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We characterized the effects of crop residue derived biochar on tomato growth, soil microbial diversity, and rhizosphere-level gene expression responses in an organic production system. Shoot fresh biomass and fruit yield were assessed at the end of the growing cycle. The corresponding transcriptomic response of the roots, the soil microbial community profiles, and the active transcripts within the communities were quantified using a metatranscriptomic approach at four different developmental stages of the plant. Biochar treatment did not impact shoot biomass or fruit production; however, metatranscriptome analysis revealed that the gene expression activity of the tomato rhizosphere changes over time in response to the biochar treatment, with a number of bacteria with known benefits to soil health and plant growth displaying increased gene expression (e.g., Rhizobiaceae, Pseudomonadaceae, Micromonosporaceae, Sphingomonadaceae). Streptomycetaceae were expressed at the highest levels in the rhizosphere. Biochar seemed to attenuate the expression of this bacteria by the end of the time course, possibly due to the rise in competition for resources driven by the increased activity of other beneficial microbes. Notably, pathogenic fungi in the soil displayed generally reduced expression in the biochar-amended rhizosphere in comparison with the control. In addition to the assessment of the rhizosphere microbiome, transcriptome analysis and gene ontology analysis of tomato roots revealed functional enrichment of genes associated with nitrogen metabolic processes, regulation of metabolic processes, and production of organic compounds in the biochar treated rhizosphere. Together, these results suggest that biochar amendment enhances gene expression of beneficial soil microbes, and also impacts gene expression in the plant roots, which may in turn lead to improvements in soil and plant health. The results of this study provide foundations and a methodology for using metatranscriptomic approaches to investigate the impacts of biochar or other soil amendments in different crops, varying soil types, and with greater experimental complexity. The findings of such investigations will inform the development of biochar-based soil amendment strategies to enhance soil fertility and crop health in a wide range of production systems.
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INTRODUCTION
Intensive agricultural practices have negatively impacted soil health over time, thereby decreasing crop yield and quality (Tahat et al., 2020; Tenic et al., 2020; Xu et al., 2023). Thus, establishing sustainable systems that foster efficient production of high-yielding, nutrient-dense crops while simultaneously promoting soil health and fertility is critical. With the goal of reducing potentially harmful chemical inputs to soil (typically in the form of fertilizers and pesticides), additional approaches to promoting fertility beyond the fertilizer regime must be considered.
Fostering a healthy rhizosphere is an important way by which crop health and soil quality can be improved. Comprised of diverse and functionally dynamic bacteria, fungi, and other microbes, the rhizosphere microbiome largely modulates plant health and nutrition, as well as defense signaling and immunity to pathogens (Berendsen et al., 2012; Boparai and Sharma, 2021). Sometimes referred to as the second genome of the plant, the rhizosphere microbiome works in synchrony, often in direct symbiosis, with the associated plant life (Berendsen et al., 2012; Quiza et al., 2015). Therefore, understanding how this microbiome changes under adverse and beneficial conditions in different crops can lend insight into the functional microbial community profiles that are needed to better enhance crop and soil health.
Previous work has demonstrated that microbiome health can be improved through organic soil amendments (Hoitink and Boehm, 1999; Cesarano et al., 2017). In addition to the implementation of an organic fertilizer regime, the utilization of biochar—the product of pyrolyzed organic matter—has arisen as a promising strategy for the enhancement of soil fertility, diversity of beneficial microbes, and long-term sequestration of carbon (Muhammad et al., 2014; Amonette et al., 2016; Tenic et al., 2020; Lehmann et al., 2021; Li et al., 2023; Xu et al., 2023). Biochar is a carbon-rich, highly porous material; these properties facilitate enhanced water, gas, and nutrient exchange, and may result in decreased soil acidification when biochar it is utilized as a soil amendment (Jiang et al., 2014; Dai et al., 2017). While biochar is gaining traction in modern agriculture, different variations of its production have been practiced throughout history, and the use of pyrolyzed organic biomass for the enhancement of soil fertility can be traced back thousands of years (Tenenbaum, 2009; Glaser and Birk, 2012). In efforts to reclaim this millennia-old strategy, and to modernize it to address current global environmental challenges to crop production, biochar-based soil amendment and the consequent impacts on plant growth and yield have been evaluated for a diverse range of crops (Hien et al., 2017; Li and Shangguan, 2018; Velez et al., 2018; Woldetsadik et al., 2018; Faloye et al., 2019; Liu et al., 2019; Nzediegwu et al., 2019; Sánchez-Monedero et al., 2019).
