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Cyanobacterium Nostoc species mitigate soybean cyst nematode infection on soybean by shaping rhizosphere microbiota
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Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is the most devastating and yield-limiting pathogen that threatens soybean production globally. Sustainable SCN disease management strategies are needed. In this study, a cyanobacterial strain was isolated from SCN-infected soybean soil and identified as Nostoc punctiforme using the cyanobacterial 16S rRNA gene sequence. When susceptible soybean plants were grown in the SCN-inoculated soil, N. punctiforme inoculants significantly reduced the total number of SCN eggs and second-stage juveniles (J2s), compared to the control with SCN inoculation only. Further microbial analysis showed that N. punctiforme inoculants changed the bacterial and fungal communities in the soybean rhizospheres and significantly increased the relative abundance of several bacterial and fungal species with potential nematicidal activities, suggesting the changes of soybean rhizosphere microbiota may partially contribute to the activity of N. punctiforme inoculants against SCN. However, N. punctiforme inoculants did not directly induce soybean defense reactions against SCN. Thus, N. punctiforme may be a potential microbial source against SCN invasion in soybean.
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Introduction

Soybean [Glycine max (L.) Merr.], an economically important oilseed crop worldwide, provides protein and oil for humans and animals (SoyStats, 2020) and is considered an important contributor to meet the global food demand expected to double by 2050 (Hunter et al., 2017). However, a variety of phytopathogens cause significant yield loss and quality reduction that threaten soybean production. Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is the most damaging pathogen of soybean worldwide (Allen et al., 2017; Bent, 2022). SCN is widely distributed in nearly all major soybean production areas of the United States (Tylka and Marett, 2021) and causes 10–30% yield losses annually (ca. $1.5 billion) (Bandara et al., 2020; Koenning and Wrather, 2010; Tylka and Marett, 2021; Winter et al., 2006). Due to the longevity of SCN cysts in soil and unnoticeable aboveground symptoms, it is challenging to eliminate SCN from the field completely once a soybean field is infected (Arjoune et al., 2022). Genetic resistance and rotation to nonhost crops are considered primary management strategies. However, repeated monoculture of the same genetic resistance, introgressed from plant introduction (PI) 88788 and PI 548402 (Peking) (Tylka et al., 2022), has led to the evolution of SCN that overcomes the resistance (Bent, 2022). Nematicides are the other control options for soybean producers, but the negative environmental effects (Desaeger et al., 2020) and the emergence of nematicide resistance (Wram et al., 2022) have encouraged the development of eco-friendly alternatives.

Cyanobacteria, widely distributed in both aquatic and terrestrial environments, are known for their beneficial roles in agricultural ecosystems (Lee and Ryu, 2021; Parmar et al., 2023; Sithole et al., 2023). Cyanobacteria have been used for stimulating plant growth (Alvarez et al., 2024; Suresh et al., 2019) and/or for managing plant diseases (Kim, 2006; Righini et al., 2022). For example, root-drench application of cyanobacteria, Anabaena variabilis, A. torulosa, and Calothrix sp., reduced damping-off symptoms caused by soilborne pathogens like Fusarium oxysporum, Pythium debaryanum, and Rhizoctonia solani in tomato and cotton (Chaudhary et al., 2012; Prasanna et al., 2013; Righini et al., 2022). Recently, the use of cyanobacteria-based biostimulants to combat plant-parasitic nematodes has gained attention (Sithole et al., 2023). Synechococcus nidulans increased nematode J2 mortality and inhibited egg hatching of multiple nematodes, including Meloidogyne graminicola, M. incognita, Heterodera cajani, H. avenae, and Rotylenchulus reniformis (Holajjer et al., 2012). Anabaena oryzae had nematicidal activity against Meloidogyne incognita on banana (Musa acuminata) plants (Hamouda and El-Ansary, 2017). The aqueous and methanolic extracts of cyanobacteria Oscillatoria sp. were demonstrated to decrease the volume of galls, eggs, and adult female root-knot nematode (M. incognita) in soybean roots and number of J2s in soil (Ghareeb et al., 2022). Studies on the suppression of cyanobacteria on plant pathogenic nematodes are still in their infancy, despite very promising results being reported.

Some cyanobacterial species can protect host plants against pathogenic nematodes via nematocidal activity (Choleva et al., 2007; Ghareeb et al., 2022; Hamouda and El-Ansary, 2017). Holajjer et al. (2013) noted that cyanobacteria produce cyanotoxins to alter nematode behavior or disrupt egg hatching process. Previous studies have revealed that the phytoactive metabolites of cyanobacteria, such as amides, alkaloids, saponins, and carotenoids, slowed the life cycle of Caenorhabditis elegans (Asimakis et al., 2022; Biondi et al., 2004). Ghareeb et al. (2022) found that Oscillatoria sp. activated soybean defense system against invasion of M. incognita. However, the detailed mode of action of cyanobacteria on root pathogens is largely unexplored.

