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Abstract
Microbial fermentation fertilizer from agricultural organic wastes represents a novel, environmentally friendly, and safe 
type of bio-organic fertilizer. However, the development and application of solid fermentation using fish by-products and 
plant waste straw is still rare. In this study, the fermentation substrate and conditions were optimized by single factor test 
and orthogonal test using fish waste and tobacco waste as raw materials, and its effects on plant growth and soil quality 
were investigated. The results showed that the addition of 0.5% sodium chloride and 1% ammonium nitrate to the fish 
waste fermentation substrate, along with a ratio of Bacillus subtilis: Rhodotorula rubrosaensis: Rhizobium oryzae at 2:1:3, a 
30% addition of tobacco waste, an inoculation amount of 4×1010 CFU/g, and a fermentation temperature of 34 °C, result-
ed in the best fermentation conditions. Pot experiment demonstrated that application of fish waste fermentation fertiliz-
er significantly increased average fresh weight, dry weight, and chlorophyll content of Brassica rapa by 131.6, 60.0, and 
18.5% respectively, and Capsicum annuum by 74.3, 46.7, and 195.4% respectively, compared with no fertilizer treatment. 
The activity of urease, invertase and catalase in soils with fish waste fermentation fertilizer application were significantly 
higher than no fertilizer application. Moreover, the relative abundances of nitrogen-fixing and denitrifying bacteria were 
improved after application of fish waste fermentation fertilizer. Fish waste fermentation fertilizer significantly affected 
the functional genes related to carbohydrate metabolism and increased the utilization rate of organic fertilizer. This study 
provides a theoretical basis for the future fermentation processes of fish waste and its application in crop production.
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Introduction
As global attention increasingly shifts towards green agri-
culture, the conversion of a agricultural organic waste into 
effective organic fertilizers presents a promising approach 
for the sustainable development of modern agriculture. Sus-
tainable agriculture ensures global food security and helps 
meet rising demands while prioritizing environmental con-
servation (Bagga et al. 2024). Solid fermentation of low-value 
organic waste by microorganisms can produce bio-organic 

fertilizers that effectively improve soil quality and promote 
plant growth (Zhang et al. 2023; Liu et al. 2024).

During the processing of aquatic products, unused fish 
by-products account for 40–55%. These by-products, which 
include head, bones, tails, skin, scales, fins, and viscera, vary 
in proportion (Thirukumaran et al. 2022; Hassoun et al. 
2023). Rich in nutrients, fish by-products can serve as a sig-
nificant source of green ecological organic fertilizers (Jung 
and Kim 2016; Ahuja et al. 2020). For instance, Muscolo et 
al. (2022) showed that the solid residue milled anchovy left-
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overs after fish oil extraction with bio-based limonene is an 
excellent organic fertilizer that promotes the growth of Tro-
pea’s red onion. Moreover, tobacco waste contains high lev-
els of nutrients like potassium and phosphorus, which are 
easily absorbed by plants, making it a cost-effective and en-
vironmentally friendly resource for preparing seedling sub-
strates (Shen et al. 2024). However, the direct application of 
tobacco waste to the field can negatively affect plant growth 
and causes environmental pollution due to the presence of 
nicotine. Microbial fermentation technology can effectively 
reduce harmful components in tobacco waste, improve soil 
structure, and provide nutrient supplementation (Mandi et 
al. 2022). Organic fertilizer based on tobacco waste liquid 
exhibit water retention properties, insect pest prevention, 
and promote healthy plant growth (Wang et al. 2022).

Microbial fermentation is a safe and sustainable process 
widely employed in the production of chemicals, materials, 
biofuels, food, and drugs (Chen and Liu 2021). This biocom-
posite process utilizes the biological metabolism of microbial 
flora to convert proteins, esters, and sugars into cellular en-
ergy and other metabolic by-products (Daccache et al. 2020; 
Zhang et al. 2023). The selection of microbes and substrates 
is the most important in the fermentation process. Probiot-
ic strains such as Bacillus, Rhodotorula and Rhizopus have 
demonstrated success in fermentation processes (Bagga et 
al. 2024). Yu et al. (2020) successfully prepared a seafood-fla-
vored seasoning with antiseptic properties from fermented 
tuna waste. Currently, research on using fish by-products 
mainly focuses on producing liquid fish protein fertilizers 
for agriculture (Kim et al. 2010; Aranganathan and Rajas-
ree 2016; Khiari et al. 2019). However, studies exploring the 
degradation and transformation of fish by-products into 
high value fermentation products, particularly in combina-
tion with plant waste straw, remain limited (Zhang 2015).

