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Plant growth-promoting bacteria (PGPB) are valuable for supporting sustainable food production and may alleviate the negative impacts of chemical fertilizers on human health and the environment. While single-strain inoculations have proven unreliable due to poor survival and colonization in the rhizosphere, application of PGPB in multispecies consortia has the potential to improve these outcomes. Here, we describe a new approach for screening and identifying bacterial consortia that improve the growth of corn relative to plants inoculated with a single strain. The method uses the microwell recovery array (MRA), a microfabricated high-throughput screening device, to rapidly explore the maize (Zea mays L.) rhizobiome for higher-order combinations of bacteria that promote the growth and colonization of the nitrogen-fixing PGPB, Azospirillum brasilense. The device simultaneously generates thousands of random, unique combinations of bacteria that include A. brasilense and members of the maize rhizobiome, then tracks A. brasilense growth in each combination during co-culture. Bacteria that show the highest levels of A. brasilense growth promotion are then recovered from the device using a patterned light extraction technique and are identified. With this approach, the screen uncovered growth-promoting consortia consisting primarily of bacteria from the Acinetobacter-Enterobacter-Serratia genera, which were then co-inoculated with A. brasilense on axenic maize seedlings that were monitored inside a plant growth chamber. Compared to maize plants inoculated with A. brasilense alone, plants that were co-inoculated with these consortia showed accelerated growth after 15 days. Follow-up root colonization assays revealed that A. brasilense colonized at higher levels on roots from the co-inoculated seedlings. These findings demonstrate a new method for rapid bioprospecting of root and soil communities for complementary PGPB and for developing multispecies consortia with potential use as next-generation biofertilizers.
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1. Introduction

Increasing crop production and enhancing plant health in a sustainable manner is critical in the face of climate change (Farooq et al., 2022), increasing population (Komarek and Msangi, 2019), reduction of cultivable lands (Maranguit et al., 2017), and pest or pathogen mediated diseases in crops (Leisner et al., 2022). While chemical fertilizers and pesticides remain necessary for enhancing food production, their indiscriminate use has proven unsustainable and negatively impacts human and environmental health (Chaudhary et al., 2022). Much effort has focused on exploiting plant growth-promoting bacteria (PGPB) as bioinoculants, i.e., biofertilizers, to enhance plant growth and address the limitations of chemical approaches (Mitter et al., 2021; Bhat et al., 2022). Biofertilizers offer a low-energy, environmentally friendly, and sustainable approach to promoting plant health and increasing biomass production. PGPB can fix nitrogen (Aasfar et al., 2021), produce phytohormones (Egamberdieva et al., 2017), stimulate root development (Gowtham et al., 2022), provide pathogen defense (Zhu et al., 2022), and alleviate environmental and human-induced stresses (Ma et al., 2019; Dodds et al., 2020). However, PGPB are often unreliable and pose a high economic risk amongst agricultural producers, limiting their broad adoption (Nakkeeran et al., 2006; Tabassum et al., 2017).

Currently, the biofertilizer market is dominated by diazotrophic PGPB, such as Rhizobium spp., Bradyrhizobium spp., Actinorhizobium spp., Azotobacter spp., and Azospirillum spp. (Stamenković et al., 2018; Pedrosa et al., 2020). Azospirillum brasilense is one of the most widely adopted diazotrophs, and it displays versatile C- and N-metabolism. It also promotes plant growth through additional mechanisms, including phytohormone production (Alzate Zuluaga et al., 2022), development of stress tolerance (Pedrosa et al., 2020), siderophore production (Ferreira et al., 2019; Timofeeva et al., 2022), phosphate solubilization (Bargaz et al., 2021), and phytopathogen inhibition (Viejobueno et al., 2021). With this array of benefits, significant effort has been given to understanding the microbial interactions that influence the association and colonization of A. brasilense and other diazotrophic bacteria with non-leguminous maize (Zea mays) crops (Dent and Cocking, 2017; Oliveira et al., 2018; Van Deynze et al., 2018). Prior studies have also shown that co-inoculation of A. brasilense with complementary organisms such as Bradyrhizobium (Wang et al., 2018; dos Santos Lima Fagotti et al., 2019) and cyanobacteria isolates (Hungria et al., 2010; Verma et al., 2011; Ferreira et al., 2013; Bashan et al., 2014) improves maize yield. This suggests that A. brasilense applied in a symbiotic, multi-species consortium may be key for its improvement as a biofertilizer. However, this requires isolating and identify new collections of complementary bacteria that are also well-adapted to the root environment.

As crop roots harbor diverse collections of beneficial bacteria (Philippot et al., 2013), recent bioprospecting efforts have targeted the rhizosphere and endosphere to uncover new PGPB strains (Mitter et al., 2021). For example, Aloo et al. (2021) recently prospected the potato rhizosphere to uncover isolates with multiple plant growth promoting traits, including bacteria from the Klebsiella, Serratia, Enterobacter and Citrobacter genus (2021). Jochum et al. (2019) screened the rhizosphere of perennial grass in semi-arid regions to uncover Bacillus and Enterobacter strains that improved the drought tolerance of wheat by modifying root architecture (2019). With respect to maize, Ikeda et al. (2020) uncovered Cellulosimicrobium, Bacillus, Stenotrophomonas, and Enterobacter strains from the maize root which were found to promote maize growth in greenhouse studies, albeit in a genotype-specific manner (2020). These studies demonstrate that crop roots are a rich resource of bacteria that have potential application as biofertilizers, and motivate screening the maize rhizosphere for bacteria that are interactive and complementary toward A. brasilense.