Biochar nutrient properties are influenced by the original feedstock source (i.e., the type of biomass pyrolyzed). While there are numerous feedstocks available, the majority of those used to produce biochar for soil amendment fall into two categories: crop residue-based and wood-based. Biochars derived from wood feedstocks are generally enriched in organic matter and have higher surface area than those derived from crop residues; however, they have inherently lower levels of macronutrients (nitrogen [N], phosphorous [P], and potassium [K]) and display reduced cation exchange capacity (CEC) (Gao and DeLuca, 2018; Tenic et al., 2020). Unlike wood-based biochars, crop residue-derived biochars are rich in N, and have a lower surface area (Xiao et al., 2018; Tenic et al., 2020). Not surprisingly, the nutrient and physical profiles of biochars derived from different feedstock sources interact differently with soil and the rhizosphere to impact plant growth (Sun et al., 2014; Dai et al., 2020; Xu et al., 2023). Because of the elevated nutrient content, crop residue-derived biochars are favored in crop growth trials, but the impact on the microbiome functional activity has yet to be studied in detail. Several recent studies and reviews have indicated that, in addition to enhancing key physical and chemical properties of soil that enhance the growth of certain crops, biochar may also elicit changes in the soil microbiome; this may be due to the increased presence of labile carbon and biochar-bound nutrients that could serve to feed microbial growth (Xu et al., 2016; Li et al., 2020); moreover, the pore structure of biochar could lend protection from predation to certain microbes (Palansooriya et al., 2019; Li et al., 2020).
Understanding of microbial community profiles in diverse soil and rhizosphere environments has been classically understood through metagenomics approaches (White et al., 2017; Boparai and Sharma, 2021), which rely on sequencing of the 16S region of prokaryotes or the ITS region of eukaryotes in the soil. Indeed, metagenomic approaches have revealed the potential for biochar to alter the composition and function of microbial communities in the rhizosphere, with increases in the relative abundance of certain beneficial bacteria (Kolton et al., 2017). While metagenomic analysis provides information on the genetic potential of a microbial community, it does not provide information regarding genes that are actively being expressed and, thus, the level of activity of the microbial community.
In contrast, metatranscriptomic analysis involves sequencing and analyzing the mRNA transcripts present in an environmental sample, which provides information on which genes are being actively expressed within the microbial community (Hurt et al., 2001; Urich et al., 2008). This information allows for the identification of active metabolic pathways at a given time (and in which microbes these pathways are active) and provides insight into the interaction between the plant roots and the rhizosphere microbiome at the gene expression level. Additionally, metatranscriptomic analysis can reveal changes in gene expression of the rhizosphere in response to environmental factors or perturbations, such as the addition of biochar to soil. Despite these benefits, comprehensive gene expression profiling of soil rhizospheres is challenging due to several factors, including the limited amount of RNA present, the propensity of mRNA to degrade, the high content of humic acid (which is often co-extracted with nucleic acids and inhibits enzyme activity and downstream molecular processes required for transcriptome profiling), and low relative abundance of mRNA compared to rRNA (the latter of which accounts for 95%–99% of total RNA, but is not useful for gene expression analysis) (Wang et al., 2009; Mettel et al., 2010; Carvalhais et al., 2013; Bharti et al., 2021).
In this study, we sought to provide foundations for using metatranscriptomics to understand the soil rhizosphere, while expanding upon knowledge of the impacts of biochar amendment on the soil microbiome and plant growth. Using tomato (cv. “Oregon Spring”) as a model, we tested the hypothesis that the transcriptomic responses of tomato roots, as well as soil microbial community profiles and activity, change over time in the presence of biochar in an organic production system. The results of this work provide insight into how biochar impacts crop growth and microbial community profiles in tomatoes. Ultimately, the aim is to utilize metatranscriptome analysis as one of the approaches to be used as an indicator of an effective soil amendment.
MATERIALS AND METHODS
Experimental design
Experiments were conducted using organic-certified biochar provided by Qualterra Inc. (Spokane, WA). A 4 × 30-m study plot at the Eggert Organic Farm at Washington State University (WSU) was utilized for this study. Two days before planting, two evenly spaced rows were dug in the plot to a depth of 20 cm. To one of the rows, biochar was applied at a rate of 2 tons/acre (0.494 kg/m2). The soil was homogenized to incorporate the biochar into the soil for the treatment row, while non-amended organic farm soil was re-incorporated into the control rows. Tomato seeds (Solanum lycopersicum L.) “Oregon Spring” sourced from Territorial Seed Company (Cottage Grove, OR), were started in Sunshine® #1 Natural & Organic potting mix (Sun Gro Horticulture, MA) in the greenhouse. Greenhouse temperatures were maintained at 21.1/18.3°C (day/night) with a 14 h day, supplemented with high-pressure sodium lamps and 10 h night photoperiod. A total of 18, 4-week emergent seedlings with two fully expanded true leaves were transplanted into the organic farm soil for each treatment. Throughout the experiment, all plants in each treatment group were fertilized once a week with 100 mL of dilute (20 mL/L water) organic Alaska Fish Fertilizer 5-1-1 (Pennington Seed Inc., GA).
