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One billion people globally suffer from protein (amino acid) malnutrition. Grain legumes represent a solution. They recruit symbiotic rhizobia bacteria from soil into root nodules, where the rhizobia convert atmospheric nitrogen gas (N2) into ammonia (NH3) which serves as a building block for chlorophyll and protein. However, when a legume species is newly introduced to a region, yields can be low due to incompatible soil rhizobia. Millions of subsistence legume farmers can benefit from inoculation with exotic rhizobia bacteria, but many subsistence farmers especially in Africa do not benefit from commercial inoculants due to real-world constraints. Here, in a sequential series of indoor and outdoor experiments, we show that root nodules (rhizobia habitats) can be harvested and crushed onto legume seeds, ultimately improving nodulation and chlorophyll under field conditions. 16S rRNA metagenomic sequencing confirmed that nodule crushing onto seeds effectively transferred rhizobia to next-generation nodules. Therefore, nodule crushing represents a simple method to diffuse elite rhizobia strains. However, exotic rhizobia come with risks and limitations. Therefore, in addition to diffusing elite rhizobia, we propose that this simple, decentralized technology can also empower smallholders to improve indigenous strains or indigenize exotic strains by repeated nodule crushing from healthy plants.




Keywords: Africa, cowpea, inoculant, lentil, biological nitrogen fixation, pea, rhizobia, soybean




1 Introduction

One billion people worldwide suffer from protein (amino acid) deficiencies, primarily in Africa and South Asia (Wu et al., 2014). During crop production, nitrogen is required to synthesize amino acids, as well as chlorophyll, which is essential for good yields (Lal, 2021). When fuel prices increase, synthetic fertilizer prices also increase (Brunelle et al., 2015), making fertilizers unaffordable for the world’s 400 million subsistence farming families (Samberg et al., 2016), triggering leaps in malnutrition (Food Security Information Network, 2022). Grain legumes (including soybeans, common bean, lentil, cowpea) represent a solution. They recruit symbiotic rhizobia bacteria from soil into specialized root organs called nodules, where the rhizobia convert atmospheric nitrogen gas (N2) into ammonia (NH3), a process termed biological nitrogen fixation (BNF) (Mendoza-Suárez et al., 2021).

When a legume species is introduced to a region, including the current introduction of soybeans across Africa, yields can be low due to incompatible rhizobia in the soil (Mendoza-Suárez et al., 2021; Thilakarathna and Raizada, 2016). Fortunately, exotic rhizobia can be inoculated onto seeds (Thilakarathna and Raizada, 2016; Chibeba et al., 2018; van Heerwaarden et al., 2018; Nyaga & Njeru, 2020). Despite their promise, many subsistence farmers especially in Africa do not benefit from commercial inoculants due to poor distribution systems, lack of refrigeration, pathogen contamination during shipping and a short shelf life (Vanlauwe et al., 2019; Raimi et al., 2021). Overcoming this problem may raise African legume yields which averaged 1.1 t/ha compared to 2.6 t/ha in North America in 2020 (Food and Agriculture Organization of United Nations, 2022). A new approach is needed to replace the existing paradigm of shipping elite rhizobia strains from a manufacturing source, through a distribution network, to subsistence farmers. At the same time, exotic rhizobia suffer from risks and limitations (e.g. competition from indigenous rhizobia, poor adaptation to local environments, pathogen contamination) (Thilakarathna and Raizada, 2016; Vanlauwe et al., 2019; Mendoza-Suárez et al., 2021), hence a new strategy to improve elite strains and/or scale up indigenous rhizobia is also needed.

Rhizobia can remain viable in mature nodules both in determinate (e.g. soybean, cowpea) and indeterminate (e.g. lentil, peas) types (Mendoza-Suárez et al., 2021). Laboratory scientists routinely recover rhizobia by crushing nodules into microbiological growth media (Guan et al., 2013; Youseif et al., 2014). Here we hypothesized that nodulation of legume plants growing in virgin soils could be improved under real-world field conditions simply by crushing harvested nodules directly onto legume seeds under conditions that mimic the resources available to subsistence farmers. We also demonstrate that field-derived nodules also improve nodulation after crushing onto seeds, suggesting this strategy holds potential for improving exotic or indigenous rhizobia.