This study evaluates the fermentation efficacy of a mixed 
bacterial agent based on soluble peptide content, using fish 
waste and tobacco waste as primary raw materials. Pot ex-
periments were conducted to assess the application of fer-
mentation fertilizer derived from fish waste. The objective is 
to utilize microbial solid-state fermentation to produce or-
ganic fertilizer that enhances plant growth and offers a novel 
solution for managing aquatic products and tobacco waste, 
thereby addressing the environmental disposal challenges.

Materials and methods
Experimental materials

The experimental soils were collected from the campus 
field of Anhui Normal University, Wuhu, China. The brown 
loam soil was air dried, and sieved by a 2 mm sieve to re-
move rocks. The characteristics of the soil were 2.26% of soil 
organic matter, 5 mg/kg ammonium nitrogen, 0.751 mg/kg 
available phosphorus, and 12 mg/kg available potassium.

Fish waste, comprising mixed fish heads, scales, gills 
and tails, was obtained from the West Huangshan Road 
wet market in Wuhu City, China. Tobacco waste, including 
tobacco leaves and stems, was collected from a cigarette 

factory in Wuhu City. The fish and tobacco wastes were 
sterilized at 121 °C for 2 hours, then crushed and dried. 
The physical and chemical properties of fish waste includ-
ed pH 6.16, 73.31% organic matter, 42.8% total nitrogen, 
48.5% fat, 0.019% total sugar, and 0.87% NaCl. The physi-
cal and chemical properties of tobacco waste includes pH 
4.90, 56.81% organic matter, 2.01% total nitrogen, 0% fat, 
0.14% total sugar, and 1.97% NaCl.

Strain activation

The strains Bacillus subtilis, Rhodotorula taiwanensis and 
Rhizopus oryzae were isolated and preserved in the mi-
crobiology laboratory, Anhui Normal University. A single 
colony of each strain was obtained by plate scribing, and 
the activated culture was prepared by inoculating the sin-
gle colony into an expanded culture medium.

Optimization of fermentation substrate

Using fish and tobacco wastes as fermentation substrate, vari-
ous inorganic nitrogen sources (NH4)2SO4, NH4NO3, NH4Cl, 
and NaNO3) and inorganic salts (K2HPO4, KH2PO4, MgSO4, 
and NaCl) with the same nitrogen content were added, and 
the addition amounts were set as 0, 0.5%, 1%, 1.5% and 2%. 
The same proportion of mixed strains (the ratio of B. subtilis: 
Rho. taiwanensis: Rhi. oryzae was 2:1:3) were inoculated, and 
the inoculum amount was 4×1010 CFU/g. Fermentation was 
conducted at 34 °C for 3 days. The total microbial count was 
determined using the plate counting method to identify the 
most suitable inorganic nitrogen source and inorganic salt 
for optimal strain growth (Zhang 2015).

Single factor experiment

Effect of strain ratio on fermentation efficiency
The ratios of B. subtilis: Rho. taiwanensis: Rhi. oryzae were 
set to 1:1:1, 1:2:1, 1:3:1, 2:1:1, and 3:1:1, and incubated at 
34 °C for 3 days. Subsequent experiments were based on 
the optimal ratio of B. subtilis and yeast, adjusting the ra-
tios to 2:1:1, 2:1:2, 2:1:3, 2:1:4, and 2:1:5, with fermenta-
tion at 34 °C for 3 days. The fermentation efficiency was 
assessed according to the content of soluble peptides in 
the fermentation broth. Soluble peptides were determined 
by the Lowry method (Zhuang 2021). The fermentation 
substrate was added into distilled water, shook for 2 min, 
and filtering. The soluble peptide content in the superna-
tant was detected using the Lowry protein concentration 
determination kit, and a standard curve was established 
using tyrosine as a substrate. The optimum strain ratio 
was selected for following experiments.