Time course sampling
The rhizosphere samples were collected from three randomly selected plants for each time point, and flash frozen in liquid nitrogen, at four time points representing key plant developmental stages: 1) 25 days–the emergence of third leaf, 2) 40 days–vegetative growth, pre-flowering, 3) 55 days–initiation of flowering, and 4) 70 days–fruit production (75% of fruit at the red ripe stage). At 70 days, mature fruits were harvested, and above-ground biomass was collected by cutting the plant at the soil level. Fruit biomass and shoot fresh weight were recorded for each treatment group. Differences in the mean biomass and shoot fresh weight were assessed using one-way analysis of variance (ANOVA) using SAS University Edition (SAS Institute Inc., Cary, NC).
Rhizosphere RNA extraction and sequencing
Hexadecyltrimethylammonium bromide (CTAB) extraction buffer was prepared by mixing equal volumes of 10% (wt/vol) CTAB in 0.7 M NaCl with 240 mM potassium phosphate buffer (pH 8.0). RNA precipitation solution was prepared by dissolving 30% (wt/vol) polyethylene glycol 8,000 in a 1.6 M NaCl solution. 0.5 g rhizosphere sample (wet soil + roots) was weighed and transferred to 2 mL screw cap centrifuge tubes containing 0.5 g (0.5 µM) glass. For RNA extraction, 0.5 mL of CTAB extraction buffer and 0.5 mL phenol-chloroform-isoamyl alcohol (25:24:1) (pH 7.15) were added to the soil samples. Samples were then lysed for 3 min using Qiagen TissueLyser-II with machine speed set at 30 1/s. The samples were then centrifuged at 14,000 rpm at 4°C for 10 min. The aqueous phase was then transferred to a fresh 1.5 mL Eppendorf tube and an equal volume of chloroform-isoamyl alcohol (24:1) was added, followed by centrifugation at 14,000 rpm at 4°C for 10 min to remove the residual phenol. The aqueous layer was again transferred to a fresh 1.5 mL Eppendorf tube. For RNA precipitation, 2 volumes of RNA precipitation solution were added to the extracted aqueous layer and incubated at room temperature for 2 h. Samples were then centrifuged at 14,000 rpm at 4°C for 10 min, and the supernatant was gently discarded. The pellets were then washed twice in ice-cold 100% ethanol and air dried prior to resuspension in 50 µL diethyl pyrocarbonate (DEPC)-treated water. Resuspended samples were treated with DNase using an Ambion Turbo DNA-free kit (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s guidelines. RNA was quality checked using agarose gel electrophoresis and quantified using Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, United States). Ribosomal depletion, library preparation, and sequencing was conducted at the WSU Genomics Core, where RNA was subjected to shearing, size selection, and adapter ligation using the TruSeq Total RNA library with Ribo-zero, during which ribosomal RNA was removed from the sample. The libraries produced were sequenced on an Illumina HiSeq 2,500 as 100-base single-end reads.
Soil metatranscriptome assembly
The fastq files generated from sequencing were preprocessed and assembled using CLC Genomics Workbench (Version 8.0.1) (Qiagen). Reads were trimmed for quality using a limit of 0.01, corresponding to a Phred value of 20; ambiguous nucleotides were trimmed, and terminal nucleotides with low-quality sequences were removed based on the results of the QC quality reports. Reads below length 34 were discarded. To remove host (tomato) reads from putative metatranscriptome reads, individual treatment read sets were mapped to the tomato reference genome (SL3.0, GCA_000188115.3) using a specified length fraction of 0.6 and similarity fraction of 0.9. Reads that mapped to the genome were deemed to be of tomato origin and were thus consolidated for subsequent root transcriptome analysis. Unmapped reads, determined to contain reads of soil microbiome origin, were de novo assembled using the metagenomics module in OmicsBox (version 1.3.11) (BioBam Bioinformatics S.L., Valencia, Spain). This resulted in the production of 43,935 contiguous sequences (contigs). The assembly consensus was exported as a fasta, which was then imported back into CLC for subsequent read mapping steps. For each individual dataset (treatment/time point) the original, non-trimmed reads were mapped back to the metatranscriptome assembly. Default parameters were used, except for the length and similarity fractions, which were set to 0.5 and 0.9, respectively. Mapping resulted in the generation of individual treatment sample reads per contig. The master metatranscriptome was exported as a fasta file for functional annotation and the read counts for each dataset were exported as tab delimited text files for normalization with the Reads Per Kilobase per Million reads (RPKM) method (Supplementary Material S1).
Tomato transcriptome mapping
Reads from each treatment group that mapped to the tomato genome in the original mapping step underwent a second mapping, this time to the reference transcriptome (46,846 contigs) derived from the SL3.0 genome. Read counts for each treatment mapping were exported for normalization with the RPKM method (Supplementary Material S1).
