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Abstract

:

Screening and breeding elite varieties with rapid germination and uniform seedling emergence under low temperature is an effective strategy to deal with the cold climate occurring under late sowing conditions in the Yangtze River basin. This study focused on the performance of seven functional traits, including percentage of germination, percentage of emergence, mean germination time, mean emergence time, total seedling length, total dry weight, and seedling vigor index of 436 natural rapeseed populations under normal-temperature (25/20 °C) and low-temperature (15/10 °C) conditions. Furthermore, ten genotypes were screened to verify their low-temperature tolerance based on cultivar traits in a pot experiment. The results show that the germination- and emergence-related functional traits of rapeseed genotypes exhibit rich genotypic diversity in response to low-temperature stress; the variation among these traits ranged from 1–25% under normal-temperature and 10–49% under low-temperature conditions. Variation in seed characteristics also affected the capacity for low-temperature tolerance in the process of seed germination and seedling emergence, and could explain 22% of the total variance for low-temperature stress tolerance indices. There existed high correlations between the stress tolerance index of total dry weight (STI_TDW) and thousand-seed weight, and between the stress tolerance index of emergence percentage (STI_PE) and oil content. The contents of erucic acid, glucosinolate, and eicosenoic acid were positively correlated with the stress tolerance index of mean germination time (STI_MGT) and mean emergence time (STI_MET). The D-CRITIC (distance-based intercriteria correlation) weight method was selected in this experiment to calculate each variety’s comprehensive low-temperature stress tolerance index by integrating the standard deviation and distance correlation coefficient of each index. The genotypes with large comprehensive low-temperature stress tolerance index also had higher low-temperature stress tolerance index of biomass and yield in the pot experiment, indicating that the comprehensive low-temperature stress tolerance index has high reliability and applicability. This study could provide a theoretical basis for the utilization of low-temperature-tolerant germplasm resources, as well as a reference for the cold resistance and yield stability under late- and direct-sowing conditions of rapeseed in the Yangtze River basin and other similar environments around the world.
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1. Introduction


Rapeseed is an important oil crop in China, and rapeseed oil production accounts for about 50% of domestic edible vegetable oil [1]. Actively developing the rapeseed industry has important strategic significance in ensuring the safety of edible oil supply in China. The Yangtze River basin is China’s main production area of winter rapeseed. Generally, it is sown in autumn and harvested around late spring, accounting for more than 90% of the national rapeseed production [2]. However, under the framework of matching the rice–rapeseed multicropping system with simplified- and direct-seeding cultivation, the sowing date of autumn-sown rapeseed has been postponed, even to early November [3]. The Yangtze River basin is located in a typical subtropical monsoon climate area. The low temperature under late sowing conditions with frequent periodic strong cooling hinders the germination and seedling process of rapeseed, which is not conducive to the formation of the rapeseed population and yield. Low temperature can also induce the germinant seeds of rapeseed to undergo secondary dormancy, whereby germination cannot be initiated even if the temperature rises [4]. Increasing the seeding rate or replenishing seedlings after sowing can make up for the uneven emergence caused by low-temperature stress, but it also increases the planting cost.



Under a wide range of environmental conditions, the potential ability of seeds to rapidly germinate and grow into healthy seedlings determines crop growth and yield formation [5]. Seed germination includes three stages: imbibition, increasing metabolic activity, and radicle breaking through the seed coat. With the repair of cell membranes and organelles, and activation of physiological and biochemical metabolic enzymes, seeds recover from a dry dormant state to an active growth state [6,7]. Seed germination requires respiratory metabolism to provide a material and energy source. Low temperature will slow the repair of the mitochondrial membrane and reduce the activity of enzymes participating in respiration, resulting in prolonged germination and a low seedling emergence rate. The antioxidative enzyme activity inside the seeds gradually increases from the beginning of imbibition and ensures the formation of healthy seedlings by repairing the cell structure and removing the reactive oxygen species generated by the seed during the seed storage and germination processes [8]. At a low temperature of around 10 °C, the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) in wheat seeds were found to be maintained at very low levels, and the corresponding seed germination rate was relatively slow [9]. Xian’s research results also showed that the low-temperature-tolerant rapeseed varieties had higher antioxidant enzyme activities at the seedling stage than low-temperature-sensitive varieties [10].