Effect of tobacco addition on fermentation effect
Fermentation substrates were prepared with 20 g, with tobac-
co added at concentrations of 5%, 10%, 20%, 30%, and 40%. 
Fermentation was carried out in 50 ml Erlenmeyer flasks, 
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sterilized and inoculated with the mixed strains (B. subtilis: 
Rho. taiwanensis: Rhi. oryzae at a ratio of 2:1:3) at a final con-
centration of 4×1010 CFU/g. The fermentation was incubated 
at 34 °C for 3 days. The soluble peptide content in the fer-
mentation broth was used to evaluate the fermentation effect.

Influence of inoculum amount on fermentation effect
A sterilized 20 g fermentation substrate with 30% tobac-
co was inoculated with the mixed strains (B. subtilis: Rho. 
taiwanensis: Rhi. oryzae at a ratio of 2:1:3) at final con-
centrations of 1, 2, 3, 4, and 5 × 1010 CFU/g, followed by 
fermentation at 34 °C for 3 days.

Effect of temperature on fermentation effect
The optimal growth temperature for B. subtilis, Rho. 
taiwanensis, and Rhi. oryzae range from 30–37 °C, 27–
36 °C, and 28–37 °C, respectively (Huang et al. 2011; Lon-
doño-Hernández et al. 2017; Vehapi et al. 2023). There-
fore, temperature of 26, 28, 30, 32, 34, and 36 °C were 
selected for the single-factor experiment.

Orthogonal experiment

Based on the single factor experiment, an orthogonal ex-
periment with three factors and three levels was designed 
to obtain the most suitable fermentation conditions by: A, 
tobacco addition amount (20%, 30%, and 40%), B, bacte-
rial inoculation amount (3, 4, and 5 × 1010 CFU/g), and C, 
temperature (26, 30, and 34 °C) as experimental factors. 
The soluble peptide content in the fermentation broth was 
used to evaluate the fermentation effect.

Optimal fermentation broth samples were collected 
every 2 days and stored at 4 °C for physicochemical prop-
erties testing. Fermented fertilizer quality project testing 
method refers to “organic fertilizer” (NY525–2021). Am-
monium nitrogen, available phosphorus and available po-
tassium were determined by a TFC soil and fertilizer rapid 
measuring instrument. Cellulose content was measured 
using the anthrone method (Li et al. 2008). The sample 
was treated with 60% cold H2SO4, digested in an ice bath 
for 30 min, and filtered. The filtrate was mixed with 2% 
anthrone (anthrone dissolved in ethyl acetate) and H2SO4, 
followed by incubation in a boiling water bath for 10 min. 
Absorbance was subsequently measured at 620 nm.

Fertilization efficiency experiment of fermented 
organic fertilizer

The fish waste fermented fertilizer was produced from sol-
id fermentation products that were subsequently dried and 
granulated. The physical and chemical properties of the fish 
waste fermented by the same method (without adding tobac-
co) were 57.73% organic matter, 1.53% available phosphorus, 
2.94% available potassium, and 11.12% ammonium nitrogen.

The experiment consisted of five fertilizer treatments 
(CK, experimental soil without fertilizer; F0, add 20 g/kg fish 
waste fermented fertilizer in soil without planting crops; F1, 

add 20 g/kg fish waste fermented fertilizer in soil; F2, add 
20 g/kg fermented fish waste in soil without tobacco waste; 
and F3, add 20 g/kg fermented fish waste + unfermented 
tobacco waste) and two crop treatments (Brassica rapa and 
Capsicum annuum). The experiment was a complete rand-
omized blocks design with three replicates. For each treat-
ment, twenty seeds of B. rapa or C. annuum were sown and 
grown in a light-controlled incubator. The conditions of the 
light incubator were light intensity of 5000 lx, light-dark ra-
tio of 12 h:12 h, and constant temperature of 25 °C.

