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Abstract

Food waste wastewater (FWW), defined in this study as the aqueous supernatant obtained after 
hydrothermal treatment and solid-liquid separation of food waste, is rich in soluble organic 
matter and nutrients and has considerable potential as a low-cost substrate for microbial 
cultivation. This study investigated the feasibility of using FWW to produce a liquid nitrogen-
fixing bacterial (NFB) fertilizer. Five NFB strains were isolated from wheat rhizosphere soil, 
among which strain N4, identified as Arthrobacter pascens, exhibited the highest nitrogen-
fixation capacity and was selected for fertilizer preparation. FWW produced at 120 °C provided 
the most suitable culture medium. Under the optimized conditions (100 rpm, 25 °C, pH 6, and 
1% inoculum), the total bacterial count reached 1.38 × 1013 CFU mL-1. In a 35-day soybean 
seedling pot experiment, application of the FWW-derived NFB fertilizer increased the fresh 
weight of soybean plants by 73.6% compared with the CK treatment and was accompanied by 
increased soil available nitrogen and enzyme activities. The treatment was also associated with 
shifts in rhizosphere bacterial community composition.
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Highlights

• Hydrothermally treated FWW was successfully 
used as a culture medium for Arthrobacter pascens.

• Hydrothermally treated FWW supported bacte-
rial growth and substrate utilization, resulting in 

reductions of up to 86.7% in SCOD and 74.2% in 
reducing sugar concentration.

• The NFB fertilizer increased available N from 
99.40 to 132.67 mg kg-1 in the soil.

• The NFB fertilizer increased the biomass of 
soybean (fresh weight etc.).

• A. pascens may promote growth by altering the 
microbial community in the soil.
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Introduction

Approximately one-third of the food produced 
for human consumption is estimated to be lost 
or wasted annually, resulting in the generation 
of about 1.3 billion tons of Food waste (FW) 
each year (Shigetomi et al., 2024). FW refers to 
discarded edible materials and kitchen residues 
generated during food preparation and consump-
tion. FW is accumulated world widely and has 
become an urgent environmental issue in many 
countries owing to increasing urbanization and 
population growth. FW, containing a significant 
quantity of moisture, volatile substances, and 
nutrients, is one of the main ingredients of mu-
nicipal solid waste. In the present study, food 
wastewater (FWW) is defined as the liquid frac-
tion (supernatant) recovered from FW following 
hydrothermal treatment (HT) and solid-liquid 
separation. A large amount of FWW would be 
generated during the treatment of FW, which 
increases the sewage treatment load and causes 
eutrophication of the water system. Compared with 
many industrial wastewaters, FWW is generally 
characterized by lower levels of hazardous con-
taminants and contains abundant organic matter, 
proteins, minerals, and trace elements that can 
potentially support microbial growth (Gao et al., 
2021). Therefore, FWW can provide conditions 
for culturing microorganisms, thus realizing the 
resource utilization of FW.

Hydrothermal treatment (HT) is a thermochemical 
process conducted in a closed aqueous system at 
elevated temperatures to promote the solubiliza-
tion and transformation of organic matter and has 
been widely applied for the pretreatment of wet 
organic wastes, such as FW, waste-activated sludge, 
and animal manure (Heilmann et al., 2014). The 
advantages of HT in treating FW are reported to 
include avoiding the energy-intensive pre-drying 
stage necessary for traditional treatments, quick 
reaction times, excellent disinfection, effective 
odor control, and substantial volume reduction 
(Lu et al., 2018; Marzbali et al., 2021). During 
HT, complex organic macromolecules in food 

waste were hydrolyzed into soluble compounds, 
including amino acids, reducing sugars, and 
short-chain organic acids (Chen et al., 2012). After 
solid-liquid separation, these soluble products 
were enriched in the aqueous supernatant (i.e., 
FWW), providing readily available carbon and 
nutrient sources that could potentially support 
microbial growth and metabolism.

Nitrogen (N) plays a vital role in the synthesis of 
plant constituents, ultimately affecting growth 
and yield in crops (Zhou et al., 2021). N fertilizers 
could promote plant development by enhancing 
plant nutrition, yield, and phytohormone regulation 
(Shakeel et al., 2021; Zhou et al., 2021). Excessive N 
fertilizer application becomes a non-point pollution 
source affecting environmental quality, which has 
resulted in soil acidification, water eutrophication, 
and substantial greenhouse gas emissions (Zhang 
et al., 2016). It is, therefore, crucial to simultane-
ously improve the availability of nitrogen in the 
soil and preserve environmental quality.

Nitrogen-fixing bacteria (NFB), an important 
functional group within plant growth-promoting 
rhizobacteria (PGPR), are capable of converting 
atmospheric nitrogen into plant-available forms. 
In addition to biological nitrogen fixation, some 
NFB strains had been reported to colonize the 
rhizosphere, produce phytohormones, mobilize 
nutrients, or suppress certain plant pathogens, 
thereby contributing to plant growth and stress 
tolerance (AlAli et al., 2021). The application 
of PGPR, including nitrogen-fixing, phosphate-
solubilizing, and potassium-solubilizing bacteria, 
had been widely recognized as a sustainable 
strategy for improving nutrient availability, 
enhancing plant growth, and increasing crop 
resilience to environmental stresses (Basak et al., 
2022). Din et al. (2021) found that co-inoculation 
with Azospirillum Er-20 and Pseudomonas K-1 
enhanced wheat yield and N use efficiency at 
120 kg N ha-1, when N was provided through 
a combined FYM-urea fertilization regime, in 
which the optimal ratio was 50% FYM combined 
with 50% urea.
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While promoting plant growth, the application of 
NFB fertilizer could inhibit the establishment of 
nematodes, which usually induced root galling in 
crops and adversely affect their growth and yield 
(Shakeel et al., 2021). Furthermore, applying NFB 
fertilizer increased the contents of Ca, Mg, P, K, 
Fe, and Zn in chili (Capsicum annum) and maize 
seedlings, which are essential elements for plant 
growth (Bhatt & Maheshwari, 2020). The applica-
tion of NFB fertilizer has huge sustainability and 
potentiality in improving both soil quality and 
plant growth.

