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A B S T R A C T   

The microbial inoculation of legumes such as soybeans is crucial for thriving plant growth due to 
symbiotic nitrogen (N) fixation and biological plant N fertilization. Soybean requires microbial 
pre-inoculation before sowing using the rhizobia strain Bradyrhizobium japonicum. Peat is typical 
for this purpose, although not sustainable since it is a finite resource. Here, we propose a straight- 
forwarding route to prepare and apply polyglycerol-citrate polymer (PGC), a biodegradable and 
fully renewable polymer, as a carrier for Bradyrhizobium japonicum inoculants for soybeans. This 
novel eco-friendly polymer combines the advantages of a polymeric, water-soluble structure 
based on biopolymers, which can protect the inoculant cells during the seed inoculation process, 
with protective properties of glycerol for bacterial cells and the contribution of citric acid for 
metabolic processes. A greenhouse study was conducted using soybean seeds coated with three 
different proportions of PGC with B. japonicum planted in a sand substrate free of external 
interference. Comparative results of N content and δ15N signature in soybean plant parts calcu
lated from the natural abundance method associated with viability tests showed equal or superior 
symbiotic performance and nitrogen fixation rates to peat-based inoculants, considered the gold- 
standard carrier for inoculants. It ensured the shelf life of the inoculant formulations, offering 
convenience for farmers and environmental benefits through reduced fertilization.   

1. Introduction 

The rise of microbiological products marks a crucial shift towards eco-friendly, sustainable agriculture, benefiting both produc
tivity and the environment (Saleem et al., 2023; Sarpong et al., 2021; Shameem M et al., 2023). Developing commercial rhizobia 
strains, which act in symbiosis with legumes, was vital for replacing chemical fertilizers. They are referred to as inoculants or bio
fertilizers, and they provide the nitrogen plants’ needs through biological atmospheric N2 fixation (Taghizadeh et al., 2013, 2023). 
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Still, their survival in the field depends on adequate formulations to keep them active, protecting against external stresses (e.g., 
temperature, low moisture, or chemical agents) (Garcia et al., 2021; Hungria et al., 2020; Zilli et al., 2021). Several protective ma
terials are proposed (Allouzi et al., 2022; Sivaram et al., 2023), but peat is still considered the most efficient (Hungria et al., 2020; 
Santos et al., 2019). Since 1920, peat has been used for manufacturing legume inoculants (Albareda et al., 2008; Deaker et al., 2007; 
Singleton, 2002). It consists of solid biogenic organic matter, serving as both a source of nutrients and physical protection for the 
microorganisms (Hungria et al., 2007; Hungria et al., 2006). However, peat is a non-renewable resource, scarce in many regions like 
the tropics (Zhang et al., 2022) since it occurs in specific environments and is formed after a long geological period (Głodowska et al., 
2016). In addition to its exploitation impacts, peat requires significant processing such as milling, pH correction, and sterilization, 
making it unfeasible for smaller production. 

Thus, readily available alternative carriers for inoculant production and application, predominantly liquid inoculant formulations, 
have been recently investigated. These included broth cultures, yeast-mannitol, and micronutrients, amended with agents (i.e., bio
polymers) that promote cell survival and facilitate their application to the seed and soil (Albareda et al., 2008; Allouzi et al., 2022; 
Fernandes Júnior et al., 2009; Hungria et al., 2020) though few promote cell viability and field performance comparable to peat 
inoculants (Gopi et al., 2019; Hungria et al., 2007; Santos et al., 2019). The primary impediment to enhancing the utilization of in
oculants stems from the limited availability of formulation knowledge, attributed to the scarcity of public research on this subject. 
Additionally, these inoculants exhibit an extended shelf life and reduced susceptibility to contamination, rendering them a preferred 
choice for a variety of applications (Bashan et al., 2016; Egamberdieva et al., 2020; Palhares Farias et al., 2022). In this scenario, 
polyglycerol citrate emerges as an eco-friendly candidate. It could protect the microorganisms with a suitable medium for survival, 
staying effective over a prolonged storage period at neutral or near-neutral pH (Giroto et al., 2023). Glycerol is a cell cryoprotectant for 
bacteria in culture collections, protecting cells against abiotic stress by promoting osmotic pressure balance and regulation of 
transmembrane traffic (Whaley et al., 2021). Moreover, it is a carbon source with high water-binding capacity and fluidity that 
promotes fast seed covering (Singleton, 2002; Tittabutr et al., 2007). Additionally, citric acid is a carboxylic acid involved in the Krebs 
cycle, a central metabolic pathway for plants and bacteria. 

