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A B S T R A C T   

The production of food wastewater generated during the food waste treatment processes was tremendous, and 
large amounts of water-soluble organic matter dissolved into the food wastewater, which originate serious 
problems of both environmental and economic loss. However, food wastewater is abundance in organic matters 
without toxic substances, which is conducive to the growth of microorganisms. This study investigated the 
application of food wastewater after the food waste hydrothermal treatment (HT) to prepare potassium solu-
bilizing bacteria (KSB) fertilizer. Two highly efficient KSB, Escherichia vulneris (K1) and Bacillus cereus (K2), were 
isolated from farmland soil and inoculated into the food wastewater, the organic matter content of which could 
be significantly increased after HT. In addition, pH, SCOD, and reducing sugar have significant effects on the 
growth of KSB. The optimal culture scheme of K2 in food wastewater was pH 8, temperature 30 ℃, table 
rotational speed 160 rpm, and inoculation amount 1.5%. The available K concentration of soil increased by 
28.41 mg/kg as inoculated K2 fertilizer, which increased the garlic plant height by 23.53% and significantly 
affected plant height, maximum leaf width, maximum leaf length, fresh weight, and dry weight (P < 0.05).   

1. Introduction 

With the development and expansion of catering industry, the pro-
duction of urban food wastewater increases significantly, which is ob-
tained by solid-liquid separation and removing most of the waste oil, 
containing high concentration organic matters. The inappropriate 
treatment and disposal of food wastewater has become a new urban 
problem that brought significant environmental pollution such as 
increasing the organic loading of wastewater treatment plant or risking 
the water eutrophication [1,2]. Especially some water-soluble compo-
nents of the food waste would dissolve into the food wastewater during 
the hydrothermal process [3]. Therefore, food wastewater is abundance 
in proteins, polypeptides, polysaccharides, nucleotides, inorganic ions 
and other organic matters without toxic substances, which is conducive 
to the growth of microorganisms and suitable for making medium [4–6]. 

Potassium (K), a macronutrient required for plant development, 
plays an important role in determining the growth rate and metabolism 
of plants [7]. However, there is only 2%− 10% of the total K in the soil 
could be used by plants. Most of potassium (＞90%) in the form of stable 
compounds exist in silicate minerals such as feldspar and mica, which 
are hard to be absorbed and utilized by plants [8]. Agrochemicals have a 
very important role in crop enhancement, both at the quality and 
quantity levels, as reported that most of K are mainly provided by 
chemical fertilization [9]. However, the lack of sustainable soil man-
agement and agricultural model under chemical fertilization application 
result in a series of soil environment problems including acidification, 
salinization and lower self-repair ability that severely damage the soil 
ecosystem [10,11]. 

To date, potassium solubilizing bacteria (KSB) has been fully used in 
microbial fertilizer and replaces chemical fertilizer as an environmental- 
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friendly application in agriculture partially to improve the soil quality 
[12,13]. KSB, a branch of plant growth-promoting rhizobacteria (PGPR), 
could colonize the rhizosphere of plants, fix nitrogen, secret auxin and 
antagonize pathogens [14–21]. Especially, it could decompose the stable 
K-bearing minerals in soil by the main mechanism including acidolysis, 
chelation, exchange reactions, complexolysis and production of organic 
acid [8]. Moreover, KSB could release Si, Fe, Ca and other trace elements 
from the minerals in the soil [22]. Carolyn (2012) reported that the KSB 
was applied to the soil lacking K and found that the K solubilizing in the 
soil reached 27% [23]. Beneficial effects of inoculation in soil with KSB 
on plant K uptake have been reported in cotton, oilseed rape, pepper, 
cucumber and Sudan grass [24]. Sarikhani (2018) reported that the 
application of KSB was a promising approach for increasing K avail-
ability in soil and increased K concentration in tomato shoots by more 
than 50%. Therefore, KSB is an environmental- friendly application for 
improving soil quality and plant growth [25]. 

