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Physiological Biochemistry-Combined Transcriptomic Analysis Reveals Mechanism of Bacillus cereus G2 Improved Salt-Stress Tolerance of Glycyrrhiza uralensis Fisch. Seedlings by Balancing Carbohydrate Metabolism
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Salt stress severely threatens the growth and productivity of Glycyrrhiza uralensis. Previous results found that Bacillus cereus G2 enhanced several carbohydrate contents in G. uralensis under salt stress. Here, we analyzed the changes in parameters related to growth, photosynthesis, carbohydrate transformation, and the glycolysis Embden-Meyerhof-Parnas (EMP) pathway-tricarboxylic acid (TCA) cycle by G2 in G. uralensis under salt stress. Results showed that G2 helped G. uralensis-accumulating photosynthetic pigments during photosynthesis, which could further increase starch, sucrose, and fructose contents during carbohydrate transformation. Specifically, increased soluble starch synthase (SSS) activity caused to higher starch content, which could induce α-amylase (AM) and β-amylase (BM) activities; increased sucrose content due to the increase of sucrose synthase (SS) activity through upregulating the gene-encoding SS, which decreased cell osmotic potential, and consequently, induced invertase and gene-encoding α-glucosidase that decomposed sucrose to fructose, ultimately avoided further water loss; increased fructose content-required highly hexokinase (HK) activity to phosphorylate in G. uralensis, thereby providing sufficient substrate for EMP. However, G2 decreased phosphofructokinase (PFK) and pyruvate kinase (PK) activities during EMP. For inducing the TCA cycle to produce more energy, G2 increased PDH activity that enhanced CA content, which further increased isocitrate dehydrogenase (ICDH) activity and provided intermediate products for the G. uralensis TCA cycle under salt stress. In sum, G2 could improve photosynthetic efficiency and carbohydrate transformation to enhance carbohydrate products, thereby releasing more chemical energy stored in carbohydrates through the EMP pathway-TCA cycle, finally maintain normal life activities, and promote the growth of G. uralensis under salt stress.
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INTRODUCTION

In plants, salt stress leads to reduced water uptake, excessive accumulation of toxic elemental ions, and production of reactive oxygen species (ROS) causing oxidative stress (Salimi et al., 2016; Ahmadi et al., 2018). This combination of osmotic, ionic, and oxidative effects promotes cellular damage, declines K+ and Ca2+ efficiency, reduces photosynthetic rate, impairs metabolism, and ultimately inhibits plant growth and reduces productivity (Salimi et al., 2016; Brahimova et al., 2021). In response to salt-stressed condition, carbohydrate accumulation can be an important part of radical scavenging, osmo-protection, and carbon storage in plants (Keunen et al., 2013; Zhu et al., 2016; Li et al., 2020). Carbohydrates, as the products of photosynthesis, are not only the substrates for respiration but also important substances related to the growth and energy metabolism in plants (Raessler et al., 2010). Salt stress directly reduced CO2 availability through diffusion limitation of stomata and mesophyll or change photosynthetic metabolism, and also affected oxidative stress and thus indirectly affected leaf photosynthesis (Chaves et al., 2008). Some studies showed that salt stress typically reduced the chlorophyll (Chl) content in plants (Khoshbakht et al., 2015; Ibrahim et al., 2017), while other studies reported increased Chl concentration with increasing salinity stress in salt-tolerant plants (Borghesi et al., 2011; Huang et al., 2015; Qiu et al., 2017). Salt stress caused inhibition of carbon assimilation by affecting the activities of carbon metabolism-related enzymes and the contents of carbohydrate (Li et al., 2020). The glycolysis (EMP) pathway-tricarboxylic acid (TCA) cycle serves as the primary pathway for carbohydrate catabolism, providing sufficient energy for the plant’s life activities (Jiang, 2011). Moreover, salt stress led to the disorder of EMP metabolism, which posed a threat to plant respiration metabolism (Zhong et al., 2016). Salt stress also inhibited the TCA cycle, followed by a significant decrease in adenosine triphosphate (ATP) content, resulting in insufficient energy supply and further inhibition of plants’ growth (Li et al., 2015, 2020). Thus, it can be concluded that plants exposed to salt stress are unable to maintain the required carbohydrate and energy levels, and, consequently, certain measures must be adopted to regulate carbohydrate metabolism in salt-stressed plants.

Plant endophytes have great potential to enhance plant growth and alleviate salt stress without harming the environment (Fan et al., 2020; Molina-Montenegro et al., 2020). Previous studies revealed that endophytes increased salt tolerance of plants by regulating carbohydrate metabolism (Ali et al., 2014; Ghaffari et al., 2016; Win et al., 2018). Specifically, wild-type bacterial endophytes significantly increased the total Chl contents of tomato plants under salt stress (Ali et al., 2014). Endophyte (Penicillium funiculosum LHL06) significantly increased Chl contents and the photosynthesis rate of Glycine max L. under salt stress (Khan et al., 2011). Moreover, the endophytic fungus Piriformospora indica increased the starch concentration in barley plants under salt stress (Ghaffari et al., 2016). Therefore, carbohydrate regulation may be one of the important strategies for improving plant salt tolerance by endophytes. However, the deep mechanisms of endophytes on carbohydrate regulation in plants exposed to salt stress are largely unknown.

Glycyrrhiza uralensis Fisch., as an important windbreak and sand fixation plant in desert areas, widely grown in arid and semiarid regions of the world, especially in the harsh northwestern region of China, and suffers from salt stress year-round (Li et al., 2016; Wang C. et al., 2020). Bacillus cereus (G2), as an endophyte found by our laboratory, enhanced several carbohydrate contents in G. uralensis under salt stress, but the mechanism has not been thoroughly studied (Zhang, unpublished). During their seedling stage, plants are sensitive to adverse external factors; therefore, the seedlings stage is the optimum time to research plants’ abiotic tolerance (El Atta et al., 2016). Therefore, in order to reveal the behind mechanism of G2 on carbohydrate metabolism in G. uralensis seedlings subjected to salt stress, this study analyzed parameters related to photosynthesis, carbohydrate transformation, and EMP pathway-TCA cycle at physiological biochemistry and transcriptome levels. This study not only provided valuable information for exploring the mechanism of G2 improving the salt tolerance of G. uralensis, but also laid the foundation for cultivating high-quality and high-yield G. uralensis.



MATERIALS AND METHODS


Plant Material

Glycyrrhiza uralensis seeds were collected from wild G. uralensis plants in Urad front flag, Inner Mongolia, China, in September, 2019. Healthy seeds were selected and stored in a kraft paper bag at 4°C until use.



Bacillus cereus G2 Material and Culture Suspension

Bacillus cereus (G2) was isolated from G. uralensis roots and identified by Sangon Biotech (Shanghai) Co., Ltd. This strain was deposited at the China General Microbiological Culture Collection Center under the accession No. CGMCC No. 16671, and under the accession No. MT803148 in NCBI.

The strain of G2 was cultured at 30°C for 2 days in a beef extract peptone AGAR medium, which contained 1-g L–1 tryptone, 3-g L–1 beef extract, 5-g L–1 NaCl, and 16-g L–1 agar, and the pH of the medium after autoclaving was 6.9–7.1. Then, G2 was grown in a sterilized LB liquid medium, which contained 2.5-g tryptone, 0.75-g beef extract, 1.25-g NaCl, and 250-ml distilled water, and the pH of the medium after autoclaving was 6.9–7.1. The bacteria culture suspension was incubated in a shaking incubator of 180 rpm at 28°C for 2 days.



