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Although biological nitrogen fixation (BNF) proceeds under mild conditions compared to the energy-intensive Haber–Bosch process, the slow kinetics of BNF necessitate the promotion of BNF activity in its practical application. The BNF promotion using purified nitrogenases and using genetically modified microorganisms has been studied, but these enzymes are unstable and expensive; moreover, designing genetically modified microorganisms is also a difficult task. Alternatively, the BNF promotion in non-modified (wild-type) microorganisms (enriched consortia) with humin has been shown, which is a humic substance insoluble at any pH and functions as an extracellular electron mediator. However, the taxonomic distribution of the diazotrophs promoted by humin, the levels of BNF promotion, and the underlying mechanism in BNF promotion with humin remain unknown. In this study, we show that taxonomically diverse heterotrophic diazotrophs, harboring nifH clusters I, II, and III, promoted their BNF by accepting extracellular electrons from humin, based on the characterization of the individual responses of isolated diazotrophs to humin. The reduced humin increased the acetylene reduction activity of the diazotrophs by 194–916% compared to the level achieved by the organic carbon source, causing adenosine triphosphate (ATP) synthesis in the diazotroph cells without increase in the CO2 production and direct electron donation to the MoFe protein of the nitrogenase in the cells without relying on the biological electron transfer system. These would result in BNF promotion in the wild-type diazotroph cells beyond their biochemical capacity. This significant promotion of BNF with humin would serve as a potential basis for sustainable technology for greener nitrogen fixation.
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INTRODUCTION

Fixation of inert molecular nitrogen (N2) into a useable form, such as ammonia (NH3), is both energy-demanding and challenging (Cherkasov et al., 2015). The industrial Haber–Bosch (H–B) process is one of the main nitrogen fixation technologies, and close to 40% of the total world population depends on the nitrogen fertilizer generated by this process (Smil, 2001). However, the extreme energy requirement of this method (Cherkasov et al., 2015) makes this process environmentally unsustainable and thus urges to look for an alternative of the process. Biological nitrogen fixation (BNF) is a naturally occurring N-fixation process, on the other hand, it proceeds to fix further under ambient conditions. The BNF was firstly reported in 19th (in 1888) century in the root nodules of legumes in symbiotic association with Rhizobia (Burris and Roberts, 1993; Bazhenova and Shilov, 1995; Rascio and La Rocca, 2018). Later, BNF was also observed in various prokaryotes, including bacteria, cyanobacteria, and archaea known as free-living diazotrophs, as well as in many other symbiotic systems. The BNF in diazotrophs is carried out by the catalytic action of nitrogenases. All nitrogenases consist of two-protein cascade with a homodimeric reducing component called Fe protein (nitrogenase reductase) and a heterotetramer catalytic component (nitrogenase), which can be MoFe protein, VFe protein or FeFe protein (Hales et al., 1986; Müller et al., 1992). However, BNF is also energy demanding process, that is, requiring ATP hydrolysis, which is coupled with electron transfer between two protein components of nitrogenase (Eq. 1) (Alberty, 1994). Although metabolically expensive, BNF is a good process from an environmental viewpoint because it is eco-friendly, self-regulating, and uses renewable and environmentally agreeable substrates as energy sources. In addition, the diazotrophs are reluctant to fix N2 in the presence of other available nitrogen sources due to the high level of energy required (Burris and Roberts, 1993) as shown in Eq. 1.

[image: image]

Since the rate of BNF by diazotrophs is slow, the promotion of BNF is desired to widen its application in the practical field, as well as to decrease the dependency on chemical fertilizers for crop production (Chen et al., 2019). Therefore, there is a need to enhance the efficiency of BNF activity, as even a small improvement, when extrapolated to global-scale production, will substantially improve N-fixation output worldwide. The BNF promotion has been studied using purified nitrogenase through a direct electron transfer via an electron mediator (Brown et al., 2016; Milton et al., 2016, 2017; Milton and Minteer, 2017; Badalyan et al., 2019). However, the purified enzymes are expensive and show low conversion efficiency, poor substrate selectivity, and increased susceptibility to irreversible damage due to O2 exposure (Cherkasov et al., 2015; Ortiz-Medina et al., 2019). Recently, bioelectrochemical nitrogen fixation (e-BNF) has been reported to promote BNF activity using genetically engineered non-diazotrophic cyanobacteria with integrated nitrogenase gene clusters using extracellular electron supply through soluble electron mediator (Dong et al., 2021a). In e-BNF, the further-engineered cyanobacterium with transmembrane electron transfer ability has also been utilized in the absence of any extracellular electron mediator (Dong et al., 2021b). However, it is an arduous task to make such a genetically engineered microorganism because of the complicated and time-consuming procedure. Moreover, the use of soluble electron mediator (e.g., methyl viologen) has the following disadvantages: It is toxic to human and the environmental health, mediates contamination with the product, inefficient transmembrane diffusion, mediates inactivation, and low energy efficiency (Kamel, 2013; Dong et al., 2021b).

We recently showed the promotion of BNF activity of the wild-type microbial cells instead of genetically engineered microbial cells, for the first time, using anaerobic nitrogen-fixing consortia by supplying extracellular electrons through solid-phase electron mediator, humin (Dey et al., 2021). Humin is an organo–mineral humic substance, chemically stable and insoluble in any pH, eco-friendly, formed by decomposition of organic materials conditions, and has been reported to have quinone- and sulfur-containing redox-active moieties (Pham et al., 2021, 2022). Moreover, humin has been reported as an extracellular electron mediator to promote not only BNF but also various microbial reactions, including carbon dioxide fixation (Laskar et al., 2020), reductive dehalogenation (Zhang and Katayama, 2012; Laskar et al., 2019), denitrification (Xiao et al., 2016), and iron reduction (Zhang et al., 2015b). Undoubtedly, the promotion of BNF activity of anaerobic consortia through an extracellular electron supply is an important discovery in the field of e-BNF. The consortia with BNF promotion by humin were dominated by Clostridiales (Firmicutes), however, major nifH genes (nitrogenase reductases) in the consortia were not detected by specific PCR technique (Dey et al., 2021) in spite of using various degenerate primer sets for nifH genes (Gaby and Buckley, 2012). Therefore, the type of nitrogenase promoted by humin has remained unrevealed. The promotion effect of humin on the BNF activity of the wild-type diazotrophs other than Clostridiales also remains unknown. On top of that, the potential involvement of electroactive microorganisms in the extracellular electron transfer between humin and diazotrophs cannot be ruled out since the consortia were used. Based on these considerations, this study was conducted using isolates (type strains) of heterotrophic diazotrophs with diverse taxonomic positions (including Clostridiales) and different nitrogenases to understand comprehensively the BNF promotion of heterotrophic diazotrophs with humin. Examined were the direct utilization of extracellular electrons from solid-phase humin by heterotrophic diazotrophs, the taxonomic distribution and nitrogenase diversity of heterotrophic diazotrophs promoted by humin, and the promotion levels by humin in comparison with the ones achieved by substrates. The effects of a reduced humin on the ATP synthesis in the diazotroph cells and on the nitrogenase activity without nitrogenase reductase were also examined to reveal the interactions between humin and diazotroph cells.



MATERIALS AND METHODS


Humin Preparation

Humin was extracted from the surface soil of the Kamajima paddy field (Endoaquept, Yatomi City, Aichi Prefecture, Japan) using a previously described method (Zhang et al., 2015a) with some modifications. In brief, the soil was air dried and sieved using a 1-mm mesh sieve. The sieved soil (100 g) was repeatedly washed by shaking with a chemical solution (24 h), followed by centrifugation (8,000 g, 15 min, 24°C) and decantation. Chemical solutions for washing were as follows: Ten times with 150 ml of 2% HF, 10 times with 150 ml of 0.1 M NaOH, 10 times with 150 ml of 2 % HF, and 20 times with 150 ml of ultrapure water. After washing, the pH was adjusted to 7.0, using 0.1-M NaOH. The pH-adjusted humin was freeze dried, ground using a ceramic mortar and pestle, and subjected to the experiments.



