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Abstract

:

Low-temperature stress seriously affects the growth, development, yield, and quality of tomato production. Bacillus methylotrophicus is an important plant growth promoting rhizobacteria (PGPR). However, the role of B. methylotrophicus under low-temperature stress is poorly understood. Accordingly, the effects of B. methylotrophicus (‘VL-10′) on tomato cold stress (15 °C/8 °C, 12 h/12 h, and day/night) were studied. B. methyltrophicus ‘VL-10′ was added into the substrate at the time of sowing, and the plants were treated at a low temperature for 2 weeks after 40 days of growth. We found that the low temperature reduced the spatial distribution of the aboveground and underground sections of tomatoes and the leaf SPAD and photochemical efficiency of PS II (Fv/Fm). After low-temperature stress, the tomato flowering was delayed, the vitamin C and lycopene content in fruit decreased, and the nitrate content increased. However, inoculated with B. methyltrophicus ‘VL-10′ during sowing promoted the growth of tomato seedlings, enhanced the native defense ability of the tomatoes, and effectively reduced the cold shock response of the roots to cold damage and the adverse effects of low temperature on leaf SPAD and Fv/Fm. After the cultivation at normal temperature, the inoculat B. methyltrophicus ‘VL-10′ could rapidly regain plant growth levers, and eliminate the delay of low temperature on flowering. TOPSIS analysis showed that the nutritional quality of tomatoes could be effectively improved by inoculation with B. methyltrophicus ‘VL-10′ regardless of normal cultivation or low-temperature stress.
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1. Introduction


Plants are subject to a variety of environmental challenges, one of which is low temperature, which has a significant negative effect on plant growth [1,2]. Low temperatures can cause damage to plant DNA and proteins, membrane lipid peroxidation, and a series of physiological and metabolic disturbances that inhibit growth and vitality [3]. Low temperatures for crops can lead to poor germination, weakened seedling vigor, reduced vegetative growth and stunted flowering and fruiting, resulting in severe yield loss and crop death [4,5,6,7]. The tomato (Solanum lycopersicum L.) is an important vegetable crop that is widely cultivated all over the world, but low temperatures severely impair tomato vegetative and reproductive growth [8,9]. Tomatoes frequently experience low-temperature stress in early spring, which poses a huge threat to China’s efficient tomato production [10].



Plants have developed a series of mechanisms to increase their tolerance to low-temperature stress, such as increasing antioxidant enzyme activity to reduce oxidative damage to cells caused by reactive oxygen species (ROS) and accumulating more low molecular weight solutes, including soluble sugars, proline and polyamines to protect themselves from chilling [11,12,13]. The plants themselves have a limited regulatory capacity; the application of beneficial microorganisms as a biological agent is an environmentally friendly biotechnological approach for sustainable agricultural practices. Plant growth promoting rhizobacteria (PGPR) are a class of beneficial bacteria related to the plant rhizobacteria that improve plant performance and the ability of the plant to cope with stress through either direct or indirect mechanisms [14,15,16]. The primary mechanisms of PGPR for promoting plant growth mainly include nitrogen fixation, increased nutrient availability in the rhizosphere, root development and spatial distribution, and enhanced interaction between PGPR and the plant [17]. In terms of stress, the mechanisms of PGPR include changing soil pH to increase nutrient availability in adverse environments, chelating toxic compounds, aggregating beneficial bacteria, and secreting substances that inhibit pathogens [18]. At present, PGPR has been widely proven to promote plant tolerance to salinity, drought and lack of nutrients [19,20]. However, reports on chilling damage applications are still rare and need further study [20,21].



PGPR include Pseudomonas, Enterobacter, Bacillus, Variovorax, Klebsiella, Burkholderia, Azospirillum, Serratia, and Azotobacter [22], with Bacillus being more typical in enhancing plant tolerance to cold stress [23,24]. The genes related to membrane transport, cold shock proteins, antioxidant enzymes and osmotic regulation are abundantly expressed in PGPR under low temperature environments. These metabolic activities activate various signaling pathways through rhizosphere contacts to improve the plant’s response to cold stress [25,26,27]. For example, grape plants were inoculated with Burkholderia phytofirmans PsJN at a low temperature, greatly improving the cold tolerance of grape seedlings and the contents of various phenols; proline and starch were significantly increased after PsJN inoculation [23]. Inoculation with Pseudomonas strains could significantly increase shoot and root biomass and reduce the K+/Na+ ratio and electrolyte leakage in inoculated wheat plants, thereby improving the ability of wheat to overcome low-temperature stress [28]. Inoculation with a mixture of beneficial microflora including Bacillus spp. was found to increase tomato tolerance to cold temperatures [29,30]. However, the role of Bacillus alone in improving the cold tolerance of vegetable crops is unclear.