Thus, here we propose a straightforward route to produce polyglycerol-citrate (PGC) protective carriers for Bradyrhizobium japo
nicum inoculants on soybean seeds, showing the PGC’s role in protecting the microorganisms in liquid and dried seed films. A 
greenhouse experiment assessed the symbiotic nitrogen-fixing ability of B. japonicum via PGC-coated and inoculated seeds compared to 
peat and untreated controls. Overall, the experiment aims to demonstrate the potential of PGC as a novel, eco-friendly seed coating and 
inoculation material for enhancing sustainable soybean production while minimizing the environmental impact associated with peat 
exploitation. 

2. Materials and methods 

2.1. Inoculant preparation and inoculation procedure 

Bradyrhizobium japonicum DSM 30131T (=USDA 6 T, =ATCC10324T), (Leibniz Institute DSMZ GmbH, Germany) were stored in a 
modified yeast-mannitol (YM) liquid medium containing 20% glycerol at − 80 ◦C. For the evaluations, an aliquot was grown in a 
modified YM-broth (per liter: mannitol, 5.0 g; yeast extract, 0.4 g; K2HPO4, 0.5 g; MgSO4⋅7 H2O, 0.2 g; NaCl, 0.1 g, pH 6.8, Hungria 
et al., 2006) with shaking at 120 rpm, at 28 ◦C, for 5 days. The cultures were centrifuged for 15 min at 7000 rpm (Centrifuge 
5425/5425 R, Eppendorf, Hamburg, Germany). The supernatant was discarded, and the cells were resuspended in 0.85% (m/v) NaCl 
saline solution. Cell concentration was estimated by plating in Petri plates containing modified YM-medium. Colony forming units 
(CFU) were counted after five days of incubation at 28 ◦C. 

2.2. Preparation of the polymer solution carriers 

Polyglycerol citrate (PGC) polymers were synthesized as described by Giroto et al. (2023). The polymeric solutions were prepared 
in three different concentrations, namely 25, 50, and 66% (m/v) of polymer in water, to study the effect of polymer concentration on 
cell viability, seed coating ability, and resulting plant performance. The pH was adjusted to neutral with CaCO3 (Merck, Germany) and 
some dropwise of NaOH (6 M). Modified-YM medium was subsequently added into the solutions lacking mannitol. The decision to 
omit mannitol was deliberate, aiming to compel the microorganism to utilize glycerol as the primary carbon source from the inoc
ulation matrix. The polymeric solutions were sterilized at 121 ◦C for 20 min, during which the original clear solution changed into a 
white viscous gel. After cooling, each of the three polymer gels with the different PGC concentrations were inoculated with 
B. japonicum at approximately 109 cells mL− 1. The added cells were thoroughly homogenized with the PGC gels and stored at 5 ◦C for 
further use. 

2.3. Coating soybean seeds with PGC gels 

Soybean seeds (Glycine max L., Eiko cultivar; Asgrow, United States) were treated with PGC gel at a dose of 200 mLPGC per 100 kg 
seed (Hungria et al., 2020) by adding an appropriate amount of each PGC to seeds in a glass flask, followed by 15 min homogenization 
on a rotating table (MIXER 10, Greiner Labortechnik, Germany) until the seed’s surface was dry. A control without coating treatment 
and a PGC polymer at the three used concentrations without rhizobia cells were also prepared. Seeds (S) coated with PGC polymers 
were named SPGC25, SPGC50, and SPGC66 according to the concentration of PGC used and the inclusion of B. japonicum. 
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Seeds were also inoculated with peat inoculant (Einheitserde Typ 0, Germany) as a positive control. The peat substrate used for 
inoculation was prepared by drying overnight in an oven at 50 ◦C, pulverized to > 2 µm using a ball mill (MM 400, Retsch, Germany) 
before being used. The used peat initially possessed a neutral pH, and therefore no additional pH-adjustment was necessary. For seed 
treatments, 220 gPeat/50 kgseeds were used after seed pre-moistening with 300 mL of 10% sucrose solution to create a sufficient ad
hesive surface for the peat powder over the soy surface (Campo et al., 2009). The rhizobia cells were introduced into the saccharose 
solution, which was subsequently applied to the seeds. Following this step, the peat powder was incorporated into the system. The 
rhizobia survival rate after seed coating with PGC polymers or peat was assessed after 0, 1, 3, 7, and 14 days of seed storage at 5 ◦C. 

