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Potato common scab, caused mainly by Streptomyces scabies, causes surface necrosis and reduces the economic value of potato tubers, but effective chemical control is still lacking. In this study, an attempt was made to control potato common scab by inoculating potatoes with Bacillus velezensis (B. velezensis) and to further investigate the mechanism of biological control. The results showed that B. velezensis Y6 could reduce the disease severity of potato common scab from 49.92 ± 25.74% [inoculated with Streptomyces scabies (S. scabies) only] to 5.56 ± 1.89% (inoculated with S. scabies and Y6 on the same day) and increase the potato yield by 37.32% compared with the control under pot experiment in this study. Moreover, in the field trial, it was found that Y6 could also significantly reduce disease severity from 13.20 ± 1.00% to 4.00 ± 0.70% and increase the potato yield from 2.07 ± 0.10 ton/mu to 2.87 ± 0.28 ton/mu (p < 0.01; Tukey’s test). Furthermore, RNA-seq analysis indicated that 256 potato genes were upregulated and 183 potato genes were downregulated in response to B. velezensis Y6 inoculation. In addition, strain Y6 was found to induce the expression of plant growth-related genes in potato, including cell wall organization, biogenesis, brassinosteroid biosynthesis, and plant hormone transduction genes, by 1.01–4.29 times. As well as up-regulate hydroquinone metabolism-related genes and several transcription factors (bHLH, MYB, and NAC) by 1.13–4.21 times. In summary, our study will help to understand the molecular mechanism of biological control of potato common scab and improve potato yield.
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1 Introduction

Potato (Solanum tuberosum L.) is the largest vegetable crop grown in a wide range of countries worldwide, it ranks fourth in the world in terms of production volume after rice, wheat, and corn (Zhang et al., 2017). It provides the world with the cheapest source of protein, carbohydrates, minerals, and vitamins (Batool et al., 2020). To ensure food security, a stable increase in potato production is required. However, Potato plants are particularly susceptible to heat, drought, soil salinity as well as parasites and pathogens such as Streptomyces scabies (Dahal et al., 2019). Especially, the pathogenic fungus S. scabies can cause potato common scab on potatoes, which is a serious soil-borne disease (Loria et al., 2006). Potato common scab can deteriorate the quality of tubers, affecting market value and causing serious economic losses. Traditional methods of scab control, such as immediate irrigation, lowering soil pH, crop rotation, and breeding for disease resistance, are often ineffective, and the use of chemical insecticides such as fludioxonil, difenacoum, fludioxonil, and chloropicrin can be effective (Santos-Cervantes et al., 2016; Braun et al., 2017; Majeed and Muhammad, 2020). However, the use of large quantities of chemical pesticides can lead to soil environmental pollution and the emergence of resistant strains of bacteria. In order to overcome this shortcoming, utilizing plant growth-promoting rhizobacteria (PGPR) to control potato common scab and promote potato production has been developed as an environmentally friendly and sustainable method in recent years (Etesami and Maheshwari, 2018).

Plant growth-promoting rhizobacteria (PGPRs) are soil bacteria that can significantly promote the growth of many plants (Di Salvo et al., 2018). PGPR can stimulate plant development via both direct and indirect processes (Santoro et al., 2015). The direct stimulation methods include nitrogen fixation (Anand et al., 2013), phosphate solubilization (Son et al., 2006), siderophore secretion, as well as release of hormones including auxin (IAA) (Lata et al., 2006), cytokinin (CTK) (Timmusk et al., 1999), and gibberellin (GA) (Bottini et al., 2004), which can stimulate root elongation and improve plant nutrient absorption (Liu et al., 2020). Indirect plant growth stimulation mechanisms involve various biocontrol mechanisms against pathogens by biosynthesizing secondary metabolites, such as cell-wall-degrading enzymes, and antibiotic lipopeptides, including surfactin, fengycin, and iturin (Cao et al., 2018). Besides, another key indirect growth-promoting function of PGPR is generating systemic resistance in host plants (Ryu et al., 2004).

Bacillus velezensis (B. velezensis), a PGPR family member, has been demonstrated to boost plant development and resilience to environmental challenges through both direct and indirect mechanisms (Yan et al., 2022). Research by Wang et al. (2022) showed that B. velezensis SX13 could enhance cucumber growth and output by speeding the absorption of nutrients and improving plant photosynthetic metabolism. B. velezensis YYC could increase the activity of defense-related enzymes, such as PAL, POD, and SOD to enhance plant basal immunity and could induce the expression of tomato genes related to auxin, gibberellin, jasmonic acid, and salicylic acid, which promote tomato growth (Yan et al., 2022). Wei et al. (2020) reported that cocultured with B. velezens D2WM and B. velezensis ZJ-1 could improve the growth and quality of Anoectochilus plants via promoting nutrient assimilation and increasing the abundance of beneficial microorganisms in rhizosphere soil. Jiang et al. (2019) found that B. velezensis was F21, which could promote the growth of watermelon and induce systemic resistance. The above studies showed that B. velezensis could increase plant growth and resistance to biotic and abiotic stresses under laboratory and greenhouse conditions, and possessed important research value for understanding the mechanisms of PGPR utilization to enhance plant growth and environmental stress resistance. Although there are many studies on the mechanism of interactions between PGPR and plants, there are still few studies on the mechanisms of interactions between PGPR and potato.