Several studies have shown that cyanobacterial inoculants influenced soil- and plant-associated microbes. Cyanobacterium (Calothrix elenkenii) increased the population densities of culturable microbiome members from plant tissues, with about 60% culturable bacterial isolates belong to Bacillaceae (Priya et al., 2015). Foliar and soil drench of Bacillus sp. and Nostoc-Anabaena consortium altered nifH and bacterial amoA gene abundances (Thapa et al., 2021). Cyanobacteria-green microalgae consortia inoculants shifted bacterial and fungal communities of chili plants, with some microbial taxa (Firmicutes, Chloroflexi, Planctomycetes, Proteobacteria, Bacillariophyta, Basidiomycota, and Glomeromycotan) dominating in the consortia-treated soils, while others (Actinobacteria, Bacteroidetes, and Streptomycota) dominating in untreated soils (Jose et al., 2024). Surprisingly, little information is available on cyanobacteria-mediated microbiota against soilborne pathogens.

In the present study, we isolated a cyanobacterium from SCN-infected soybean soil and identified it to be Nostoc punctiforme using the cyanobacterial 16S rRNA gene-specific primers. The objectives of this study were: 1. to evaluate the effect of the isolated N. punctiforme on SCN infestation; 2. to examine the effect of N. punctiforme inoculants on soybean rhizosphere microbiota; and 3. to assess the ability of N. punctiforme to induce soybean systemic resistance against SCN. We hypothesized that N. punctiforme inoculants would mitigate SCN damage to soybean by changing soybean rhizosphere microbiota and inducing soybean systemic resistance.



Materials and methods


Plant, soil, and soybean cyst nematode

Soybean cultivar “Williams 82,” susceptible to SCN, was used in this study. Soil was collected from the field plots with a maize-soybean rotation since 2018 at the Eastern South Dakota Soil and Water Research Farm (44°19′N, 96°46′W) in Brookings, SD. Soil was collected at a depth of 0 to 20 cm using a shovel in the fall of 2021 after crop harvest and before ground freezing and transferred to the lab. The soil was mixed thoroughly and sieved through a 5 mm aperture sieve to remove plant debris and rocks, and then stored at 4°C for further use. The collected field soil was mixed with sterile quartz sand (4030 silica sand, 0.45–0.55 mm diameter, Unimin Minnesota Corp, Le Sueur, MN) and calcined clay (Turface All Sport Pro, Profile Products, Buffalo Grove, IL) in a ratio of 1:1:1 (w/w/w) for SCN population increase. Soybean seeds were sterilized by exposure to chlorine gas [25:1 (v/v) 10% sodium hypochlorite and 12 N HCl] for 16 h (Chen et al., 2018), planted in the mixed soil, and grown in a growth chamber with a 16 h photoperiod (light intensity 1,000 μE m−2 s−1) at 26 ± 2°C. SCN HG type 7 was initially isolated from the soybean field in Brookings, SD, and multiplied on “Williams 82” in a growth chamber as previously described (Yin et al., 2024). SCN Cysts and eggs were collected from the soybean roots and soil according to the technique of Shepherd (1970) with modifications as previously described (Yin et al., 2024).



Cyanobacterial strain isolation and culture conditions

Among the planting pots for SCN population increase, one pot with lower SCN populations displayed blue-green color in the soil that appears to be cyanobacterial-like microbe under a compound microscope (Leica Microsystems Inc., Deerfield, IL). To isolate the blue-green organism, 100 μl of SCN egg extracts were spread over the surface of BG11 medium, a cyanobacterial selection medium (Ferris and Hirsch, 1991), in petri dishes, and then incubated in a growth chamber with a 16 h photoperiod at 26 ± 2°C. After the growth of the blue-green cultures, a series of successive streaking (5–6 times) of the blue-green cultures was performed in BG11 medium and the purity of the culture was ensured by regular observation under a compound microscope (Wang et al., 2018). The blue-green organism was then re-streaked in BG110 medium (no combined nitrogen in BG11 medium) for 3–4 times. The blue-green strain was able to reproducibly grow well in BG110 medium, suggesting that it has nitrogen-fixing ability.



Genomic DNA extraction and cyanobacterium identification

Genomic DNA (gDNA) of the isolated culture was extracted following the protocol of cyanobacterial gDNA extraction as previously described (Qiu et al., 2019). Briefly, 200 ml of cultures (OD720 = 0.4) were centrifuged and 500 μl of the sterilized 10% sucrose buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA), 50 μl of 125 mg ml−1 lysozyme (MilliporeSigma, Rockville, MD), 150 μl of 10% (w/w) SDS, and 10 μl of RNase (10 mg ml−1) were added to suspend/wash the cell pellets. The suspension was incubated at 37°C for 1 h. Then the saturated phenol and chloroform solution was used to extract gDNA. The gDNA was dissolved in sterile ddH2O for further use.