The stage transition from seed germination to seedling morphogenesis involves a process that switches from heterotrophic to autotrophic, which depends on the degradation, transport, and reuse of seed storage materials [11]. The seed storage material of rapeseed germplasm resources shows rich genetic diversity, mainly including protein content, fatty acid composition, and glucosinolate content [12,13]. Wang et al. measured and analyzed the erucic acid and glucosinolate contents of 363 rapeseed germplasm resources from all over the country. Their results showed that the variation range of glucosinolates was 1.0–152.7 μmol·g−1, and the variation range of erucic acid content was 0–60%; hence, there was wide variation among genotypes [14]. Wei et al. measured the oil content of 306 natural rapeseed populations, and their results showed that the oil content varied widely, ranging from 24.50% to 49.91% [15]. Hou et al. measured the quality of 36 rapeseed genotypes from different regions of Tibet, and showed that the protein content ranged from 14.04% to 26.91% [16]. Currently, many QTLs that control quality traits have been located, providing directions for the genetic improvement of rapeseed seed quality [17]. However, the effects of variation in seed composition and size on seed germination and seedling characteristics under low-temperature conditions still require further study.



Selecting and cultivating high-quality seeds with rapid germination and vigorous seedlings at low temperatures is an economical and effective way to solve the problem of late sowing of rapeseed in production. The functional characteristics of rapeseed at the seed germination and seedling emergence stages mainly include germination rate, emergence rate, mean germination time, mean emergence time, and seedling vigor index. Therefore, the low-temperature tolerance of rapeseed seeds at the seed germination and seedling establishment stages is a comprehensive composite trait, jointly determined by various indicators [18,19,20]. The membership function is an effective method to evaluate the comprehensive performance ability of crops under adverse conditions. Huang et al. used the membership function method to identify the low-temperature tolerance of 66 samples of Brassica napus at the germination stage, and screened out five low-temperature-resistant genotypes and four low-temperature-sensitive genotypes [21]. Zhao et al. studied the effects of different concentrations of heavy metals, Cu2+, Zn2+, and Pb2+, on the seed germination traits of Albizia julibrissin using the membership function method, and found that Zn2+ had a more significant effect on its germination [22]. Using the same method, Zhang et al. screened eight salt-tolerant and salt-sensitive genotypes from 114 rice germplasm resources [23]. The above methods all use the arithmetic average to calculate each genotype’s comprehensive membership function value, and no reasonable statistical way is given for the weight setting of each index. The present experiment is based on the germination and seedling trait data of 436 natural rapeseed populations at normal and low temperatures. The purpose of the study was (1) to use the D-CRITIC method to calculate the weight of each index and the comprehensive membership function value of low-temperature resistance, which is to provide evidence for the utilization of germplasm resources; (2) to reveal the degree of interpretation of seed characteristics (seed component and size) on low-temperature tolerance of seed germination and seedling traits by means of redundancy analysis; (3) to verify whether the genotypes with greater low-temperature tolerance comprehensive scores still exhibit better performance in terms of biomass and grain yield under natural environment. The results obtained in this study also have implications for other regions around the world with similar geological and climatic conditions.




2. Materials and Methods


2.1. Experiment 1: Germination and Seedling Test of Rapeseed Germplasm Resources under Normal- and Low-Temperature Conditions


The seed collection of 436 genotypes and germination trial conducted under normal- (25/20 °C) and low-temperature (15/10 °C) conditions were described in our previous study [24]. The photosynthetic photon flux density in the growth chamber was set to 150 μmol photons m−2 s−1 with a 12-h daylength. Radicle protrusion through the seed coat by ~1 mm was used as a criterion for a geminated seed; seedling emergence was defined as the complete flattening of two cotyledons and the hypocotyl becoming upright. The investigated raw data from the germination trail were used to calculate the germination rate (PG), seedling emergence rate (PE), mean germination time (MGT), mean seedling time (MET), total seedling length (TL), total dry weight (TDW), and seedling vigor index (SVI) according to our previous description [18]. Seed quality was measured with the FOSS 5000 near-infrared spectrometer (NIRSTM DS2500, Switzerland). Each seed sample of each genotype was scanned with six replications, and the scanning band ranged from 1100–2500 nm. The contents of erucic acid, glucosinolate, protein, oil, linolenic acid, linoleic acid, stearic acid, oleic acid, and palmitic acid of each rapeseed genotype were obtained by quantitative analysis of the spectrogram.