After 15 days of incubation, seedling height, fresh 
weight, dry weight and chlorophyll content of the vegeta-
bles, and the soil physicochemical properties and enzyme 
activities were determined. Total chlorophyll content was 
determined according to the method of Hu et al. (2024). 
Leaf sample was shredded and extracted in 80% acetone 
solution for 12 hours. The extract was collected and read 
at 663 and 646 nm with a spectrophotometer.

Standard test methods were adopted to measure soil en-
zyme activities and chemical properties (Li et al. 2008; Zhang 
et al. 2024). Soil ammonium nitrogen, available phosphorus 
and available potassium were determined using the TFC 
soil and fertilizer rapid measuring instrument. Soil urease 
activity was determined by phenol-sodium hypochlorite 
colorimetric method, Soil catalase activity was determined 
by potassium permanganate titration method, and soil in-
vertase activity was determined by DNS colorimetric meth-
od. Heavy metal and amino acid contents were measured by 
Suzhou Panomic biomedical technology company.

Soil DNA extraction and PCR amplification were per-
formed according to Zhang et al. (2024). Purified DNA 
samples were integrated for sequencing on the Illumina 
NovaSeq 6000 platform (Illumina, San Diego, CA, USA) 
and NovaSeq 6000 S4 Reagent Kit V1.5 (paired-end, 300 
cycles, 2×250 bp) at Beijing Bamac Biotechnology Co., Ltd., 
China. The sequenced data were analysed using QIIME 2 
2019.4 (Bolyen et al. 2019) after some modifications. Briefly, 
raw sequence data were demultiplexed, filtered, denoised, 
merged and chimera removed using the DADA2 plugin. 
Non-singleton amplicon sequence variants (ASVs) were 
aligned with mafft and used to construct a phylogeny with 
fasttree2. Taxonomy was assigned to ASVs using the classi-
fy-sklearn naïve Bayes taxonomy classifier in feature-clas-
sifier plugin against the Silva v132 99% operational taxo-
nomic units reference sequences (Quast et al. 2013). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
were enriched by PICRUSt2 method (Langille et al. 2013).

Statistical analysis

Data analysis and plotting were conducted using Excel 
2019 (Microsoft, Redmond, WA, USA) and Origin 8.1 
(OriginLab Corporation, Northampton, MA, USA). Data 
statistics and analysis of variance using SPSS22.0 (SPSS 
Inc., Armonk, NY, USA). The Data were subjected to one-
way ANOVA. Duncan’s multiple range test was used to 
compare the means (P < 0.05).
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Results and discussion
Preliminary optimization of fermentation sub-
strate

Among the four nitrogen sources tested, the application of 
NH4NO3 in the fermentation substrate had the highest total 
number of viable bacteria (Fig. 1a). In the four inorganic 
salt, NaCl had the highest total number of viable bacteria 
(Fig. 1b). Consequently, NH4NO3 and NaCl were selected as 
the preferred nitrogen source and inorganic salt, respective-
ly. However, Zhang et al. (2015) reported that (NH4)2SO4 
and MgSO4 as the optimal nitrogen source and inorganic 
salt for fish waste fermentation. The inconsistent results 
may be due to the variations in experimental materials. 
Moreover, the optimal concentrations of NH4NO3 and NaCl 

were explored. The highest total number of viable bacteria 
(3.42×108 CFU/mL) was observed with the addition of 0.5% 
NaCl (Fig. 1c), while the maximum total number of viable 
bacteria of 4.2×108 CFU/mL occurred with 1% NH4NO3. It 
was concluded that the optimal concentrations for the fer-
mentation substrate are 0.5% NaCl and 1% NH4NO3.

Single factor test results of solid-state fermen-
tation

In the solid-state fermentation of mixed strains, the con-
tent of soluble peptides initially increased with the increase 
of tobacco addition (Fig. 2a), but decreased to the lowest 
level when the tobacco content reached 40%. This decline 
is likely due to the inhibitory effects of nicotine on strain 

Figure 1. Effect of different inorganic nitrogen sources (a), inorganic salts (b), and added content of sodium chloride 
and ammonium nitrate (c) on the total number of viable bacteria. Vertical bars represent the means ± standard error. 
Significant differences among the treatments are indicated by different lower case letters (p < 0.05, Duncan’s test).