The 16S rRNA gene fragment was amplified from the extracted gDNA using cyanobacterial-specific primers (CYA106F 5′-CGGACGGGTGAGTAACGCGTGA-3′ and CYA781R 5′-GACTACWGGGGTATCTAATCCCWTT-3′) as previously described (Boutte et al., 2006; Nübel et al., 1997). PCR reaction consisted of 1 μl of gDNA (50 ng), 10 μl of 2x Phusion master mix (ThermoFisher Scientific Inc., MA), and 0.25 μM of each primer in a total volume of 20 μl. PCR was performed as follows: 98°C for 30 s; 30 cycles of 98°C for 10 s, 55°C for 10 s, and 72°C for 45 s; final extension at 72°C for 10 min. The PCR products were analyzed on a 1.5% agarose gel, purified with the GeneJET PCR purification kit (ThermoFisher Scientific Inc., MA), and sequenced from both ends at Elim Biopharm (Hayward, CA). The sequences were subjected to a BLAST analysis at NCBI database and the assembled sequence was deposited in NCBI database (accession number: PQ740210).



SCN inhibition assay

The efficacy of the isolated cyanobacterium against SCN HG type 7 in soybean “Williams 82” was examined in a growth chamber. The collected field soil was mixed with sterile quartz sand in a ratio of 2:3 [w(fresh weight)/w(dry weight)]. Plastic cones (40 mm in diameter and 210 mm long) were filled with 120 g of mixed soil. One pre-germinated “Williams 82” seed was sown in each cone, followed by a 15 ml aliquot of the isolated cyanobacterial culture suspended in sterile ddH2O. Cyanobacterial culture was added with high concentration (OD720 = 0.5) or low concentration (5x dilution, OD720 = 0.1). Finally, 4,000 SCN eggs (Haarith et al., 2021) were added in a 3 cm deep hole around the soybean plant. Sterile ddH2O or sterile ddH2O and SCN were used as controls. Each treatment had four replicates. Cones were arranged in a randomized complete block design in plastic racks and maintained in the controlled conditions (16 h photoperiod, 26 ± 2°C). Each cone received 10 ml of water daily in the first 3 weeks, then 10 ml of water twice a day in the final 2 weeks. After 35 days, the soybean plants were uprooted gently and washed free of adhering soil. Plant parameters, including shoot length and fresh shoot weight, were measured. The SCN eggs and J2s were extracted from the soil and half of plant roots (Shepherd, 1970), and the number of eggs and J2s was counted using a Leica DML compound microscope at 100 x magnification (Leica Microsystems Inc., Deerfield, IL). The other half of the roots were used for rhizosphere soil preparation as described previously (Yin et al., 2021). The roots after washing off rhizosphere soil were stored at −80°C for RNA extraction. The experiment was repeated three times and the rhizosphere DNA and root RNA were prepared from one experiment with four replicates.



Soil DNA extraction and amplicon sequencing of rhizosphere microbiota

Amplicon sequencing was used to evaluate whether the cyanobacterial inoculants affect the rhizosphere microbiota in soybean plants grown in the SCN-inoculated soil. Rhizosphere soil DNA was extracted using a DNeasy PowerSoil kit (Qiagen, Carlsbad, CA) and a bead beater SPEX 1600 MiniG (Spex SamplePrep, Metuchen, NJ) at 1,500 Hz for 1 min. The DNA was quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and sent to the University of Minnesota Genomics Center for amplification and sequencing. For bacterial amplicon sequencing, v4 hypervariable region of the 16S rRNA gene was amplified using forward primer 515f (GTGYCAGCMGCCGCGGTAA) and reverse primer 806r (GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2011). For fungal amplicon sequencing, fungal internal transcribed spacer 1 (ITS1) region was amplified using a two-step dual-indexed amplification (Gohl et al., 2016a,b). The fungal ITS1 region was amplified in the first set of PCR using primers ITS1*_Nextera (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGT CATTTAGAGGAAG*TAA-3′) and ITS2 (5′-GTCTCGTG GGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCAT CGA*TGC-3′) (ITS-specific sequences in bold, “*” indicates the position of a phosphorothioate bond) (Gohl et al., 2016b). PCR assays were carried out using KAPA HiFi PCR kit (Roche, Indianapolis, IN, USA) and an initial denaturing at 95°C for 5 min, followed by 25 cycles of denaturation at 98°C for 20 s, annealing at 55°C for 15 s, and extension at 72°C for 1 min, with a final extension at 72°C for 5 min. PCR products were diluted to 1:100, and 5 μl of diluted PCR product was included in a second round of PCR using forward indexing primer (5′-AATGATACGGCGACCACCGAGATCTACACTCGTCGGC AGCGTC-3′) and reverse indexing primer (5′-CAAGCAGAAGACGGCATACGAGATGTCTCGTGGGCTCGG-3′) (Gohl et al., 2016b). The second PCR consisted of an initial denaturation at 95°C for 5 min, followed by 10 cycles of 98°C for 20 s, 55°C for 15 s, and 72°C for 1 min, with a final extension at 72°C for 5 min. Then, the amplicons were pooled, size selected, spiked with 20% PhiX, and sequenced (2 × 300 paired-end, V3 chemistry) on the Illumina MiSeq platform.