Organic wastewater could be used as a culture medium for micro-
organisms. Khan proposed wastewater-based algae culture with the 
exploitation of biomass as bio-fertilizer. Three algal species, including 
Chlorella minutissima, Scendesmus sp., and Nostoc muscorum, were 
cultured in sewage wastewater and harvested to produce bio-fertilizer 
[26]. The influence of liquid fermentation factors on the total biomass 
of living Bacillus cereus was evaluated with the one-factor-at-a-time 
method and the Plackett–Burman design in previous studies and it was 
found that culturing with the optimal fermentation conditions resulted 
in the biomass of Bacillus cereus of 1.35 × 109 Obj/mL, which was much 
higher than 2 × 108 CFU/mL regulated in the standard of agricultural 
bacterial fertilizers [27]. The Sporosarcina pasteurii, Azotobacter chroo-
coccum, Bacillus megaterium could be cultured in Agaricus bisporus in-
dustrial wastewater to produce agricultural microbial fertilizer, which 
remarkably enhanced the yield of Brassica chinensis L, Anoectochilus 
roxburghii and Spinacia oleracea L. [28,29]. It is practicable to make use 
of the organic wastewater to prepare the microbial fertilizer. The food 
wastewater application for preparation of qualified KSB fertilizer is 
helpful to reduce the amount of chemical fertilizer applied in agricul-
tural production, which could alleviate soil problems and improve the 
soil fertility, especially available K. The conversion of food wastewater 
into KSB fertilizer offered a new way of recycling highly concentrated 
organic wastewater. In addition, it could reduce the amount of food 
wastewater entering the wastewater treatment plant effectively, which 
was meaningful to decreasing the organic loading of wastewater treat-
ment plant influent. However, there has been a dearth of literature on 
the utilization of food wastewater to culture KSB as microbial fertilizer. 

This study invested screening KSB that has the ability to solubilize K 
and optimization submerged fermentation conditions for KSB using the 
food wastewater after the hydrothermal treatment (HT) of food waste as 
the liquid medium. Furthermore, the pot experiment was undertaken to 
study the effect of KSB liquid microbial fertilizer applied to garlic. These 
results would provide microbial resources and basic data for the 
development and applications of KSB as biofertilizers. 

2. Materials and methods 

2.1. Materials 

All reagents used in this study were analytical reagents, and all 
chemicals were prepared with deionized water. Bacillus mucilaginosus 
(K’), CGMCC No. 1.0153, was purchased from China general microbial 
culture collection center (CGMCC). The soil for this study was collected 
from Tongzhou District, Beijing (39◦52’50.365 "N, 116◦ 46’25.986" E). 
The soil type was mainly clayey loess with the main crop of wheat. The 
basic physical and chemical properties of soil were shown in Table 1. 
Food waste was collected from a canteen of Beijing Technology and 
Business University (Beijing, China). 

2.2. Screening and identification of KSB 

The KSB was isolated from rhizosphere soil of wheat. Soil was diluted 
to isolate KSB (1/10 with distilled water), after which the samples were 
shaken in an oscillating incubator at 200 rpm for 30 min 5 mL of the 
mother liquor of bacterial suspension was added to the Aleksandrov 
medium [30] filled with 100 mL of liquid. After that, the medium was 
cultured at 160 rpm and 30 ℃ for two days. The 0.1 mL of the above 
suspension was inoculated on 20 mL selection medium which contained 
5.0 g sucrose, 0.5 g MgSO4.7 H2O, 2.0 g Na2HPO4, 0.1 g CaCO3, 0.005 g 
FeCl3, 15.0 g agar, 1.0 g feldspar powder which was the only source of K, 
1.0 L deionized water and pH 7.0. The plates were placed in the constant 
temperature biochemical incubator for 72 h at 30 ◦C. The large-scale 
colonies with evident growth from each plate were selected and inocu-
lated on tangible selection medium (add 1.5% NaCl) for 72 h at 30 ◦C. 
The colony purity was observed with a microscope until the pure culture 
was obtained. Experiments above were carried out under sterile 
conditions. 

Purified KSB was selected from the culture plate by inoculation ring, 
and the isolates were characterized by morphological (size, shape, 
opacity, margin, elevation, consistency, pigmentation), physiological 
and biochemical tests (Methyl Red Test, citrate utilization, nitrate 
reduction, gelatin hydrolysis, sugar test). 

Two KSB isolates were selected for the isolates’ genomic DNA 
extracted using Genomic DNA isolation kit (Tianan). The 16 S rRNA 
gene was amplified using primers 27 F (5′-AGAGTTTGATCCTGGCT-
CAG-3′) and 1492 R (5′-GGTTACCTTGTTACGACTT-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. Beijing saiojino Biotechnology Co., Ltd provided the 
sequencing report. 