2.4. Recovery of viable cells from inoculated polymer 

A sufficient number of viable rhizobia cells is crucial for successful nodulation at the plant roots and symbiotic N2 fixation by the 
microorganisms. Therefore, the survival of rhizobia in the PGC gels was assessed after each day by using the dilution method starting 
with 1 mL added to a sterile flask along with 9 mL of physiological solution 0.85% NaCl (m/v) + 0.01% (m/v) Tween 80 solution 
(Vetec, Brazil) and counting with the drop plate method (Howieson and Dilworth, 2016). The plates were incubated at 28 ◦C for five 
days, and the number of CFUs was counted. The recovery and counting of viable B. japonicum cells from inoculated seeds followed the 
procedure described by Santos et al. (2019). For the evaluation, 100 coated seeds were transferred to a 250-mL Erlenmeyer flask 
containing 100 mL of sterile 0.85% (w/v) NaCl saline solution + 0.01% (m/v) Tween 80 solution, kept stirring for 2 hours, and 
following as described by Moretti et al. (2020). 

2.5. Seed surface morphology analysis 

Scanning electron microscopy (SEM) was employed to analyze the seeds’ PGC-coated and uncoated surface morphology using a 
Zeiss model SUPRA 50VP. The samples were dispersed over carbon tape on the surface of a metallic disc (stub), carbon-coated in a 
Leica EM SCD050 chamber, and imaged using the secondary electron mode. 

2.6. Greenhouse experiments 

The greenhouse experiment was performed under controlled conditions at the Institute of Bio- and Geosciences, IBG-2: Plant 
Sciences, Forschungszentrum Jülich GmbH, Germany (location: 50◦54’36" N, 6◦24’49" E), from January to March 2023. To evaluate 
the effect of PGC polymer as seed inoculant (named SPGC), the following treatments were applied: (i) non-inoculated receiving 100 mg 
of N as urea kg− 1 substrate; (ii) non-inoculated and non-N-fertilized control (control); (iii) peat inoculant, traditionally considered as 
the best inoculation medium (Hungria et al., 2020), (peat); (iv) pure PG polymer without rhizobia (PGC); (v to vii) seeds coated with 
inoculants SPGC25, SPGC50, and SPGC66. All inoculant-based treatments were prepared on the day of sowing to deliver at least 1.2 
million vital B. japonicum cells seed− 1, as recommended by Hungria et al. (2020). After that, seeds were directly sown into 1.5 L pots 
containing 1 kg of a sandy substrate (RBS GmbH, Inden, Germany; particle size: ≤1 mm; pHH2O 6.6; WHC: 24%; no detectable amounts 
of N, P, K, and C), which was used also earlier in numerous fertilizer studies as a model substrate for a marginal soil (Nabel et al., 2016; 
Valle et al., 2022; Giroto et al., 2022). This substrate was chosen to avoid unpredictable influences of other soil organisms and nutrients 
as potentially present in natural soils or organic growing media. Plants were kept in the greenhouse, ensuring a daily light period of 
16 h, a constant day/night temperature of 23◦C, and air humidity of 48%. Five replicates for each treatment were employed in a 
completely randomized block design, and pot positions were randomly changed every week to circumvent microclimatic effects on 
plant growth. Plants were watered twice a week using an N-free Hoagland solution (50 mL). Harvest was conducted after 60 days of 
cultivation. 

Before harvest, SPAD values were measured using Chlorophyll Meter SPAD-502Plus (Konica Minolta), allowing for an estimation of 
leaves’ greenness as an indicator for plant N availability. 

2.7. Post-harvest analysis 

Following harvest, total shoot length and leaf area were measured for all plants using a leaf area meter (LI-3100, LI-COR). Sub
sequently, shoots were dried at 60◦C until complete dryness. Before drying, roots were washed carefully, and all nodules were removed 
from the roots, counted, dried, and weighed to obtain total nodule dry weight per plant. Assessment of nodulation (number and mass), 
shoot and root dry mass, N concentration, and N contents in each part of the plants was conducted, and N content of the dry biomass 
(shoots, roots, and nodules) was determined via CHN elemental analysis (Leco TCH 600). 