Bacillus methylotrophicus is a new species of Bacillus, which is isolated from the root soil of rice under traditional tillage [31]. B. methylotrophicus can produce two non-volatile stereoisomers 3S, 4R-acetyl butanediol (3S, 4R-ABD, 1) and 3R, 4R-acetyl butanediol (3R, 4R-ABD, 2) in crop roots. When the two compounds exist in the rhizosphere soil at a volume ratio of 1:2, they can effectively promote the root elongation of maize and rice, thus improving the growth of these crops [32] and improving the drought tolerance of rice [33]. B. methyltrophicus is active over a wide temperature range [34], but whether it can improve plant tolerance to low temperatures remains unclear. This study aims to explore the role of B. methylotrophicus in tomato cold damage. We inoculated the substrates with B. methylotrophicus strain ‘VL-10′ and measured the plant morphology, each organ biomass, root growth, and leaf SPAD of the tomato plants after low-temperature stress. The regulatory effect of B. methylotrophicus on the cold tolerance of tomato plants under low-temperature stress was also analyzed. The analysis on the flowering phenology, fruit yield and quality after low-temperature stress demonstrated that the strain could improve the tolerance of tomatoes to low-temperature stress and had a positive effect on improving the fruit quality.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Tomato Jinpeng No. 1 cultivars (cold sensitive) were from Xi’an Jinpeng Seed Co., LTD (Xi’an, China). Seeds were germinated in a Petri dish lined with two layers of wet filter paper at 28 °C, and the germinated seeds were sown in 50-well plates filled with substrate containing peat, vermiculite and perlite (2:1:1, v/v/v). Bacillus methyltrophicus ‘VL-10′ was added into the substrate of the experimental group at a concentration of 5 × 108 CFU/g. All tomato seedlings were cultivated in climate chambers with normal conditions (25 °C/18 °C and 12 h day/12 h night), relative humidity of 60% and photosynthetic photon flux density of 300 µmol⋅m−2⋅s−1. On the 30th day after sowing, the seedings were individually transplanted into a plastic pot (5 cm × 5 cm × 8 cm) and continued to grow for 10 days. Thereafter, low temperature was applied, and the control plant grew in a normal state. The growth environment for low-temperature treatment was 15 °C/8 °C (12 h day/12 h night), the relative humidity was 60%, and the photosynthetic photon flux density was 300 µmol⋅m−2⋅s−1 [35,36]. After 14 days of low-temperature treatment (54 days of growth), all plants were transferred to a glass greenhouse for normal management. The four treatment combinations set up in this experiment are listed in Table 1:




2.2. Plant Morphology and Biomass Determination


From the 40th day of plant growth, the number of leaves, plant height and stem diameter were measured every 7 days until the 89th day after sowing. The fresh and dry weight of the tomato organs and root morphological indexes were recorded and analyzed on the 40th day (before low-temperature treatment), 54th day after sowing (at the end of low-temperature treatment), and 61st day after sowing (7 days after the end of low-temperature treatment), with 9 replicates for each treatment. A single plant is a repeat. The stem diameter and plant height (from the stem base to the growing point) were measured with digital explicit vernier calipers. The root morphology was scanned with EPSON Chops V700N (EPSON China Co., Ltd., Beijing, China) scanner and analyzed with WinRHIZO PRO 2012 (Regent Instruments Inc., Québec City, QC, Canada) to obtain the root length (RL), root surface area (RA), root avgDiam (RD), root volume (RV), root tips (RT), root forks (RF), and root data of the different diameter classes. After the root scanning was completed, the roots, stems and leaves were placed in envelopes, kept at 105 °C for 30 min and dried at 65 °C to constant weight, and the dry weight of each part was measured.




2.3. Root Development Strategy


Based on the obtained root morphological data and root dry weight (RDW), the following indexes of roots were calculated:



Specific root length (SRL): SRL = RL/RDW;



Specific root surarea (SRA): SRA = RA/RDW;



Root tips density (RTD): RTD = RT/RL;



Root branch density (RBI): RDWI = RF/RL;



Root tissue density (RTID): RTID = RDW/RV;



Root fineness (RFN): RFN = RL/RV.



The root morphological indexes were divided into 5 grades according to the root diameter (RD), Grade 1 (G1): RD ≤ 0.50 mm, G2: 0.50 mm < RD ≤ 1.00 mm, G3: 1.00 mm < RD ≤ 1.50 mm, G4: 1.50 mm < RD ≤ 2.00 mm, and G5:2.00 mm < RD, G1-G4 are the absorbing roots, and G5 denotes the transmitting roots to analyze the root morphological indicators in different diameter levels and the functional divisions [37].




2.4. Leaf Chlorophyll Relative Content and Damage Estimation


From the 40th day to the 89th day from sowing, the relative chlorophyll content of the first, second and third leaves at the upper end of the tomato morphology was measured every 7 days with a SPAD-502 PLUS chlorophyll meter (Konica Minolta Inc., Tokyo, Japan). Fv/Fm was measured with the Open FluorCam FC 800-O and FluorCam 7 software (PSI, Brno, Czech Republic), referring to previously reported methods [38], and the leaves were left in dark for 30 min before measuring.