Amplicon sequence processing

The sequence processing was conducted using USEARCH (v11) (Edgar, 2010, 2018) to denoise sequences and define zero-radius operational taxonomic units (ZOTUs, 100% identity threshold). Briefly, primer and barcode sequences were removed along with 10 and 55 bp for bacterial sequences and 30 and 85 bp for fungal sequences from forward and reverse reads, respectively. Reads were paired with 15 maximum differences and an 80% identity threshold. To generate high-quality reads for denoising, reads were filtered with a maximum expected error rate of 1, singletons were removed, and sequences were denoised using the “unoise3” algorithm (Edgar, 2016). Processed reads were then mapped to ZOTU representatives to generate a ZOTU abundance table. Taxonomy was assigned to ZOTUs using the SINTAX algorithm with an 80% confidence threshold to the Ribosomal Database Project reference database (v18, Cole et al., 2014) for bacterial sequence and the UNITE reference database (v7, Tedersoo et al., 2018) for fungal sequence. ZOTUs identified as non-bacteria or non-fungi were discarded, and ZOTU tables that were rarefied were subsampled in place of rarefied sequences for all analyses unless otherwise noted. The sequencing data was deposited in NCBI Sequence Read Archive with the project PRJNA1196987 and available after the acceptance of the manuscript.



RNA extraction from soybean roots, cDNA synthesis, and quantitative PCR assay

To examine whether the isolated cyanobacteria inoculants induce plant defense system against SCN in soybean roots, the expression of five defense-related genes (PR1, PR2, PR3, PR5, and PR10) was measured by RT-quantitative PCR (qPCR) using gene-specific primers and the soybean ubiquitin gene was used as a reference (Supplementary Table 1). Total RNA was extracted from the soybean roots using RNeasy plant kit (Qiagen, Carlsbad, CA) according to manufacturer's instruction. All RNA samples were digested with DNase I (New England Biolabs, Ipswich, MA) following the manufacturer's instruction prior to synthesizing cDNA. The absence of gDNA contamination was subsequently confirmed by the lack of PCR amplification of RNA samples with primers designed for soybean ubiquitin gene. First-strand cDNA was synthesized using ProtoScript first strand cDNA synthesis kit (New England Biolabs, Ipswich, MA). qPCR was performed using SsoAdvanced Universal SYBR Green Supermix kit (Bio-Rad, Hercules, CA). qPCR reaction consisted of 10 μl PCR reaction by mixing 5 μl of SYBR Green Supermix (2x), 0.4 μl of each primer (10 μM), and 4.2 μl of diluted cDNA. qPCR was conducted on CFX Opus Real-Time PCR system (Bio-Rad, Hercules, CA) using the following conditions: for the first cycle, samples were initially incubated for 30 s at 94°C, followed by 45 cycles at 94°C for 15 s, and 60°C for 20 s, followed by a melt curve of 65–95°C with 0.5°C increments every 5 s.



