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Abstract

:

Proline (Pro) is not only an important osmotic adjustment substance, but it also plays an important role in regulating plant abiotic stress resistance. The maize varieties, Xinxin 2 (low temperature insensitive) and Damin 3307 (low temperature sensitive), were chosen as materials, setting a normal temperature for germination (22 °C/10 °C, 9d), low temperature germination (4 °C/4 °C, 5d) and normal temperature recovery (22 °C/10 °C, 4d), combined with a proline (15 mmol·L−1) soaking treatment, to reveal the seed germination and regulation mechanism in maize embryos. The results showed that proline significantly improved the germination potential, germination rate, germination index and vigor index of seeds under low temperature stress, increasing the length of the coleoptile and radicle, increasing the dry and fresh weight of young buds (coleoptile + radicle), and increasing the activity of α-amylase. Proline enhanced the activities of Δ1-pyrroline-5-carboxylic acid synthetase (P5CS) and ornithine aminotransferase (OAT) in maize embryos under low temperature stress, enhanced the proline synthesis pathways, and further enhanced proline accumulation. Proline induced the activity of proline dehydrogenase (ProDH) in the early stage of low temperature stress and stress relief. Under low temperature stress, the activities of hexokinase (HXK), phosphofructokinase (PFK), pyruvate kinase (PK), isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH), malate dehydrogenase (MDH) and glucose-6-phosphate dehydrogenase (G-6-PDH) and glucose-6-phosphate dehydrogenase (G-6-PDH and 6-P-GDH) in maize embryos were decreased, resulting in a decrease in the glycolysis (EMP) pathway, tricarboxylic acid (TCA) cycle and pentose phosphate pathway (PPP). Proline alleviated the inhibition of key enzyme activities of the EMP pathway, TCA cycle and PPP of maize embryos under low temperature stress, increased the activities of cytochrome oxidase (COX) and alternative oxidase (AOX), increased the ATP content, alleviated the inhibition of low temperature stress on main cytochrome pathway activity (ρVcyt), while further increasing the total respiratory activity (Vt) and the actual operational activity of the alternative pathway (ρValt) during seed germination at the initial stage of low temperature stress, as well as improving the inhibition of the Vt and ρValt in the middle and late stages of low temperature stress. Under low temperature stress, the content of abscisic acid (ABA) increased significantly, while gibberellin (GA), auxin (IAA) and zeatin nucleoside (ZR) decreased significantly. Proline alleviated the decrease in IAA, ZR and GA contents in maize embryos under low temperature stress, reduced the increase in the ABA content, and reduced the inhibition of low temperature on seed germination.
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1. Introduction


The world population is expected to exceed 9.7 billion in 2050, and the current food growth rate has been unable to meet the needs brought by global population growth [1]. China is the most populous country in the world and the second largest maize producer in the world. The high and stable yield of maize plays an extremely important role in ensuring food security and the sustainable development of animal husbandry [2]. Temperature is closely related to plant growth and development [3,4]. Under the background of global warming, abnormal temperature changes also occur at the same time, the frequency of extreme weather intensifies, and the probability of crops suffering from low temperature stress increases, and these problems may become more and more serious in the 21st century [5,6,7,8,9]. Maize may suffer from low temperature stress in all growth stages [10,11,12,13]. The major maize growing areas around the world, such as the United States, China, Canada, Europe, Central Asia, Russia and other maize growing areas at high latitudes and altitudes, are facing different degrees of low temperature threat [14,15]. Low temperature stress has been one of the main environmental factors restricting the high yield of maize in these areas [16]. Previous studies have shown that severe low temperature stress occurs every 3–5 years in China, especially in Northeast China [17,18]. The frequency and intensity of low-temperature injury tend to increase, and the yield can be reduced by more than 15% in serious years [19,20]. In order to ensure the normal germination, emergence, growth and development of maize and to finally achieve a stable yield, it is imperative to improve the low temperature tolerance of maize [21,22].



Under low temperature, plants will accumulate a series of osmoregulatory substances to resist the effects of stress, especially proline. Under abiotic stress, proline can account for up to 80% of the cellular amino acid pool [23], while proline accumulation can be detected in various tissues undergoing rapid cell division and elongation [24], for example, proline accumulated in immature broad bean seeds and the hypothesis was put forward that proline may be important for the development of reproductive organs [25]. Genes encoding the key enzymes of proline metabolism have been successively found in Arabidopsis, tomato, alfalfa and rice, which are expressed during seed development [26,27]. The expression of antisense AtP5CS1, for example, led to the delay of the radicle in the process of Arabidopsis seed germination, which proved the evidence of proline synthesis in seed germination [28]. Exogenous proline can promote cell division and alleviate abnormal embryonic development by up-regulating the expression of the cyclin CYCB1:1 gene [29,30]. The homozygous grains of the mutant not only showed the collapsed form of a powdery endosperm, but also showed lethality at the two-leaf stage. The exogenous addition of proline can restore its normal development, therefore it is named proline responding 1(pro1). The Pro1 gene encodes P5CS2 through positional cloning and the functional identification of the maize Pro1 gene [31]. The loss of P5CS2 function in the maize mutant reduces the synthesis of proline and the lack of proline causes the accumulation of uncharged tRNApro AGG in cells, resulting in a general reduction in protein synthesis and proline deficiency affecting the accumulation of plant protein [32]. These studies point out that proline plays an important regulatory role in protein synthesis and cell cycle transformation in higher plants. Exogenous proline can improve the germination rate of cotton, pea and wheat seeds, reduce the germination time and promote the growth of seedlings under osmotic stress [33]. Meanwhile, exogenous proline has promoted wheat seed germination, root growth and seedling development under cadmium stress [34].



Respiration provides power for plant biosynthesis, cell maintenance and active transportation. Respiration is driven by many biochemical pathways, including glycolysis (EMP, located in the cytoplasm), the tricarboxylic acid cycle (TCA, located in the mitochondrial matrix), the pentose phosphate pathway (PPP, located in the cytoplasm), and the electron transport chain (ETC, located in the mitochondrial intima). Respiration and energy metabolism are particularly important for seed germination and both the EMP pathway and PPP are active during seed germination. When mitochondria become active, the PPP is dominant. On the contrary, when the production of mitochondrial ATP is limited by hypoxia, the substrate in the seed will enter the EMP pathway for catabolism after phosphorylation [35]. The plant ETC mainly includes the cytochrome pathway (CP) and alternative pathway (AP). The change of respiratory rate can be divided into two stages; the first is the short-term stress response, and then the change after long-term low temperature stress [36]. A former study showed that after wheat was exposed to a low temperature, the total respiratory activity (VT) initially increased, and then decreased with the extension of the low temperature duration [37]. Previous studies on Arabidopsis and plantain found that the decrease in Vt caused by low temperature is related to the damage of respiratory organs such as mitochondria [38,39]. Hexokinase (HXK), phosphofructokinase (PFK) and pyruvate kinase (PK) are the key enzymes of the EMP pathway. Low temperature stress will reduce the activity and gene expression of HXK, PFK and PK, slow down the decomposition of soluble sugar, improve the content of the plant osmotic regulator and strengthen a plant’s low temperature tolerance [40]. The decrease in SDH activity under low temperature stress is related to the transfer of carbon from the TCA cycle to the PPP, and the enhancement of the PPP can improve the tolerance of plants to low temperature stress [41]. Low temperature stress in the imbibition stage of soybean seeds will reduce the expression of MDH and imbalance mitochondrial metabolism [42]. Low temperature stress reduces the activity of key enzymes involved in the EMP-TCA cycle and promotes the transport of sugar from the endosperm to the embryo to prevent low temperature damage [43].



A low temperature can trigger the synthesis and accumulation of ABA, and then close the stomata by defending the signal transduction on the cytoplasmic membrane, reducing the water loss caused by transpiration and maintaining the water content of cells [44]. When exposed to low temperature stress, the ABA content in leaves of cold tolerant maize seedlings was more significant [45]. Exogenous ABA treatment can increase plant cold tolerance by increasing the content of soluble sugar and proline, reducing ROS accumulation, reducing the membrane lipid peroxidation level and cell membrane damage [46]. Gibberellin (GA) is involved in regulating seed germination, leaf expansion, stem elongation and the flowering of many plant species [47]. Low temperature treatment at 6 °C for four days could significantly reduce the GA3 content in maize seedling leaves and tomatoes [48,49]. Spraying a 500 mg L−1 GA3 solution on the leaf can promote bolting and the flowering of blood tonic grass plants under 6 °C low temperature stress [50]. Exogenous GA3 can also improve the chilling tolerance of peach fruit and reduce chilling injury by activating the antioxidant enzyme system and increasing the expression of GSK-3 [51]. Previous studies have shown the IAA content in cotton seeds germinated under low temperature stress [52]; however, the IAA content remained high in tea leaves with a naturally low temperature [53]. This indicates that the response of IAA under low temperature stress is related to the plant species and stress degree. Maintaining a high level of IAA in cells in a low temperature environment is conducive to improving the cold tolerance of plants [54]. Zeatin nucleoside (ZR) is activated during seed germination, which can promote cell proliferation, cell division, seed germination and inhibit leaf senescence [55]. During a low temperature treatment, the content of cytokinin decreased and the activity of cytokinin oxidase increased [56], while a low temperature treatment in the early stage of grain filling significantly reduced the ZR content, resulting in a reduction in the grain storage capacity. The above results show that a low temperature can change the level of plant hormones and delay the process of the cell cycle [57].



Proline is a common, soluble, small molecule organic matter in plants, and it is also one of the components of plant protein [58]. Under stress conditions, proline will accumulate in large quantities [59,60,61] and proline is generally considered to be a beneficial osmoregulation substance, which can protect the membrane integrity and stabilize the protein and subcellular structure [62]. Studies have shown that proline can also protect cell function by maintaining an appropriate NADP +/NADPH ratio and reducing reactive oxygen species (ROS) [63]. After stress relief, proline catabolism can also provide carbon and nitrogen sources and energy for plants [64]. Proline is easy to obtain and cheap, which shows that proline has practical value in protecting plants from the impact of a stress environment and accelerating the recovery of growth and development after stress [65]; however, the relationship between the changes of proline metabolism and plant low temperature tolerance and its regulation mechanism on plants have not been studied. Therefore, the study on the mitigation effect of exogenous proline on maize seed germination under low temperature stress, as well as the regulation mechanism of proline metabolism and the mechanism of improving maize low temperature tolerance can provide a theoretical basis and practical value for the application of proline in seed treatment.




2. Materials and Methods


2.1. Experimental Varieties


The experiment was carried out in the key laboratory of cold region grain crop variety improvement and physiological ecology of the ministry of education, Northeast Agricultural University. Based on the results of preliminary experiments, we selected the maize varieties, Xinxin 2 (low temperature insensitive, XX 2) and Damin 3307 (low temperature sensitive, DM 3307), as the experimental materials. The proline was purchased from Sigma (C5H9NO2, CAS No.147-85-3).




2.2. Experimental Design


2.2.1. Proline Concentration Screening Experiment


Two varieties of maize seeds with similar plumpness and uniformity were used in the experiment. After disinfecting with a 0.1% HgCl2 solution for 10 min, the seeds were washed repeatedly with distilled water, and then the water on the seed surface was wiped dry with filter paper. The seeds were placed in a 500 mL beaker, submerged in 0, 5, 10, 15 and 30 mmol·L−1 proline solution, respectively, and soaked in 22 °C artificial intelligence incubators (HPG-280HX) for 24 h. After soaking, the seeds were taken out and washed with distilled water. After natural drying, they were arranged in a 15 cm Petri dish paved with two layers of filter paper. Each Petri dish was covered with 30 seeds and a layer of filter paper. Each Petri dish was sprayed with 20 mL of distilled water.



