

[image: image1]
Isolation and characterization of Stenotrophomonas pavanii GXUN74707 with efficient flocculation performance and application in wastewater treatment












	 
	ORIGINAL RESEARCH
published: 26 April 2024
doi: 10.3389/fmicb.2024.1367043





[image: image]

Isolation and characterization of Stenotrophomonas pavanii GXUN74707 with efficient flocculation performance and application in wastewater treatment

Siqi Qin, Qiao Li, Jin Dou, Yuanyuan Man, Liuyan Wu, Hongmei Tian, Mingguo Jiang* and Guofang Liu*

Guangxi Key Laboratory for Polysaccharide Materials and Modifications, School of Marine Sciences and Biotechnology, Guangxi Minzu University, Nanning, China

Edited by
Ram Naresh Bharagava, Babasaheb Bhimrao Ambedkar University, India

Reviewed by
Weijie Liu, Jiangsu Normal University, China
Vimala RTV, Bharathidasan University, India

*Correspondence
Guofang Liu, 20190011@gxmzu.edu.cn
Mingguo Jiang, mzxyjiang@163.com

Received 08 January 2024
Accepted 15 April 2024
Published 26 April 2024

Citation
 Qin S, Li Q, Dou J, Man Y, Wu L, Tian H, Jiang M and Liu G (2024) Isolation and characterization of Stenotrophomonas pavanii GXUN74707 with efficient flocculation performance and application in wastewater treatment. Front. Microbiol. 15:1367043. doi: 10.3389/fmicb.2024.1367043

The identification of microorganisms with excellent flocculants-producing capability and optimization of the fermentation process are necessary for the wide-scale application of bioflocculants. Therefore, we isolated and identified a highly efficient flocculation performance strain of Stenotrophomonas pavanii GXUN74707 from the sludge. The optimal fermentation and flocculation conditions of strain S. pavanii GXUN74707 was in fermentation medium with glucose and urea as the carbon and nitrogen sources, respectively, at pH 7.0 for 36 h, which treatment of kaolin suspension with 0.5 mL of the fermentation broth resulted in a flocculation rate of 99.0%. The bioflocculant synthesized by strain S. pavanii GXUN74707 was found mainly in the supernatant of the fermentation broth. Chemical analysis revealed that the pure bioflocculant consisted of 79.70% carbohydrates and 14.38% proteins. The monosaccharide components of MBF-GXUN74707 are mainly mannose (5.96 μg/mg), galactose (1.86 μg/mg), and glucose (1.73 μg/mg). Infrared spectrometric analysis showed the presence of carboxyl (COO-), hydroxyl (-OH) groups. The SEM images showed clumps of rod-shaped bacteria with adhesion of extracellular products. Furthermore, the strain decolored dye wastewater containing direct black, direct blue, and Congo red by 89.2%, 95.1%, 94.1%, respectively. The chemical oxygen demand (COD) and biological oxygen demand (BOD) removal rates after treatment of aquaculture wastewater with the fermentation broth were 68% and 23%, respectively. This study is the first to report the performance and application of strain Stenotrophomonas pavanii in wastewater flocculation. The results indicate that strain S. pavanii is a good candidate for the production novel bioflocculants and demonstrates its potential industrial practicality in biotechnology processes.
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1 Introduction

Flocculation is a simple, low-cost, and environmentally friendly process that can separate and remove suspended particles, particulate dyes, and heavy metals from various types of wastewaters (Zhao et al., 2017; Wang et al., 2020). There are three main types of flocculants, including inorganic, synthetic organic, and biological flocculants (Aljuboori et al., 2015; Pu et al., 2018). Inorganic flocculants and synthetic organic flocculants are widely used in industry due to their efficiency and cost-effectiveness (Nontembiso et al., 2011). However, this widespread use generates large amounts of waste, which is difficult to degrade, leading to secondary pollution and various environmental and health-associated problems (Aljuboori et al., 2013; Ayangbenro et al., 2019).

Bioflocculants have attracted extensive research and application as alternatives due to their biodegradability, as well as having the advantages of being environmentally friendly, non-toxic, and effective (Liu et al., 2009; Chopra and Ruhi, 2016). Microbial flocculants (MBF) are a cost-effective and practical solution for removing environmental pollutants.

The use of biological flocculants to remove dyes from industrial wastewater seems promising, but there are still gaps in research. Currently, the large-scale production and application of bioflocculants are limited by factors such as high production costs, long fermentation cycles, and poor practical applicability (Aljuboori et al., 2014). The discovery of microorganisms with better flocculation ability is thus an urgent problem to be solved. To date, the most effective strategies for improving production and flocculation activity have involved modifications of the culture medium composition and fermentation conditions (Guo and Chen, 2017; Rasulov et al., 2017). Another factor that has contributed significantly to the poor development of bioflocculants is a lack of bacterial resources. Thus, the identification of flocculants-producing bacteria is an important research focus.

Developments in dye production and technology have led to sharp increases in the discharge of wastewater from the dye industry. Dye wastewater is associated with a series of problems such as its high chromaticity, compositional complexity, high biological toxicity, and poor biochemical degradation, presenting significant challenges to its treatment (Correia et al., 1994). The heavy metals, chlorinated compounds, pigments and other pollutants in textile wastewater are considered the main culprits of water pollution, which can lead to oxidative stress, reduce photosynthesis and CO2 assimilation rates, and thus reduce plant growth (Naresh Yadav et al., 2020; Pradeep Kumar et al., 2021). Dye wastewater contains a variety of organic pollutants, which consume dissolved oxygen in the water and thus disrupt the ecological balance of the water. At the same time, wastewater also has a major impact on human health and safety (Liu et al., 2018). Currently, physical, chemical, and biological methods can be used for the decolorization and degradation of the components of dye wastewater. In terms of biological treatment, flocculation is key (Durmaz and Sanin, 2001; Yang et al., 2013; Manavi et al., 2017).