The stress tolerance index (STI) was used to identify the performance of genotypes under both non-stress and stress environments. In the present study, the low-temperature STI for PG, PE, TL, TDW, and SVI was calculated using the formula:    STI = ( Ys × Yp )  /  ( Ymp × Yms )   . For MGT and MET, the low-temperature STI was calculated as    STI = ( Ymp × Yms )  /  ( Ys × Yp )   , wherein Ys and Yp are the corresponding values of the index under low-temperature stress and normal-temperature conditions, respectively; Yms and Ymp are the average index values of all genotypes under low-temperature stress and normal-temperature conditions, respectively [25]. The STI value of each index for each genotype was normalized by the maximum and minimum values to obtain    U  i k    , and its range was mapped to the 0–1 interval to eliminate the influence of dimension, i and k represent the i-th variety and k-th index, respectively, among which the test data comprise a total of n = 436 genotypes and m = 7 indices. Then, we used the D-CRITIC method (distance-based intercriteria correlation) to calculate the weight (   W k   ) of each index [26], and finally, calculate the low-temperature resistance comprehensive membership function value    D i    of each genotype through the weight. The calculation formulae and processes are as follows (Equations (1)–(4)):


   s k  =      ∑  i = 1  n    (  U  i k   −    U k   ¯  )  2    n − 1      



(1)






   I k  =  s k   ∑   k ′  = 1  n   (  1 − d C o r  (   U k  ,  U  k ′    )   )   



(2)






   W k  =    I k     ∑  k = 1  n   I k     



(3)






   D i  =  ∑  k = 1  n   U  i k   ∗  W k   



(4)




where    s k   ,    I k   , and    W k    represent the standard deviation, contained information, and weight of the k-th index, respectively.      U k   ¯    is the average value of the indicator    U k   , and   d C o r  (   U k  ,  U  k ′    )    is the distance correlation coefficient between the indicators    U k    and    U  k ′    .




2.2. Experiment 2: Pot Experiment to Evaluate the Performance of Low-Temperature-Resistant and Low-Temperature-Sensitive Genotypes under Normal and Late Sowing Conditions


The pot experiment was carried out in the campus experimental base of Huazhong Agricultural University (114°22′ E, 30°29′ N). The ten genotypes with different comprehensive low-temperature stress tolerance indices were selected, and the normal and late sowing dates were set at 8 October and 9 November 2019, respectively. Twenty-five intact seeds of each variety were sown in each pot with five replications, and two uniform seedlings were retained in each pot after seedling emergence. The diameter and height of the plastic pots were 25 cm and 30 cm, respectively. The pots were filled with 14 kg of the substrate (soil:sand = 1:1) and 2.8 g of compound fertilizers (N 15%, P2O5 15%, K2O 15%). Among them, 50% of the compound fertilizer was applied as the base, and the remaining 50% was applied as topdressing at the budding stage. Seedling emergence was counted every day after sowing. Watering and pest management were carried out following experimental specifications throughout the growth period to avoid water- and pest stress. At the maturity stage, each pot of plants was harvested separately, air-dried under natural conditions, and weighed to determine the dry weight and grain yield of each plant. The daily maximum temperature, minimum temperature, and average temperature data of the experimental site were provided by the Huazhong Agricultural University weather station, as shown in Figure 1. Under normal sowing conditions, the average temperature from sowing to seedling emergence was 20.9 °C, and the average temperature under late sowing conditions was 16.9 °C.




2.3. Data Analysis


This study used Excel 2016 for data storage, R programming language for statistical analysis, and the ggplot2 package for data plotting. The significance of the functional trait differences between normal- and low-temperature conditions was determined using the Wilcoxon signed-rank test, which is a non-parametric statistical hypothesis test. For redundancy analysis, a constrained sorting model was used to analyze the correlation between multiple independent and dependent variables. The coordinate sorting axis of the dependent variable is a linear combination of the independent variables, and each sorting vector is the object located in the Euclidean projection of the spatial distance distribution. In this experiment, the seed characteristics were used as the explanatory variable matrix, and the germination- and seedling-related low-temperature tolerance index traits were used as the response variable matrix. Through the DCA detrend analysis, it was found that the first value of the Axis Length row was less than 3.0, which met the data standard of the redundancy analysis (Axis Length > 4.0, suitable for canonical correspondence analysis based on the unimodal model; Axis Length < 3.0, suitable for redundancy analysis based on the linear model; Axis Length between 3.0 and 4.0, both analysis methods are applicable). Therefore, the redundancy analysis method was used to calculate the explanatory degree of seed characteristics for germination traits under constraints, and the correlation between indicators. This study used the vegan package of R programming language to complete the redundancy analysis.