2 Materials and methods



2.1 Biological materials

Seeds of soybean (Glycine max variety Colby) were acquired from the Soybean Breeding Laboratory (Prof. Istvan Rajcan), University of Guelph, while the remaining seeds were acquired from William Dam Seeds, Ontario, Canada as follows: pea (Pisum sativum, #2941C), lentil (Lens culinaris, #4884A) and cowpea (Vigna unguiculata, #4886A). Rhizobia strains were as follows: for soybean (Bradyrhizobium japonicum USDA110); for green pea/lentil (Rhizobium leguminosarum bv viciae Rlv3841) and for cowpea (Bradyrhizobium yuanmingense TTC9).




2.2 Seed inoculation methods



2.2.1 Inoculation using pure rhizobia

Seeds were inoculated with each rhizobia strain grown in liquid YM at 30˚C for 3-6 days (OD600 = 0.5). Subsequently, 500 µl inoculum was mixed with 10 ml of 10% (v/v) sterile molasses, to which 25 seeds were added and incubated for 1 h at room temperature before planting.




2.2.2 Inoculation using nodule crushing

Nodules of six-week-old plants were harvested, washed, sterilized and crushed using methods adapted from a prior study (Senthilkumar et al., 2021). Briefly, roots with nodules (Figure 1A) were rinsed with sterile ddH2O, then nodules detached (by hand or using sterilized blades), and surface sterilized using 2% sodium hypochlorite for 5 min, followed by 5 washes with sterile ddH2O. Nodules were placed in sterile tubes, mixed with 1 ml sterile ddH2O, then left in the fridge overnight. The next day, under sterile conditions, nodules were crushed using sterile forceps (Figure 1B), then 500 µl liquid was removed and mixed with 10 ml of 10% (v/v) sterile molasses, to which 25 seeds were added (Figure 1C) and incubated for 1 h at room temperature before planting.




Figure 1 | Effectiveness of nodule crushing onto seeds to transfer nitrogen-fixing rhizobia. (A-E) The nodule crushing technique: (A) Example of donor root nodules (cowpea). (B) Crushing soy nodules. (C) Incubating crushed nodule extract with seeds using a sticky agent (e.g. molasses). (D) Closed, sterile jar to demonstrate that future nodules solely originate from crushed nodules. (E) Resulting soy nodules in a closed jar following nodule crushing. (F) Soybean nodule microbiome, showing transfer of rhizobia by nodule crushing is equally effective as pure inoculant. (G–J) Soybean roots grown on sterilized sand, after seeds were treated with: (G) buffer (negative control), (H) nodule crushing, (I) pure inoculant (positive control). (J) Plants derived from seeds treated with nodule-crushing (left) versus buffer (right) on sand. (K–M) Whole plants grown on commercial soil in pots derived from seeds treated with buffer coating (left) versus nodule crushing (right) for: (K) lentil, (L) soybean and (M) cowpea. (N–T) Nodule crushing experiments in field-grown cowpea (Elora, Canada): (N) plots; (O, P) roots of plants derived from (O) buffer-coated seeds showing rare nodules and (P) nodule crushing-treated seeds showing increased nodulation; (Q, R) nodules derived from buffer-inoculated seeds showing (Q) few pink nodules (active) compared to (R) non-pink nodules (inactive); (S,T) nodules derived from nodule crushing-treated seeds showing (S) increased pink nodules versus (T) non-pink nodules.







