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Abstract: A bioflocculant-producing bacteria, isolated from sediment samples of a marine 

environment in the Eastern Cape Province of South Africa demonstrated a flocculating 

activity above 60% for kaolin clay suspension. Analysis of the 16S ribosomal 

deoxyribonucleic acid (rDNA) nucleotide sequence of the isolate in the GenBank database 

showed 99% similarity to Bacillus toyonensis strain BCT-7112 and it was deposited in the 

GenBank as Bacillus toyonensis strain AEMREG6 with accession number KP406731. The 

bacteria produced a bioflocculant (REG-6) optimally in the presence of glucose and 

NH4NO3 as the sole carbon and nitrogen source, respectively, initial medium pH of 5 and 

Ca2+ as the cation of choice. Chemical analysis showed that purified REG-6 was a 

glycoprotein mainly composed of polysaccharide (77.8%) and protein (11.5%). It was 

thermally stable and had strong flocculating activity against kaolin suspension over a wide 

range of pH values (3–11) with a relatively low dosage requirement of 0.1 mg/mL in the 

presence of Mn2+. Fourier transform infrared spectroscopy (FTIR) revealed the presence of 

hydroxyl, carboxyl and amide groups preferred for flocculation. Scanning electron 

microscopy (SEM) revealed that bridging was the main flocculation mechanism of REG-6. 

The outstanding flocculating performance of REG-6 holds great potential to replace the 

hazardous chemical flocculants currently used in water treatment. 
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1. Introduction 

Industrial wastewater treatment is a hot research topic globally; flocculation has been recognised to 

be an excellent approach for removing pollutants from wastewater [1]. Although, many inorganic and 

organic synthetic flocculants exhibit good flocculation efficiency but their environmental and health 

problems cannot be neglected [2]. Alternatively, bioflocculants could be substitutes due to their 

innocuousness and biodegradability [3]. Bioflocculants are secondary metabolites produced during the 

growth of microorganisms, which are predominantly composed of polysaccharides, proteins, nucleic 

acids and lipids [4]. Amongst these macromolecules, the polysaccharide-based bioflocculants have 

attracted wide attention because of their high rates of flocculation in removing different kinds of heavy 

metals, cell removal and biomass recovery, and waste/drinking water treatment [5–7]. 

Several reports have shown the production of bioflocculants by bacteria, fungi, and algae isolated 

from activated sludge, soil and water [8–10]. Fermentation conditions and nutritive components of the 

cultivation medium have been reported to have a great influence on bioflocculant production [11]. Due 

to the low flocculating capability and high cost of production, industrial production of bioflocculants is 

not well established. Consequently, there is a need to seek microorganisms with greater bioflocculant 

production capability to reduce the production cost [8]. Furthermore, it will be economically 

auspicious to investigate technology for improving the flocculating activity of the purified bioflocculants. 

From previous studies, species of the genus Bacillus isolated from freshwater sources are well 

documented to produce bioflocculants [12–15]; however, the production of bioflocculants by Bacillus 

species isolated from the marine environment is still scarce [16]. The marine environment is the largest 

habitat on the Earth, accounting for more than 90% of the total biosphere volume [17]. It is one of the 

most adverse environments due to the varying temperature, salinity and pH conditions. Besides, due to 

the constant variation of environmental conditions, the microorganisms present in that environment are 

suitably adapted to these adverse conditions since they exhibit complex adaptation features [18]. 