2.8. Quantitative estimation of nitrogen fixation: 15N natural abundance analysis 

Nitrogen fixation was evaluated by the 15N natural abundance method, with sampling as described by Shearer and Kohl, 1988. 
Plant materials were divided into shoots, roots, and nodules, and each biomass fraction was milled to a fine powder after drying using a 
ball mill (MM 400, Retsch, Germany). For total-N and δ15N determinations, samples of 1.5–2 mg per fraction were analyzed using an 
elemental analyzer coupled with an isotope ratio mass spectrometer (EAIRMS; IRMS IsoPrime, Micromass UK Limited, USA). The term 
δ15N refers to a sample’s ratio of the heavier to the lighter stable isotope of nitrogen (15N over 14N) in comparison to a reference value 
(atmospheric N2) (Nabel et al., 2016). Generally, the 15N abundance of the N derived from the air in the whole plant, including roots 
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Fig. 1. (a) Soybean seed untreated, illustrating the region of the surface analyzed and allowing for a visual comparison between untreated and the PGC-treated seeds, showing the seed coat (green), 
followed by the hypodermis (green-turquoise) and parenchyma layer (grey); (b) seed coated with PGC 50 including inoculated Bradyrhizobium japonicum. (1) a region showing the natural porosity of the 
seed, (2) cross-sections of the seed coat, (3) a region of the seed surface coated with the PGC polymer, (4) coating defect on soybean surface, (5) "cornflakes-shape" seed surface as a result of the SPGC50 
polymer coating, (6) and (7) presence of B. japonicum on the PGC polymer-coated seed surface. 
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and nodules, is close to that of the atmosphere, i.e., 0.0‰ using standard notation (Unkovich, 2013). 

δ15N =

(
Rsample

Rstandard
− 1

)

× 1000 

Rsample or Rstandard is the ratio of 15N over 14N for sample or standard, respectively. δ15N values were calibrated against IAEA-N-2, 
IAEA-N-1, and USGS25 (ammonium sulfate standard) and are reported scale-normalized to air. The relative share of N derived from the 
atmosphere (%Ndfa) can be calculated using the method of Shearer and Kohl, 1988, with the equation: 

%Ndfa =

(

1 −
δ15Nfixplant

δ15Nrefplant

)

× 100 

Ndfa was calculated for soy growing in the control setups, i.e., i) the negative control (no N fertilization and no inoculation), and ii) 
treatments with rhizobia inoculations, i.e., peat, and the SPGC treatments (Chalk, 2016; Unkovich, 2013). 

2.9. Statistical analysis 

All results were submitted to one-way statistical analysis (ANOVA) with Tukey’s test at the significance level p < 0.05 (Statistic R 
Software, R Core Team (2019) R: A language and environment for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria). 

3. Results and discussion 

3.1. PGC seed coating analysis using scanning electron microscopy 

The PGC film coating over the seeds was confirmed by scanning electron microscopy (SEM). The polymeric coating protected the 
seed by an almost evenly PGC layer on the seed surface. Fig. 1, (b) shows in detail a "cornflake-shape" appearance at the seed surface 
(Fig. 1, (b) 5–7). Only a few regions were not covered by the polymer, as shown in Fig. 1(b), region 4, due to local inhomogeneities. 
This coating thickness is expected to guarantee moisture preservation and gas exchange with the external medium. The presence of 

Fig. 2. Survival of rhizobia in (a) liquid inoculants PGC25, PGC50, and PGC66, (b) seeds coated peat, SPGC25, SPGC50, and SPGC66 over 14 days.  
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bacteria was seen in high magnification SEM images of seeds coated with PGC50, showing rod-shaped bacteria with uniform cellular 
surface texture (Fig. 1(b), regions 6 and 7), consistent with the inoculated B. japonicum strain (Thapa et al., 2023). 