2.3 Indoor plant trials



2.3.1 Indoor sterile jar trials (closed system)

To obtain first-generation donor nodules, soybean seeds were germinated in 4 L pre-sterilized glass jars (height, 25 cm; diameter, 15 cm) containing 500 ml of sterile Phytagel containing 1/2 strength Hoagland’s Modified Basal Salt Mixture without nitrogen (Catalog HOP03, Caisson Labs, USA) at pH 6.8. All work was undertaken under sterile conditions in a biosafety hood. Soybean seeds were surface-sterilized by submersing them for 3 min in 2% bleach followed by 4 min in 70% ethanol. The seeds were then soaked in autoclaved water overnight before the day of planting. Three seeds were added per jar, then sealed. Jars were kept in darkness until germination then moved under full-spectrum LED lights with an intensity of ~150 μmol/m2/sec at canopy level (90 μmol/m2/sec at pot level) with a 16:8 hour day:night photoperiod at room temperature. Nodules were harvested at 42 days after germination.

To test whether crushed nodules could directly transfer rhizobia to the next generation, while ensuring no foreign source of rhizobia, the nodules were crushed, mixed with molasses and coated onto new soybean seeds (see Inoculation Methods, above), which were planted into new sealed jars, but this time containing sterilized sand. Sand was used to mimic many subtropical African soils. The same procedure was used as the Phytagel experiment, except per jar, 500 g of sterile pure sand was mixed with the nutrient solution as a single starter dose (225 ml of 1/2 strength Hoagland’s Modified Basal Salt Mixture without nitrogen, pH 6.8) and irrigated twice over the entire experiment with sterile ddH2O. The negative control was the molasses buffer coated onto seeds. The positive control was pure rhizobia (Bradyrhizobium japonicum USDA110; see Inoculation Methods, above). The pure rhizobia was mixed with molasses and coated onto seeds; to prevent cross-contamination with the other treatments, the positive control treatment was undertaken one day later. There were 4 replicates per treatment (4 jars, each with 3 plants). Jars were randomized and regularly rotated. Nodules were again harvested at 42 days after germination, and plants were phenotyped.




2.3.2 Indoor sterile sand pot trial (open system)

We then tested whether crushed nodules could transfer rhizobia effectively to seeds in an open environment, using soybean and field pea. Treated seeds were sown into open pots (2.5 L) containing autoclaved sand, and placed in an indoor growth room. The seed treatments were: crushed nodules in molasses, molasses buffer (negative control), and pure rhizobia (positive control: for soybean, Bradyrhizobium japonicum USDA110; for field pea, Rhizobium leguminosarum bv viciae Rlv3841). The nodule donors had been surface sterilized (see Inoculation Methods, above) and obtained from soybean or pea plants growing in non-sterile commercial soil (BM6-HP, Berger Canada) in pots. There were 3 replicates per treatment (3 pots, each with 1 plant). Pots were randomized and regularly rotated. Pots were placed under mixed fluorescent and incandescent light at 320 μmol/m2/s at canopy level (280 μmol/m2/sec at pot level), with a 16:8 hour day:night photoperiod, with 25˚C day/20˚C night temperatures. Per day, 180 ml/pot of water was supplied through drip irrigation. Fertilizers were supplied through a stock solution of NPK (0:40:20) with added MgSO4 and micronutrients mixed with irrigation water at a 1:100 ratio, 2 days/week. Nodules were harvested at 42 days after germination, and plants were phenotyped.




2.3.3 Indoor non-sterile commercial soil trial

We then tested whether crushed nodules could transfer rhizobia effectively to seeds planted in living soil, using soybean, lentil and cowpea. Treated seeds were sown into open pots (2.5 L) containing non-autoclaved commercial soil (BM6-HP, Berger Canada), and placed in an indoor growth room. The seed treatments again were: crushed nodules in molasses (obtained from soybean, lentil or cowpea plants growing in non-sterile BM6-HP soil), molasses buffer (negative control), and pure rhizobia (positive control: for soybean, Bradyrhizobium japonicum USDA110; for lentil, Rhizobium leguminosarum bv viciae Rlv3841 and for cowpea, Bradyrhizobium yuanmingense TTC9). There were 3 replicates per treatment (3 pots, each with 1 plant). Pots were randomized and regularly rotated. All remaining conditions were the same as the sand pot trial above, except for water and fertilizer rates: water was applied at a rate of 120 ml/day, and fertilizer was applied 1 day/week. Nodules were harvested at 42 days after germination, and plants were phenotyped.