At present, the hot topics in wastewater treatment strategies are nanoparticles and the genetically engineered bacteria. Nanoparticle processing has high efficiency but high cost. Genetic engineering bacteria selectively modify related enzymes to enhance their ability to remediate wastewater (Manikant et al., 2023; Tripathi et al., 2023). Scholars have successfully used microorganisms such as bacteria, fungi, yeast, and algae for dye remediation. Microorganisms can break the azo bonds present in dye molecules through their enzymatic activity (Shweta and Manikant, 2017; Sharma and Qanungo, 2022). The process cost of microbial treatment of wastewater is low, while also ensuring environmental issues and eliminating the need for secondary treatment. Among them, bacteria have extremely strong survival ability, can adapt to various extremely harsh environments, and their decolorization ability is also extremely significant. Bacteria become an ideal choice for wastewater treatment. There are many types of flocculants producing bacteria, and literature reports that Oerskovia paurometabola (Rita Dias Guardão et al., 2020), Brevundimonas diminuta (Saravanan et al., 2022), Geobacillus thermoleovorans (Julián et al., 2020), Serratia spp. (Li-zhong et al., 2023), Lysinibacillus sphaericus (Shantkriti et al., 2022) have outstanding abilities in treating dye decolorization.

In the present study, strain Stenotrophomonas pavanii GXUN74707 was isolated and identified from sludge. The strain showed highly efficient flocculation and dye decolorization activities. This study is the first to report that S. pavanii can produce bioflocculant, and the findings indicate the significant potential of the strain in wastewater flocculation and dye decolorization.



2 Materials and methods


2.1 Bacterial strains and media

Strain S. pavanii GXUN74707 was isolated from the sludge in Guangxi Minzu University and has been deposited in the China General Microbiological Culture Collection Center (CGMCC No. 27475). The activation culture of the strain was LB medium containing 10 g/L of tryptone, 5 g/L of yeast extract, and 10 g/L of NaCl, with the pH adjusted to 7.0–7.5. The fermentation medium contained 10 g/L of glucose, 0.5 g/L of yeast extract, 0.5 g/L of urea, 5 g/L of K2HPO4, 2 g/L of KH2PO4, 0.1 g/L of NaCl, and 2 g/L of MgSO4 ⋅ 7H2O, pH 7.0–7.5.



2.2 Identification of strain GXUN74707

The 16S rRNA gene sequence was analyzed to identify the strain GXUN74707. Genomic DNA was extracted from the target strain and was amplified by PCR using the universal primers 27F/1541R for the 16S rRNA gene. The 16S rRNA gene sequence was compared with sequences using BLAST on the EzBioCloud website (http://www.ezbiocloud.net/). The aligned sequence was analyzed using MEGA 11.0 software (Batta et al., 2013).



2.3 Determination of flocculation activity

The strain GXUN74707 was cultured in flasks containing 30 mL LB medium at 30°C with shaking at 180 rpm until the OD600 = 1.0. It was then transferred to the fermentation medium at an inoculation rate of 1%, and the flocculation rate of the fermentation broth was determined. Strains with higher flocculation activity were selected for further investigation. The flocculation activity was measured using a kaolin clay suspension (0.25 g of kaolin clay in 50 mL distilled water). The kaolin suspension was mixed with 1.5 mL fermentation broth, and 5 mL of 1% CaCl2 was added to the mixture. The pH of the kaolin suspension was adjusted to 7.0–7.5 with NaOH. The mixture was vortexed for 2 min and left standing for 5 min. The optical density of the supernatant against a blank (distilled water) was measured at 550 nm. The flocculation rate was defined as follows:
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where E is the flocculation rate (%), A is the absorbance of the kaolin suspension processed by the sample, and B is the absorbance of the control (blank kaolin suspension) (Batta et al., 2013).



2.4 Optimization of cultivation conditions

Optimization of fermentation time: Strain GXUN74707 was inoculated into LB medium and cultured until OD600 = 1.0. It was then transferred to the fermentation medium at a 1% inoculation rate, and fermentation was continued at 30°C and 180 rpm for 72 h. The flocculation rate of the fermentation broth was measured every 12 h.

Optimization of initial pH: The pH of the fermentation medium was adjusted with 1 mol/L of NaOH or HCl to a pH range of 4.0–10.0. The strain GXUN74707 was transferred to fermentation media with different pH values, and fermentation was continued at 30°C and 180 rpm for 36 h. The flocculation rate of the strain fermentation broth under different pH conditions was measured.

Nitrogen source optimization: Yeast extract, casein, peptone, urea, beef extract, tryptone, and (NH4)2SO4 were used as nitrogen sources for fermentation. Strain GXUN74707 was cultured for 36 h in media containing different nitrogen sources. The flocculation rates were measured with kaolin suspension and compared to determine the optimum nitrogen source.

Carbon source optimization: Glucose, maltose, sucrose, fructose, galactose, starch, and sodium acetate were used as carbon sources. Strain GXUN74707 was cultured for 36 h in media containing different carbon sources. The flocculation rates were measured with kaolin suspension and compared to determine the optimum carbon source.



2.5 Extraction and purification of bioflocculant

The fermentation broth was centrifuged at 8,000 rpm for 10 min to precipitate the bacteria. The supernatant was then mixed with 2 volumes of cold ethanol and left to stand at 4°C overnight. The resultant precipitate was collected by centrifugation at 8,000 rpm for 15 min, yielding the crude bioflocculant. The crude bioflocculant was dissolved in distilled water at a ratio of 1:4 (v/v) and lyophilized (Choi et al., 1998; Subudhi et al., 2014).



2.6 Characteristics of MBF-GXUN74707

Distribution of microbial flocculant: The fermentation broth was centrifuged, which the bacteria and supernatant were collected. The bacteria were resuspended in distilled water to generate to cell content sample. The kaolin suspension was treated with equal volumes of fermentation broth (containing bacterial bodies), supernatant, and resuspension of bacterial fluid, and the flocculation rate was measured.

Chemical composition: The total sugar content and protein content of the microbial flocculant was determined by the phenol-sulfuric acid method using glucose as the standard solution (Chaplin and Kennedy, 1986) and the Bradlord method using bovine serum albumin as the standard solution (Marion, 1976), respectively.

Determination of monosaccharides composition: The monosaccharides composition of MBF-GXUN74707 were determined by ion chromatography (ThermoFisher, ICS5000) using Dionex ICS-5000+ system, Carbo PACTM PA20 (2.0 mm × 150 mm) anion exchange column as analysis column, electrochemical detector, and gradient elution method. The monosaccharides composition of MBF- GXUN74707 were analyzed.

Fourier-transform infrared spectroscopy (FTIR) of the MBF-GXUN74707: The functional groups of the bioflocculant were determined using an FTIR spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA) over a wavenumber range of 4,000–400 cm–1 (Gomaa, 2012).