Statistical analysis and data visualization

The effect of the isolated cyanobacterium on the number of SCN eggs and J2s extracted from soil and soybean roots was evaluated using Kruskal-Wallis's test followed by Wilcoxon post hoc tests in JMP Pro 15.1.0 (SAS Institute, Cary, NC). Microbiome data analysis was performed in R version 4.3.2 using multiple packages, including vegan (v2.6.8, Oksanen et al., 2024), pheatmap (v 1.0.12, Kolde, 2015), and ggplot2 (v3.5.1, Wickham, 2016). Microbial alpha diversity was calculated using the “diversity” function of the vegan package. After normality and homogeneity of variance testing (Shapiro-Wilks and Levene's test), the difference in diversity index among treatments was examined with Kruskal-Wallis test, followed by a post hoc Dunn's test using the FSA package. Nonmetric multidimensional scaling (NMDS) was used to visualize the similarity of microbial community among rhizosphere samples based on Bray-Curtis distances. Permutational multivariate analysis of variance (PERMANOVA) was performed to determine microbial differences due to cyanobacteria and SCN inoculation. DESeq2 (v1.46.0, Love et al., 2014) was performed to identify microbial ZOTUs that differed in the rhizosphere samples between cyanobacteria-treated and -untreated samples with ZOTUs tables. Briefly, the ZOTUs tables were filtered to remove rare taxa (<10 total sequences). Those ZOTUs were kept that had normalized counts >10 and that were present in three or more samples. Wald's test was used to contrast ZOTUs from cyanobacterium-treated and -untreated samples or from high concentration of cyanobacterium and low concentration of cyanobacterium. ZOTUs were considered differentially abundant if they had a base mean >20, FDR adjusted p < 0.1, and estimated log2-fold change >1. Relative abundance of differential ZOTUs was then plotted in a heatmap using DESeq2 normalized log (x + 1) transformed counts.




Results


Identification of the isolated cyanobacterium

The isolated cyanobacterium grew well autotrophically in the nitrogen-free medium BG110, which suggested it is capable of nitrogen fixation. Under microscopic observation, the isolated cyanobacterium is a filamentous organism (Supplementary Figure 1) and can produce heterocyst cells (Supplementary Figure 1B). The 16S rRNA gene was amplified from the extracted gDNA of the cyanobacterial cultures using cyanobacterial-specific primers and sequenced. The 16S rRNA gene fragment was 641 bp in length and was deposited in GenBank (accession number: PQ740210). BLAST results showed that the sequence of the isolated cyanobacterium was 99.68% identical to Nostoc punctiforme (Sequence ID: MH090930.1).



Effect of Nostoc punctiforme on SCN population and soybean growth

After soybean plants grew in the SCN and N. punctiforme inoculated soil for 35 days, N. punctiforme inoculants significantly reduced the total number of SCN eggs and J2s, compared to SCN inoculation only. But the number of SCN eggs and J2s was still significantly higher than the control without SCN infestation (Figure 1 and Supplementary Figure 2). Additionally, the inoculation concentration of N. punctiforme appeared to affect the SCN suppression (Figure 1). However, we did not observe that N. punctiforme inoculants significantly improved soybean plant growth in the experimental conditions, with plant shoot length and fresh weight similar to that of the SCN infestation (Supplementary Figure 3).
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FIGURE 1
 Effect of Nostoc punctiforme inoculants on soybean cyst nematode. CK: control without SCN (HG type 7) and N. punctiforme inoculation, SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation. Different letters indicate a statistically significant difference between treatments within an experiment as determined by Kruskal-Wallis's test (p ≤ 0.05, n = 4).




Effect of Nostoc punctiforme on soybean rhizosphere microbiota

Bacterial and fungal communities from the soybean roots across all samples were characterized. Bacterial communities in the soybean rhizosphere were dominated by phyla Proteobacteria (35.53%), Actinobacteria (26.59%), and Acidobacteria (10.97%) (Supplementary Figure 4A). The most abundant fungal phyla in the soybean rhizosphere were Ascomycota (50.38%), followed by Basidiomycota (38.45%), Chytridiomycota (5.18%), and Mortierellomycota (4.22%) (Supplementary Figure 4B).

The N. punctiforme inoculants did not influence the alpha diversity indexes of bacterial community in the soybean rhizosphere, including Shannon, richness, and inverse Simpson, except for the low concentration of N. punctiforme inoculants effects on inverse Simpson. In contrast, the N. punctiforme inoculants significantly decreased the Shannon diversity of fungal community, regardless of the inoculation concentration, and decreased the richness of fungal community in the low concentration inoculation (Supplementary Table 2) with no effects on inverse Simpson indexes.

Non-metric multidimensional scaling (NMDS) analysis revealed that the N. punctiforme inoculants changed the bacterial and fungal communities in the soybean rhizosphere (Figures 2A, B). Bacterial community clustered by N. punctiforme inoculation treatments, regardless of inoculation concentration. N. punctiforme inoculants and their concentration separated fungal community. Further permutational multivariate analysis of variance (PERMANOVA) supported the effect of the N. punctiforme inoculants on soybean rhizosphere microbiota (Table 1). The N. punctiforme inoculants had significant effects on the bacterial (p = 0.005) and fungal communities (p = 0.017), explaining 24.9% of the overall variation in the bacterial community and 35.3% in the fungal community, respectively (Table 1).
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FIGURE 2
 Nonmetric multidimensional scaling (NMDS) plots of Bray-Curtis distances among soybean rhizosphere microbiota following SCN and N. punctiforme inoculation. Samples are colored by SCN and N. punctiforme inoculation. (A) bacterial community, (B). fungal community. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation. The different groups are highlighted by ellipses showing a 95% confidence range for the variation within each group.