Functional annotation
The master metatranscriptome fasta was functionally annotated in the OmicsBox Transcriptomics Module. Briefly, contig sequences were identified by a blastx alignment against the NCBI “nr” database with an e-value specification of 10.0E-3 to identify the organism from which each contig was derived. Of all the rhizosphere microbiome annotations, 97.6% annotations have an E-value less than 1E-9 (or 10E-10) (see Supplementary File S1). Only 2.3% of the sequencing reads correspond to the annotated contigs with an E-value ranging from 10E-3 to 10E-10. Gene ontology (GO) annotation was assigned using the “Mapping” and “Annotation” features using default parameters to generate a functionally annotated master assembly. InterPro scan was conducted in conjunction with the blastx step, and the results of this scan were merged with GO annotations to provide additional functional information to the contigs. For the differentially expressed (DE) genes originating from the collective microbial transcriptome dataset, only those which displayed a sim mean of 90% were utilized in downstream analyses.
For the tomato transcriptome, annotations corresponding to RNAs derived from the tomato reference genome (SL3.0) were downloaded from GenBank and concatenated with their numeric contig IDs.
Metatranscriptome diversity analysis and heat tree expression maps
Normalized read count data was binned by each taxon identified in the functional annotation step. The sums of normalized reads for each taxon were used to calculate Shannon diversity for the metatranscriptome, and they also served as the input for expression heat tree map generation, which was performed in R using the metacoder package (Foster et al., 2017).
Differential expression analyses
Pairwise differential expression analyses were conducted for the tomato root transcriptome and the soil metatranscriptome in the OmicsBox Transcriptomics Module using NOISeq-sim to compare the treatments at each time point. NOISeq-sim infers significant differential expression without sequencing replicates. NOISeq-sim uses a multinomial distribution to model technical replicate read counts (Tarazona et al., 2011; Tarazona et al., 2013; Tarazona et al., 2015). Default parameters were used, with five simulated replications and a set variability of 0.2 in each replication. Genes with a NOIseq probability of greater than 0.9 and a |log2| fold change expression values greater than 1.0 for at least one treatment and time point was considered to be differentially expressed. We have previously used this approach and these cutoff values to establish thresholds for differential expression (Hewitt et al., 2021).
GO enrichment analyses
GO enrichment analyses were conducted to determine over- and under-represented biological processes among the differentially expressed genes in each treatment/time using the OmicsBox Enrichment Analysis tool, selecting Fisher’s Exact as the test method (Götz et al., 2008). For both the plant transcriptome and the collective microbial transcriptome, the annotated master transcriptome was used as the reference dataset, and the set of genes identified as differentially expressed over time in the treatment group versus the control group was used as the test dataset.
Data availability
The total RNAseq datasets generated during the current study are available in the Short Read Archive (SRA) on the NCBI database. The Bioproject accession number is PRJNA950600 and a temporary link during the review process is provided below: https://dataview.ncbi.nlm.nih.gov/ object/PRJNA950600?reviewer=acnbu6ct527lvh1vas8p3b3m33.
RESULTS AND DISCUSSION
Effects of biochar treatment on the growth of tomato plants
At the end of the time course, shoot fresh biomass and fruit weight of control and biochar-treated tomatoes grown in organically fertilized soil were assessed (Figure 1). No significant differences were observed (p < 0.05) between treatments for these parameters; control tomato plants had a mean fresh shoot biomass of 1.96 kg, while the biochar treated plants had a mean fresh shoot biomass of 2.07 kg (+5.6%). Furthermore, control plants and plants grown in the biochar-amended soil had nearly identical fruit biomass (5.56 and 5.50 kg, respectively).
[image: Figure 1]FIGURE 1 | Shoot fresh biomass (A) and fruit biomass (B) at time 4 (fruiting, 70 days) of tomatoes grown in biochar-amended organic soil or control soil (no biochar). No significant differences were observed in shoot or fruit biomass (p < 0.05); however mean shoot biomass was higher in the biochar-treated tomato plants.
Many of the soil environments in which biochar has proven beneficial are marginal in nature (Liu et al., 2013; Yu et al., 2019). WSU organic farm represents healthy soils, and it has been demonstrated that the impact of soil amendments is limited in well-balanced soils (Hussain et al., 2017). Therefore, it was not surprising that plant growth and yield were not impacted in this study. Although, the application rate or timing of application of the biochar also needs to be determined. These results lend support to biochar as an avenue for long-term carbon sequestration that does not negatively impact crop production when incorporated into agricultural soils.