Bacillus toyonensis is a Gram-positive, spore-forming bacteria that forms a homogeneous 

independent branch within the Bacillus genus. It has a prodigious economic importance, for example 

the spores of Bacillus toyonensis BCT–7112 have been used in animal nutrition in some parts of the  

world [19]. In this paper, we report on bioflocculant production by Bacillus toyonensis strain  

AEMREG6 isolated from sediment samples from Algoa Bay in the Eastern Cape Province of South 

Africa. To the best of our knowledge, this is the first study to implicate the species Bacillus toyonensis 

in bioflocculant production. 
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2. Results and Discussion 

2.1. Identification of the Bioflocculant-Producing Bacteria 

The bacteria used in this study were isolated from sediment samples from Algoa Bay (a marine 

environment) in the Eastern Cape of Province South Africa screened for the ability to flocculate a 

kaolin clay suspension. The bacteria showed good bioflocculant production potential, having 

flocculating activity of over 60% for kaolin clay suspension. The bacterial colonies appear to be 

creamy, smooth and viscous on nutrient agar plate. The identity of the isolate was confirmed by 16S 

rDNA analysis. The BLAST analyses of the nucleotide sequence of the 16S rDNA of the bacterium 

showed a 99% similarity to Bacillus toyonensis strain BCT-7112, and the nucleotide sequence was 

deposited in the GenBank as Bacillus toyonensis strain AEMREG6 with accession number KP406731. 

Many Bacillus species have been implicated in bioflocculant production in previous studies [1–15,19–23], 

but nowhere in the literature is Bacillus toyonensis reported as a bioflocculant producer. 

2.2. Optimization of Culture Conditions for REG-6 Production 

2.2.1. Effect of Carbon and Nitrogen Sources on REG-6 Production 

One of the most critical factors influencing bioflocculant production is the carbon source in the 

growth medium [24]. Carbon sources generally used in culture media for bioflocculant production 

have a direct impact on the production cost of bioflocculants, which limits the market potential of these 

products [25]. In this respect, the effect of various carbon and nitrogen sources on REG-6 production 

by the bacterium was assessed. Among these carbon sources, glucose and maltose containing media 

showed flocculating activity over 60%, which is a measure of REG-6 production (Figure 1). 

 

Figure 1. Effect of carbon source on REG-6 production by Bacillus toyonensis  

strain AEMREG6. 

Several studies in the literature reporting on bioflocculant production were in accordance with our 

present study. Most microorganisms utilized for bioflocculant production in the literature preferred 

glucose as the sole carbon source [25,26]. On the other hand, fructose- and phthalate-containing media 
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resulted in poor flocculating activity. Only a few studies have documented the use of Na2CO3 as a 

carbon source for bioflocculant production [27]. Maltose was the carbon source of choice for 

Solibacillus silvestris [28], although starch inhibited the production of bioflocculant by the bacterium. 

On the contrary, Aspergillus parasiticus and Bacillus licheniformis preferred starch as the carbon 

source for bioflocculant production [29,30]. 

The effect of different nitrogen sources on REG-6 production was examined and is presented in  

Figure 2. All the organic nitrogen sources tested were poorly utilized by this strain and resulted into 

low bioflocculant production. Comparatively, inorganic nitrogen sources greatly enhanced REG-6 

production with the maximum flocculating activity of 73% being achieved with NH4NO3. Different 

inorganic nitrogen sources have been reported to be suitable for bioflocculant production in previous 

studies. For example, in a study documented by Nwodo et al. [26], (NH4)2SO4 was the most preferable 

nitrogen source for bioflocculant production among others. 

 

Figure 2. Effect of Nitrogen Source on REG-6 Production by Bacillus toyonensis strain AEMREG6. 

In the same way, NH4Cl, (NH4)2SO4 and NaNO3 were the most favourable nitrogen sources for 

bioflocculant production by Halomonas sp., Candida anglica and Gyrodinium impudicum [30–32]. On the 

contrary, Li et al. [2] and Aijuboori et al. [33] found that peptone was most suitable for bioflocculants 

production by Paenibacillus elgii and Aspergillus flavus. Yeast extract was utilized for bioflocculants 

production by Solibacillus silvestris, Kloeckera sp. and Penicillium purpurogenum [28,34,35]. 