Scanning electron microscopy (SEM): A Supra 55 Sapphire microscope (Zeiss, Germany) was used to evaluate the bacterial strain (Chen et al., 2017).



2.7 Investigation of the flocculation process

To assess the flocculation properties of MBF-GXUN74707, the effects of different fermentation broth dosage and times on the measurement of flocculation by the kaolin suspension were determined. Different volumes of fermentation broth (0.2, 0.5, 1, 1.5, 2, 2.5, and 3 mL) to a 5 g/L kaolin suspension and the flocculation rates were measured. To assess the times, the kaolin suspension was allowed to stand for different times (1, 2.5, 5, 7.5, 10, and 15 min) before measuring the flocculation rate. The comparison of the flocculation rates allowed the determination of the optimal flocculation conditions for the microbial flocculant produced by strain S. pavanii GXUN74707.



2.8 Dye decolorization

2 mL of fermentation broth containing strain S. pavanii GXUN74707 were added to 5 mL of 1% CaCl2, and 93 mL of dye solution (50 mg/L) in a 500 mL beaker, and the pH was adjusted using NaOH. The solution was mixed rapidly (200 rpm) for 1 min, followed by slow mixing (100 rpm) for 2 min, after which it was transferred to a 100 mL measuring cylinder and allowed to sediment for 60 min. After flocculation, the supernatants were collected at 1 cm below the wastewater surface and the absorbance at the maximum absorption wavelength of the dye was measured using a UV spectrophotometer. The dye removal rate was calculated as follows:
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Where M is the dye decolorization rate, and m and n are the initial absorbances of the dye and the absorbance after treatment, respectively (Chen et al., 2017; Pathak et al., 2017).



2.9 Removal of COD and BOD from aquaculture wastewater

The aquaculture wastewater samples were obtained from fish-farming wastewater in a laboratory. Changes in the chemical oxygen demand (COD) and biological oxygen demand (BOD) before and after the treatment of the fish-farming wastewater with fermentation broth of strain S. pavanii GXUN74707 were measured. The COD using the dichromate method and BOD was measured using the dilution inoculation method (Prasertsan et al., 2006; Pathak et al., 2017). The samples were sent to Guangxi Nanhuan Testing Company for testing.




3 Results and discussion


3.1 Isolation and identification of flocculants-producing bacteria

A total of 33 strains of bioflocculants-producing bacteria were isolated from the sludge in Guangxi Minzu University. Of these, the strain named GXUN74707 which showed the highest flocculation activity (82.3%) was selected for further study. Strain GXUN74707 has been deposited in the China General Microbiological Culture Center (CGMCC No. 27475).

Genomic DNA was extracted from stain GXUN74707, and the 16S rRNA gene was amplified by PCR. The PCR product was analyzed by agarose gel electrophoresis, which showed the expected size (1,500 bp). The nucleotide sequence was compared using the EzBioCloud website, and BLAST analysis of the nucleotide sequence showed strain GXUN74707 has 99.26% similarity to the Stenotrophomonas pavanii. A phylogenetic tree (Figure 1) was constructed using the N-J method to identify the 16S rRNA gene sequence of the strain. The results showed that the strain had the closest genetic relationship with the Stenotrophomonas pavanii, and was named S. pavanii GXUN74707.
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FIGURE 1
GXUN74707 phylogenetic tree. The phylogenetic tree was constructed using Mega 11.




3.2 Optimization of fermentation and flocculation conditions for bioflocculant production


3.2.1 The effect of fermentation time on bioflocculant production

The growth rate of strain S. pavanii GXUN74707 showed a parallel relationship with the flocculation activity. The flocculation rate was highest during the stable period (36 h). As the culture time increased, the flocculation activity decreased slightly and then stabilized (Figure 2A). The results indicated that the flocculation rate of strain S. pavanii GXUN74707 was related to its growth and increased in synchrony with the growth of the strain.
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FIGURE 2
Flocculation properties of MBF-GXUN74707. (A) Effect of fermentation time; (B) effect of nitrogen source; (C) effect of carbon source; (D) effect of initial pH; (E) effect of fermentation broth dosage; (F) effect of standing time. Data are mean ± standard deviations from three replicates.




3.2.2 The effect of nitrogen source on bioflocculant production

Nitrogen sources are extremely important for bioflocculant production and play a crucial role in cell growth and synthesis (Rasulov et al., 2017). The effect of the nitrogen source on bioflocculant production was investigated, finding that peptone, urea, and tryptone all enhanced the flocculation activity of strain S. pavanii GXUN74707, with a flocculation rate of over 80%. Among them, when urea was used as the nitrogen source, the flocculation rate reached 86.2% (Figure 2B). Urea was thus selected as the optimal nitrogen source in subsequent experiments because of its favorable effects on bioflocculant production.



3.2.3 The effect of carbon source on bioflocculant production

The synthesis of bioflocculant is affected significantly by the type of carbon source. The effects of various single carbon sources, including glucose, maltose, sucrose, fructose, galactose, starch, and sodium acetate, on bioflocculant synthesis by strain S. pavanii GXUN74707 were evaluated. As shown in Figure 2C, flocculation rate reached 90.4% when glucose was used as the carbon source. In contrast, when starch was used as the carbon source in the medium, the flocculation rate was only 31.3%. This indicated that glucose was the optimal carbon source for the fermentation culture of strain S. pavanii GXUN74707, and was conducive to the synthesis of bioflocculant.



3.2.4 The effect of initial pH on bioflocculant production

The initial pH of the fermentation medium had a direct influence on bioflocculant synthesis. The initial pH of the medium was adjusted using NaOH or HCl solutions and the effects of different pH over the range of 4.0–10.0 on flocculation rate were analyzed. It was found that strain S. pavanii GXUN74707 could produce flocculants over a range of initial pH values, with the flocculation rate remaining above 80% (Figure 2D). These results indicated that the strain could produce bioflocculant in acidic, neutral, and alkaline environments, with a wide range of applications, suggesting that it could adapt to different environments and maintain flocculation activity, even surviving in strongly acidic and alkaline environments while synthesizing bioflocculant (Nakata and Kurane, 1999; Xia et al., 2008).