Rhizosphere functional activity
A novel aspect of this work is that we approach the characterization of the soil rhizosphere from a metatranscriptomics perspective, rather than metagenomics, to look at functional activity rather than abundance; this is expected to provide a better understanding of not only what microbes are present in the rhizosphere, but also which ones are the most active. Microbial diversity as a function of expressed transcripts pertaining to each taxon identified via functional annotation decreased slightly over time for the control rhizosphere. The biochar-treated rhizosphere displayed lower diversity at the first developmental time point (day 25); however, from day 40–day 70, the biochar-treated rhizosphere displayed higher diversity than that of the control (Figure 2A). In addition to diversity, rhizosphere activity was assessed as a function of the total number of normalized reads corresponding to functionally annotated microbes in each treatment and at each time point (Figures 2B–D). Analysis of rhizosphere bacterial expression (Figure 2B) revealed a quadratic increase in expression in the control throughout the treatment, and lower expression of the bacteria in the biochar-treated rhizosphere overall, particularly by the end of the time course (70 days). Interestingly, we observed that 80% of the rhizosphere transcript reads corresponded to Streptomyces bacteria; thus, to better understand the impact of biochar on the remaining soil bacteria, the full bacterial dataset was analyzed without Streptomyces (Figure 2C). In the latter analysis, the biochar-treated rhizosphere displayed elevated microbial gene expression in comparison with the control from day 25–day 55. By day 70, the treatment and control were approximately the same and had both demonstrated increased overall gene expression over time. With regards to fungal diversity, the main changes were observed at the fruiting stage of the plant (day 70), where biochar treatments resulted in decreased fungal gene expression (Figure 2D). Together these results provide a high-level overview of the impacts of biochar on the overall diversity and expression of the bacterial and fungal communities in the tomato rhizosphere.
[image: Figure 2]FIGURE 2 | Rhizosphere microbial diversity (A); bacterial functional activity (B); bacterial functional activity, minus Streptomyces (which represented an overwhelming majority of the soil microbiome) (C), and fungi functional activity (D) in biochar-treated and control soil regimes. Time points: 1) 25 days–third-leaf stage; 2) 40 days–vegetative stage, pre-flowering; 3) 55 days–flowering stage; 4) 70 days–fruiting stage.
Expression of top microbial taxa
The most highly expressed bacteria in the tomato rhizosphere included the following groups 1) Proteobacteria–Rhizobiaceae, Nitrosomonadaceae, Pseudomonadaceae, Enterobacteriaceae, Comamonadaceae, Sphingomonadaceae, Methylophilaceae, Xanthomonadaceae, Oxalobacteraceae; 2) Actinobacteria–Nocardiaceae, Microbacteriaceae, Micromonosporaceae, Streptomycetaceae; 3) Bacteroidetes–Flavobacteriaceae; and 4) Firmicutes–Paenbacillaceae. Nearly all of these microbes displayed elevated gene activity in response to biochar throughout the time course, namely, Rhizobiaceae, Pseudomonadaceae, Enterobacteriaceae, Sphingomonadaceae, Xanthomonadaceae, Microbacteriaceae, and Micromonosporaceae (Figure 3).
[image: Figure 3]FIGURE 3 | Normalized gene expression of the top 15 bacterial families (representing approximately 90% of the gene expression activity in the rhizosphere), identified in the biochar-treated and control tomato rhizospheres throughout four plant developmental stages. Letters in parenthesis indicate the phylum to which each family of bacteria pertains (P, Proteobacteria (A–I); A, Actinomycetes (J–M); B, Bacteroidetes (N); F, Firmicutes (O)). Time points: (1) 25 days—third-leaf stage; (2) 40 days—vegetative stage, pre-flowering; (3) 55 days—flowering stage; (4) 70 days—fruiting stage.
Many of the bacteria that increased in functional activity in the biochar-amended rhizospheres in comparison to the control rhizospheres over time are known to be beneficial to soil health and plant growth, while only a few have potentially detrimental effects. Beneficial features of highly expressed soil bacteria include nitrogen fixation and assimilation (Rhizobiaceae, Enterobacteriaceae, Oxalobacteraceae, Microbacteriaceae); nitrogen cycling (Nitrosomonadaceae, Pseudomonadaceae, Enterobacteriaceae, Comamonadaceae, Oxalobacteraceae, Microbacteriaceae, Paenbacilliaceae); carbon cycling (Pseudomonadaceae, Comamonadaceae, Sphingomonadaceae, Methylophilaceae, Microbacteriaceae, Streptomycetaceae, Flavobacteriaceae); plant growth promotion (Rhizobiaceae, Pseudomonadaceae, Enerobacteriaceae, Comamonadaceae, Sphingomonadaceae, Oxalobacteraceae, Microbacteriaceae, Paenbacilliaceae, Flavobacteriaceae); biodegradation of organic compounds (Pseudomonadaceae, Comamonadaceae, Sphingomonadaceae, Nocardiaceae, Paenbacilliaceae); and antimicrobial, antifungal, disease suppressive, and/or fungistatic properties (Pseudomonadaceae, Oxalobacteriaceae, Xanthomonadaceae, Nocardiaceae, Microbacteriaceae, Micromonosporaceae, Streptomycetaceae, Paenbacillaceae, Flavobacteriaceae) (Table 1).
TABLE 1 | Soil bacteria with the highest functional activity identified in the biochar-amended tomato rhizosphere and their known functions.