3.2. Viability Tests of Bradyrhizobium japonicum in PGC formulations 

The survival of Bradyrhizobium japonicum was evaluated in suspensions of PGC25, PGC50, and PGC66 after seed coating (Fig. 2). 
The net losses of viable cells were determined by calculating the mean difference in log10 CFU/mL between 0 and 14 days across three 
replicate samples. B. japonicum strain DSM 30131 demonstrated robust survival across all PGC formulations (Fig. 2a), consistently 
maintaining over 109 CFU/mL, affirming the safety of the polymer. Although a slight decline in CFU/mL was observed after 7 days, the 
count remained above 108 CFU/mL. By day 14, the PGC25 treatment exhibited sustained levels of viable cells, while the counts in the 
other treatments decreased. The effect on strain survival of pre-inoculated soybean seeds was also followed over 14 days of storage 
(Fig. 2b), with peat as the positive control. After coating, SPGC66 attained the highest CFU/seed level of 107, as opposed to 105 for 
peat-treated seeds. After 24 hours, CFU drastically decreased but remained stable over the subsequent 7 days. SPGC50 and SPGC66 
slightly increased (106) after this period, returning to 104 as for the other treatments. Similar results were reported for other biode
gradable polymers using B. japonicum (Allouzi et al., 2022; Fernandes Júnior et al., 2009; Mortvedt and Giordano, 1967; Tittabutr 
et al., 2007), but, distinct from them, PGC has a dual function as a cell protector and a direct nutrient source, facilitating the survival of 
the bacterial strain (De Gregorio et al., 2017; Garcia et al., 2021; Vassilev et al., 2017). After cells enter the stationary phase, nutrient 
depletion may be severe and cause a higher reduction of viable cells in liquid inoculants than in peat (Garcia et al., 2021; Hungria et al., 
2020; Santos et al., 2019). In our approach, this can be avoided by the polymer as a carbon source. Although polymers kept the cell 
viability at around 104 cells/seed after 14 days, it is reported that concentrations of even 100–1000 cells per seed produce satisfactory 
nodulation (Brockwell et al., 1980; Tittabutr et al., 2007). 

3.3. Greenhouse experiment 

A greenhouse experiment was conducted to test the inoculated and SPGC-coated soybean seeds. Table 1 shows the number of 
nodules, leaf area, plant height, SPAD (indication for chlorophyll content), plant dry weight, and N content of each plant part 
compared to peat-based inoculant. Results show that SPGC25 and SPGC66 had statistically similar CFU per seed, and SPGC50 was 
superior compared to the peat control. However, SPGC66 and SPGC25 presented a similar number to peat, considered as gold control. 
Seeds coated with a pure polymer (SPGC, no inoculant, and no N fertilization) were also evaluated to understand if the material would 
affect plant development. 

Plants grown from SPGC-treated seeds had vigorous growth, presenting the highest leaf area superior to the control, confirming the 
polymer non-toxicity and non-adverse effects. However, the SPAD value of the pure SPGC was statistically similar to the control 
treatment, indicating a lower nitrogen supply for them. Most importantly, all seed treatments with SPGC inoculated with the 
B. japonicum had superior leaf area production (> 114.61 cm2) compared to the negative control (70.43 cm2) and similar to the urea 
treatment (147.31 cm2), despite the similar plant heights and chlorophyll content values (Table 1). 

Concerning the dry weight, no difference was observed between the peat and the SPGC treatments in the biomass from the nodules 
for all individual plant parts. Additionally, the total dry biomass of the pure SPGC treatment without rhizobia addition was similar to 
urea and peat treatments and superior to the control. This result suggests that the simple PGC polymer coating of the soybean seeds 
provided an increment in plant growth, similar to the N fertilization and rhizobia inoculation with peat. 

Nitrogen content results of the various plant parts revealed that inoculated PGC seed treatments, namely SPGC25, SPGC50, and 
SPGC66, resulted in values comparable to those of plants with peat inoculant (Table 2), confirming the SPGC treatment’s effectiveness 
for nodulation resulted in adequate supply of N to plants by the microbial-plant symbiosis. In the peat and SPGC treatments, the 
determined N content was mainly obtained via symbiotic N2 fixation, accounting for 21–23 mg N plant− 1, less than half of the 
fertilized amount. However, the N uptake from N2 fixation was enough for the plants’ N supply and promoted soybean growth 
equivalently to plants fertilized with urea. It suggests that the fertilized plant with urea absorbed an N excess in the vegetative period. 
On the other hand, biological fixation provided N in a more synchronized manner with plant demand. Thus, the PGC polymer matrix 

Table 1 
Viable cells in colony forming units (CFU) per seed, nodule number, leaf area, plant height, SPAD (indication for chlorophyll content), and dry 
biomass content of different soybean plants grown in the sand culture at different treatments. SPGC seeds inoculated (seeds coated with PGC polymer 
solution with rhizobia cells).  