In this study, we investigated the effects of B. velezensis strain Y6 on potato via pot trials and field experiments. Then, we conducted RNA-seq of potato roots inoculated with strain Y6 under field conditions to investigate the mechanism of strain Y6 on biological control of potato common scab and growth promotion of potato. Our study will contribute to a better understanding of the molecular mechanisms of Y6 biocontrol of potato scab and enhancement of potato yield, and provide a theoretical basis for the use of B. velezensis strain Y6 as a specific PGPR for potato.



2 Materials and methods


2.1 Strains, plant material, and growth conditions

The strain Y6 was previously isolated from the rhizosphere soil of tomato plants in Yuejin Farm, Guangzhou, China (23° 08′N 113° 16′E) and the mutants deficient in lipopeptide (LP) synthesis were previously constructed (Cao et al., 2018), these strains were stored in our laboratory in Guangzhou, China. Strain Y6 was cultivated for no more than 9 h on Luria-Bertani (LB) liquid medium at 37°C and 180 rpm/min. It was then inoculated at 1% into new medium and incubated with shaking until OD600 = 1, The cell suspensions (diluted to ∼106 cells per milliliter) were used for antagonism against S. scabies and growth promotion trials in pots. In addition, strain Y6 was produced as a biofertilizer through high-density fermentation, and the biofertilizer product was used for potato growth promotion assays in the field. The S. scabies was grown on YME medium (yeast extract 4 g/L, malt extract 10 g/L, dextrose 4 g/L, and agar 20 g/L) (Lin et al., 2018). The potato cultivar S. tuberosum L. Favorita was selected as plant material. It was introduced from the Netherlands and widely planted in China.



2.2 Growth-promoting, biocontrol, and yield-increasing efficacy of Y6 under greenhouse conditions

The growth-promoting efficacy of strain Y6 on potatoes was determined through pot experiments using potato cultivar S. tuberosum L. Favorita under artificial climate chamber (PQX-450B-22HM) conditions with 16 h of light and 8 h of darkness at 22°C. Each pot contained 1 kg soil (organic matter 22.7 g/kg, total nitrogen 0.79 g/kg, alkaline hydrolysis nitrogen 118.4 mg/kg, available phosphorus 1.61 mg/kg, and available potassium 18.6 mg/kg). The potato tubers were cut into small pieces, each with at least one bud, air-dried in the shade, and planted in soil at 22°C. The planting depth was 3–4 cm. Each treatment consisted of 8 potato plants, for a total of 16 plants, (a) Y6; (b) Control: no Y6; After potato seedlings emerged, the Y6-treated group was inoculated with 100 mL (1 × 107 CFU/mL) of Y6 cells by root irrigation. The control group was treated with water 100 mL water. Potato plants were watered twice weekly with 50 mL water, and fertilizer (15-8-22, Ba tian China) was applied weekly after potato seedlings emerged. The plant height and stem thickness of the potato were measured after potato seedlings emerged 30 days.

The biocontrol efficacy of B. velenzensis Y6 against S. scabies was determined through pot experiments using potato cultivar S. tuberosum L. Favorita under greenhouse conditions. Each pot contained 10 kg soil (organic matter 22.7 g/kg, total nitrogen 0.79 g/kg, alkaline hydrolysis nitrogen 118.4 mg/kg, available phosphorus 1.61 mg/kg, and available potassium 18.6 mg/kg). Potato tuber pieces were planted in soil at 22°C, and the planting depth was 5–6 cm. After potato seedlings emerged for 30 days, the 100 mL (1 × 107 CFU/mL) Streptomyces scabies was inoculated by root irrigation. For Y6 treatment, strain Y6 was cultivated for no more than 9 h on LB liquid medium at 37°C and 180 rpm/min, transferred to fresh LB liquid medium, and shaken to OD600 = 1 at 37°C, then rinsed twice with sterile water. Hundred mL containing 1 × 108 Y6 cells were applied to the treatments. Each of the three treatments included four potato plants, for a total of 12 plants: (a) Y6 and S. scabies inoculated on the same day; (b) control: S. scabies only; (c) control-0: without Y6 or S. scabies; potato plants were watered twice weekly with 500 mL water, and fertilizer (15-8-22, Ba tian China) was applied weekly after potato seedlings emerged. Potato tubers were harvested 90 days after potato seedlings emerged, and the disease index for each treatment was calculated as originally described by Wanner et al. (2014) and Lin et al. (2018): ∑ (disease coverage x major disease type x number of tubers with these scores)/(18 × total number of potato tubers counted) × 100. Disease types were classified into four classes: 0 = no symptoms, 1 = superficial, 2 = raised, and 3 = depressed. Lesion coverage on each tuber was divided into seven classes: 0 = no scab, 1 = 0.1% to 2%, 2 = 2.1% to 5%, 3 = 5.1% to 10%, 4 = 10.1% to 25%, 5 = 25.1% to 50%, and 6 = 50%. Potato tubers with coverage of class 3 or higher were counted as diseased and the incidence of potato scab was counted. Potato yield was also measured for each treatment.