Nutrient-rich organic wastewaters have attracted 
increasing attention as alternative media for 
cultivating beneficial microorganisms and 
producing liquid biofertilizers. Atfaoui et al. (2021) 
demonstrated that olive mill wastewater was an 
effective substrate for cultivating Lactobacillus 
plantarum, Lactobacillus brevis, and Candida 
farmata, thereby enabling biofertilizer production. 
FWW has also been demonstrated to support the 
growth of beneficial bacteria. FWW was reported 
to culture Bacillus cereus and Kosakonia cowanii, 
of which the The total bacterial count (TBC) 
reached 8.11 × 1011 CFU mL-1 and 8.3 × 1013 CFU 
mL-1 after 7 days and met the standard mentioned 
above. And the liquid bacterial fertilizer prepared 
by B. cereus and K. cowanii significantly increased 
the content of available potassium and phosphorus 
by 28.91% and 156.57%, and promoted the growth 
of garlic and Pakchoi (Wang et al., 2022a; Wang 
et al., 2022b). These findings demonstrated the 
potential of FWW as a microbial culture medium. 
However, studies on the cultivation of nitrogen-
fixing bacteria using FWW remain limited and 
the effects of FWW-derived NFB biofertilizers on 
soil fertility, rhizosphere microbial communities 
and plant growth have not been systematically 
investigated.

Many studies have focused on investigating the 
growth-promoting effects of various NFBs as 
growth promoters, and little consideration has been 
given to preparing biofertilizers by cultivating them 
to replace chemical fertilizers. The hypothesis of 

this study is to develop a biofertilizer that is con-
ducive to both resource utilization of FWW and 
reducing the environmental hazards of chemical 
fertilizer application, which is to use HT-treated 
FW i.e., FWW, as a medium to cultivate NFB and 
prepare liquid bacterial fertilizer. Therefore, the 
main objectives of this study were: (1) to screen 
and identify NFB from the rhizosphere soil of 
wheat, (2) to dissect the growth processes of NFB 
in FWW, and optimize its cultivation conditions 
in FWW, (3) to investigate the promotion effect of 
NFB fertilizer on soil fertility and plants growth, (4) 
to elaborate the relationship between the bacterial 
communities in soil rhizosphere and the growth 
of soybean. This study explored the feasibility of 
utilizing high-concentration organic wastewater as a 
nutrient source for microbial cultivation. The results 
provided microbial resources and preliminary data 
that may support the development of NFB liquid 
fertilizers and the future optimization of nutrient 
management strategies with reduced dependence 
on chemical nitrogen fertilizers.

Materials and methods

Materials

All reagents applied in the experiment were of 
analytical level, and all stock solutions were 
prepared with sterile deionized water. Raw FW 
was collected from one of the student canteens at 
Beijing Technology and Business University. The 
soil used in the pot experiment was collected from 
the surface layer (0-20 cm) of the garden of Beijing 
Technology and Business University (39°55′ N, 
116°19′ E, and 60 m elevation from sea level). Soil 
samples were manually collected with a shovel, 
after which visible stones, residual plant roots 
and other non-soil materials were removed. The 
soil was then homogenized, air-dried and passed 
through a 20-mesh sieve prior to the pot experiment.  
The basic physicochemical characteristics of the 
soil are shown in Table S1. Soybean were used to 
evaluate the growth-promoting effects of NFB liquid 
fertilizer prepared with FWW. Soybean seeds were 
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purchased from an online commercial supplier in 
China. As the seeds were obtained from a com-
mercial source, detailed cultivar information was 
not available.  The pot experiment was conducted 
in plastic pots (20 cm in diameter and 11 cm in 
height, with drainage holes) containing 2.0 kg of 
air-dried soil per pot. Ten soybean seeds were sown 
in each pot and one uniform seedling was retained 
after emergence. The plants were cultivated until 
the end of the experiment and growth parameters 
were subsequently measured.

Screening and identification of NFB strains

The rhizosphere soil samples used for NFB isolation 
were collected from a wheat field in Bagaozhuang 
Village, Lucheng Town, Tongzhou District, 
Beijing, China (39°52′ N, 116°46′ E). Rhizosphere 
soil samples were collected from the 0-20 cm soil 
layer using a sterile shovel, transferred into sterile 
bags and labeled with sampling information. The 
samples were transported to the laboratory and 
stored at 4 °C before bacterial isolation. For NFB 
isolation, 10 g of rhizosphere soil sample was added 
to 90 mL of sterile distilled water and shaken at 
200 rpm for 30 min. After soil particles settled, 
5 mL of the supernatant was transferred into 100 
mL of Ashby nitrogen-free liquid medium and 
cultured at 160 rpm and 30 °C for 2 days. Then, 
0.1 mL of the enriched culture was inoculated 
onto Ashby nitrogen-free solid medium and 
incubated at 30 °C for 72 h. Colonies with distinct 
morphological characteristics and relatively vig-
orous growth were selected from the plates and 
purified by repeated streaking onto fresh Ashby 
nitrogen-free solid medium. The streak purifica-
tion procedure was repeated 10 times until stable 
and consistent colony morphology was observed. 
Purity was assessed based on the reproducibility 
of colony morphology after repeated streaking 
in combination with microscopic examination. 
All isolation and purification procedures were 
performed under sterile conditions.

The characteristics of individual colonies, 
including colony size (diameter), shape, opacity 

(transparent, translucent, or opaque), margin (entire, 
irregular, or other forms), elevation (flat, raised, 
or convex), consistency (dry, moist, or mucoid), 
and pigmentation were documented based on 
visual assessment using standard microbiological 
terminology. The Kjeldahl nitrogen (KN) con-
centration in Ashby medium after 0 d, 5 d, and 
10 d of culture were determined to evaluate the 
nitrogen fixation capacity of NFB strains.