Figure 2. Effect of different fermentation conditions on fermentation substrate. Vertical bars represent the means ± 
standard error. Significant differences among the treatments are indicated by different lower case letters (p < 0.05, 
Duncan’s test).
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growth and enzyme activity (Ye et al. 2023). The highest 
soluble peptide content was recorded at an inoculum lev-
el of 4×1010 CFU/g (Fig. 2b). Beyond this inoculum level, 
competition among strains for resources and resultant nu-
trient depletion led to a decrease in soluble peptide con-
tent. The optimum ratio of mixed strains B. subtilis: Rho. 
taiwanensis: Rhi. oryzae was 2:1:3 (Fig. 2c). Soluble pep-
tide content reached the highest peak at 34 °C (Fig. 2d). 
Appropriate temperature conditions foster the metabolic 
activities of microorganisms, while deviations from this 
range can adversely affect microbial growth and enzyme 
metabolism (Zhao et al. 2022; Liu et al. 2024).

Results of orthogonal tests for fermentation 
process optimization

From the results of the range method analysis in Table 1, it 
can be seen that at the optimal mixed strain ratio of 2:1:3, 
the primary and secondary influencing factors on solu-
ble peptide content were in the order of B > C > A. The 
optimal combination of factors consisted of 30% tobacco 
waste addition, 4×1010 CFU/g of bacterial inoculum, and a 
fermentation temperature of 34 °C. It was proved that the 
combination was the optimal.

Material changes during solid fermentation of 
fish waste

During the solid fermentation of fish waste, the organic 
matter content showed a gradual decreasing trend (Fig. 3a), 

which is consistent with the results of Zhu et al. (2024). The 
reduction in organic matter indicates effective fermenta-
tion and decomposition of organic waste (Du et al. 2019). 
Both available phosphorus and available potassium con-
tents significantly increased by 137.2 and 193.63%, respec-
tively (Fig. 3b, c), indicates that the fermentation products 
achieved good maturity and quality (Zhu et al. 2024). More-
over, cellulose in the fermentation products was degraded 
by 65.15% during the fermentation process (Fig. 3d), which 
is agreement with the study on the decomposition of ligno-
cellulose caused by microbial activation (Sun et al. 2024).

Figure 3. Trend of organic matter (a), available phosphorus (b), available potassium (c) and cellulose (d) content 
during fermentation. Vertical bars represent the means ± standard error. Significant differences among the treat-
ments are indicated by different lower case letters (p < 0.05, Duncan’s test).

Table 1. Results of orthogonal experimental design for 
fermentation process optimization.

Experimental 
groups A (%) B (1010 CFU/g) C (°C) Soluble peptide 

content (g/L)
1 20 3 26 1.777 ± 0.001
2 20 4 34 2.042 ± 0.002
3 20 5 30 2.028 ± 0.003
4 30 3 30 1.935 ± 0.002
5 30 4 26 1.962 ± 0.006
6 30 5 34 1.949 ± 0.002
7 40 3 34 2.111 ± 0.004
8 40 4 30 1.901 ± 0.004
9 40 5 26 1.975 ± 0.002
K1 5.95 5.90 5.86
K2 5.97 6.10 5.79
K3 5.75 5.67 6.03
Range 0.07 0.14 0.08

A, amount of tobacco addition; B, bacterial inoculum amount; C, fer-
mentation temperature; K1, the level of each factor in the experiment; 
K2, the square of the level ; K3, the cube of the number of levels. Values 
are means ± s.e.
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Test results of physical and chemical properties 
of fish waste fermented fertilizer

Quality and safety evaluations are essential for both fer-
mentation process and the resultant biofertilizer prod-
ucts (Bagga et al. 2024). Table 2 presents the physical and 
chemical properties of fish waste fermented fertilizer. The 
results of the tests met the specification requirements of 
the standard of “Organic Fertilizer” (NY/T525–2021). 
Notably, the levels of organic matter and total nutrients 
were significantly higher than the standard, while the 
contents of heavy metals were lower than the standard. 
Moreover, the fish waste fermented fertilizer contained 
essential trace elements, including copper, magnesium, 
manganese, and iron, as well as 19 amino acids required 
for plant growth (Table 3).