2.3 Growth-promoting, biocontrol, and yield-increasing efficacy of Y6 under field conditions

The field experiment was conducted on November 16, 2021, in Huidong County, Huizhou City, Guangdong Province (114° 72′ E, 22° 98′ 48″ N, 41 m a.s.l.), a site with annual rain totals of 1,600–2,300 mm and a mean annual air temperature of 22.6°C. Field trials were also conducted on December 4, 2021, in Dapeng New District, Shenzhen, China (114°50′ E, 22°59′ N, 61 m a.s.l.), a site with annual rain totals of 1846 mm and a mean annual air temperature of 22.5°C, and on January 7, 2023, at Zhucun, Zengcheng District, Guangzhou City, Guangdong Province (113°71′E, 23°98′ N, 3.6 m a.s.l.), where the annual rainfall was 2039.5 mm and the mean annual temperature was 22.1°C. The test plots had blocks 1.2 m wide (including the furrows), blocks 25–30 cm high, 20 cm between plants, 30 cm between rows within the blocks, and 5–6 cm sowing depth. There are three blocks per plot and three plots per treatment. After turning the ground and starting the ridge, the organic and compound fertilizer was applied in the middle of the furrow. Commercial organic fertilizer: 400 kg/mu; potato compound fertilizer (15–8-22): 100 kg/mu (Ba tian China). After cutting the seed potatoes, tuber pieces with a bud are mixed directly with the biofertilizer made of Y6. The specifications of the biofertilizer are: the number of active bacteria is more than 20 billion/g, and the dosage is 1 kg per mu.

To evaluate the effect of strain Y6 on the growth of potato roots, potato roots were randomly collected from the CK and Y6 treatments in the field at 60 days after potato seedlings emerged, and the roots were washed with Sterile water. Then the Sample roots were photographed with a Nikon camera (NIKON D300S), and the sample roots were scanned using a scanner (EPSON, the United States) with projected light, and the scanned images were analyzed with the winRHIZO root image analysis system (Regent instruments Inc., Canada) to obtain root morphological data such as total root length and root surface area.

Moreover, we collected 40 potato tubers randomly from the middle block of each plot to assess disease severity and incidence in each plot, and three plots of the same treatment were used to determine the mean ± standard error and compared with the other treatments through the Tukey test.

In addition, potato tubers were harvested 90 days after potato seedlings emerged to evaluate their yield. Potato tubers are classified according to weight: commercial potatoes >75 g, first-grade potatoes >175 g, second-grade potatoes 75 to 175 g, and non-commercial potatoes <75 g.



2.4 Extraction of lipopeptide from the clearance zone

We extract LPs from the clearance zone (Figure 1A) 0.200 μL of 107 CFU/mL S. scabies cells were added to 4 mL of 0.7% YME agar (cooled to about 50°C) and mixed thoroughly, then poured onto YME plates (1.5% agar). After the agar solidified on the surface, two small holes (5 mm in diameter) were punched on each plate, and 40 μL of Y6 strain (OD600 = 0.4) grown in LB medium was added to each hole, and the liquid in the small holes was blown to complete dryness on an ultra-clean bench. After 24 h of incubation at 30°C and the appearance of a clear ring of inhibition, a 600 mg agar sample was collected from the clear area, which was minced and mixed with 2 mL of acetonitrile/water (1:1 v/v), shaken well, and sonicated twice for 30 s, then centrifuged, and the supernatant was collected and filtered. As a control, LP was isolated in a similar way but without the addition of S. scabies in 0.7% YME agar. Agar samples (600 mg) were collected around the holes (5 mm) (Cao et al., 2018).
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FIGURE 1
 Antagonistic activity of Y6 against S. scabies and the analysis of lipopeptide crude extracts from Y6 by UPLC/Q-TOF. (A) Antagonistic activity of Y6 against S. scabies via a spot-on lawn assay. The white line indicated the size of the inhibition circle, measured after 24 h of incubation at 30°C (Y6, 32.0 ± 0.5 mm, mean ± SD, n = 3). The bar represents 10 mm. (B) Representative chromatograms of the LPs (iturin, fengycin, and surfactin) from strain Y6 using UPLC/Q-TOF analysis. After 24 h of incubation at 30°C, a 600 mg agar sample was collected from the clear area, which was minced and mixed with 2 mL of acetonitrile/water (1:1 v/v), shaken well, and sonicated twice for 30 s, then centrifuged. The supernatant was collected, filtered, and analyzed using UPLC/Q-TOF. As a control, LP was isolated in a similar way but without the addition of S. scabies in 0.7% YME agar.




2.5 Identification of LPs by UPLC/Q-TOF

The acetonitrile/water extracts were analyzed by reverse phase ultra-performance liquid chromatography coupled with time-of-flight mass spectrometry (UPLC/Q-TOF). The mass-to-charge ratio (m/z) was used to identify the lipopeptide compounds. A gradient elution with (A) acetonitrile (containing 0.1% formic acid) and (B) water (containing 0.1% formic acid) was utilized, with the column temperature being kept at 40°C. Following is how the gradient program was applied: 0 min, 40% A; 4.5 min, 80% A; 5.0 min, 80%A; 7 min,95%A;7.5 min, 98%A; 8 min, 40%A; and 10 min, 40% A. The flow rate of 0.3 mL/min was used. With a capillary voltage of 3.26 kV and a positive ionization mode selected, the Electrospray Ionization (ESI) source was kept at 150°C. Six hundred L/h of nitrogen was flowing. The flow of argon was 50 L/h (Cao et al., 2018).