Type Strains of Diazotrophs

Thirteen N-fixing bacterial type strains of different phyla and one N-fixing archaeon were used: Azorhizobium caulinodans JCM 20966, Ensifer fredii JCM 20967, Rhodobacter sphaeroides JCM 6121, Pelomonas saccharophila JCM 15912, Derxia gummosa JCM 20996, Rubrivivax gelatinosus JCM 21318, Azotobacter vinelandii JCM 21475, Pseudomonas stutzeri JCM 5965, Geobacter sulfurreducens DSMZ 12127, Paenibacillus macerans JCM 2500, Clostridium pasteurianum JCM 1408, Clostridium tyrobutyricum JCM 11008, Nocardia cellulans JCM 9965, and Methanosarcina barkeri JCM 10043. These strains were purchased from Japan Collection of Microorganisms (JCM) at the RIKEN BioResource Research Center (Tsukuba, Ibaraki, Japan), through the National Bio-resource Project of the Ministry of Education, Culture, Sports, Science, and Technology (MEXT), Japan, and from the DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Germany. They were maintained as cultures in the media recommended by JCM or DSMZ, as shown in Table 1.


Table 1. List of the studied diazotrophs with their culture conditions.
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Culture Media for Examining N-Fixation

Three modified nitrogen-deficient Ashby (MNDA) media (Ashby, 1907) were used to examine the N-fixation ability of the individual-type strains. The anaerobic medium was composed of MgSO4·7H2O (0.2 g/L), K2SO4 (0.1 g/L), NaCl (0.2 g/L), K2HPO4 (0.2 g/L), CaCO3 (5 g/L), trace elements, vitamins, and an organic carbon source. The trace elements were provided by the addition of 1 ml/L of trace element solution SL-10 (Widdel et al., 1983) and vitamins by 10 ml/L vitamin solution (Sanford et al., 1996). The anaerobic condition of the medium was achieved by sparging with N2 gas for 90 min, followed by flushing the headspace for 5 min. The different organic carbon sources used for the individual strains along with the recommended incubation temperatures, are summarized in Table 1, along with the recommended incubation temperature. The anaerobic MNDA HEPES medium was obtained by replacing the CaCO3 buffer with 30-mM HEPES, and the anaerobic MNDA [image: image] medium was prepared by replacing CaCO3 with NaHCO3 (0.85g/L) and N2 gas with a mixture of N2 and CO2 gases (80:20) for 90 min followed by flushing the headspace for 5 min.



Preparation of Washed and Starved Culture

To examine the effect of humin on the N-fixation activity of the individual diazotrophs, washed and starved cultures were prepared. The maintained individual diazotrophs grown in the recommended medium were washed three times, suspended in organic carbon source-free MNDA HEPES medium, and by decanting the supernatant after centrifugation at 2,500 g for 5 min at 4°C. The washed individual microbial biomass was transferred into 20 ml of anaerobic MNDA HEPES medium with an organic carbon source in 50 ml-volume vial and incubated under anaerobic conditions at the recommended temperature (30, 35, or 37°C depending on the diazotrophs, as shown in Table 1) for 2 weeks. Subsequently, the cultured individual diazotrophs were rewashed three times to remove the residual organic carbon source. The washed culture was then transferred to the organic carbon source-free anaerobic MNDA HEPES medium and incubated for 2 weeks for starvation, after which the washed and starved individual cultures were subjected to further experiments.



Preparation of Humin With Different Redox States

The effect of the different redox states of humin on the N-fixation activity of the type strains was examined. An oxidized and a reduced humin were prepared in 200 ml of 0.5-M Na2SO4 solution using an electrochemical system consisting of a potentiostat (Automatic Polarization System HSV-110, Hokuto Denko, Osaka, Japan), two twisted platinum electrodes (1 m in length and 0.8 mm in diameter) as the working and counter electrodes, and an Ag/AgCl reference electrode [+0.199 V vs. the standard hydrogen electrode (SHE)], under anaerobic conditions using a vinyl anaerobic chamber (Coy-7450000, COY, Grass Lake, MI, USA). Two grams of autoclaved humin were reduced or oxidized by maintaining the redox potential at −0.4 V or +0.4 V (vs. SHE) for 24 h, respectively. After reaching the potential at the equilibrium state, the reduced and oxidized humin were collected by filtration through filter paper, dried using a vacuum pump, and subjected to the experiments.



Acetylene Reduction Activity (ARA) Assay

The ARA assay is a widely used method for examining N-fixation activity (Hardy et al., 1968, 1973). Therefore, an ARA assay was performed to assess the activity of the nitrogenase enzyme of the individual diazotrophs, which reduces N2 to NH3 and other substrates, including the reduction of acetylene to ethylene (Burris, 1991). The ARA assay was conducted using a 10 ml glass vial (referred to as the test vial). The test vial was autoclaved and sealed with a butyl rubber stopper and aluminum seal to ensure that no air exchange occurred. When the effect of humin was examined, 0.03 g (15 g/L) of humin (intact, oxidized, or reduced) was added anaerobically before sealing the test vial. The test vial was flushed with He gas aseptically to expel the air inside the vial, and 2 ml of the anaerobic culture medium (organic carbon source-free MNDA medium) was added. Then, 2 ml of washed and starved culture was aseptically transferred to each test vial, followed by a 200-μl acetylene gas injection. The ARA assays of two strains, A. vinelandii and C. pasteurianum, were also performed in the medium with vanadium as sodium orthovanadate dihydrate, Na3VO4·2H2O, by replacing Na2MoO4·2H2O at the same concentration in SL-10 solution (MNDA V medium). The amounts of acetylene and ethylene on day 0 (before incubation) and day 7 (after incubation) in the headspace were determined using a GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a Molecular Sieve-5A column (60/80 mesh, 3-mm inner diameter, and 2-m length), a Porapak N column (50/80 mesh, 3-mm inner diameter, and 3-m length) in a series, and with a thermal conductivity detector and a flame ionization detector, following the procedure described in a previous study (Dey et al., 2021).



Determination of Total Kjeldahl Nitrogen (TKN) and H2 Production in the Cultures of the Individual Diazotrophs With Humin at Different Redox States

Nitrogen fixation activity of the individual diazotrophs was also determined by measuring the total Kjeldahl nitrogen using the Kjeldahl digestion method (Kjeldahl, 1883) followed by spectrophotometric measurement of ammonium ion using the indophenol blue method (Keeney and Nelson, 1982). Serum vials (50 ml volume) were prepared with 25 ml of organic carbon source-free anaerobic MNDA medium. The medium was supplemented with intact humin (15 g/L), oxidized humin (15 g/L), or the reduced humin (15 g/L) before the vials were sealed. Medium without humin was also provided. For M. barkeri, an organic carbon source-free MNDA [image: image] medium was used. The medium was inoculated with 2.5 ml of washed and starved cultures of the individual diazotrophs, and incubated for 14 days at an appropriate temperature (30, 35, or 37°C depending on the diazotrophs; Table 1). Before and after 14 days of incubation, 5 ml of the culture sample was collected using a syringe and subjected to Kjeldahl nitrogen determination. In addition, H2 in the headspace was measured on day 0 (before incubation) and day 14 (after incubation) using a GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector, as described above. The experiment was performed at least in triplicate for each type of strain.



Determination of Respiration Rate and ARA

To examine whether humin works as a carbon source for promoting the N-fixation activity of the individual diazotrophs, the total CO2 was analyzed along with the ARA assay. The serum vials with 50-ml volume were filled with 35 ml of organic carbon source-free anaerobic MNDA HEPES medium in an anaerobic chamber and inoculated with the washed and starved culture 3.5 ml after the headspace was flushed with He gas for 5 min. One set of vials was supplemented with 15 g/L of the reduced humin and another set without humin. All vials were spiked with 1 ml of acetylene gas, and the prepared cultures were incubated for 14 days at an appropriate temperature (Table 1). Before and after the incubation, CO2, acetylene, and ethylene in the headspace were determined using a GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector and a flame ionization detector (described above). Aqueous phase [image: image] determination was performed by taking 15 ml of sample from the culture using a syringe before (0-day sample) and after incubation (14th-day sample). The samples were filtered using a membrane filter with 0.22-μm pore size (Millex®-Gv, Durapore™ PVDF membrane), and the [image: image] concentration in the filtered sample was determined using a total organic carbon analyzer (TOC–VCPH, Shimadzu, Kyoto, Japan). For A. vinelandii and C. pasteurianum, the organic carbon source-free anaerobic MNDA HEPES V medium was also provided by replacing Na2MoO4·2H2O in the SL-10 solution with Na3VO4·2H2O at the same concentration. For other diazotrophs, Na2MoO4·2H2O containing the SL-10 solution was used.