[image: Table 1]As indicated previously, the microbial taxa most highly represented in all samples pertained to the family Streptomycetaceae (and primarily of the Streptomyces genus). Streptomyces are common soil Actinomycete bacteria. They have been described as important soil microbes due to their production of beneficial bioactive compounds, including enzymes that can enhance soil health and fertility, and have positive impacts on agriculture overall (Olanrewaju and Babalola, 2019). Furthermore, some Streptomyces have been characterized as free-living diazotrophs and are believed to contribute substantial nitrogen to some ecosystems (Dahal et al., 2017). In a recently published study, Streptomyces was reported to be the potential keystone species in an organic system where a shotgun metagenomics study was performed (Khoiri et al., 2021). Interestingly, while the other bacterial families discussed displayed elevated gene expression in response to biochar treatment, Streptomycetaceae displayed initial elevation in gene expression followed by reduced expression by the end of the time course. Reduction in Streptomycetaceae is possibly explained by increased competition for resources that is expected to occur as the other microbial families increase in abundance. Several other recent studies have reported a reduction in Streptomycetaceae bacteria abundance in response to biochar amendment (Yang et al., 2022; Wang et al., 2023).
Similar to the results seen for rhizosphere bacteria, biochar application resulted in changes in the expression of the fungal communities in the soil over time; in particular, it substantially altered the activity of beneficial and detrimental fungi. Of the major fungal taxa that were active in the rhizosphere microbiome, those with benefits to the rhizosphere include decomposers (Mortierella, Spizellomyces, Basidiobolus, and Podospora) and mycorrhizal fungi (Rhizophagus), the latter of which increases surface area for absorption of nutrients through symbiotic relationships with plant roots (Gujre et al., 2021; Chen et al., 2022). Rhizophagus has also been reported to utilize biochar as a medium for growth (Hammer et al., 2014). Expression of beneficial fungi decreased over time, but was generally higher in the biochar-treated rhizosphere than the control, particularly during the initial half of the time course (Figure 4A).
[image: Figure 4]FIGURE 4 | Expression of beneficial (A) and pathogenic (B) soil fungi. Beneficial bacteria include (Mortierella, Spizellomyces, Basidiobolus, Podospora, and Rhizophagus). Pathogenic bacteria include (Fusarium, Rhizoctonia, Verticillium, Synchytrium, Colleotrichum, Moniliophthora, Puccinia, Stachybotrys, and Thermothielavioides). Time points: 1) 25 days–third-leaf stage; 2) 40 days–vegetative stage, pre-flowering; 3) 55 days–flowering stage; 4) 70 days–fruiting stage.
Pathogenic fungi present in the rhizosphere include Fusarium, Rhizoctonia, Verticillium, Synchytrium, Colleotrichum, Moniliophthora, Puccinia, Stachybotrys, and Thermothielavioides. Biochar treatment generally decreased the functional activity of pathogenic fungi throughout the developmental time course (Figure 4B).
Previous studies have shown that biochar has the potential to enhance the abundance of beneficial microbes in the soil and reduce the abundance of detrimental microbes, in some cropping systems (Meng et al., 2019; Pathy et al., 2020), thereby contributing to the suppression of diseases caused by soilborne pathogens (Jaiswal et al., 2017). Our study lends important additional insight regarding the impact of biochar on the gene expression activity of microbes in the soil. Together, the observations regarding soil microbial functional activity suggest that biochar presence does indeed influence the temporal expression activity of important soil microbes, with biochar resulting in increased microbial activity and, in many cases, curbing the expression of detrimental microbes.
The porosity of biochar and its chemical properties are thought to be some factors that underly its benefits to soil health (Jaafar et al., 2014; Mousavi et al., 2022). The increased expression of beneficial microbes in the biochar-treated rhizosphere throughout the time course is likely due in part to the increased available carbon, as well as to the presence of increased surface area and improved soil aeration resulting from the porosity of biochar, the latter of which is expected to facilitate enhanced microbial colonization within the biochar pores. Moreover, through direct, and potentially symbiotic, interaction with the tomato roots—which are known to exude different metabolites throughout their development (Jacoby et al., 2020)—the promoted microbial communities are expected to influence soil health, and potentially also plant growth and fruit yield/quality (although the latter effects were not observed within this experimental time frame).