Fertility test of fish waste fermented fertilizer

Effect of different fertilization treatments on vegetable 
growth
Compared to the no fertilizer application, the fish waste 
fermented fertilizer (F1) demonstrated the most significant 
overall improvement. The seedling height, fresh weight, 
dry weight, and chlorophyll contents of B. rapa and pepper 
were increased by 95.7 and 32.5%, 131.6 and 74.3%, 60.0 
and 46.7%, and 18.5 and 195.4%, respectively (Table 4), 
which indicates that vegetable growth was better than the 
soil substrate after applying fish waste fermented fertilizer. 
Muscolo et al. (2022) also found that the solid residue com-
prised of milled anchovy leftovers significant increased 
the bulb weight, diameter and plant height of Tropea’s red 
onion. Ahuja et al. (2020) summarized the growth effects 
of fish-based fertilizer on agricultural and horticultural 
plants, trees and berries. Conversely, the application of fer-
mented fish waste + unfermented tobacco waste (F3) did 
not significantly improve seed germination rate, likely due 
to the high content of nicotine in the unfermented tobacco, 
which can inhibit seed germination. After mixing with fer-
mented fish, the nicotine content decreased, due to incom-
plete degradation by B. subtilis and red yeast, allowing for 
seedling growth (Zou et al. 2016; Dai et al. 2023).

Effect of different fertilization treatments on soil N, P 
and K content
The results of soil nutrient measurements for different 
treatment groups are shown in Table 5. Compared to the 
CK, the F1, F2 and F3 treatment groups significantly in-
creased the content of ammonium nitrogen, available 

Table 2. Test results of fish waste fermented organic fertilizer.

Inspection projects Inspection 
results

Specification requirements 
in NY525–2021 Inspection projects Inspection 

results
Specification requirements 

in NY525–2021
Organic matter, % 47.26 ≥30 Total mercury, mg/kg 0.023 ≤2
Total nutrients (N + P2O5 + K2O), % 26.018 ≥ 4.0 Total cadmium, mg/kg 1.53 ≤3
Moisture, % 7.26 ≤ 30 Total chromium, mg/kg 15.8 ≤150
pH (acidity and alkalinity) 5.6 5.5–5.8 Cu2+ 0.028% –
Seed germination index % 82.7 ≥70 Mn2+ 0.02% –
Total arsenic, mg/kg 6.68 ≤15 Mg2+ 0.729% –
Total lead, mg/kg 2.61 ≤50 Fe2+ 0.038% –

Table 3. Amino acid test results of fish waste fermented 
organic fertilizer.

Amino acid type Content (μg/g) Amino acid type Content (μg/g)
Glycine 254.66 Aspartic Acid 352.32
Alanine 567.80 Lysine 301.76
Gamma amino 
butyric acid

93.03 Glutamic acid 364.07

Serine 117.88 Methionine 10.14
Proline 303.82 Histidine 27.68
Valine 378.58 Phenylalanine 239.75
Threonine 176.20 Arginine 131.24
Isoleucine 320.60 Tyrosine 148.96
Leucine 491.19 Tryptophan 21.25
Ornithine 149.75

Table 4. Effect of different fertilization treatments on stem length, fresh weight and dry weight of vegetables.

Seeds Processing group Germination rate Seedling height/cm Fresh weight/g Dry weight/g Chlorophyll content (mg/g)
Brassica rapa CK 35% 2.30 ± 0.91 0.0980 ± 0.014 0.0100 ± 0.001 14.479 ± 0.11

F1 80% 4.5 ± 0.65* 0.2270 ± 0.044* 0.0160 ± 0.002* 17.124 ± 0.30*
F2 70% 5.31 ± 0.43* 0.2145 ± 0.022* 0.0160 ± 0.0002* 14.160 ± 0.39
F3 55% 4.30 ± 0.87* 0.2742 ± 0.031* 0.0164 ± 0.001* 13.607 ± 0.19