Among the isolated NFB strains, N4 and N7, 
which exhibited the highest nitrogen-fixing 
capacities were selected for molecular identifi-
cation. Genomic DNA was extracted from the 
two isolates using a Genomic DNA Isolation Kit 
(Tiangen Biotech, Beijing, China) according to 
the manufacturer's instructions. The 16 S rRNA 
gene was amplified with the common primer pair 
(Forward primer, 27F, 5′-AGAGTTTGATCCTG-
GCTCAG-3′; reverse primer, 1492R, 5′-GGT-
TACCTTGTTACGACTT-3′). A phylogenetic tree 
was constructed using the 16 S rRNA sequence 
of the selected isolate with closely related type 
strain sequences from NCBI GenBank (BLAST 
score ≥99%) by Neighbor-Joining (p-distance 
model) method using MEGA 7 software. The 
sequencing report was provided by Beijing saiojino 
Biotechnology Co., Ltd.

Preparation of food wastewater and NFB liquid 
fertilizer

The impurities, including bones, plastic bags, 
paper towels, and fabrics in FW were manually 
removed. The remaining FW was homogenized 
using a grinder to obtain a relatively uniform 
substrate prior to hydrothermal treatment. 500 
g of the processed FW was transferred into a 
reactor (Model W-O 501, Wuxi Shensun Instru-
ment Co., Ltd, China), sealed and heated up to 
the desired temperature (80 °C, 100 °C, 120 °C, 
and 140 °C) using an oil bath and maintained at 
the set temperature for 60 min. The product was 
collected when the reactor dropped to ambient 
temperature. To obtain the supernatant, which 
was the FWW, the collected product was cen-



INTERNATIONAL JOURNAL OF AGRICULTURE AND NATURAL RESOURCES78

trifuged under 6000 rpm and 4 °C for 20 min, 
separating the solid phase and oil from the 
liquid phase. The obtained FWW was sterilized 
by autoclaving at 121 °C for 20 min and then 
stored at 4 °C until use. Although autoclaving 
may have altered certain chemical and biological 
characteristics of the substrate to some extent, 
all FWW samples were subjected to the same 
sterilization procedure prior to cultivation to 
ensure experimental consistency and eliminate 
interference from indigenous microorganisms.

To evaluate the effect of HT on FWW and culture 
characteristics of NFB, N4 was inoculated into 
FWW and cultured for 7 d. And samples were 
taken at a fixed time each day, which were filtered 
through a 0.45 µm filter for the concentration de-
termination of soluble chemical oxygen demand 
(SCOD), reducing sugar (RS), and ammonia 
nitrogen (AN).

To optimize the culture conditions for NFB 
growth in FWW, an L9 (34) orthogonal design 
was used with four factors at three levels shown 
in Table 1. Each treatment was performed in 
triplicate. The average response value for each 
level of each factor (k) was calculated, and the 
range (R) was determined as the difference 
between the maximum and minimum k values. 
The magnitude of the R value was used to rank 
the relative effects of the four factors on NFB 
growth. Subsequently, one-way analysis of vari-

ance (ANOVA) was performed to evaluate the 
statistical significance of the effects of each factor. 
Interactions among factors were not considered 
in the L9 (34) orthogonal design.

NFB fertilizer application

Plastic pots (20 cm × 11 cm, with drainage 
holes) containing 2.0 kg of air-dried soil were 
used. Ten soybean seeds were sown in each pot 
and one uniform seedling was retained after 
emergence. After the seedlings emerge, only 
one plant was left in each flowerpot until the 
end. Four different fertilization treatments and 
three repetitions per treatment were conducted, 
as shown in Table 2. All treatments received 
basal fertilizer (Stanley, China) at 0.15 g kg-¹ soil 
prior to sowing. The N' treatment consisted of 
Azotobacter chroococcum, which was obtained 
from the China General Microbiological Culture 
Collection Center (CGMCC) and applied as a 
reference nitrogen-fixing bacterial inoculant. 
The soybean was placed in an artificial climate 
incubator at 25 °C with light (12 h)/dark (12 h) 
cycles (lights at 350 µE m-2 s-1) and a humidity 
of 80% for 35 days and then was picked up for 
analysis of fresh weight, dry weight, leaf length, 
leaf width, and leaf number. The soil samples 
were collected and dried to determine the con-
centration of available N and the catalase and 
urease activities.

Table 1. Factors and levels of L9(34) orthogonal experiments for the optimization of culture 
conditions of NFB in FWW.

Run

Rotation speed Temperature pH Inoculation volume

rpm °C - %

A B C D

1 100 25 6 1

2 140 30 7 1.5

3 180 35 8 2
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Analysis methods

The concentration of KN was tested following the 
standard of determination of Kjeldahl nitrogen (GB 
11819-89). SCOD, reducing sugar, and ammonia 
nitrogen were analyzed following the standard of 
methods of food hygienic analysis-physical and 
chemical section (GB/T 5009-2003), the 3,5-di-
nitrosa-licylic acid method, and Nessler’s reagent 
spectrophotometry (HJ 535-2009), respectively. 
The concentration of available N was determined 
following the standard of DB13T 843-2007. The 
activity of catalase (CAT) and urease (UR) were 
determined using the soil enzyme kit from Solar-
bio Science & Technology Co. (Beijing, China).

The fertilizers were applied to the soil once at 
the beginning of the experiment. After 35 days 
of cultivation, rhizosphere soil samples were 
collected for subsequent analysis. Rhizosphere 
soil was obtained by gently removing the loosely 
attached soil from the roots, and the soil tightly 
adhering to the root surface was collected as 
the rhizosphere soil. The V3-V4 region of the 
bacterial 16S rRNA gene was amplified with 
the common primer pair (Forward primer, 338F, 
5′-ACTCCTACGGGAGGCAGCA-3’; reverse 
primer, 806R, 5′- GGACTACHVGGGTWTC-
TAAT-3′) combined with adapter sequences and 
barcode sequences. High-throughput sequencing 
analysis of bacterial rRNA genes was performed 
on the purified, pooled sample using the Illumina 
Novaseq platform (2 × 250 paired ends) at Beijing 
Cell Genome Biotech Co., Ltd.

Statistical analysis

All experiments were performed with three biologi-
cal replicates. The experimental unit and number 
of replicates were consistent within each dataset. 