Plant Growing Condition and Treatment

All of the seeds of G. uralensis were steeped with concentrated sulfuric acid (H2SO4) for 1.5 h, and then surface sterilized with 0.1% (v/v) H2O2 for 10 min, rinsed for three times in distilled water, and soaked in distilled water for 9 h at room temperature. Then, 75 water-absorbing, full-filled seeds were selected, blotted surface moisture, and sown evenly in each pot filled with 1,900-g high-pressure sterilized and a fully dried sand medium collected from native desert regions, which did not contain any nutrients. Then, pre-irrigated with 300 ml of distilled water as the control group (CK) or with 300 ml of distilled water containing 75-mM NaCl as the salt stress group (S). The above experiment was carried out in an indoor environment with natural light and an air temperature of 23–28°C during the day and night. After 35 days, G2 treatment was initiated when the third true leaf appeared in most of the G. uralensis seedling. The bacteria culture suspension with G2 was centrifuged at 8,000 rpm for 10 min, and it was washed in sterile distilled water, and the optical density (600 nm) of the bacterial strain was adjusted to 1 (∼108 cfu ml–1) using sterile distilled water. Both CK and S groups were divided into two subgroups, and were watered either 300-ml distilled water or 300-ml of distilled water, containing 108-cfu ml–1 G2. Three replications per treatment were used, and each replication comprised two pots. All pots were randomly arranged and periodically rotated to minimize the effects of environmental heterogeneity.

At 10 days after G2 treatment, the plants were collected and used in subsequent experiments. Generally, three pots of each treatment, firstly, the numbers of plants per pot were recorded for calculation of the survival rate, and all the plants in the pot were taken out of the soil, and then growth indicators were recorded; then, the samples were oven dried at 60°C for 48 h and weighed. The rest three pots of each treatment – all seedlings were taken out of the soil between 9:00 a.m. and 10:00 a.m. and cleaned immediately with distilled water, and then parts of leaves were collected and mixed for determination of Chl contents, and the rest samples were immediately stored at −80°C to measure their physiological and biochemical characteristics.



Measurement of Photosynthetic Pigment Contents

About 0.2-g fresh leaves material of G. uralensis was extracted with 15 ml of a solution that contained ethanol and acetone (1:2, v/v) for 24 h at room temperature in the dark. To calculate the contents of Chl a, Chl b, and carotenoids (Car), the absorbance was measured at 663, 645, and 470 nm, respectively (Wellburn, 1994).



Measurement of Carbohydrate Contents

About 0.2-g fresh G. uralensis seedlings material was homogenized in 2-ml 80% (v/v) ethanol, and then 80°C water bath for 30 min and centrifuged at 1,000 rpm for 5 min, and the supernatants were analyzed for total soluble sugar (TSS), sucrose, fructose, and starch contents. The TSS content was analyzed by anthrone colorimetry (Li et al., 2020), specifically 100-μL supernatant was mixed with 5-ml anthracite reagent, and incubation was performed for 10 min at 100°C, 630-nm colorimetric analysis. The contents of sucrose and fructose were analyzed by Tang (1999), as follows: Sucrose analysis: 400-μL supernatant added to 200-μL 2-M NaOH that was boiled for 5 min, and then added 3-ml 30% (v/v) HCl, 1-mL.1% m-dihydroxybenzene, which were 80°C water bathed for 10 min, 480-nm colorimetric analysis. The mixtures for the fructose analysis contained 100-μL supernatant, 0.2-ml 80% (v/v) ethanol, 0.8-ml 0.1% m-dihy-droxybenzene, and 2.8-ml 30% (v/v) HCl, and then were 80°C water bathed for 10 min, 480-nm colorimetric analysis. The residues were extracted with 2 ml of 9.2-M perchloric acid, the volumes were adjusted to 10 ml in volumetric flasks, and the supernatants were analyzed to determine the starch contents by anthrone colorimetry (Gao, 2006).



Measurement of Carbohydrate Transformation-Related Enzyme Activities

About 0.2-g fresh G. uralensis seedlings material was homogenized in 2-ml water and centrifuged at 3,000 rpm for 10 min. Then, the amylase determination was carried out according to the method of Devi et al. (2007) with minor modification. α-Amylase (AM) activity was determined after destroying the β-amylase (BM) by heating the enzyme at 70°C for 20 min and estimating reducing sugars formed from 2% starch in a 50-mM sodium acetate buffer (pH 5.0) in the presence of 1-mM CaCl2 at 37°C. BM was extracted with a 100-mM sodium acetate buffer (pH 3.6), containing 1-mM EDTA. The activity of BM was determined by estimating the reducing sugars formed after the enzyme action on 1% starch prepared in a 50-mM sodium acetate buffer (pH 5.0), containing 1-mM EDTA. The soluble starch synthase (SSS), granule-bound starch synthase (GBSS), and ADP-glucose pyrophosphorylase (AGP) were determined using reagent kits (Beijing Solarbio Science & Technology Co., Ltd.) according to the manufacturer’s instructions. The GBSS, SSS, and AGP were determined by recording the increase of NADPH at 340 nm. The sucrose phosphate synthase (SPS) and sucrose synthase (SS) activities were measured using the m-dihydroxybenzene method (Tang, 1999) with minor modification. The mixtures for the SPS analysis contained 50-mM Tris–HCl (pH 7.0), 10-mM MgCl2, 10-mM fructose-6-phosphate, 3-mM UDP-glucose, and 100 μL of crude enzyme. For the SS activity, the reaction mixtures contained 50-mM Tris–HCl (pH 7.0), 10-mM MgCl2, 10-mM fructose, 3-mM UDP-glucose, and 100 μL of crude enzyme. The invertase extraction and determination were carried out according to the method of Scholes et al. (1996). About 0.2-g fresh G. uralensis seedlings material was homogenized on an ice bath in 3 ml of extracting solution and centrifuged at 10,000 rpm for 10 min, and enzyme activity was detected in the supernatants. The amount of the compound formed by the reaction of reducing sugar with 3,5-dini-trosalicylic acid indicates its activity, and the absorbance is measured at 510 nm.



Measurement of Intermediate Contents in the EMP and Tricarboxylic Acid Cycle Pathway

The pyruvate (PA) and citrate (CA) contents were determined using reagent kits (Beijing Solarbio Science & Technology Co., Ltd.) according to the manufacturer’s instructions. PA content was determined using 2,4-dinitrophenylhydrazine as the substrate to record the absorbance at 520 nm. CA content was determined by the reduction of Cr6+ at 545 nm.



Measurement of Enzyme Activities in the EMP and Tricarboxylic Acid Cycle Pathway

The hexokinase (HK), phosphofructokinase (PFK), and pyruvate kinase (PK) were determined using reagent kits (Beijing Solarbio Science & Technology Co., Ltd.) according to the manufacturer’s instructions. HK was determined using glucose as the substrate to record the increase in absorbance at 340 nm caused by the enzymatic reduction of NADP+. PFK was determined using 6-phosphate-fructose as the substrate to record the decrease in absorbance at 340 nm caused by the enzymatic oxidation of NADH. PK was determined using phosphoenolpyruvate (PEP) as the substrate to record the decrease in absorbance at 340 nm caused by the enzymatic oxidation of NADH.

The malate dehydrogenase (MDH), pyruvate dehydrogenase (PDH), isocitrate dehydrogenase (ICDH), and succinate dehydrogenase (SDH) were determined using reagent kits (Beijing Solarbio Science & Technology Co., Ltd.) according to the manufacturer‘s instructions. The MDH activity was determined using oxaloacetate as the substrate to record the decrease in absorbance at 340 nm caused by the enzymatic oxidation of NADH. PDH catalyzed dehydrogenation of PA and reduced 2,6-DCPIP at the same time. The PDH activity was determined by recording a decrease in absorbance at 605 nm. The ICDH activity was determined by measuring ketoglutaric acid production at 340 nm, and the SDH activity was determined by recording the reduction rate of 2,6-DCPIP at 600 nm.



RNA Extraction, cDNA Library Construction, and RNA-Seq

Transcriptome sequencing was carried out by Beijing Baimeike Company. The experimental process followed the method provided by Oxford Nanopore Technologies (ONT), which mainly included the following steps: (i) G. uralensis seedlings collected of four treatments (CK, CK + G2, S, and S + G2) were grounded, grouped by weight, and biologically replicated for RNA preparation. Three biological replicates per sample were used for the RNA-Seq experiments. (ii) Total RNA was extracted from the tissue using TRIzol reagent (Takara, Kyoto, Japan) according to the manufacturer’s instructions. RNA purity was tested using the Nano Photometer spectrophotometer (IMPLEN, Westlake Village, United States). (iii) Library construction: primer annealing, reverse transcription into cDNA, plus switch Oligo; synthesis of complementary chains; DNA damage repair and terminal repair and magnetic bead purification. (iv) The cDNA libraries were sequenced using the Illumina NovaSeq 6000 platform.