2.5. Flowering Statistics of the Tomato


This collection takes place in the morning during the flowering period, defining the budding stage as S0 when the flowering buds are visible. An initial flowering stage (S1) is defined when 10% of the flowers on an inflorescence are open. The blooming stage (S2) is defined when 60% of the flowers in an inflorescence are blooming. The end flowering stage is defined (S3) when 90% of the flowers on an inflorescence wither. A Kaplan–Meier curve and a Cox proportional hazards model were used for further analysis of the flowering time [39].




2.6. Determination and Analysis of Fruit Yield and Quality


The fruit yields of the first and the second inflorescence of tomatoes in each group were counted, and the arithmetic mean value of these fruit weights was taken as the single fruit weight of each treatment. We selected fruits with similar maturity and fruit size in each treatment, and took the middle pulp to determine the quality. The quality indicators measured include the total soluble sugar (TSSC), vitamin C (VC), total soluble solids (TSS), sugar-acid ratio (SAR), nitrate nitrogen, lycopene and titratable acid. The nitrate nitrogen was measured by using the 3,5-dinitrosalicylic acid (DNS) method [40]. The TSSC was measured through anthrone colorimetry, and the VC concentrations were determined via molybdenum blue colorimetry [41]. The TSS and SAR were determined with a digital PAL-Easy ACID3 tonic system (ATAGO Co., Ltd., Fukaya-shi, Japan). Lycopene was extracted with a solution containing hexane, acetone, and ethanol (2: 1: 1, v/v/v), and the absorbance was measured at 485 nm with a spectrophotometer (UV-2500, Shimadzu Corporation, Kyoto, Japan). The tomato fruit quality of each treatment was comprehensively evaluated using the technique for order preference by similarity to an ideal solution (TOPSIS), in which nitrate nitrogen and titratable acid were set as negative indicators [42].




2.7. Statistical Analysis


Excel 2016 (Microsoft Corp., Redmond, WA, USA) was used for data sorting, Excel 2016, Word 2016 (Microsoft Corp., USA) and Origin 2022 (OriginLab Corp., Northampton, MA, USA) were used to draw graphs, and ANOVA LSD significance analysis was performed with SPSS 26.0 (IBM Crop., Armonk, NY, USA). The data are expressed as “mean ± standard deviation”.





3. Results


3.1. B. methylotrophicus Improves the Growth of Tomato Seedlings at Low Temperature


Low temperature seriously affected the growth and development of tomatoes. On the 14th day (the 54th day after sowing) of low-temperature treatment, the number of leaves on the CK + LT plant was significantly less than that of the CK plant by 0.95 times. This significant effect continued until the 89th day after sowing. Given that the inoculum promoted an increase in the number of tomato leaves, the tomato under the B treatment always had the largest number of leaves. The number of leaves in the B/B + LT plant was 1.25 times that of the CK/CK + LT plant. The number of leaves of the B + LT plant during the low-temperature treatment period (40–54th d) was still not less than that of the CK plant (Figure 1a and Table S1).



On the 7th day of low-temperature treatment (the 47th day after sowing), the growth rate of plant height of the CK + LT/B + LT plant was significantly lower than that of CK/B plant. At the end of the low-temperature treatment (the 54th day after sowing), the plant height of tomato plants in CK + LT and B + LT treatments increased by 15.02% and 6.47%, respectively, which was lower than 49.25% and 25.39% in the CK and B treatments compared with before the low-temperature treatment (40th day after sowing) (Figure 1b and Table S1). From the 47th day to the 89th day after sowing, the plant height of CK + LT was lower than those of other treatments due to low temperature. However, the plant height of the B + LT treatment was higher than that of the CK treatment on the 82nd day after sowing, and increased to the same level as the B treatment on the 89th day. This height was significantly higher than those of CK and CK + LT treatments, indicating that inoculation was beneficial to the recovery of tomato growth after low-temperature stress (Figure 1b and Table S1).



From the 40th day to the 75th day after sowing, the stem diameter of the tomato plant in each treatment only increased by 4.36–17.61%, and the stem diameter slowly increased. However, the stem diameter of the treatment with inoculants was still thicker than that of the treatment without inoculants. However, the stem diameter of the tomato plant significantly increased from the 75th day to the 82nd day after sowing, increasing by 17.08–25.53%, which indicates that the stem diameter of the tomato plant would increase significantly after it entered the flowering stage (Figure S1 and Table S1).