Uncovering favorable PGPB interactions is a daunting task due to the high degree of species diversity in root communities, which depends on soil type/conditioning, irrigation, and climate at different agricultural sites (Lee et al., 2020). Such a task necessitates the application of novel high-throughput screening technologies that can rapidly explore interactions in a microbiome and accelerate the pace of discovery. Here, we apply the microwell recovery array (MRA) (Barua et al., 2021) to rapidly search the maize (Zea mays L.) rhizobiome for collections of root-associated bacteria that improve A. brasilense growth. Subsequent experiments investigate the impact of these consortia on A. brasilense's root colonization and the resulting plant growth. The results demonstrate the unique ability of the MRA as a bioprospecting tool that generates combinations of microbes from root or soil samples that have positive effects on maize growth. The technique has the potential be extended to other plants and offers a new approach to screening plant rhizosphere for multispecies consortia that are potentially useful as biofertilizers.



2. Materials and methods


2.1. Preparation of Azosprillium brasilense strain Sp7-GFP and of Zea mays rhizobacteria

All bacteria strains and plasmids used in this research are listed in Supplementary Table 1. A. brasilense Sp7-GFP, herein referred to as Sp7, was received from the Alexandre lab (University of Tennessee, Knoxville) and was stored in 25% glycerol at −80 °C. Sterile inoculation loops were used to pick cells from the frozen stocks for culture in R2A broth media (pH: 7.2 ± 0.2, Teknova) in sterile test tubes supplemented with ampicillin (100 μg/mL) and tetracycline (5 μg/mL) for 24 hrs (28°C, 215 rpm). For collection of rhizosphere-associated maize (Zea mays) microbes, soil and root samples were first collected from a conservation tillage maize field located near Glen Eder, Kansas (Field coordinate: 39.3533616 and −98.362541, 1147 m above sea level). The growth stage at the time of sampling was VT (beginning of flowering). Soil samples from the site were sent to K-State Soil Testing Lab for a complete analysis of carbon, nitrogen, phosphorous content, and soil pH. The comprehensive analysis of the soil samples is listed in Supplementary Table 2. A total of 4 sets of soil and root samples were collected from maize plants, immediately stored on ice, transferred to the laboratory, and stored overnight at 4°C. 200 g of each root sample were washed with 200 mL of sterile, ice-cold 1X phosphate buffer saline (PBS buffer: 8 g/L NaCl, 0.2 g/L KCL, 0.2 g/L KH2PO4,1.15 g/L Na2HPO4, pH 7) for 20 min (Machado and Colli Mull, 2017). The resulting suspensions were filtered using 0.8 μm sterile filters and centrifuged at 4,400 rpm for 20 min to collect pellets composed of bacteria harvested from maize roots. Extracted cells from each root sample were combined, resuspended in 25% glycerol, and stored at −80°C.



2.2. Media selection

Microbes extracted from maize roots were inoculated from glycerol stocks and incubated in TY Media (10 g/L Bacto-tryptone, 10 g/L NaCl, 5 g/L Yeast Extract, pH: 7 ± 0.2), R2A media (0.50 g/L Yeast extract, 0.50 g/L Proteose Peptone, 0.50 g/L Casamino acids, 0.50 g/L Glucose, 0.50 g/L Soluble starch, 0.30 g/L Na-pyruvate, 0.30 g/L K2HPO4, 0.05 g/L MgSO4.7H2O, pH: 7 ± 0.2), or LB media (10 g/L Tryptone, 10 g/L NaCl, 5 g/L Yeast Extract, pH: 7 ± 0.2), in sterile test tubes for 24 h (28°C, 215 rpm). After incubation, cells grown in each culture media were stored at −80°C in 25% glycerol before the 16S amplicon sequencing used to identify the media that recovered the highest diversity of maize root-associated bacteria (described in Section 2.3).



2.3. 16S rRNA gene community sequencing of maize root isolates

Purified gDNA samples of cells directly extracted from maize roots (Section 2.1) or from cells after culture in TY, R2A, and LB media (Section 2.2) were obtained from the respective glycerol stocks. E.Z.N.A soil DNA kit (Omega Bio-Tek, Norcross, GA) and DNeasy Blood & Tissue Kit (Qiagen, Germantown, MD) were used for DNA extraction. gDNA was diluted to 20 ng/μL in 100 μL aliquots and sent to Integrated Genomics Facility (Department of Plant Pathology, Kansas State University, Manhattan, KS) for library preparation using Nextera XT index Kit v2 (Illumina, Inc., San Diego, CA) and Illumina MiSeq sequencing (2 x 300 bp PE) of the hypervariable V4 region of the 16S rRNA gene (MiSeq platform, PE-300bp format). The following Earth Microbiome Project primers were used to generate amplicons: 515F: 5'-GTGCCAGCMGCCGCGGTAA-3' and 806R: 5'- GGACTACHVGGGTWTCTAAT-3' (Caporaso et al., 2011). Cutadapt was used to remove adapter and primer sequences from raw reads (Martin, 2011), and reads with any ambiguous bases or more than 0.15 expected errors were discarded. The trimmed 16S-v4 reads were further quality-filtered, truncated, de-noised, and merged using DADA2 software (Callahan et al., 2016) to generate an amplicon sequence variant (ASV) table. Bimeric ASVs were identified using the consensus method and removed. ASVs were identified using the Naïve Bayesian Classifier (Wang et al., 2007) trained on the RDP trainset v16. The ASV table and taxonomic assignments were imported into R v.4.1.2 and analyzed using the tidyverse and phyloseq packages (McMurdie and Holmes, 2013; Wickham et al., 2019). After discarding ASVs that could not be confidently identified as either bacteria or archaea, the dataset included 499 ASVs with a mean of 58,962 reads per sample (standard deviation = 12,835).