2.2.2. Effect of Initial pH of Growth Medium on REG-6 Production 

It has been well documented in previous studies that the initial pH of the growth medium required 

for bioflocculant production differs between microorganisms [35,36]. According to Xia et al. [37], the 

initial pH of the growth medium affects the electric charge of the cells and redox reactions which in 

turn affect nutrient assimilation and enzymatic reaction. The effect of initial pH of the growth medium 

on REG-6 production was investigated in the pH range from 4 to 10 (Figure 3). It was observed that 

the bioflocculant production was better under acidic conditions, with the highest flocculating activity 

being 65% at pH 5. Further increases in pH either to neutral or alkaline conditions poorly supported 

the production of REG-6, with the lowest flocculating activity being observed at pH 10. 
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Figure 3. Effect of initial pH of growth medium on REG-6 production by Bacillus toyonensis 
strain AEMREG6. 

Similar findings were documented by Liu et al. [38] and Zufarzaana et al. [39] for bioflocculant 
production by Chryseobacteria daeguense W6 and Bacillus spp. UPMB13 under weak acidic 
condition to alkaline conditions. In the case of the bioflocculant produced by Cobetia sp., the 
maximum production was obtained at pH 6 [36]. On the contrary, the optimum pH for bioflocculant 
production by Klebsiella sp. TG-1 was pH 8 [3]. Likewise, an alkaline pH range of 7–12 was more 
suitable for bioflocculant production by Bacillus sp. F19, with the maximum flocculating activity 
being observed at pH 9, whereas acidic condition completely inhibited bioflocculant production [21]. 

2.2.3. Effect of Inoculum Size on REG-6 Production 

Effect of inoculum size on REG-6 production by Bacillus toyonensis strain AEMREG6 was 
examined (Figure 4). Inoculum size play important role in cell growth and bioflocculant production. 
Small inoculum sizes tend to prolong the lag phase, while a large inoculum will make niches of the 
strain overlap excessively and consequently inhibit bioflocculant production [40]. In case of Serratia 
ficaria and Aspergillus flavus, optimum bioflocculant production was observed at 1 and 2% inoculum 
size, respectively [21,33]. In this present study, REG-6 production by the bacterium was increased 
with the increase in inoculum size, with the optimum production being observed at 4% inoculum size 
(Figure 4). Our findings were comparable to the report by Wang et al. [41] for bioflocculant 
production by Klebsiella mobilis, where the optimal production was observed at 5% inoculum size. 

 

Figure 4. Effect of inoculum size on REG-6 production by Bacillus toyonensis strain AEMREG6. 
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2.3. Optimization of the Flocculating Conditions of Crude REG-6 

2.3.1. Effect of Cations on the Flocculating Activity of Crude REG-6 

Cations can neutralize the negative charges of both bioflocculant and suspended particles, and 

subsequently increase the adsorption of bioflocculant onto suspended particles [42]. As shown in  

Table 1, both monovalent and divalent cations enhanced the flocculating activity of produced REG-6 

by more than 80%. The highest flocculating activity of 87% was observed with Ca2+, followed by K+ 

(85%), Mn2+ (84%), Mg2+ (82.2%), Na+ (81.3%) and Al3+ (71.3%). The flocculating activity of REG-6 

was completely inhibited in the presence of Fe3+ due to excessive adsorption of the ions [42]. In 

another study reported by Nwodo et al. [26], the flocculating activity of the bioflocculant produced by 

Brachybacteria sp. was synergistically enhanced in the presence of Ca2+, Mg2+ and Mn2+. 

Table 1. Effect of cations on the flocculating activity of crude REG-6 produced by 

Bacillus toyonensis strain AEMREG6. 

Cations (w/v) Flocculating Activity (%)

Li+ - 
K+ - 
Na+ - 

Mg2+ 86.82 
Ca2+ 84.96 
Mn2+ 89.5 
Fe3+ - 
Al3+ - 

Likewise, Ca2+, Na+ and K+ were more effective in stimulating the flocculating activity of the 

bioflocculant produced by Bacillus mojavensis [14]. On the other hand, the addition of cations in a 

flocculation process usually increases treatment cost and besides, cations can also constitute 

environmental pollution. Hence, it will be propitious to produce a bioflocculant that is cation-independent. 