3.2. B. methylotrophicus Promotes Biomass Accumulation in Tomato at Low Temperature


Low temperatures decrease plant metabolism and growth. At the end of the low-temperature treatment (day 54 after sowing), the dry matter accumulation of roots, stems, leaves and whole plant in the CK + LT treatment increased by 17.92%, 121.00%, 53.55% and 71.46%, the B + LT treatment increased by 40.28%, 128.38%, 82.05% and 86.29%, the CK treatment increased by 88.41%, 178.54%, 145.98% and 139.80%, and the B treatment increased by 59.33%, 133.14%, 108.61% and 86.30%, respectively. These results indicated that inoculation could promote dry matter accumulation in tomatoes under low-temperature stress (Figure 2a–d). During the low temperature period, the growth rate of fresh weight of the tomato seedlings in each treatment was consistent with the change of dry weight, indicating that B. methylotrophicus can promote the biomass accumulation of tomatoes at low temperatures (Figure 2).




3.3. B. methylotrophicus Can Alleviate the Damage to Tomato Roots Caused by Low Temperature


Low-temperature slows down the development of new roots, which greatly reduces the root length, root surface area, lateral root number, root volume and other indicators, and hinders the transport of nutrients from the roots to the shoots [43]. Before the low-temperature treatment (40th day after sowing), only the RA and RT of tomatoes between treatments had significant differences. The RA and RT of the tomato under the B/B + LT treatment were larger than those under the CK/CK + LT treatment, while other root morphological indexes had no significant differences (Figure 3b,g). At the end of the low-temperature treatment (54th day after sowing), the RL, RA, SRL, SRA, RT, RF, RBI, and RV of the CK + LT and B + LT treatments were significantly lower than those of the CK and B treatments, but the RTID of the CK + LT and B + LT treatments was significantly increased (Figure 3). The RFN of the CK + LT plant was significantly higher than those of the other treatments, indicating that low temperature affected the increase in root diameter (Figure 3h). The effect of low temperature on the CK + LT plant was greater than that of the B + LT plant, and the RA, RD and RV of the B + LT plant were significantly higher than those of the CK + LT plant (Figure 3b,i,k).



The root development of the CK + LT and B + LT plants partially recovered at 7 days after the end of low temperature (61st day after sowing). Only the RD of the CK + LT plant recovered to the CK plant level. However, the RA, RBI and RV of the B + LT plant recovered to the same level as the CK plant. In addition, the CK + LT plant still maintained a high RTID due to the low temperature, hence the root recovery of the B + LT plant was better than that of the CK + LT plant (Figure 3).



On the 40th, 54th and 61st days after sowing, the RL distribution of each treatment was mainly concentrated on the fine absorbing roots with RD < 1.00 mm (G1–G2), and the RV was mainly distributed on the transporting root with RD > 2.00 mm (G5). The RA was 54.99–78.07% distributed on G1–G2, and 11.35–24.45% was distributed on G5 (Figure 4). On the 40th day after sowing, the (G1–G2)/G5 values (absorbing roots/transporting root) of tomato RL and RV in the CK/CK + LT plant were significantly higher than those in the B/B + LT plant, indicating that the CK/CK + LT plant was more inclined to retain nutrients absorbed by roots at this time to promote root development. The B/B + LT plant was more inclined to choose the root development strategy of balancing between aboveground and underground parts (Figure 4a). On the 54th day after sowing, the (G1–G2)/G5 values of RL, RA and RV of all treatments significantly decreased compared with those on the 40th day. The nutrients of the aboveground and underground parts were gradually balanced in all four treatments. However, the reduction of the CK + LT treatment at the low temperature was much less than those of the other treatments. The (G1–G2)/G5 values of RL, RA, and RV of the CK + LT plant were higher than those of the other treatments, and were 1.21, 1.19 and 1.37 times higher than those of the CK plant, respectively. The (G1–G2)/G5 values of RL, RA, and RV of the B + LT plant were smaller than those of the CK plant and had no significant difference with the B plant, suggesting that low temperature greatly inhibited the development of transporting roots, whilst the inoculum could alleviate the inhibition of low temperature on the growth of transporting roots (Figure 4b). After 7 days of normal temperature growth, the tomato plants in all treatments continued to balance the development strategy of the aboveground and underground parts, which was consistent with the trend on the 40th day; B/B + LT preferred to choose the balanced strategy, and the effect of low temperature on the (G1–G2)/G5 value disappeared (Figure 4c).



In conclusion, low-temperature treatment can lead to an accelerated senescence of tomato roots and delay the further development of new roots, which leads to the conservative strategy of root development and nutrient transport, and the plant growth process is delayed. However, inoculation can significantly reduce this effect.