3. Results


3.1. The Effect of Low Temperature on the Functional Traits of Rapeseed during Germination and Seedling Emergence Stages


The Wilcoxon test showed that all the functional traits during the seed germination and seedling emergence stages had significant differences under normal- and low-temperature conditions, with p < 0.01 (Table 1). Under normal- and low-temperature conditions, the distributions of related functional traits at the germination and seedling emergence stages of 436 rapeseed genotypes are shown in Figure 2. The distribution of germination rate under normal- and low-temperature conditions was heavy-tailed with high negative skewness and kurtosis. The distribution of mean germination time and mean emergence time under both normal- and low-temperature conditions showed high positive skewness and light negative skewness, respectively. The distribution ranges of germination rate and seedling emergence rate under normal-temperature conditions were 89–100% and 80–99%, respectively, and the corresponding coefficients of variation were 1% and 6%; their distribution range at low temperature was 5–100% and 1–99%, the corresponding coefficients of variation were 14% and 49%, respectively, revealing that low temperature reduced the germination rate and emergence rate, and also increased the phenotypic variation in traits among genotypes. The genotypes’ mean germination times and mean emergence times were 1.0–2.3 d and 3.4–6.9 d under normal-temperature conditions and 2.0–5.4 d and 7.6–13.9 d under low-temperature conditions, respectively. Low temperature significantly prolonged the duration of germination and emergence. The total seedling length, total dry weight, and seedling vigor index showed normal distribution characteristics under normal- and low-temperature conditions. The average dry weight of each genotype at normal temperature was 2.79 mg/plant, and the total dry weight at low temperature was 3.03 mg/plant. Compared with normal temperature, the total seedling length and seedling vigor index of each genotype showed a downward trend. The average total seedling length at normal temperature was 8.84 cm, which decreased by 1.14 cm under low-temperature conditions; the average seedling vigor index under normal temperature was 8.82, and decreased by 1.53 under low-temperature conditions (Table 1).




3.2. Distance Correlation and Weight of Low-Temperature Stress Index Related to Seed Germination- and Seedling Emergence-Related Traits


In this experiment, the low-temperature stress index STI was used to measure the comprehensive performance of each genotype under normal- and low-temperature conditions. The STI distribution of each indicator is shown in Figure 3. The low-temperature stress indices of the percentage of germination (STI_PG) among the genotypes showed a skewed distribution, and the STI_PG of most varieties was greater than 0.8. The low-temperature stress index of total seedling length (STI_TL) and seedling vigor index (STI_SVI) conformed to the trend of normal distribution, and the low-temperature stress index of mean emergence time (STI_MET) and total dry weight (STI_TDW) showed a positively skewed distribution. From the matrix of distance correlation coefficients between indicators (Figure 3), it can be seen that the distance correlation coefficient between STI_TL and STI_SVI was the largest, reaching 0.9. Secondly, the correlation coefficient of STI_MET and STI_PE reached 0.51, and the correlation coefficient of STI_MGT and STI_PG reached 0.46. The information content and weight of each indicator were calculated according to the distance correlation coefficient between the indicators and the standard deviation of the indicators (Table 2). The weight distribution of the seven indicators of low-temperature stress tolerance index ranges from 10.4% to 22.9%, of which STI_PE had the largest weight and STI_PG had the smallest weight.




3.3. A Comprehensive Evaluation of Low-Temperature Stress Tolerance of Different Rapeseed Genotypes during Seed Germination and Seedling Emergence Stages


Combined with the low-temperature stress tolerance index of each germination and emergence traits obtained by the D-CRITIC method, the seven STI traits among 436 genotypes were comprehensively evaluated by the membership function method. The results show that the comprehensive low-temperature stress index among the genotypes varied from 0.12 to 0.80, with a concentrated distribution around 0.5 (Figure 4A). From the Q–Q plot (Figure 4B), it can be seen that the comprehensive low-temperature stress index is in line with the normal distribution at the p < 0.01 level. According to the comprehensive low-temperature stress index, five low-temperature-sensitive genotypes were screened, namely “11-9-703”, “97096”, “Zhongshuang No.4”, “90750”, and “wx1025”, and the comprehensive low-temperature stress indices were 0.12, 0.14, 0.16, 0.18, and 0.20, respectively; five low-temperature resistant genotypes, namely “Huahang 901”, “Caoyou No.2”, “Qianyou No.4”, “SWU63”, and “Fengding 240”, and the comprehensive low-temperature stress indices were 0.71, 0.71, 0.75, 0.79, and 0.80 (Table 3).




3.4. Effects of Rapeseed Characteristics on Low-Temperature Stress Tolerance during the Seed Germination and Seedling Emergence Stages