TABLE 1 PERMANOVA of impacts of cyanobacteria inoculation on soybean rhizosphere microbiota.
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Most interestingly, the N. punctiforme inoculants significantly increased the relative abundance of four bacterial species (ZOTUs), including ZOTU17 belonging to genus Ohtaekwangia, ZOTU22 (family Rhizobiaceae), ZOTU42 (genus Nostoc), and unidentified bacterial species ZOTU4, compared to SCN inoculation only, regardless of the N. punctiforme inoculation concentration (Figure 3). Furthermore, the relative abundance of three fungal species was higher in the N. punctiforme inoculated soybean rhizosphere than that without N. punctiforme inoculants, and they were ZOTU55 classified as genus Arthrobotrys (family Orbiliaceae), ZOTU138 belonging to genus Hirsutella (family Ophiocordycipitaceae), and unidentified fungal species ZOTU3, regardless of the N. punctiforme inoculation concentration (Figure 4).
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FIGURE 3
 Differentially abundant bacterial ZOTUs identified in the soybean rhizosphere by SCN and N. punctiforme inoculations (FDR adjusted p < 0.1, Wald's test). (A) Bacterial ZOTUs in the SCN and low concertation N. punctiforme inoculation, (B) bacterial ZOTUs in the SCN and high concertation N. punctiforme inoculation. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation. Values on the x-axis presented the DESeq2-estimated log2-fold difference. The red vertical line represents a zero-fold change, where ZOTUs to the right of the line (positive values) are increased in relative abundance in N. punctiforme inoculation, and those to the left of the line (negative values) are more abundant in no N. punctiforme inoculation. Dots indicate ZOTUs, where the size of the dot is scaled by its mean abundance among all samples (base mean ≥ 20) and its color represents the phylum to which that ZOTUs belongs.
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FIGURE 4
 Differentially abundant fungal ZOTUs identified in the soybean rhizosphere by SCN and N. punctiforme inoculations (FDR adjusted p < 0.1, Wald's test). (A) Fungal ZOTUs in the SCN and low concertation N. punctiforme inoculation, (B) fungal ZOTUs in the SCN and high concertation N. punctiforme inoculation. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation. Values on the x-axis presented the DESeq2-estimated log2-fold difference. The red vertical line represents a zero-fold change, where ZOTUs to the right of the line (positive values) are increased in relative abundance in N. punctiforme inoculation, and those to the left of the line (negative values) are more abundant in no N. punctiforme inoculation. Dots indicate ZOTUs, where the size of the dot is scaled by its mean abundance among all samples (base mean ≥ 20) and its color represents the phylum to which that ZOTUs belongs.




Effect of N. punctiforme inoculants on expression of soybean defense-related genes

SCN inoculation significantly increased the expression of three soybean defense-related genes, including PR3, PR5, and PR10, but did not affect the expression of PR1 and PR2, compared to no SCN inoculation. However, we did not observe that N. punctiforme inoculants significantly impact the expression of all five tested PR genes, compared to SCN inoculation only (Figure 5).
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FIGURE 5
 RT-qPCR analysis of the expression of pathogenesis-related genes. (A) Relative expression of PR1, (B) Relative expression of PR2, (C) Relative expression of PR3, (D) Relative expression of PR5, (E) Relative expression of PR10. Gene expression levels were analyzed from four treatments: CK: control without SCN and N. punctiforme inoculations, SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculations, High Conc: SCN and high concertation N. punctiforme inoculations. Data are normalized by the ubiquitin reference gene and relative transcript levels in comparison with those of CK. Error bars represent standard error of the mean values of two technical replicates from four biological replicates. Differences in expression levels were tested by analysis of variance (ANOVA) and Tukey test. For each gene, bars with different letters indicate statistically significant differences between treatments.





Discussion

In this study, a cyanobacterium was isolated from the SCN-infected soybean soil and further identified as Nostoc punctiforme using cyanobacterial-specific 16S rRNA gene sequence. The N. punctiforme inoculants significantly reduced SCN population when soybean “Williams 82” was grown in the SCN-infested soil, compared to the control (no N. punctiforme additions). The results suggested that the isolated N. punctiforme may have antagonistic activity and could be considered as a potential microbial candidate for enhancing soybean plants against SCN. Prokaryotic cyanobacteria possessing beneficial traits, such as fixing atmospheric nitrogen, promoting plant growth, and increasing soil pores by producing adhesive substances (Kuraganti et al., 2020), are abundant in agricultural soils. Some cyanobacteria have been utilized as biofertilizers to enhance soil fertility and to promote crop growth in cropping systems (Joshi et al., 2020; Ramakrishnan et al., 2023). However, adding the isolated N. punctiforme cultures into the soil did not significantly increase soybean seedling biomass or promote the growth of wheat and maize plants compared to no N. punctiforme inoculants (data not shown).