Some microorganisms such as Solibacillus silvestris, Coryneobacteria daeguense and Citrobacter sp. 

have been reported to produce such cation-independent bioflocculants [28,38,43]. 

2.3.2. Effect of pH on the Flocculating Activity of Crude REG-6 

The pH of the environment is one of the most important external factors influencing the flocculating 

activity of a bioflocculant [1]. Figure 5 shows the effect of pH on the flocculating activity of REG-6 as 

its exhibited different electrical charges at different pH value which in turn affect the bridging 

mechanism required for optimal flocculation [44]. REG-6 had high flocculating activity above 85% 

over a wide range of pH values from 3–11, with the maximum flocculating activity of 94% occurring 

at pH 3. Wang et al. [45] stated that pH determines the formation of flocs and also affects the stability 

of the suspended particles. The high flocculating activity shown over a wide pH range suggests that 

REG-6 can be applied under extreme environmental conditions which portends its good industrially 

applicability. Correspondingly, Zheng et al. [21] found that the best pH that supported flocculation of 

the bioflocculant produced by Bacillus sp. F19 was pH 2. In the case of the bioflocculant produced by 
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Ruditapes philippinarum, it showed strong flocculating activity for kaolin clay suspensions over a 

wide pH range (1–13) with the optimum flocculating activity being observed in the range of 7–9 [46]. 

The bioflocculant produced by Ochrobactrum ciceri exhibited a good flocculating activity above 94% 

over the pH 1–10 range [28], whereas the bioflocculant produced by Bacillus licheniformis was 

relatively pH stable in the range of 2–11 [47]. When a bioflocculant only flocculates well or is stable in 

a narrow pH range, the possibility of its application under extreme conditions will be limited and the 

treatment cost will be high since there will be a need to adjust the pH of the water or wastewater to be 

treated to the desired pH range of the bioflocculant and consequently this inflates treatment costs.  

 

Figure 5. Effect of pH on the flocculating activity of crude REG-6 produced by Bacillus 

toyonensis strain AEMREG6. 

2.4. Time Course of REG-6 Production by Bacillus Toyonensis Strain AEMREG6 

The time course of REG-6 production by Bacillus toyonensis strain AEMREG6 was investigated 

and the results are presented in Figure 6. In previous studies, many researchers have reported that the 

production of bioflocculant was congruent with cell growth and maximum flocculating activity was 

achieved in the early stationary phase [48]. In Figure 6, the flocculating activity of the produced  

REG-6 increased progressively with the increase in cell growth, with the maximum flocculating 

activity of 77% being achieved after 96 h of cultivation. The cell growth reached a stationary growth 

phase between 48 and 96 h of cultivation after which the cell growth declined with a corresponding 

decrease in flocculating activity. This is an indication that bioflocculant production was associated 

with cell growth and not cell autolysis [8]. 

However, the decrease in flocculating activity observed after 96 h of cultivation could be due to the 

release of bioflocculant-degrading enzymes by the microorganism in the death phase of growth or the 

utilization of the produced bioflocculant as a carbon source for further cell growth [15,22]. 

Consequently, 96 h of cultivation was chosen for the subsequent experiments. We also observed a 

decrease in pH of the culture broth from 5.86 to 4.87 (Figure 6), and this decline in pH might be due to 

the production of organic acids from glucose or the presence of an organic acid as a component of 

REG-6 [49]. The growth pattern of Aspergillus flavus was observed to be closely-related to the 

flocculating activity of the produced bioflocculant [33]. 
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Figure 6. Time course of REG-6 production by Bacillus toyonensis strain AEMREG6.  

Also, in the case of the bioflocculant produced by Proteus mirabilis, the flocculating activity also 

matched the cell growth pattern with the highest flocculating activity being observed in the stationary 

phase [37]. The bioflocculant production by Bacillus mojavensis, Bacillus licheniformis X-14 and 

Klebsiella sp. TG-1 reached a maximum after shorter cultivation times of 24, 20 and 28 h,  

respectively [14,22,25]. This indicated that these strains were able to produce bioflocculants at a lesser 

cultivation time than some other reported strains and consequently reduce the production cost. 