To investigate the K solubilizing capacity of KSB, the purified strains 
were inoculated into 50 mL seed medium and cultured at 180 rpm and 
30 ℃ for two days. After two days of culture, the seed solution was 
inoculated into 50 mL of K solubilizing medium at 5% inoculum and 
cultured at 180 rpm and 30 ℃ for ten days. The medium contained 10.0 
g sucrose, 0.5 g MgSO4.7 H2O, 1.0 g CaCO3, 1.0 g (NH4)2SO4, 0.1 g NaCl, 
0.5 g yeast extract, 2.0 g Na2HPO4, 10.0 g potash feldspar powder, pH 
7.4, 1.0 L deionized water. And then, the culture solution was taken out 
and placed in a 4 mL centrifuge tube, which was centrifuged for 10 min 
under the condition of 6000 rpm. The centrifuged supernatant was 
filtered by 0.45 µm acetate membrane, and the concentration of K ion 
was determined by ICP-OES after microwave digestion. Under the same 
conditions, inactivated seed solution, high-purity water and Bacillus 
gelatinosa were regarded as control treatment, which was used to 
compare with isolates. 

2.3. Preparation of food wastewater and culture of KSB 

The preparation method of food wastewater was as follows, pulver-
ize the food waste and carry out the HT processes under different tem-
perature conditions of 80 ℃, 100 ℃, 120 ℃, and 140 ℃ for 60 min. The 
food waste after HT was centrifuged at 6000 rpm and 4 ℃ for 20 min to 

Table 1 
Physical and chemical characteristics of soil.  

Items Mean 

pH 7.58 
Total P (mg/kg) 2074.7 
Available P (mg/kg) 178.5 
Total N (mg/kg) 1322.3 
Available N (mg/kg) 100.3 
Total K (mg/kg) 4734.0 
Available K (mg/kg) 98.1 
Organic matter (mg/kg) 43,917.9  

Y. Wang et al.                                                                                                                                                                                                                                   



Biochemical Engineering Journal 181 (2022) 108378

3

remove oil and solid residue. The separated food wastewater refriger-
ated at 4 ℃ after 121 ℃ sterilizations. To evaluate the optimal culture 
conditions of selected KSB in food wastewater, the L9 (34) orthogonal 
experiment with four factors and three levels were designed. The pH, 
temperature, table rotational speed, inoculation amount at three appli-
cation levels were evaluated Including (A) pH: 6, 7, 8; (B) temperature: 
25; 30, 35/℃; (C) table rotational speed: 100, 140, 180/rpm; (D) 
inoculation amount: 1, 1.5, 2/%. 

2.4. KSB fertilizer application 

Experiments for studying the effect of the strain KSB on plant growth 
and K uptake of garlic were conducted in pots containing soil from 
Beijing (China). The pot experiment was performed as described pre-
viously using garlic with 3 kg of air-dried soil and four garlic seeds. The 
seeds, which particle sizes and mass were the same, were symmetrically 
distributed in the pot and fixed in position. According to the treating 
methods in Table 2, the fermentation liquid with KSB was added in turn. 
During the incubation period, all treatments were watered each day with 
deionized water to keep stable water-holding capability. Soil samples 
were taken every 5 days to detect the available K and soil catalase (CAT). 
Plant height was measured every day, and the leaf width, leaf number, 
fresh weight and dry weight were measured after 30–40 d of plant 
maturity. 

2.5. Analysis methods 

The ability of the KSB to dissolve available K was determined by ICP- 
OES operational parameters of which were auxiliary gas flow: 0.6 L/ 
min, plasma gas flow: 10 L/min, carrier gas flow: 0.7 L/min, high- 
frequency: 27.12 MHz, high-frequency output power: 1.2 kW. The 
conditions of microwave digestion were: microwave power: 800 W, 
heating time: 15 min, digestion temperature: 180 ℃, holding time: 15 
min. The available K in soil was determined by ammonium acetate 
extraction flame photometric method (NY/T 889–2004). The viable 
count was determined by the flat colony counting method. Soluble 
chemical oxygen demand (SCOD) was determined by the dichromate 
method (HJ 828–2017). Reducing sugar was determined by 3,5-dinitro-
salicylic acid colorimetry. Total nitrogen (TN) was analyzed by total 
nitrogen-alkaline K persulfate digestion UV spectrophotometric method 
(HJ 636–2012). Nessler’s reagent spectrophotometry (HJ 535–2009) 
was applied to determine the ammonia nitrogen (NH3-N). Kjeldahl ni-
trogen (KN) was determined by Kjeldahl nitrogen analyzer (Aopu, KDN- 
1). Soil CAT activity was detected by the test kit (Solarbio, BC0205). 