Determination of Carbon-Saturated Concentration of the Anaerobic MNDA Medium for Maximum ARA of the Diazotrophs

To determine the carbon saturation condition for maximum ARA of the individual diazotrophs, anaerobic MNDA medium containing different concentrations (up to 6 times of the standard concentration) of organic carbon was prepared. For the ARA assay, 2 ml of anaerobic MNDA medium with different organic carbon concentrations was added to six sets (with at least three replicates each) of test vials, and an ARA assay was performed as described above after the inoculation of 2 ml of washed and starved culture. The organic carbon concentration, defined as the organic carbon-saturated concentration at which diazotrophs exhibited the maximum ARA, was determined. The standard concentration of organic carbon (1 ×) was 0.125 g/L of glucose, 0.125 g/L of soluble starch, and 0.075 g/L of Na-pyruvate for A. vinelandii; 1 g/L of glucose and 0.125 g/L of soluble starch for C. tyrobutyricum and C. pasteurianum; for E. fredii, it consisted of 5 g/L of mannitol; and for P. macerans, it was 1 g/L glucose. For A. vinelandii and C. pasteurianum, the medium used was anaerobic MNDA V medium supplemented with Na3VO4·2H2O, replacing Na2MoO4·2H2O in SL-10 solution with the same concentration of Na3VO4·2H2O; these diazotrophs had vanadium nitrogenase. For other diazotrophs, an SL-10 solution containing Na2MoO4·2H2O was used for molybdenum nitrogenase.



The ARA Promotion of the Diazotrophs by Reduced Humin Under the Carbon-Saturated Condition

The ARA assay of the individual diazotrophs was performed by incubation with the inoculation with washed and starved culture under carbon-saturated conditions with the reduced humin. The autoclaved test vials were provided, allowing five sets (with at least three repetitions each), and the first to fourth sets were supplemented with 15, 30, 45, and 60 g/L of the reduced humin, respectively; the fifth set contained no humin. The test vials were added aseptically with 2 ml of He-bubbled anaerobic MNDA medium with 3- or 4-times organic carbon concentration (saturated concentration), followed by 2 ml of the washed and starved culture inoculation. After injecting 200 μl of acetylene gas into each vial, an ARA assay was performed on day 0 (before incubation) and day 7 (after incubation). For A. vinelandii and C. pasteurianum, a He-bubbled anaerobic MNDA V medium was used. For other diazotrophs, a normal SL-10 solution containing Na2MoO4·2H2O was used.



Total Bacterial Count (TBC) by Fluorescence Microscopy

The bacterial cultures were serially diluted (from 10−1 to 10−4) with PBSE buffer (130-mM NaCl, 1 mM EDTA, 30 mM K2HPO4, 30 mM KH2PO4, pH 7.0), filtered using a membrane filter with 0.2 μm pore size, and dried using a vacuum pump. Then, a drop of DAPI solution (ProLongTM Gold, Thermo Fisher Scientific, Waltham, MA, USA 02451) was placed over the membrane filter, the samples were kept in the dark for 2 h, and observed under a fluorescent microscope (Olympus DP70, Tokyo, Japan) using an excitation filter WU (Blue) with an excitation wavelength of 320–385 nm.



The ATP Assay

The ATP assay was performed using the CellTiter-Glo® 2.0 assay (G9241, Promega Corporation, Madison, WI, USA) and Victor nivo™ multimode plate reader (PerkinElmer, Inc. Waltham, MA, USA). Serum vials (50 ml volume) were provided with 20 ml of carbon source-free MNDA HEPES medium, which was bubbled with N2 for 90 min, and the headspace was flushed with N2 for 5 min prior to inoculation. For A. vinelandii and C. pasteurianum, the medium used was an organic carbon source-free anaerobic MNDA HEPES V medium, and M. barkeri had an organic carbon source-free MNDA [image: image] medium. One set of vials was supplemented with the 15-g/L reduced humin, and another set was not supplemented. Two milliliters of the washed and starved cultures were aseptically inoculated into each vial. Before incubation (day 0) and after incubation (day 3), an ATP assay was performed with 100 μl of culture according to the manufacturer's protocol. In brief, 100 μL of the sample was transferred to an opaque-walled multiwell plate, and an equal volume of CellTiter-Glo® 2.0 was added to the sample, and the contents were mixed for 2 min using an orbital shaker. The plate was then incubated at 23°C for 10 min to stabilize the luminescent signal, and luminescence was recorded at 700 nm.



Construction of Nitrogenase Overexpression Mutant

To construct the nitrogenase overexpression mutant, nifDK genes (gene ID: AOZ74834 and AOZ74835), from C. pasteurianum JCM 1408 (Supplementary Figure S1C) that encodes nitrogenase, were amplified using Phusion High-Fidelity DNA Polymerase (New England BioLabs, MA, USA), using nifDK primers nifDK-F_KpnI (5′- GGGGGGTACCTTTAATTTTGATGAGGGGTG−3′) and nifDK-R_XbaI (5′- GGTCTAGATGTCAATTCCATATAGAATGAC−3′), where the italic sequences denote restriction sequences for cloning. The PCR product was purified using a QIAquick PCR Purification Kit (Qiagen, Venlo, Netherlands) according to the manufacturer's instructions. The purified PCR product and cloning vector pBBR1MCS-2 were digested with KpnI and XbaI (New England BioLabs, MA, USA), and the digested PCR product was cloned into the digested pBBR1MCS-2 (pBBRnifDK) (Supplementary Figure S1A). Also, pBBRnifDK was introduced into Escherichia coli JM109λpir, derived from the E. coli K-12 strain. The expression of nifD and nifK in the constructed mutant was confirmed by qRT-PCR to be induced by 100-μM isopropyl β-D-1-thiogalactopyranoside (IPTG). The mutant was designated nifDK-OE.



Total RNA Extraction

The nifDK-OE mutant was cultured in a 20-ml N-free M9 medium containing 100 μM or no IPTG at an initial optical density at 600 nm (OD600) of 0.5 under anaerobic conditions at 30°C, and harvested 1 h after incubation. The total RNA was extracted using ISOGEN (Nippon Gene Co., Tokyo, Japan) according to the manufacturer's protocol. The extracted RNA was purified using the RNeasy Mini Kit and RNase-free DNase set (Qiagen, Venlo, Netherlands). The concentration and quality of the purified RNA were evaluated using a DeNovix DS-11 spectrophotometer (Denovix Inc., DE, USA) and the Agilent 4150 TapeStation system with RNA ScreenTape and RNA ScreenTape reagents (Agilent Technologies Inc., CA, USA) according to the manufacturer's protocol.



Quantitative Reverse Transcription PCR (qRT-PCR)

Quantitative reverse transcription PCR (qRT-PCR) was conducted using a LightCycler 1.5 instrument with LightCycler RNA Master SYBR Green I (Roche, Basel, Switzerland) following the manufacturer's protocol (Kouzuma et al., 2012). Briefly, a PCR reaction mixture contained 25-ng total RNA, 1.3 μl of 50-mM Mn(OAc)2 solution, 7.5-μl of LightCycler RNA Master SYBR Green I (Roche), and 0.15 μM primer sets [16S rRNA: 341F-518R (Luo et al., 2010), nifD: qrt-nifD-F 5′-GGTTGTGCTTATGCAGGATG-3′ and trt-nifD-R 5′-TCCTATAGGTCCGTGTGTGATG-3′, nifK: qrt-nifK-F 5′-GTTGCATTACTTGGAGATCCTG-3′ and qrt-nifK-R 5′-CTTCTGCAAGCATAGCATCG-3′) (Supplementary Figure S1I]. The DNA fragments of target genes (16S rRNA, nifD, and nifK) were amplified by PCR using Ex Taq polymerase (Takara Bio Inc., Shiga, Japan) and the same primer sets and purified by gel electrophoresis using a QIAEXII gel extraction kit (Qiagen, Venlo, Netherlands) according to the manufacturer's instructions to generate a standard curve. Standard curves were generated by amplifying a series of purified DNA fragments of each gene. Expression levels of target genes (nifD and nifK) were normalized based on the reference gene expression levels (16S rRNA).



Operation of Electrochemical Cells

The nifDK-OE mutant was cultivated in a single-chambered electrochemical reactor (115 ml capacity, Supplementary Figure S1B) under anaerobic conditions. The reactor was filled with 80 ml of modified N-free M9 medium, in which NH4Cl was removed (LaCroix et al., 2015). The nifDK-OE cells were cultivated in N-free M9 medium at 30°C for 2 h to consume the nitrogen compounds in cells completely and were then inoculated into the medium containing 50 μg/ml kanamycin and 100-μM IPTG at an OD600 of 0.01. When necessary, 5 g/L of humin was added to the medium. The reactor was sealed with a cap equipped with a carbon rod (diameter, 5 mm; length, 15 cm) as the working electrode; platinum wire (diameter, 0.8 mm; length, 1 m) as the counter electrode; and Ag/AgCl as the reference electrode, and purged with pure nitrogen gas for 30 min. The working electrode was poised at −0.5 V vs. SHE using a potentiostat (Automatic Polarization System HSV-110, Hokuto Denko, Osaka, Japan).