Treatments log10 CFU 
(seed− 1) 

Nodule number (plant− 1) Leaf area (cm2) Height 
(cm) 

SPAD Dry biomass (g) 

Nodule Root Shoot Total 

Control* - - 70.4c 29.3 a 23.1 b - 0.19 b 0.73c 0.83 b 
Urea* - - 147.3 a 33.4 a 39.5 a - 0.32 a 1.32 a 1.58 a 
Pure PGC* - - 115.6 ab 33.6 a 27.1 b - 0.37 a 1.10 ab 1.45 a 
Peat 6.87 b 15.6 a 103.7 bc 34.2 a 38.2 a 0.031 a 0.29 ab 0.98 bc 1.30 ab 
SPGC25 6.83 b 18.4 a 117.1 ab 30.4 a 36.7 a 0.038 a 0.28 ab 1.02 bc 0.87 b 
SPGC50 7.19 a 15.2 a 117.9 ab 38.3 a 36.7 a 0.038 a 0.29 ab 1.06 ab 1.38 a 
SPGC66 6.93 ab 19.0 a 114.6 ab 34.8 a 39.1 a 0.034 a 0.28 ab 0.98 bc 1.30 ab 

*without rhizobia addition, Different letters indicate significant mean differences at p < 0.05. 
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provided physical protection to the inoculum, water holding capacity, and nutrient provision, not requiring the use of adhesives (as 
required by peat-based), reducing the time and workforce demands (Santos et al., 2019). 

Concerning the N content in the plant biomass, shoots had the highest N concentration, accounting for more than 15 mg/plant, 
which is likely associated with the higher N content in the chloroplasts. This is reflected by the measured SPAD values (Table 1), 
showing the greenness of the leaves as an indirect measure for N content (Table 2). This result confirms the efficiency of this analysis 
for indirect measurement of the plant N content, being, therefore, an essential tool for continuously measuring the N nutritional status 
in commercial crops such as soybean. 

The pattern of 15N distribution within soybean plants markedly changed among the treatments. It is assumed that shoots are 15N 
depleted, while nodules and, to a lesser extent, roots depict a significantly higher share of 15N (Wanek and Arndt, 2002). A 15N 
enrichment in the nodules was earlier described for numerous legume species, including soybeans, lupins, and Vigna species (Shearer 
and Kohl, 1988; Wanek and Arndt, 2002). 15N increase is linked to nodule metabolism and was demonstrated to vary with rhizobial 
strains and to increase with nodule age (Unkovich, 2013). Therefore, the 15N content was higher in roots than in shoots (Kohl et al., 
1989). In contrast, under favorable conditions for nodulation, as in the case of peat and SPGC treatments, shoots tend to be enriched in 
14N, and the δ15N showed lower values. Shoots’ 15N content is higher when plants rely on mineral N, as in the case of urea treatment, 
with δ15N higher than 2.7‰. These modifications in internal 15N distribution patterns across nodules, roots, and shoots follow the 
changes in the 15N constitution among plant components that rely or not on exclusive N2 fixation. This behavior was observed for all 
plants from the peat and the three SPGC seed treatments that rely on the symbiotic, bacterially-induced biological nitrogen fixation 
(BNF) process. We observed that the 15N accumulation followed the order nodule > roots > shoots for these treatments. In plant parts 
based on BNF, as in the case of peat and SPGC treatments, the δ15N values in shoots were negative. On the contrary, in the control, PGC, 
and urea treatments, the shoot and root δ15N values were always positive. 

SPGC seed treatments significantly improved the soybean nodulation and plants’ BNF capacity, resulting in increased N accu
mulation in the shoots and roots in the same range as peat (Table 2). SPGC treatments resulted in increased nitrogen accumulation in 
the shoots and roots and increased the biological nitrogen fixation capacity. The δ15N and %Ndfa values suggest the SPGC66 treatment 
was superior. In all regions studied in Brazil, the %Ndfa for soybeans has been found to range from 60% to 90%, and the δ15N 
composition of N derived from the soil is often less than 4.0‰ (Pauferro et al., 2010). 