2.4. MRA design, fabrication, and preparation

MRAs were fabricated by following the protocols described by Barua et al. (2021). Each array was divided into a 7 × 7 grid of sub-arrays, consisting of a 15 × 15 microwell arrays of 10 μm diameter, 20 μm depth, and 30 μm pitch. A total of 11,025 microwells were etched on a single 3-inch diameter N-type silicon wafer (University Wafers), coated with 1 μm thick layer of Parylene N (PDS 2010 Labcoater, Specialty Coating Systems), using standard photolithography techniques described in previous publications (Masigol et al., 2017, 2018). Cells were next seeded into the MRA devices. R2A was selected as the media for use in MRA operation, as this media was found to recover the most diverse collections of bacteria (Section 2.3, Supplementary Figures 1, 2). A. brasilense Sp7 and microbes extracted from maize roots were first cultured in R2A media to mid-log phase then resuspended in R2A to an OD600 of 0.2. Next, bacteria cells were inoculated in microwell arrays using protocols described previously (Barua et al., 2021). Based on prior MRA screens, we estimate this generated inoculum densities of ~40 cells per well, where wells are inoculated with a unique combinations of bacteria species (Hansen et al., 2016; Barua et al., 2021). For co-culture studies, cultures of Sp7 (OD600 = 0.2) and root-extracted microbes were mixed at a ratio of 1:1 to reach a final OD600 of 0.2. 700 μL of each cell suspension was seeded on top of microwell arrays for 1 h at room temperature. Then, the substrates were dried, followed by the parylene lift-off process to remove cells attached to the array's background regions (Hansen et al., 2016). A polyethylene glycol (PEG) photodegradable membrane was attached on top of the MRA seeded with cells. This membrane attachment step has been previously described in detail (van der Vlies et al., 2019; Fattahi et al., 2021), a summary of the protocol is also provided in the Supplementary material.



2.5. Time-lapse fluorescent microscopy and image analysis

Time-lapse fluorescent microscopy (TLFM) images were acquired with a Nikon Eclipse Ti-U inverted microscope equipped with a 20× objective, a motorized XYZ stage, a humidified live-cell incubation chamber (Tokai Hit), a DS-QiMc monochromatic digital camera, and NIS Elements image acquisition software. The prepared microwell arrays were placed in a custom 3D printed scaffold in order to keep them submerged under liquid media while imaging. The design of the scaffold was described previously (Barua et al., 2021). The scaffold was then placed inside a humidified live-cell incubation chamber at 28°C for co-culture and imaging. A FITC filter was used to image Sp7 (20×, 200 ms, 17.1× gain) with a neutral density filter and with 25% standard light intensity to ensure imaging without photobleaching. Brightfield images were also taken at each section of the array after fluorescent imaging. Images of the microwell arrays (3,600 microwells total) were taken every 60 min during culture. GFP fluorescent images from Sp7 were analyzed following the protocol described by Timm et al. (2017). The Protein Array Analyzer tool in ImageJ was used to generate growth profiles for each microwell to identify the top 2 wells with the highest growth levels for extraction. The time-lapse fluorescent images were imported as image sequences corrected by subtracting darkfield images from illumination field images with the image calculator plugin. Then image backgrounds were removed by selecting a 125-radius sliding paraboloid, and illumination correction was performed using the calculator plus plugin. Finally, the growth of each strain in the microwells was calculated using the ImageJ “Micro Array” plugin (Timm et al., 2017).



2.6. Recovery and storage of isolates from microwell arrays

Cells were extracted from microwell arrays using a Polygon400 patterned illumination tool (Mightex Systems, Pleasanton, CA) following previously described procedures (van der Vlies et al., 2019). The two promoter wells (A, B) showing the greatest final Sp7 growth levels after 24 h of co-culture were opened by exposing the well perimeter to 365 nm UV light in a ring pattern area with a 10 μm inner diameter and a 20 μm outer diameter as described in Fattahi et al. (2021). The extraction process was done sequentially for two promoter wells, the opened wells were then washed from the well using wash buffer (0.05% Tween in R2A media) into a ~ 200 mL volume, and cell suspensions were plated onto agar-R2A for overnight culture (28°C) and recovery of individual colonies. Five colonies from the two wells with unique colony morphologies were sampled from the plates, these colonies were cultured in R2A media and finally stored in 25% glycerol stocks. These consortia were labeled as promoting consortia 1-5 (PC1, PC2, PC3, PC4, and PC5).