Taking seed characteristics as explanatory variables and the seed germination and seedling emergence low-temperature stress tolerance index traits as response variables, the results of the redundancy analysis showed that the total variance of seed germination and seedling emergence low-temperature stress tolerance index traits was 0.79. The explanation of seed characteristics to the variance of low-temperature stress tolerance index traits during seed germination and seedling emergence stages was 0.17, with an explanatory degree of 22% (p < 0.01). In the explained variance of seed germination and seedling characteristics, the explanatory degree of constraint axis RDA1 reached 67.48%, and the explanatory degree of constraint axis RDA2 reached 20.39%; therefore, we choose to project all variables and genotype information onto the first two constraint axes (Figure 5). In Figure 5, the red vector represents seed traits; the blue vector represents the low-temperature stress tolerance indices related to the seed germination and seedling emergence. The cosine value of the angle between the vectors represents the correlation between the two variables. The smaller the angle between the two vectors indicates a more significant correlation; the larger the projection value of the interpretation vector on the constraint axis RDA1 or RDA2, the greater the contribution of this axis formation. It can be seen from Figure 5 that the thousand-seed weight had the greatest contribution to RDA1, and the correlation between thousand-seed weight and STI_TDW was relatively large; The oil content had the greatest contribution to RDA2, and it had a higher correlation with STI_PE, followed by STI_MET. The STI_SVI, STI_PG, and STI_TL had short vector lengths, indicating a lower explanatory value for seed characteristics. The result also show that STI_MGT, STI_MET, and STI_PE were positively correlated with the contents of erucic acid, glucosinolate, and eicosenoic acid; and were negatively correlated with palmitic acid, oleic acid, stearic acid, linoleic acid, and protein content.




3.5. The Performance of Genotypes with Different Comprehensive Low-Temperature Stress Indices under the Conditions of Early and Late Sowing in Pots


Ten genotypes with different comprehensive low-temperature stress indices were screened to study the effect of low temperature on their emergence characteristics, biomass, and yield under pot conditions. On the 4th day after pot sowing, there was no significant difference in the emergence rate of each genotype under normal-temperature conditions. However, under low-temperature conditions, the genotypes “Qianyou No.4” and “2012-8998” with high comprehensive low-temperature stress indices (comprehensive STI) had significantly better emergence performances than the genotypes “03LF1” and “06H7” with low comprehensive STIs (Figure 6). The STI_MET was significantly positively correlated under pot and germination box conditions, and the correlation reached 0.88 (Figure 7A), indicating that the low-temperature resistance of seedlings screened on the germination box in the incubator can be extended to outdoor soil conditions. The comprehensive STI in the germination box was also significantly correlated with the low-temperature stress tolerance index of biomass and seed yield under pot conditions, which were 0.62 and 0.64, respectively (Figure 7B,C), suggesting that the genotypes with large comprehensive STIs had advantages in biomass accumulation and yield formation under low-temperature conditions.





4. Discussion


4.1. Evaluation of Low-Temperature Tolerance of Seed Germination- and Seedling Emergence-Related Indicators of Rapeseed


The seed germination and seedling emergence stages of rapeseed are the most sensitive to low-temperature stress, which directly determines rapeseed population density and grain yield [27]. Rapid seed germination can increase the probability of plant survival and adaptability to the environment [28]. This study focused on the performances of seven functional traits, including seed germination rate, seedling emergence rate, mean germination time, mean emergence time, total seedling length, total dry weight, and seedling vigor index during the germination and seedling emergence process of 436 rapeseed genotypes under normal- and low-temperature treatments. The data provided support for the diversity of low-temperature tolerance of rapeseed germplasm resources. The results are consistent with previous studies [21,29]. Low-temperature stress will prolong the time for rapeseed to complete germination and seedling emergence, reducing the final germination and seedling rate. The differences in functional traits related to germination and seedling emergence under low-temperature conditions reflect the genetic diversity in response to low-temperature stress.



Stress resistance (treatment value/control value) and the stress tolerance index are two commonly used algorithms that reflect the comprehensive performance of genotypes under stress and non-stress conditions [30]. Stress resistance can reflect the stability of a trait under stress and non-stress conditions; while the stress tolerance index reflects the comprehensive potential of a certain trait of multiple genotypes under stress and non-stress conditions. Studies have shown that stress resistance may be negatively correlated with the yield of varieties under adversity [31], while the stress tolerance index is positively correlated with the yield of varieties under adverse environmental conditions, which is more practical [32,33]. Therefore, in this experiment, the membership function method was used to comprehensively evaluate the low-temperature stress index of seven traits among 436 genotypes. In the comprehensive evaluation of multiple indicators, the methods for determining the weight of each indicator mainly include the expert scoring method, survey statistics method, correlation coefficient method, principal component analysis, and complexity analysis [34,35]. The D-CRITIC weight method used in this experiment is an objective weight statistical method, which has the advantage of integrating each index’s standard deviation and correlation coefficient [26]. The larger the standard deviation of the indicator, the greater the fluctuation and the higher the weight; the larger the distance correlation coefficient, the larger the overlapped information and the lower the weight. The genotype’s comprehensive low-temperature stress index conformed to a normal distribution at the significance level of 0.01, which provides a statistical basis for screening extremely sensitive and extremely low-temperature-resistant genotypes at the germination and seedling emergence stages.