2.6 Antibacterial activity of Y6 and its derived mutants against Streptomyces scabies

A spot-on-lawn experiment was used to assess the antibacterial activity of strain Y6 and its mutations against Streptomyces scabies (S. scabies). S. scabies was cultivated on a solid YME medium at 28°C for 14 days. Spores were collected throughout the plate with a sterile cotton swab and dissolved in 10 mL of sterile water, and spore concentration was determined by the gradient dilution method. Two hundred μL of 107 CFU/mL S. scabies cells were added to 4 mL of 0.7% YME agar (cooled to about 50°C) and mixed thoroughly, then poured onto YME plates (1.5% agar). After the agar solidified on the surface, a small hole (5 mm in diameter) was punched on each plate, and 40 μL of Y6 strain (OD600 = 0.4) grown in LB medium was added to each hole, and the liquid in the small holes was blown to complete dryness on an ultra-clean bench. The size of the circle of inhibition after 24 h of incubation at 30°C was used to quantify antagonistic activity. The experiments were carried out at least three times (Cao et al., 2018).



2.7 Total RNA extraction and transcriptomic analysis

To evaluate the effect of Y6 on the transcriptome of potato, the following experiments were performed. Firstly, 8 samples were collected from the tender portion of the potato root system in each of the CK and Y6 treatments in the field at 60 days after potato seedlings emerged in Huidong County, Huizhou City, Guangdong Province (114° 72’ N, 22° 98′ 48″ E, 41 m a.s.l.). Roots were washed twice with sterile water and then rapidly frozen in liquid nitrogen, and the samples were finally stored in an ultra-low temperature refrigerator at −80°C. Then, total RNA was extracted using the Trizol Reagent (Invitrogen Life Technologies). The concentration, purity, and integrity of the RNA were then assessed using a NanoDrop spectrophotometer (Thermo Scientific). The RNA sample preparations started with three micrograms of RNA as input. Following the methods below, sequencing libraries were created. Using poly-T oligo-attached magnetic beads, mRNA was first separated from total RNA. Utilizing divalent cations at a high temperature in an exclusive fragmentation buffer made by Illumina, fragmentation was conducted. Super Script II and random oligonucleotides were used to create first-strand cDNA. Then, DNA Polymerase I and RNase H were used to create a second strand of cDNA. Exonuclease/polymerase activities were used to blunt the ends of any remaining overhangs after the enzymes were removed. Illumina PE adapter oligonucleotides were ligated to prepare for hybridization after the 3′ ends of the DNA fragments were adenylated. The library fragments were purified using Beckman Coulter’s AMPure XP Technology (Beverly, CA, United States) to choose cDNA fragments that were the desirable 400–500 bp in length. Using the Illumina PCR Primer Cocktail in a 15-cycle PCR reaction, DNA fragments with ligated adaptor molecules on both ends were specifically enriched. The Agilent high-sensitivity DNA assay was used on an Agilent Bioanalyzer 2100 system to quantify the products after they had been purified (AMPure XP system). On the Illumina NovaSeq 6000 platform, the sequencing library was subsequently sequenced.

Samples are sequenced on the platform to produce picture files, which are then processed by the platform’s software to produce the original data in FASTQ format (Raw Data). We filter the sequencing data using the Cutadapt (v1.15) software to obtain high-quality sequences (Clean Data) for further analysis because the sequencing data contains a lot of connections and low-quality Reads. SolTub_3.0 was used as the reference genome to create the genome of Solanum_tuberosum. Every gene was assigned a term in the Gene Ontology database, and the number of differentially enriched genes was calculated for each term. Calculate the p-value using the hypergeometric distribution approach while using topGO (2.40.0) to perform GO enrichment analysis on the differential genes (the benchmark for substantial enrichment is p-value 0.05). Additionally, locate the GO word that is markedly enriched by differential genes to ascertain the primary biological functions carried out by differential genes. The enrichment analysis of the KEGG pathway of differentially expressed genes was performed using ClusterProfiler (3.16.1) software, with a particular emphasis on the significant enrichment pathway with p-value.



2.8 Statistical analysis

Statistical analyses in the experiments were performed using the t-test in IBM SPSS Statistics 20, with P 0.05 indicating significant differences. GraphPad Prism 8 was used to create the columns.




3 Results


3.1 Bacillus velezensis strain Y6 showed strong antibacterial activity against Streptomyces scabies

To investigate the antibacterial activity of B. velezensis strain Y6 against S. scabies, a spot-on-lawn assay was carried out with strain Y6. The antagonistic assay result in Figure 1A revealed a noticeable clearing zone of 32.0 ± 0.5 mm in diameter against S. scabies, indicating that strain Y6 has excellent antibacterial activity.