The processing consisted of two parts. (1) Low temperature treatment: the seeds soaked in 0, 5, 10, 15 and 30 mmol·L−1 proline solutions were placed in a 4 °C/4 °C artificial intelligence incubator for low temperature treatment for 5 d, and then germinated in a 22 °C/10 °C artificial incubator. There were five treatments, which were recorded as L, L + P1, L + P2, L + P3 and L + P4, respectively; (2) In the normal temperature treatment, the seeds soaked in 0, 5, 10, 15 and 30 mmol·L−1 proline solutions were always placed in a 22 °C/10 °C artificial intelligence incubator for germination. There were five treatments, which were recorded as CK, P1, P2, P3 and P4, respectively. All germination tests were conducted in dark conditions, repeated every three times, supplemented with an appropriate amount of distilled water every day to ensure that the seeds were wet, and the filter paper was changed every two days. On the 3rd, 5th, 7th, 9th, 11th and 13th days of treatment, we counted the number of germinated seeds (the germination standard is that the radicle length exceeds the seed length and the germ length exceeds half of the seed length), the low temperature treatment was counted to 13 d and the normal temperature treatment was counted to 9 d. The complete seed embryo, radicle and coleoptile were taken for the determination of relevant physiological indexes after low temperature treatment and normal temperature treatment for 13 d and 9 d, respectively.




2.2.2. Germination Experiment of Seeds Soaked with Proline under Low Temperature Treatment


The seed soaking solution was a 0 mmol·L−1 (distilled water) and 15 mmol·L−1 proline solution. The other operations were the same as Section 2.2.1. The seeds after soaking were used in different treatments including (1) control group (CK), which germinated at 22 °C/10 °C for 9 days after soaking in distilled water (the 0th day); (2) proline seed soaking treatment (P), the 15 mmol·L−1 proline solution always germinated at 22 °C/10 °C for 9 days; (3) low temperature stress treatment (L), after soaking seeds in distilled water, with the seeds germinated at 4 °C/4 °C for 5 days, and then transferred to 22 °C/10 °C for 4 days; (4) low temperature stress and proline combined treatment (L + P), after soaking seeds in 15 mmol·L−1 proline solution, with the seeds germinated at 4 °C/4 °C for 5 days, and then transferred to 22 °C/10 °C for 4 days. All germination was carried out under dark and humid conditions, and the treatment was repeated every 3 times. An appropriate amount of distilled water was added every day, and the filter paper was changed every 2 days. At the 0, 1, 3, 5, 7 and 9 days of each treatment, we carefully peeled the complete seed embryo for the determination of relevant physiological indexes.





2.3. Measurement and Methods


2.3.1. Determination of Germination Potential, Germination Rate, Germination Index and Vigor Index


Germination potential = total number of germinated seeds/total number of tested seeds × 100% (number of germinated seeds on the 9th day of low temperature treatment and the 5th day of normal temperature treatment).



Germination rate = total number of germinated seeds/total number of tested seeds × 100% (number of germinated seeds on the 13th day of low temperature treatment and the 9th day of normal temperature treatment).



Germination Index =     ∑     ( Gt / Tt )  , where Gt is the number of germinated seeds on day t, and Tt is the number of days.


Vigor Index = GI × S








where S is the fresh weight of seedlings (g).




2.3.2. Determination of Coleoptile Length, Radicle Length and Dry-Fresh Weight of Young Buds


On the 9th day of normal temperature treatment and the 13th day of low temperature treatment, we randomly took 10 germinated seeds and measured the length of the coleoptile and radicle with a ruler. After analyzing and measuring the fresh weight of the bud (coleoptile + radicle), we overheated the bud at 105 °C for 30 min, and then dried it at 80 °C to constant weight to measure the dry weight.




2.3.3. Determination of α-Amylase Activity


We took a 0.5 g seed embryo and placed it into a pre-cooled mortar and added a 0.1 M sodium citrate buffer (pH 5.5) to grind it into a homogenate. Then the homogenate was centrifuged at the speed of 10,000× g at 4 °C for 15 min, and the supernatant collected after centrifugation was used for the determination of α-amylase activity. The reaction mixture contained 0.5 mL of 1% starch, 0.25 mL of a 0.1 M citrate buffer (pH 5.5) and 100 μL supernatant, and then the reaction mixture was bathed in water at 50 °C for 20 min. Finally, we added 3 mL of a 1% (v/v) DNS solution, shaken well and boiled in a boiling water bath for 5 min. The absorbance value of the cooled solution was read with a spectrophotometer at 550 nm, and the unit of enzyme activity was mg·g−1·min−1 [66].




2.3.4. Determination of Proline Content


We weighed 0.2 g of seed embryo and placed it into a mortar, added 5 mL of 3% sulfosalicylic acid, ground it into a homogenate, placed it into a test tube, covered it with a boiling water bath for 10 min and cooled it for 11,500× g centrifugation for 15 min. We took 2 mL of the supernatant in the test tube, mixed it with 2 mL of acid ninhydrin and 2 mL of glacial acetic acid in the test tube, shook it well, then boiled it again for 1 h, and then cooled it naturally to room temperature. We added 4 mL of toluene into the test tube, shook it fully, took the upper toluene extract in the cuvette to measure the absorbance in OD520, and finally calculated the content of proline [67].




2.3.5. Determination of Enzymes Activities of P5CS, OAT and ProDH


The activity of the P5CS was determined according to the improved method of Garcia Rios et al. [68]. The whole extraction process of crude enzyme solution was carried out at 4 °C. We took a 0.2 g seed embryo sample, added liquid nitrogen and ground it into a powder in a pre-cooled mortar. Then we added a 2 mL 100 mm Tris HCl buffer (pH 7.5), 10 mm into the mortar β-Mercaptoethanol, 2% PVPP, 10 mM MgCl2, 1 mm PMSF and 4 mm DTT. After mixing it evenly, we used 12,000× g centrifuged for 20 min, and the supernatant was taken for enzyme activity determination. The reaction mixture (4 mL) contained a 50 mm Tris HCl buffer (pH 7.0), 50 mM glutamate, 20 mM MgCl2, 1 mm NADPH, and 10 mM ATP. We started the reaction by adding the enzyme extract, first reacted at 37 °C for 20 min, and then added 2 mL TCA to stop the reaction. Finally, we measured the absorbance of the supernatant OD338, and the unit of P5CS activity was nmol·mg−1·min−1 protein.



We took a 0.2 g seed embryo sample, added liquid nitrogen into the pre-cooled mortar and ground it into powder. Then, we added 2 mL of extract to the mortar, including 100 mM potassium phosphate buffer (pH 7.4), 1 mm pyridoxal 5-phosphate, 1 mm EDTA, 10 mm β-mercaptoethanol, 1% PVP, 5 mM MgCl2 and 0.6 M KCl. After the above solutions were mixed evenly, we used a 12,000× g centrifuge for 20 min. The supernatant obtained after centrifugation was used to determine the activities of the ProDH and OAT. We measured the OAT activity according to Vogel and Kopac’s method with slight changes. A 1 mL amount of the reaction mixture consisted of 50 mM ornithine, 20 mM α-ketoglutarate, 1 mM pyridoxal phosphate, 100 mM phosphate buffer (pH 8.0) and enzyme extract. The mixture was reacted at 37 °C for 30 min and the reaction was stopped by adding 0.5 mL of 10% trichloroacetic acid. Finally, 0.5 mL of chromogenic solution (0.5% o-aminobenzaldehyde, 95% ethanol) was added in this tube, and a 12,000× g centrifuge was completed for 10 min, with the transparent supernatant measured at OD440. The unit of OAT activity was μmol·mg−1·min−1 protein [69].



The activity of the ProDH was determined according to the method described by Yang et al. [70]. The reaction mixture (3 mL) contained a 100 mM Na2CO3-HCl buffer (pH 10.3), 50 mm proline, 0.4 mM NADP+ and enzyme extract. The absorbance value of the OD340 was measured, and the activity of the ProDH was expressed by NADP+ consumption. The unit of ProDH activity was nmol·mg−1·min−1 protein.




2.3.6. Determination of Vt, ρValt, and ρVcyt


A 0.1 g embryo sample was added to 10 mL of reaction medium (50 mM pH 6.8 phosphate buffer containing 0.1 M sucrose). The oxygen consumption rate in the solution was measured with a Clark oxygen electrode at 25 °C. The inhibitors used were 5 mM potassium cyanide (KCN) and 10 mM salicylhydroxamic acid (SHAM). Total respiratory activity (Vt) was measured without adding any respiratory inhibitors. The alternative pathway actual operation activity (ρValt) was calculated by subtracting the respiratory activity of sham only from the Vt. Cytochrome main pathway activity (ρVcyt) was calculated by subtracting the respiratory activity when only SHAM was added from the respiratory activity when the KCN and SHAM were added at the same time. The above respiratory rate was expressed in nmol·O2·g−1· FW·h−1 [71].




2.3.7. Determination of Enzymes Activities of COX and AOX


The extraction process of the mitochondria was as follows. A 1 g embryo sample was added to 5 mL pre-cooling extract (60 mM sucrose, 5 mM EDTA, 0.2% (w/v) BSA, 0.3% β-mercaptoethanol, 50 mM Tris-HCl buffer, pH 7.4), ground into a homogenate, and then a 3000× g centrifuge completed for 10 min (4 °C) before the supernatant was collected. We added 5 mL of pre-cooling extract to the precipitate in a 10,000× g centrifuge for 10 min (4 °C) and collected the supernatant. The supernatant was collected twice, 11,000× g centrifuged for 10 min (4 °C), and the precipitate was added into a 1 mL pre-cooling extract to a 11,000× g centrifuge for 10 min (4 °C) then resuspended. Finally, we added a 3 mL preservation solution (50 mm pH 7.4 potassium phosphate buffer and 2.0% Triton X-100) to the sediment and stored it at −80 °C for standby. All extraction steps were carried out at low temperature.



COX activity was determined according to the following method. A 3 mL amount of the reaction mixture contained the following, 50 mM phosphate buffer (pH 7.1), 0.2 M sucrose, 20 M reduced cytochrome C and 25 μL enzyme solution. The reaction was started by adding the enzyme extract, and the absorbance value of the reaction mixture at 550 nm every 30 s was measured and recorded for 5 min. The unit of COX activity was nmol·mg−1·min−1 protein [72].



AOX activity was determined according to the following method. The reaction mixture contained 0.6 mM sucrose, 10 mM trimethylolmethylaminoethanesulfonic acid (pH 7.2), 5 mM KH2PO4, 10 mM NaCl, 2 mM MgSO4 and 0.1% (w/v) BSA. All measurements were carried out at 25 °C, and the oxygen consumption was measured with a Clark oxygen electrode. We added 0.1 mM ATP, 0.5 mm KCN and 20 μL crude enzyme solution to the reaction mixture in advance. After the reading in the reaction system remained stable, 10 mM sodium succinate, 0.5 mm pyruvate, 1 mm ADP and 10 mm DTT were added, and the 5-min oxygen consumption rate was read quickly. The unit of AOX activity was nmol O2·mg−1·min−1 protein [73].




2.3.8. Determination of Enzymes Activities of HXK, PFK and PK


The extraction process of crude enzyme solution was as follows. A 1.0 g embryo sample was added to 10 mL 50 mM potassium phosphate buffer (pH 7.4) and ground into a homogenate with a pre-cooled pestle and mortar under ice bath conditions. The homogenate was then homogenized at 7000× g and 4 °C for 10 min, the supernatant was centrifuged again for 10 min under the same conditions, and the supernatant was then stored at 4 °C for testing. The reaction mixture contained 0.8 mL 0.1 M Tris HCl (pH 8.5) buffer (containing 5 mM DTT, 10 mM MgCl2, 10 mL glucose), 1U glucose-6-phosphate dehydrogenase, 20 μL 100 mM ATP, 20 μL 500 mM NADP+ and 0.15 mL crude enzyme solution. We started the reaction by adding the enzyme solution and measured the absorbance at OD340. We then poured the colorimetric solution into the test tube again, quickly returned it to the cuvette after 2 min of a water bath at 37 °C and measured the absorbance at OD340 again. An amount of 1 mmol NADPH was generated per minute as one HXK activity unit (U) [74]. Phosphofructose kinase (PFK) can catalyze fructose-6-phosphate (F6P) and ATP to produce fructose-1,6-diphosphate (FDP) and ADP, and then pyruvate kinase (PK) catalyzes NADH to finally produce NAD +, which reflects the PFK activity by measuring the decline rate of the NADH. The absorbance reduction value was measured in OD340 within 10 min, and the consumption of 1 mmol NADH per minute was taken as a PFK activity unit (U). Pyruvate kinase (PK) can catalyze phosphoenolpyruvate (PEP) and ADP to produce pyruvate. The PK activity was reflected by measuring the conversion of pep to pyruvate [73,74].