2.7. Validation using 96-well plates

It was previously demonstrated that microbe-microbe interactions observed in the MRA microwells can be recapitulated in a 96-well plate validation assay (Barua et al., 2021). This approach was applied here to validate the growth enhancement of A. brasilense in co-culture with consortia PC1-PC5. To obtain cell-free culture fluid (CFCF), R2A liquid media was inoculated with each individual consortium directly from glycerol stocks using a sterile loop, and each sample was cultured (28°C, 300 rpm) in 2mL of media overnight. Cells were removed from the media by centrifugation (2000g, 10 min). To obtain conditioned media, the CFCF was then mixed with Sp7 in R2A media at a 1:1 volumetric ratio to reach an initial OD600 value of 0.2 (final volume = 100 μL), at which point growth was quantified with a Biotek Epoch 2 Multi-Mode Microplate Reader (28°C, 300 rpm). Unconditioned media (UCM), which represents the Sp7 growth in monoculture, was obtained following the same procedure, except 1X PBS was added to Sp7 in R2A media instead of CFCF. To verify that the OD600 measurement was due to Sp7 growth, CFCF from selected isolates without inoculation of Sp7 was also measured. A total of n=3 independent replicates were calculated for each culture condition. Growth rates and carrying capacities for each condition were quantified using Growthcurver (Sprouffske and Wagner, 2016). Statistical tests were performed using Statistical Analysis System (SAS) analytical software. Differences were identified by comparing Sp7 growth metrics in UCM with Sp7 growth metrics in CFCF from each separate consortium (PC1-PC5) using the Wilcoxon two-sample test to demonstrate Sp7 growth promotion with the consortia.



2.8. 16S rRNA gene community sequencing of microwell extracts

Consortia (PC1-PC5) were first cultured in R2A media by direct inoculation from glycerol stocks into R2A media and then incubated overnight (28°C, 215 rpm). Genomic DNA from each culture was then extracted using DNeasy Blood & Tissue Kit (Qiagen, Germantown, MD) following manufacture's protocol and DNA quality and quantity were measured using a NanoDrop spectrophotometer. DNA quantities (Ads260) of 39–47 ng/mL and DNA qualities (Ads260/Ads280) between 1.74 and 1.88 were measured. Genomic DNA samples were temporarily stored at 4°C in TE buffer, then sent to MR DNA (Shallowater, TX, U.S.A.) for 16S diversity analysis using an Illumina MiSeq sequencing (PE-300bp format). Updated Earth Microbiome primers (515F: 5′-GTGYCAGCMGCCGCGGTAA-3′ and 806R: 5′- GGACTACNVGGGTWTCTAAT-3′) were used to amplify the V4 region of the 16S rRNA gene (Apprill et al., 2015; Parada et al., 2016). Raw sequences were processed into ASV tables using the bioinformatic pipeline described above (Section 2.3). After removing reads that were unclassifiable at the kingdom level or classified as mitochondria or chloroplasts, the dataset included 153 ASVs. Rare ASVs (<0.5% relative abundance) were then removed, leaving 10 ASVs that together accounted for 99.1% of the original data. In this final dataset, the number of reads per consortium ranged from 401,854 to 592,830.



2.9. Plant growth studies to validate survival and colonization of A. brasilense Sp7

Plant growth studies were conducted to validate the enhancement of maize growth, as well as survival and colonization of Sp7 in maize rhizosphere when Sp7 was combined with five of the promoter consortia using the protocol described by Niu and Kolter (Niu and Kolter, 2018). First, Sp7 and each of one of the five consortia were inoculated in 2 mL of R2A broth and cultured separately overnight (28°C, 215 rpm). 50 μL of each culture was then transferred to 2 mL of fresh R2A broth and cultured for another 8 h at 28°C. Cells were then centrifuged at 4,400 rpm for 10 min and resuspended in 1X PBS. Cell suspensions from each consortium (PC1-PC5) as well as Sp7 were diluted to ~108 cells per milliliter. Each consortium was then mixed with Sp7 in 50 mL Falcon tubes in equal volume to prepare the final formulations (Sp7+PC1, Sp7+PC2, Sp7+PC3, Sp7+PC4, Sp7+PC5). Combining Sp7 with the promoting consortia in this way ensured that Sp7 was present at comparable levels for each of the five formulations. 80 surface-sterilized and germinated maize seedlings (genotype B73) were soaked in each formulation. Sp7 monoculture cell suspension and formulations without Sp7 (PC1, PC2, PC3, PC4, PC5), and a sterile 1X PBS control were included as controls. Seedlings were incubated without shaking at room temperature for 1 hr. Inoculated maize seedlings were then transferred onto 20 ml [image: image] Murashige and Skoog (MS) agar (0.8%) in 16 x 150 mm glass tubes with sterile forceps. Sterile empty glass tubes of the same size were attached to the tubes containing seeds in a mouth-to-mouth way using air porous tape (Niu and Kolter, 2018). Sealed glass tubes were then placed in test tube racks and were transferred to a plant growth chamber (Carolina Plant Environmental chamber, Carolina Biological Supply Company) under diurnal light under the following conditions: 8 h of light (day) at 27°C and 9,500 lux of light intensity, 16 h of dark (night) at 23°C, and relative humidity of 54%, and the growth of the maize seedlings was measured every 5 days for 15 days to measure plant height and Sp7 rhizosphere colonization in each sample. Plant growth was measured across n=6 replicate plants for each condition. The Wilcoxon two-sample test (SAS software) was used to identify differences in plant growth by comparing plant height after inoculation with Sp7 only to plant height after inoculation with Sp7 plus each separate consortium (PC1 + Sp7 to PC5 + Sp7).