The insecticidal properties of several cyanobacteria and their extracts have been used as environmentally friendly approaches in integrated pest management for pest control (Asimakis et al., 2022; Ghareeb et al., 2022). Although numerous studies demonstrated that inoculating soil-friendly microorganisms, like biocontrol microbial strains (Bacillus spp. and Trichoderma spp.), altered microbial diversities and activities (Li et al., 2022; Saravanakumar et al., 2017; Senkovs et al., 2021), there was little information about cyanobacterial inoculant effects on microbiomes. In this study, we found that N. punctiforme inoculants significantly shifted rhizosphere microbial communities in soybean grown in the SCN inoculated soil. Notably, N. punctiforme inoculants significantly increased the relative abundance of four bacterial species (ZOTU4, ZOTU17, ZOTU22, and ZOTU42) and three fungal species (ZOTU55, ZOTU138, and ZOTU3), regardless of the inoculation concentration. High abundance of ZOTU42, which belongs to genus Nostoc, in the N. punctiforme inoculated samples was expected. ZOTU17 and ZOTU22 belong to bacterial genus Ohtaekwangia (family Cytophagaceae) and family Rhizobiaceae, respectively. The two bacterial species are involved in soil nitrogen cycling (Alves et al., 2014; Rodríguez-Caballero et al., 2017). It is interesting to note that Ohtaekwangia can produce marinoquinoline, a chemical compound with antibiotic, antifungal, and insecticidal activities that could protect plants from pathogens and predators (Okanya et al., 2011). Further, Deng et al. (2021) found that Ohtaekwangia was the dominant bacterial genus in the suppressive soil against pathogenic fungal Fusarium oxysporum and Ou et al. (2019) showed that OTU belonging to genus Ohtaekwangia was negatively correlated with the relative abundance of F. oxysporum, demonstrating Ohtaekwangia being involved in fungal disease suppression. ZOTU55 and ZOTU138 belong to fungal genus Arthrobotrys (family Orbiliaceae) and Hirsutella (family Ophiocordycipitaceae), respectively. Arthrobotrys spp. are a well-known nematode-trapping fungus with biocontrol potential against root-knot nematodes (Eken et al., 2023; Yu et al., 2014). Arthrobotrys spp. can immobilize nematodes remotely through secreting specific nematotoxic metabolites (Nordbring-Hertz, 2004). Arthrobotrys spp. widely distribute in most habitats due to their adaptability and flexible lifestyles, thus they are considered excellent agents for controlling plant parasitic nematodes (Eken et al., 2023; Soliman et al., 2021). But there is no report that Arthrobotrys spp. can inhibit soybean cyst nematodes. Hirsutella spp. are another most discussed fungi for their biological control of nematodes, including SCN (Chen and Liu, 2007; Haarith et al., 2021; Sun et al., 2024). Among them, two species, H. rhossiliensis and H. minnesotensis, have been extensively studied on their SCN control abilities (Chen and Liu, 2007). H. minnesotensis was detected in 14% of soybean fields in Minnesota, South Dakota, and Michigan in the US (Chen and Liu, 2007; Mwaheb et al., 2017) and parasitizes SCN juveniles and other vermiform motile stages using adhesive conidia that penetrate and eventually kill the nematodes (Chen and Liu, 2007). ZOTU4 and ZOTU3 are unclassified bacterial and fungal species, respectively, and whether they are involved in SCN suppression needs further investigation. Additionally, we found that N. punctiforme inoculants significantly reduced the Shannon index of fungal community but had minimal effects on the bacterial diversities. The reduction of the Shannon index of fungal community may be attributed to the high abundance of some fungal taxa in the cyanobacteria inoculated samples, compared to the controls. Taken together, the changes in microbial communities and the increase in relative abundance of these potential parasitical microbial taxa in the soybean rhizosphere by N. punctiforme inoculants may contribute to the reduction of SCN population. But the suppressive functions of the specific bacterial and fungal species need further investigation.