Pepper CK 30% 4.00 ± 0.17 0.099 ± 0.018 0.0090 ± 0.002 5.510 ± 0.15
F1 35% 5.30 ± 0.30* 0.1726 ± 0.030* 0.0132 ± 0.003 16.277 ± 0.14*
F2 35% 4.95 ± 0.23* 0.1472 ± 0.015 0.0138 ± 0.002 11.774 ± 0.10*
F3 30% 5.17 ± 0.23* 0.2383 ± 0.018* 0.0182 ± 0.002 8.876 ± 0.21*

Note: CK, experimental soil without fertilizer; F1, add fish waste fermented fertilizer in soil; F2, add fermented fish waste in soil without tobacco 
waste; and F3, add fermented fish waste + unfermented tobacco waste. Values are means ± s.e. * indicates differences between treatments at the 5% 
significant level.
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phosphorus and available potassium in the soil. The con-
tent of ammonium nitrogen, available phosphorus and 
available potassium in F0, F1, F2 and F3 were higher than 
those of fish waste fermented fertilizer. Li (2019) found 
that the application of tobacco stem bio-organic fertilizer 
increased soil total nitrogen, available phosphorus, and 
available potassium contents compared with chemical fer-
tilizer. These results suggest that fermented organic ferti-
lizer can alter the activity of soil microorganisms and soil 
properties, provides essential nutrients that facilitate plant 
growth and development (Bagga et al. 2024).

Effect of different fertilization treatments on soil enzyme 
activities
Soil enzyme activity is an important indicator to evaluate 
the physicochemical properties and fertility status of the 
soil, and can indirectly reflect the conversion of certain 
nutrients in the soil (Ning et al. 2017; Zhu et al. 2024). 
In our study, the F1 treatment significantly increased the 
activities of soil urease, invertase and catalase by 14.90, 
253.51, and 12.90% respectively, compared with CK 
(Fig. 4), which is consistent with the results of Li (2019). 
In contrast, F0, F2 and F3 treatments had a promoting ef-
fect on soil invertase activity and a significant inhibiting 
effect on urease and catalase activities. Ning et al. (2017) 
showed that soil enzyme activities vary under different 
fertilization regimes. This variation likely results from the 

different nutrient compositions in the fermented fertiliz-
er, which can influence the structure of the soil micro-
bial community and its metabolic level (Ma et al. 2014). 
The F0 group exhibited lower urease activity than the CK 
group due to a lack of enzymes secreted by plant roots 
(Bagga et al. 2024).

Effect of different fertilization treatments on soil micro-
bial community
Soil microbial community composition is a driving 
force for organic cycling and transformation of soil nu-
trients, which influencing soil structure, fertility, and 
plant health (Banerjee and van der Heijden 2023; Hart-
mann and Six 2023). In the present study, eight of the 
top 10 genera in terms of abundance for the five treat-
ments were identical: unclassified Enterobacteriaceae, 
Acinetobacter, Pseudomonas, Sphingomonas, Massilia, 
Lysobacter, unclassified Vicinamibacterales, and unclas-
sified Vicinamibacteraceae (Fig. 5). Notably, Stenotro-
phomonas and Brevundimonas were not present in the 
CK group. After the applicatioon of fish waste with fer-
mented fertilizer, Acinetobacter, Pseudomonas, Stenotro-
phomonas and Massilia emerged as the dominant genera, 
with their relative abundance increasing to 2.34–22.68%, 
3.73–10.20%, 2.22–6.08% and 3.41–9.22%, respectively. 
Furthermore, fish waste inhibited the growth of Lysobac-
ter, unclassified Vicinamibacterales, and Sphingomonas 
in the soil environment. Massilia and Pseudomonas are 
known for their denitrification functions (Briones-Rob-
lero et al. 2017; Li et al. 2020), while Enterobacter and 
Acinetobacter are associated with nitrogen fixation (May-
ta-Apaza et al. 2021; Yu et al. 2021), indicates that the 
application of fish waste fermented fertilizer changed the 
microbial functional groups in the soil and improved the 
utilization of fish waste fermented fertilizer.