2.10. Quantification of A. brasilense Sp7 abundance on maize roots

Roots generated from maize seedlings that were inoculated with Sp7 or with Sp7 and one of the five consortia (PC1-PC5) were sampled on day 15 after inoculation. Roots were then cut and washed with sterile 1x PBS to remove agar adhered to the root surface. A 1-cm long primary root fragment below the maize kernel was then cut, weighed (~20 mg each), and transferred into 1.5 mL centrifuge tubes containing six glass beads (diameter: 3 mm, Propper) and 1 mL sterile 1x PBS buffer. The bacterial cells colonized on the root surfaces were dislodged by sonication (amplitude: 30%; pulse: on 01 sec, off 01 s; time: 30 s) for 1 m, then vortexing for another 1 min. This step was repeated twice, then the tube was put on ice for 1 min. The cell suspensions were collected and sequentially diluted by a dilution factor of 108. 10 μL of the diluted suspensions were then spread on R2A agar supplemented with 200 μg/mL of ampicillin and 10 μg/mL of tetracycline to selectively recover Sp7. The plates were air-dried before incubating the plates at 28 °C in the dark for 16 to 60 hrs. The number of the colony-forming units (CFUs) was counted. Sp7 abundance, defined as CFU per mg root, was then calculated using the equation below (Niu and Kolter, 2018):

[image: image]

Sp7 abundance measurements were performed for n=3 replicates for each condition. The Wilcoxon two-sample test (SAS software) was used to identify differences in Sp7 abundance by comparing roots inoculated with Sp7 only to roots inoculated with Sp7 and each separate consortium (PC1+Sp7 to PC5+Sp7).




3. Results and discussion


3.1. Overview of the bioprospecting workflow and MRA device operation

The bioprospecting approach (Figure 1A) involves sampling maize roots to isolate the rhizobiome, then selection of a culture media that recovers rhizobiome isolates at highest taxonomic diversity. The MRA device then uses a co-culture screening process to select a combination of bacteria from the rhizobiome that best promotes the growth of Sp7. The promoting interaction between Sp7 and the consortia found in the MRA is validated in independent 96-well plate assays and the consortia are genomically characterized. After this, Sp7 and the promoting consortia are inoculated onto seedlings to investigate the impact on plant growth. A key step in this workflow is the MRA screening process (Figure 1B), which uses a stochastic cell seeding process characterized previously (Halsted et al., 2016; Hansen et al., 2016, 2021) to generate random collections of rhizobiome isolates and Sp7 cells in small (10 μm diameter) microwells which are compositionally unique from each other. Cells are then sealed into wells with a photodegradable membrane and co-cultured in the selected media. Sp7 growth is monitored in parallel across 3600 microwells using TLFM to reveal the location of individual wells containing consortia that best promote Sp7 growth rate and population size. These wells are tagged as promoter wells. Using a patterned light source, promoting consortia are extracted out of promoter wells (van der Vlies et al., 2019; Fattahi et al., 2020, 2021) and plated for recovery.


[image: Figure 1]
FIGURE 1
 (A) Workflow for bioprospecting the maize rhizosphere for isolates (blue cells) that improve the colonization of Sp7 (green cells) in maize roots. (B) Operational steps of the MRA device for screening and isolating consortia from the maize rhizosphere that promote the growth of Sp7. Figure was prepared with the assistance of BioRender software.




3.2. Media selection and MRA screening results

The goal of the media selection was to identify the media that would enable observation of a maximum number of interactions during MRA co-culture screen and that would recover the highest diversity of bacteria from the device. Here, LB, TY, and R2A media were considered and used to culture bacteria from maize rhizosphere, cultures were then characterized with 16S-V4 rRNA gene sequencing. Community analysis for the rhizosphere microbiome showed members of four bacterial phyla (Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria), with the genera Pseudomonas, Serratia, Acinetobacter, Enterobacter, and Stenotrophomonas at high relative abundances (Supplementary Figure 1). As expected, diversity of the original root washes was much higher than the diversity of any of the cultured communities. Of the three media, R2A supported a slightly higher diversity of bacterial ASVs (Supplementary Figure 2) and was selected as the culture media for the MRA screen and for all further cultures.