Previous research showed that beneficial microorganisms, including cyanobacteria, generally elicit plant defense against biotic challenges (Abdelaziz et al., 2022; Molinari and Leonetti, 2019). The extracts of Oscillatoria sp., a cyanobacterium, regulated pathogenesis-related genes linked with plant defense and immunity against soybean root-rot nematode (Ghareeb et al., 2022). Belton et al. (2021) reported that N. punctiforme induced defense genes against programmed cell death in Arabidopsis thaliana. However, in this study, the expression levels of five soybean PR genes were examined by qPCR in the soybean roots of N. punctiforme and SCN treated, SCN only, and the controls without N. punctiforme and SCN inoculations. The results showed that N. punctiforme inoculants did not significantly upregulate or downregulate the five PR genes compared with SCN-treated only, suggesting N. punctiforme-enhanced soybean resistance to SCN may not be directly associated with the induction of soybean defense system. However, our current data does not exclude the possibility of indirect interaction with other soil microbes that might activate plant defenses.

Many filamentous cyanobacteria possess a complex multilayer envelope around the cells, making it difficult to isolate single filaments that are free of other associated microbes (Fernandez-Valenzuela et al., 2021). Due to N. punctiforme generally being wrapped by extracellular polysaccharide sheaths (Sharma et al., 2009), obtaining axenic cultures of N. punctiforme is challenging. In this study, we did not successfully obtain axenic cultures of N. punctiforme, although several available methods were used, including repeated transfer of cells (Rippka et al., 1981), antibiotic, thermal, and sonication treatments (Han et al., 2014; Meixner et al., 2022), and treating akinetes with sodium hypochlorite (Šulčius et al., 2017; Vaz et al., 2014). To examine whether these co-existing microbes influence SCN population, one fungal and four bacterial strains were isolated from the N. punctiforme cultures using tryptic soy agar and potato dextrose agar media, respectively. Those microbial strains were identified as Stenotrophomonas maltophilia, Paenibacillus lactis, Nocardioides zeae, Pseudomonas sp., and unclassified fungus, respectively, using 16S rRNA and ITS primers (Yin et al., 2024). The cultures of single bacterial and fungal strain inoculations did not significantly change the total number of SCN eggs and J2s associated with susceptible “Williams 82” compared with the SCN inoculation only (Figure 6), indicating the SCN suppression activity of N. punctiforme. However, we cannot exclude the potential role of consortium of N. punctiforme and coexisting microbes in SCN infection.


[image: Figure 6]
FIGURE 6
 Effect of N. punctiforme co-existing microbial inoculants on soybean cyst nematode. SCN: SCN inoculation, Stenotrophomonas: SCN and Stenotrophomonas maltophilia inoculation, Paenibacillus: SCN and Paenibacillus lactis inoculation, Nocardioides: SCN and Nocardioides zeae inoculation, Pseudomonas: SCN and Pseudomonas sp. inoculation, Unclassified fungus: SCN and unclassified fungus inoculation (Kruskal-Wallis's test, p = 0.72, n = 4).


The establishment and persistence of the introduced microbes in soil are important for functioning effectively. The microbial data in this study showed that ZOTU42 was more abundant in N. punctiforme-treated samples than in the controls (SCN inoculation only). The v4 hypervariable region of 16S rRNA sequence of ZOTU42 shows 100% query cover and identity to the sequence of N. punctiforme suggesting that the presence of inoculated cyanobacterial strain in the soil 5 weeks post inoculation. However, N. punctiforme grows relatively slowly (about 4 weeks to reach OD720 = 0.5) in the test condition that may limit the application of N. punctiforme on a large scale in fields.
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SUPPLEMENTARY FIGURE 1 | Cyanobacterium isolation and purification. (A) Nostoc punctiforme growth in BG11 liquid media, (B) The filamentous and heterocytes of N. punctiforme under 100 x microscopy. Red arrows indicate heterocytes.

SUPPLEMENTARY FIGURE 2 | Effect of Nostoc punctiforme inoculants on soybean cyst nematode. (A) Independent experiment 1, (B) Independent experiment 2. CK: control without SCN (HG type 7) and N. punctiforme inoculation, SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculation, High Conc: SCN and high concertation N. punctiforme inoculation. Different letters indicate a statistically significant difference between treatments within an experiment as determined by Kruskal-Wallis's test (p ≤ 0.05, n = 4).

SUPPLEMENTARY FIGURE 3 | Effect of Nostoc punctiforme inoculants on soybean growth. (A) soybean shoot length, (B) soybean shoot fresh weight. CK: control without SCN and N. punctiforme inoculations, SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculations, High Conc: SCN and high concertation N. punctiforme inoculations. Different letters indicate a statistically significant difference between treatments within an experiment as determined by the Kruskal-Wallis's test (p ≤ 0.05, n = 4).

SUPPLEMENTARY FIGURE 4 | Microbial taxonomic assignments at the phyla level and their percentage contribution (abundance) in the soybean rhizosphere. (A) bacterial phyla, (B) fungal phyla. SCN: SCN inoculation, Low Conc: SCN and low concertation N. punctiforme inoculations, High Conc: SCN and high concertation N. punctiforme inoculations.
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