3.2 Identification of Y6-secreted lipopeptide compounds

The antimicrobial activity of B. velezensis is related to its production of lipopeptide (LP) compounds. Using an acetonitrile/water-based method we obtained LP crude extracts from transparent inhibitory rings (Figure 1A), which were then subjected to UPLC/Q-TOF analysis. The mass spectrometry results showed three classes of compounds: iturin, fengycin, and surfactin (Figure 1B). Depending on the length of the terminal fatty acid carbon chain, multiple isomers existed for each LP, among which we found eight isomers (C14 to C17) for iturin, four isomers (C14 to C15) for fengycin, and four isomers (C13 to C15) for surfactin according to the retention time of the peaks of the chromatograms (Figure 2).

[image: Figure 2]

FIGURE 2
 Identification of LP compounds in Y6 extracts using UPLC/Q-TOF analysis. The figure shows the mass spectra [M + H]+ for LPs, iturin, fengycin, and surfactin.


Meanwhile, we also found that S. scabies was able to cause changes in the lipopeptides secreted by Y6, and the results showed that in the presence of the pathogen, iturin was more altered, with the appearance of new isomers, and fengycin was not altered much whereas the relative amount of C15 isoform in surfactin was increased in comparison to the control (Figure 1B).



3.3 Antibacterial activity of Y6 and its derived mutants against Streptomyces scabies

To find out which lipopeptide played the main role in the Y6 antagonism against S. scabies, a spot-on-lawn assay was carried out with the strain Y6 and three mutants (453 (srfAA:mls), 454 (ituA:mls), and 459 (fenC:spc)). From Figure 3, it could be found that strain Y6 had very strong antagonistic activity against S. scabies with an inhibition circle of 32.5 ± 0.5 mm in diameter. Compared to the strain Y6, the mutant 453 (srfAA:mls) had a 16.92% reduction in the diameter of the clearance zone, the mutant 454 (ituA:mls) had a 6.15% reduction in the diameter of the clearance zone, and the diameter of the clearance zone of mutant 459 (fenC:spc) was nearly unchanged. These results indicated that the lipopeptides surfactin and iturin were required for Y6 antagonism against S. scabies.

[image: Figure 3]

FIGURE 3
 The antagonistic activity of the strain Y6 and mutants (453 (srfAA:mls), 454 (ituA:mls), 459 (fenC:spc)). The white line indicated the size of the inhibition circle, measured after 24 h of incubation at 30°C (Y6: 32.50 ± 0.50 mm, 453: 27.05 ± 0.05 mm, 454: 30.00 ± 0.50 mm, 459: 32.75 ± 0.43 mm, mean ± SD with n = 3). The bar represents 10 mm. The clearance zone indicated by the white lines was measured after 24 h incubation at 30°C.




3.4 Biocontrol and yield-increasing efficacy of Y6 under greenhouse conditions

To determine if Y6 could lessen the severity of common potato scab and increase yield, pot experiments were conducted. Twelve potato plants were divided into 3 treatments: (a) inoculated with Y6 and S. scabies on the same day; (b) inoculated with S. scabies only; and (c) inoculated without Y6 or S. scabies. The disease severity was determined by multiplying the percentage disease coverage index by the index of major disease types divided by 18, and the disease incidence was determined by dividing the number of diseased potatoes by the total number of potatoes. Potato tubers were harvested 90 days after potato seedlings emerged. Potato yields were also counted. It could be found from Figures 4A,C that treatment with Y6 could significantly reduce the disease severity of potato common scab from 49.92 ± 25.74% (inoculated with S. scabies only) to 5.56 ± 1.89% (inoculated with S. scabies and Y6 on the same day) (p < 0.01, Tukey’s test). The disease incidence of potato common scab could be reduced from 91.67 ± 14.42% (inoculated with S. scabies only) to 8.33 ± 14.43% after treating with Y6 (Figure 4D). Meanwhile, the treatment with Y6 could also increase the potato yield by 37.32% compared with the control (inoculated with S. scabies only) (Figure 4B). The above results indicated that Y6 could lessen the disease severity of potato common scab and increase potato yields in pot trials.
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FIGURE 4
 Biocontrol and yield-increasing efficacy of Y6 under greenhouse conditions. (A) Potato tubers harvested from three treatments: (a) inoculated with Y6 and S. scabies on the same day; (b) inoculated with S. scabies only; (c) control without Y6 or S. scabies. The bar represents 2 cm. (B) Potato yields from three treatments. (C) Disease severity of potato common scab. (D) Disease incidence of the potato common scab. p-values were calculated using Tukey’s test. Asterisks (**) indicate p < 0.01 as compared to the treatment of control.