Transcriptome Data Assembly

Filter the low-quality (length less than 500 bp, Qscore less than 7) sequence and ribosomal RNA sequence from the original landing sequence, and obtain the full-length sequence according to the presence of primers at both ends of the sequence. Polish the full-length sequence obtained in the previous step to obtain the consistent sequence. Contig comparisons with reference genomes or constructed contig sequences were performed to remove redundancy.



Transcription Quantification

Transcriptome sequencing can be simulated as a random sampling process. In order to make the number of fragments truly reflect the expression level of transcripts, it is necessary to normalize the number of mapped reads in the sample. CPM (counts per million) (Zhou et al., 2014) was used as an indicator to measure the expression level of transcripts or genes. The calculation formula of CPM was as follows (reads mapped to a transcript means the number of reads compared to the transcript; total reads aligned in the sample represent the total number of fragments compared to the reference transcriptome):

[image: image]



Quantification of Gene/Transcript Expression Levels and Differential Expression Analysis

Full length reads were mapped to the reference transcriptome sequence. Reads with match quality above 5 were further used to quantify. Expression levels were estimated by reads per gene/transcript per 10,000 reads mapped. For the samples with biological replicates: differential expression analysis of two conditions/groups was performed using the DESeq R package (1.18.0). DESeq provided statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with a p-value < 0.05 and fold change ≥ 1.5 found by DESeq were assigned as differentially expressed.



Reverse Transcriptase-Polymerase Chain Reaction and Quantitative Real-Time-Polymerase Chain Reaction

Reverse transcriptase-polymerase chain reaction RT-PCR and quantitative real-time-polymerase chain reaction (qRT-PCR) were performed on the same RNA pools, which were previously used in RNA-Seq for 10 key DEGs of carbohydrate metabolism inG. uralensis, respectively. Gene-specific primers were designed based on the sequencing data using the Primer-BLAST tool. The primer sequences used for conventional PCR and qRT-PCR analysis are listed in Supplementary Table 1. First-strand cDNAs were synthesized from 2 μg of DNase-treated total RNA using RevertAid RT Reverse Transcription Kit (Servicebio, China). As for RT-PCR, target genes were amplified using a polymerase chain reaction (PCR) thermal cycler (ABI 2720, United States), photographed by FR-980B gel imaging system (FuRi Science & Technology Co., Ltd.), and analyzed with pixel quantitation software Image J 2 (Rawak Software Inc.). qRT-PCR was performed by Wuhan Servicebio Technology CO., LTD. using 2 × SYBR Green qPCR Master Mix (High ROX). The reaction mixture (20 μL) contained 2 × ChamQ SYBR Green qPCR Master Mix 10 μL, 1 μL of primer, 1 μL of template cDNA,.4 μL of 50 × ROX Reference Dye 1 and 7.6 μL of ddH2O. Amplifications were performed under the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Relative expression for each sample was calculated using the 2–ΔΔCt methods with normalization to the internal control genes.



Statistical Analyses

All treatments have three replication operations presented as the mean ± SD of each experiment. The one-way ANOVA was carried out, and physiological data were tested for significant treatment differences using Duncan’s multiple range tests, and p < 0.05 was considered to be statistically significant. The correlation analysis of photosynthetic pigments contents, carbohydrates contents, enzymes activities, and intermediates contents of carbohydrate transformation and EMP pathway-TCA cycle in G. uralensis under four different conditions was determined. Principal component analysis (PCA) of the response variables photosynthetic pigments contents, carbohydrates contents, enzymes activities, and intermediates contents of carbohydrate transformation and EMP pathway-TCA cycle was performed to separate plants in different treatments. The first two principal components, which accounted for the highest variation, were then used to plot two-dimensional scatter plots. The qRT-PCR data were tested for significant treatment differences using the Student’s T-test, and p < 0.05 was considered to be statistically significant. All statistical analyses were performed using SPSS Statistics 25, Origin 2018 Statistics, and GraphPad Prism 8.0.1.




RESULTS

Effect of Bacillus cereus G2 on the Growth Parameters of Glycyrrhiza uralensis Seedlings

The growth situation of G. uralensis seedling under all treatments (CK, CK + G2, S, and S + G2) is shown in Figure 1A. Salt stress significantly decreased plant height, leaf number, lateral root number, fresh weight, dry weight, and survival rate, but increased the root diameter. Interestingly, G2 significantly increased plant height, stem diameter, fresh weight, and dry weight of G. uralensis under salt stress (Figure 1B).
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FIGURE 1. (A) A part of the experiment layout of Glycyrrhiza uralensis Fisch. seedlings grown in control and salt stress conditions without or with Bacillus cereus G2. (B) Effects of B. cereus G2 on growth parameters of G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3).



Effect of Bacillus cereus G2 on Carbohydrate Contents in Glycyrrhiza uralensis Seedlings

Salt stress significantly decreased the contents of TSS, starch, fructose, sucrose, and the ratio of sucrose/starch, while G2 significantly increased the contents of TSS, starch, fructose, and sucrose in G. uralensis under salt stress (Figure 2). TSS, sucrose, and fructose were very positively correlated with one another (Figure 9 and Supplementary Figure 1A).
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FIGURE 2. Effects of B. cereus G2 on carbohydrates contents in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) TSS: total soluble sugar. (B) Sta: starch. (C) Fru: fructose. (D) Suc: sucrose. (E) Suc/Sta: sucrose/starch.




Effect of Bacillus cereus G2 on Photosynthesis in Glycyrrhiza uralensis Seedlings

Salt stress significantly increased Chl a, Chl b, and Chl a + b contents in G. uralensis. Interestingly, G2 significantly further increased the Chl a and Car contents in G. uralensis under salt stress (Figure 3).
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FIGURE 3. Effects of B. cereus G2 inoculation on photosynthetic pigment contents in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids.


In carbon fixation in the photosynthetic organisms pathway (Table 1 and Figure 4) according to transcriptomic analysis, glyceraldehyde-3-phosphate dehydrogenase (NADP+) (GPD), ribulose-bisphosphate carboxylase small chain (Rubisco), and ribose 5-phosphate isomerase (RPI) A were differentially expressed in S vs. CK comparison. Specifically, the gene (Glyur002595s00035357)-encoding GPD, the genes (Glyur000604s00024572 and Glyur001973s00030832)-encoding Rubisco, and the gene (Glyur004632s00040687)-encoding RPI were upregulated in S vs. CK comparison. However, G2 had no significant effect on the genes related to carbon fixation in the photosynthetic organisms pathway.


TABLE 1. Regulation of carbohydrate metabolism-related DEGs in G. uralensis by salt stress or B. cereus G2.
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FIGURE 4. A figure of the mechanism by which B. cereus G2 improves the salt tolerance of G. uralensis by regulating DEGs related to carbohydrate metabolism. CK, control group; S, salt stress group; S + G2, salt stress combined with the G2 group; GPD, glyceraldehyde-3-phosphate dehydrogenase (NADP+); Rubisco, ribulose-bisphosphate carboxylase small chain; RPI, ribose 5-phosphate isomerase A; INV, beta-fructofuranosidase; TPS, trehalose 6-phosphate synthase/phosphatase; BM, beta-amylase; SS, sucrose synthase; HK, hexokinase; PFK, 6-phosphofructokinase 1; pdhB, pyruvate dehydrogenase E1 component beta subunit; PDC, pyruvate decarboxylase; ADH, S-(hydroxymethyl)glutathione dehydrogenase/alcohol dehydrogenase; pdhD, dihydrolipoamide dehydrogenase; ALDH, aldehyde dehydrogenase.


In the relationship between carbohydrates and photosynthetic pigments (Figure 9 and Supplementary Figure 1A), fructose content was negatively correlated with Chl a and Chl a + b contents; the ratio of sucrose/starch was very negatively correlated with Chl a and Chl a + b contents, and negatively correlated with Chl b and Car contents.