The DNA Extraction

For the extraction of DNA from the nifDK-OE mutant, nifDK-OE cells incubated in the electrochemical reactor were collected after 0 and 72 h of incubation and subjected to the extraction of total DNA using the FastDNA SPIN Kit for Soil (MP Biomedicals, CA, USA) according to the manufacturer's instructions. The purified DNA was dissolved in 50 μl of DES solution in the kit.



Quantitative PCR (qPCR)

The abundance of the target genes (16S rRNA) in the cultures was measured by quantitative PCR. The standard DNA fragments were amplified using primer sets 341F-518R for 16S rRNA (Dey et al., 2021) and purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA). The qPCR was performed using LightCycler systems and a LightCycler DNA Master SYBR Green I (Roche Diagnostics, Basel, Switzerland), as previously described (Dey et al., 2021).



Statistical Analysis

Statistical analysis was performed using t-test, two-tailed Pearson's correlation assignment, or one-way ANOVA followed by post hoc analysis by Tukey's method using the software IBM, SPSS, v.21.




RESULTS


Acceleration of a Wide Range of Diazotrophs by Extracellular Electron Donation From Humin

Fourteen heterotrophic diazotrophs from different taxonomic groups were used to test the effect of humin on BNF activity using the washed and starved cells in a modified nitrogen-deficient Ashby (MNDA) medium, based on the acetylene reduction activity (ARA) and total Kjeldahl nitrogen content. Two Clostridium spp. were included in 14 diazotrophs as the representatives of Clostridiales, which were major taxonomic group in the nitrogen-fixing anaerobic consortia promoted by humin in the previous study (Dey et al., 2021). The test was carried out by providing 109 cells/ml of the diazotrophs initially (Supplementary Table S1). Figure 1 shows the effect of humin on ARA (indicator of nitrogenase activity) and total Kjeldahl nitrogen in the cultures of A. vinelandii and C. pasteurianum incubated in the absence of organic carbon source. Only the cultures with the reduced humin showed increases in both ARA and total Kjeldahl nitrogen. No increase was observed in the cultures with intact humin, oxidized humin, or no humin, in the absence of other organic carbon source. Other 12 heterotrophic diazotrophs also showed the increases in ARA (Supplementary Figure S2) and Kjeldahl nitrogen (Supplementary Figure S3) with the reduced humin in absence of other organic carbon source. Table 2 summarizes the specific BNF (nitrogenase) activities, i.e., BNF activity per cell, of the heterotrophic diazotrophs with the reduced humin in the absence of organic carbon source. Since the fixed nitrogen, detected as the increased Kjeldahl nitrogen, and promotion of ARA by the reduced humin showed a significant positive correlation (r = 0.779, p < 0.01) (Supplementary Figure S4), the ARA assay was used for evaluating the N-fixing activity in the subsequent experiments. The MNDA medium contained molybdenum; therefore, molybdenum nitrogenase activity was promoted by the reduced humin. The promotion was also observed in vanadium nitrogenase using A. vinelandii and C. pasteurianum, when vanadium was used in the incubation medium instead of molybdenum (Figure 2). Since BNF generally accompanies H2 production, this substance was also identified. Most diazotrophs produced slightly more H2 than that calculated from the stoichiometry of the BNF reaction with the reduced humin (Supplementary Figure S5, Supplementary Table S1). The role of humin as an electron mediator to promote BNF, and not as a source of organic carbon for diazotrophs, was confirmed by no increase in the CO2 production and the presence of ARA with the reduced humin in organic carbon source-free MNDA media (Figure 3, Supplementary Figure S6). The cultures with the reduced humin did not show an increase in the amount of CO2 but ARA (ethylene production). While, neither CO2 nor ethylene production was detected in cultures incubated without humin. These results indicate that the reduced humin promoted BNF activity of a broad spectrum of diazotrophs, including alpha-, beta-, gamma-, and delta-Proteobacteria, Firmicutes, Actinobacteria, and Archaea, which harbor nitrogenases classified into clusters I, II, and III, regardless of whether molybdenum or vanadium, without producing CO2. It was also confirmed that no other electroactive microorganism was involved in the BNF promotion of the individual heterotrophic diazotrophs with humin. That is, a broad taxonomic and enzymatic spectrum of diazotrophs can be activated using not genetically engineered, wild-type cells by extracellular electron transfer through humin.
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FIGURE 1. Changes in acetylene reducing activity (ARA), as the amount of ethylene produced, and total Kjeldahl nitrogen (TKN) of the washed and starved C. pasteurianum (A) and A. vinelandii (B) with different redox states of humin during 7 days (for ARA) and 14 days (for TKN) of incubation. No organic carbon source was added to the culture medium. Controls without inoculation showed no ARA and no increase in nitrogen content (data not shown). ND: not detected. Symbols “*” and “**” denote significant differences at p < 0.05, and p < 0.01, respectively.



Table 2. Effect of reduced humin on the N-fixation activity of various heterotrophic diazotrophs, as increased Kjeldahl nitrogen (Kjeldahl N) and acetylene reducing activity (ARA) under organic carbon source-free conditions.
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FIGURE 2. ARA, as the amount of ethylene produced, of C. pasteurianum (A) and A. vinelandii (B) with different redox states of humin under vanadium conditions after seven days of incubation. No organic carbon source was added to the culture medium. No ARA was detected on day 0 (data not shown). Controls without inoculation did not show any ARA on days 0 and 7 (data not shown). ND, not detected.
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FIGURE 3. The CO2 amount and ARA, as the amount of ethylene produced, in the medium inoculated with washed and starved diazotrophs under the conditions with no humin and reduced humin during 14 days of incubation. Ensifer fredii was incubated under molybdenum conditions, and C. pasteurianum under vanadium conditions, respectively. No organic carbon source was added to the culture medium. Controls without inoculation showed no increase in CO2 or ARA, regardless of the presence of the reduced humin. ND is not detected. The symbols “**” indicates significant differences at p < 0.01.




Acceleration of ARA by Reduced Humin Beyond the Level Achieved by a Carbon Source

The ARA assays of washed and starved diazotrophs were performed with different concentrations of organic carbon sources to determine the saturated concentration of ARA. Figures 4A,C show that ARA increased to a maximum at four times of the organic carbon source in the culture of C. pasteurianum and at three times in E. fredii. There was no significant difference in ARA at higher concentration of the organic carbon sources than the saturated concentration. Obtained with the same trend, the saturated concentration of ARA was determined also for other diazotrophs (Supplementary Figure S7). Another ARA assay was performed to examine the effect of humin in a medium containing a saturated concentration of the carbon source. The results illustrated in Figures 4B,D show that the addition of the reduced humin further increased the ARA of C. pasteurianum and E. fredii, after ARA had previously reached a maximum with the organic carbon-saturated concentration. This further promotion was observed regardless of their taxonomic positions, nifH clusters, and nitrogenase type, as shown in Supplementary Figure S8. The promotion effect increased with an increase in the amount of the reduced humin, probably because of the greater number of supplied extracellular electrons. The promotion reached in the range between 194% of A. vinelandii (the lowest) and 916% (the highest) of E. fredii in the cultures with 60 g/L of reduced humin compared with the BNF activity of the diazotrophs tested with saturated organic carbon concentration but no humin, as 100%. The addition of the reduced humin did not increase the CO2 production, rather higher concentrations of the reduced humin inhibited the CO2 production (Figures 4B,D, Supplementary Figure S8B), which indicated the slackening of organic carbon metabolism. These results suggest that the supply of extracellular electrons through the reduced humin can further accelerate ARA and BNF activity.


[image: Figure 4]
FIGURE 4. ARA and the increased amount of CO2 in the cultures of E. fredii and C. pasteurianum with different concentrations of organic carbon and the reduced humin. Ensifer fredii was incubated under molybdenum conditions, and C. pasteurianum under vanadium conditions, respectively. The ARA of E. fredii (A) and C. pasteurianum (C) in anaerobic medium with different concentrations of organic carbon. The ARA and the CO2 production in the cultures of E. fredii (B) and C. pasteurianum (D) with saturated organic carbon concentration and different concentrations of the reduced humin over seven days. No ARA was detected on day 0 or in the abiotic controls. Different letters indicate the significant difference at p < 0.05.