3.5 Biocontrol and yield-increasing efficacy of Y6 under field conditions

To evaluate the effect of strain Y6 on potato scab and yield in a natural environment, a field trial was carried out in fields with potato common scab that occurs naturally. Due to the rice and potato crop rotation pattern used in this field, we observed a low disease severity of common scab in harvested potatoes. However, compared to the control, Y6 treatment significantly reduced disease severity from 13.20 ± 1.00% to 4.00 ± 0.70% (p < 0.01; Tukey’s test) and decreased disease incidence from 41.70 ± 5.10% to 6.70 ± 1.20% (Figure 5). Moreover, it could be found that strain Y6 could promote the yield of potato. At the trial site in Huidong, Huizhou, compared with the control group, the yield of potato in the Y6-treated group increased by 14.05%, among them, the yield of commercial potato in the Y6-treated group significantly increased by 23.40% (p < 0.05). The yield of first-grade potato in the Y6-treated group increased by 41.38% (Table 1). At the trial site in Dapeng, Shenzhen, the yield of commercial and first-grade potatoes increased significantly after Y6 inoculation compared to the control (p < 0.05). The yield of commercial potato in the Y6-treated group significantly increased by 17.29%, and the yield of first-grade potato in the group treated with strain Y6 increased by 40.99% (Table 1). At the trial site in Zengcheng, Guangzhou, compared with the control group, the yield of potato in the Y6-treated group significantly increased by 39.06% (p < 0.01). Among them, the yield of commercial potato in the Y6-treated group significantly increased by 40.75% (p < 0.01), and the yield of secondary potato significantly increased by 70.63% (p < 0.01) (Table 1). The above results indicated that Y6 could be used for biological control of common scab of potato and increase potato yields in field trials.
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FIGURE 5
 Biocontrol and yield-increasing efficacy of Y6 under field conditions. (A) Potato tubers were harvested from two treatments: (a) inoculated with Y6, tuber pieces with a bud were mixed with the biofertilizer made of Y6 before planting in soil; (b) no treatment. The bar represents 5 cm. (B) Data about the disease severity and disease incidence of the potato common scab from two treatments. One hundred twenty randomly chosen tubers from each treatment were used to calculate the severity of the disease as a percentage. We collected 40 potato tubers randomly from the middle block of each plot to assess disease severity and incidence in each plot, and three plots of the same treatment were used to determine the mean ± standard error and compare with the other treatments. p-values were calculated using Tukey’s test. Asterisks (**) indicate p < 0.01 as compared to the treatment of control.




TABLE 1 Effects of strain Y6 on the yield of potato in different fields.
[image: Table1]



3.6 Transcriptome profiling effects of strain Y6 on potato

To investigate the mechanism of Y6 on the biocontrol and growth promotion of potato, we analyzed the transcriptomes of potato roots after inoculating the strain Y6 first. The result showed that there were 256 genes upregulated and 183 genes down-regulated in potato roots compared with those in uninoculated roots (Figure 6). Moreover, we also performed enrichment analysis of the DEGs in potato using the GO database (Figure 7). A total of 8,105 genes were enriched in 987 categories of three major categories in the GO database. Among the DEGs of potato, most of the enriched metabolic processes are related to the cell wall. Thirty genes were enriched in the cell wall organization or biogenesis. About 8 genes were enriched in the xylan biosynthetic or xylan metabolic process. Up to 25 genes were enriched in the extracellular region. There were 9 genes enriched in hydroquinone oxygen oxidoreductase activity.

[image: Figure 6]

FIGURE 6
 Volcano diagram of differentially expressed genes (DEGs) in the transcriptome of plants inoculated with strain Y6 and control. Red dots indicate gene up-regulation and blue dots indicate gene down-regulation.


[image: Figure 7]

FIGURE 7
 GO enrichment analysis of differentially expressed genes (DEGs) in the transcriptome of plants inoculated with strain Y6 and control. The X-axis represents the enrichment factor. The Y-axis represents the GO term name.


In addition, we used the KEGG database to carry out an enrichment analysis of DEGs in potato (Figure 8).There were 77 genes classified into 45 KEGG functional pathway categories. Overall, the maximum annotated genes were found to be associated with KEGG pathways like cysteine and methionine metabolism; brassinosteroid biosynthesis; cyanoamino acid metabolism; amino sugar and nucleotide sugar metabolism; one carbon pool by folate; terpenoid backbone biosynthesis; plant-pathogen interaction; phosphatidylinositol signaling system; MAPK signaling pathway, etc.

[image: Figure 8]

FIGURE 8
 KEGG enrichment analysis of differentially expressed genes (DEGs) in the transcriptome of plants inoculated with strain Y6 and control. The X-axis represents the enrichment factor. The Y-axis represents the pathway name.



3.6.1 Strain Y6 promoted the growth of potato

Potato pot experiments and field trials were conducted to verify the growth-promoting function of strain Y6. We found that the height of potatoes inoculated with strain Y6 increased by 12.08% at 30 days compared to the control (Supplementary Figures S1A,B) under artificial climate chamber conditions. In the field trials, inoculation with strain Y6 increased the germination rate of potato tubers from 90.61 ± 7.76% to 94.38 ± 2.11% but had no effect on the height of the potato plants at 30 days (Supplementary Figure S2). We found that the yield of potatoes per plant increased by 11.11% and the fresh weight of potato plants increased by 33.49% after inoculation with strain Y6 compared to the control at 60 days (Supplementary Figure S3). We also found that Y6 could promote the growth of potato roots, especially lateral roots were promoted after inoculation with strain Y6 (Supplementary Figure S1C). Compared with the control group, the root length in the Y6-treated group was increased by 42.16% at 60 days (Supplementary Figure S1D). The effects of strain Y6 on potato root surface area were significant (p < 0.05) at 60 days after inoculation; in the Y6-treated group, the potato root surface area was 74.93% bigger than the control (Supplementary Figure S1E).