2.4 Field trials

We then tested whether nodule crushing based inoculation of seeds could improve nodulation under field conditions. The experiment occurred at the Elora Research Station, Elora, Canada in 2022, at a site with a long history of soybean cultivation and prior inoculation with compatible rhizobia. The seed treatments were again: crushed nodules in molasses (obtained from soybean, lentil or cowpea plants growing in non-sterile BM6-HP soil), molasses buffer (negative control), and pure rhizobia (positive control: for soybean, Bradyrhizobium japonicum USDA110; for lentil, Rhizobium leguminosarum bv viciae Rlv3841 and for cowpea, Bradyrhizobium yuanmingense TTC9). Treated seeds were manually sown from July 14-22, 2022. Each treatment plot was 2 m x 2 m containing 4 rows, with 20 plants/row. Per crop, treatments were arranged in a randomized complete block design (RCBD) with 4 blocks. At harvest, soil pH was 7.5 and available NPK were 16, 9 and 60 ppm respectively. NPK (0:40:20) with micronutrients were applied 20 days after planting as a single-dose topdress. Harvesting occurred 62, 63, and 71 days after germination for cowpea, lentil and soy, respectively.




2.5 Field-derived nodule efficacy trial

Finally, we tested whether field-derived nodules could be a viable source of rhizobia via the nodule crushing procedure. The experiment was conducted in soybean. Field soil was collected from the Elora Research Station, Elora, Canada and mixed with pure sand in a ratio of 1:1 to enable subsequent nodule collection and phenotyping. For the nodule crush treatment, fresh nodules were harvested from soybean plants grown under field conditions in Elora (see Field Trial method above) at 65 days after germination. The seed treatments were: crushed field-derived nodules in molasses, molasses buffer (negative control), and pure rhizobia (positive control: Bradyrhizobium japonicum USDA110). There were 3 replicates per treatment (3 pots, each with 1 plant). Pots were randomized and regularly rotated. All remaining conditions were the same as the sand pot trial above, except for water and fertilizer rates: water was applied at a rate of 120 ml/day, and fertilizer was applied 1 day/week. Nodules were harvested at 42 days after germination, and plants were phenotyped.




2.6 Relative chlorophyll measurements

Relative chlorophyll was estimated using a SPAD-502Plus meter (KonicaMinolta, Japan) by measuring the 3rd fully emerged leaf from the top of each branch. An average of 3 branches/plant were measured at 35 and/or 50 days after emergence as noted. For indoor pot trials, there were 3 replicates (each replicate was 1 plant per pot). For the field trial, there were 4 replicates (4 blocks) per treatment per time point, with each replicate representing the average of 5 plants.




2.7 Nodule trait measurements

The following nodule parameters were measured at harvest (harvest times noted in each trial above): nodule number, fresh weight, colour, and diameter using ImageJ tracing. For indoor trials, there were 4 replicates per treatment for the jar trials (each replicate was the average of 3 plants per jar) or 3 replicates for the pot trials (each replicate was 1 plant per pot). For the field trial, there were 4 replicates (4 blocks) per treatment, with each replicate representing the average of 15 plants for cowpea and lentil, and 20 plants for soybean. To prevent differential nodule drying, for indoor trials, nodules were phenotyped immediately after harvesting. For outdoor trials, immediately after the harvest, nodules were placed in airtight containers (Falcon tubes) in a styrofoam box containing coolant blocks until they were phenotyped.