Effect of Bacillus cereus G2 on Enzymes Related to Carbohydrate Transformation in Glycyrrhiza uralensis Seedlings

Salt stress significantly increased AGP activity but decreased SSS activity, while G2 significantly increased the activities of SSS, AM, and BM in G. uralensis under salt stress (Figures 5, 8). Salt stress significantly decreased the activities of SPS, SS, and NI, while G2 significantly increased the activities of SS, NI, and AI in G. uralensis under salt stress (Figures 6, 8).
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FIGURE 5. Effects of B. cereus G2 on enzymes related to starch synthesis and decomposition in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) AGP: ADP-glucose pyrophosphorylase. (B) GBSS: granule-bound starch synthase. (C) SSS: soluble starch synthase. (D) AM: α-amylase; (E) BM: β-amylase.
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FIGURE 6. Effects of B. cereus G2 on enzymes related to sucrose synthesis and decomposition in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) SPS: sucrose-phosphate synthase. (B) SS: sucrose synthase. (C) NI: neutral invertase. (D) AI: acid invertase.


In the starch and sucrose metabolism pathway (Table 1 and Figure 4), β-glucosidase, β-fructofuranosidase (INV), α-glucosidase, trehalose 6-phosphate synthase/phosphatase (TPS), BM, SS, and HK were differentially expressed under different treatments. Specifically, the genes (Glyur000779s00022830 and Glyur000585s00027748)-encoding β-glucosidase and the gene (Glyur000324s00015431)-encoding HK were upregulated, but the gene (Glyur000214s00016036)-encoding β-glucosidase, the gene (Glyur000064s00005640)-encoding INV, the genes (Glyur000018s00003759 and Glyur000231s00022077)-encoding TPS and the genes (Glyur000047s00004005 and Glyur000067s00006388)-encoding BM were downregulated in S vs. CK comparison. However, the gene (Glyur000005s00001105)-encoding α-glucosidase, the gene (Glyur000018s00003759)-encoding TPS, and the gene (Glyur001957s00039090)-encoding SS were upregulated in S + G2 vs. S comparison.

In the relationship between carbohydrate and carbohydrate transformation parameters (Figure 9 and Supplementary Figure 1B), TSS content was very positively correlated with SS and SPS activities and positively correlated with NI activity, and very negatively correlated with AGP activity. Starch content was very positively correlated with SSS and AM and positively correlated with the activities of GBSS and BM. Sucrose and fructose contents were very positively correlated with SS activity and positively correlated with NI activity, and very negatively correlated with AGP activity. The ratio of sucrose/starch was positively correlated with SPS activity and negatively correlated with the activities of GBSS and AM.



Effect of Bacillus cereus G2 on the Levels of Intermediates and Enzymes in the EMP Pathway-Tricarboxylic Acid Cycle of Glycyrrhiza uralensis Seedlings

In the EMP pathway, salt stress significantly decreased HK activity, while increased PFK and PK activities in G. uralensis. Interestingly, G2 only significantly increased HK activity under salt stress but decreased PK and PFK activities in G. uralensis under salt stress. As for the TCA cycle, salt stress significantly decreased PDH and SDH activities and CA content, but increased MDH activity in G. uralensis. Interestingly, G2 significantly increased PDH and ICDH activities and CA content, but decreased SDH activity under salt stress condition (Figures 7, 8).
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FIGURE 7. Effects of B. cereus G2 on EMP-TCA-related enzyme activities and intermediate contents in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) HK: hexokinase. (B) PFK: phosphofructokinase. (C) PK: pyruvate kinase. (D) PA: pyruvate. (E) PDH: pyruvate dehydrogenase. (F) ICDH: isocitrate dehydrogenase. (G) MDH: malate dehydrogenase. (H) SDH: succinate dehydrogenase. (I) CA: citrate.



[image: image]

FIGURE 8. A figure of the mechanism by which B. cereus G2 improves the salt tolerance of G. uralensis by regulating enzymes and intermediates related to carbohydrate metabolism. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. SPS, sucrose-phosphate synthase; SS, sucrose synthase; AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; HK, hexokinase; PFK, phosphofructokinase; PK, pyruvate kinase; PA, pyruvate; PDH, pyruvate dehydrogenase; CA, citrate; ICDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase; MDH, malate dehydrogenase.
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FIGURE 9. Correlation analysis among G. uralensis photosynthetic pigment contents, starch and sucrose metabolism, EMP and TCA cycle indexes in the four treatments (CK, CK + G2, S, and S + G2). CK, control group; S, salt stress group; CKEE + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; SSS, soluble starch synthase; AM, α-amylase; BM, β-amylase; SPS, sucrose-phosphate synthase; SS, sucrose synthase; AI, acid invertase; NI, neutral invertase; HK, hexokinase; PFK, phosphofructokinase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; ICDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase; MDH, malate dehydrogenase; PA, pyruvate; CA, citrate; TSS, total soluble sugar; Sta, starch; Fru, fructose; Suc, sucrose.


In the EMP pathway-TCA cycle (Table 1 and Figure 4), HK, PFK, pyruvate decarboxylase (PDC), S-(hydroxymethyl)glutathione dehydrogenase/alcohol dehydrogenase (ADH), aldehyde dehydrogenase (NAD+) (ALDH), pyruvate dehydrogenase E1 component beta subunit (pdhB), and dihydrolipoamide dehydrogenase (pdhD) were differentially expressed under different treatments. Specifically, the gene (Glyur000324s00015431)-encoding HK, the gene (Glyur000219s00011582)-encoding PFK, the genes (Glyur000136s00007955 and Glyur003994s00042985)-encoding PDC, the gene (Glyur000038s00004477)-encoding ADH, the gene (Glyur000698s00016570)-encoding ALDH, the gene (Glyur000278s00017282)-encoding pdhB, and the gene (Glyur000082s00007586)-encoding pdhD were upregulated in S vs. CK comparison, while only the gene (Glyur003994s00042985)-encoding PDC was downregulated in S + G2 vs. S comparison.

In the relationship between EMP pathway-TCA cycle parameters and carbohydrates (Figure 9 and Supplementary Figure 1C), the HK activity was positively correlated with the ratio of sucrose/starch; the PFK activity was very negatively correlated with the contents of TSS, sucrose, and fructose; the PK activity was very negatively correlated with the contents of TSS, sucrose, fructose, and the ratio of sucrose/starch; the PDH activity was very positively correlated with the contents of TSS, sucrose, and fructose and positively correlated with the ratio of sucrose/starch; the MDH activity was very negatively correlated with the contents of TSS, sucrose, and fructose and negatively correlated with the ratio of sucrose/starch; the CA content was only very positively correlated with the starch content.



Principal Component Analysis

The results of PCA related to photosynthetic pigment contents, starch, and sucrose metabolism and EMP pathway-TCA cycle indexes that we measured revealed a closer association between biological replicates than between salinity or G2 treatments (Supplementary Figures 2A,B). PC1 explaining 42.9% of total variation uncovered differences between plants of CK and S treatments, while PC2, accounting for 26.5% of total variation, distinctly separated the plants provided with S and S + G2 treatments. PC1 formation covers photosynthetic pigment contents, sucrose synthesis, and EMP indices, while PC2 formation covers starch synthesis and decomposition indices. PC1 clearly separated S-treated G. uralensis from control G. uralensis because of photosynthetic pigment contents, sucrose synthesis, and EMP indices. PC2 clearly separated S + G2-treated G. uralensis from S-treated G. uralensis because of starch synthesis and decomposition indices.

The results of PCA related to gene expression in carbon fixation in photosynthetic organisms, starch, and sucrose metabolism and the EMP pathway-TCA cycle pathway also revealed a relatively closer association between biological replicates than between salinity or G2 treatments (Supplementary Figures 2C,D). PC1 explaining 44.2% of total variation revealed differences between plants of CK and S treatments, while PC2 accounting for 19.2% of total variation distinctly separated the plants provided with S and S + G2 treatments, which is consistent with the result of the PCA in the physiological biochemical level. PC1 formation covered the genes related to the synthesis and decomposition of sucrose and fructose, while PC2 formation covers the genes-encoding pdhD, PFK, and PDC-2. PC1 clearly separated S-treated G. uralensis from control G. uralensis because of the genes related to the synthesis and decomposition of sucrose and fructose indices. PC2 clearly separated S + G2-treated G. uralensis from S-treated G. uralensis because of the genes-encoding pdhD, PFK, and PDC-2.