3.2.5 The effect of fermentation broth dosage on bioflocculant production

It was found that the flocculation rate of strain S. pavanii GXUN74707 was best when the dosage of the fermentation broth was 0.5 mL. As the dosage of the fermentation broth increased, especially when it exceeded 1.5 mL, the flocculation rate decreased significantly (Figure 2E). This indicated that flocculation was dependent on the optimal bacterial concentration. This suggested that when the bioflocculant concentration was insufficient, the probability of particle collision in the system decreases, which affected the flocculation rate. In contrast, the addition of excessive bioflocculant was likely to alter the charge of the colloidal system, reducing the flocculation effect (Gong et al., 2008).



3.2.6 The effect of standing time on bioflocculant production

Bioflocculant can accelerate the collision, coagulation, and sedimentation of colloidal particles in a solution. A short standing time can lead to insufficient sedimentation, resulting in poor flocculation effects, while long standing times will increase the duration of treatment and economic costs. It was found that after treatment of the kaolin suspension with the fermentation broth of strain S. pavanii GXUN74707, the flocculation rate reached 99.0% when allowed to stand for 5 min. No significant changes in the flocculation rate were seen after standing for more than 5 min (Figure 2F).




3.3 Characterization of the bioflocculant


3.3.1 Distribution of bioflocculant

Bioflocculants produced by different microorganisms vary in their distribution, with some attached to the cell surface and others dissociated from the fermentation broth, which will affect their purification. As shown in Figure 3, the bioflocculant produced by strain S. pavanii GXUN74707 was found mainly in the supernatant of the fermentation broth, while the flocculant rate of the bacterial body itself was only 55.3%. It appeared that the bioflocculant secreted by strain S. pavanii GXUN74707 was a metabolic product synthesized and secreted into the extracellular space during bacterial growth. The extraction of the bioflocculant could be achieved through ethanol precipitation of the fermentation supernatant.
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FIGURE 3
Distribution of flocculation activity. The bacterial fermentation broth was centrifuged and kaolin suspensions were treated with equal volumes of fermentation broth (containing bacterial cells), supernatant, and strain resuspension, followed by measurement of the flocculation rate. “ns” stands for P > 0.05; “*⁣*⁣**” stands for P < 0.001.




3.3.2 Chemical composition of bioflocculant

In order to understand the flocculation mechanism of bioflocculant, it is necessary to determine its composition. This will help to improve flocculation parameters and improve performance during the application. In this study, the chemical analysis of MBF-GXUN74707 was carried out to determine the composition of total sugars, monosaccharides and proteins. The results of phenol-sulfuric acid analysis showed that the bioflocculant contained 79.70% total sugar, and the results of Bradford analysis showed that the bioflocculant contained 14.38% protein. The results of ion chromatography analysis showed that the monosaccharides composition of the MBF-GXUN74707 was mainly composed of mannose (5.96 μg/mg), galactose (1.86 μg/mg), glucose (1.73 μg/mg), etc (Table 1). The analysis of chemical composition showed that the active component of the microbial flocculant was mainly sugar, in addition, the high sugar content confirmed our previous research that the biological flocculant was heat stable. While bioflocculants based on protein content are heat sensitive because proteins are easily denatured at high temperatures.


TABLE 1 Monosaccharides composition of MBF-GXUN74707.

[image: Table 1]



3.3.3 Infrared spectrophotometry (FTIR)

Infrared spectrophotometry was used to analyze MBF-GXUN74707 as illustrated in Figure 4. Clear absorption peaks were observed at 3,270, 2,360, 1,653, and 1,108 cm–1, indicating the presence of characteristic polysaccharide groups. The peak at 3,270 cm–1 was broad, and was attributed to -OH stretching vibrations in the sugar ring, while the small absorption peak at 2,360 cm–1 resulted from C-H stretching vibrations, the peak at 1,653 cm–1 reflected C = O asymmetric stretching vibrations in -COO-, and the 1,108 cm–1 peak was the characteristic C = O absorption peak of ether in the polysaccharide ring. The presence of these absorption peaks was typical of carbohydrate derivatives and the presence of these functional groups indicates the effectiveness of strain S. pavanii GXUN74707 as a flocculating agent (Xia et al., 2022; Yilmaz et al., 2022).
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FIGURE 4
Fourier-transform infrared spectroscopy. Characterization of MBF-GXUN74707.




3.3.4 Scanning electron microscopy

The SEM evaluation of strain S. pavanii GXUN74707 showed the surface morphology of the bacterial body with the production of extracellular bioflocculant (Figure 5; Li et al., 2008; Raveendran et al., 2013). The SEM images showed clumps of rod-shaped bacteria with adhesion of extracellular products, most probably the bioflocculant.
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FIGURE 5
Scanning electron microscopy image of strain S. pavanii GXUN74707. Microbial flocculant was distributed near the bacterial bodies.





3.4 Application of the bioflocculant in dye wastewater and aquaculture wastewater


3.4.1 Decolorization by bioflocculant in dye removal

The viscosity and adsorption properties of polysaccharides can enhance the aggregation of dye particles to form larger flocs after addition of the bioflocculant to dye wastewater (Saratale et al., 2011). Here, the application of bioflocculant produced by strain S. pavanii GXUN74707 in the decolorization of dye wastewater was assessed by observation of the decolorization of different solutions containing commonly used dyes (direct black, direct blue, and Congo red) by the fermentation broth of strain S. pavanii GXUN74707 (Somasundaran and Runkana, 2005; Chouchane, 2018). First, the settling time after bioflocculant addition was investigated. After the addition of the bioflocculant, the three dye solutions showed rapid adsorption and decolorization. After 5 min of standing, the decolorization rates of the solutions containing direct black, direct blue, and Congo red were 51.1%, 82.2%, and 81.1%, respectively. The results provided compelling evidence that the adsorption of dye by the bioflocculant was a rapid process, although some particles remained suspended in the solution (Chen et al., 2017). With the extension of the settling time, the dye particles were essentially completely settled and after 90 min, the decolorization rate of direct black dye was 68.6%, that of direct blue was 96.6% and that of Congo red was 95.5% (Figure 6A).
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FIGURE 6
Microbial flocculant has great application value in dye decolorization. Add the fermentation broth of the strain S. pavanii GXUN74707 to three different dye solutions (including direct black, direct blue, and Congo red dyes, respectively). And observe the effects of different factors on dye decolorization (A) settling time; (B) fermentation broth dosage. Data are mean ± standard deviations from three replicates.