2.8 Vegetative biomass and tissue nitrogen measurements

Shoot and root dry biomass were measured at harvest (harvest times noted in each trial above). For indoor pot trials, there were 3 replicates (each replicate was 1 plant per pot). For the field trial, there were 4 replicates (4 blocks) per treatment, with each replicate representing the average of 5 plants for cowpea, and 10 plants for soybean and lentil. At harvest, shoot-combustible nitrogen content was measured from field-grown plants as noted by harvesting the entire shoot; shoots of 5 plants were then pooled per replicate, ground, and then 10 g of a dried subsample was submitted for analysis (AFL, University of Guelph).




2.9 Statistical analysis

Data were analyzed using a generalized linear mixed model (GLMM) using PROC GLIMMIX, then analyzed using One-Way ANOVA, and means were compared using Tukey’s pairwise comparison in SAS 9.4 (SAS Institute, Cary, North Carolina, USA) with a significance level of P ≤ 0.05 or P ≤ 0.10 as noted.




2.10 16S RNA metagenome profiling

To confirm whether nodule crushing onto soybean seeds transfers the expected rhizobia to subsequent nodules, their microbiomes were analyzed using 16S RNA Illumina MiSeq metagenome analysis as previously described (Khalaf et al., 2021). Seeds were treated with crushed nodules in molasses or pure rhizobia (positive control: Bradyrhizobium japonicum USDA110). The nodule donors had been surface sterilized (see Inoculation Methods, above) and obtained from soybean plants growing in non-sterile commercial soil (BM6-HP, Berger Canada) in pots. Treated seeds were then sown in open pots (2.5 L) containing autoclaved sand, and placed in an indoor growth room. The growth conditions were those noted in the indoor sterile sand pot trial above. There were 3 replicates per treatment (3 pots, each with 1 plant). Pots were randomized and regularly rotated. At 42 days after germination, approximately 20 nodules per replicate per treatment were harvested. Under sterile conditions, the nodules were surface sterilized using 2% sodium hypochlorite for 5 min, followed by 5 washes with sterile ddH2O. Nodules were then crushed with a mortar and pestle in liquid nitrogen, and then genomic DNA was isolated using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research, USA). The DNA was PCR amplified and sequenced using V4-V5 16S rRNA primers (Illumina, MetagenomBio, Canada) with data processing, as previously described (Khalaf et al., 2021). Fastq files of obtained sequences were deposited in Genbank under the BioProject accession number PRJNA930900.





3 Results

The nodule crushing procedure as a source of rhizobia inoculant involved harvesting nodules (Figure 1A), surface sterilizing and crushing them in sterile water (Figure 1B), followed by mixing with a sticky agent (molasses, Figure 1C), and coating onto legume seeds. Subsequently, plants were grown (Figure 1D) and nodulation was examined (Figure 1E).

The first experiment was to confirm whether nodule crushing onto seeds could transfer rhizobia. A compatible Bradyrhizobium starter inoculant was coated onto soybean seeds to generate donor nodules. When these nodules were crushed onto seeds and germinated indoors on sterilized sand, 16S RNA based microbiome analysis of the next generation nodules showed that >99.9% of the bacterial community was Bradyrhizobium, similar to seeds inoculated with the pure strain (positive control) (Figure 1F). Buffer-inoculated seeds (negative control) produced no nodules. This result verified that the nodule crushing procedure could transfer viable rhizobia onto seeds.