All data were subjected to statistical analysis us-
ing IBM SPSS Statistics V 19.0 (IBM, Ammon, 
New York, USA) and were presented as the mean 
± standard deviation (SD). One-way analysis of 
variance (ANOVA) followed by Duncan’s multiple 
range test was used to evaluate differences in 
nitrogen fixation capacity, soil physicochemical 
properties, and soybean growth parameters among 
treatments. For the orthogonal optimization ex-
periment, factor effects were evaluated by range 
analysis, and one-way ANOVA was used to deter-
mine the significance of each factor. Time-course 
data collected during cultivation were analyzed 
using one-way ANOVA at each sampling time 
point. Statistical significance was accepted at P 
< 0.05. Graphs were generated using OriginPro 
7.5 (OriginLab Corporation, Northampton, MA, 
USA). Pearson correlation network analysis (P < 
0.01, r > 0.95) was performed using Gephi (version 
0.9.3). Redundancy analysis (RDA) was conducted 
using Canoco 5.0 to assess the relationships among 
bacterial communities, soil fertility indices, and 
soybean biomass.

Results and Discussion

Isolation and identification of NFB

Five NFB strains (N1, N4, N7, N9, and N10) were 
isolated from wheat rhizosphere soil using Ashby 
nitrogen-free medium. In addition, a commer-
cially available NFB strain (N′) was included as 
a reference strain. The quantification of nitrogen 
fixed for each strain is shown in Figure 1. The 
KN concentrations of all NFB strains increased 
significantly during the 10-day cultivation period 
(P < 0.05), reaching 77.60-131.12 mg L-1 on day 
10. Significant differences among strains were 
observed at each sampling time (P < 0.05). Among 

Table 2. Treatment methods and labeling methods of each treatment in the pot experiment.

Treatments CK FWW N4 N7 N′

Fertilization + 50 mL deionized 
water

+ 50 mL food 
wastewater

+ 50 mL N4 
fertilizer

+ 50 mL N7 
fertilizer

+ 50 mL N′ 
fertilizer
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the tested strains, N7 exhibited the highest KN 
concentration after 10 days of cultivation (131.12 
± 2.45 mg L-1), increasing from 40.14 ± 0.42 mg/L 
on day 5. The KN concentration of N7 on day 
10 was 880% and 16.67% higher than those of 
CK and N', respectively. Similarly, N4 reached 
a KN concentration of 101.68 ± 4.85 mg/L after 
10 days, representing a 660% increase compared 
with CK. It was obviously seen that N4 and N7 
have a substantial capacity for N fixation.

Among the isolates, N4 and N7 exhibited the 
highest KN concentrations after 10 days of cultiva-
tion and were selected for subsequent molecular 
identification and further analyses. The 16S rRNA 
gene sequences of N4 and N7 obtained by isolation 
were analyzed for nucleotide sequence similarity 
with the database, belonging to NFB based on 
the BLAST results on NCBI. BLAST analysis 
showed that strain N4 shared more than 99% se-
quence identity with Arthrobacter pascens strain 

L5. Strain N7 showed more than 99% sequence 
identity with Stenotrophomonas maltophilia based 
on 16S rRNA gene sequence analysis. The 16S 
rRNA gene sequences generated in this study were 
deposited in the NCBI database under BioProject 
accession number PRJNA989721. These results 
were further supported by phylogenetic analysis 
based on 16S rRNA gene sequences. Although 
N7 exhibited strong nitrogen-fixing activity and 
was included in the preliminary evaluation, it was 
not considered the preferred strain for microbial 
fertilizer development due to biosafety concerns 
associated with some members of this species. 
Phylogenetic analysis was performed using the 
neighbor-joining method, and the resulting tree 
was shown in Figure S1 (a).

Scanning electron microscopy (SEM) was con-
ducted to determine the morphological charac-
teristics related to strains N4 and N7. As shown 
in Figure S1 (b), N4 and N7 cells under the SEM 

Figure 1. The nitrogen fixation capacity of each isolated strain in Ashby nitrogen-free medium. Error 
bars represent SD of three biological replicates. Different letters indicated significant differences among 
treatments at each sampling time according to Duncan's multiple range test (P < 0.05).
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were both short rod-shaped with a size of (0.8-1.2) 
µm × (0.3-0.4) µm and (0.7-1.1) µm × (0.2-0.3) 
µm, respectively.

Culture characteristics of NFB in food 
wastewater

To evaluate the culture characteristics of NFB 
in FWW, N4 was inoculated into FWW after 
different temperatures HT of FW. The TBC 
of NFB and the concentration of SCOD in the 
culture medium under different culture periods 
are shown in Figure 2 (a). The TBC increased 
significantly during cultivation and reached a 
maximum on day 5, whereas SCOD concentra-
tions decreased significantly in all treatments. A. 
pascens N4 was in the adaptation phase on day 1 
and entered the logarithmic growth phase on day 
2. TBC represented the viable cell concentration 
of the inoculated A. pascens N4 strain, as all 
cultivation experiments were conducted using a 
pure culture system under sterile conditions. The 
TBC remained relatively stable after reaching its 
peak. On day 7, all HT-treated groups exhibited 
higher TBC values than the non-HT group, with 
the lowest TBC in the 80 °C-HT group reaching 
5.62 × 1011 CFU mL-1, compared with 1.58 × 1010 
CFU mL-1 in the non-HT group. Among the tested 
conditions, the 120 °C-HT treatment exhibited 
the highest TBC (3.16 × 1012 CFU mL-1) on day 5 
and was higher than that of the non-HT treatment, 
which exceeded the minimum requirement of 2 × 
108 CFU mL-1 specified in GB 20287-2006. The 
concentration of SCOD decreased from 181.36 
to 54.02 g L-1 in non-HT with about a 70.21% 
removal rate, while the initial concentration in 
the HT treated groups was 209.32-239.62 g L-1, 
and final concentration was 28.49-57.76 g L-1, with 
72.41-86.68% removal rate, of which the highest 
removement occurred in 120 °C-HT, which was 
similar to the results that SCOD increased with 
increasing HT temperature (Qi et al., 2021). It is 
suggested that the HT rendered the solubilization 
of insoluble organic components and promoted the 
proliferation of microbes in FWW, which may be 

related to an increase in SCOD and solubilization, 
the production of more hydrophilic substances, 
and relatively low nutrient loss (Gong et al., 2020; 
Qi et al., 2021).