4.2. The Seed Characteristics Affected the Low-Temperature Tolerance of Rapeseed Seed Germination and Seedling Indicators


Previous studies have shown that the imbibition rate of low-temperature-tolerant varieties at the germination stage is faster than that of low-temperature-sensitive varieties, which may be closely related to the upregulated expression of the abundant proteins LEA and aquaporin in late embryonic development during germination [36]. Enzyme activities involved in metabolic regulation, such as reactive oxygen species scavenging, substance degradation, and energy metabolism, also determine the seed germination ability and stress resistance [37,38,39]. The results of this experiment based on redundancy analysis show that the explained variance of seed characteristics for the low-temperature stress index traits under germination and seedlings emergence stages was about 22%, indicating that the storage substances of seeds affected the low-temperature tolerance of these stages. In crops such as cotton and cucumber, it has been found that an increase in seed oil content was accompanied by an increase in low-temperature tolerance [40,41]. Rapeseed began to activate lipase to decompose the oil stored in the cotyledons after 24 h of imbibition, providing the substance and energy basis for seedling morphogenesis, and the size and composition of the oil body will affect the lipase activity [42]. The present study showed that the oil content had a higher correlation with cold stress tolerance regarding to mean germination time and mean emergence time. Gu’s research showed that seeds’ total protein content of rapeseed reached the highest level after 6 h of germination, and its content gradually decreased after 24 h [43]. The protein content showed a negative correlation with oil content in seed, and had no promoting effect on cold resistance during seed germination and seedling emergence stages.



The effect of seed size on germination characteristics varies among different crops [44,45]. The results of this study show that the thousand-seed weight of rapeseed was negatively correlated with the low-temperature stress index of the mean germination and emergence time. It is generally believed that small seeds imbibe faster than large seeds, thus the germination rate is faster than that of large seeds [46]. More weighted seeds provided more storage material for seedling morphogenesis, so thousand-seed weight was significantly correlated with the low-temperature stress index of seedling dry weight. Wheat seeds with large grains have a greater yield advantage than seeds with small grains under late sowing conditions, but there is no difference under normal-temperature conditions [47], indicating that selecting seeds with large grains under late sowing conditions is beneficial to yield formation under low-temperature stress.



The results of this experiment show that the contents of erucic acid and glucosinolate were positively correlated with low-temperature stress index of the mean germination time, mean emergence time, and mean emergence rate. Glucosinolates are unique secondary metabolites of cruciferous plants. Most of the glucosinolates are synthesized in the vegetative tissues of plants and then transported to seeds, which can improve the stress resistance of seeds [48]. Zhang et al. analyzed the effect of different germination time on the fatty acid composition of radish seeds by Soxhlet extraction combined with gas chromatography. Their results showed that after the seeds were imbibed for 20 h, compared with other fatty acid content changes, the content of erucic acid in the seeds decreased most significantly [49], indicating that erucic acid was involved in the seed germination process earlier on. The content of glucosinolates in rapeseed meal is relatively high, and it has no toxic effect. However, after being eaten by livestock and poultry, it is degraded by the catalytic action of myrosinase in the feed and gastrointestinal bacterial enzymes to generate hazardous substances, such as isothiocyanate and thiocyanate, etc. [50]. Excessive accumulation of erucic acid can easily lead to thickening of the blood vessel wall and myocardial fat deposition, which is not conducive to human health. Therefore, high erucic acid concentrations will reduce the edible quality of rapeseed oil [51]. With the increasing demand for healthy food, rapeseed varieties with low glucosinolate and erucic acid contents have been rapidly promoted, reducing the content of erucic acid and glucosinolates in seeds, but also unconsciously reducing the low-temperature tolerance of seeds for germination. Therefore, we speculate that priming with erucic acid and glucosinolate may improve the low-temperature tolerance of rapeseed at the seedling stage.




4.3. Genotypes with a High Comprehensive Low-Temperature Stress Index Have a Strong Ability to Adapt to Late Sowing Low-Temperature Conditions