2.5. Characterization of the Purified REG-6 

2.5.1. REG-6 Dosage 

The effect of REG-6 dosage was investigated in the range of 0.05–0.5 mg/mL. The flocculating 

activity of the bioflocculant was highest at 0.1 mg/mL and further dosage increases resulted in a lower 

flocculating activity (Table 2). Lower dosages also induced lower flocculation efficiency of REG-6. 

The lower dosage effect implies that there were not enough bioflocculant molecules to adsorb the 

suspended kaolin clay particles to make the bridge process effective [50]. 

Table 2. Effect of dosage, pH, cations and temperature on the flocculating activity of purified REG-6.  

Dosage (mg/mL) FA (%) pH FA (%) Cations FA (%) Temp (°C) FA (%) 

0.05 48.23 3 80 Li+ - 50 81.79 
0.1 64.03 4 72.64 K+ - 60 81.87 
0.2 54.29 5 71.41 Na+ - 70 82.74 
0.3 55.37 6 72.05 Mg2+ 86.82 80 81.94 
0.4 46.79 7 68.61 Ca2+ 84.96 - - 
0.5 45.51 8 72.86 Mn2+ 89.51 - - 
- - 9 75.29 Fe3+ - - - 
- - 10 83.84 Al3+ - - - 
- - 11 79.80 - - - - 

FA—Flocculating activity. 
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On the other hand, a higher dosage means the addition of the negatively charged REG-6 will 

increase the electrostatic repulsion forces between the kaolin clay particles; and consequently increase 

the distance between the kaolin clay particles which in turn inhibits floc formation and precipitation [51]. 

The relationship between bioflocculant dosage and flocculating activity of the purified bioflocculant 

was similar to that of the bioflocculants produced by other pure bacterial strains [14,32,38]. 

2.5.2. Effect of pH on the Flocculating Activity of REG-6 

The pH of reaction mixtures is a key factor influencing the flocculation activity of bioflocculants [15]. 

The effect of pH of the reaction mixture on the flocculating activity was investigated (Table 2). It was 

observed that REG-6 was tolerant to extreme pH values and showed excellent flocculating activity 

either under strongly acidic conditions below pH 5 or strongly alkaline conditions above pH 9. This 

may be due to the fact that REG-6 has different electric states at different pH values and this affects its 

flocculating efficiency for kaolin clay suspensions [52]. It was observed that the flocculating activity 

of REG-6 was highest under alkaline conditions (pH 10). Over 70% flocculating activity of the 

bioflocculant was observed at both strong acidic and alkaline conditions. In agreement with our 

findings, the bioflocculant produced by Chlamydomonas reinhardtii had its highest flocculating 

activity for kaolin clay suspensions at pH 10 [53]. Similarly, the bioflocculant MBF-5 showed an 

excellent flocculating activity (over 90%) under both acidic and alkaline conditions. The purified 

bioflocculant 40B produced by Bacillus velezensis 40B had its optimal flocculating activity under 

acidic conditions, with the peak flocculation occurring at pH 7 [15]. 

2.5.3. Effect of Cations on the Flocculating Activity of REG-6 

It is well-established that cations are necessary to induce effective flocculation by increasing the 

initial adsorption of the bioflocculant on the kaolin clay suspension [32]. The synergistic effects of 

cations on the flocculating activity of REG-6 are different from those of most other bioflocculants 

documented in the literature. In the present study, a synergistic effect of cations was only observed 

with the divalent cations Mg2+, Ca2+ and Mn2+, with the maximum flocculating activity of 89.51% 

being observed with Mn2+ (Table 2). These cations stimulated flocculation by accelerating bridge 

formation between the suspended particles and REG-6. The flocculating activity of REG-6 was 

completely inhibited by both the monovalent and trivalent cations tested. 