Taking into account the very harsh environment used to test the formulations (i.e., sand with no organic matter), our results 
demonstrate a promising approach to sustainable and improved soybean seed treatment and plant growth. The BNF in two of the three 
proposed seed treatments had similar plant growth and fertilization responses compared to the traditional peat inoculation technique. 
The novelty of our study relies on being the first to use polyglycerol as a carrier for microbial inoculants for seed coating purposes, with 
both a simultaneous protective and energy source for B. japonium. More studies will be needed to improve the nodulation and sym
biotic atmospheric N-fixing efficiency using the proposed technology. Soluble polymers containing the necessary inoculant formu
lations are convenient for both large-scale industrial applications and manageability at the farm level. The developed PGC polymer 
(Giroto et al., 2023) used in this study was selected based on its advantageous properties, such as easy and economic accessibility, 
solubility in water, non-toxicity, biological degradability and simultaneously complex chemical nature, which prevents soil micro
organisms from rapidly degrading the polymeric coating. 

4. Conclusions 

Polyglycerol-citrate (PGC) has been demonstrated to be an effective carrier and protective agent for the rhizobia strain B. japonicum 
inoculation for soybean seeds. SEM imaging confirmed the presence of a uniform and adherent polymeric coating on the seed surface, 
effectively safeguarding both the seeds and the enclosed microorganisms. The survival of B. japonicum cells in PGC formulations 
exceeded agricultural application requirements, being vital even after 14 days. Greenhouse experiments revealed that coated seeds 
positively impacted soybean plant development, with sufficient nodule formation on par with peat-based inoculants. Notably, seeds 
coated solely with the pure polymer (SPGC) had no adverse effects on plant growth, confirming its non-toxic nature. 

Most importantly, the enhanced biological nitrogen fixation capacity of soybean plants, particularly with SPGC66 and SPGC50 
treatments, was evident. This was supported by the detected N content and distribution in the plant tissues, with negative δ15N values 

Table 2 
Comparative results of N content and δ15N signature in soybean plant parts calculated from the natural abundance method. SPGC25/50/66: seeds 
coated with PGC polymer solution containing 25, 50, and 66% PGC, inoculated with rhizobia cells. %Ndfa: relative share of N derived from the 
atmosphere. n = 4.  

Treatments N content (mg N plant− 1) δ15N value (‰ AIR) %Ndfa 

Nodule Root Shoot Total Nodule Root Shoot Total  

Control* - 2.31c 6.89 d 9.72c - 1.18 b 1.14 b 1.16 b - 
Urea* - 14.35 a 34.41 a 46.51 a - 3.36 a 2.78 a 2.94 a - 
Pure PGC* - 4.48 b 8.72 cd 13.07c - 0.25c 0.54c 0.44c - 
Peat 1.51 a 4.58 b 15.22 bc 21.07 b 3.16 a 0.64 bc -0.38 de 0.11 cd 90.26a 
SPGC25 1.83 a 3.87 bc 16.06 b 23.25 b 3.12 a 0.23c -0.08 d 0.27 cd 77.01a 
SPGC50 1.91 a 3.53 bc 17.40 b 21.58 b 3.89 a 0.40c -0.49 de 0.18 cd 84.73a 
SPGC66 1.54 a 3.98 bc 15.66 bc 21.18 b 3.82 a 0.15c -0.59 e -0.10 d 100.0a 

*without rhizobia addition; Different letters indicate significant differences at p < 0.05. 
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in shoot parts confirming the effectiveness of the symbiotic nitrogen fixation process. The findings and the innovative approach 
presented in this study propose PGC as a promising alternative to traditional inoculation carriers like peat, offering protection for 
microorganisms and serving as a direct nutrient source for bacteria. The environmentally friendly and sustainable formulation and 
production of PGC could help to protect finite peat resources. These results underscore the potential of PGC as an inoculant and seed 
coating material for improved nitrogen fixation and enhanced plant growth, positioning PGC as an environmentally friendly and 
practical choice for soybean cultivation. While further research is necessary to optimize this technology, this study paves the way for 
more sustainable and efficient soybean production. 
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