Due to the comprehensive effect of external complex environmental conditions, the results of indoor artificial simulation have certain similarities and differences when extended to natural soil conditions. Therefore, it is necessary to test the reliability of laboratory indicators under natural conditions. Li et al. showed a significant positive correlation between the soybean indoor germination index and the field emergence index. Soybean varieties that showed cold resistance during indoor germination also showed strong cold resistance in field emergence [52]. The study by Chang et al. on eight peanut varieties showed that the germination-related indices such as germination rate in the low-temperature greenhouse test were consistent with the results of the field test under cold spring conditions [53]. The results of this experiment show that under the indoor artificial climate conditions, the genotypes with high comprehensive low-temperature stress tolerance index at the germination and emergence stages had higher low-temperature stress tolerance index of biomass and yield under the condition of late sowing. Meanwhile, the correlation of the mean emergence time between the germination box and pot experiment was relatively high, indicating the effectiveness of indoor screening. The low-temperature tolerance of rapeseed plays a crucial role in the successful emergence of rapeseed under late sowing conditions. The results of this experiment show that the comprehensive low-temperature stress index at the germination and seedling emergence stages had high reliability and strong applicability under natural conditions. The previous research of our group showed that the generalized heritability of the low-temperature stress index of each agronomic trait at the germination stage was greater than 0.88 [24]. This higher heritability may be the key factor for the stability of the low-temperature tolerance of the variety in the field.





5. Conclusions


The low temperature under late sowing conditions has seriously affected rapeseed production. Therefore, evaluating the low-temperature tolerance of functional traits during seed germination and seedling emergence stages is crucial for the application of germplasm resources and genetic improvement of rapeseed. This experiment revealed the phenotypic diversity of different genotypes in response to low-temperature stress at the seed germination and seedling emergence stages. The weight of each low-temperature tolerance index was calculated by the D-CRITIC method, and the comprehensive STI value was calculated by a membership function, which provided the basis for the low-temperature tolerance of rapeseed germplasm resources during these stages. The difference in rapeseed seed characteristics also affected the low-temperature tolerance at the germination and emergence stages, and the variance explained for the low-temperature stress index traits at these stages was about 22%. The genotypes with high comprehensive low-temperature stress tolerance index at the seed germination and seedling stages screened in the environment-controlled incubator also performed well under the late sowing condition of outdoor potted plants, indicating that the comprehensive low-temperature stress tolerance index based on this experiment has high reliability and strong applicability under natural conditions.
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Figure 1. Dynamic changes of the average, maximum, and minimum temperatures under normal and late sowing conditions. 
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Figure 2. Frequency distribution of functional traits related to seed germination and seedling emergence under normal- (CK) and low-temperature (LT) conditions for 436 rapeseed lines. PG, percentage of germination; PE, percentage of emergence; MGT, mean germination time; MET, mean emergence time; TL, total seedling length; TDW, total dry weight; SVI, seedling vigor index. 
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Figure 3. The distributions and distance correlation coefficients of the seed germination- and seedling emergence-related low-temperature tolerance indices. STI_PG, low-temperature stress tolerance index of germination percentage; STI_PE, low-temperature stress tolerance index of emergence percentage; STI_MGT, low-temperature stress tolerance index of mean germination time; STI_MET, low-temperature stress tolerance index of mean emergence time; STI_TDW, low-temperature stress tolerance index of total dry weight; STI_TL, low-temperature stress tolerance index of total seedling length; STI_SVI, low-temperature stress tolerance index of seedling vigor index. 
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Figure 4. Comprehensive low-temperature stress tolerance index frequency distribution (A) and Shapiro–Wilk normality test outcome (B). 
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Figure 5. Schematic representations of a triplot-based redundancy analysis. Red arrows indicate explanatory variables, namely seed traits; blue arrows indicate the response variable, namely the low-temperature stress tolerance index related to seed germination and seedling emergence. The grey points represent genotype varieties. 
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Figure 6. Seedling emergence performance of rapeseed genotypes with high or low comprehensive low-temperature tolerance index under normal-temperature (normal sowing date) and low-temperature (late sowing date) conditions after 4 days of sowing in the pot experiment. 
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Figure 7. The agronomic performance under germination box trail and pot experiment of varieties with different low-temperature tolerance comprehensive scores. (A) Comparison of low-temperature STIs of seedling emergence between germination box and pot conditions; (B) relationship between comprehensive STIs in germination box and biomass-related low-temperature STIs in the pot experiment; (C) relationship between comprehensive STIs in germination box and seed yield-related low-temperature STIs in the pot experiment. 
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Table 1. Statistic variables of seed germination- and seedling emergence-related indices under normal- and low-temperature conditions. PG, percentage of germination (%); PE, percentage of emergence (%); MGT, mean germination time (d); MET, mean emergence time (d); TDW, total dry weight (mg/plant); TL, total seedling length (cm/plant); SVI, seedling vigor index; CV, coefficient of variation. The significance of the differences between normal- and low-temperature conditions was determined by the Wilcoxon signed-rank test.
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Statistic