The height of the garlic was measured with a ruler from the ground 
part of the plant. Leaf number was the number of leaves at maturity. The 
maximum leaf width was measured with a ruler when the plant was 
mature. To determine the fresh weight of garlic, the soil on the garlic 
was washed with clear water, and the water on the leaves was wiped. 
The weight of the above ground part of the garlic was analyzed with an 
analytical balance. The average weight of the air part was recorded as 
the fresh weight. For dry weight analysis, the garlic was firstly fixed at 
105 ℃ for 30 min, then dried at 100 ℃ until the weight remained un-
changed, and the dry weight was analyzed with an analytical balance. 

The experiment was based on a completely randomized design with 

three replicates for in vitro and plant culture assessment. The association 
between the traits studied was determined by Pearson correlation co-
efficient analysis using Spss 16 software. Network visualization was 
conducted on Gephi. 

3. Results and discussion 

3.1. Isolation and identification of KSB 

Six strains were isolated from the rhizosphere soil of wheat by the 
selected medium mentioned in Section 2.2, which was recorded as K1- 
K6. In order to identify the auxiliary candidates of salt-tolerant KSB, 
the six strains and Bacillus gelatinosa (K’) were inoculated into the liquid 
K-solubilizing medium with 1.5% NaCl for culture. The variation of 
solublized K concentration in 10 days under different isolates inoculated 
were investigated, shown in Fig. 1. It displays that at the beginning of 
culture the solublized K concentration was 1.65 ± 0.03 mg/L in all 
treatment. With the prolongation of culture time, the amount of K sol-
ubilized in CK treatment reached 1.80 ± 0.15 mg/L, indicating that the 
dissolution of K-feldspar in CK treatment was not significant and the 
insoluble K-feldspar was challenging to hydrolyze, with the low ability 
for solubilizing K. Fig. 1 shows that the solubilized K concentration of all 
strains treatment increased considerably, finally reaching 2.46–13.87 
mg/L after 10 days. Compared to other isolated strains, the K1 (9.69 ±
0.59 mg/L), K2 (12.09 ± 0.71 mg/L) and K’ (13.87 ± 0.48 mg/L) 
treatment showed higher K-solubilizing capacity, which was 
438.33–670.56% greater than CK treatment. It could be seen that the 
differences in the K-solubilizing capacity by various strains were sig-
nificant (P＜0.05). 

Currently, some information is available on the K-solubilization by 
the KSB. The mechanisms for KSB to solubilize K were by lowering the 
pH, enhancing chelation of the cations bound to K, and acidolysis of the 
surrounding area of microorganism. The pH decreases of the medium 
suggested the release of organic acids and protons by the K-solubilizing 
microorganisms [31–33] reported that the K released from minerals was 
influenced by pH, dissolved oxygen, and strains used. The solubilized K 
concentration was enhanced by 84.8–127.9% in KSB inoculated as 
compared to no-treatment, indicating the K-solubilizing characteristic of 
KSB [34–36]. 

The 16 S rRNA gene sequences of KSB K1 and K2 isolated were 
analyzed for nucleotide sequence similarity with those of databases, the 
belonging of KSB according to BLAST results on NCBI. The phylogenetic 
tree was shown in Fig. 2(a), which was constructed by the neighbour- 
joining method (NJ), indicating that the strains was more than 99% 

Table 2 
Potted experiment conditions and marking methods.  

Treatments CK 
(Control 
Check) 

K’ K1 K2 

Fertilization 50 mL 
deionized 
water 

50 mL of Bacillus 
mucilaginosus 
fertilizer diluted 
100 times 

50 mL of K1 

bacterial 
fertilizer 
diluted 100 
times 

50 mL of 
K2bacterial 
fertilizer 
diluted 100 
times  

Fig. 1. The potassium solubilizing capacity of different isolates in cul-
ture medium. 
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similarity to the 16 S rRNA of K1 and K2. It could be seen from the figure 
that strains K1 and K2 were highly similar to the Escherichia vulneris and 
Bacillus cereus strains, respectively. 

To determine the properties related to strain K1 and K2, morpho-
logical and SEM were conducted. The isolated K2 were Gram+ with rod 
shapes, colony morphology revealed slime, white, whitish texture and 
with smooth surfaces on the selected medium, shown in Fig.S1. As 
shown in Fig. 2(b) K1 and K2 cells under the SEM were both short rod- 
shaped with a size of (0.5–0.7) μm× (0.2–0.3) μm and (0.6–0.8) μm×

(0.1–0.2) μm, respectively. The morphological results of KSB were 
similar to the previous studies [37]. 