The residual rate of reducing sugar variation in 
the processes of culturing NFB by FWW was 
shown in Figure 2 (b). RS concentrations decreased 
throughout cultivation in all treatments, with a 
relatively stable phase observed between days 2 
and 4. It may be due to that HT was capable of 
converting hemicellulose and cellulose in FWW 
to unstable xylose oligomers, sugar oligomers, 
and macromolecular organic acids. As HT pro-
ceeded, the initial RS concentration after HT had 
a 24.50-50.94% augment, at the end of culture, RS 
concentrations were all reduced to lower levels 
than the non-HT group. It demonstrated that RS 
in FWW was a significant carbon source for the 
growth of NFB (Lu et al., 2008), corresponding 
to the rapid reproduction of A. pascens. With the 
growth of N4, RS concentration in the HT treated 
groups decreased from 12.14-14.72 g L-1 to 3.49-
5.06 g L-1, where the RS removal rate of 80 °C-HT 
was the highest, up to 74.22%, which was 24.43% 
higher than that of non-HT. In combination with 
the changes of TBC in Figure 2 (a), it was found 
that NFB reproduced slowly and consumed less 
RS during the adaptation phase. From the second 
day after entering the logarithmic growth phase, 
RS remained steady in that reproduction was 
accelerated at this time, and the amount of RS 
consumed in FWW was equal to that produced 
by metabolism (Liu et al., 2021).

Figure 2 (c) shows the change of ammonia with 
culture time under five HT. After culturing NFB 
for 1 day, the ammonia concentration increased 
by 7.41-123.29% analogized with the initial con-
centration (315.17-446.85 mg L-1), in which 140 
°C-HT was the most and non-HT was the least. It 
may be due to the degradation of peptides and free 
amino acids to amides, amines, and ammonia by 
the microbial community through mineralization 
(Kung et al., 2018). Ammonia content subsequently 
decreased on account of nitrification. From the 
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second to the fourth day of the culture, there was 
essentially little change, which was attributed to 
the system’s microorganisms’ balance between 
mineralization and nitrification (Yang et al., 
2019; Zhang et al., 2017). In summary, the 120 
°C-HT treatment supported the highest observed 
TBC while maintaining efficient SCOD and RS 
removal. Therefore, 120 °C was considered the 
most favorable HT temperature for N4 cultivation 
under the conditions tested.

Optimization of NFB culture conditions for 
fertilizer preparation

Four factors considered affecting the NFB growth 
in FWW were investigated in the study including 
rotational speed, temperature, pH, and inocula-
tion volume. The effect of the four factors on the 

TBC of A. pascens were evaluated using an L9(34) 
orthogonal experiments, and the results are shown 
in Table S2. The highest TBC was observed in 
the combination of A1B1C1D1 (1.38 ± 5.80 × 1013 
CFU mL-1), which was much higher than that in 
other combinations. The best combination of four 
factors for enhancing the TBC level of NFB was 
the rotational speed of 100 rpm, the temperature 
of 25 °C, pH of 6, and inoculation volume of 1%. 
It was found that inoculation volume had the most 
significant effect on the TBC of NFB (P < 0.05), 
and the remaining three factors also had signifi-
cant effects. The degree of influence of the four 
factors was inoculation volume > temperature > 
rotational speed > pH (Table S3).

A moderate rotational speed could provide sufficient 
dissolved oxygen for bacterial growth (Yang et 
al., 2021), presuming that lower dissolved oxygen 

Figure 2. SCOD and TBC (a), reducing sugar (b), and ammonia (c) in the process of culturing NFB in food wastewater.
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concentrations may be suitable for the growth and 
reproduction of A. pascens in comparison with our 
previous studies on the cultural characteristics of 
KSB (Wang et al., 2022b) and PSB (Wang et al., 
2022a). Environmental pH could affect microbial 
growth and energy metabolism, and inoculum size 
had a significant effect on extending or shorten-
ing microbial growth cycles by affecting nutrient 
utilization by microorganisms in the medium 
(Zhang et al., 2020).

Promotion of soil fertility by NFB fertilizer

To investigate the effect of NFB fertilizer on soil 
and plant growth, N4 was inoculated into FWW to 
prepare NFB liquid fertilizer, which was applied to 
the rhizosphere soil of soybean. AN concentration, 
CAT and UR activity were determined after sam-
pling the rhizosphere soil of each treatment group.

AN of soil was detected every 5 days, and both 
of CAT and UR activity was measured after 35 
days, of which the results are shown in Figure 
3. The AN concentration of the four treatments 
increased after 35 days, and N4 exhibited the 
highest AN concentration., of which the AN con-
centration increased from 99.40 to 132.67 ± 5.92 
mg kg-1 with an increment of 26.37% compared 
with CK (104.99 ± 6.62 mg kg-1, P < 0.05), slightly 
higher than 23.22% in the N′ and 16.35% in N7 
(Figure 3a). The increases in AN observed in the 
N4, N′, and N7 treatments were 26.37%, 23.22%, 
and 16.35%, respectively. In contrast, the FWW 
treatment did not significantly increase soil AN. 
These results indicated that the application of N4 
effectively enhanced soil AN relative to CK and 
exhibited a slightly greater effect than N′ treatment 
under the experimental conditions. The relatively 
higher AN increased observed in the N′ treatment 
at the final sampling stage may be related to the 
adaptation and gradual establishment of the in-
troduced commercial nitrogen-fixing bacterial 
strain in the soil environment. After an initial 

acclimation period, the strain may have gradually 
enhanced its nitrogen fixation activity, resulting 
in a more pronounced increase in soil AN at the 
later stage of the experiment. AN is regarded as 
the N easily absorbed and used by plants in the 
soil, with which the increased concentration was 
reported to enhance the catabolism of protein by 
microorganisms to fix more N, thus improving 
the utilization of N by plants (Chen et al., 2019). 
However, in the treatment group FWW without 
NFB, the AN was not significantly improved, which 
proved the important role of NFB in improving 
the AN. Similar results had also reached the same 
conclusion, that is, the application of NFB fertilizer 
cultured by Arthrobacter pascens increased not 
only the amount of AN and available phosphate 
but also promoted plant growth (Baraniya et al., 
2016; Yu et al., 2012).