The Polymerase Chain Reaction Expression Level of the Ley DEGs Related to Carbohydrate Metabolism in Glycyrrhiza uralensis Seedlings

To elucidate the correlation between mRNA transcript levels and gene expression levels and further analyze the carbohydrate metabolism-related genes expression level, transcriptional analysis of 10 DEGs in carbohydrate metabolism was conducted via RT-PCR and qRT-PCR in G. uralensis seedlings under four treatments (CK, CK + G2, S, and S + G2). The genes-encoding β-glucosidase, INV, α-glucosidase, BM, and SS in carbohydrate transformation and HK, PFK, pdhB, and pdhD in the EMP pathway-TCA cycle were used for this study. The RT-PCR results are shown in Supplementary Figure 3. The qRT-PCR results (Figure 10) showed that salt stress downregulated the genes-encoding INV, BM, and one of the gene-encoding β-glucosidase, while upregulated the genes-encoding HK, PFK, pdhB, pdhD, and one of the gene-encoding β-glucosidase in G. uralensis seedlings. G2 downregulated the genes-encoding INV, HK, PFK, pdhB, pdhD, and one of the genes encoding β-glucosidase, while G2 upregulated the genes encoding α-glucosidase under salt stress in G. uralensis seedlings.
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FIGURE 10. Expression of carbohydrate metabolism-related genes (qRT-PCR) in G. uralensis in four treatments (CK, CK + G2, S, and S + G2). CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group (mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001). (A) INV: beta-fructofuranosidase. (B) SS: sucrose synthase. (C) HK: hexokinase. (D) PFK: 6-phosphofructokinase 1. (E) α-glucosidase: alpha-glucosidase. (F,J) β-glucosidase: beta-glucosidase. (G) pdhB: pyruvate dehydrogenase E1 component beta subunit. (H) pdhD: dihydrolipoamide dehydrogenase (I) BM: beta-amylase.





DISCUSSION


Effect of G2 on Growth in Glycyrrhiza uralensis Under Salt Stress

Growth inhibition is the most frequent and significant effect of salt stress on plants, and it is mainly manifested as a decrease in biomass (Zhang et al., 2018). Present results also showed that salt stress inhibited the growth of G. uralensis, and this effect was partly reversed by G2 inoculation (Figure 2), agreeing with previous findings on wheat (Triticum turgidum subsp. durum) (Ibarra-Villarreal et al., 2021), soybean (G. max L.) (El-Esawi et al., 2018), and Artemisia ordosica (Hou et al., 2021). Specifically, G2 significantly increased plant height, stem diameter, fresh weight, and dry weight of G. uralensis seedlings under salt stress (Figure 1B).



Effect of G2 on Photosynthesis in Glycyrrhiza uralensis Under Salt Stress

Carbohydrate is produced during photosynthesis and acts as a substrate for respiration, which reflects the balance between plant carbon acquisition and expenditure (Liu et al., 2016). We mainly analyzed the genes in carbon fixation in photosynthetic organisms and the contents of photosynthetic pigments.

Our transcriptomic analysis showed that salt stress upregulated the genes-encoding RPI, Rubisco, and GPD in carbon fixation in photosynthetic organisms. The pathway of carbon fixation in photosynthetic organisms is mainly divided into three stages: the carboxylation stage, the reduction stage, and the regeneration stage. In the carboxylation stage, Rubisco as the key enzyme in the first step converted ribulose-1,5-bisphosphate (RuBP) and atmospheric CO2 into two molecules of 3-phosphoglycerate (3-PGA). Salt stress-induced stomatal closure generally causes a decline in the available CO2; in this case, Rubisco uses O2 that leads to the formation of 2-phosphoglycolate, which is a toxic two-carbon compound and inhibits at least two key enzymes of carbon metabolism, thus attenuates the net photosynthesis rate (Frukh et al., 2019). In our study, salt stress upregulated genes-encoding Rubisco; on the one hand, salt stress promoted the synthesis of 3-PGA, therefore promoted the energy storage process of photosynthesis at the substrate level; on the other hand, salt stress might promote the synthesis of 2-PGA, thereby weakening photosynthesis. However, the direction of Rubisco regulation depends on the partial pressure of CO2 and O2 in the environment, which need to be further analyzed. In the reduction stage, GPD catalyzes the reduction of 1,3-bisphosphoglycerate by NADPH to produce 3-phosphoglyceraldehyde (G3P) and NADP+; then, PGA can accept electrons from NADPH to decrease ROS production, and G3P can be used to synthesize starch in the chloroplast or can be transported to the cytoplasm for sucrose biosynthesis (Chintakovid et al., 2017). In this study, salt stress upregulated the gene-encoding GPD, therefore promoted the energy storage process of photosynthesis. However, whether the upregulation of the GPD gene under salt stress can help G. uralensis reduce the production of ROS and promote the synthesis of starch and sucrose remains to be confirmed by further studies. In the regeneration stage, RPI not only isomerizes ribose-5-phosphate into ribulose-5-phosphate but also helps in the regeneration of the Rubisco substrate (Moigne et al., 2020); therefore, the upregulation of the gene-encoding RPI could contribute to providing sufficient Rubisco substrates for G. uralensis seedling under salt stress. However, our results found that G2 had little effect on the gene related to carbon fixation in photosynthetic organisms in G. uralensis under salt stress.

Salt stress generally reduced Chl content (Rabiei et al., 2020); however, some studies have reported increased Chl content with increasing salt stress in salt-tolerant plants (Borghesi et al., 2011; Huang et al., 2015; Qiu et al., 2017). In our study, salt stress also increased contents of Chl a, b, and a + b in G. uralensis, and then, maybe, leading to highly efficient photosynthesis in terms of light reaction, which is further supported by our observation that G. uralensis leaves under salt stress exhibited greener compared to that under control conditions (Figure 1A). Interestingly, G2 further increased Chl a and Car contents in G. uralensis exposed to salt stress, which possibly helped improve the photosynthetic rate of G. uralensis and promote plants to resist oxidative stress caused by salt stress (Gururani et al., 2015), thus accumulating more photosynthetic products. Carbohydrates are important substrates of metabolism that helps the plants in various physiological events by regulating the import of carbon to the metabolical sink (Aliche et al., 2019). In this study, salt stress resulted in a significant decrease in starch and TSS contents, and decreased G. uralensis growth and yield; in this case, G. uralensis thus could require the enhanced photosynthetic rate to synthesize more photosynthetic products to maintain the normal metabolism under salt stress, which may be the reason for the increase of Chl content under salt stress. Moreover, G2 significantly increased the starch and TSS contents in G. uralensis under salt stress, which could attribute to improve the photosynthetic rate caused by increased Chl a and Car contents.

It was concluded that the G2 increased carbohydrate contents mainly by increasing photosynthetic pigments rather than by regulating the gene related to carbon fixation in photosynthetic organisms in G. uralensis under salt stress.



Effect of G2 on Carbohydrate Transformation in Glycyrrhiza uralensis Under Salt Stress

Carbohydrate contents are not only related to photosynthesis but also closely related to the key enzymes in its synthesis and decomposition. Maintenance of the balance among the production, translocation, partition, and use of carbohydrate is important for plants’ normal growth. Starch, sucrose, and fructose are the important components of carbohydrate.