Thereafter, the efficacy of nodule crushing was eventually tested using four legumes possessing determinate nodules (soybean, cowpea) and indeterminate nodules (pea, lentil) (Howieson and Dilworth, 2016) in a sequential series of experiments across two years, from a closed sterile system, to open pots with sterilized sand followed by non-sterile soil, and finally under real world field conditions:



3.1 Indoor nodulation trials

Initial measurements of nodulation involved a sealed jar with sterilized sand. In this system, soybean seeds inoculated with crushed nodules were found to produce nodules, whereas buffer-inoculated roots were bare (Figure 1E; Table 1a). Next, nodules were harvested from soy or pea grown on commercial soil, then crushed onto seeds planted in sterilized sand indoors but in open pots; the germinated plants were observed to have dramatically and significantly (p ≤ 0.05) improved nodulation, leaf chlorophyll and plant biomass compared to buffer-inoculated seeds (Figures 1G–J and Tables 1b, c; Figure S1A). Similar results were obtained under non-sterile conditions, wherein crushed nodules from indoor plants (lentil, soy, cowpea) grown in commercial soil were used as inoculum for seeds also sown indoors in commercial soil (Figures 1K–M and Tables 1d–f; Figure S1B).


Table 1 | Effectiveness of crushing legume root nodules onto seeds to transfer rhizobia compared to pure rhizobia inoculant (positive control) or buffer (negative control).






3.2 Field Trials

Critically, nodules from lentil, soy and cowpea grown indoors on non-sterile commercial soil were crushed onto seeds, then sown in a field which historically had soybean (and soybean-compatible rhizobia) but not lentil or cowpea (Figure 1N). The nodule crush treated plants showed dramatic increases in nodule weight compared to buffer-inoculated controls in lentil and cowpea (Tables 1g–i; cowpea in Figures 1O, P). This field experiment mimicked a scenario of a farmer introducing a new legume species (i.e. cowpea) to his/her farm. Interestingly, the field-grown cowpea showed a significantly higher percentage (p ≤ 0.05) of pink nodules when inoculated with crushed nodules (42%; Figures 1S, T) compared to the buffer inoculation control (12%; Figures 1Q, R), indicative of active leghaemoglobin and nitrogen fixation (Mendoza-Suárez et al., 2021). This colour difference was not observed in lentil or soy (data not shown). Nodule-crushing was equally effective (p ≤ 0.05) as pure-inoculant (42% versus 37%, respectively) in terms of achieving pink nodules in field-grown cowpea.




3.3 Viability of field-derived nodules

Finally, we tested whether field-derived nodules could be a viable source of rhizobia for the nodule crushing procedure. Soybean nodules were harvested from the field and crushed onto soybean seeds indoors. Compared to the buffer inoculation control, nodule crushing from field-derived nodules significantly (p ≤ 0.05) increased nodule number and weight, and root and shoot biomass (Table 1j; Figures S1C, D). Furthermore, these plants were healthy and showed no visible disease symptoms above ground or below ground (Figures S1C, D).





4 Discussion

Effective rhizobia bacteria have the potential to improve the yield and protein content of grain legumes (Murphy-Brokern et al., 2017; Allito et al., 2020), critical for the nearly one billion people worldwide who suffer from deficiencies in amino acids such as lysine, methionine and tryptophan, primarily in SubSaharan Africa and South Asia (Schönfeldt and Hall, 2012; Food Security Information Network, 2022). By enhancing biological nitrogen fixation, effective rhizobia can also reduce the usage of synthetic nitrogen fertilizer which consumes natural gas and contributes to climate change (Guo et al., 2022). Rhizobia can deliver fixed nitrogen directly inside plants, bypassing leaching associated with chemical fertilizers, which is especially problematic on the sandy soils prevalent in the African subtropic (Syers et al., 1996). Despite their promise, however, effective and viable rhizobia are not reaching tens of millions of small scale farmers who need them (Bala et al., 2011; Vanlauwe et al., 2019). Here, we demonstrated in 10 independent experiments, including under field conditions, that the nodulation and chlorophyll content of diverse legume crops can be improved simply by crushing nodules containing effective rhizobia onto seeds. Critically, results from cowpea field experiments demonstrated that nodule crushing can deliver functional rhizobia, i.e. resulting in pink nodules, to a crop that is newly introduced to a region and hence may lack such rhizobia in local soils (Vanlauwe et al., 2019; Mendoza-Suárez et al., 2021). The loamy soil used in our field trial contained much more nitrogen than exists on the depleted sandy soils of many low-input subsistence farmers (Hamarashid et al., 2010), and thus the potential benefit of nodule crushing for them would likely be greater than shown here. Based on these results, when a legume is introduced to subsistence farmers in a region lacking compatible rhizobia, we propose they can now scale up effective rhizobia, including elite, exotic strains, simply by crushing and smearing nodules of healthy legume plants onto seeds.