Promotion Mechanism of BNF Activity by Reduced Humin

To elucidate the BNF promotion mechanism of the reduced humin, ATP synthesis in the diazotrophs was examined under conditions of the reduced humin with no organic carbon source. The results (Figure 5, Supplementary Figure S9) showed that all six washed and starved diazotrophs harboring three different nifH clusters (clusters I, II, and III), and containing both molybdenum and vanadium nitrogenases, had increased ATP content in their cells without producing CO2 (Figure 3, Supplementary Figure S6). Controls without inoculation showed no increase in ATP levels, regardless of the presence of the reduced humin. This indicates that the reduced humin activated oxidative phosphorylation for ATP synthesis in broad taxonomic and nitrogenase spectra of diazotrophs. The extracellular electrons from the reduced humin most likely enter the diazotrophs through the cell membrane upstream of the oxidative phosphorylation process taking place.
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FIGURE 5. Effect of the reduced humin on the changes in ATP amount of washed and starved E. fredii and C. pasteurianum under the conditions with no humin and reduced humin during 3 days of incubation. Ensifer fredii was incubated under molybdenum conditions, and C. pasteurianum under vanadium conditions, respectively. No organic carbon source was added to the culture medium. Abiotic controls did not show any increase in ATP amount regardless of the presence of reduced humin (data not shown). Error bars represent the standard deviation of triplicate measurements. The symbols “*” and “**” indicate significant differences at p < 0.05, and p < 0.01, respectively.


Moreover, to examine whether humin can transfer electrons directly to nitrogenase protein without the involvement of nitrogenase reductase, the nifDK gene overexpression mutant (nifDK-OE) was cultured in an N-free M9 medium containing glucose under conditions of intact humin or no humin using an electrochemical system. The atmospheric nitrogen was provided as nitrogen source. The experiment was carried out by supplying electricity as an external electron source (closed circuit) and without the supply of electricity (open circuit) for both intact humin and no humin conditions (Supplementary Figure S1). The nitrogen fixation activity of the mutant was assessed indirectly by measuring the growth of the mutant using copy number of 16S rRNA gene before (0 h) and after 72 h of the incubation. Increase in the relative copy number of 16S rRNA gene, that is, the growth of mutant was observed only under the conditions of humin and a closed circuit; no growth was observed under the other conditions (the conditions of open circuit, and the condition of no humin and closed circuit), which was attributed to nitrogen deficiency of the mutant for growth (Figure 6A). The results indicate that the presence of humin aided the nifDK-OE mutant to receive electrons from external electron supply from the cathode, and these received electrons were utilized by MoFe protein (nitrogenase) of the mutant to fix N2 necessary for their growth. As a consequence, only the mutant under the condition of humin and closed circuit showed the growth. It is noted that, in natural BNF, MoFe protein receives electrons for nitrogen fixation through Fe protein (nitrogenase reductase), which was not present in the nifDK-OE mutant. In the nifDK-OE mutant, the expression of nifD and nifK was induced in presence of isopropyl β-D-1-thiogalactopyranoside (IPTG), which was added to all samples and confirmed by qRT-PCR (Figure 6B). These results suggest that humin is able to transfer electrons to nitrogenase (MoFe protein) directly because the mutant does not have nitrogenase reductase (Fe protein) genes. The mutant is also not an electroactive microorganism, indicating a direct electron transfer into the cell without relying on a biological mechanism.


[image: Figure 6]
FIGURE 6. The growth of the nifDK-overexpression mutant (nifDK-OE) under nitrogen-deficient conditions in the presence of isopropyl β-D-1-thiogalactopyranoside (IPTG) (A) and the relative expression levels of nitrogenase genes nifD and nifK in the nifDK-OE mutant under the conditions with and without IPTG (B). Error bars represent standard deviations of the four measurements. The symbols “*” and “**” indicate significant differences at p < 0.05, and p < 0.01, respectively.





DISCUSSION

Increases in ARA and total Kjeldahl nitrogen (Figure 1, Table 2, Supplementary Figures S2, S3) without an increase in the production of CO2 (Figure 3, Supplementary Figure S6) were observed in all the studied diazotrophs under the conditions with the reduced humin, but not under the conditions with intact, oxidized, and no humin. This suggests that the promotion of BNF activity of heterotrophic diazotrophs with humin is due to extracellular electron donation from the reduced humin, as no other electron donor was present in the culture. In the previous paper using the enriched diazotrophic consortia (Dey et al., 2021), the potential involvement of electroactive microorganisms in the consortia could not be ruled out for the extracellular electron transfer from humin to the diazotrophs. This study using isolates of diazotrophs confirmed no involvement of other electroactive microorganisms in the BNF promotion of the examined heterotrophic diazotrophs with humin. The stoichiometric production of H2 by diazotrophs with the reduced humin also supports the promotion of BNF through extracellular electron donation by humin (Supplementary Figure S5, Supplementary Table S1). Humin does not function as a carbon source for diazotrophs.

The diversity in the BNF promotion with humin was observed in the taxonomy of diazotrophs from Proteobacteria, Actinobacteria, and Firmicutes to Archaea, in the nitrogenases from clusters I, II, and III, and in both molybdenum and vanadium nitrogenases. Although the structures of cell membranes and cell walls differ among Proteobacteria, Actinobacteria, Firmicutes, and Archaea, BNF of all these diazotrophs were promoted by humin. Phylogenies of nitrogenase genes, nifD and nifK, generally agree with the nitrogenase clusters determined by nifH genes (Gaby and Buckley, 2011). In five major clusters, clusters IV and V are composed of nifH paralogues that are not involved in nitrogen fixation (Gaby and Buckley, 2011). The results that BNF activities of clusters I, II, and III were all promoted by the reduced humin, suggesting that all BNF with major nitrogenases, I, II and III would be promoted with the reduced humin. Alternative nitrogenases replacing molybdenum with vanadium were also promoted, as well as the molybdenum nitrogenase, although the structural difference has been suggested between the molybdenum and vanadium nitrogenases (Sippel and Einsle, 2017). These wide spectra of BNF promotion of heterotrophic diazotrophs with the reduced humin indicates a common mechanism of extracellular electron transfer from humin to diazotrophs, regardless of the differences in microbial cell structures and nitrogenase type. However, the common mechanism is not the function as reducing agent, since chemical reducing agents did not promote the BNF activity of consortia in the previous study (Dey et al., 2021).

The reduced humin increased further ARA of the diazotrophs that already reached the saturation of ARA with the organic carbon source. This further promotion of ARA with the reduced humin beyond the metabolic capacity of the diazotrophs ranged from 194 to 916% of the level achieved by the organic carbon source (Figure 4, Supplementary Figure S8). This shows the potential of the humin-assisted BNF promotion for technological applications. The highest promotion was observed in E. fredii (Figure 4B). Though humin can promote BNF activity of diverse heterotrophs, specific BNF activity of the diazotrophs using the reduced humin differed taxonomically. The specific BNF activity under the conditions with the reduced humin in organic carbon source-free anaerobic MNDA medium was higher in aerobic Proteobacteria (alpha, beta, and gamma, tested under anaerobic condition), especially in E. fredii (Table 2, Supplementary Table S1), while the low specific BNF activity was observed in anaerobic Firmicutes (Clostridium spp.). This taxonomic difference in specific BNF activity might be attributed to the difference in the structure of cell membranes and cell walls. It is well known that Firmicutes have a thick peptideglycan layer as cell wall, and Proteobacteria have cell membrane and outer membrane with a thin peptidoglycan layer between.

The extracellular electron donation from humin to diazotrophs are suggested in the promotion of BNF activities of diazotrophs with humin, since the promotion (ARA and Kjeldahl nitrogen) was only observed with the reduced humin but not with the other redox-states of humin (Figure 1, Supplementary Figures S2, S3). The extensive promotion of ARA of diazotrophs with the reduced humin, in which ARA was already saturated with the organic carbon, was observed without increase in the CO2 production (Figure 4, Supplementary Figures S7, S8). This suggested that the BNF promotion mechanism by the reduced humin was different from the one enhancing the metabolic activity upon the consumption of organic carbon.