Starch is a major storage form of carbohydrate and an energy carrier in plant storage organs. In the present study, salt stress significantly decreased starch content, while G2 significantly increased starch content in G. uralensis under salt stress (Figure 2). In starch synthesis, AGP catalyzes the conversion of glucose 1-phosphase and ATP to produce the precursor for starch biosynthesis, ADP-glucose (Sun et al., 2021), while GBSS and SSS catalyze the elongation of a-1,4-glucosidic bonds on amylose and amylopectin molecules, respectively, by the transfer of glucose from ADPG (Wu et al., 2020). Transcriptomic analysis showed that the genes related to starch synthesis had no differential expression in G. uralensis both in S vs. CK and S + G2 vs. S comparisons. However, different results were found when the activities of enzymes related to starch synthesis were measured. Specifically, salt stress significantly increased AGP activity but decreased SSS activity, while G2 significantly increased the activity of SSS in G. uralensis under salt stress (Figure 3), which could be the result of the combined action of all genes-encoding AGP and SSS. The results indicating that the decrease of starch under salt stress were mainly due to the inhibition of amylopectin synthesis, while the accumulation of starch by G2 under salt stress was also mainly due to the promotion of amylopectin synthesis. In starch decomposition, amylase catalyzes the hydrolysis of starch to a mixture of smaller oligosaccharides (Baslam et al., 2020). Specifically, starch grains are attacked by AM to release linear and branched oligosaccharides, and then BM catalyzes branched oligosaccharides to release maltose disaccharides (Lloyd and Kötting, 2016). G2 had no effect on the genes-encoding AM and BM by transcriptomic analysis and the gene Glyur000067s00006388 by qRT-PCR, but G2 increased AM and BM activities in G. uralensis under salt stress that helped starch hydrolysis and provided energy for subsequent life activities of plants, which could be the result of the combined action of all genes-encoding AM and BM. Furthermore, S + G2 treatment increased AM and BM activities, and the variation activity of AM was higher than BM, which was possibly due to excessive starch content required increased AM activity to decompose and produce linear and branched oligosaccharides, thus providing sufficient substrates for subsequent carbohydrate metabolism, whereas BM only catalyzed branched oligosaccharides. Moreover, starch content was very positively correlated with SSS and AM activities and positively correlated with BM activity (Figure 7), which also indicated that the decrease of starch content in G. uralensis under salt stress was mainly attributed to the decrease of SSS activity, while the increase of starch content by G2 in G. uralensis under salt stress was also mainly due to the increase of SSS activity firstly, and then the elevated starch required higher activities of amylase for decomposing, which thus improved the activities of AM and BM.

Sucrose is the main product of plant photosynthesis, which not only acts as a carbon and energy source but also plays a key role as a signaling molecule to regulate the growth of source and sink tissues and the sugar-mediated feedback repression of photosynthesis (Gil et al., 2013). In the present study, salt stress markedly decreased sucrose content, while G2 significantly increased sucrose content in G. uralensis under salt stress. SPS is responsible for the synthesis of sucrose from glucose and fructose, and AI, NI, and α-glucosidase catalyze the sucrose to glucose and fructose (Lombardo et al., 2011; Bilska-Kos et al., 2020), while SS has a dual role in the synthesis and hydrolysis of sucrose (Yang et al., 2020). In sucrose synthesis, salt stress had no significantly effect on the genes-encoding SPS and SS by transcriptomic analysis and the gene Glyur001957s00039090 by qRT-PCR, but salt stress significantly decreased SS and SPS activities that inhibited the synthesis of sucrose, which could be the result of the combined action of all genes-encoding SS and SPS. G2 upregulated the gene Glyur001957s00039090-encoding SS by transcriptomic analysis, and G2 also increased SS activity in G. uralensis under salt stress that promoted the synthesis of sucrose, which suggested that G2 promoted the synthesis of sucrose, mainly by regulating SS activity resulted from upregulation of the gene Glyur001957s00039090. The activity of SS is highly correlated with sucrose content so that changes in SS activity may largely explain the reduced sucrose content in G. uralensis under S condition and the increased sucrose content in G. uralensis under S + G2 condition. In sucrose decomposition, salt stress downregulated the gene Glyur000064s00005640-encoding INV by transcriptomic and qRT-PCR analysis, and salt stress also decreased NI activity that inhibited the hydrolysis of sucrose, which indicated that salt stress inhibited the hydrolysis of sucrose mainly by regulating NI activity resulted from downregulation of the gene Glyur000064s00005640. However, G2 downregulated the gene Glyur000064s00005640-encoding INV by qRT-PCR analysis, but G2 increased NI and AI activities in G. uralensis under salt stress that promoted the hydrolysis of sucrose, which indicated that gene Glyur000064s00005640 is not the key gene that controlled NI and AI activities. Moreover, G2 upregulated the gene Glyur000005s00001105-encoding α-glucosidase by transcriptomic and qRT-PCR analyses, which suggested that G2 promoted the hydrolysis of sucrose under salt stress. Owing to sucrose accumulation under the S + G2 condition, the cell osmotic potential decreased. In order to avoid further water loss of leaves, G2 promoted sucrose hydrolysis and increased the accumulation of reducing sugar in G. uralensis under salt stress not only by upregulating invertase but also by upregulating α-glucosidase, thus could help G. uralensis produce more energy to cope with salt stress by facilitating sucrose hydrolysis. Correlation analysis results showed that sucrose content was positively correlated with NI activity, which indicated that the overmuch sucrose required higher NI activity for decomposition, which thus improved the activity of NI.

As for fructose, salt stress resulted in a significant decrease in fructose content, while G2 resulted in a significant increase in fructose content in G. uralensis. In fructose synthesis, invertases and α-glucosidase mentioned above can catalyze the cleavage of sucrose to glucose and fructose; therefore, these enzymes not only participate in sucrose hydrolysis but also contribute to the production of fructose. In the present study, salt stress downregulated the gene Glyur000064s00005640-encoding INV by transcriptomic and qRT-PCR analyses, and salt stress also decreased NI activity that inhibited the production of fructose, which indicated that salt stress inhibited the production of fructose mainly by regulating NI activity caused by downregulation of the gene Glyur000064s00005640. G2 downregulated the gene Glyur000064s00005640-encoding INV by qRT-PCR analysis, but G2 increased NI and AI activities in G. uralensis under salt stress that promoted the production of fructose, which indicated that gene Glyur000064s00005640 is not the key gene that regulated NI and AI activities under the S + G2 condition, and the potential reason needs further studies. Moreover, G2 upregulated the gene Glyur000005s00001105-encoding α-glucosidase by transcriptomic and qRT-PCR analyses, which further verified G2 promoted the production of fructose under salt stress not only by upregulating invertase but also by upregulating α-glucosidase. In fructose decomposition, HK, as a key enzyme in EMP, can phosphorylate glucose and fructose and induce leaf senescence (Sun et al., 2021). In the present study, salt stress upregulated gene Glyur000324s00015431-encoding HK by transcriptomic and qRT-PCR analyses, but salt stress decreased HK activity that inhibited the phosphorylation of fructose. However, G2 downregulated gene Glyur000324s00015431-encoding HK by qRT-PCR analysis, but G2 increased HK activity in G. uralensis under salt stress that promoted the phosphorylation of fructose and thus provided sufficient substrates for EMP. These results suggested that the gene Glyur000324s00015431 might not be the pivotal gene that controlled HK activity, and the reason needs further studies. The activity of NI is highly correlated with fructose content so that changes in NI activity may largely explain the reduced fructose content in G. uralensis under the S condition and the increased fructose content in G. uralensis under the S + G2 condition, and then the overmuch fructose content required higher HK activity to decompose, which thus improved the HK activity.

In the starch and sucrose metabolism pathway, in addition to the genes mentioned above, the genes-encoding β-glucosidase and TPS in G. uralensis were affected by salt or G2. β-Glucosidase can catalyze the hydrolysis of the β-glycosidic linkage from the nonreducing end of isoflavone glucosides, disaccharides, oligosaccharides, aryl-glucosides, and alkyl-glucosides (Maitan-Alfenas et al., 2014). However, as a major component of the primary cell wall of many plant tissues, β-glucosidase may be involved in the production of signaling molecules through its specific hydrolytic activity, thus improving the plant’s salt tolerance (Mostek et al., 2016). In our study, salt stress downregulated the gene Glyur000214s00016036-encoding β-glucosidase by transcriptomic and qRT-PCR analyses, but upregulated the gene Glyur000585s00027748-encoding β-glucosidase by transcriptomic and qRT-PCR analyses and the gene Glyur000779s00022830-encoding β-glucosidase by transcriptomic analysis in G. uralensis, which implied that β-glucosidase could involve in the starch and sucrose metabolism pathway through affecting hydrolytic activity. G2 downregulated the gene Glyur000214s00016036-encoding β-glucosidase by qRT-PCR analysis but had no significant effect on genes-encoding β-glucosidase by transcriptomic analysis in G. uralensis under salt stress; thus, the effect of β-glucosidase by G2 on G. uralensis remains to be further studied. TPS can catalyze UDP-glucose and glucose-6-phosphate to form trehalose 6-phosphate (Tre6P), and then trehalose 6-phosphate phosphatase (TPP) can catalyze trehalose from Tre6P (Wang P. et al., 2020). Overexpression of the TPS gene in plants can enhance the ability of plant cells to scavenge ROS, promote the low accumulation of O2 and H2O2, thereby reducing cell death and enhancing salt tolerance and permeability of plants (Wang P. et al., 2020). In the present study, salt stress downregulated the genes (Glyur000018s00003759 and Glyur000231s00022077)-encoding TPS, while G2 upregulated the gene Glyur000018s00003759-encoding TPS under salt stress in G. uralensis that may alleviate the oxidative stress caused by salt stress, thus improving the salt tolerance of G. uralensis.