2.3.9. Determination of Enzymes Activities of IDH, SDH and MDH


The 1 g embryo samples were placed in a pre-cooled mortar, and 4 mL extract was added for ice bath grinding. The extract contained 50 mM HEPES-NaOH(pH 7.5), 5 mM MgCl2, 5 mM EDTA-Na2, 10% (v/v) glycerol, 0.1% (v/v) TritonX-100 and 2% (w/v) PVP-10, while 12,000× g was centrifuged for 5 min at 4 °C, and the supernatant was then taken for the determination of the IDH and MDH activities [75].



The IDH activity analysis refers to Gajewska’s method. The reaction mixture (1 mL) consisted of 100 mM MOPS(pH 7.4), 0.5 mM MgCl2, 0.5 mM NADP, 2.5 mM isocitric acid and 0.25 mL enzyme extract. The reaction was initiated by adding the enzyme solution, and the change of absorbance at 340 nm within 2 min was recorded. The activity of one unit was defined as the amount of enzyme (U) producing 1 nmol NADPH [76].



MDH activity was determined according to the method of Kumar et al. [77]. The reaction mixture (1 mL) consisted of a 100 mM Tris-HCl buffer (pH 7.8, containing 5 mM MgCl2 and 1 mM EDTA), 5 mM oxaloacetic acid, 0.8 mM NADH and enzyme extract. The initial absorbance at 340 nm and the absorbance at 1 min were recorded, and the amount of enzyme oxidizing 1 nmol NADH per minute was one activity unit (U) of MDH.



The activity of succinate dehydrogenase (SDH) was determined according to the method of Cooper et al. [78]. The extraction method of the enzyme solution was the same as that of the COX enzyme solution, but the temperature was controlled at 25 °C. SDH activity was determined by a reduction in Dichlorophenol indophenol sodium (DCPIP) resulting in a decrease in absorbance at 600 nm. The reaction mixture (3 mL) contained a 30 mM potassium phosphate buffer (pH 7.8), 1 mM NaN3, 10 mM sodium succinate, 0.1 mM 5-methylphenazine methyl sulfate (PMS), 0.008 mM DCPIP and 0.1 mL enzyme solution. The reaction was initiated by adding the enzyme solution. The change of absorbance value of the reaction mixture at 600 nm was measured at 25 °C. SDH activity was defined as reduction 1 μmol DCPIP within 1 min (U).




2.3.10. Determination of Enzymes Activities of G-6-PDH and 6-P-GDH


The extraction method of crude enzyme solution was consistent with that in Section 2.3.9. The reaction solution contained a 100 mM Tris HCl buffer (pH 7.4), 5 mM NADPNa2, 5 mM D-glucose-6-phosphate disodium and 5 mM NADPNa2. We added 1.35 mL of reaction solution to 0.1 mL of crude enzyme solution, immediately measured the absorbance value at 340 nm, and then recorded it every 1 min for a total of 5 times. In the calculation, the OD change of 0.1 was taken as an enzyme activity unit (U), and the enzyme activity unit was U·g−1 FW [79].




2.3.11. Determination of ATP Content


The ATP content was determined by spectrophotometry. ATP and creatine phosphocreatine were catalyzed by creatine kinase. The content of ATP was determined by phosphomolybdic acid colorimetry at OD700.




2.3.12. Determination of Contents of ABA, IAA, GA and ZR


The contents of ABA, IAA, GA and Zr were determined by an enzyme-linked immunosorbent assay (ELISA). A 0.5 g maize embryo was ground into powder with liquid nitrogen, and then 2 mL of the sample extract (containing 80% methanol and 1 mM butyl hydroxytoluene mixture) was added to the mortar and ground into a homogenate under an ice bath. We transferred the homogenate obtained above into a 10 mL test tube, rinsed the mortar with 2 mL of extract, and transferred it into the test tube together. After shaking the test tube, it was placed in a 4 °C refrigerator for 4 h. The test tube sample was centrifuged at 10,000× g for 8 min, and then the supernatant was taken. After centrifuging for 1 h, 1 mL of the waste solution was added to the refrigerator and we recorded the volume of the waste solution, then added it to the test tube for extraction. The collected supernatant was passed through a C-18 solid phase extraction column. The specific steps were as follows: balanced the column with 80% methanol (1 mL), loaded the sample, collected the sample, washed the column with 100% methanol (5 mL), washed the column with 100% ether (5 mL), washed the column with 100% methanol (5 mL), and recycled again. Then, the sample was transferred after passing the column into a 5 mL centrifuge tube, concentrated and dried in a vacuum, excess methanol removed, and the volume fixed with a sample diluent. We transferred the sample after passing the column into a 10 mL plastic centrifuge tube, concentrated and dried it in a vacuum or blow dried it with nitrogen to remove the methanol in the extract, and then fixed the volume with the sample diluent (the culture containing 0.50 mL Tween-20, 0.50 g gelatin and 500 mL PBS buffer). The ELISA kit was provided by China Agricultural University, and the hormone content was determined by a bio Tek elx-800 automatic microplate reader [80].





2.4. Data Analysis


According to the analysis of variance, the data were statistically analyzed following standard methods using Microsoft Excel 2010 and SPSS 12.0. Differences between the treatments were determined by a posteriori Tukey’s test at a significance level of 0.05 and 0.01.





3. Results


3.1. Germination Potential, Germination Rate, Germination Index and Vitality Index


It can be seen from Table 1 that compared with the normal temperature control treatment, the low temperature treatment significantly reduced the germination potential, germination rate, germination index and vitality index of the two varieties of maize seeds. The germination potential, germination rate, germination index and vigor index of the DM 3307 seeds decreased by 43.41%, 33.15%, 48.42% and 64.53%, respectively. The germination potential, germination rate, germination index and vigor index of the XX 2 seeds decreased by 25.99%, 18.46%, 26.28% and 51.10%, respectively. Soaking the seeds with different concentrations of proline at room temperature can improve the germination potential, germination rate, germination index and vigor index of the two varieties of maize seeds. Under the conditions of low temperature, with the gradual increase in proline concentration, the germination potential, germination rate, germination index and vigor index of the two varieties of maize seeds increased first and then decreased and reached the highest value under the P3 treatment (5 mmol·L−1). Among them, the germination potential, germination rate, germination index and vigor index of the DM 3307 increased by 55.85% and 25.23%, respectively, compared with the low temperature treatment of 50.67% and 103.68%, respectively. The germination potential, germination rate, germination index and vigor index of the XX 2 increased by 20.12%, 11.84%, 25.25% and 71.62%, respectively, compared with the low temperature treatment. It can be seen that an appropriate concentration of proline treatment can significantly improve the growth state of maize seeds, and each index of the low temperature sensitive maize variety DM 3307 is more sensitive to low temperature. At the same time, the interaction between the varieties and treatments had a very significant impact on the germination potential, germination rate, germination index and vigor index (Table 1).




3.2. Length of Coleoptile and Radicle, Weight of Young Buds and α-Amylase Activity


It can be seen from Table 2 that compared with the normal temperature control treatment, the low temperature treatment significantly inhibited the coleoptile length, radicle length, fresh weight and dry weight of young buds of the DM 3307 and XX 2 seeds, and the decrease in the low temperature sensitive maize variety DM 3307 was more significant than that of XX 2. Under the normal temperature treatment, with the gradual increase in proline concentration, the germination indexes of the two varieties of maize were higher than those under the normal temperature treatment. Under low temperature conditions, with the gradual increase in proline concentration, the coleoptile length, radicle length, fresh bud weight, and dry bud weight of the two varieties of maize seeds showed a single peak trend and reached the extreme value under the P3 treatment (15 mmol·L−1). Compared with the low temperature treatment, the radicle length of the P1, P2, P3 and P4 treatment of the DM 3307 increased by 26.37%, 38.46%, 48.35% and 46.15%, respectively; the XX 2 increased by 11.11%, 24.79%, 31.62% and 24.79%, respectively. The dry weight of buds treated with P1, P2, P3 and P4 of the DM 3307 increased by 43.75%, 56.25%, 66.67% and 61.11%, respectively; the XX 2 increased by 23.68%, 30.53%, 35.26 and 31.58%, respectively. Meanwhile, under the treatment of P1, P2, P3 and P4, α-Amylase activities of the DM 3307increased by 15.80%, 30.16%, 57.62% and 36.14%, respectively; the XX 2 increased by 2.17%, 15.95%, 26.86% and 19.51%, respectively. It can be seen that the application of 15 mmol·L−1 proline can significantly promote the growth of maize buds, and the parameters of the DM 3307 are more sensitive to low temperature. At the same time, the interaction between the varieties and treatments had a very significant effect on coleoptile length, radicle length, fresh weight and dry weight of young buds. Low temperature treatment significantly inhibited the α-amylase activity of the DM 3307 and XX 2. Under the normal temperature treatment, with the gradual increase in seed soaking concentration of proline, the α-amylase activity was higher than that of the normal temperature treatment in varying degrees. At low temperature, with the gradual increase in proline concentration, the α-Amylase activity showed a single peak trend and reached the extreme value under the P3 treatment (15 mmol·L−1). Compared with the low temperature treatment, the radicle length of the P1, P2, P3 and P4 treatment of the DM 3307 increased by 15.80%, 30.16%, 57.62% and 36.14%, respectively; the XX 2 increased by 2.17%, 15.95%, 26.86% and 19.51%, respectively (Table 2). Combined with the experimental results of Table 1, our experiment shows that the experimental design has a certain accuracy and representativeness, can truly reflect the differences between the different concentrations, and can further study the effect of proline on maize embryo under normal and low temperature conditions (Table 1 and Table 2).




3.3. Proline Contents and Activities of P5CS, OAT and ProDH


It can be seen from Figure 1 that with the extension of low temperature stress time, the proline content, P5CS activity and OAT activity in the DM 3307 and XX 2 embryos gradually increased, while the ProDH activity showed a gradual decreasing trend and reached the extreme value on the fifth day of treatment. On the fifth day of treatment, compared with the normal temperature control treatment, the low temperature stress treatment significantly increased the proline content, P5CS activity and OAT activity of the two maize varieties, but inhibited the ProDH activity. Under the condition of low temperature stress, the proline soaking treatment further promoted the proline content, P5CS activity and OAT activity of the two maize varieties. The decrease in ProDH activity was alleviated, but the change was not significant and this promoting effect was more significant in the DM 3307. On the fifth day of low temperature stress, compared with the low temperature stress treatment, the proline content, P5CS activity, OAT activity and ProDH activity in the DM 3307 embryos increased by 48.33%, 62.13%, 14.90% and 23.94%, respectively; the proline content, P5CS activity, OAT activity and ProDH activity in the XX 2 embryos increased by 27.63%, 38.35%, 9.38% and 19.87%, respectively. At the same time, after the maize embryo was relieved of low temperature stress, the proline content, P5CS activity and OAT activity of the two maize varieties decreased, while the ProDH activity increased, and the promoting effect of the proline soaking was still obvious (Figure 1).




3.4. Vt, ρValt and ρVcyt


As can be seen from Figure 2, the Vt and ρValt increased rapidly in the early stage of low temperature stress (day 1). With the extension of the low temperature stress time, the two indexes continued to decline and recovered after restoring normal temperature. Compared with the control, the Vt and ρValt of the DM 3307 increased by 18.18% and 56.42%, respectively, on the first day and decreased by 64.33% and 59.70%, respectively, on the fifth day; the Vt and ρValt of the XX 2 increased by 35.98% and 95.6%, respectively, on the first day, and decreased by 41.34% and 39.58%, respectively, on the fifth day.



However, the application of exogenous proline alleviated the decrease in the Vt and ρValt caused by low temperature to a certain extent. Compared with the low temperature treatment, the Vt and ρValt of the DM 3307 embryos treated with proline soaking under low temperature stress increased by 74.79% and 72.56% on the fifth day, and 44.49% and 45.54% on the fourth day of recovery, respectively; the Vt and ρValt of the XX 2 embryos increased by 24.21% and 38.87%, respectively, on the fifth day, and 6.56% and 10.29%, respectively, on the fourth day. During low temperatures, the ρVcyt continued to decline and recovered after the low temperature was relieved. Compared with the control, the ρVcyt of the DM 3307 and XX 2 after the low temperature treatment decreased by 65.00% and 41.14% on day 5, respectively. Exogenous proline partially alleviated the ρVcyt decrease caused by low temperature and recovered significantly after the release of low temperature. Compared with the low temperature treatment, the ρVcyt of the DM 3307 and XX 2 were increased by 43.03% and 10.25%, respectively, on the fifth day, and 40.65% and 6.07%, respectively, on the fourth day. The results showed that the exogenous proline treatment could reduce the damage of the electron transfer pathway of a seed embryo under low temperature stress and provide energy for seed germination. Under normal temperature, the Vt, ρValt and ρVcyt trend of the DM 3307 and XX 2 was similar, and both of them showed the trend of increasing first and then decreasing slowly. Exogenous proline treatment can improve the Vt, ρValt and ρVcyt of the maize embryos of the two varieties. The Vt and ρValt of the DM 3307 and XX 2 reached a significant level on day 3, the ρValt of the DM 3307 reached a significant level on day 7 and EEE on day 1, and the ρVcyt of the XX 2 embryos reached a significant level on day 3 (Figure 2).