3.4. B. methylotrophicus Can Reduce the Damage of Low Temperature on Tomato Leaves


On the 47th day after sowing (after 7 days of low-temperature treatment), the SPAD value of the leaves of the CK + LT/B + LT plants decreased by 6.42%/6.17% compared with that of the CK/B plant, and decreased by 15.94% and 13.3% on the 54th day, respectively. The negative effect of low temperature on the leaf SPAD value of the CK + LT plant was much greater than that of the B + LT plant. From the 47th day to the 75th day, the SPAD value of the CK + LT leaves was much lower than that of the other treatments, whilst the second and third leaves of the B + LT plant were lower than those of the CK plant only at the 54th and 61st days (Figure 5a). The SPAD value in the three upper leaves of the tomato morphology was significantly decreased by the low-temperature treatment, and the effect on mature leaves was greater than that on the new leaves. Moreover, the longer the exposure time to low-temperature stress, the greater the decline of the SPAD value of the leaves (Table S2). Accordingly, low temperatures will reduce the relative content of chlorophyll in tomato leaves and form long-term negative effects. Inoculation of B. methylotrophicus can improve the SPAD value of tomato leaves and reduce the negative effects of low-temperature stress on the SPAD value of leaves.



The maximum photochemical efficiency of PS II (Fv/Fm) is an important criterion for measuring whether the leaves are damaged. If the Fv/Fm is less than 0.76, then the plant leaves are damaged. On the 7th day of low-temperature stress (47th day after sowing), the Fv/Fm values of the CK + LT and B + LT plant leaves were both lower than 0.76, indicating that the leaves suffered from low-temperature damage, and the damage degree of the CK + LT plant leaves was significantly higher than that under the B + LT treatment. On the 14th day of low-temperature stress (54th day after sowing), the Fv/Fm values of the CK + LT and B + LT plant leaves recovered to a small extent, but the CK + LT plant leaves were still damaged, whilst the Fv/Fm values of the B + LT plant leaves recovered to the normal level (0.76) (Figure 5b). The result showed that the inoculant promotes the rapid adaptation of plants to low temperatures.




3.5. B. methylotrophicus Can Accelerate the Growth Process of Tomato


After 7 days of growth in a greenhouse (61st day after sowing), the first panicle of the B treatment plant entered the budding stage (S0), followed by the B + LT and CK plants, and the CK + LT plant entered S0 last (Figure 6). The first panicle flowers of the CK + LT plant entered S3 significantly later than those of the CK plant, and the time spent in each flowering stage was longer than that of the CK plant. In the B + LT plant, only the second panicle flowers took more time to enter S2 than in the CK plant, and no significant difference was observed in other flowering times between the B + LT plant and the CK plant. The time for the B + LT plant to enter S0 and S1 was significantly less than the CK + LT plant. The probability of the first panicle flower of the B + LT plant entering S0 was also greater than that of the CK plant (1.66 times that of the CK plant at the same period). The time to complete the flowering period of each panicle of the B treatment was less than that of the CK plant, and the probability of the first panicle entering S0 was 4.61 times that of the CK plant in the same period (Figure S2 and Table S3). Consequently, the low-temperature treatment delayed the time of tomato flowering in this study, whilst the inoculant could make tomato flowering earlier and alleviate the effect of low temperature. This may be related to the fact that low temperature inhibits the growth process of the tomato, whilst the inoculum can accelerate its growth process.



Evident differences can be observed in the seedling age and the effective accumulated temperature of the tomato panicles when they entered S0 under different treatments. The difference in the physiological seedling age was mainly caused by the inoculation of bacteria, which made the B/B + LT plants enter S0 when the physiological seedling age was smaller than for the CK/CK + LT plants. Meanwhile, the low temperature had no significant effect on the physiological seedling age. The calendar seedling age and the effective accumulated temperature are affected by low-temperature treatment and inoculum. Inoculation of bacteria shortened the time for the tomato to enter S0, whilst low temperature delayed the time for the tomato to enter S0 (Table 2). Low temperatures will reduce the effective accumulated temperature value of tomatoes before they enter the budding stage, which will delay the growth of tomatoes and the time at which they enter each flowering stage. The inoculant reduces the effective accumulated temperature and the physiological seedling age required for the tomato to enter the budding stage, allowing the tomato to flower earlier.




3.6. B. methylotrophicus Can Improve Tomato Fruit Quality


The order of weight of a single fruit from large to small was B + LT > CK + LT > B > CK. The single fruit fresh weights of B + LT, CK + LT and B plants were 18.66%, 17.42% and 17.34% higher than that of CK, respectively. Moreover, the single fruit dry weights of B + LT, CK + LT and B plants were 21.10%, 18.65% and 18.60% higher than that of CK, respectively. The dry weight of a single fruit in B + LT treatment was significantly different from the CK treatment. This finding showed that low-temperature treatment and addition of inoculants could increase in tomatoes (Figure 7).