The effects of different fertilizers on soil CAT 
activity and soil UR activity are shown in Fig-
ure 3 (b). The activities of both enzymes were 
increased by the application of N4 fertilizer. 
The CAT activity of N4 was 36.38 ± 0.67 U g-1, 
75.79% and 46.14% higher than that of the CK 
and N7 (P < 0.05). Meanwhile, the UR activity 
of N4 reached 845.51 ± 47.87 U g-1, which was 
72.84%, 47.61%, and 19.19% higher than CK, 
N7, and N′. These results suggested that N4 ap-
plication enhanced soil biochemical activity and 
may contribute to improved nutrient cycling. It 
was found that the application of PGPR fertilizer 
increased the concentration of AN, TN, total 
phosphorus, and available phosphorus while the 
CAT and UR activity was also found to increase 
(Bhanse et al., 2022). Catalase is an important 
soil enzyme involved in the decomposition 
of hydrogen peroxide and is commonly used 
as an indicator of soil biological activity. The 
relatively high CAT activities observed in the 
N4 and N′ treatments may be associated with 
enhanced soil microbial activity and changes 
in soil physicochemical properties following 
fertilizer application.
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Promotion of plant growth by NFB fertilizer

The growth improvement of soybean after the 
NFB fertilizer application were evaluated. Figure 
4 shows the effect of soybean growth by NFB 
fertilizer with different treatments. Soybean height 
increased significantly within the first 10 days in 
all inoculated treatments (P < 0.05). After this 
period, only the N4 treatment showed a continued 
increase in plant height, reaching a value 40.10% 
higher than CK at the final sampling stage, whereas 
the increases observed in the other treatments were 
relatively limited. (Figure 4a). A similar study 
found that PGPR bacterial fertilizers presented 
greater plant growth with average tomatillo height 
increases of 112-142% (Ramírez-Cariño et al., 
2023). The enhanced plant growth observed in the 
N4 treatment may be associated with improved 
nitrogen availability in the rhizosphere. It was 
found that an appropriate amount of N supply 
increased the number and rate of dividing meri-
stematic cells, resulting in the improved growth 
of plant shoot and root systems (Shakeel et al., 
2022). Furthermore, N application was reported 
to have a positive relation to increased cytokinin 
levels, which affected cell wall extensibility and 
cell division (Kamada-Nobusada et al., 2013).

The fresh weight of soybean treated with N4 was 
73.60% higher than that of CK, of which the ef-
fect was twice as high as that of N′ (35.71%) and 
nearly four times that of N7 (20.74%) (Figure 4b). 

The effect of N4 on the growth of soybean leaf 
length and width was about 10.70% and 17.70% 
higher than that of CK, 2.51% and 6.21% for N7, 
while the increment of N′ was 19.79% and 16.03% 
(Figure 4c). The leaf number and stem diameter 
of soybean treated with N4 increased by 15.00% 
and 32.11% (P < 0.05), respectively (Figure 4d). 
NFB could secrete plant growth-promoting 
hormones such as growth hormone, gibberellin 
and cytokinin, which increase and promote the 
elongation of the root system, increasing the up-
take of nutrients in the soil and promoting plant 
growth. The variation in growth responses among 
N4, N′, and N7 suggested that different inoculant 
possessed distinct plant growth-promoting capaci-
ties. A previous study has found the reciprocal 
symbiosis of nitrogen-fixing Actinobacteria with 
plants, providing enhanced symbiotic trade-offs, 
which increased the effectiveness of key plant 
nutrients in the soil through nitrogen fixation, 
solubilization of phosphorus and potassium 
compounds, and production of phytohormones 
or induction of affected plant hormone balance to 
stimulate plant growth (Mitra et al., 2022). Bibi 
et al. (2022) reported that the PGPR fertilizer 
prepared by Kholderia cenocepacia cultured with 
agro-industrial wastes significantly improved 
the physicochemical properties of soil and the 
physiological and biochemical parameters of 
maize and increased the productivity of maize. 
Although the FWW-only treatment enabled us to 
evaluate the contribution of the food wastewater 

Figure 3. Effects of different fertilizers on soil available N (a), CAT activity, and UR activity (b). Error bars represent SD 
of three biological replicates. Different letters indicated significant differences among treatments at each sampling time 
according to Duncan's multiple range test (P < 0.05).



85VOLUME 53 Nº2  MAY – AUGUST 2026

matrix, the present experimental design did not 
completely distinguish the respective effects of 
the nutrient-rich fermentation matrix, bacterial 
metabolites, and the living inoculated bacteria. 
Therefore, the mechanisms underlying the ob-
served improvements in soil fertility and soybean 
growth should be interpreted with caution. The 
improved soybean growth observed in the N4 
treatment may be associated with the application 
of the NFB fertilizer and the resulting changes in 
the rhizosphere environment. As soybean was a 
leguminous crop capable of forming symbiotic 
associations with indigenous rhizobia, the enhanced 
plant performance may also be influenced by in-
teractions between the inoculated strain and the 
native rhizosphere microbial community. Further 
studies incorporating nodulation assessment and 
isotope-based nitrogen fixation analyses would 
provide a more comprehensive understanding of 
the mechanisms underlying the observed growth 
promotion.