3.5. Activities of COX and AOX


As the key enzyme of the electron transport chain, COX is the key to maintaining mitochondrial function and cell energy metabolism. Figure 3 shows that under low temperature stress, the activity of COX in maize embryos of the two varieties showed a downward trend and recovered rapidly after restoring normal temperature. The decreasing rate of COX activity in the DM 3307 was higher than that in the XX 2. Compared with the control, the COX activity of DM 3307 and XX 2 decreased by 65.18% and 45.35%, respectively, on the fifth day. Under low temperature stress, exogenous proline alleviated the decrease in COX activity of the seed embryos caused by low temperature. After restoring normal temperature, the COX activity of the seed embryos recovered faster, and had a stronger effect on the decrease in COX activity of the DM 3307 embryos under low temperature stress. Compared with the low temperature treatment, the COX activity of the DM 3307 and XX 2 embryos treated by proline soaking under low temperature stress increased by 53.83% and 27.06% on the fifth day, and 63.46% and 13.74% on the second day of recovery, respectively. Under normal temperature, the change trend of COX activity in the DM 3307 and XX 2 embryos was similar, both of which increased first and decreased slowly. Exogenous proline treatment could improve the COX activity of the maize embryo of the two varieties, but it did not reach a significant level.



AOX is the terminal oxidase of the alternative respiration pathway. The AOX electron transport pathway plays an important role in seed germination. Figure 3 shows that under the low temperature stress treatment, the activity of the AOX in maize embryos of the two varieties increased first and then decreased and then recovered after restoring normal temperature. The increase in the AOX activity in the XX 2 was higher than that in the DM 3307. Compared with the control, the activity of AOX in the DM 3307 and XX 2 embryos increased by 55.17% and 152.21%, respectively, on the first day, and decreased by 64.70% and 23.64%, respectively, on the fifth day. The application of exogenous proline under low temperature stress alleviated the decrease in AOX activity of the seed embryos caused by low temperature to a certain extent. After restoring normal temperature, the AOX activity of the seed embryos recovered faster, and the decrease in AOX activity of the DM 3307 seed embryos under low temperature stress was alleviated more significantly. Compared with the low temperature treatment, the AOX activity of the DM 3307 and XX 2 embryos increased by 62.34% and 16.00%, respectively, on the fifth day and 35.81% and 10.76%, respectively, on the fourth day of recovery. Under normal temperature, the exogenous proline treatment significantly increased the activity of AOX in the maize embryo of the two varieties on the fifth day (Figure 3).




3.6. Activities of PFK, HXK and PK


Hexokinase (HXK), phosphofructokinase (PFK) and pyruvate kinase (PK) catalyze three irreversible reactions in the EMP pathway. They are important regulatory enzymes in the EMP pathway and provide energy for the process of seed germination. During the period of low temperature stress, the changes of PFK activity in the embryos of the DM 3307 and XX 2 were different. The PFK activity of the embryos of DM 3307 showed a downward trend and XX 2 showed an upward trend, but the PFK activity of the two varieties was significantly lower than that of the control. Compared with the control, the activity of PFK in the DM 3307 and XX 2 embryos decreased by 71.27% and 33.53% on the fifth day, respectively. The application of exogenous proline under low temperature stress alleviated the decline of PFK activity of the seed embryos caused by low temperature to a certain extent. The PFK activity of the seed embryos recovered faster after restoring normal temperature, and the remission of PFK activity of the DM 3307 embryos under low temperature stress was more significant. Compared with the low temperature treatment, the PFK activity of the DM 3307 and XX 2 embryos in the proline soaking treatment under low temperature stress increased by 114.60% and 20.03% on the fifth day, and 58.48% and 1.74% on the fourth day of recovery, respectively (Figure 4).



Under low temperature stress, the activities of HXK and PK in the maize embryos of the two varieties increased first and then decreased. The activity of HXK and PK in the DM 3307 decreased more than that in the XX 2. Compared with the control, the activities of HXK and PK in the DM 3307 embryos reached the peak on the fifth day, and decreased by 62.30% and 59.20%, respectively; the activities of HXK and PK in the XX 2 embryos reached the peak on the third day, decreased by 50.50% and 53.63%, respectively, and increased slightly on the fifth day. Under low temperature stress, the application of exogenous proline alleviated the decline of HXK and PK activities of the seed embryos caused by low temperature to a certain extent. The HXK activity of the seed embryos recovered rapidly after restoring normal temperature. Compared with the low temperature treatment, the HXK activity of the DM 3307 and XX 2 embryos increased by 56.00% and 17.99%, respectively, on the fifth day, and 73.94% and 21.69%, respectively, on the second day of recovery; the PK activity increased by 84.13% and 40.81% on day 5 and 105.45% and 2.70% on day 2, respectively, (Figure 4). Compared with the control, the activity of PK in the DM 3307 embryos after the low temperature treatment reached the peak on the fifth day and decreased by 62.30%. The activity of PK in the XX 2 PK embryo reached the peak on the third day, decreased by 50.50%, and increased slightly on the fifth day. The application of exogenous proline under low temperature stress alleviated the decrease in PK activity of the seed embryos caused by low temperature to a certain extent, and the PK activity of the seed embryos recovered faster after restoring normal temperature. Compared with the low temperature treatment, the PK activity of the DM 3307 and XX 2 embryos increased by 56.00% and 17.99%, respectively, on the fifth day, and 73.94% and 21.69%, respectively, on the second day of recovery. Compared with the low temperature treatment, the effect of exogenous proline on the activities of PFK, HXK and PK of the XX 2 embryos after stress relief did not reach a significant level, but the activities of PFK, HXK and PK of the DM 3307 embryos increased significantly, indicating that proline had a more significant effect on low temperature sensitive varieties (Figure 4).




3.7. Activities of IDH, SDH and MDH


It can be seen from Figure 5 that the low temperature stress treatment significantly reduced the activity of IDH in the embryos of the two varieties of maize, especially in the DM 3307 embryos. After restoring normal temperature, the activity of IDH in the embryos of the two varieties of maize partially recovered. Compared with the control, the activity of IDH in embryos of the DM 3307 treated with low temperature showed a downward trend, reached the peak on the fifth day, and decreased by 65.34%; the activity of IDH in the XX 2 embryos decreased first and then increased, reached the peak on the first day, and decreased by 45.97%. The application of exogenous proline under low temperature stress alleviated the decrease in seed embryo IDH activity caused by low temperature to a certain extent. After the stress was relieved, the seed embryo IDH activity recovered faster, and the remission of the DM 3307 seed embryo IDH activity under low temperature stress was more significant. Compared with the low temperature treatment, the IDH activity of the DM 3307 and XX 2 embryos treated with proline soaking under low temperature stress increased by 68.91% and 23.62%, respectively, on the fifth day, and increased by 16.53% and 5.00%, respectively, on the fourth day of recovery (Figure 5).



The low temperature stress treatment significantly reduced the activity of SDH in the maize embryos of the two varieties, and the activity of SDH partially recovered after restoring normal temperature. Compared with the control, the SDH activity of the DM 3307 embryos treated with low temperature showed a downward trend, reached the peak on the fifth day, and decreased by 71.09%; the SDH activity of the XX 2 embryos increased first, then decreased and then increased, reached the peak on the third day, then decreased by 28.60%. The application of exogenous proline under low temperature stress alleviated the decline of SDH activity of the seed embryos caused by low temperature to a certain extent. After the stress was relieved, the SDH activity of the seed embryos recovered faster, and the SDH activity of the DM 3307 embryos under low temperature stress was alleviated more significantly. Compared with the low temperature treatment, the SDH activity of the DM 3307 and XX 2 embryos increased by 54.72% and 13.41%, respectively, on the fifth day and 54.58% and 16.08%, respectively, on the second day of recovery. Under the low temperature stress treatment, the activity of MDH in the maize embryos of the two varieties increased first, then decreased, and recovered after the treatment was removed. Compared with the control, the MDH activity of the DM 3307 embryos reached the peak on the fifth day of the low temperature treatment; the activity of MDH in the XX 2 embryos reached the peak on the third day of the low temperature treatment. The application of exogenous proline under low temperature stress alleviated the decrease in MDH activity of the seed embryos caused by low temperature to a certain extent. After the stress was relieved, the MDH activity of the seed embryos recovered faster, and the MDH activity of the DM 3307 embryos under low temperature stress was alleviated more significantly. Compared with the low temperature treatment, the MDH activity of the DM 3307 and XX 2 embryos treated with proline soaking under low temperature stress increased by 86.76% and 25.22% on the fifth day, and 82.99% and 7.72% on the second day of recovery, respectively. Compared with the low temperature treatment, the application of exogenous proline had no significant effect on the activities of IDH and MDH of the XX 2 embryos after stress relief, but the activities of IDH and MDH of the DM 3307 embryo reached a significant level. This shows that SDH activity is greatly affected by low temperature, and the mitigation effect of proline on low temperature sensitive varieties is more significant (Figure 5).




3.8. Activities of G-6-PDH and 6-P-GDH


The key metabolic pathway of seed germination is the smooth progress of the pentose phosphate pathway (PPP). G-6-PDH and 6-P-GDH are two key enzymes in the pentose phosphate pathway. It can be seen from Figure 6 that during low temperature, the activities of the G-6-PDH and 6-P-GDH combined enzymes in the maize embryos of the two varieties first increased and then decreased, and then recovered after the stress was relieved. Compared with the control, the activities of the G-6-PDH and 6-P-GDH combined enzymes in the embryos of the DM 3307 treated with low temperature reached the peak on the fifth day, which decreased by 49.11%; the activities of the G-6-PDH and 6-P-GDH combined enzymes in the XX 2 embryos reached the peak on the third day and decreased by 37.98%. Under low temperature stress, the application of exogenous proline alleviated the decrease in G-6-PDH and 6-P-GDH combined enzyme activities of the seed embryos caused by low temperature to a certain extent. After the stress was relieved, the G-6-PDH and 6-P-GDH combined enzyme activities of the seed embryos recovered faster, and the G-6-PDH and 6-P-GDH combined enzyme activities of the DM 3307 embryos were alleviated more significantly. Compared with the low temperature treatment, the combined enzyme activities of the G-6-PDH and 6-P-GDH of the DM 3307 and XX 2 embryos treated by proline soaking under low temperature stress, increased by 41.96% and 11.63%, respectively, on the fifth day, and increased by 32.10% and 5.51%, respectively, on the second day of recovery (Figure 6).




3.9. ATP Contents


During the low temperature period, the ATP content in the embryos of the two varieties of maize first increased and then decreased, and then recovered after the stress was relieved, as shown in Figure 7. Compared with the control, the ATP content of the DM 3307 and XX 2 embryos reached the peak on the third day, which decreased by 86.94% and 56.79%, respectively; however, the application of exogenous proline under low temperature stress alleviated the decrease in ATP content and activity of the seed embryos caused by low temperature to a certain extent. After the stress was relieved, the ATP content and activity of the seed embryos recovered rapidly, and the ATP content of the DM 3307 embryos increased significantly. Compared with low temperature treatment, the ATP content and activity of the DM 3307 and XX 2 embryos were increased by 194.51% and 37.19%, respectively, on the fifth day and 236.45% and 0.28%, respectively, on the fourth day of recovery (Figure 7).