3.6.1.1 Strain Y6 induces the expression of potato growth-related genes

Brassinosteroid (BR) hormones are indispensable for root growth, and BR biosynthesis is largely restricted to the root elongation zone (Vukasinovic et al., 2021). The result of transcriptome profiling showed that after inoculating with strain Y6, BR biosynthesis genes in potato were up-regulated; the gene (PGSC0003DMG400017354) encoding cytochrome P450 family protein and the gene (PGSC0003DMG400005693) encoding castasterone 26-hydroxylase were up-regulated 1.22 and 1.47 fold, respectively, compared with those in potato roots without inoculation of strain Y6. Moreover, there were many genes involved in cell wall metabolism. Interaction with strain Y6 increased the expression level of cell wall organization or biogenesis genes in potato roots 1.01–3.49 fold. The expression of lignin catabolic process-related genes was up-regulated 1.13–2.15 fold. The expression of xylan biosynthetic process-related genes was up-regulated 1.01–2.13 fold. The cell wall macromolecule metabolic process-related genes were also up-regulated 1.24–1.58 fold after being cultured with strain Y6 in potato roots (Table 2).



TABLE 2 Effects of strain Y6 on the genes related to cell wall metabolism in potato.
[image: Table2]

Genes for early plant response to auxin are usually divided into three categories: Aux/IAAs, GH3, and SAURs (small auxin-up RNAs) (Liu et al., 2005, 2020). After inoculating with strain Y6, two genes (PGSC0003DMG400005236, PGSC0003DMG400001667) encoding SAUR family proteins in potato were up-regulated 1.97 and 4.29 fold, respectively.



3.6.1.2 Strain Y6 affects the expression of genes involved in potato metabolism

Differential expression of some metabolism-related genes was caused after inoculation of potato plants with strain Y6. The photosynthetic pathway-related gene PGSC0003DMG400024016 was up-regulated by 3.19 times, and the Citrate cycle (TCA cycle) pathway-related gene PGSC0003DMG400024016 was down-regulated 1.57 fold. There were 12 DEGs related to amino acid metabolism. Four genes were up-regulated, while 8 genes were down-regulated. Genes (PGSC0003DMG400021476, PGSC0003DMG400004572, PGSC0003DMG400033126, and PGSC0003DMG400004660), were up-regulated 1.19–1.62 fold. And 8 genes were down-regulated 1.02–2.20 fold (Table 3). This metabolism-related differential expression may promote the accumulation of photosynthetic products and contribute to higher yields in potato.



TABLE 3 Effects of strain Y6 on the expression of genes involved metabolic pathways in potato.
[image: Table3]




3.6.2 Strain Y6 enhances systemic resistance in potato


3.6.2.1 Strain Y6 induces the expression of transcription factors involved in plant stress tolerance

The bHLH transcription factor serves a critical function in the regulation of the growth and development of plants (Zhang et al., 2018). After inoculation with strain Y6, the expression of the bHLH transcription factor-related gene (PGSC0003DMG401022600) was up-regulated by 4.21 times in potato roots. Inoculation with strain Y6 also induced changes in the expression of other transcription factors associated with abiotic stress responses in potato roots, such as MYB and NAC transcription factors (Puranik et al., 2012). The MYB transcription factor genes (PGSC0003DMG400006868, PGSC0003DMG400004780, and PGSC0003DMG400007360) were up-regulated 1.21–1.90 fold compared with those in potato roots not cultured with strain Y6. The NAC transcription factor genes (PGSC0003DMG400009381, PGSC0003DMG400012113) were upregulated 1.80–1.89 fold.



3.6.2.2 Strain Y6 increased the expression of genes related to secondary metabolism in potato

Many secondary metabolite products have the potential to improve plant responses to biotic stresses. It could be found that after inoculation with strain Y6, nine hydroquinone genes were up-regulated 1.13–2.15 fold (Table 4). The genes encoding diphenol oxidase, PGSC0003DMG400011019, PGSC0003DMG400019185, and PGSC0003DMG400020345 were up-regulated 1.63, 2.15, and 1.48 fold, respectively. The expression of genes encoding laccase (PGSC0003DMG400027168, PGSC0003DMG401027116, and PGSC0003DMG402027116) was up-regulated 1.13–2.11 fold in potato roots cultured with strain Y6 compared with those cultured without strain Y6. The up-regulation of hydroquinone genes contributed to enhancing the resilience of potato roots, increasing their resistance to pests and pathogens.



TABLE 4 Effects of strain Y6 on the expression of hydroquinone related genes in potato.
[image: Table4]






4 Discussion

In this study, we found that strain Y6 could reduce the severity of potato common scab by secreting lipopeptides and increasing systemic resistance in potato plants, and also increased potato yields. It was found that surfactin secreted by Bacillus amyloliquefaciens Ba01 was important for the control of S. scabies (Feng et al., 2022), and that the absence of surfactin and fengycin can cause the loss of antimicrobial activity in Bacillus subtilis YPS-32 (Zhou et al., 2022). In our study, the lipopeptides surfactin and iturin were required in Y6’s antagonism against S. scabies. Meanwhile, we found that S. scabies can induce Y6 to create new lipopeptide homologs (Figure 1B), and these new homologs may have stronger antimicrobial efficacy. The retention times of the peaks of the new substances in the chromatograms are different under the condition of unchanged molecular mass, which may be due to the new structural changes, and what kind of changes have happened to make lipopeptide antimicrobial activity improved needs to be further investigated.