3.2. Cultivation status of KSB 

After HT with different temperatures, food waste was centrifuged to 
obtain food wastewater. The characteristic of wastewater under 
different HT temperature was investigated, shown in Table S1. It dis-
plays that the volatile solid (VS), pH, SCOD, total sugar and reducing 
sugars changed significantly with HT. With the increase of HT temper-
ature, it could be clearly found the steady increase of VS from 10.67 

± 0.21% (NO-HT) to 13.3 ± 0.12% (100 ℃ HT) and 13.89 ± 0.06% 
(120 ℃ HT). Besides, as HT temperature increased to 140 ℃, the con-
centration of SCOD increased gradually from 56.83 ± 23.92–160.17 
± 7.04 g/L, indicating that 140 ℃ HT improved about 181.84% 
compared with NO-HT. The concentration of total sugar increased firstly 
and subsequently decreased as HT temperature increased from NO-HT 
to 140 ℃-HT, but the reducing sugar content increased from 3.22 
± 0.23–4.54 ± 0.06 g/L gradually. 

Table. S1 shows that HT could be employed to increase solubility and 
liquefying extents of a variety of organic matter and raise the concen-
tration of organic matter in food wastewater. The higher concentration 
of small molecule soluble matter was presumable due to that the 
macromolecular soluble starch, protein, and fat were hydrolyzed into 
small molecule soluble reducing sugar, amino acid, and fatty acid [38]. 
In addition, HT made starch granules in food wastewater swelling and 
gelation, besides some sugars were transferred from solid phase to liquid 
phase, along with the hydrolyzation of polysaccharides to disaccharides 
or monosaccharides [39,40], which resulted in the variation of total 
sugar and reducing sugar in Table. S1. Higher temperature and mois-
ture, leading to partial denaturation of proteins, could potentially 

Fig. 2. Phylogenetic tree (a) and SEM (b) of isolates identified. In this dendrogram, K1, K2 was used as an out-group strain. The tree was constructed by the MEGA 7.  
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induce the inactivation of proteinaceous enzyme inhibitors, which was 
conducive to protein degradation. On account of HT, cell wall breakage 
may also provide more effective nutrient content in food wastewater 
[41]. 

After HT with different temperature conditions, food wastewater 
directly supplied K2 strains as carbon and nutrient sources for culture. 
The growth of K2 was assessed by counting viable count. Fig. 3 shows 
that K2 strains could grow gradually in the food wastewater under 
different HT conditions without any extra nutrient added, and SCOD 
content decreased with the increase of viable count. The viable count of 
K2 in food wastewater became stable in the adjustment period on day 1 
and increased significantly as entered the logarithmic growth period 
from the day 2, which continued to increase with the extension of time, 
reaching the maximum viable count on the day 6 and then entered the 
stable period. On the day 7, the viable count of K2 in the food waste-
water treated with 100 ℃ HT was the largest, which was 8.11 × 1011 

CFU/mL, higher than the standards level (GB 20287–2006). The trend of 
SCOD was opposite to viable count, which was steadily dropping as the 
time prolonged. In addition, HT decreased the residual rate of SCOD, 
reaching 24.89% and 33.18% at 120 ℃ and 100 ℃, respectively. As 
shown in Fig. 3(b), compared with the NO-HT, HT increased the removal 
rate of reducing sugars and organic nitrogen significantly, the highest 
removal rate of reducing sugar and organic nitrogen was 66.4% and 

81.19%, respectively, with the HT temperature of 100 ℃. 
The viable count of K2 with 100 ℃ HT was the largest shown in 

Fig. 3(a), which may result from the organic matter content in the 
substrate, which was considered a key factor for microbial propagation 
suitability. The central carbon sources of K2 were sucrose and glucose, 
which enabled reducing sugars to be utilized by K2 as the primary 
carbon source and promoted its growth [42]. During the K2 cultivation 
processes, decomposition of the organic matter to organic acids resulted 
in an even lower pH of food wastewater, which was shown in Fig. S2. KN 
was continually transformed to NH3-N at low pH in food wastewater, 
which increased the C/N and influenced the metabolism of bacteria. The 
higher C/N ratios were not conducive to the nitrification of bacteria, 
which inhibiting the cultivation of K2, as shown in Fig. 3 [43]. The 
organic carbon source was abundant in food wastewater, indicating the 
microbial processes suitability. Thus 100 ℃ HT was chosen for the HT of 
food waste in producing food wastewater, which was applied for the 
suitable medium in K2 strains culturing. 