3.10. Contents of ABA, IAA, GA, ZR and GA/ABA Ratio


It can be seen from Figure 8 that on the third and fifth days of treatment, the low temperature stress treatment significantly increased the ABA content of the seed embryos of the two maize varieties, and proline inhibited the ABA content of the seed embryos of the two maize varieties under the normal temperature and low temperature treatments after seed soaking. The ow temperature stress treatment significantly inhibited the IAA content of DM 3307 and XX 2 embryos, and exogenous proline significantly increased the IAA content of all kinds of embryos of the two products, which was the most significant on the third and fifth days of low temperature. The IAA content of the DM 3307 increased by 90.04% and 61.79%, respectively; the IAA content of the XX 2 increased by 26.15% and 17.52%, respectively. It can be seen that the IAA content of the low temperature sensitive maize varieties was more sensitive to low temperature. Similarly, the contents of GA and ZR in the embryos of the two maize varieties increased first and then decreased with the extension of the low temperature stress time and reached the peak on the third day of treatment. Compared with the normal treatment, the low temperature treatment significantly inhibited the contents of GA and ZR in the embryos of the two varieties. On the third day of the low temperature treatment, compared with the simple low temperature treatment, the GA and ZR contents of the DM 3307 embryos increased by 34.01% and 14.98%, respectively the GA and ZR contents of the XX 2 embryos increased by 18.18% and 14.65%, respectively. At the same time, the low temperature stress treatment also significantly inhibited the GA/ABA ratio. On the fifth day of the low temperature treatment, the GA/ABA ratio of the DM 3307 and XX 2 embryos decreased by 44.69% and 39.94%, respectively. Seed soaking with proline could significantly increase the GA/ABA ratio in the embryo of the two maize varieties. After relieving the low temperature stress of the maize embryos, the contents of IAA, GA and ZR and the ratio of GA/ABA in the DM 3307 and XX 2 embryos increased in varying degrees, while the content of ABA decreased, and the exogenous proline treatment could also promote the accumulation of IAA, GA and ZR contents in embryos (Figure 8).





4. Discussion


Seed germination is the most vigorous and complex stage of physiological metabolism in the plant life cycle. The essence of the germination process is the process that the seed embryo recovers from a dormant state to an active growth state, that is, after the seed is imbibed, the seed embryo cells begin to elongate, the radicle breaks through the seed coat and enters the germination state, the cell division and elongation of the embryo accelerate, and the radicle and germ grow rapidly and enter the germination stage. The whole process of seed germination is particularly sensitive to the external environment and will be restricted by many factors such as low temperature, drought and hypoxia [81,82,83]. The quality of seed germination determines the strength of plant seedlings, and the duration of germination determines whether the seedlings can enter the growth environment corresponding to their development at the optimal period, which has a very important impact on the yield [84,85]. A low temperature will not only slow down the repair of the seed cell biofilm, but also cause membrane lipid phase change and membrane structure damage of the repaired membrane, resulting in solute extravasation, respiratory metabolism disorder, enzyme activity weakening, material transformation becoming blocked, toxic substance accumulation, and finally slow or even no germination. In this study, under low temperature stress, the germination rate, germination potential, germination index, vigor index, coleoptile length, radicle length, dry and fresh weight of two varieties of maize seeds decreased significantly. Our results are consistent with the research results of Chang Bowen [86] and Zheng Yunye [87]. At the same time, we found that the DM 3307 suffered more stress than the XX 2, indicating that the XX 2 had a stronger resistance to low temperature stress than the DM 3307. The regulation of exogenous substances on crop growth and development is one of the effective measures to resist adversity. Proline is the most effective compatible osmotic regulator in plants, which is produced in large quantities when plants are subjected to stress. The study on the regulation effect of proline on crops under different stresses shows that exogenous proline can effectively alleviate the inhibition of stress on plant growth and the inhibition of low temperature stress on seed germination [88]. Soaking seeds with different concentrations of proline can effectively alleviate the inhibition of low temperature stress on quinoa seed germination, and 20 mmol·L−1 proline can significantly improve the germination rate and root length of quinoa seeds under low temperature stress [89]. Proline increased the seed germination potential of Arabidopsis under low temperature stress and in addition to alleviating the inhibition of low temperature stress on seed germination, proline also alleviates a variety of stresses [28]. A 15 mmol·L−1 proline solution had the best promotion effect. The energy and substances needed for seed germination are completely derived from the oxidative decomposition of storage substances. The main storage substances in maize seeds are starch, protein and fat, and low temperature stress will inhibit α-amylase activity, which hinders the supply of materials and energy required for embryo growth, thus inhibiting seed germination. In this study, seed soaking with proline alleviated the inhibitory effect of low temperature on the α-amylase activity to a certain extent, thus restoring the supply of materials and energy required for seed embryo growth and promoting seed germination.



Proline is considered to be the most widely distributed and important osmotic regulator [90,91]. Studies have shown that the contents of osmotic regulators such as proline, soluble sugar and soluble protein in plants will be greatly increased after low temperature stress, so as to coordinate the osmotic pressure inside and outside cells, protect membrane stability and maintain ion balance. In this study, we found that under low temperature stress, the endogenous proline in a maize embryo increased significantly, the internal metabolism of the maize embryo was restored, and the respiration was strengthened. The results of this study are consistent with previous research results in cucumber, banana, quinoa and chrysanthemum. Exogenous proline can increase the content of endogenous proline, soluble sugar and soluble protein in a seed embryo. The increase in osmoregulation substances protect the structure of the cell membrane and protein, reduces membrane damage and enhances a plant’s cold resistance [92]. After the stress is relieved, the proline accumulated by seed embryos soaked with proline decreases rapidly and then tends to be stable. A large amount of proline can be quickly degraded as an energy substance after the stress is relieved, providing more carbon and nitrogen sources and energy for seed germination, which is also one of the important reasons for the rapid germination of seeds treated with exogenous proline after recovery.



Proline synthesis mainly has two pathways, the Glu pathway and the Orn pathway, which are regulated by P5CS and OAT, respectively; The degradation of proline is mainly regulated by ProDH [93]. Proline accumulation during seed germination mainly depends on the Orn pathway. Antisense inhibition of AtP5CS expression will lead to delayed radicle elongation during Arabidopsis seed development [94]. Proline biosynthesis and decomposition can be associated with many metabolic pathways, among which Orn and Arg are the synthetic precursors of polyamines, which play an important role in plant development and stress resistance [95,96]. Previous studies have shown that P5CS activity is affected by a variety of abiotic stresses. Moreover, overexpression of the P5CS gene can enhance the stress resistance of plants [97]. Compared with the control, the activity of P5CS in the DM 3307 embryos began to increase significantly on the third day of low temperature stress treatment; the P5CS activity of the XX 2 embryos increased significantly from the first day. The changes of ProDH activity of the two varieties were consistent and decreased continuously with the extension of the low temperature stress time; OAT activity increased significantly on day 3. This indicates that maize embryos accumulate proline mainly by enhancing the glutamate pathway and reducing proline degradation. Varieties with strong resistance can activate the Glu pathway earlier to accumulate proline and improve cold resistance [98]. This is consistent with the results of previous studies. The P5CS gene increased rapidly in the early stage of stress, while the OAT gene began to increase after 12 h. Exogenous proline treatment further increased the activities of P5CS and OAT in the maize embryo under low temperature stress, and the activity of ProDH increased significantly only in the early stage of low temperature stress and stress relief. The results showed that exogenous proline increased the accumulation of proline significantly by increasing the activities of P5CS and OAT under low temperature stress and enhancing the two proline synthesis pathways. The enhancement of ProDH activity in the early stage of low temperature stress and stress relief may be related to the induction of proline, which also explains the reason why proline can degrade rapidly after stress relief. The increase in ProDH activity can accelerate the degradation of proline and provide carbon and nitrogen sources and a large amount of reducing power for seed embryo recovery and seed germination. Proline also has a more significant mitigation effect on low temperature sensitive varieties [99]. The above research fully shows that exogenous proline is essential for seed embryo development after the release of low temperature stress.



Respiration is the main source of energy supply during seed germination and the core of material metabolism [100]. According to the different terminal oxidase, the electron transport pathway of plant mitochondria can be divided into the cytochrome pathway (CP) and the alternative pathway (AP), which are catalyzed by cytochrome oxidase (COX) and alternative oxidase (AOX), respectively. COX is the main terminal oxidase during plant growth, whereas CP is the main synthesis pathway of ATP, and a low temperature will reduce COX activity. Meanwhile the regulation of AOX activity is very complex. The energy produced by AP is mainly lost by heat, and the proportion of AP will gradually increase during seed germination. Studies have confirmed that the AOX gene will be expressed in response to stress, especially low temperature stress. AP is activated, the maximum capacity of the alternative pathway (Valt) is increased, and the adaptability of plants to low temperature is strengthened [101,102], but more evidence showed that ρValt is different from Valt, and ρValt can truly reflect the state and function of plants under specific physiological conditions [103]. This study showed that low temperature stress reduced the activity of the cytochrome main pathway operation (ρVcyt) and COX. After the stress was relieved, the XX 2 recovered significantly, and the DM 3307 recovered slowly, indicating that CP was blocked and the mitochondrial function of the seed embryo cells was damaged under low temperature stress, especially the DM 3307, which is not resistant to low temperatures. The activity of the Vt, ρValt and AOX increased rapidly on the first day, which was higher than that of normal temperature control; on the third day, the Vt and ρValt of the DM 3307 embryos decreased significantly, which was lower than that of the control; Vt and ρValt of the XX 2 decreased rapidly on the fifth day but recovered after the stress was relieved. Low temperature stress can lead to the decrease in COX, the obstruction of CP and the destruction of the respiratory electron transport chain. As an “overflow” pathway, the strengthening of the AP can not only accelerate the consumption of electrons and reduce the production of reactive oxygen species, but also ensure the operation of the respiratory metabolic pathway and the most basic demand for respiratory metabolism to maintain the life activities of seed embryos under low temperature stress [104]. The decline of ρValt in the later stage of low temperature stress may be related to the integrity of the mitochondrial membrane system [105]; however, proline treatment increased the activities of AOX and COX under low temperature stress and alleviated the decline of Vt, ρValt and ρVcyt. This may be because proline treatment increases the inner proline metabolism. Proline degradation provides a reduction equivalent for electron transport in the respiratory chain and ATP production, reduces the content of reactive oxygen species, protects the activities of the AOX and COX enzymes, alleviates the damage of membrane lipid peroxidation, maintains the integrity of the mitochondrial membrane, accelerates the repair and resynthesis of mitochondria and the recovery of seed embryo cells after stress relief, and promotes the repair of stress-induced injury [106,107].



There are many respiratory and metabolic pathways in plants, including the EMP, TCA and PPP. The EMP pathway is the first stage of respiratory metabolism, which can oxidize and decompose carbohydrates into pyruvate and release ATP. Three steps in the EMP pathway are irreversible reactions, involving three key enzymes, namely, hexokinase (HXK), phosphofructokinase (PFK) and pyruvate kinase (PK) [108]. In the early stage of seed germination, the EMP pathway will be activated rapidly and the activity of metabolic enzymes will increase rapidly. In this study, the activity changes of PFK in the DM 3307 and XX 2 embryos were different during low temperature stress. PFK in the DM 3307 embryos increased first and then decreased, and the XX 2 showed an upward trend. The activities of HXK and PK in the two varieties increased first and then decreased, but the activities of PFK, HXK and PK in the two varieties were significantly lower than those in the control after low temperature stress. This is because under low temperature stress, the seed’s own stress protection system will reduce the activities of PFK, HXK and PK, slow down the oxidative decomposition of sugar, and the accumulated soluble sugar will participate in cell osmotic regulation to improve its adaptability to low temperature. This is consistent with the results of previous studies on different POA varieties under low temperature stress [109]. Compared with the low temperature stress treatment, the proline treatment significantly increased the activities of PFK, HXK and PK under low temperature stress, especially the increase in PFK and PK. This shows that exogenous proline alleviated the cell osmotic stress, transformed the sugar accumulated under low temperature stress into the reaction substrate of subsequent material energy metabolism by improving the activity of PK, promoted the recovery of PFK activity, accelerated the operation of the EMP pathway, produced more ATP, enhanced the respiration of the maize embryo under low temperature stress, and alleviated the inhibition of low temperature on seed germination. The proline treatment increased the activities of PFK, HXK and PK under low temperature stress, which may also be because the proline accelerated the repair and resynthesis of mitochondria and promoted the TCA cycle; however, there are few studies on the regulation of exogenous proline on the plant EMP pathway under low temperature stress. Further experiments are needed to verify the regulation mechanism of proline on glycolysis.