In comparison with CK, the low-temperature treatment increased the nitrate nitrogen, soluble solid content and SAR in the CK + LT fruit and decreased the content of vitamin C, TSSC and titratable acid. The nitrate nitrogen, soluble solid content, SAR, vitamin C and TSSC content in the fruit were decreased in the B + LT treatment compared with those in the B treatment, and the titratable acid content was increased. Low-temperature treatment will result in a significant decrease in lycopene (Table 3) [7,44]. In the nutritional quality of tomato fruit, except for lycopene, the other six nutritional quality indicators were affected by the interaction between low-temperature treatment and inoculants (Table 3). In the comprehensive evaluation of the tomato fruit quality by the TOPISS method, nitrate nitrogen and titratable acid content were set as negative indicators. The comprehensive analysis showed that the quality of the tomato fruit was the best under treatment B, and the fruit evaluation of the CK + LT treatment was the lowest (Table S4). The inoculants could improve the nutritional quality of fruit under different temperatures.





4. Discussion


Low-temperature stress can seriously affect the growth, spatial distribution, yield and quality of horticultural crops. In the early stage of low-temperature stress, plants can activate their own defense through a series of intracellular and intercellular reactions to alleviate the damage, but prolonged low temperature will seriously harm plants [8,45]. In the tomato, the morphological distribution of the shoots and roots is inhibited, the photosynthetic capacity decreases, the flowering period is delayed, and the inflorescence node position increases [46,47]. Therefore, innovative strategies are required to improve tomato tolerance to low-temperature stress, lessen damage and prevent yield loss.



A vast resource of microorganisms found in the plant rhizosphere may be exploited to develop beneficial microorganisms that will boost plant growth and stress resistance. This study discovered that low temperatures resulted in the slow root development and inhibited aboveground growth in tomato. The activity of PGPR in the plant rhizosphere can promote the solubilization of soil phosphates and the production of siderophores and plant hormones. These factors can promote the development of plant roots, and the absorption area of water and mineral nutrients increase with the increase in root surface area [32]. In this study, the value of fine absorbing roots/transporting roots inoculated with an inoculum and treated at low temperature (B + LT) was always at the same level as those of normal temperature control (B). Meanwhile, the whole plant fresh weight (compared with B) relative decline was less than that of the CK + LT treatment (compared with the CK). The result showed that the inoculation of B. methylotrophicus can effectively alleviate the growth inhibition of low temperature on the plant and the influence of chilling injury on root growth and promote root recovery after low temperatures. Some beneficial microorganisms and root symbiosis can promote soybean root development, improve soybean cold tolerance and expand the soybean planting range [48]. In the rhizosphere, PGPR adhere to plant roots and contribute to complex processes, and some secretions may promote plant growth or activate a series of metabolic pathways to improve plant response to cold stress. Some studies showed that inoculation with PGPR promotes the expression of the cold stress transcription factor CBF1 in tomatoes [30], but the specific metabolic pathways are still unclear, which is worthy of further research in the future.



Under low-temperature stress, the accumulation of reactive oxygen species (ROS) can cause damage to plant leaves, and PGPR can alleviate the damage to leaves by improving the antioxidant capacity of leaves [30]. The change of SPAD value can reflect the damage condition of leaves. The SPAD value of leaves will decrease under low-temperature stress [49]. The SPAD value of the CK + LT plant leaves significantly decreased on the 7th day of low-temperature treatment, and the negative effect of low temperature on the SPAD value lasted until the 21st day after the end of the low-temperature treatment. The inoculum could continuously maintain the SPAD value of leaves. In the research of Caradonia et al., the consortium of inoculum Funneliformis mosseae and Paraburkholderia graminis alleviated the damage of low temperature to tomato leaves and increased the efficiency of photosystem II [29]. In our study, inoculation with B. methylotrophicus alone achieved the same effect. During the treatment period, the SPAD values of the mature leaves and the new leaves of the B + LT plant were always higher than that of the CK + LT plant and recovered to the level of the B treatment on the 14th day after the end of the low-temperature treatment. The inoculant can effectively reduce the damage of low temperatures on the maximum photochemical efficiency of PS II (Fv/Fm) and enhance the adaptability of leaves to low temperature. These data indicated that the inoculant could effectively alleviate the damage to the photosynthetic system of tomato leaves caused by low temperatures, and enhance the adaptability and recovery ability of the photosynthetic system to low temperature.



