultrastructure(30000×). The
mitochondrial structure of Xinmu No.4 under 26(A)and 4 (C), of Gannong No.5 under 26(B)and 4 (D) .
MMitochondria



Figure 3

Effect of low temperature on respiration in alfalfa seedling root. The respiratory rate of total respiration,
CP and AP pathway capacity in Ganong No.5 (A) and Xinmu No.4(B) seedling root, the respiration
inhibition by low temperature analysed by (CK-LT)/CK*100(C), and the percent of AP pathway to the total
respiration (D) in alfalfa treated with low temperature. Data are the means ± SE of 15-20 independent
measurements. Letters represent values that differed signi�cantly between different alfalfa in the LSD
range test (P < 0.05).



Figure 4

Effect of low temperature on the complexes activities of alfalfa seedling root mitochondria. The activities
of complexes in Gannong No.5(A) and in XInmu No.4(B). The inhibition percent of low temperature to
CK(C). Data are the means ± SE of 15-20 independent measurements. Letters represent values that
differed signi�cantly in the LSD range test (P < 0.05).



Figure 5

Effect of low temperature on the respiration state of alfalfa seedling root mitochondria. Respiration
states of root mitochondria when NADH (A) and succinate (B), respectively, are used as substrate after LT
treatment, and the decline percent of Gannong No.5 respiration state compared to Xinmu No.4 respiration
state analysed by (Xinmu No.4 - Gannong No.5)/ Xinmu No.4 *100 with different substrates after LT
treatment (C). The respiration control rate (RCR) with different respiration substrates after LT treatment
(D). The data are the means ± SE of 15-20 independent measurements. Letters represent values that
differed signi�cantly in the LSD range test (P < 0.05).