The TCA cycle is the central pathway for the catabolism and transformation of sugar, fat and protein. It can not only provide significant of energy for plant life activities, but also serve as the carbon skeleton of the biological oxidation matrix. IDH, SDH and MDH are key enzymes in the TCA cycle and begin to be expressed in the early stage of seed germination [110]. MDH not only catalyzes the reversible transformation between malic acid and oxaloacetic acid, but also confirms that MDH is closely related to plant seed germination, sugar accumulation, fruit development and maturation, stress resistance and other physiological processes [111,112]. Previous studies have shown that stress induced high expression of the millet MDH gene can improve plant stress resistance, and the MDH gene plays an important role in the stress response signal system [113]. In this study, the activities of IDH, SDH and MDH of the two varieties under low temperature stress were significantly lower than those of the control, and the TCA cycle rate decreased as a whole, but the change trend was different. IDH was the first and most affected by low temperature stress in the DM 3307 embryos. Compared with day 0, IDH decreased significantly, SDH did not change significantly, and MDH increased significantly; however, with the extension of the stress time, the activities of the three enzymes decreased gradually. The activity of IDH in the XX 2 embryos decreased first and then increased with the extension of stress time, while the activities of SDH and MDH fluctuated first and increased. After the stress was relieved, the activities of IDH, SDH and MDH of the XX 2 recovered rapidly, which was basically consistent with the control, but the recovery of the DM 3307 was slow. The response of the TCA cycle to low temperature stress was significantly different among the different genotypes, and the varieties with strong resistance were less affected. The exogenous proline treatment significantly increased the activities of IDH, SDH and MDH in the maize embryos under low temperature stress and had the strongest effect on the activity of MDH in the DM 3307 embryos. This shows that proline can effectively promote the transformation rate of the TCA pathway, accelerate the decomposition of substrate, promote the progress of aerobic respiration under low temperature stress, and promote seed germination while improving seed stress resistance. The site of aerobic oxidation in the TCA cycle is in the mitochondria. The promoting effect of proline on the TCA cycle is also related to its protection of mitochondrial structural integrity and improvement of electron transport chain efficiency under low temperature stress [114]. In addition, the process of proline degrading into α-ketoglutarate in the mitochondria may provide a carbon source for the TCA cycle and electrons for the mitochondrial electron transport chain to produce ATP. The effect of proline on alleviating the damage of plants caused by low temperature stress is particularly prominent after the stress is relieved [115].



PPP can directly lead to oxidative decarboxylation and molecular recombination of glucose across the EMP-TCA cycle and release a large amount of reducing force. The whole reaction process uses NADP+ as the coenzyme of dehydrogenase to produce a large amount of NADPH, which does not involve the production and consumption of ATP. The intermediate products of PPP can participate in the synthesis of substances related to plant growth and stress resistance, such as nucleic acids, auxin, amino acids and phenols, and can also be connected with photosynthesis to realize the transformation between monosaccharides. PPP is not only closely related to the release of seed dormancy but is also a key pathway of respiratory metabolism during seed germination [116]. PPP also plays an important role in plants under stress. G-6-PDH and 6-P-GDH are key rate limiting enzymes in PPP. In this study, compared with that before stress, the activities of the G-6-PDH and 6-P-GDH combined enzymes in embryos of DM 3307 increased first and then decreased with the extension of low temperature stress, while the XX 2 fluctuated slightly and increased, but all treatments were significantly lower than normal temperature. Proline metabolism is related to PPP. NADPH generated by PPP is used to synthesize proline and produce NADP+, which supplements the electron receptor required for electron transfer. Compared with the low temperature stress treatment, the proline treatment significantly increased the combined enzyme activities of G-6-PDH and 6-PGDH in embryos from the first day, which is consistent with the results of previous studies. The above results show that the proline treatment alleviated the decline of PPP operation efficiency in the seed embryos due to the restriction of the G-6-PDH and 6-PGDH combined enzyme activity under low temperature and supplemented the NADP+ library through proline anabolism to improve PPP efficiency. The intermediate products generated by the operation of the PPP pathway can be used for the repair of seed embryo cell DNA, provide reducing power for seed embryo cell biosynthesis, promote the production of new ATP, maintain the material and energy metabolism demand of a seed embryo under low temperature stress, maintain the reducing environment in cells, reduce the damage of reactive oxygen species to proteins and membrane lipids, and further reduce the damage of low temperature stress to seed embryo cells. Exogenous proline treatment after stress relief can rapidly improve the activities of G-6-PDH and 6-PGDH. It may be that a large amount of proline decomposes after restoring normal temperature, provides electrons for the respiratory chain, and can further activate the PPP pathway. The decomposed products participate in material metabolism as a carbon and nitrogen source, accelerate the elongation of seed cells after low temperature stress relief, and promote seed germination [117]. Our experiment only discussed the effect of proline on aerobic respiration, and the research direction will focus on anaerobic respiration in the future.



A plant hormone is an organic substance that can regulate growth and development, which is metabolized and synthesized by plants under the induction of certain signals and the process of seed germination is regulated by a variety of hormones, rather than the result of a single hormone [118]. In this study, low temperature stress significantly increased the concentration of ABA in the embryo of two maize varieties and significantly decreased the concentration of IAA, GA and ZR. Additionally, low temperature stress significantly reduced the GA/ABA ratio of the two varieties. GA/ABA of the DM 3307 showed a fluctuating trend, which was an obvious imbalance of plant hormones, therefore, its germination was inhibited more obviously. At the same time, GA/ABA of the XX 2 gradually increased, showing a good adaptability and resistance to low temperature stress. The results of this study are basically consistent with those of previous studies [119]. ABA accumulation can significantly inhibit seed germination, but it is also an important intercellular signal, which can conduct signal transduction rapidly under stress conditions [120]. ABA and proline have an obvious interaction in determining stress tolerance [121]. During abiotic stress, ABA induced the expression of P5CS and P5 CR, but could not regulate the expression of ProDH [122]. In this study, exogenous proline treatment significantly reduced the concentration of ABA in the embryos under low temperature stress. Exogenous proline cannot promote the production of ABA under low temperature stress, but this does not mean that there is no crosstalk between the proline and ABA signals. The decrease in ABA concentration in this study may be due to the fact that exogenous proline improves the antioxidant capacity of embryos under low temperature stress, reduces the damage of the membrane system, alleviates the disorder of endogenous hormone metabolism, restores seed germination, and carries out ABA catabolism with germination. GA can improve the germination of barley, maize and other seeds under stress conditions [123], while GA and ABA are two antagonistic hormones regulating seed germination and dormancy. The ratio of GA/ABA determines whether the seed is dormant or germinated. Therefore, GA/ABA can be used to reflect the process of seed germination and reflect its resistance and adaptability to low temperature. Exogenous proline increased the concentration of GA and the ratio of GA/ABA in embryos under low temperature stress, alleviated the inhibitory effect of low temperature on embryo germination, and accelerated the process of seed germination after relieving low temperature, especially for DM 3307, which is not resistant to low temperature. In this study, the application of exogenous proline increased the contents of IAA and ZR in maize embryos under low temperature and after stress relief. This may be related to the proline protecting the IAA and other biological macromolecules from decomposition. It also explains the reason why the proline accelerated seed embryo germination after stress relief. Our results show that the application of proline can alleviate the inhibition of low temperature on seed embryo germination by increasing the accumulation of ZR, IAA and GA in maize embryos and reducing the concentration of ABA, and by promoting seed germination after the release of low temperature stress; however, the mechanism of proline regulating endogenous hormones in seed embryos under low temperature stress needs to be further studied in the future.




5. Conclusions


Proline significantly improved the germination potential, germination rate, germination index, vigor index and α-amylase activity of maize seeds under low temperature stress, and effectively alleviated the inhibitory effect of low temperature stress. In this study, the optimum concentration of proline soaking to promote maize seed germination under low temperature stress was 15 mmol·L−1. Exogenous proline can regulate the metabolism of endogenous proline in maize embryos by regulating the activities of enzymes related to the synthesis and degradation of endogenous proline. At the same time, proline promotes the germination embryo to accumulate more endogenous proline, which not only improves the adaptability of maize seeds to low temperature stress during germination, but also provides material and an energy source for seed germination after stress is relieved. Exogenous proline can inhibit the decrease in the EMP pathway, TCA cycle and PPP key enzyme activities caused by low temperature stress, increase the activity of terminal oxidase and ATP content, effectively improve the respiratory rate during seed germination under low temperature stress, and then accelerate mitochondrial repair and resynthesis. Exogenous proline can improve the low temperature tolerance of maize embryos and alleviate the inhibitory effect of low temperature stress on maize germination by regulating the balance of endogenous plant hormones (Figure 9).
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Figure 1. Effect of exogenous proline on the proline contents and activities of P5CS, OAT and ProDH in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 2. Effect of exogenous proline on the Vt, ρValt and ρVcyt ratio of embryos of maize under low temperature stress. 
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Figure 3. Effect of exogenous proline on the activities of COX and AOX in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 4. Effect of exogenous proline on the activities of PFK, HXK and PK in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 5. Effect of exogenous proline on the activities of IDH, SDH and MDH in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 6. Effect of exogenous proline on the activities of G-6-PDH and 6-P-GDH in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 7. Effect of exogenous proline on the ATP contents of embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 8. Effect of exogenous proline on the contents of ABA, IAA, GA, ZR and GA/ABA ratio in embryos of maize under low temperature stress. Different letters within a column indicate significant differences at p < 0.05. 
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Figure 9. Schematic representation of the positive role of exogenous proline alleviated low temperature stress by optimizing seed germination, inner proline metabolism, respiratory metabolism and hormone regulation mechanism in maize embryos. The red arrows (↑) and the blue arrows (↓) represent the positive and passive roles of spermidine, respectively. 
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Table 1. Effects of soaking seeds with different concentrations of proline solution on maize germination energy, germination rate, germination index, vitality index and the relative value of four indicators above under low temperature stress.
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Variety

	
Treatment

	
Germination Potential (%)

	
Relative Germination Potential

	
Germination Rate (%)