4.1 The potential of nodule crushing to help small scale farmers

In this study, we successfully used Bradyrhizobium japonicum strain USDA 110 to transfer rhizobia onto soybean seeds using nodule crushing. Studies have shown that inoculation with USDA 110, which is considered an elite, exotic rhizobia, can improve yields of soybean varieties in Africa (Chibeba et al., 2018; van Heerwaarden et al., 2018). Today, soybean is starting to spread across Africa (Vanlauwe et al., 2019; Food and Agriculture Organization of United Nations, 2022; Foyer et al., 2019) and compatible rhizobia inoculants are needed to allow the high yield and protein potential of this crop to be achieved. Nodules as a local commodity reduce some of the challenges associated with the distribution of bacteria which are invisible, require specialized training and infrastructure (Bala et al., 2011; Raimi et al., 2021). In some legume crops including soybean, nodules are large (>3 mm in diameter) and hence visible to the naked eye; a low cost magnifying glass/sheet may help to detect smaller nodules. A single legume plant can produce >100 nodules (under low nitrogen), with only a single soybean nodule required to inoculate 50 seeds in our experience.

Nodule crushing should be an easily teachable and scalable technique; indeed, picture-based lessons already exist to train low-literacy subsistence farmers how to excavate and select active nodules (Raizada and Smith, 2016; Devkota et al., 2020). After introduction of an elite/exotic strain and basic training (extension) to early adopting farmers, the farmers themselves could train and make their nodules available to family and friends, who could then spread subsequent nodules to their networks, thus diffusing inoculants in a geographic region. Small scale farmers could also trade or sell nodules as for-profit microenterprises, similar to the long-held practice by indigenous peoples of sharing and selling seeds (Vernooy et al., 2015).

The other materials required for the nodule crushing technique are all available in many villages and inexpensive. These materials include local alcohols as nodule surface disinfectants, boiled water as buffer for crushing nodules, and Gum Arabic, molasses or other local sticky agents to adhere inoculants to seeds (Somasegaran and Hoben, 1994).




4.2 Challenges of using nodule crushing to help farmers especially pertaining to exotic rhizobia

Despite the promise of nodule crushing to help small scale farmers, there may be constraints especially pertaining to elite, exotic rhizobia. First, nodules may not possess viable rhizobia or the rhizobia may not retain viability after harvesting. Our preliminary experiments show that crushed soybean (determinate) and pea (indeterminate) nodules can grow abundant, viable rhizobia, respectively, after 30 days and 15 days of nodule storage at room temperature (Figures S1E–N), which is sufficient time to harvest and distribute/sell nodules locally. However, longer-term storage trials are needed, perhaps with dried nodules, and under warm temperatures. This is important, because legume production is seasonal, and hence nodule bacteria need to remain viable between seasons. Alternatively, we propose that small homestead nurseries could serve as living sources of nodules to mitigate storage challenges and for pre-season scaling-up.