Pearson’s correlation coefficient was used to reveal the relationship 
between HT temperature and K2 viable count. The correlations between 
HT temperature, food wastewater component, K2 viable count were 
shown through network analysis. Fig. 4(a) displays the relationship 
between HT temperature and food wastewater components. It revealed 
that the SCOD, reducing sugar, pH, TN, and KN were significantly 
correlated with the temperature of HT (P < 0.05). The temperature of 
HT indirectly increased TS by affecting SCOD. Fig. 4(b) illuminated the 
relationship between food wastewater components and the viable count 
of K2. The number of viable bacteria was significantly positively 
correlated with pH. SCOD and reducing sugar were significantly nega-
tively correlated with the viable count due to the absorption ability of 
K2. SCOD and reducing sugar refers to the soluble solid content in food 
wastewater, which directly determined the amount of nutrients supplied 
to the microorganisms [42]. As reported, fermentation broth with high 
concentration could provide adequate nutrition for the growth of Ba-
cillus [29]. Besides, pH performed significantly negative correlation with 
SCOD and reducing sugar, which also suggested that low pH was not 
conducive to absorbing carbon sources, which was consistent with 
Fig. 3. 

3.3. Optimization of KSB fertilizer production 

The fermentation conditions for KSB cultured in food wastewater in 
producing KSB fertilizer were influenced by fermentation temperature, 
shaking speed, inoculum size, food wastewater, pH values, loading 
volume and culture time [44]. The K2 strain was inoculated into the 
food wastewater for the orthogonal experiments as the description in 
Section 2.3. On the day 6, the viable count of K2 in food wastewater was 
detected, shown in Table 3. 

It could be seen from Table 4 and Table S2 that the average value of 
A3, B3, C3, D2 in factor A, B, C, D was the largest respectively, and 
peaked in 0.310, 0.230, 0.370, 0.250. Thus the best culturing scheme of 
K2 in food wastewater was C3A3D2B2, meaning that the optimal growth 
conditions of pH, temperature, table rotational speed, and inoculation 
amount of K2 in food wastewater were 8, 30 ℃, 180 rpm, and 1.5%, 
respectively. 

Previous study found that Bacillus was influenced by multiple culture 
conditions, including pH, temperature, table rotational speed and 
inoculation [27], and culture temperature was an important factor 
affecting physiological processes through the rate of chemical reactions 
and the stability of cellular components [45]. In this study the appro-
priate temperature was 30 ℃, which was similar to the results of pre-
vious study stating that the suitable growth temperature of Bacillus was 
in the range of 30–37 ℃ [27]. The growth and energy metabolism of 
microbes were also affected by the environmental pH [46], and the 
optimal pH value was from 7 to 8. Bacillus could secrete organic acids in 
the growth process, therefore, the initial pH of medium needed to be 
higher than the optimal. Besides, the inoculation dosages directly 

Fig. 3. Variation of HT treatment on K2 viable count (a) and components of 
food waste water (b). VC: Viable count, HT: Hydrothermal treatment, RS: 
Reducing sugar, ON: Organic nitrogen. The pH value was determined after 7 
days of culture K2. 

Y. Wang et al.                                                                                                                                                                                                                                   



Biochemical Engineering Journal 181 (2022) 108378

6

effected the K2 culture cycle and low levels of inoculum was reported to 
bring about the increase of the duration of the lag period [44]. The 
nutrients and dissolved oxygen, available to the bacteria, would be 
inadequate during the multiplication of cell under higher inoculum 
doses, leading to the abnormal bacterial metabolism [47], which may 

explain that viable count in 1.5% inoculation was better than 1% and 2% 
in this study. 

Among the four factors, table rotational speed was the most signifi-
cant influencing factor. Therefore, different culturing effect under 
different rotating speed of shaking table at 150, 160, 170, 180 and 
190 rpm were evaluated with other factors remain unchanged. The 
viable count of each treatment was measured, and the results are shown 
in Table 4. 