In addition, the concentration of bioflocculant can affect decolorization (Wu et al., 2012). As the bioflocculant concentration increases, the availability of adsorption surfaces and sites increases, leading to an increase in the decolorization rate. After the addition of varying doses of fermentation broth (1–5 mL) to 100 mL of dye solution, the results (Figure 6B) showed that the optimal dosage for the fermentation broth of strain S. pavanii GXUN74707 to adsorb direct black, direct blue, and Congo red dyes is 4 mL (89.2%), 3 mL (95.1%), and 3 mL (94.1%), respectively. Further increasing the dosage of the adsorbent will lead to a slight decrease in adsorption efficiency. It is possible that excessive amounts of bioflocculant might lead to imbalances in the charge state within the solution, which was not conducive to collisions between particles, inhibited the formation of small flocs, and thus reduced the decolorization rate.



3.4.2 Application of bioflocculant to aquaculture wastewater

In China and many other areas with large populations, there has been a rapid development of aquaculture (Boyd et al., 2022; Wu et al., 2022). The potential applications of strain S. pavanii GXUN74707 in aquaculture wastewater were evaluated by determining the COD and BOD concentrations. The initial concentrations of COD and BOD in aquaculture wastewater were 421 mg/mL and 3 mg/mL, respectively. After treatment of the wastewater with strain S. pavanii GXUN74707 fermentation broth, the COD concentration decreased to 134 mg/mL, with a removal rate of 68%, while the BOD concentration decreased to 2.3 mg/mL with a removal rate of 23% (Table 2).


TABLE 2 Removal efficiency of COD and BOD in aquaculture wastewater treated with S. pavanii GXUN74707.
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According to China’s sewage discharge standards, the first-level standard of COD is 100 mg/mL, the second-level standard is 150 mg/mL, and the third-level standard is 500 mg/mL. The first-level standard of BOD is 30 mg/mL, the second-level standard is 60 mg/mL and the third-level standard is 300 mg/mL. The aquaculture wastewater treated with strain S. pavanii GXUN74707 meets the national level 2 discharge standard for COD and Level 1 discharge standard for BOD. The results indicated that strain S. pavanii GXUN74707 was effective for the removal of both COD and BOD from aquaculture wastewater (Comte et al., 2006).





4 Conclusion

Strain Stenotrophomonas pavanii GXUN74707 was isolated from sludge and was found to have excellent flocculation performance. The optimal culture conditions were determined and treatment of kaolin suspension indicated a maximum flocculation rate of 99.0%. The study also found that strain S. pavanii GXUN74707 had excellent decolorization performance, showing 89.2, 95.1, and 94.1% decolorization of dye wastewater containing direct black, direct blue, and Congo red, respectively. Treatment of aquaculture wastewater with the fermentation broth of the strain resulted in the removal by 68% of COD and 23% of BOD.

Although bioflocculants are promising substitutes for chemical flocculants, their high cost and low production efficiencies have limited their industrial application. Here, it was found that the strain S. pavanii GXUN74707 could be cultured in simple and easily obtained medium with a fermentation temperature of 30°C, pH of 7.0, and fermentation time of 36 h. As shown by the results, the fermentation conditions are mild and a large amount of fermentation broth with efficient flocculation performance can be obtained in a short period of time. The bioflocculant production of the strain was determined under laboratory conditions, indicating a simple production process, high yield, stable properties, and easy preservation, suggesting its potential in large-scale production and application.

Strain S. pavanii GXUN74707 has also been found to have significant potential for sewage treatment. The present study find that strain S. pavanii GXUN74707 shows good flocculation and decolorization activity in a variety of environments. Next, we will combine national standards to detect the situation of wastewater treated with strain S. pavanii GXUN74707, and apply molecular biology and bioinformatics to explain their decolorization mechanism. Thus, the strain S. pavanii GXUN74707 has a wide potential application, high adsorption efficiency, and stable performance, and is cost-effective for the treatment of dye wastewater, thereby promoting the development of dye wastewater treatment technology toward efficiency, adaptability, economy, and cleanliness.

Microbial flocculants are mainly studied in the laboratory. These experiments must be scaled up to evaluate the feasibility of utilizing microbial flocculants in large-scale industrial applications. The industrial use of bioflocculants depends on their long-term stability. The stability and reusability of bioflocculants require further research (Fazila et al., 2021; Manikant et al., 2023). Next, we can use bioinformatics to combine all omics data with genetic engineering data to comprehensively understand the microbial flocculation process. In addition, the processing capacity of individual strains is limited, and we need to understand and create synthetic microbial communities in order for microorganisms to survive in various harsh environments and exert flocculation functions (Babita and Pratyoosh, 2020; Shashi et al., 2022).



Data availability statement

The original contributions presented in this study are included in this article/supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

SQ: Conceptualization, Data curation, Formal analysis, Methodology, Project administration, Validation, Writing – original draft, Writing – review & editing. QL: Data curation, Formal analysis, Methodology, Writing – original draft. JD: Data curation, Methodology, Writing – original draft. YM: Data curation, Methodology, Writing – original draft. LW: Data curation, Methodology, Writing – original draft. HT: Data curation, Methodology, Writing – original draft. MJ: Writing – original draft, Writing – review & editing. GL: Formal analysis, Funding acquisition, Project administration, Resources, Writing – original draft, Writing – review & editing.



Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Guangxi Minzu University Scientific Research Foundation of China (2019KJQD14) and Guangxi Natural Science Foundation of China (2020GXNSFBA297140).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Aljuboori, A. H., Idris, A., Abdullah, N., and Mohamad, R. (2013). Production and characterization of a bioflocculant produced by Aspergillus flavus. Bioresour. Technol. 127, 489–493. doi: 10.1016/j.biortech.2012.09.016

Aljuboori, A. H. R., Idris, A., Al-Joubory, H. H. R., Uemura, Y., and Abubakar, B. I. (2015). Flocculation behavior and mechanism of bioflocculant produced by Aspergillus flavus. J. Environ. Manag. 150, 466–471. doi: 10.1016/j.jenvman.2014.12.035

Aljuboori, A. H. R., Uemura, Y., Osman, N. B., and Yusup, S. (2014). Production of a bioflocculant from Aspergillus niger using palm oil mill effluent as carbon source. Bioresour. Technol. 171, 66–70. doi: 10.1016/j.biortech.2014.08.038

Ayangbenro, A. S., Babalola, O. O., and Aremu, O. S. (2019). Bioflocculant production and heavy metal sorption by metal resistant bacterial isolates from gold mining soil. Chemosphere 231, 113–120. doi: 10.1016/j.chemosphere.2019.05.092

Babita, S., and Pratyoosh, S. (2020). Designing synthetic microbial communities for effectual bioremediation: A review. Biocatal. Biotransform. 6, 405–414. doi: 10.1080/10242422.2020.1813727

Batta, N., Subudhi, S., Lal, B., and Devi, A. (2013). Isolation of a lead tolerant novel bacterial species, Achromobacter sp. TL-3: Assessment of bioflocculant activity. Indian J. Exp. Biol. 51, 1004–1011.