The temporal progression of expression changes of bacteria, down to the genus level, was visualized using heat tree maps (Figure 5). Because Streptomyces were present at significantly higher levels than all other bacteria, their expression was visualized separately to better resolve the expression changes of all other bacteria. This format provides a glimpse of expression changes in both high-level (e.g., phylum, class) and lower-level (family, genus) taxonomic classifications. At the high level, we observed elevated expression for Actinobacteria, Proteobacteria, and Firmicutes in the biochar-treated versus control rhizosphere at all time points; Bacteroidetes displayed elevated expression only at 40 days. At the genus level, highly expressed microbes among the Actinobacteria include 1) nitrogen-fixing, cycling, and/or nitrifying bacteria (e.g., Rhizobium, Klebsiella, Mesorhizobium, Sinorhizobium, Nitrosomonas, Nitrospira, Arthrobacter, and Ensifer), plant growth-promoting bacteria (e.g., Pseudomonas, Paenibacillus, Bacillus, Stenotrophomonas); a number of microbes involved in organic matter degradation, including (e.g., Flavobacterium, Rhodococcus, Mycobacterium, Sphingomonas, Thermoactinomyces, Variovorax, etc.); and bacteria involved in the production of antimicrobial compounds (e.g., Actinoplanes, Plantactinospora, Nonomuraea, Nocardia, and Chromobacterium) (Figure 5). Uncultured Candidatus, many members of which are responsible for plant diseases, displayed reduced abundance at all time points in the biochar-treated rhizosphere than in the control. Streptomyces displayed initial heightened expression in the biochar treated soil, but this expression was curbed over time and was significantly reduced in comparison with the control at the final sampling time point (fruiting stage, 70 days). A similar visualization was performed for fungi (Supplementary Material S1).
[image: Figure 5]FIGURE 5 | Heat tree maps indicating expression of soil bacteria in the control and biochar-treated tomato rhizospheres over time. Streptomyces is shown separately due to their disproportionately high expression in the soil rhizospheres in all treatments/times. Time points: 1) 25 days–third-leaf stage; 2) 40 days–vegetative stage, pre-flowering; 3) 55 days–flowering stage; 4) 70 days–fruiting stage.
Gene ontology enrichment analyses
Bacteria, fungi, and root differentially expressed gene sets were used to conduct GO enrichment analyses for each developmental time point to compare enriched biological processes and molecular functions in the biochar-treated versus the control rhizosphere. For the microbial datasets, due to the high number of enriched ontologies, an adjusted p-value filter of 0.001 was employed to facilitate the identification of the top GOs (Supplementary Materials S3, S4).
For bacteria, several ontologies were highly enriched in the biochar-treated rhizosphere in comparison with the control at all four time points and included nitrogen compound metabolic/biosynthetic processes (GO:1901566, GO:0034641, GO:0044271); biosynthesis of peptides, amides, and other organic substances (GO:0043043, GO:0006518, GO:0044249, GO:0009059, GO:0043604, GO:0043603, GO:1901576); structural molecules (GO:0003735, GO:0005198); and gene expression (GO:0010467). The enrichment of nitrogen compound-associated processes in the biochar-treated rhizosphere in comparison with the control rhizosphere is consistent with the observed increase in the overall activity of nitrogen cycling/fixing bacteria (e.g., J, etc.) observed for this treatment (Table 1; Figure 3). As nitrogen is a major nutrient limiting plant growth (Moreau et al., 2019), the increase in the nitrogen cycling microbes in the biochar-amended rhizosphere is an important finding. In addition to nitrogen, the enriched processes associated with the biosynthesis of organic compounds and structural molecules may result from the secondary compound-producing activity and/or need the direct microbe/substrate or microbe/root interactions.
Among the fungi, there were no ontologies that were significantly enriched throughout the full developmental time course; however, several GOs displayed enrichment from 25–55 days in the biochar-treated vs. control rhizosphere, including organic cyclic compound binding (GO:0097159, GO:1901363, GO:005488), binding of ions and nucleic acids (GO: 0005488, GO: 0043167, GO:0043169, GO:0003676), and oxidoreductase activity (GO: 0016491). Organic cyclic compounds, such as polyaromatic aromatic hydrocarbons (PAH) and those found in lignin and cellulose, are often found in organic matter (PAH found particularly in contaminated soils) and can be difficult to break down (Tomer et al., 2021; Vipotnik et al., 2021). However, some of the soil fungi identified in this study (e.g., Mortierella, Basidiobolus) have the ability to bind to these compounds, break them down via oxidoreductases (e.g., dioxygenases), and use them as a source of carbon and energy (Cerniglia, 1993; Wang et al., 2020; Wang et al., 2021; Sun et al., 2022), a finding consistent with the enrichment results.
In the plant roots, enriched GOs in the biochar-amended tomato rhizosphere versus the control were almost exclusively identified for the final developmental time point (at the fruiting stage). This suggests a lack of major changes in the overall functional activity of the roots during the earlier stages of plant development and may underly the lack of any significant differences in fruit and shoot biomass. At the final sampling stage, however, enriched functions associated with nitrogen metabolism (GO:004721, GO:0034641, GO:0006807, GO:1901566); organic substance metabolism (GO:1901576, GO:0071704); biosynthesis of peptides, amides, and other organic macromolecules (GO:0006412, GO:0006518, GO:0009059, GO:0043043, GO:0043603, GO:0043604, GO:0044249, GO:1901576, GO:0043170, GO:0019538, GO:0009058, GO:0071704); enzyme mediated regulation of biological processes (GO:0065009, GO:0030234, GO:0098772); and gene expression (GO:0010476, GO003723). That these functions are becoming active at the end of time course suggests that there is a delay in the response of the roots to the shift in the soil microbiome. As we did not see any significant differences in shoot biomass or fruit production in this study, these results suggest that perhaps the response to biochar and the shift in microbiome activity do not impact the plant as strongly during the vegetative growth stage but becomes more impactful at the time of fruit production. If the time for microbes to become established, colonize biochar, and interact with the plant roots requires several weeks to months, as appears to be the case for this trial, it is likely that a longer experimental time course would better address the question of how wheat-straw derived biochar impacts tomato growth in an organic soil regime.