It displays that the viable count was 195 ± 5 × 108 CFU/mL at the 
speed of 160 rpm with the highest viable count of living bacteria of KSB 
obtained, which were in agreement with previous studies showing that 
the suitable shaking speed for B. cereus was between 150 and 200 rpm 
[27]. Dissolved oxygen in the medium would increase along with the 
increase of the table rotational speed [46]. Due to Bacillus cereus was a 
kind of facultative anaerobe which required dissolved oxygen to grow, 
the higher table rotational speed enhanced the concentration of dis-
solved oxygen in the culture medium and made it complete contacted 
with nutrients [48,49], which was conducive to the growth of bacterium 
[50,51]. However, excessive table rotational speed could also induce a 
notable increase in dissolved oxygen, which produced a large number of 
metabolites and had adverse effect on bacterial growth [52]. Further-
more, excessive rotation speed would damage the bacteria, which was 
not conducive to its culture. Therefore, the optimal pH, temperature, 
table rotational speed, and inoculation amount for K2 cultured in food 
wastewater for KSB fertilizer preparation were 8, 30 ℃, 160 rpm, and 
1.5%, respectively. K2 was inoculated into the food wastewater under 
the optimal culture conditions for 7 days, and the maximum viable count 
of K2 reached 8.11 × 1011 CFU/mL, which was far beyond 1.32 × 109 

CFU/mL of Bacillus cereus cultured in wastewater of A. bisporus [27] and 
2 × 108 CFU/mL listed in the standard (GB 20287–2006). The results 
showed that the food wastewater with HT could produce qualified mi-
crobial fertilizer, which was beneficial to reduce the amount of chemical 
fertilizer and alleviate soil problems. 

3.4. Evolution of soil fertility under KSB fertilizer 

To investigate the effect of KSB fertilizer on the soil and the plant 
growth, K1, K2 and K’ were inoculated to food wastewater to prepare 
KSB bacterial fertilizer, which was applied to the soil and plant. As 
shown in Fig. 5(a), the initially available K concentration in the soil 
remained stable in CK treatment, which were between 98.10 and 
101.22 mg/kg indicating that the mineral K in soil was difficult to 

Fig. 4. Network analysis of the relationships between food wastewater com-
ponents with HT temperature (a) and K2 viable count (b). Connection presents 
a significant correlation (red connections represent significant positive corre-
lation p < 0.05, blue connections represent significant negative correlation 
p < 0.05). The size of each node is proportional to the number of connections. 

Table 3 
Results of K2 orthogonal experiment.  

Experimental group pH（A） Temperature/℃（B） Table rotational speed /rpm（C） Inoculation amount /%（D） Log viable count / (CFU/mL) 

1  6  25  100  1  9.45 
2  6  30  140  1.5  10.21 
3  6  35  180  2  9.98 
4  7  25  140  2  9.54 
5  7  30  180  1  9.85 
6  7  35  100  1.5  9.65 
7  8  25  180  1.5  10.18 
8  8  30  100  2  9.80 
9  8  35  140  1  9.99  

Table 4 
Effect of table rotational speed on the growth of KSB.  

pH Temperature 
/℃ 

Inoculation 
amount /% 

Table rotational 
speed /rpm 

Viable count 
/CFU/mL 

8 30 1.5 150 155 ± 15 
160 195 ± 5 
170 159 ± 3 
180 148 ± 8 
190 135 ± 4  
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decompose and release K ions under natural conditions. It indicated that 
the interference of initial soil environment on the available K concen-
tration was not significant. 

As the K1, K2, K’ fertilizer was applied in pot experiment, the con-
centration of soil available K in treatment of KSB increased gradually. 
The available K of K1, K2 and K’ treatment increased to 115.10 
± 0.86 mg/kg, 126.55 ± 0.94 mg/kg and 121.79 ± 0.73 mg/kg in 50 
days, respectively. Compared with CK treatment, K2 treatment enabled 
the available K of soil to increase by 28.91%, indicating that K2 adapted 
to the soil environment and maintained the efficiency of K solubiliza-
tion, which played an important role in improved soil fertility. 
Chaudhary (2020) used different types of PGPR microbial fertilizer in 
soil and found that soil available K increased by 13.01–29.49%, which 
was similar to the results of this study [53]. The primary mechanisms for 
KSB to solubilize K was acidolysis, chelation, exchange reaction, 
complexation decomposition, and formation of organic acids [8], which 
could destroy the lattice structure of K-feldspar and decompose silicate 
minerals, releasing soluble K in soil and improving the availability of K 
in the soil [54]. KSB could transform the invalid nutrients of soil into 
effective forms, making the K element more easily absorbed by plants 
[55]. Fig. 5(a) displays that when three kinds of KSB fertilizer were 
applied to soil, the concentration of soil available K increased signifi-
cantly (P＜0.05). Apart from that, the efficiency of K2 fertilizer has 
higher-efficient than K’ (Bacillus gelatinosa). 