Low temperature at the seedling stage of the tomato can cause tomato growth retardation and delay flowering [46,50]. PGPR inoculation can promote the vegetative growth of plants and lead to early flowering. PGPR have been applied to regulate the growth and promote the flowering of some ornamental plants [14,51]. In this experiment, the time of the CK + LT plant to enter each flowering stage was later than that of the normal temperature control plant (CK). Meanwhile, the time of the B + LT plant to enter each flowering stage was not significantly different from that of the CK. The time of the B treatment to enter the budding stage was significantly earlier than that of the CK. The result showed that the inoculation of B. methylotrophicus also has a positive effect on improving the delay of plant flowering caused by low-temperature stress. However, no difference was observed in the time and effective accumulated temperature required for each treatment to complete the whole flowering process. Hence, the difference in the flowering time in the experiment was mainly due to the growth rate in the vegetative growth stage. Low-temperature stress significantly reduced not only the effective accumulated temperature required for the tomato to reach the budding stage but also the growth rate of the tomato, resulting in a delay in the flowering time under the combined effect. Inoculation could reduce the demand for an effective accumulated temperature of tomato reaching the budding stage and promote its growth. Meanwhile, PGPR has been found to promote the expression of flowering genes [52]. After low-temperature stress, the time of flower bud emergence of each panicle of the B + LT plant had no significant difference with that of the B treatment, and entered the bud emergence stage earlier than that of the CK + LT and CK plants. Inoculants can effectively alleviate the delay of low temperature on tomato flowering by regulating the coordination of plant growth and flowering.



Low temperatures will reduce the quality of tomato fruit, reduce the content of vitamin C, soluble solids, soluble sugar, lycopene content and sugar-acid ratio in the fruit, and increase the content of titratable acid [47,53]. Studies have found that inoculation of PGPR in the roots can improve the yield and fruit quality of strawberries, cucumbers and other crops, which may be related to the promotion of nutrient absorption and utilization by PGPR [54,55,56]. In this experiment, the low-temperature treatment was carried out before the flowering stage, and the contents of vitamin C and lycopene in the CK + LT fruits were lower than those in the CK fruits. Meanwhile, the nitrate nitrogen, soluble solids and sugar–acid ratio were higher than those in CK. No difference was observed in the titratable acid content in fruits of all treatments. In this experiment, the soluble total sugar, soluble solids and sugar–acid ratio in the fruit of the B treatment were better than those of the CK. However, the vitamin C content slightly decreased, and the nitrate nitrogen content increased in the B treatment. The B + LT treatment could effectively reduce the accumulation of nitrate nitrogen in fruits compared with the CK + LT treatment. The TOPISIS method was used to comprehensively evaluate the fruit quality. The comprehensive score of the B treatment was higher than that of the CK treatment, and the score of the B + LT treatment was higher than that of the CK + LT treatment, indicating that the inoculant improved the tomato fruit quality regardless of whether it suffered from low temperature.




5. Conclusions


Low temperatures will slow down the growth of the tomato, reduce the growth rate of the leaf number and shrink the distribution range of roots, increase the proportion of fine roots, decrease the relative chlorophyll concentration, weaken the photosynthetic capacity, delayed flowering, decreased vitamin C and lycopene content in fruit, and increase the content of nitrate nitrogen in fruit. However, inoculation with 5 × 108 CFU/g B. methylotrophicus could increase tomato growth rate by about 10%, alleviate the cold shock reaction of the root system to low temperatures, reduce the negative effects of low temperatures on the relative chlorophyll content and Fv/Fm of leaves. Moreover, the low-temperature tolerance and recovery ability of tomatoes during the vegetative growth period were enhanced, and the flowering time was 3–9 d earlier. Inoculation with B. methylotrophicus also reduced the content of nitrate nitrogen in fruit by about 27% after low-temperature stress and improved the fruit quality.
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Figure 1. Effects of B. methylotrophicus inoculation on tomato growth at low temperature. (a) Effects of B. methylotrophicus inoculation on the number of leaves on the tomato plant. (b) Effects of B. methylotrophicus inoculation on the height of the tomato plant. LT represents the period of low-temperature treatment, and NT denotes the period of normal temperature cultivation. The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test. 
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Figure 2. Biomass of the different parts of the tomato seedlings. (a–d) Dry weight of the different organs of the tomato seedlings before and after low-temperature treatment. (e–h) Fresh weight of the different organs of the tomato seedlings before and after low-temperature treatment. (i–l) Ratio of the dry weight to fresh weight (DW/FW) of the different organs of the tomato seedlings before and after low-temperature treatment. The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test. 
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Figure 3. Effect of inoculated B. methylotrophicus on tomato root development. (a–l) Show the root index of each treatment on different days after sowing. The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test. 
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Figure 4. Effect of inoculated B. methylotrophicus on root traits with different diameters of tomato seedlings at low temperature. (a) Root traits with different diameters before low-temperature treatment (40th d). (b) Root traits with different diameters after 14 days of low-temperature treatment (54th d). (c) Root traits with different diameters after 7 days of normal temperature cultivation (61st d). The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test. 
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Figure 5. Effects of inoculated B. methylotrophicus on the SPAD value and Fv/Fm of leaves. (a) SPAD values of leaves of different treatments. (b) Fv/Fm values of leaves of different treatments during low temperature. The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test. 
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Figure 6. Dynamics of the number of blooming flowers with time under different treatments. The various shapes and colors represent the number of flowering plants of different treatments on the day, and the average value of 9 plants is counted. 
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Figure 7. Single fruit weight of tomatoes under different treatments. FW represents the fresh fruit weight and DW denotes the dry fruit weight. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level using LSD’s multiple range test. 
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Table 1. Inoculation and plant growth status for the four treatments.
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	Treatment Name
	Inoculate
	Plant Growth Process