The second challenge is the risk that nodule crushing will accidentally spread pathogens, nodule-occupying “cheater” bacteria, and/or simply a diversity of less beneficial rhizobia strains (Hartman et al., 2017; Sharaf et al., 2019). A rich carbon source (e.g. molasses) used to adhere rhizobia to seeds may also promote pathogens (Talbot, 2010). These represent significant concerns which will require farmers to be trained to be vigilant and to take precautions (e.g. using boiled water to sterilize containers), concomitment with the development of effective yet simple extension materials. After multiple experiments, we have never observed disease symptoms on plants after nodule crushing, including following the use of field-derived nodules (e.g. Figures S1C, D). Whether stored nodules can become subsequently contaminated with pathogens needs to be investigated under real world conditions. However, inherent to the nodule crushing strategy is training farmers to select the healthiest, greenest plants and pinkest nodules, as nodule donors, which should empower farmers to select against pathogens at each crop generation. Critically, the alternative to nodule crushing is the current paradigm of shipping pure rhizobia to small scale farmers across long distances without refrigeration on solid carriers such as peat – often resulting in contaminated inoculants (Herridge et al., 2014). In terms of molasses (e.g. jaggery), it promotes rhizobia growth and is already used in current inoculant strategies (Singh et al., 2011; Singh et al., 2014) and in compost teas (Scheuerell and Mahaffee, 2002), but as already noted, there are less carbon-rich sticky agents available locally such as Gum Arabic in Africa which may prove to be safer alternatives.

A third challenge is that inoculation with elite rhizobia may not necessarily always improve biological nitrogen fixation (Thilakarathna and Raizada, 2016). Exotic strains are sometimes genetically incompatible with local legume landraces/varieties, not adapted to local soils or environmental conditions (e.g. temperature, pH), and/or are outcompeted by local strains (Deaker et al., 2004; Thilakarathna and Raizada, 2016; Mendoza-Suárez et al., 2021).




4.3 Potential of nodule crushing to improve indigenous rhizobia

Given the above challenges, the greatest potential of nodule crushing might be to catalyze the improvement of indigenous rhizobia. As noted above, indigenous rhizobia strains are already adapted to the local environment and sometimes highly competitive compared to exotic strains (Thilakarathna and Raizada, 2016; Nyaga and Njeru, 2020; Mendoza-Suárez et al., 2021). In some cases, indigenous rhizobia, if compatible with the crop, have been shown to result in greater yield than exotic elite strains under field conditions when delivered as an inoculant (Hungria et al., 2006; Thilakarathna and Raizada, 2016; Thilakarathna et al., 2019; Nyaga and Njeru, 2020). We propose that smallholders can now improve their indigenous rhizobia, possibly regardless of their initial efficacy, by repeated cycles of nodule crushing from the healthiest plants and their pinkest nodules available in their fields. Previously, a Ralstonia pathogen was evolved into a nodule-forming Mimosa symbiont, initially by synthetic introduction of a symbiosis plasmid, followed by sequential rounds of nodule crushing/selection under laboratory conditions (Guan et al., 2013; Remigi et al., 2014; Marchetti et al., 2017). Here, we demonstrated that field-derived soybean nodules from healthy plants resulted in healthy green plants following nodule crushing onto seeds; the next-generation plants possessed healthy nodules (Table 1j; Figures S1C, D). This result infers the viability of farmers practicing repeated cycles of nodule crushing to improve indigenous rhizobia. Over centuries, subsistence farmers have domesticated and improved indigenous crops (Hufford et al., 2019); but since seeds do not transfer rhizobia inoculant (Chartrel et al., 2021; Moroenyane et al., 2021), the traditional crop selection could not simultaneously improve such rhizobia directly. Nodule crushing may now enable farmers to directly select and breed beneficial indigenous rhizobia for the first time. Farmers could potentially also use nodule crushing to adapt promising exotic rhizobia to local soils, environments and crops, thus indigenizing elite strains.




4.4 Future Perspectives

Moving forward, nodule crushing has the potential to decentralize rhizobia inoculants, catalyze farmer experimentation, improve the yields of traditional crop landraces which often receive little attention from breeders (Li et al., 2020; Popoola et al., 2022), improve farmer access to indigenous microbial biodiversity (Vanlauwe et al., 2019), and empower farmers by enabling microenterprises. Ultimately this technology can reduce the need for fossil fuel requiring synthetic nitrogen fertilizers (Kebede, 2021), while improving the nutrition, income and resilience of subsistence farmers globally.
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