Fig. 5(b) shows that when the KSB fertilizer were applied, the CAT 
activity was dramatically enhanced in 35 days. The soil CAT activity in 
K1, K2 and K’ during 35 days were 26.51 ± 5.41 U/g, 37.22 ± 1.28 U/ 
g, 28.79 ± 0.56 U/g, respectively, and 28.04%，79.80%, 39.10% 
higher than that in CK (20.70 ± 8.68 U/g). Studies have found that soil 
CAT activity increased by 30.77–36.54% after being inoculated with 
different concentrations of Bacillus megalosporum fertilizer, which was 
similar to the results of this study [56]. It was found that CAT activity 
was an essential indicator of PGPR-induced plant resistance toxic effects 
of hydrogen peroxide [57–60]. The CAT in plants removed intracellular 
reactive oxygen species, reduced membrane peroxidation, stabilized 
membrane permeability and improved plant photosynthesis, which 
played important roles in maintaining and increasing soil fertility [61, 
62]. It indicated that KSB promoted plant growth, improved soil fertility, 
and enhanced antioxidant enzyme activity and resistance. 

3.5. Evolution of plant growth under KSB fertilizer 

Fig. 6(a) shows the plant growth-promoting effect of KSB fertilizer. 
The KSB fertilizer application could significantly promote the growth of 
garlic seedlings. On the day 35, the dry weight and fresh weight of garlic 
were the highest in K2 treatment with significant increase (P < 0.05) of 
42.86% and 17.76% respectively as compared to CK. It could be seen 
that the KSB could significantly make plants accumulated organic sub-
stances. Fig. 6(b) displays that all treatment could promote the leaf 

Fig. 5. Impact of inoculation with KSB liquid fertilizer on soil available po-
tassium (a) and soil CAT activities (b). 

Fig. 6. Effects of inoculation with KSB liquid fertilizer on weight (a), leaf 
number, max leaf width and height (b) of garlic. 
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number, leaf width and height of garlic. On the day 35, the height of 
garlic in K1, K2 and K’ were 2.20%, 23.55% and 14.48%, respectively, 
higher than CK treatment. The most obvious promotion effect was 
observed in K2, which increased the leaf number by 120% and the 
maximum leaf width by 78.79%. The plant height, leaf number, 
maximum leaf width, fresh weight and dry weight of K2 were better than 
other treatment and the difference was significantly (P < 0.05). 

Similar results were found in previous studies that soil microbial 
biomass, enzyme activity and soil fertility increased significantly 
particularly in soil inoculated by KSB, which was undoubtedly beneficial 
to plant growth [55]. The soil K element had a significant role in pro-
moting plants growth and metabolism and the growth-promoting bac-
teria could secrete indoleacetic acid (IAA), promote root development, 
and activate root metabolism [63]. It was found that the biomass of 
Pakchoi was increased by applying PGPR fertilizer, which could pro-
mote the absorption of nutrients by roots and improving the rhizosphere 
environment of Pakchoi [64]. These results indicated that KSB fertilizer 
prepared with food wastewater could significantly improve soil fertility 
and promote plant growth. 

4. Conclusion 

Two strains of highly efficient KSB were isolated from wheat rhizo-
sphere soil and K1 and K2 were Escherichia vulneris and Bacillus cereus, 
respectively, both of which showed high potassium solubilizing ability 
from a K-feldspar medium. The KSB could be cultured and expanded in 
food wastewater to producing KSB fertilizer. It was found that VS, SCOD, 
reducing sugar and pH of food wastewater were significantly affected by 
food waste HT, and reducing sugar, SCOD, pH were significantly 
correlated with the viable count of K2 cultured in food wastewater. The 
maximum biomass of K2 was attained at temperature 30 ℃, shaking 
speed 160 rpm, inoculum amount 1.5%, pH 8. Furthermore, the 
fermentation liquid of K2 could increase the concentration of available K 
in the soil by 28.9% and dramatically elevated the plant height, leaf 
number, maximum leaf width, fresh weight and dry weight of garlic. It is 
feasible to cultivate KSB with food wastewater after HT and the liquid 
microbial fertilizer of KSB could improve soil fertility and promote the 
growth of plants, which provides a new way for food wastewater 
recycling. 
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