	Control (CK)
	no
	Growth at 25 °C/16 °C for 40 d + 25 °C/16 °C for 14 d + normal temperature cultivation



	B
	yes
	Growth at 25 °C/16 °C for 40 d + 25 °C/16 °C for 14 d + normal temperature cultivation



	CK + LT
	no
	Growth at 25 °C/16 °C for 40 d + 15 °C/8 °C for 14 d + normal temperature cultivation



	B + LT
	yes
	Growth at 25 °C/16 °C for 40 d + 15 °C/8 °C for 14 d + normal temperature cultivation










[image: Table] 





Table 2. The seedling age and effective cumulative temperature required for tomatoes to reach budding stage under different treatments.
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Spike

	
Treatment

	
Calendar Seedling Age (d)

	
Physiological Seedling Age

(Number of Leaves)

	
Effective Cumulative Temperature (°C)






	
1st

	
CK

	
64.25 ± 0.03 b

	
8.29 ± 0.08 ab

	
654.12 ± 22.52 a




	
B

	
62.13 ± 0.03 c

	
8.16 ± 0.03 b

	
626.88 ± 18.06 b




	
CK + LT

	
67.11 ± 0.01 a

	
8.65 ± 0.03 a

	
568.22 ± 7.60 c




	
B + LT

	
62.57 ± 0.04 c

	
7.59 ± 0.09 c

	
515.71 ± 25.87 d




	
2nd

	
CK

	
70.63 ± 0.02 b

	
10.38 ± 0.08 ab

	
692.55 ± 16.30 a




	
B

	
68.88 ± 0.03 c

	
9.59 ± 0.10 c

	
667.81 ± 17.52 b




	
CK + LT

	
73.00 ± 0.00 a

	
10.81 ± 0.04 a

	
602.00 ± 3.45 c




	
B + LT

	
70.29 ± 0.03 bc

	
9.94 ± 0.06 bc

	
563.97 ± 21.40 d




	
3rd

	
CK

	
78.25 ± 0.01 b

	
12.96 ± 0.05 ab

	
739.02 ± 13.02 a




	
B

	
77.86 ± 0.01 b

	
12.98 ± 0.05 ab

	
724.83 ± 12.87 a




	
CK + LT

	
81.86 ± 0.04 a

	
13.29 ± 0.05 a

	
660.14 ± 22.71 b




	
B + LT

	
78.14 ± 0.02 b

	
12.37 ± 0.07 b

	
611.48 ± 17.99 c








Note: The data are expressed as the mean ± standard error of the three independent biological replicates. The different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test.
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Table 3. Nutritional quality of fresh tomatoes under different treatments.
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	Treatment
	Nitrate Nitrogen

(NO3−-N mg·g−1)
	Vitamin C

(μg/100 g)
	Lycopene

(μg/g)
	Total Soluble Sugars (%)
	Soluble Solids (%)
	Titratable Acids (%)
	Sugar to Acid Ratio





	CK
	0.58 ± 0.04 b
	33.84 ± 0.04 a
	24.41 ± 1.57 a
	3.57 ± 0.26 b
	3.80 ± 0.10 d
	5.75 ± 0.30 a
	8.27 ± 0.36 c



	B
	0.80 ± 0.11 a
	33.64 ± 0.06 b
	21.60 ± 2.78 a
	4.63 ± 0.41 a
	4.60 ± 0.10 b
	5.42 ± 0.05 a
	10.15 ± 0.26 a



	CK + LT
	0.86 ± 0.08 a
	33.61 ± 0.07 b
	16.62 ± 2.19 b
	3.49 ± 0.08 b
	4.80 ± 0.10 a
	5.56 ± 0.23 a
	9.95 ± 0.51 ab



	B + LT
	0.62 ± 0.06 b
	33.63 ± 0.03 b
	15.66 ± 0.17 b
	3.63 ± 0.15 b
	4.00 ± 0.10 c
	5.68 ± 0.22 a
	9.45 ± 0.13 b



	PGPR
	0.05
	8.68 *
	2.84
	16.46 **
	0.00
	11.11 *
	11.97 **



	LT
	1.25
	15.45 **
	37.69 ***
	13.16 **
	12.00 **
	0.11
	5.97 *



	PGPR × LT
	27.83 **
	14.16 **
	0.69
	9.45 *
	192.00 ***
	7.11 *
	35.49 ***







Note: “*”, “**” and “***” stand for p < 0.05, p < 0.01 and p < 0.001, respectively, and the different letters on the bars indicate the significant differences between treatments at the p < 0.05 level on the same days using LSD’s multiple range test.
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