Variable

	
PG

	
PE

	
MGT

	
MET

	
TL

	
TDW

	
SVI




	
CK

	
LT

	
CK

	
LT

	
CK

	
LT

	
CK

	
LT

	
CK

	
LT

	
CK

	
LT

	
CK

	
LT






	
Mean

	
99.7

	
94.7

	
90.4

	
62.3

	
1.29

	
3.34

	
5.59

	
11.75

	
8.84

	
7.70

	
2.79

	
3.03

	
8.82

	
7.29




	
Min

	
89.0

	
5.0

	
80.0

	
1.0

	
1.00

	
2.01

	
3.43

	
7.69

	
3.16

	
4.52

	
1.60

	
1.44

	
3.16

	
0.43




	
Max

	
100.0

	
100.0

	
99.3

	
99.6

	
2.30

	
5.43

	
6.93

	
13.90

	
13.38

	
11.11

	
5.42

	
5.93

	
12.85

	
11.11




	
CV

	
1%

	
14%

	
6%

	
49%

	
25%

	
21%

	
13%

	
10%

	
15%

	
14%

	
24%

	
22%

	
15%

	
19%




	
Skewness

	
−7.84

	
−4.03

	
−0.52

	
−0.44

	
1.08

	
1.43

	
−0.46

	
−0.87

	
−0.13

	
−0.14

	
0.82

	
0.53

	
−0.15

	
−1.23




	
Kurtosis

	
73.81

	
18.42

	
−0.93

	
−1.31

	
−0.11

	
5.55

	
−0.38

	
0.31

	
0.62

	
0.28

	
0.82

	
0.79

	
0.54

	
0.77




	
Wilcoxon test

	
p < 0.01

	
p < 0.01

	
p < 0.01

	
p < 0.01

	
p < 0.01

	
p < 0.01

	
p < 0.01
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Table 2. Weight of seed germination- and seedling emergence-related low-temperature tolerance indices based on D-CRITIC method. STI_MGT, low-temperature stress tolerance index of mean germination time; STI_PG, low-temperature stress tolerance index of germination percentage; STI_MET, low-temperature stress tolerance index of mean emergence time; STI_PE, low-temperature stress tolerance index of emergence percentage; STI_TDW, low-temperature stress tolerance index of total dry weight; STI_TL, low-temperature stress tolerance index of total seedling length; STI_SVI, low-temperature stress tolerance index of seedling vigor index.
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	Statistic Index
	STI_PG
	STI_PE
	STI_MGT
	STI_MET
	STI_TL
	STI_TDW
	STI_SVI





	Standard deviation
	0.14
	0.30
	0.19
	0.15
	0.17
	0.16
	0.16



	Information content
	0.62
	1.36
	0.87
	0.74
	0.92
	0.67
	0.75



	Weight
	10.4%
	22.9%
	14.7%
	12.5%
	15.6%
	11.3%
	12.6%
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Table 3. Screening results of low-temperature-tolerant and -sensitive genotypes based on comprehensive STIs from membership function. STI_PG, low-temperature stress tolerance index of germination percentage; STI_PE, low-temperature stress tolerance index of emergence percentage; STI_MGT, low-temperature stress tolerance index of mean germination time; STI_MET, low-temperature stress tolerance index of mean emergence time; STI_TDW, low-temperature stress tolerance index of total dry weight; STI_TL, low-temperature stress tolerance index of total seedling length; STI_SVI, low-temperature stress tolerance index of seedling vigor index.
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	Variety
	STI_PG
	STI_PE
	STI_MGT
	STI_MET
	STI_TL
	STI_TDW
	STI_SVI
	Comprehensive STI





	11-9-703
	0.06
	0.05
	0.00
	0.30
	0.35
	0.11
	0.02
	0.12



	97096
	0.00
	0.04
	0.20
	0.09
	0.44
	0.24
	0.00
	0.14



	Zhongshuang No.4
	0.47
	0.08
	0.17
	0.07
	0.16
	0.18
	0.14
	0.16



	90750
	0.91
	0.02
	0.20
	0.07
	0.06
	0.13
	0.19
	0.18



	wx1025
	0.16
	0.16
	0.09
	0.20
	0.57
	0.14
	0.11
	0.20



	Huahang 901
	0.99
	0.92
	0.50
	0.21
	0.76
	0.66
	0.84
	0.71



	Caoyou No.2
	1.00
	0.86
	0.86
	0.19
	0.77
	0.46
	0.85
	0.71



	Qianyou No.4
	1.00
	0.98
	0.86
	1.00
	0.42
	0.37
	0.54
	0.75



	SWU63
	1.00
	0.97
	0.85
	0.62
	0.84
	0.35
	0.92
	0.79



	Fengding 240
	1.00
	0.95
	0.67
	0.75
	0.81
	0.56
	0.89
	0.80
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