KEGG variability analysis
KEGG pathways of bacterial community functions were 
predicted, and the differences among the CK, F1 and F3 
treatments were compared (Fig. 6). The results showed that 

Table 5. Soil nitrogen, phosphorus and potassium con-
tents after different fertilization treatments.

Testing items
Fish waste 
fermented 
fertilizer

CK F0 F1 F2 F3

Ammonium nitrogen (mg/kg) 16.037 5 298 355 350 310
Available phosphorus (mg/kg) 3.76 54 63 172 125 159
Available potassium (mg/kg) 7.78 8 117 46 101 58

Note: CK, experimental soil without fertilizer; F0, add fish waste ferment-
ed fertilizer in soil without planting crops; F1, add fish waste ferment-
ed fertilizer in soil; F2, add fermented fish waste in soil without tobacco 
waste; and F3, add fermented fish waste + unfermented tobacco waste.

Figure 4. Effect of different fertilization treatments on soil enzyme activities. CK, experimental soil without ferti-
lizer; F0, add fish waste fermented fertilizer in soil without planting crops; F1, add fish waste fermented fertilizer in 
soil; F2, add fermented fish waste in soil without tobacco waste; and F3, add fermented fish waste + unfermented 
tobacco waste. Vertical bars represent the means ± standard error. Significant differences among the treatments 
are indicated by different lower case letters (p < 0.05, Duncan’s test).



Liu, et al.: Optimization of fish waste organic fertilizer8

Emirates Journal of Food and Agriculture

Figure 5. Relative abundance of bacteria of different treatments at the genus level. CK, experimental soil without 
fertilizer; F0, add fish waste fermented fertilizer in soil without planting crops; F1, add fish waste fermented ferti-
lizer in soil; F2, add fermented fish waste in soil without tobacco waste; and F3, add fermented fish waste + unfer-
mented tobacco waste.

Figure 6. Predicted Kyoto Encyclopedia of Genes and Genomes functions of bacterial communities. CK, experimen-
tal soil without fertilizer; F1, add fish waste fermented fertilizer in soil; and F3, add fermented fish waste + unfer-
mented tobacco waste.
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Figure 6. Continued.

the order of carbohydrate metabolism levels was F1 > CK > 
F3, while amino acid metabolism levels were F3 > CK > F1 
groups, which indicates that fermented fish waste fertilizer 
had a significant effect on microbial carbohydrate and 
amino acid metabolisms. The changes in carbohydrate and 
amino acid metabolisms reflect the microbial community’s 
ability to utilize different carbon sources and the energy 
provided by hydrolysing amino acids, ultimately influencing 
community structure and abundance (Guo et al. 2014). 
Moreover, the contribution of metabolism to fish waste 
fermentation fertilizer treatment was greater than that of 
no application of fertilizer treatment, which indicates that 
fermentation fertilizer might closely related to the changes 
of potential ecosystem functions (Zhou et al. 2022).

Conclusions
In summary, microbial fermentation technology was ap-
plied to fish and tobacco wastes, and the fermentation 
conditions were optimized by single-factor and orthogonal 
tests. The optimal fermentation conditions were: 0.5% so-
dium chloride and 1% ammonium nitrate in the fish waste 
and 30% tobacco waste fermentation substrate, a ratio of 
B. subtilis: Rho. rubrosaensis: Rhi. oryzae at 2:1:3, an inoc-
ulation amount of 4×1010 CFU/g, and a fermentation tem-
perature of 34 °C. The physicochemical indexes of the fish 
waste fermented fertilizer prepared by solid state fermen-

tation method conformed to the requirements of “Organic 
Fertilizer” (NY/T525–2021). Pot culture revealed that fish 
waste fermented fertilizer was decomposed after being ap-
plied to the soil, which had a positive effect on plant growth 
by improving soil enzyme activities and soil nutrients, al-
tering microbial functional groups in the soil, and enhanc-
ing microbial carbohydrate metabolic activities. Further 
research is necessary to elucidate the mechanisms by which 
this fertilizer promotes plant growth and crop yields, with 
an aim to apply these findings in agricultural practices.
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