Figure 5 and Supplementary Figure S9 show that the reduced humin resulted in the synthesis of ATP in diazotrophs. These results indicated that humin could donate extracellular electrons directly upstream in the cell membrane of the diazotrophs for ATP production by oxidative phosphorylation. In this ATP synthesis, soluble ions, such as Fe(III) and [image: image], as well as insoluble humin itself present in the medium would be used as terminal electron accepters by the diazotrophs. Many microorganisms, including anaerobes, such as Clostridium sp. Geobacter sp., Rhodobacter sp., aerobic microorganisms cultured under anaerobic condition, Pseudomonas sp., and E. coli, have been reported to use Fe(III) as terminal electron acceptor for ATP generation (Lovley, 1987, 1995). Moreover, M. barkeri, which is an archaeon used in this study, could use CO2 as terminal acceptor for energy generation. It has been reported that M. barkeri was able to use extracellular electrons to generate energy using CO2 as sole electron acceptor (Yee et al., 2019). In addition, solid-phase humin can work as a terminal electron acceptor for microbial respiration, as well as extracellular electron donor (Pham et al., 2021), just like water soluble humic substances (Lovley et al., 1996, 1999). Alternate functionality of solid-phase humin has been observed for the reactions with the same standard redox potential at −290 mV (vs. standard hydrogen electrode) as reported in the following: Anaerobic acetate oxidation by Geobacteriales with humin as the electron acceptor and the CO2 reduction to acetate by Clostridiales with humin as the electron donor (Laskar et al., 2019, 2020). It is plausible that heterogenic nature of solid-phase humin containing moieties with different redox levels (Pham et al., 2021, 2022) allow that one moiety functions as electron donor and another as electron acceptor. The increased production of ATP by the reduced humin would activate nitrogenase via nitrogenase reductase by transferring electrons from the reducing equivalents, which might be generated inside the washed and starved microbial cell under the reduced humin condition, to catalytic component of the nitrogenase enzyme. In addition, Figure 6 and Supplementary Figure S1 demonstrate the growth of nifDK-OE mutant only under the condition with humin and a close circuit, indicating the nitrogen fixation by the mutant. Since the nifDK-OE mutant did not have nitrogenase reductase, the results suggests that electricity was donated via humin to the nitrogenase present in the cytoplasm without relying on biological systems. Unlike other studies (Brown et al., 2016; Milton et al., 2016, 2017; Badalyan et al., 2019) on direct electron transfer to purified nitrogenase (MoFe protein), we have shown for the first time that extracellular electrons can be donated directly to nitrogenase (MoFe protein) present in cytosol in the cell via humin, for fixing atmospheric N2. However, humin is an insoluble organo–mineral complex with particle sizes larger than the microbial cells (Pham et al., 2021), and therefore could not carry electrons into the cell, like water-soluble redox shuttle (Kotloski and Gralnick, 2013). In the case of M. barkeri, the microbial electroactive system would enable the utilization of extracellular electrons in the reduced humin. However, other cases look like the direct transfer of extracellular electrons from humin into the microbial cells without depending on biochemical electron transfer system of the cell. Further studies should be warranted to elucidate the behind mechanisms in the extracellular electron transfer from solid-phase humin to the microbial cells and to develop technological applications.



CONCLUSION

In this study, we have demonstrated that humin, a fraction of humic substances insoluble at any pH, as extracellular electron mediator, promoted nitrogen-fixing reaction of a broad spectrum of heterotrophic diazotrophs, including alpha-, beta-, gamma-, and delta-Proteobacteria, Firmicutes, Actinobacteria, and Archaea, which harbor nitrogenases classified into clusters I, II, and III, regardless of the nitrogenase type whether containing molybdenum or vanadium. The promotion level of the nitrogen-fixing ability of the diazotrophs exceeded beyond their capacity achieved by organic carbon source, suggesting potential of humin-promoted atmospheric nitrogen fixation as sustainable technology. In the promotion of nitrogen fixation, humin provided ATP production and a direct nitrogenase reduction by donating the extracellular electrons to the microbial cells. Although humin is an insoluble organo–mineral complex larger than the microbial cells, even a non-electroactive E. coli mutant utilized extracellular electrons from humin. These results suggest that the common mechanism present among the microorganisms, including the non-electroactive microorganisms in the extracellular electron, transfer via humin. The further research should be warranted to elucidate this electron transfer mechanism via humin.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

TK and AK conceived the study and revised the manuscript. SD, TK, and AK designed the experiments. SD and TK performed the experiments and drafted the manuscript. All authors read and approved the final version of the manuscript.



FUNDING

This research was financially supported in part by a Grant-in-Aid for Scientific Research (20H04363, 20K15431, 21K19862, JRP with NSFC FY2019) from the Japan Society for the Promotion of Science (JSPS) and by the Institute for Fermentation, Osaka (L-2019-3-003).



ACKNOWLEDGMENTS

The authors thank Yoshikatsu Matsubayashi and Sayaka Matsui from the Graduate School of Science, Nagoya University, Toyoko Demachi, and Shozo Ohta from the Institute of Materials and Systems for Sustainability, Nagoya University, and Tomoko Atsumi from the Graduate School of Bioagricultural Sciences, Nagoya University, for their technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.853411/full#supplementary-material



REFERENCES

 Alberty, R. A. (1994). Thermodynamics of the nitrogenase reactions. J. Biol. Chem. 269, 7099–7102. doi: 10.1016/S0021-9258(17)37252-6


 Ashby, S. F. (1907). Some observations on the assimilation of atmospheric nitrogen by a free living soil organism.—Azotobacter chroococcum of Beijerinck. J. Agric. Sci. 2, 35–51. doi: 10.1017/S0021859600000988


 Badalyan, A., Yang, Z.-Y., and Seefeldt, L. C. (2019). A voltammetric study of nitrogenase catalysis using electron transfer mediators. ACS Catal. 9, 1366–1372. doi: 10.1021/acscatal.8b04290


 Bazhenova, T. A., and Shilov, A. E. (1995). Nitrogen fixation in solution. Coord. Chem. Rev. 144, 69–145. doi: 10.1016/0010-8545(95)01139-G


 Brown, K. A., Harris, D. F., Wilker, M. B., Rasmussen, A., Khadka, N., Hamby, H., et al. (2016). Light-driven dinitrogen reduction catalyzed by a CdS:nitrogenase MoFe protein biohybrid. Science (80). 352, 448–450. doi: 10.1126/science.aaf2091

 Burris, R. H. (1991). Nitrogenases. J. Biol. Chem. 266, 9339–9342. doi: 10.1016/S0021-9258(18)92821-8


 Burris, R. H., and Roberts, G. P. (1993). Biological nitrogen fixation. Annu. Rev. Nutr. 13, 317–335. doi: 10.1146/annurev.nu.13.070193.001533

 Chen, H., Cai, R., Patel, J., Dong, F., Chen, H., and Minteer, S. D. (2019). Upgraded bioelectrocatalytic N2 fixation: From N2 to chiral amine intermediates. J. Am. Chem. Soc. 141, 4963–4971. doi: 10.1021/jacs.9b00147

 Cherkasov, N., Ibhadon, A. O., and Fitzpatrick, P. (2015). A review of the existing and alternative methods for greener nitrogen fixation. Chem. Eng. Process. Process Intensif. 90, 24–33. doi: 10.1016/j.cep.2015.02.004


 Dey, S., Awata, T., Mitsushita, J., Zhang, D., Kasai, T., Matsuura, N., et al. (2021). Promotion of biological nitrogen fixation activity of an anaerobic consortium using humin as an extracellular electron mediator. Sci. Rep. 11, 6567. doi: 10.1038/s41598-021-85955-3

 Dong, F., Lee, Y. S., Gaffney, E. M., Grattieri, M., Haddadin, H., Minteer, S. D., et al. (2021a). An engineered, non-diazotrophic cyanobacterium and its application in bioelectrochemical nitrogen fixation. Cell Reports Phys. Sci. 2, 100444. doi: 10.1016/j.xcrp.2021.100444


 Dong, F., Lee, Y. S., Gaffney, E. M., Liou, W., and Minteer, S. D. (2021b). Engineering cyanobacterium with transmembrane electron transfer ability for bioelectrochemical nitrogen fixation. ACS Catal. 11, 13169–13179. doi: 10.1021/acscatal.1c03038


 Gaby, J. C., and Buckley, D. H. (2011). A global census of nitrogenase diversity. Environ. Microbiol. 13, 1790–1799. doi: 10.1111/j.1462-2920.2011.02488.x