	
Relative Germination Rate

	
Germination Index

	
Relative Germination Index

	
Vitality Index

	
Relative Vitality Index






	
XX 2

	
CK

	
89.5 ± 2.18 b

	
1.00 ± 0.00 a

	
98.0 ± 0.55 ab

	
1.00 ± 0.00 a

	
20.51 ± 0.71 b

	
1.00 ± 0.00 b

	
19.1 ± 1.18 b

	
1.00 ± 0.00 b




	
P1

	
89.6 ± 0.78 b

	
1.00 ± 0.03 a

	
97.9 ± 0.67 b

	
1.00 ± 0.01 a

	
20.38 ± 1.15 b

	
1.00 ± 0.09 bc

	
19.0 ± 3.24 b

	
0.99 ± 0.12 bc




	
P2

	
91.7 ± 1.93 ab

	
1.03 ± 0.05 a

	
97.8 ± 0.76 b

	
1.00 ± 0.01 a

	
21.65 ± 0.52 a

	
1.06 ± 0.02 ab

	
20.8 ± 0.69 b

	
1.09 ± 0.08 b




	
P3

	
94.1 ± 0.81 a

	
1.05 ± 0.003 a

	
99.5 ± 0.87 a

	
1.02 ± 0.01 a

	
22.38 ± 0.18 a

	
1.09 ± 0.04 a

	
24.1 ± 0.81 a

	
1.27 ± 0.12 a




	
P4

	
94.5 ± 1.30 a

	
1.06 ± 0.04 a

	
99.2 ± 0.68 ab

	
1.01 ± 0.01 a

	
22.62 ± 0.18 a

	
1.10 ± 0.05 a

	
24.9 ± 1.41 a

	
1.30 ± 0.02 a




	
L

	
66.3 ± 2.51 f

	
0.74 ± 0.05 d

	
79.9 ± 0.76 e

	
0.82 ± 0.01 d

	
15.12 ± 0.50 e

	
0.74 ± 0.04 f

	
9.3 ± 0.51 f

	
0.49 ± 0.05 f




	
L + P1

	
70.1 ± 2.50 e

	
0.78 ± 0.05 cd

	
84.3 ± 1.07 d

	
0.86 ± 0.02 c

	
17.47 ± 0.43 d

	
0.85 ± 0.02 e

	
12.6 ± 0.83 e

	
0.66 ± 0.08 e




	
L + P2

	
74.8 ± 2.71 d

	
0.84 ± 0.01 bc

	
85.4 ± 1.40 d

	
0.87 ± 0.01 c

	
17.49 ± 0.47 d

	
0.85 ± 0.04 e

	
13.3 ± 1.10 de

	
0.70 ± 0.10 de




	
L + P3

	
79.6 ± 3.16 c

	
0.89 ± 0.06 b

	
89.4 ± 0.98 c

	
0.91 ± 0.01 b

	
18.93 ± 0.41 c

	
0.92 ± 0.003 d

	
16.0 ± 0.89 d

	
0.84 ± 0.09 cd




	
L + P4

	
76.3 ± 2.04 cd

	
0.85 ± 0.00 b

	
89.2 ± 0.72 c

	
0.91 ± 0.01 b

	
18.29 ± 0.59 cd

	
0.89 ± 0.004 e

	
15.1 ± 1.64 cd

	
0.79 ± 0.13 de




	
DM 3307

	
CK

	
60.4 ± 1.93 c

	
1.00 ± 0.00 c

	
92.1 ± 0.82 ab

	
1.00 ± 0.00 ab

	
16.16 ± 0.33 b

	
1.00 ± 0.00 b

	
13.1 ± 1.25 b

	
1.00 ± 0.00 b




	
P1

	
61.5 ± 1.80 c

	
1.02 ± 0.06 c

	
91.5 ± 0.95 b

	
0.99 ± 0.01 b

	
16.18 ± 0.35 b

	
1.00 ± 0.04 b

	
13.3 ± 1.77 b

	
1.03 ± 0.23 b




	
P2

	
68.4 ± 2.69 b

	
1.13 ± 0.08 b

	
92.4 ± 0.50 ab

	
1.00 ± 0.01 ab

	
17.04 ± 1.04 ab

	
1.06 ± 0.08 ab

	
15.1 ± 0.97 a

	
1.16 ± 0.18 ab




	
P3

	
73.4 ± 4.03 a

	
1.21 ± 0.05 ab

	
94.0 ± 0.52 a

	
1.02 ± 0.01 ab

	
17.89 ± 0.69 a

	
1.11 ± 0.05 a

	
16.6 ± 1.05 a

	
1.28 ± 0.20 a




	
P4

	
74.1 ± 2.21 a

	
1.23 ± 0.04 a

	
94.5 ± 0.46 a

	
1.03 ± 0.01 a

	
17.94 ± 0.23 a

	
1.11 ± 0.01 a

	
16.6 ± 0.89 a

	
1.28 ± 0.19 a




	
L

	
34.2 ± 2.21 g

	
0.57 ± 0.02 g

	
61.6 ± 1.92 e

	
0.67 ± 0.02 e

	
8.27 ± 0.48 e

	
0.51 ± 0.04 e

	
4.6 ± 0.77 e

	
0.36 ± 0.10 d




	

	
L + P1

	
40.9 ± 2.36 f

	
0.68 ± 0.03 f

	
69.1 ± 1.68 d

	
0.75 ± 0.02 f

	
10.22 ± 0.27 d

	
0.63 ± 0.00 d

	
7.1 ± 0.20 d

	
0.54 ± 0.04 cd




	
L + P2

	
46.7 ± 2.90 e

	
0.77 ± 0.03 e

	
71.7 ± 2.69 d

	
0.78 ± 0.02 f

	
10.90 ± 0.63 d

	
0.67 ± 0.04 d

	
7.8 ± 0.28 cd

	
0.60 ± 0.05 c




	
L + P3

	
53.3 ± 2.91 d

	
0.88 ± 0.08 d

	
77.1 ± 1.64 c

	
0.84 ± 0.02 c

	
12.46 ± 0.47 c

	
0.77 ± 0.04 c

	
9.5 ± 0.59 c

	
0.72 ± 0.02 c




	
L + P4

	
50.9 ± 4.05 de

	
0.84 ± 0.06 de

	
75.6 ± 3.10 c

	
0.82 ± 0.04 c

	
11.01 ± 0.43 d

	
0.68 ± 0.04 d

	
8.3 ± 0.49 cd

	
0.64 ± 0.03 c




	
ANOVA

	

	

	

	

	

	

	

	




	
Variety (V)

	
1664.947 **

	
1.667 ns

	
852.122 ***

	
39.200 ***

	
1532.251 ***

	
60.750 ***

	
397.003 ***

	
2.613 ns




	
Temperature (T)

	
1003.252 ***

	
481.667 ***

	
2508.733 ***

	
540.800 ***

	
1310.700 ***

	
690.083 ***

	
637.042 ***

	
308.053 ***




	
Proline concentration (P)

	
55.554 ***

	
35.567 ***

	
57.112 ***

	
11.300 ***

	
50.149 ***

	
25.292 ***

	
36.852 ***

	
16.247 ***




	
V × T

	
9.136 **

	
41.667 ***

	
170.126 ***

	
39.200 ***

	
70.689 ***

	
80.083 ***

	
1.955 ns

	
5.333 *




	
V × P

	
5.250 **

	
5.167 **

	
3.049 *

	
0.700 ns

	
0.358 ns

	
0.958 ns

	
1.940 ns

	
0.247 ns




	
T × P

	
3.628 *

	
2.167 **

	
30.226 ***

	
11.300 ***

	
8.366 ***

	
1.958 *

	
2.972 *

	
1.153 ns




	
V × T × P

	
0.403 ns

	
1.500 ns

	
1.779 ns

	
0.700 ns

	
0.487 ns

	
0.292 ns

	
0.192 ns

	
0.033 ns








Note: Data are expressed as mean ± standard deviation. Different letters within the same column indicate significant difference at the 5% level. ***, ** and * represent significant effects at the levels of 0.001, 0.01 and 0.05, respectively; ns, represents not significant.
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Table 2. Effects of soaking seeds with different concentrations of proline solution on the length of coleoptile and radicle, fresh and dry weight of young buds, α-amylase activity and the relative value of the four indicators above under low temperature stress.
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Variety

	
Treatment

	
Coleoptile Length (%)

	
Relative Coleoptile Length

	
Radicle Length (%)

	
Relative Radicle Length

	
Fresh Weight of Young Buds (g)

	
Relative Dry Weight of Young Buds

	
Dry Weight of Young Buds (g)

	
Relative Dry Weight of Young Buds

	
α-Amylase Activity (mg·g−1·min−1 FW)






	
XX 2

	
CK

	
5.6 ± 0.1 a

	
1.00 ± 0.00 a

	
7.5 ± 0.1 b

	
1.00 ± 0.00 b

	
0.93 ± 0.08 bc

	
1.00 ± 0.00 abc

	
0.099 ± 0.002 b

	
1.000 ± 0.000 b

	
1.35 ± 0.02 bc




	
P1

	
5.3 ± 0.1 b

	
0.95 ± 0.02 b

	
7.6 ± 0.1 ab

	
1.01 ± 0.02 ab

	
0.93 ± 0.12 bc

	
0.99 ± 0.05 abc

	
0.103 ± 0.005 ab

	
1.037 ± 0.032 ab

	
1.31 ± 0.04 c




	
P2

	
5.4 ± 0.1 b

	
0.96 ± 0.03 b

	
7.6 ± 0.2 ab

	
1.01 ± 0.02 ab

	
0.96 ± 0.04 b

	
1.030 ± 0.09 ab

	
0.107 ± 0.003 a

	
1.078 ± 0.030 a

	
1.38 ± 0.03 abc




	
P3

	
5.7 ± 0.1 a

	
1.01 ± 0.01 a

	
7.8 ± 0.2 a

	
1.04 ± 0.02 a

	
1.08 ± 0.04 a

	
1.16 ± 0.15 a

	
0.107 ± 0.003 a

	
1.085 ± 0.047 a

	
1.45 ± 0.05 a




	
P4

	
5.7 ± 0.1 a

	
1.01 ± 0.01 a

	
7.8 ± 0.1 a

	
1.03 ± 0.01 a

	
1.10 ± 0.05 a

	
1.18 ± 0.05 a

	
0.107 ± 0.003 a

	
1.077 ± 0.014 a

	
1.40 ± 0.03 ab




	
L

	
3.0 ± 0.1 e

	
0.53 ± 0.01 e

	
3.9 ± 0.2 f

	
0.52 ± 0.03 f

	
0.62 ± 0.04 f

	
0.67 ± 0.10 e

	
0.063 ± 0.002 e

	
0.640 ± 0.016 e

	
0.96 ± 0.06 f




	
L + P1

	
3.3 ± 0.2 d

	
0.58 ± 0.03 d

	
4.3 ± 0.1 e

	
0.58 ± 0.00 r

	
0.72 ± 0.03 ef

	
0.78 ± 0.10 de

	
0.078 ± 0.002 d

	
0.791 ± 0.009 d

	
0.98 ± 0.05 f




	
L + P2

	
3.4 ± 0.2 d

	
0.61 ± 0.04 d

	
4.9 ± 0.1 d

	
0.65 ± 0.01 d

	
0.76 ± 0.08 de

	
0.82 ± 0.16 cde

	
0.083 ± 0.004 cd

	
0.835 ± 0.028 cd

	
1.11 ± 0.08 e




	
L + P3

	
4.1 ± 0.2 c

	
0.72 ± 0.03 c

	
5.1 ± 0.2 c

	
0.68 ± 0.02 c

	
0.85 ± 0.04 bcd

	
0.91 ± 0.13 bcd

	
0.086 ± 0.004 c

	
0.865 ± 0.034 c

	
1.22 ± 0.03 d




	
L + P4

	
3.9 ± 0.1 c

	
0.69 ± 0.02 c

	
4.9 ± 0.2 d

	
0.65 ± 0.03 d

	
0.82 ± 0.09 cde

	
0.89 ± 0.17 bcd

	
0.083 ± 0.005 cd

	
0.842 ± 0.060 cd

	
1.15 ± 0.03 de




	
DM 3307

	
CK

	
5.0 ± 0.1 bc

	
1.00 ± 0.00 ab

	
6.1 ± 0.0 b

	
1.00 ± 0.00 b

	
0.81 ± 0.06 bc

	
1.00 ± 0.00 abc

	
0.086 ± 0.004 b

	
1.000 ± 0.000 b

	
1.20 ± 0.03 b




	
P1

	
4.9 ± 0.2 c

	
0.97 ± 0.04 b

	
6.1 ± 0.1 b

	
1.01 ± 0.01 b

	
0.82 ± 0.09 bc

	
1.02 ± 0.19 abc

	
0.085 ± 0.002 b

	
0.997 ± 0.046 b

	
1.11 ± 0.08 c




	
P2

	
5.2 ± 0.1 ab

	
1.03 ± 0.01 a

	
6.2 ± 0.1 ab

	
1.02 ± 0.01 ab

	
0.88 ± 0.01 ab

	
1.10 ± 0.09 ab

	
0.088 ± 0.005 b

	
1.031 ± 0.012 b

	
1.20 ± 0.03 b




	
P3

	
5.2 ± 0.0 ab

	
1.03 ± 0.02 a

	
6.4 ± 0.1 a

	
1.05 ± 0.02 a

	
0.93 ± 0.06 a

	
1.16 ± 0.17 a

	
0.094 ± 0.002 a

	
1.102 ± 0.028 a

	
1.32 ± 0.03 a




	
P4

	
5.2 ± 0.2 a

	
1.04 ± 0.03 a

	
6.4 ± 0.1 a

	
1.05 ± 0.02 a

	
0.92 ± 0.06 a

	
1.15 ± 0.17 a

	
0.094 ± 0.002 a

	
1.094 ± 0.035 a

	
1.23 ± 0.03 b




	
L

	
1.9 ± 0.1 f

	
0.38 ± 0.01 e

	
3.0 ± 0.1 f

	
0.50 ± 0.02 f

	
0.56 ± 0.06 e

	
0.70 ± 0.13 d

	
0.048 ± 0.004 f

	
0.562 ± 0.064 f

	
0.62 ± 0.02 g




	