Associations among bacterial communities, soil 
fertility and soybean biomass

Soybean rhizosphere soils from each treatment 
group were sampled and analyzed for their mi-
crobial community composition. The bacteria 
detected in the soybean rhizosphere at the phyla 
level mainly include Proteobacteria, Actinobac-
teria, and Chloroflexi, as shown in Figure 5 (a). 
It is obvious that Proteobacteria was the most 
dominant phylum, whose relative abundance 
(RA) reached 38.88%, while the RA of Acido-
bacteria, Chloroflexi, and Bacteroidetes also 
increased slightly (19.85%, 8.33%, and 6.85%). 
In addition, Rokubacteria, Elusimicrobia, and 
Tenericutes were also enriched in the N4 treat-
ment, suggesting that NFB application altered 
the rhizosphere microbial composition and may 
contribute to nutrient cycling and ecological 
functions in soil. Numerous studies have found 
that Proteobacteria was closely related to organic 

Figure 4. Effects of different fertilizers on the height (a), fresh weight and dry weight (b), leaf length and leaf width 
(c), leaf number and diameter of stem (d) of soybean. Data are presented as mean ± SD (n = 3). Different letters indicate 
significant differences among treatments according to Duncan’s multiple range test (P < 0.05).
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matter decomposition, N fixation, and plant growth 
promotion (Guan et al., 2020; Kim et al., 2021; 
Pan et al., 2020). Actinobacteria strains had been 
proven to be effective in a multidimensional way. 
It was reported that the involvement of Actinobac-
teria was crucial in plant growth promotion by 
producing siderophore and IAA, which resulted 
in enhanced nutrient uptake (Tomilova et al., 
2016). Moreover, metabolites produced by Acti-
nobacteria had been reported to inhibit several 
fungal phytopathogens, including Colletotrichum 
gloeosporioides, Alternaria brassicicola, and 
Fusarium oxysporum, thereby reducing disease 
incidence in plants (Panneerselvam et al., 2021). 
Nonetheless, after applying NFB fertilizer, the 
RA of Firmicutes in N4 was much lower than 
that in the CK with about a 47.65% decrease, 
similar to our previous study on PSB fertilizer 
(Wang et al., 2022a). Firmicutes was detrimental 
to soil N fixation and had a negative correlation 
with N in the rhizosphere soil, reported by Ming 
(Sherpa et al., 2021). The N4’ performed the same 

results, which was followed by a similar study 
that although the bacterial community structure 
of soils did not change significantly when bacte-
rial fertilizers were applied instead of chemical 
fertilizer, the species richness of soil fertilized 
with bacterial fertilizers was higher than that of 
chemical fertilizer (Cheong et al., 2020).

The network analysis, depicting the relevance 
among bacteria communities, the indexes of soil 
fertility, and the biomass of soybean, was shown 
in Figure 5 (b). It is intuitive to be seen that the 
AN displayed a significant positive correlation 
with the fresh and dry weight of soybean, which 
may be the reason for the increase in soybean 
weight (Figure 4b) along with the increment of 
AN concentration (Figure 3a). It is also shown that 
AN also had a significant positive correlation with 
CAT, which could explain most of the variation 
of plant indicators (Ren et al., 2020). Combined 
with the result of RA, it is notable that the positive 
correlation between bacteria communities whose 

Figure 5. Relative abundance of the phyla in the soybean rhizosphere samples (a) and network analysis based on the 
phylum level of the bacterial communities and the biomass of soybean(b). The orange nodes denote in the network the 
indexes of soil fertility and the biomass of soybean. The purple nodes denote the phyla of detected bacteria. Orange lines 
stand for the positive correlation between the two nodes. Purple lines stand for the negative correlation between the two 
nodes. The thickness of the line stands for the significance of the correlation between the two nodes.
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RA whether significantly or slightly increased 
mentioned above and the indexes of soil fertil-
ity or the biomass of soybean was discovered. 
Proteobacteria and Actinobacteria, which are 
always the main phyla in the rhizosphere soil 
treated with PGPR fertilizers, have been proven 
to be capable of N fixation and improved the 
growth of legumes (Andrews & Andrews, 2017; 
Yang et al., 2017). The positive correlations 
observed between Actinobacteria, soil fertility 
indicators, and soybean biomass suggest that the 
enrichment of Actinobacteria in the N4 treatment 
was associated with improved soil fertility and 
plant growth. However, these correlations do not 
establish a causal relationship, and the underly-
ing mechanisms by which Actinobacteria may 
influence rhizosphere microbial communities and 
plant performance require further investigation. 
In addition, previous studies have shown that 
some Actinobacteria can alleviate plant stress 
by synthesizing phytohormones, siderophores, 
secondary metabolites, and extracellular polysac-
charides, and regulating stress-responsive genes 
in plants (Kumar et al., 2020).

RDA was utilized to explore the relationship 
between bacteria communities and the indexes 
of soil fertility or the biomass of soybean, plotted 
in Figure 6. Cyanobacteria, Fibrobacteres, and 

Armatimonadetes were positively correlated with 
AN and CAT (Figure 6a), revealing their roles 
in enhancing soil fertility, consistent with the 
relevant study (Chao et al., 2015).

Cyanobacteria, Tenericutes, Chloroflexi, Fibrobac-
teres, and Armatimonadetes were closely related to 
leaf number, fresh weight, and diameter of stem, 
while Gemmatimonadetes, Patescibacteria, and 
Planctomycetes were correlated with the height 
and leaf width of soybean (Figure 6b), suggesting 
a potential association between these bacterial 
phyla and soybean growth parameters. Notably, 
the mentioned phylum were just the ones with 
the increased RA, corresponded to the results 
in network analysis. It could be easily seen that 
Cyanobacteria showed a high correlation in both 
two improvements, suggesting the important role 
it played in N fixation and plant growth promo-
tion, similar to the result found by XS (Song et al., 
2021) that Cyanobacteria enhanced soil fertility, 
improved the utilization of N by rice and increased 
the N use efficiency. The microbes belonging to 
Armatimonadetes, Bacteroidetes, Chloroflexi, 
Gemmatimonadetes, and Planctomycetes played 
an important role in providing nutrients to plants 
by converting nitrogen, phosphorus, and potas-
sium into a form that is readily available to plants 
and incorporating them into the soil for plant use 

Figure 6. RDA of the relationships among the bacteria communities and the indexes of soil fertility (a), and the soybean 
growth parameters (b) with the explained variation of 99.81% and 98.46%, respectively. The red arrow stands for the 
indexes of soil fertility or the biomass of soybean, and the blue arrow stands for the bacteria at the phylum level (RDA: 
redundancy analysis).
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(Araya et al., 2020; Li et al., 2021), whose RA was 
also observed to increase (Figure 5a).