Boyd, C. E., McNevin, A. A., and Davis, R. P. (2022). The contribution of fisheries and aquaculture to the global protein supply. Food Sec. 14, 805–827. doi: 10.1007/s12571-021-01246-9

Chaplin, M. F., and Kennedy, J. F. (1986). Carbohydrate analysis: A practical approach. Q. Rev. Biol. 2:324.

Chen, Z., Li, Z., Liu, P., Liu, Y., Wang, Y., Li, Q., et al. (2017). Characterization of a novel bioflocculant from a marine bacterium and its application in dye wastewater treatment. BMC Biotechnol. 17:1–11. doi: 10.1186/s12896-017-0404-z

Choi, C. W., Yoo, S. A., Oh, I. H., and Park, S. H. (1998). Characterization of an extracellular flocculating substance produced by a planktonic Cyanobacterium, Anabaena sp. Biotechnol. Lett. 20, 643–646. doi: 10.1016/j.envpol.2020.114385

Chopra, H., and Ruhi, G. (2016). Eco friendly chitosan: An efficient material for water purification. Pharma Innov. J. 5, 92–95.

Chouchane, H. (2018). A novel thermally stable heteropolysaccharide-based bioflocculant from hydrocarbonoclastic strain Kocuria rosea BU22S and its application in dye removal. Zenodo 39, 859–872. doi: 10.5281/zenodo.1253982

Comte, S., Guibaud, G., and Baudu, M. (2006). Relations between extraction protocols for activated sludge extracellular polymeric substances (EPS) and complexation properties of Pb and Cd with EPS. Enzyme Microb. Technol. 38, 246–252. doi: 10.1016/j.enzmictec.2005.06.023

Correia, V. M., Stephenson, T., and Judd, S. J. (1994). Characterisation of textile wastewaters a review. Environ. Technol. 15, 917–929. doi: 10.1016/j.watres.2011.10.011

Durmaz, B., and Sanin, F. D. (2001). Effect of carbon to nitrogen ratio on the composition of microbial extracellular polymers in activated sludge. Water Sci. Technol. 44, 221–229. doi: 10.2166/wst.2001.0626

Fazila, Y., Adnan, M., Zia, Ur Rahman, F., Xiukang, W., Sadia, Y., et al. (2021). Current and emerging adsorbent technologies for wastewater treatment: Trends, limitations, and environmental implications. Water 13:215. doi: 10.3390/w13020215

Gomaa, E. Z. (2012). Production and characteristics of a heavy metals removing bioflocculant produced by Pseudomonas aeruginosa. Pol. J. Microbiol. 61, 281–289. doi: 10.33073/pjm-2012-038

Gong, W. X., Wang, S. G., Sun, X. F., Liu, X. W., Yue, Q. Y., and Gao, B. Y. (2008). Bioflocculant production by culture of Serratia ficaria and its application in wastewater treatment. Bioresour. Technol. 99, 4668–4674. doi: 10.1016/j.biortech.2007.09.077

Guo, J., and Chen, C. (2017). Removal of arsenite by a microbial bioflocculant produced from swine wastewater. Chemosphere 181, 759–766. doi: 10.1016/j.chemosphere.2017.04.119

Julián, E. G., Claudia, N. B., Carlos, B. M., and Jorge, A. T. (2020). Hyperstabilization of a thermophile bacterial laccase and its application for industrial dyes degradation. 3 Biotech 10:288. doi: 10.1007/s13205-020-02277-3

Li, W. W., Zhou, W., Zhang, Y. Z., Wang, J., and Zhu, X. (2008). Flocculation behavior and mechanism of an exopolysaccharide from the deep-sea psychrophilic bacterium Pseudoalteromonas sp. SM9913. Bioresour. Technol. 99, 6893–6899. doi: 10.1016/j.biortech.2008.01.050

Li-zhong, D., Huan, W., Gang, L., Wei, Y., Fei, W., Li, X., et al. (2023). Efficient degradation and decolorization of triphenylmethane dyes by Serratia sp. WKD under extreme environmental conditions and the mechanism. Int. Biodeterior. Biodegrad. 179:105565. doi: 10.1016/j.ibiod.2023.105565

Liu, B., Zheng, H., Wang, Y., Chen, X., Zhao, C., An, Y., et al. (2018). A novel carboxyl-rich chitosan-based polymer and its application for clay flocculation and cationic dye removal. Sci. Total Environ. 640, 107–115. doi: 10.1016/j.scitotenv.2018.05.309

Liu, W., Yuan, H., Yang, J., and Li, B. (2009). Characterization of bioflocculants from biologically aerated filter backwashed sludge and its application in dying wastewater treatment. Bioresour. Technol. 100, 2629–2632. doi: 10.1016/j.biortech.2008.12.017

Manavi, N., Kazemi, A. S., and Bonakdarpour, B. (2017). The development of aerobic granules from conventional activated sludge under anaerobic-aerobic cycles and their adaptation for treatment of dyeing wastewater. Chem. Eng. J. 312, 375–384. doi: 10.1016/j.cej.2016.11.155

Manikant, T., Pankaj Kumar, S., Ranjan, S., Shashi, B., Neelam, P., Sangram, S., et al. (2023). Microbial biosorbent for remediation of dyes and heavy metals pollution: A green strategy for sustainable environment. Front. Microbiol. 14:1168954. doi: 10.3389/fmicb.2023.1168954

Marion, M. B. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Nakata, K., and Kurane, R. (1999). Production of an extracellular polysaccharide bioflocculant by Klebsiella pneumoniae. Biosci. Biotechnol. Biochem. 63, 2064–2068. doi: 10.1271/bbb.63.2064