Normal carbohydrate metabolism persists when plants grow unstressed conditions; in such a case, energy is stored in the form of starch, and the accumulation of TSS usually remains very limited. TSS concentrations are required for osmo-protection and carbon storage in plants subjected to salt stress (Neera and Amrit, 2018).



Effect of G2 on the EMP-Tricarboxylic Acid Cycle in Glycyrrhiza uralensis Under Salt Stress

The EMP pathway-TCA cycle plays an important role in the aerobic respiration of plants, providing ATP, reductants, and metabolites needed for plant growth and development (Jiang, 2011). Sucrose and starch are sources of the EMP substrate fructose (Li et al., 2020), and they store chemical energy that can be released in the form of ATP through the EMP pathway-TCA cycle (Bandehagh and Taylor, 2020), and our study found that G2 increased the sucrose, starch, and fructose contents, which result in the EMP pathway being promoted from the substrate and energy level. In plants, HK, PFK, and PK are crucial for regulating the EMP pathway. HK is supposed to act as a sugar sensor and/or interact with other enzymes directly in supplying metabolic pathways (Kim et al., 2013). PFK is the rate-limiting enzyme in the EMP pathway because of its low catalytic efficiency and irreversible catalytic reaction (Wen et al., 2020). PK, a transferase involved in the final step of EMP, catalyzes PEP and adenosine diphosphate (ADP), resulting in one molecule of PA and one molecule of ATP. In our study, salt stress upregulated the gene Glyur000324s00015431-encoding HK by transcriptomic and qRT-PCR analyses, but decreased HK activity that inhibited the EMP process at the substrate level. However, G2 downregulated gene Glyur000324s00015431-encoding HK by qRT-PCR analysis, but increased HK activity in G. uralensis under salt stress. These results implied that the gene Glyur000324s00015431 might not be the pivotal gene that regulates HK activity. The increase of HK activity by G2 could not only promote the EMP process at the substrate level but also help to alleviate the oxidative stress caused by the decrease of HK activity in G. uralensis under salt stress (Poór et al., 2019). Salt stress upregulated the gene Glyur000219s00011582-encoding PFK in transcriptomic and qRT-PCR results and also increased PFK and PK activity in G. uralensis, resulting in increased respiration in response to elevated energy requirements of G. uralensis from exposure to salt (Jacoby et al., 2011), which suggested that salt stress produced more energy by regulating PK and PFK resulted from upregulation of the gene Glyur000219s00011582. The increased PFK and PK activities may contribute to the acceleration of glucose catabolism, further produce more energy to remedy the inadequacy of energy caused by insufficient carbon sources, and, finally, maintain the G. uralensis’s normal life activities under salt stress, which is supported by the previous studies in tomato (Poór et al., 2019) and mangrove tree (Suzuki et al., 2005). However, G2 downregulated the gene Glyur000219s00011582-encoding PFK by qRT-PCR analysis and also decreased PFK and PK activities in G. uralensis under salt stress, which suggested that the EMP process was slowed down by regulating PK and PFK resulted from downregulation of the gene Glyur000219s00011582. In which case, the decrease of PFK and PK activities may be due to G. uralensis-elevated energy requirements from exposure to salt had been alleviated by G2. Additionally, an induced CA content can enhance the inhibitory effect of ATP and thus inhibit PFK activity (Sadka et al., 2019), which may help to explain why the process of EMP was slowed down.

In addition to the genes-encoding HK and PFK mentioned above, PDC, ADH, and ALDH-related genes in the EMP pathway were affected by salt or G2 in G. uralensis. There are three enzymes in the anaerobic metabolic pathway, PDC, ADH, and lactate dehydrogenase (LDH), in which PDC converted PA to acetaldehyde that was transformed to ethanol by ADH. Acetaldehyde and acetaldehyde are harmful to plant cells (Pan et al., 2019). ALDH further oxidizes acetaldehyde into carboxylic acids that can help cope with salt stress (Tagnon and Simeon, 2017). In our study, all of the DEGs-encoding PDC, ADH, and ALDH were upregulated in S vs. CK comparison, indicating that salt stress could firstly cause to produce more acetaldehyde and ethanol in G. uralensis by upregulating genes-encoding PDC and ADH and thus injure plant cells; in such a case, ALDH was upregulated timely for oxidizing excessive acetaldehyde into carboxylic acids that help G. uralensis cope with salt stress. However, only the gene-encoding PDC was downregulated in S + G2 vs. S comparison in G. uralensis, suggesting that G2 could protect plant cells from the impairment caused by toxic acetaldehyde and ethanol in G. uralensis under salt stress.

Pyruvate as the final product of the EMP pathway not only plays an important role in improving the salt tolerance of plants (Wu et al., 2013) but also links the EMP pathway with the TCA cycle. In our study, salt stress caused the PA production enzyme (PK) activity to increase and the PA decomposition enzyme (PDH) activity to decrease, but salt stress had no significant effect on PA content. This phenomenon may be due to the anaplerotic function of phosphoenolpyruvate carboxylase (PEPC) that replenished the TCA cycle with intermediates by catalyzing PA to produce oxaloacetate (Figures 4, 8), which finally ensured the normal progress of the TCA in G. uralensis under salt stress, which is supported by the results in peanut (Arachis hypogaea L.) (Pan et al., 2017). However, G2 caused the PA production enzyme (PK) activity to decrease and the PA decomposition enzyme (PDH) activity to increase, but had no significant effect on PA content in G. uralensis under salt stress, which may be due to G2 alleviated the inhibition to the TCA cycle from exposure to salt, and the TCA cycle can proceed normally, and the replenishment mechanism of PEPC was weakened, thereby reducing the consumption of PA in G. uralensis under salt stress.