	
L + P1

	
2.5 ± 0.1 e

	
0.49 ± 0.00 d

	
3.8 ± 0.3 e

	
0.63 ± 0.04 e

	
0.69 ± 0.02 d

	
0.86 ± 0.0.7 cd

	
0.069 ± 0.004 e

	
0.806 ± 0.033 e

	
0.72 ± 0.03 f




	
L + P2

	
2.6 ± 0.1 e

	
0.52 ± 0.01 d

	
4.2 ± 0.2 d

	
0.69 ± 0.03 d

	
0.72 ± 0.03 d

	
0.89 ± 0.05 cd

	
0.075 ± 0.002 d

	
0.876 ± 0.013 d

	
0.81 ± 0.02 e




	
L + P3

	
3.0 ± 0.2 d

	
0.59 ± 0.04 c

	
4.5 ± 0.2 c

	
0.74 ± 0.03 c

	
0.76 ± 0.05 cd

	
0.94 ± 0.04 bc

	
0.080 ± 0.003 c

	
0.934 ± 0.016 c

	
0.98 ± 0.05 d




	
L + P4

	
3.0 ± 0.1 d

	
0.60 ± 0.03 c

	
4.4 ± 0.2 cd

	
0.73 ± 0.03 cd

	
0.76 ± 0.03 cd

	
0.94 ± 0.10 bc

	
0.077 ± 0.001 cd

	
0.904 ± 0.032 cd

	
0.85 ± 0.03 e




	
ANOVA

	

	

	

	

	

	

	

	

	




	
V

	
547.646 ***

	
15.125 ***

	
825.143 ***

	
12.500 *

	
23.310 ***

	
0.424 ns

	
4.000 ns

	
0.111 ns

	
409.936 **




	
T

	
5818.785 ***

	
2080.125 ***

	
5657.286 ***

	
1568.000 ***

	
141.241 ***

	
60.988 ***

	
4.000 *

	
592.111 ***

	
821.400 ***




	
P

	
67.234 ***

	
23.250 ***

	
71.085 ***

	
24.813 ***

	
12.966 ***

	
6.071 **

	
4.000 *

	
49.611 ***

	
41.333 ***




	
V × T

	
65.620 ***

	
55.125 ***

	
124.321 ***

	
4.500 *

	
3.448 *

	
0.188 ns

	
4.000 ns

	
9.000 **

	
24.067 ***




	
V × P

	
4.070 **

	
0.750 ns

	
1.326 ns

	
1.563 ns

	
0.552 ns

	
0.247 ns

	
4.000 *

	
3.722 *

	
1.267 ns




	
T × P

	
32.108 ***

	
10.750 ***

	
29.719 ***

	
12.688 ***

	
1.241 ns

	
0.812 ns

	
4.000 **

	
16.278 ***

	
7.067 ***




	
V × T × P

	
0.715 ns

	
0.750 ns

	
1.085 ns

	
0.437 ns

	
0.345 ns

	
0.071 ns

	
4.000 *

	
3.722 *

	
0.733 ns








Note: Data are expressed as mean ± standard deviation. Different letters within the same column indicate significant difference at the 5% level. ***, ** and * represent significant effects at the levels of 0.001, 0.01 and 0.05, respectively; ns, represents not significant.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-12-00548


  
    		
      agriculture-12-00548
    


  




  





media/file8.jpg
DM 3307

....................





media/file11.png
XX 2

DM 3307

a
a
|

Recovery

O
3 i
o
2
O HH
8
3}
w
©
¥
Q
w
<
0
4]
o)
[4+1
cH
©
(491
aw}
©H
I 1 | I 1 I
o o o o o o o
o w o v o v
(aa] [ | (| —_— —
(Md,30)
SANIAIIR QWIAZUD PAUTqUIOD
HdOD-d-9 pue HAd-9-D
©
B
Q
O H
=
>
~
©Hd
.S
ez |
B ©
R = -
o
&)
= © Hd
<
1
Ay 3)
4+
-
v " i
o 0
D
<
| b].
| 1 I 1 I I
o o o o o o o
o uw o W - vy
(a0 -l -l — y—
(Md,3 )

SOIIIAIIOR QWIAZUD PAUIqUIOD
HAD-d-9 pue HAd-9-D

7d

5d

3d

1d

0d

9d

7d

5d

3d

1d

0d

Low temperature

Recovery

Low temperature

Days after treatment

Days after treatment





media/file6.jpg
.......

O—





media/file1.png
DM 3307

[ Jcxk P L P

320

T T
(=] = (=]
A=) =]

1 -
(Mg Tm.m_,_v

300 4

a

JU21U0D 2uIjoId

200

(uroyoxd | _urwr. _Surjowru)

Ananoe §H¢d

T T T
= \© o
<

(o} —
(urjoxd | _urwr., Sur. pour)
ANADOE TVO

(urejoxd | uru.

1 ! ! 1
o < o [=] = =
) -t [an] (o] L

,_surjowu)

Aanoe Hoid

[4+]

~

@ H _ ® H _
I I I | I I 1 I I I I | I ! | I 1 1 ! I 1
= (=] (=] =] o= L= [ = [=T o -t D e 2} o= ] (=] (=] — o (=] (=] (=]
L] - o oo = = = . 1 . i P o w o ey o~ L]
L o - P I3 - " o = < <

(md ,.8.5v) (uroyoxd | urwn.  Fur.jouru) (uworord _urwr., Sw. [ow) (waroxd | _urw. _Fur.jowu)
JUDIUOD DUI[OI] Ananoe §O¢d Ajanoe 1VO Aanoe faoid

o

Recovery

Low temperature

Recovery

Low temperature

Days after treatment

Days after treatment





media/file13.png
ATP content
(nmol'g”' FW)

9 -

(o)}
o
]

30 4

DM 3307
[ JekKmP L P
B :
a % a a : a -:?-
a iy T i b b
Y :
b : Hee
c |
| ¢
baba d clll
0d 1d 3d s 7d  9d
Low temperature Recovery

Days after treatment

ATP content

XX 2

] a ' - a
| ab a
bl 2& I E
= % i
60 - b !
[, BB " : _}
Ton c i
S d i
g 30- |
bapa i
0 . ! .
0d 1d 3d 5d 7d 9d

Low temperature

Recovery

Days after treatment





media/file10.jpg
{
i

Tow wmpere Resmvery Tow temperte Resovey

R - E—





media/file7.png
DM 3307

0
0
0
20 4
10 A

0 -

N
.0

| |
o o o o L] = = vy (=]
¥ - il - O = - ™ ol - - o o
(M4 8 ) Ananoe 3y 1d (M4 ,_8 ) Aanoe XH (M4 ,_8 ) Aanoe 3d
©
ol
Q
o Hi
«
[ & ]
o=
O H
]
Ay o
3 <
-
- i =)
— o
< Hi
A o
o
w2
<
v T
o
«
E ”
<
[an}
I ] ] | 1 I I | I ] I I I | ] |
o o o o o oo Pl o = == =] o o O wy = v =]
) <r (2] ol - . S S o0 (] o i -t = =

(M 8 ) Aranoe 34

(Md 3 ) Ananoe JXH

(M ;.3 ) Aranoe 3

1d 3d 5d 7d 9d
Recovery

Low temperature

0d

Recovery

Low temperature

Days after treatment

Days after treatment





media/file12.jpg
ATP content
(omot ' W)

1

DM 3307

Tow temperature

T R

Resovry

Tow temperature

P aer B

Resovery





media/file9.png
DM 3307

1.0 4

oo I. oo
o =
< «©
 HH o
4] ~
« <
w w
© H ot |
I I 1 | | I | I [ I 1 I I ] I
) Xe) <t ol — 8~ v o v = | — S — = = = o
= =) o o = mu_ m m. M M ~ o W = 0 (o | —
(M4 8 n) Aranoe HAT (M {3 n) Amanoe HAS (M 8 N) Aanoe HAN
) Q =
w < ©
Clas oHH ~ H
.- -
Q Q Q
(oo] « © TT_
@ 2 HH < —
o =
* < - « 8 <
- ot -5 =
= =
© H < HH o
- « O+ @
; . %i. .
(@] Q o
_H_ w [xe] «
d < SHH  HH
. ) :
w o w
] - C— -
w ] (4]
o H  H © H
I I I I | | I I I I I I I | I
=] o = ol o o wy =] uy o o = = o o = = o
= = = = = M m m M M — o W =t (ag' o —
(Md 3 1) Aande HAI (Md (3 1) Anande HAS (Md 3 ) Aande HAN

1d
Low temperature

0d

1d 3d 5d 7d 9d

Low temperature

0d

Recovery

Recovery

Days after treatment

Days after treatment





media/file14.jpg





media/file16.jpg





media/file5.png
I I

o = o
W o

o —

(uroyoxd urar.
Ayranoe X00

<

|
o
w

Suw.jouru)

=

DM 3307

a

[ Jcx NS P L P
a
a
{_{-

e
L
w©

]

e

I
=
O
—

I

o=
|
—

(urojord | urur. Fuu.joum)

Aanoe XOV

—
0 0 0 ﬂu
Wy = wy -

(uroyord | urwr. Sur.jowru)

AyIanoe X00

o
um

160

I
]
|

o
o0

I

e
=+

(urajoxd | urur.  Jur.jouuu)
AAnoe XOV

1d
Low temperature

0d

Recovery

Low temperature

Recovery

Days after treatment

Days after treatment





media/file15.png
[ w w (4]
o L o o
[ae] & (5} &
@ | O H O
2 - < - <
« ) =
] [ ] ]
O H O i O H
o = ) )
. . T =
ol = 0 ] <
m o i O H @ HH o HH
E.. Q = -] - o
= o i = © o
. = S © HH ot
© < - © - ) - a)
- o ) o )
..O; C_T CT_I_ aTT C_._u_
a1 4t 4] w -
< o (o] '
4 a1 fand (4]
< ff S H < C
S & & <5 3%t & 4 f o0 o iiLov iiiiid
= = — | | S S S S =
(Md, 8.50) VgV (Md | 3.3U) VVI (Md, 3.30) VO (Mg, 3.3u) 7 vav/vD
e (et (4] (o] <
«© e o 3) O
(41 ] ] = (@]
< . o of o f
9 a o !
[4+1 e [ (]
0 o o Ma
= o O H
o — °
o -
S = o
% o f O H
> A - | - I . I _
+ D (5] 0 &) &)
I e . L =
- e o Hi < < <
. o i O O HH O H O H
- o ¥ « oo =
) D « if O « o
E « th « ff o f o H P
M @ o - @ ©
- A - " : 2
—H_a w w (4] [3»1
< 24 of o o
o o & c o © © © © oa & © o o wn o - o o " o
Z U. O S o0 Y < Al — — — — — = S
(Md, 8.3u0) VgV (MJ,_8.3U) VVI (Md, 8.3U) VO (MJ, 3.30)¥7 vav/VD

9d

7d

5d

3d

1d

0d

9d

7d

5d

3d

1d

0d

Recovery

Low temperature

Recovery

Low temperature

Days after treatment

Days after treatment





media/file3.png
[
=]
L}

DM 3307

e N e e e M a1

|
L — s’

(L_U-Md-,_3 .“O-Joum) ‘A

(_U-Mmd-,_3 -c0.[owu) Wixd

20

| T |
W = w
—

(,_4-Md-,_8 -“O-Jowu

)'A

(,_4-Md-,_8 .“O.[omu

[ )

vr\.ﬂu\/n_

(,_U-Md-,_8 -fO-Jomu) Ad

Recovery

Low temperature

Recovery

Low temperature

Days after treatment

Days after treatment





media/file17.png
—-I Germination potential and Rate ﬂ‘

—'l Germination Index, Vitality Index ﬂ

—-I Length of coleoptile and radicle ﬂ

—-| Dry and fresh weight of young buds‘“

__[ a-Amylase activity 1 I—

Enzymes activities of PSCS, OAT t
and ProDH

Proline contents 1 |

EMP pathway: activitics of HXK, I
PFK and PK

TCA pathway: activities of IDH, 1
SDH and MDH

PPP pathway: activitics of COX and
AOX

G-6-PDII and 6-P-GDII ‘I |
ATP content

Vt, pValt, and pVeyt 1 |

ABA contents l, |

TAA, GA and 7R content | |

GA/ABA ratio t |

Better growth
Low temperature
stress tolerance






media/file4.jpg
o

Tow temperatire Resovery Tow mperatrs Resovery

Wy e il il





media/file0.jpg





media/file2.jpg
¥, (ol

WV amal 0, g WY

P

g

f

LB
L BT S N T R T W) L Y TR TR T R
Tow tmperatne Resovery Tow temperatine Resovery

Deys afler trostment

Doys slter trostment