Naresh Yadav, D., Anand Kishore, K., Iffat, N., and Devendra, S. (2020). A review on advanced physico-chemical and biological textile dye wastewater treatment techniques. Rev. Environ. Sci. Biotechnol. 19, 543–560. doi: 10.1007/s11157-020-09543-z

Nontembiso, P., Cosa, S., Leonard, M. V., and Anthony, O. I. (2011). Assessment of bioflocculant production by Bacillus sp. Gilbert, a marine bacterium isolated from the bottom sediment of Algoa Bay. Marine Drugs 9, 1232–1242. doi: 10.3390/md9071232

Pathak, M., Sarma, H. K., Bhattacharyya, K. G., Subudhi, S., Bisht, V., Lal, B., et al. (2017). Characterization of a novel polymeric bioflocculant produced from bacterial utilization of n-hexadecane and its application in removal of heavy metals. Front. Microbiol. 8:170. doi: 10.3389/fmicb.2017.00170

Pradeep Kumar, S., Pankaj Kumar, S., Rajat, S., and Ram Lakhan, S. (2021). Biodecolorization of azo dye acid blue 113 by soil bacterium Klebsiella variicola RMLP1. J. Ecophysiol. Occup. Health 21, 64–71. doi: 10.18311/jeoh/0/27108

Prasertsan, P., Dermlim, W., Doelle, H., and Kennedy, J. (2006). Screening, characterization and flocculating property of carbohydrate polymer from newly isolated Enterobacter cloacae WD7. Carbohydr. Polym. 66, 289–297. doi: 10.1016/j.carbpol.2006.03.011

Pu, S., Ma, H., Deng, D., Xue, S., Zhu, R., Zhou, Y., et al. (2018). Isolation, identification, and characterization of an Aspergillus niger bioflocculant-producing strain using potato starch wastewater as nutrilite and its application. PLoS One 13:e0190236. doi: 10.1371/journal.pone.0190236

Rasulov, B. A., Li, L., Liu, Y. H., Mohamad, O. A., Xiao, M., Ma, J. B., et al. (2017). Production, characterization and structural modification of exopolysaccharide-based bioflocculant by Rhizobium radiobacter SZ4S7S14 and media optimization. 3 Biotech 7:179.

Raveendran, S., Poulose, A. C., Yoshida, Y., Maekawa, T., and Kumar, D. S. (2013). Bacterial exopolysaccharide based nanoparticles for sustained drug delivery, cancer chemotherapy and bioimaging. Carbohydr. Polym. 91, 22–32. doi: 10.1016/j.carbpol.2012.07.079

Rita Dias Guardão, F., Anabela, V., Gilda, C., Adrian, O., and Pinheiro, H. M. (2020). Oerskovia paurometabola can efficiently decolorize azo dye Acid Red 14 and remove its recalcitrant metabolite. Ecotoxicol. Environ. Saf. 191:110007. doi: 10.1016/j.ecoenv.2019.110007

Saratale, R. G., Saratale, G. D., Chang, J. S., and Govindwar, S. P. (2011). Bacterial decolorization and degradation of azo dyes: A review. J. Taiwan Inst. Chem. Eng. 42, 138–157. doi: 10.52403/ijrr.20230657

Saravanan, S., Carolin, C. F., Kumar, P. S., Chitra, B., and Gayathri, R. (2022). Biodegradation of textile dye Rhodamine-B by Brevundimonas diminuta and screening of their breakdown metabolites. Chemosphere 308:136266. doi: 10.1016/j.chemosphere.2022.136266

Shantkriti, S., Paul Olusegun, B., and Sadasivam, S. (2022). Biodecolorization and degradation of textile azo dyes using Lysinibacillus sphaericus MTCC 9523. Front. Environ. Sci. 10:990855. doi: 10.3389/fenvs.2022.990855

Sharma, P., and Qanungo, K. (2022). Challenges in effluents treatment containing dyes. Adv. Res. Textile Eng. 7:1075. doi: 10.26420/advrestexteng.2022.1075

Shashi, B., Diksha, G., Banjagere Veerabhadrappa, T., Minaxi, S., Kandi, S., Baskaran Stephen, I., et al. (2022). Recent strategies for bioremediation of emerging pollutants: A review for a green and sustainable environment. Toxics 10:484. doi: 10.3390/toxics10080484

Shweta, G., and Manikant, T. (2017). Microbial strategies for discoloration and detoxification of azo dyes from textile effluents. Res. J. Microbiol. 12, 1–19. doi: 10.3923/jm.2017.1.19

Somasundaran, P., and Runkana, V. (2005). Investigation of the flocculation of colloidal suspensions by controlling adsorbed layer microstructure and population balance modelling. Chem. Eng. Res. Des. 83, 905–914. doi: 10.1205/cherd.04345

Subudhi, S., Batta, N., Pathak, M., Bisht, V., Devi, A., and Lal, B. (2014). Bioflocculant production and biosorption of zinc and lead by a novel bacterial species, Achromobacter sp. TERI-IASST N, isolated from oil refinery waste. Chemosphere 113, 116–124. doi: 10.1016/j.chemosphere.2014.04.050

Tripathi, M., Singh, S., Pathak, S., Kasaudhan, J., Mishra, A., Bala, S., et al. (2023). Recent strategies for the remediation of textile dyes from wastewater: A systematic review. Toxics 11:940.

Wang, T., Tang, X., Zhang, S., Zheng, J., Zheng, H., and Fang, L. (2020). Roles of functional microbial flocculant in dyeing wastewater treatment: Bridging and adsorption. J. Hazard. Mater. 384:121506. doi: 10.1016/j.jhazmat.2019.121506

Wu, C., Wang, Y., Gao, B., Zhao, Y., and Yue, Q. (2012). Coagulation performance and floc characteristics of aluminum sulfate using sodium alginate as coagulant aid for synthetic dying wastewater treatment. Separat. Purific. Technol. 95, 180–187. doi: 10.1016/j.seppur.2012.05.009

Wu, J., Chen, Y., Xu, X., Ren, W., Zhang, X., Cai, X., et al. (2022). Screening of bioflocculant and cellulase-producing bacteria strains for biofloc culture systems with fiber-rich carbon source. Front. Microbiol. 13:969664. doi: 10.3389/fmicb.2022.969664

Xia, M., Zhou, H., Amanze, C., Hu, L., Shen, L., Yu, R., et al. (2022). A novel polysaccharides-based bioflocculant produced by Bacillus subtilis ZHX3 and its application in the treatment of multiple pollutants. Chemosphere 289:133185. doi: 10.1016/j.chemosphere.2021.133185