The TCA cycle as the most effective way for an organism to obtain energy from the oxidation of sugar and other substances (Yu et al., 2021) can produce the largest amount of energy to plant and provide ATP and reductants for adaptive processes, such as ion exclusion, compatible solute synthesis, and ROS detoxification under salt stress (Che-Othman et al., 2019). Firstly, PDH as a bridge linking the EMP pathway to the TCA cycle can catalyze the oxidative decarboxylation of PA into acetyl CoA, which is the main input of energy in several steps of the TCA cycle (Saha et al., 2012). PDH complex is a complex consisting of three components: pdhB, dihydrolipoyl acetyltransferase (pdhC), and pdhD. In our study, salt stress upregulated the genes Glyur000278s00017282 and Glyur000082s00007586-encoding pdhD and pdhB by transcriptomic and qRT-PCR analyses, but decreased PDH activity in G. uralensis that possibly inhibits energy production. However, G2 downregulated the genes Glyur000278s00017282 and Glyur000082s00007586-encoding pdhD and pdhB by qRT-PCR analysis, but increased PDH activity in G. uralensis under salt stress that could provide energy for subsequent life activities of G. uralensis. These results indicated that the process of oxidative decarboxylation of pyruvate to acetyl-coA is complex, and the key genes regulating PDH need to be further identified. CA is the first organic acid generated in the TCA cycle, and the increase of CA content could help to resist the ionic stress in the plant (Torre-González et al., 2017). In our study, salt stress significantly decreased the CA content, while G2 significantly increased the CA content under salt stress, which potentially indicates an increased capacity for acetyl-CoA-dependent synthesis of organic acid resulted from the increase of PDH activity in G. uralensis by G2. These results are supported by Che-Othman et al. (2019) for wheat. Moreover, CA can inhibit PFK activity by enhancing the inhibitory effect of ATP under S + G2 treatment, thus slowing down the EMP process in G. uralensis, which is strongly supported by the results from Sadka et al. (2019). The next three important steps in the TCA cycle are conversion of isocitrate to α-ketoglutarate catalyzed by ICDH, succinate to fumarate catalyzed by SDH with the generation of energy in the form of FADH2, and malate to oxaloacetate catalyzed by MDH (Saha et al., 2012). Specifically, ICDH regulates nitrogen assimilation by maintaining the 2-oxoglutarate level (Bustamante et al., 2019), thereby linking C and N metabolism, and relates to plant antioxidants (Liu et al., 2010). In our study, G2 increased ICDH activity in G. uralensis under salt stress, which could affect C and N metabolism and antioxidant system. The accumulated CA under the S + G2 condition resulted from the increase of PDH activity needs higher ICDH to catalyze, thereby the ICDH activity was increased under the S + G2 condition. SDH plays a key role in mitochondrial metabolism both as a member of the electron transport chain and the TCA cycle (Araújo et al., 2011). Salt stress decreased SDH activity in G. uralensis, which could attribute to chloride that has a strong inhibitory effect on SDH activity, which is supported by Nunes-Nesi et al. (2013). However, G2 decreased SDH activity in G. uralensis under salt stress, which may attribute to the mitigation of chlorine toxicity. The TCA cycle is completed by MDH, which, as a salt-sensitive enzyme, is thought to play a protective role by counteracting the damaging effect of salt by increasing the malate through conformational change (Saha et al., 2012). Salt stress enhanced MDH activity in G. uralensis, and the more active MDH could offset the damaging effect of salinity by conformational changes, thus protecting G. uralensis from salt stress.

It was concluded that the G2 slowed-down EMP pathway may be attributed to the following reasons. Firstly, G2 alleviated the elevated energy requirements from exposure to salt, thereby decreased PFK and PK activities in G. uralensis under salt stress. Secondly, increased CA content inhibited PFK activity by enhancing the inhibitory effect of ATP under the S + G2 condition. Moreover, G2 increased HK activity, which may inhibit the production of ROS and increased ICDH activity, which may affect the production of plant antioxidants, thus possibly improving salt tolerance of G. uralensis by affecting the antioxidant system. PDH, as a key enzyme for major energy regulation in the TCA cycle, was promoted by G2 under salt stress in G. uralensis, which activated the TCA cycle, resulting in the production of large amounts of intermediates and energy to support G. uralensis growth under salt stress.




CONCLUSION

G2 improved Chl content in G. uralensis under salt stress, which may lead to highly efficient photosynthesis in terms of light reaction. Second, it increased carbohydrate contents in G. uralensis due to balanced regulation of related enzymes, thus increased G. uralensis growth and yield under salt stress, and the increase of TSS content induced by G2 plays a protective role in osmoregulation in G. uralensis seedlings under salt stress. Third, it alleviated the elevated energy requirements from exposure to salt, thereby slowing down the EMP process in G. uralensis under salt stress. Fourth, it provided energy for the subsequent life activities of G. uralensis under salt stress through regulating the TCA cycle. Therefore, G2 can effectively regulate and accumulate carbohydrate, improve salt tolerance, and thereby promote the growth of G. uralensis seedlings under salt stress.
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Supplementary Figure 1 | A correlation line graph between carbohydrates and photosynthetic pigment contents, carbohydrates transformation, and EMP pathway-TCA cycle indexes in G. uralensis seedlings. (A) The causal relationship between photosynthetic pigment contents and carbohydrates in G. uralensis seedlings. (B) The causal relationship between starch and sucrose-related enzymes and carbohydrates in G. uralensis seedlings. (C) The causal relationship between EMP pathway-TCA cycle-related enzymes and intermediates and carbohydrates in G. uralensis seedlings. The solid and dotted lines indicate the positive and negative effects, respectively. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; SSS, soluble starch synthase; AM, α-amylase; BM, β-amylase; SPS, sucrose-phosphate synthase; SS, sucrose synthase; AI, acid invertase; NI, neutral invertase; HK, hexokinase; PFK, phosphofructokinase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; ICDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase; MDH, malate dehydrogenase; Sta, starch; Fru, fructose; Suc, sucrose.

Supplementary Figure 2 | Principal component analysis of enzyme activity and gene expression in photosynthesis, starch and sucrose metabolism, and EMP and TCA cycle indexes of G. uralensis seedlings under four treatments (CK, CK + G2, S, and S + G2). (A) Ordering distribution and interpretation of the 12 principal components related to enzyme activity. (B) The contribution of the variables related to photosynthetic pigments content, starch and sucrose metabolism, and EMP and TCA cycle indexes to the principal components. (C) Ordering distribution and interpretation of the 12 principal components related to gene expression. (D) The contribution of the variables related to carbon fixation in the photosynthetic organisms pathway, starch and sucrose metabolism, and EMP and TCA cycle indexes to the principal components. The depth of the color of the arrow line represents the degree of contribution. The angle of the arrow line represents correlations. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group.

Supplementary Figure 3 | Expression of carbohydrate metabolism-related genes (RT-PCR) in G. uralensis in four treatments (CK, CK + G2, S, and S + G2). CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group.
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Pathway Enzyme Definition (EC) Gene ID Regulated
name
Svs.CK S+G2vs.S
comparison comparison
Carbon fixation in GPD Glyceraldehyde-3-phosphate dehydrogenase Glyur002595s00035357 Up -
photosynthetic organisms (NADP+) (phosphorylating) (EC:1.2.1.13)
Rubisco Ribulose-bisphosphate carboxylase small chain Glyur000604s00024572 Up -
(EC:4.1.1.39)
Glyur001973s00030832 Up =
RPI Ribose 5-phosphate isomerase (EC:5.3.1.6) Glyur004632s00040687 Up -
Starch and sucrose B- Beta-glucosidase (EC:3.2.1.21) Glyur000779s00022830 Up -
metabolism Glucosidase
Glyur000585s00027748 Up -
Glyur000214s00016036 Down -
INV, sacA Beta-fructofuranosidase (EC:3.2.1.26) Glyur000064s00005640 Down -
a- Alpha-glucosidase (EC:3.2.1.20) Glyur000005s00001105 = Up
Glucosidase
TPS Trehalose 6-phosphate synthase/phosphatase Glyur000018s00003759 Down Up
(EC:24.:1:15 8.1.8.19)
Glyur000231s00022077 Down -
BM Beta-amylase (EC:3.2.1.2) Glyur00004 7500004005 Down -
Glyur000067s00006388 Down -
SS Sucrose synthase (EC:2.4.1.13) Glyur001957s00039090 - Up
HK Hexokinase (EC:2.7.1.1) Glyur000324s00015431 Up -
EMP-TCA cycle HK Hexokinase (EC:2.7.1.1) Glyur000324s00015431 Up -
PFK, pfkA 6-Phosphofructokinase 1 (EC:2.7.1.11) Glyur000219s00011582 Up -
PDC Pyruvate decarboxylase (EC:4.1.1.1) Glyur000136s00007955 Up -
Glyur003994s00042985 Up Down
ADH S-(hydroxymethyl)glutathione Glyur000038s00004477 Up -
dehydrogenase/alcohol dehydrogenase
(EC:1.1.1.284 1.1.1.1)
ALDH Aldehyde dehydrogenase (NAD+) (EC:1.2.1.3) Glyur000698s00016570 Up &
pdhB, PDHB  Pyruvate dehydrogenase E1 component beta Glyur000278s00017282 Up -
subunit (EC:1.2.4.1)
pdhD, DLD, Dihydrolipoamide dehydrogenase (EC:1.8.1.4) Glyur000082s00007586 Up -
Ipd

CK, control group; S, salt stress group; S + G2, salt stress combined with G2 group.

“_»

means normal.
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* Correlation is significant at the 0.0S level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).