 Gaby, J. C., and Buckley, D. H. (2012). A comprehensive evaluation of PCR primers to amplify the nihH gene of nitrogenase. Plos ONE. 7, e2149. doi: 10.1371/journal.pone.0042149

 Hales, B. J., Langosch, D. J., and Case, E. E. (1986). Isolation and characterization of a second nitrogenase Fe-protein from Azotobacter vinelandii. J. Biol. Chem. 261, 15301–15306. doi: 10.1016/S0021-9258(18)66867-X

 Hardy, R. W. F., Burns, R. C., and Holsten, R. D. (1973). Applications of the acetylene-ethylene assay for measurement of nitrogen fixation. Soil Biol. Biochem. 5, 47–81. doi: 10.1016/0038-0717(73)90093-X


 Hardy, R. W. F., Holsten, R. D., Jackson, E. K., and Burns, R. C. (1968). The acetylene-ethylene assay for N2 fixation: laboratory and field evaluation. Plant Physiol. 43, 1185–1207. doi: 10.1104/pp.43.8.1185

 Kamel, F. (2013). Paths from pesticides to Parkinson's. Science. 341, 722–723, doi: 10.1126/science.1243619

 Keeney, D. R., and Nelson, D. W. (1982). “Nitrogen-Inorganic forms.” in Methods of Soil Analysis. Part 2. Microbiological and Biochemical Properties. 2nd edition, Page, A. L. Madison, WI: American Society of Agronomy, Inc., Soil Science Society of America, Inc. p. 643–698. doi: 10.2134/agronmonogr9.2.2ed.c33


 Kjeldahl, J. (1883). A new method for the determination of nitrogen in organic matter. Zeitschrift für Anal. Chemie 22, 366–382. doi: 10.1007/BF01338151


 Kotloski, N. J., and Gralnick, J. A. (2013). Flavin electron shuttles dominate extracellular electron transfer by Shewanella oneidensis. Mbio. 4. E00553–E00512. doi: 10.1128/mBio.00553-12

 Kouzuma, A., Hashimoto, K., and Watanabe, K. (2012). Roles of siderophore in manganese-oxide reduction by Shewanella oneidensis MR-1. FEMS Microbiol. Lett. 326, 91–98. doi: 10.1111/j.1574-6968.2011.02444.x

 LaCroix, R. A., Sandberg, T. E., O'Brien, E. J., Utrilla, J., Ebrahim, A., Guzman, G. I., et al. (2015). Use of adaptive laboratory evolution to discover key mutations enabling rapid growth of Escherichia coli K-12 MG1655 on glucose minimal medium. Appl. Environ. Microbiol. 81, 17–30. doi: 10.1128/AEM.02246-14

 Laskar, M., Awata, T., Kasai, T., and Katayama, A. (2019). Anaerobic dechlorination by a humin-dependent pentachlorophenol-dechlorinating consortium under autotrophic conditions induced by homoacetogenesis. Int. J. Environ. Res. Public Health. 16. doi: 10.3390/ijerph16162873

 Laskar, M., Kasai, T., Awata, T., and Katayama, A. (2020). Humin assists reductive acetogenesis in absence of other external electron donor. Int. J. Environ. Res. Public Health. 12, 174211 doi: 10.3390/ijerph17124211

 Lovley, D. R. (1987). Organic matter mineralization with the reduction of ferric iron: a review. Geomicrobiol. J. 5, 375–399. doi: 10.1080/01490458709385975

 Lovley, D. R. (1995). Microbial reduction of iron, manganese, and other metals. Adv. Agron. 54, 175–231. doi: 10.1016/S0065-2113(08)60900-1

 Lovley, D. R., Coates, J. D., Blunt-Harris, E. L., Phillips, E. J. P., and Woodward, J. C. (1996), Humic substances as electron acceptors for microbial respiration. Nature. 382, 445–448 doi: 10.1038/382445a0


 Lovley, D. R., Fraga, J. L., Coates, J. D., and Blunt-Harris, E. L. (1999). Humics as an electron donor for anaerobic respiration Environ. Microbiol. 1, 89–98 doi: 10.1046/j.1462-2920.1999.00009.x

 Luo, J.-F., Lin, W.-T., and Guo, Y. (2010). Method to detect only viable cells in microbial ecology. Appl. Microbiol. Biotechnol. 86, 377–384. doi: 10.1007/s00253-009-2373-1

 Milton, R. D., Abdellaoui, S., Khadka, N., Dean, D. R., Leech, D., Seefeldt, L. C., et al. (2016). Nitrogenase bioelectrocatalysis: heterogeneous ammonia and hydrogen production by MoFe protein. Energy Environ. Sci. 9, 2550–2554. doi: 10.1039/C6EE01432A


 Milton, R. D., Cai, R., Abdellaoui, S., Leech, D., De Lacey, A. L., Pita, M., et al. (2017). Bioelectrochemical Haber-Bosch process: an ammonia-producing H2 /N2 fuel cell. Angew. Chemie Int. Ed. 56, 2680–2683. doi: 10.1002/anie.201612500

 Milton, R. D., and Minteer, S. D. (2017). Enzymatic bioelectrosynthetic ammonia production: recent electrochemistry of nitrogenase, nitrate reductase, and nitrite reductase. Chempluschem. 82, 513–521. doi: 10.1002/cplu.201600442

 Müller, A., Schneider, K., Knüttel, K., and Hagen, W. R. (1992). EPR spectroscopic characterization of an'iron only' nitrogenase S = 3/2 spectrum of component 1 isolated from Rhodobacter capsulatus. FEBS Lett. 303, 36–40. doi: 10.1016/0014-5793(92)80472-S

 Ortiz-Medina, J. F., Grunden, A. M., Hyman, M. R., and Call, D. F. (2019). Nitrogen gas fixation and conversion to ammonium using microbial electrolysis cells. ACS Sustain. Chem. Eng. 7, 3511–3519. doi: 10.1021/acssuschemeng.8b05763


 Pham, D. M., Kasai, T., Yamaura, M., and Katayama, A. (2021). Humin: no longer inactive natural organic matter. Chemosphere. 269, 128697. doi: 10.1016/j.chemosphere.2020.128697

 Pham, D. M., Oji, H., Yagi, S., Ogawa, S., and Katayama, A. (2022). Sulfur in humin as a redox-active element for extracellular electron transfer. Geoderma. 408, 115580 doi: 10.1016/j.geoderma.2021.115580


 Rascio, N., and La Rocca, N. (2018). Biological nitrogen fixation. Encycl. Ecol. 264–279. doi: 10.1016/B978-0-444-63768-0.00685-5


 Sanford, R. A., Cole, J. R., Löffler, F. E., and Tiedje, J. M. (1996). Characterization of Desulfitobacterium chlororespirans sp. nov., which grows by coupling the oxidation of lactate to the reductive dechlorination of 3-chloro-4-hydroxybenzoate. Appl. Environ. Microbiol. 62, 3800–3808. doi: 10.1128/aem.62.10.3800-3808.1996

 Sippel, D., and Einsle, O. (2017). The structure of vanadium nitrogenase reveals an unusual bridging ligand. Nat. Chem. Biol. 13, 956–960. doi: 10.1038/nchembio.2428

 Smil, V. (2001). Enriching the Earth: Fritz Haber, Carl Bosch, and the Transformation of World Food Production. Cambridge, MA: MIT Press. doi: 10.7551/mitpress/2767.001.0001


 Widdel, F., Kohring, G.-W., and Mayer, F. (1983). Studies on dissimilatory sulfate-reducing bacteria that decompose fatty acids. Arch. Microbiol. 134, 286–294. doi: 10.1007/BF00407804

 Xiao, Z., Awata, T., Zhang, D., Zhang, C., Li, Z., and Katayama, A. (2016). Enhanced denitrification of Pseudomonas stutzeri by a bioelectrochemical system assisted with solid-phase humin. J. Biosci. Bioeng. 122, 85–91. doi: 10.1016/j.jbiosc.2015.11.004

 Yee, M. O., Snoeyenbos-West, O. L., Thamdrup, B., Ottosen, L. D. M., and Rotaru, A.-E. (2019). Extracellular electron uptake by two methanosarcina species. Front. Energy Res. 7,29. doi: 10.3389/fenrg.2019.00029


 Zhang, C., and Katayama, A. (2012). Humin as an electron mediator for microbial reductive dehalogenation. Environ. Sci. Technol. 46, 6575–6583. doi: 10.1021/es3002025