Xia, S., Zhang, Z., Wang, X., Yang, A., Chen, L., Zhao, J., et al. (2008). Production and characterization of a bioflocculant by Proteus mirabilis TJ-1. Bioresour. Technol. 99, 6520–6527. doi: 10.1016/j.biortech.2007.11.031

Yang, Z., Yang, H., Jiang, Z., Cai, T., Li, H., Li, H., et al. (2013). Flocculation of both anionic and cationic dyes in aqueous solutions by the amphoteric grafting flocculant carboxymethyl chitosan-graft-polyacrylamide. J. Hazard. Mater. 254, 36–45. doi: 10.1016/j.jhazmat.2013.03.053

Yilmaz, M. T., İspirli, H., Taylan, O., Bilgrami, A. L., and Dertli, E. (2022). Structural and bioactive characteristics of a dextran produced by Lactobacillus kunkeei AK1. Int. J. Biol. Macromol. 200, 293–302. doi: 10.1016/j.ijbiomac.2022.01.012

Zhao, C., Yang, Q., and Zhang, H. (2017). Optimization of microbial flocculant-producing medium for Bacillus subtilis. Indian J. Microbiol. 57, 83–91. doi: 10.1007/s12088-016-0631-3


Copyright
 © 2024 Qin, Li, Dou, Man, Wu, Tian, Jiang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Isolation and characterization of Stenotrophomonas pavanii GXUN74707 with efficient flocculation performance and application in wastewater treatment



		1 Introduction



		2 Materials and methods



		2.1 Bacterial strains and media



		2.2 Identification of strain GXUN74707



		2.3 Determination of flocculation activity



		2.4 Optimization of cultivation conditions



		2.5 Extraction and purification of bioflocculant



		2.6 Characteristics of MBF-GXUN74707



		2.7 Investigation of the flocculation process



		2.8 Dye decolorization



		2.9 Removal of COD and BOD from aquaculture wastewater







		3 Results and discussion



		3.1 Isolation and identification of flocculants-producing bacteria



		3.2 Optimization of fermentation and flocculation conditions for bioflocculant production



		3.2.1 The effect of fermentation time on bioflocculant production



		3.2.2 The effect of nitrogen source on bioflocculant production



		3.2.3 The effect of carbon source on bioflocculant production



		3.2.4 The effect of initial pH on bioflocculant production



		3.2.5 The effect of fermentation broth dosage on bioflocculant production



		3.2.6 The effect of standing time on bioflocculant production







		3.3 Characterization of the bioflocculant



		3.3.1 Distribution of bioflocculant



		3.3.2 Chemical composition of bioflocculant



		3.3.3 Infrared spectrophotometry (FTIR)



		3.3.4 Scanning electron microscopy







		3.4 Application of the bioflocculant in dye wastewater and aquaculture wastewater



		3.4.1 Decolorization by bioflocculant in dye removal



		3.4.2 Application of bioflocculant to aquaculture wastewater











		4 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

|solation and characterization
of Stenotrophomonas pavanii
GXUN74707 with efficient
flocculation performance
and application in wastewater
treatment












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/fmicb-15-1367043-t001.jpg
Name wg/mg

Mannose 5.96
Galactose 1.86
Glucose 1.73
Rhamnose 1.16
Fucose 0.69
Glucosamine hydrochloride 0.37
Glucuronic acid 0.34
Ribose 0.20
Arabinose 0.06






OPS/images/fmicb-15-1367043-t002.jpg
Water quality COD

Before treatment (mg/mL) 421 3
After treatment (mg/mL) 134 23
Removed efficiency (%) 68% 23%






OPS/images/cross.jpg
©

|





OPS/images/fmicb-15-1367043-g004.jpg
33

Transmittance (%)
p— (] \O] (S
()] (<) ()] =
| | | |

—_—
S
|

W
|

2360

1653

3270

1108

4000

3500 3000 2500 2000 1500 1000

Wave number (cm™)

500






OPS/images/fmicb-15-1367043-e001.jpg





OPS/images/fmicb-15-1367043-g003.jpg
* Xk %k %k

ns
|

% % %k Xk
X — Hl A:germ
2 80f 3 B: supermatant
S
5 E C: fermentation broth
c 60
o))
£
E 40
S
© 20F
(&)
o
L 0 .

A B 6

Distribution of flocculants





OPS/images/fmicb-15-1367043-g002.jpg
. >
000000000000000000000000000000000
w987654321 m987654321 m9876 55555

tTryp

009
Q

S QA X VW T AN - O

21111111111
.............

w@ NE 77//////M %///////ﬁL
/%////// ///////////// //////////

000000000000000000000000000000000
w987654321 m987654321 m9876 55555

t (h)






OPS/images/fmicb-15-1367043-g001.jpg
GXUN74707
rbtzoti‘ophomonas pavanii|99.26|

I_ Stenotrophomonas maltophilia|99.07|
Stenotrophomonas geniculata|99.26|

— Stenotrophomonas indicatrix|98.89)|

| Stenotrophomonas chelatiphaga|97.41|

Stenotrophomonas tumulicola|97.22|
Stenotrophomonas koreensis|96.48)|

Pseudoxanthomonas broegbernensis|96.47|
|— Xanthomonas maliensis|96.67|

| [ Xanthomonas campestris|96.3|
Xanthomonas oryzae|96.3|

0.01





OPS/images/fmicb-15-1367043-e000.jpg





OPS/images/fmicb-15-1367043-g006.jpg
[ ]Direct Black
[ ] Direct Blue
[ ] Congo Red

B 100

0

1 1 1 1 1 1
S — S — T — S — T )
o W T N A e

70 -

1 1
S <D
A R

(%)

)

JUIIIAYJO [BAOWINY

]

—~

|

——

|

-
T—

|

|

e

|

H

|

E3

|

B

S
==l
—
<

o [

_.... _......
00000000
R -~ O W T N A -

90 |

(04,) ASU31I3JJ3 JeAOWIIY

LIl

Dosage of bioflocculant (mL)

t (min)





OPS/images/fmicb-15-1367043-g005.jpg
GXUN

9 Nov 2023

00 KX Signal A= SE2

5

[
o)
©

=

WD = 6.6 mm

EHT = 1.50 kV