The findings suggest that application of the FWW-
based NFB fertilizer was associated with changes 
in the rhizosphere bacterial community, which 
may contribute to the observed improvements in 
soil fertility and soybean growth. However, the 
present study does not establish a causal rela-
tionship between shifts in bacterial community 
composition and plant growth promotion. Further 
studies are required to elucidate the underlying 
mechanisms.

Conclusions

A strain of NFB, Arthrobacter pascens, with 
greater nitrogen fixation ability was isolated from 
wheat rhizosphere soil, and FWW, which was the 
supernatant of FW treated with 120 °C HT, was 
used as a medium to cultivate A. pascens under 
the optimized conditions which was the rotational 
speed of 100 rpm, the temperature of 25 °C, pH 
of 6, and inoculation volume of 1%, to prepare 
bacterial fertilizer with TBC up to 1.38 ± 5.80 × 
1013 CFU mL-1, meeting the standard. The content 
of SCOD and RS was observed to decrease dur-
ing the cultivation. The application of the NFB 
fertilizer increased soil available N and enzyme 
activities and was associated with improvements 
in soil fertility and soybean growth. These benefi-
cial effects were accompanied by changes in the 
relative abundance of several bacterial phyla that 
have previously been reported to be associated 
with soil fertility and plant growth. In this study, 
the innovative use of food wastewater to cultivate 
nitrogen-fixing bacteria for the preparation of 
liquid bacterial fertilizer would reduce the pollu-
tion of food wastewater and achieve its resource 
utilization. Overall, the results demonstrate the 
potential of hydrothermally treated food waste 
liquid as a cultivation medium for nitrogen-fixing 
bacteria and suggest that the resulting biofertilizer 
may contribute to improving soil fertility and 
soybean growth, providing a promising approach 

for food wastewater valorization and sustainable 
agricultural production.
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Supplementary Data

This supplementary information presents the 
Phylogenetic tree and SEM of isolated strains N4 
and N7, and the basic physicochemical charac-
teristics of the soil, and the results of optimizing 
the culture conditions of NFB in FWW using the 

L9(34) orthogonal test with TBC, and ANOVA of 
the effect of condition parameters on TBC of NFB.

The figure is arranged according to the order in 
which they appear in the manuscript.

The tables are arranged according to the order 
in which they appear in the manuscript.

Table S1. Physical and chemical characteristics of soil

Items Mean

pH 6.94

Total P (mg kg-1) 415.44

Available P (mg kg-1) 4.52

Total N (mg kg-1) 567.75

Available N (mg kg-1) 25.83

Organic matter (mg kg-1) 32879

Figure S1. Phylogenetic tree (a), constructed by the MEGA 7, and SEM (b) of isolated strains N4 and N7, which were used 
as an out-group strain in this dendrogram.

Table S1 shows the physicochemical character-
istics of the soil used in this study, which was 
taken from the garden of Beijing Technology 
and Business University. Values represent the 
physicochemical characteristics of a composite 
soil sample collected before the pot experiment.
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Table S2. The results of optimizing the culture conditions of NFB in FWW using the L9(34) orthogonal test with TBC 
(NFB: nitrogen-fixing bacteria, FWW: food wastewater, TBC: total bacteria count) Values are presented as mean ± SD 
(n = 3). Significant differences among experimental runs were assessed using one-way ANOVA followed by Duncan's 
multiple range test (P < 0.05).

Run
Rotational speed Temperature pH Inoculation volume The number of TBC

rpm °C - % ×1011 CFU mL-1

1 100 25 6 1 138.66±5.80

2 140 30 6 1.5 43.90±4.87

3 180 35 6 2 30.65±3.92

4 140 25 7 2 43.03±4.54

5 180 30 7 1 91.62±9.07

6 100 35 7 1.5 51.79±12.44

7 180 25 8 1.5 70.08±6.79

8 100 30 8 2 36.67±13.91

9 140 35 8 1 32.06±12.92

Table S3. ANOVA of the effect of condition parameters on TBC of NFB.

Source Sum of Squares df Mean squares F-value P-value Significance

Rotational speed 6093.611 2 3046.806 24.81107 0.000007 *

Temperature 9499.125 2 4749.563 38.67714 0.000000 *

pH 2839.754 2 1419.877 11.56249 0.000590 *

Inoculation volume 11834.64 2 5917.318 48.18653 0.000000 *

Error 2210.404 18 122.8002

Total 129125.1 27 - - - -

r2=0.932

Table S3 shows the ANOVA results of the effects 
of the condition parameters on the TBC of the 
NFB (r2 = 0.932). It was found that inoculation 
volume had the most significant effect on the 
TBC of NFB (P < 0.05), and the remaining three 
factors also had significant effects. The degree 
of influence of the four factors was inoculation 
volume > temperature > rotational speed > pH. 
The result was similar to our previous study on 
phosphate-solubilizing bacteria (PSB), which also 
obtained that inoculation volume was the most 

significant factor on the cultivation of bacteria. The 
inoculation volume directly affected the microbial 
growth cycle. The nutrients and oxygen available 
to the bacteria in the culture medium would be 
insufficient if the inoculum volume was too large, 
which caused abnormal metabolism by the bacteria 
because of the initial concentration of microbial 
cells or the nutritional imbalance caused by the 
enormous growth. However, when the inoculum 
is too little, it not only wasted resources but also 
prolonged the duration of the growth period.

It could be easily seen that the best combination of the four factors based on the number of viable 
NFB was A1B1C1D1 with a peak of 1.38 ± 5.80 × 1013 CFU mL-1, according to the manuscript, that 
is, the rotational speed of 100 rpm, the temperature of 25 °C, pH of 6, and inoculation volume of 1%. 