Role of biochar in changing the tomato rhizosphere
Based on the results, we propose the following model for biochar’s action in the soil to explain the observations: The specific biochar amendment regime and conditions used in this study result in increased availability of carbon and other nutrients serving as a food source for beneficial microbes in addition to increasing surface area for microbial colonization due to biochar’s porous structure. As the rhizosphere begins to adjust to the new conditions, microbes begin to engage in processes such as nutrient cycling, decomposition of organic matter, and production of plant growth-promoting compounds. However, it may take several weeks, or even months, for the soil microbial community to establish and reach a new equilibrium after biochar amendment. This could be due to factors such as the initial state of the soil and the soil microbiome (e.g., biochar has been shown to elicit greater impacts on marginal soils than in already healthy soils), the amount and type of biochar added (chemical and physical composition varies based on feedstock source and pyrolysis temperature), and the climate and environmental conditions. Once the soil microbiome has adjusted to the new conditions, it can begin to positively influence plant growth by facilitating nutrient uptake, improving soil structure, and providing protection against soilborne diseases. However, the response in the plants may not occur immediately after the changes in the soil microbiome, as is seen in this study; in addition to the aforementioned factors, the plant’s genetic background and level of biochar application may also impact the magnitude and speed of response to biochar. A large number of enriched biological processes and molecular functions in the biochar-treated tomato roots only at the end of the time course, while enriched microbial ontologies were seen throughout the time course, suggests that a longer time course may be necessary in order to observe impacts of biochar on biomass and yield in the context of the given study parameters. The fruiting-stage plants may begin shaping the microbial communities around them by releasing metabolites that can selectively promote the growth of certain microbes while suppressing others (Jacoby et al., 2020). This can help reduce competition from harmful microbes that could affect the quality or yield of the fruit, while further enhancing the activity of beneficial microbes.
Implications of biochar use in organic production systems
Organic farming practices prioritize the preservation of soil health and fertility without heavy reliance on chemical/synthetic inputs. The outcomes of this study indicate that the incorporation of biochar as a soil amendment in organic cropping systems could serve as a valuable approach to positively impact soil health within such systems. The observed upregulation in gene expression activity among beneficial soil microbes associated with essential functions like nitrogen fixation, nutrient cycling, carbon cycling, and plant growth promotion indicates the potential of biochar to improve nutrient availability and cycling in the soil. Additionally, the observed decrease in the expression of pathogenic fungi within the biochar-amended rhizosphere highlights the potential of biochar for suppressing soilborne diseases, offering a natural and sustainable means of disease management. Furthermore, the intriguing observation of reduction in microbial function at the mature fruit stage indicates that biochar might be enabling better communication between the plant and the microbes and reduce the competition for carbon. In future work, it will be of interest to evaluate whether the use of biochar leads to reductions in yield penalties often observed under organic production systems (between 5–34%) (Seufert et al., 2012; Reganold and Wachter, 2016; Kravchenko et al., 2017; Sharpe et al., 2020). By capitalizing on the positive interactions between biochar and the soil microbiome, organic farmers can potentially minimize their dependence on conventional inputs while fostering sustainable soil fertility and crop production.
CONCLUSION
This work provides a proof-of-principle for using a metatranscriptome approach to understand changes in tomato rhizosphere functional activity in a biochar-amended organic soil regime. While biochar impacts on crop production are variable and depend on a number of factors, in this study, no changes to crop biomass or fruit yield were observed to the single concentration of biochar applied; importantly, however, the soil microbiome displayed the heightened functional activity of a number of beneficial microbes, and reduction in the activity of pathogenic fungi throughout the time course. Enrichment analyses revealed increased nitrogen cycling and breakdown of organic compounds in the soil microbiome throughout the time course, which were linked to increased nitrogen metabolism and primary metabolic processes in the tomato roots at the end of the time course; these findings indicate that, while biochar has a more immediate impact on the soil microbiome, a longer time course is needed to observe a plant-level response. Our findings lay the groundwork for future experiments that will consider additional variables (initial soil health/composition, plant genetic background, biochar type, and biochar rate of application) and measure additional parameters indicative of soil health (e.g., soil CEC, SOM, pH, and available N and C); in doing so, such studies will generate further knowledge that will aid scientists and producers to develop management plans for sustainable crop production and soil fertility.
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