After media selection, the MRA workflow (Figure 1B) was followed to screen for unknown interactions between the microbes extracted from maize rhizosphere and Sp7. Monoculture control arrays seeded with Sp7 only were first performed (Figure 2A) to generate baseline growth curves. Then co-culture arrays seeded with Sp7 and the root isolates in a 1:1 ratio were performed (Figure 2B). Compared to the monoculture control, significant changes in Sp7 growth metrics were observed with co-culture. Averaged endpoint fluorescence levels of Sp7 monoculture across the measured wells showed relatively low variance (s2 = 67) compared to co-culture (s2 = 553), indicating a wide range of impact due to the addition of the various combinations of rhizobacteria in wells across the array. In the co-culture wells, a noticeable lag time was observed for Sp7 growth compared to the monoculture wells, and low levels of Sp7 growth were most frequently observed, which could be due to competitive and/or antagonistic interactions with many of the rhizobacteria. In fact, relative to the monoculture wells, Sp7 exhibited enhanced population growth in only 16.5% of the co-culture array. Wells with highest Sp7 growth and end-point fluorescence signals were identified in the co-culture array using Grubb's outlier testing, and these “promoter wells” were targeted for selective recovery of the putative promoter isolates.


[image: Figure 2]
FIGURE 2
 (A) Sp7 growth trajectories across a 225 microwell subset in the MRA device during monoculture. (Inset) Corresponding TLFM images of a sample 15 × 15 array of microwells during Sp7 monoculture. (B) Sp7 growth trajectories of a sample 15 × 15 array containing a Sp7 promoter well during Sp7 co-culture with microbes recovered from maize rhizosphere. Growth trajectories that result in the highest end-point fluorescent signal (green line) indicate a well where highest levels of Sp7 growth promotion occurred. (Inset) Corresponding TLFM images of the sample 15 × 15 array of microwells during Sp7 co-culture.




3.3. Extraction, identification, and validation of promoter consortia

Consortia from the top two promoter wells on the co-culture MRA were extracted for characterization using 16S-V4 rRNA gene sequencing and then off-chip validation and application. Cells from the promoter wells became visible with brightfield microscopy after culture, as the cells protruded out of the well boundary due to the high levels of growth (Figure 3A, i). Promoter wells were exposed to ring patterned light (Figure 3A, ii) to remove the membrane from the top of the wells while minimizing cellular exposure to UV light, releasing cells into solution. After exposure, the cell mass could be observed moving out of an opened well (Figure 3A, iii), at which point it was retrieved by washing the arrays with R2A media. After this process, visible cells appeared removed from the promoter wells, and an opening in the membrane around the well was clearly visible (Figure 3A, iv), verifying the successful extraction. During previous development of this extraction protocol, it was demonstrated that minimal cross-contamination from other wells or from the outside environment occurred (van der Vlies et al., 2019), which ensured that the isolates recovered here originated from the promoter well. The extraction process was done sequentially for two promoter wells, and the extract from each individual well was then plated on R2A-agar to recover individual colonies.


[image: Figure 3]
FIGURE 3
 (A) Removal of communities from promoter wells. The perimeter of the promoter well was exposed to UV light in a 10 μm inner diameter and 20 μm outer diameter ring pattern (denoted by blue ring in (ii)) to open the photodegradable membrane above the well while also minimizing direct UV exposure to cells. After membrane degradation, cells were released from only the opened well. (B) Taxonomic bar plots of the composition of the 5 promoter consortia (PC1-PC5), extracted from promoter wells. ‘NA' indicates reads that were not assigned to one of the dominant genera. (C) Rarefaction curves generated prior to removal of rare ASVs indicate that the sequencing effort was sufficient to capture the full diversity of each promoter consortium. (D) Alpha diversity metrics are presented for the 5 promoter consortia. “ExpShannon” = Shannon diversity, calculated as e[Shannon index] . “InvSimpson” = Inverse Simpson diversity. “Observed” = number of ASVs.


After extraction and recovery, 16S-V4 rRNA gene of PC1-PC5 was performed to characterize the taxa present in the promoting consortia extracted from the promoter wells (Figures 3B–D). The analysis revealed that each consortium was dominated with cells from the Acinetobacter, Enterobacter, and Serratia genera, as well as smaller amounts of Lactococcus cells (<10%) and some Pseudomonas cells (<2%). Measures of alpha diversity for the consortia (Figure 3D) were lower than those of the input (Supplementary Figure 2), demonstrating that the device was able to refine the rhizosphere communities that were input into the device toward interacting members. It should be noted that the compositions of all consortia were similar, with only minor differences in composition at the genus level. This was expected because these consortia originated from one of two wells, which were the top two wells on the array for promoting Sp7 growth. Because of these similarities, it was hypothesized that the five promoting consortia would function similarly to one other. However, with the compositional differences noted, each consortium was still included as independent seedling inoculum in the following studies. It is also notable that some of the genera dominant within these consortia could potentially have inherent plant growth promoting function, independent of Sp7. For example, several species in the Serratia genus have been reported to fix nitrogen [e.g., Serratia nematodiphila, Serratia ureilytica (Tang et al., 2020)] and produce indole-3-acetic acid and siderophores [e.g., Serratia marcescens (Khan et al., 2017; Matteoli et al., 2018)].