 Zhang, C., Zhang, D., Xiao, Z., Li, Z., Suzuki, D., and Katayama, A. (2015a). Characterization of humins from different natural sources and the effect on microbial reductive dechlorination of pentachlorophenol. Chemosphere. 131, 110–116. doi: 10.1016/j.chemosphere.2015.02.043

 Zhang, D., Zhang, C., Xiao, Z., Suzuki, D., and Katayama, A. (2015b). Humin as an electron donor for enhancement of multiple microbial reduction reactions with different redox potentials in a consortium. J. Biosci. Bioeng. 119, 188–194. doi: 10.1016/j.jbiosc.2014.07.010

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dey, Kasai and Katayama. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_5.gif
HCO;





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Promotion of Nitrogen Fixation of Diverse Heterotrophs by Solid-Phase Humin



		Introduction



		Materials and Methods



		Humin Preparation



		Type Strains of Diazotrophs



		Culture Media for Examining N-Fixation



		Preparation of Washed and Starved Culture



		Preparation of Humin With Different Redox States



		Acetylene Reduction Activity (ARA) Assay



		Determination of Total Kjeldahl Nitrogen (TKN) and H2 Production in the Cultures of the Individual Diazotrophs With Humin at Different Redox States



		Determination of Respiration Rate and ARA



		Determination of Carbon-Saturated Concentration of the Anaerobic MNDA Medium for Maximum ARA of the Diazotrophs



		The ARA Promotion of the Diazotrophs by Reduced Humin Under the Carbon-Saturated Condition



		Total Bacterial Count (TBC) by Fluorescence Microscopy



		The ATP Assay



		Construction of Nitrogenase Overexpression Mutant



		Total RNA Extraction



		Quantitative Reverse Transcription PCR (qRT-PCR)



		Operation of Electrochemical Cells



		The DNA Extraction



		Quantitative PCR (qPCR)



		Statistical Analysis







		Results



		Acceleration of a Wide Range of Diazotrophs by Extracellular Electron Donation From Humin



		Acceleration of ARA by Reduced Humin Beyond the Level Achieved by a Carbon Source



		Promotion Mechanism of BNF Activity by Reduced Humin







		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/inline_4.gif
HCO;





OPS/images/math_1.gif
N; +8H™ + 8¢~ + 16ATP — 2NH; + H, + 16ADP + 16Pi
AG’ — —805KJ/mol )






OPS/images/inline_6.gif
HCO;





OPS/images/inline_3.gif
HCO;





OPS/images/inline_2.gif
HCO;









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





OPS/images/fmicb-13-853411-g005.gif
F

MMy g € §
3532

32§

€S

£ &

E 8

2 a

ERY

0 1152 5
ol " 3
hgd g =
88 i § U
— ] 2

2

~
S
=S

g 8 ¥ 9 8§ T o
§ 8 3 8 8§ 3
s 8 o o o o

(21myno 1120 o L/owr) Junowe 41y





OPS/images/fmicb-13-853411-g006.gif
PG
218 6 owineu PTG
816 5
i 8,51 |*
212 g8
5 1 %%‘
80s H
Zos [N r
S04 §§’2 1
€02 2%, J]/
3 ] 09
@ o 7]
o






OPS/images/fmicb-13-853411-g003.gif
(CO; amount (umolivial)

038
03
025
0z
015
01
005

*x
NOND IND‘

Lk
NOND |Nn‘

0d14d 0d14d] 0d14d 0d14g
Co, CH, | ©O, CH,

No humin

Reduced humin
E fredii

0d14d 0d 149 | 0d 149 09 149

co. CH, | co, CH,

Nohumin  Reduced humin
C. pasteurianum

16
14
12

08
06
04
02

C,H, amount (molivial)





OPS/images/fmicb-13-853411-g004.gif
C.#H, amount (ymolivil)

4, amount (umolvial

&

8
15
14
12

08
06
04
0z

16
4
12

08
o8
04
02

L) oco, (3
I OCH, §
[ %m s ® 25_
B Se 2 §
. e s ol fss
i H 'l
t £, | <§
. ek [ osS
il £ o LU 1Y,
RN 0 15 w5 e
Organic catoncon.nMNDA mosum g1}, Concenatan fedueed i (91)
PR , e Y
iRE . ocH.
1 Sef 3
f g it
: L (I e
R H %] 5
. i 5%
§‘ .; 24
£ NI N

O
Organic carbon conc. in MNDA medium (glL)

R
Concentration of reduced humin (glL)





OPS/images/inline_1.gif
HCO;





OPS/images/fmicb-13-853411-t001.jpg
Diazotroph name Medium for maintenance
A. caulinodans JOM 20966 JOM 254"

E. frecii JOM 20967 JeM 254

R. sphaeroides JCM 6121 JCM 26

P saccharophila JOM 15912 JoM 346

D. gummosa JOM 20998 JOM 346

R. gelatinosus JOM 21318 JCM 358

A. vinelandii JCM 21475 JCM 346

P stutzeri JOM 5965 Nutrient broth with 0.5% NaCl
G. sulfureducens DSMZ 12127 DSMZ 826"

P macerans JOM 2500 JeM 75

C. pasteurianum JCM 1408 JCM 75

C. tyrobutyricum JCM 11008 JoM 75

N. cellulans JCM 9965 JoM 475

M. barkeri JOM 10043 JCM 230

"JCM culture media: https://jcm.bre.riken/en/.

Organic carbon source used in 1L of MNDA medium

20-g mannitol
20-g mannitol

0.5-g glucose, 0.5-g soluble starch, 0.3-g Na-pyruvate
0.5-g glucose, 0.5-g soluble starch, 0.3-g Na-pyruvate
0.5-g glucose, 0.5-g soluble starch, 0.3-g Na-pyruvate
10-g mannitol, 1-g Na-acetate, 1-g Na-succinate
05-g glucose, 0.5-g soluble starch, 0.3-g Na-pyruvate
0.5-g glucose, 0.5-g soluble starch, 0.3-g Na-pyruvate
1-g Na-acetate

4-g glucose

4-g glucose, 0.5-g soluble starch

4-g glucose, 0.5-g soluble starch

4-g glucose

10-g mannitol, 10-mi methanol/L

"DSMZ culture media: https://www.dsmz.de/collection/catalog/microorganims/culture-technology/list- of - media-for-microorganisms.

Culture condition

30°C, Aerobic
30°C, Aerobic

30°C, Anaerobic
30°C, Aerobic

30°C, Micro -aerophiic
30°C, Anaerobic
30°C, Aerobic

30°C, Aerobic

35°C, Anaerobic
30°C, Aerobic

37°C, Anaerobic
37°C, Anaerobic
30°C, Aerobic

37-°C, Anaerobic





OPS/images/fmicb-13-853411-t002.jpg
Taxonomic position

Alpha Proteobacteria

Beta Proteobacteria

Gamma Proteobacteria

Delta Proteobacteria

Firmicutes

Actinobacteria
Achaea

Name of the N-fixers

A caulinodans
E. fredi

R. sphaeroides
P saccharophila
D. gummosa

R. gelatinosus

P, stutzeri

A vinelandli

G. sulturreducens
P macerans

C. pasteurianum
C. tyrobutyricum
N. cellulans

M. barkeri

nifH Cluster

Kieldahl-N (10-'¢ mol-N/day/cell)

629
85+3
23+£10
437
53+2
315
60+7
6111
3011
365+4
204
16+4
232
36+1

ARA (10~ mol-C,H,/day/cell

1.4 £009
3.1+0.06
1.0£007
0.8 +0.05
1.0+ 004
0.4 +0.02
124008
1.2+£009
0.5+0.06
0.6 & 0.02
0.2 +0.02
0.2+0.01
0.9+ 0.09
10+£057





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Promotion of Nitrogen Fixation of
Diverse Heterotrophs by Solid-Phase
Humin





OPS/images/fmicb-13-853411-g001.gif
:!...S;E;:&S:ﬁy.zxfﬁ (121 1w 05 pow) uabomN 1epiaf 1oL R
2% S RR22w o 238238988

°

T
AT

A

rono

SN

My
52 AT

ARG

conent

SNNIWHH NN
ENNNWWWWWWw\HEE

228RRee o 88828898 Re°
:..s,za:.g...i:?wfauﬂ_ -:!!E?i:(g..x.o_u





OPS/images/fmicb-13-853411-g002.gif
<]
0
© 60
e
S
g%
S22
S 10
o Lno N, N )
No-humin Oxidized Intact ~ Reduced Nohwmin Oxidized  Intact ~ Reduced

homin. homin  humin humin  humin  humin