The analysis of the transcriptome of potato roots showed that quite a lot of genes were differently expressed in response to strain Y6 inoculation. Genes encoding protein COBRA, cellulose synthase, MYB20, carbohydrate-active enzyme glycosyltransferase family 8, and xyloglucan endotransglucosylase/hydrolases (XTHs) were up-regulated to varying degrees by inoculating with strain Y6 (Table 2). These genes are all involved in the cell wall’s organization or biogenesis. Protein COBRA is an extracellular glycosyl-phosphatidyl inositol-anchored protein that controls anisotropic growth in Arabidopsis via its participation in cellulose microfibril orientation (Roudier et al., 2005). Cellulose synthase plays an important role in the synthesis of the primary cell wall, and the regulation of primary cell wall growth is essential for plant growth in response to environmental stress (Kesten et al., 2017). MYB transcription factors MYB20 is a transcriptional regulator that directly activates lignin biosynthesis genes and Phe biosynthesis genes during secondary wall formation in Arabidopsis (Arabidopsis thaliana) (Geng et al., 2020). The Carbohydrate-active enzyme glycosyltransferase family 8, known to be involved in plant cell wall biosynthesis，can promote the synthesis of pectin and hemicellulose (Yin et al., 2010). Xyloglucan endotransglucosylase/hydrolases (XTHs) are enzymes involved in the modification of load-bearing cell wall components and may contribute to the strengthening of the lateral wall of root hairs and the cell wall of the root differentiation zone after the completion of cell expansion (Maris et al., 2009). High expression levels of these genes could significantly promote the growth of potato. Moreover, brassinosteroid (BR) hormones are indispensable for root growth (Vukasinovic et al., 2021), after inoculating with strain Y6, the expression of BR-related genes in potato roots was up-regulated and the concentration of BR increased, which promoted the growth of potato roots.

The transcriptome analysis of potato inoculated with strain Y6 also revealed that strain Y6 enhances auxin signal transduction in potato. Small auxin up RNAs (SAURs) are a family of early auxin-responsive genes, SAURs involved in plant growth by affecting auxin synthesis and transport (Xu et al., 2017). In general, SAUR gene expression was upregulated by treatments or conditions that promoted growth and downregulated by factors that repressed growth (Du et al., 2020). The high expression level of SAUR genes promoted the growth of potato.

In the transcriptome of potato interacted with stain Y6, genes encoding beta-1,3-glucuronyltransferase, chitinases, pectinesterase, diphenol oxidase, and laccase were up-regulated in varying degrees. Beta-1,3-glucuronyltransferase, plays key roles in cell division, and trafficking of materials through plasmodesmata, in withstanding abiotic stresses (Balasubramanian et al., 2012). Plant chitinases play a key role in combating biotic and abiotic stresses. Plant chitinases were strongly expressed when plant (host) cells were under pathogen stress or, various abiotic stresses such as plant trauma, osmotic pressure, cold, heavy metal stress, and salt (Vaghela et al., 2022). The regulation of cell wall mechanical stability during fruit ripening, stem lengthening, tuber yield, and root formation is influenced by pectinesterase (Fries et al., 2007). It has also been demonstrated that pectinesterase contributes to the plant’s defense against pathogen attack. Laccase and diphenol oxidase play crucial roles in plant resistance to insects and fungi (Walker and Ferrar, 1998). High expression levels of these genes enhance the adaptive capacity of potato to environmental stresses.



5 Conclusion

In this study, we found that B. velezensis strain Y6 could reduce the severity of potato common scab, mainly through the secretion of lipopeptides (surfactin and iturin) and the enhancement of the plant’s resistance to environmental stresses, and also promoted potato growth by inducing a significant up-regulation of the expression of genes related to cell wall organization or biogenesis in the potato root system. Our study will help to reveal the molecular mechanism of biological control of potato common scab and growth promotion of potato by B. velezensis Y6 and provide a theoretical basis for the application of B. velezensis strain Y6 as a special PGPR for potato.
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SUPPLEMENTARY FIGURE S1 | Growth-promoting efficacy of Y6 on potato. (A) Representative photographs of potato plants to show the effects of the strain Y6 on the growth of potato in pot assays at 30 days (B). The height of potato plants in pot assays at 30 days. (C) Representative photographs of potato roots inoculated with Y6 and control in field trials at 60 days. (D) The roots length and (E) the surface area of potato in field trials at 60 days.

SUPPLEMENTARY FIGURE S2 | Effect of strain Y6 on the germination rate of potato tuber and the height of potato plant. (A) Potato tuber germination rate. (B) Potato plant height.

SUPPLEMENTARY FIGURE S3 | Effect of strain Y6 on potato plant wet weight, yield per plant and plant stem thickness under field trials at 60 days. (A) Potato yield per plant. (B) Potato plant wet weight per plant.
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