To verify the on-chip observations, interactions between each PC and Sp7 were recapitulated in an independent off-chip co-culture, following our previous validation assay procedure (Barua et al., 2021). Culture in CFCF accounts for the PC's diffusive effects on Sp7 in a scaled-up solution volume (from a 1.6 pL microwell volume to a 100 mL volume on the 96 well plate). As a control, a monoculture of Sp7 (OD600 = 0.2) in unconditioned media (UCM), which was R2A culture media instead supplemented with a blank solution (1X PBS) at a 1:1 ratio, was also performed and used for comparison. As a negative control, conditioned media from a PC was inoculated without Sp7 to verify that the measured growth in the other experiments was solely due to Sp7 and not due to contaminating microbes. Growth trajectories of each culture reveled that, congruent with microwell observations, higher levels of Sp7 growth occurred when cultured when in CFCF from each promoting consortium (Figure 4A). The corresponding growth metrics show significantly increased the growth rate and carrying capacity of Sp7 compared to the UCM monoculture control (Figures 4B, C, raw data provided in Supplementary Figure 3). This demonstrates that the Sp7 promotion effect from each consortium that was initially identified on the MRA device could be independently recapitulated, and motivated further investigation of the complementary formulations in the context of a root host.


[image: Figure 4]
FIGURE 4
 Validation of interactions. (A) Sp7 growth curves after inoculation into unconditioned media (UCM) or conditioned media from each of the five consortia (PC1-PC5). The black control line represents conditioned media without Sp7. (B) Corresponding growth rates and (C) carrying capacities of Sp7 in UCM or media conditioned with the promoter consortia (PC1-PC5). Statistical differences were identified by comparing Sp7 growth metrics in consortia-conditioned media with Sp7 monoculture growth metrics in UCM (Wilcoxon two-sample test, *P < 0.01, n = 3 independent experiments).




3.4. Effect of A. brasilense- isolate co-inoculation on maize growth

With a panel of five consortia with verified growth promotion on Sp7 in liquid co-culture, the effect of co-inoculation with Sp7 and each individual consortium on the growth of axenic maize seedlings was studied in a plant growth chamber environment. After inoculating the surface-sterilized and germinated seeds with a cell suspension containing both Sp7 and each consortium at a Sp7:consortium cellular ratio of 1:1, the axenic seedlings were transferred to a glass tube growth chamber and allowed to grow in ½ MS agar for 15 days (Figure 5A). Two control treatments were included for comparison, these were sterilized seedlings with no inoculation and sterilized seedlings inoculated with Sp7 only. Because several genera of bacteria found in the consortia samples also had known plant growth promoting properties, surface-sterilized and germinated seedlings inoculated only with individual consortia but no Sp7 were added as a final control study. This enabled a distinction between consortia-mediated plant growth due to Sp7 promotion and potential plant growth enhancement due to the promoting consortia alone.


[image: Figure 5]
FIGURE 5
 Growth of axenic maize seedlings in a growth chamber environment. (A) A double-tube growth chamber was used for accomodating surface-sterilized and germinated maize seedlings after inoculation with an ultrapure water blank (control), Sp7, or Sp7 with a promoter consortium (PC1-PC5). Two test tubes were attached in a mouth-to-mouth fashion with air-porous tape. (B) Growth of the maize seedlings in the double-tube growth chamber at day 15. (C) Comparison of plant heights for each treatment at day 5 and (D) at day 15 (*Wilcoxon Rank test: p-value < 0.01). n = 6 replicate trials.


In all the treatments involving Sp7, leaf emergence from all maize seedlings was observed on Day 2. It was therefore concluded that the promoting consortia combined with Sp7 did not have an observed impact on leaf emergence compared to single strain inoculation with Sp7. Co-inoculations also did not significantly impact plant height at Day 5 (Figure 5C). However, significant differences were observed at Day 15 (Figures 5B, D). At this time, seedlings grown after inoculating with Sp7 only showed significantly greater plant height compared to the axenic maize seedlings grown in no-inoculum conditions, demonstrating the positive impact of A. brasilense alone. Additionally, axenic seedlings soaked with Sp7 and each promoting consortium showed significantly greater plant height at Day 15 (p < 0.01) compared to both control treatments of Sp7 only and no inoculum. No significant differences in plant height were found between seedlings inoculated with Sp7 plus any one of the five consortia. This was not surprising given the similar composition of each promoting consortium (Figure 3B). Finally, 15-day plant height for the seedlings inoculated only with a promoting consortium but without Sp7 showed diminished growth compared to seedlings inoculated with Sp7 only, and minimal or no improvement relative to uninoculated seedlings (Figure 6). This demonstrated that the promoter consortia (PC1–PC5) must be combined with Sp7 to provide improvement in plant growth.


[image: Figure 6]
FIGURE 6
 Growth of axenic maize seedlings after innoculation with each promoter consortium (PC1-PC5) but without Sp7. (A) Plant growth in growth chambers after 15 days. Comparision of plant heights for each consortium at (B) day 5 and (C) day 15 with sterile seedlings (control) and with seedlings inoculated with Sp7 only. n = 6 replicate trials.




3.5. Promoter consortia increase A. brasilense population size on maize roots

Given the A. brasilense Sp7 growth promotion observed in MRA and 96-well plate co-cultures, combined with improved maize growth outcomes with seedling co-inoculations, we hypothesized that the promoter consortia enhanced plant growth by increasing Sp7 population sizes on root hosts during the plant growth studies. To test this hypothesis, we measured Sp7 abundances on the maize roots used in the plant growth studies by plating on antibiotic-supplemented R2A agar. As a control to verify that only Sp7 would be recovered from these plating experiments, the five consortia (PC1-PC5) were also plated on R2A agar plates supplemented with the Sp7 resistant antibiotics. No cell colonies were observed here (Supplementary Figure 4), verifying that the colonies observed in the plating experiment were Sp7. Quantification of Sp7 abundance from each sample revealed that three of the consortia (PC2, PC3, and PC5) generated the most significant increases in Sp7 root colonization levels (p < 0.01), while the other two (PC1, PC4) still generated significantly elevated levels of Sp7 (p < 0.05) relative to seedlings inoculated with Sp7 only (Figure 7). The differences in quantified Sp7 abundance levels between the different promoting consortia were mostly likely due to the differences in the consortia composition noted previously (Figure 3B). However, all formulations resulted in elevated Sp7 root colonization to some degree and all led to improved and equivalent plant growth after 15 days (Figure 5D).
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FIGURE 7
 Sp7 abundance in maize roots. Sp7 abundance (CFU/mg root) on maize roots inoculated with Sp7 only or co-inoculated with Sp7 and promoter consortia (PC1-PC5). (*Wilcoxon Rank test: p-value < 0.01; **Wilcoxon Rank test: p-value < 0.05). n = 3 replicate trials.





4. Discussion

Taken together, the findings show that by using promoting consortia to elevate the level of Sp7 population on the root host, the growth of maize could be accelerated. This suggests that the approach of pairing a well-known PGPB, such as Sp7, with collections of rhizosphere isolates that have positive interactions with the PGPB could be a viable strategy for advancing the formulation of next-generation, consortia-based biofertilizers for improved food production. These findings support a growing body of literature suggesting that applying PGPB as complementary, multi-species consortia instead of single-strain inoculations can improve crop health and development (Backer et al., 2018; Trivedi et al., 2020).

While the much of effort in developing PGPB formulations has focused on identifying and using complementary pair-wise interactions, a key advantage of the MRA platform is the capability to assemble cells at a consortium level and screen multi-membered interactions. By using small wells (10 μm diameter) that only partition a low number of cells, random consortia are generated across the array space, where cells are confined together at a length scale that facilitates intercellular interactions. While small wells are critical to platform design, this feature also presents challenges related to removal of consortia from the wells. Although an optimized, light-based extraction system is used (van der Vlies et al., 2019), cellular recovery from wells may still be incomplete, which may result in a recovered composition that is modified from the well composition. Likewise, culture-based recovery steps after extraction could shift community compositions from what it was in the promoter well. However, these drawbacks are mitigated by performing 96-well plate co-culturing validation assays that evaluate weather interactions present on the chip recapitulate in vitro. This is a critical step in this workflow. If the interaction can be successfully recapitulated, as done here, one can proceed with using the promoting consortium in plant growth studies.

Finally, it should be noted that the platform is reliant on co-culture during the screening and recovery steps, and is therefore only able to screen and recover consortia that consist of bacteria that are culturable in the selected media. This underscores the need to carefully select the media most appropriate to the specific screen. For example, depending on the specific goals of the study, it may be desirable to target the screen toward a specific group of bacteria (e.g., Rhizobium), in which case it would be appropriate to select a media that supports the growth of a wide range of isolates of that group. The approach taken here was to consider common culture media and select the one that recovered the highest diversity of bacteria. While this inevitably introduces bias that limits the interactions that can be found and the composition of consortia that can be recovered, from an application standpoint, culturability is a pre-requisite for generating enough inoculant biomass for seed coating. For improvement, one may consider performing the co-cultures in the presence of root exudates, which may contain natural growth factors that fit the metabolic requirements of more diverse collections of isolates.



5. Conclusions

Poor survival and colonization of PGPB after single strain inoculations highlight the need to exploit microbe-microbe interactions to improve the growth, survival, and function of beneficial microbes in the rhizosphere. Here, we use a new technology platform for high-throughput screening of multispecies consortia that included A. brasilense, a well-known diazotrophic PGPB, and thousands of combinations of maize rhizobiome isolates taken from the field. Utilizing the unique capability of the platform to screen microbial interactions at a consortium level, consortia consisting of bacteria primarily of the Acinetobacter, Enterobacter, and Serratia genera that promoted the growth of A. brasilense were uncovered from the maize rhizosphere. Furthermore, for the first time, we demonstrated that interactions initially observed in the screening platform can also be observed in the context of root hosts, and that application of these MRA-assembled consortia can be used to elicit improved plant development. By coupling a well-known PGPB with bacteria native to roots that were observationally found to promote its growth and colonization, we present a new bioprospecting approach to discover multispecies consortia that have potential application as next-generation biofertilizers for food production. Future studies involve investigating the effect of these consortia on maize growth in more complex, soil-based systems in larger scale greenhouse studies and expanding the MRA platform capabilities to screening consortia that include fungi, which may further enhance plant responses. Moreover, the workflow developed here—consisting of field sampling, media selection, MRA screening, cross validation, and application—lays a foundation for future bioprospecting endeavors aimed at developing formulations of plant-associated microbes that can improve seedling vigor, crop yield, and tolerance to drought, salinity, and heat stress.
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