On the contrary, the flocculating activity of the bioflocculant produced by Aeromonas sp. was 

greatly improved in the presence of K+, Na+ and Ca2+ [54]. In case of the bioflocculant produced by 

Serratia ficaria, the flocculating activity was greatly enhanced in the presence of Ca2+ and Mg2+, 

whereas Fe3+ and Al3+ inhibited the flocculating activity of the bioflocculant [55]. Bioflocculants 

reported by some researchers in previous studies are cation-independent. For example, the 

bioflocculants produced by Klebsiella pneumoniae and Aspergillus flavus showed outstanding 

flocculating activities for kaolin suspension in the absence of cations [7,33]. 
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2.5.4. Thermal Stability of REG-6 

The thermal stability of the bioflocculant was tested at different temperatures for 60 min. It was 

observed that the bioflocculant was heat stable as it retained and maintained a high flocculating 

activity of 81.94% at 80 °C (Table 2). The heat stability of REG-6 is consistent with the general 

understanding that bioflocculants rich in polysaccharides are more resistant to heat than those that are 

mainly composed of proteins or have a lesser polysaccharide content [56]. Similar findings were 

documented by Liu et al. [38] and Gong et al. [55] for the bioflocculants produced by Corynebacteria 

daeguense and Serratia ficaria, respectively. 

2.5.5. REG-6 Yield and Chemical Analysis 

About 3.2 g of purified REG-6 was obtained from 1 L of fermentation broth of Bacillus toyonensis 

strain AEMREG6 and this was higher than the bioflocculant yields reported elsewhere [54–57]. The 

chemical composition analysis revealed that purified REG-6 was a glycoprotein composed of 

polysaccharide (77.8%) and protein (11.5%). This shows that REG-6 has a polysaccharide as the main 

backbone in its molecular chain and this account for its high thermal stability. These results concur 

with previous studies on the bioflocculants produced by Klebsiella pneumonia, Solibacillus silvestris 

and Bacillus agaradhaeren C9 which are also thermally stable [7,28,58]. 

2.5.6. Functional Group Analysis by FTIR 

The analysis of the functional groups of purified REG-6 produced by Bacillus toyonensis strain 

AEMREG6 showed a broad stretching peak at 3474 cm−1 (Figure 7), which is a common characteristic 

of hydroxyl and amino groups [22]. The spectrum also displays an asymmetrical stretching band at 

1643 cm−1 which is consistent with the presence of carboxylates. Furthermore, the peak at 1465 cm−1 

indicated the presence of carboxylic acid groups, and polysaccharide C-O and C–O–C groups.  

The strong absorption peak present in the range from 1000–1200 cm−1 is characteristic of all sugar 

moieties [56]. The small absorption band at 878 cm−1 could be associated with β-glycosidic linkages 

between the sugar monomers [59]. The peaks at 653 and 527 cm−1 are the absorption peaks for the 

aromatic CH bending vibration [60]. The FTIR analysis thus revealed the presence of carboxyl, 

hydroxyl and amide functional groups which might be responsible for the flocculation in 

polyelectrolytes [50]. The infrared spectra of REG-6 produced by Bacillus toyonensis strain 

AEMREG6 were similar to those of most bioflocculants produced by many microorganisms in 

previous studies [59–62].  

2.5.7. Scanning Electron Microscopy (SEM) Images 

The surface morphology of purified REG-6 and its flocculation to kaolin clay suspension were 

examined by SEM. Figure 8A shows the compact nature of the REG-6 structure and Figure 8B shows 

the fine and scattered kaolin clay particles before flocculation. It was also observed that the sizes of the 

kaolin particles are uniform. Figure 8C can easily be compared with Figures 8A and B in terms of 

structure and sizes. It was observed that REG-6 flocculated the kaolin clay particles by connecting the 

scattered kaolin particles firmly together to form bigger flocs which easily precipitated as a result of 
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gravity. These observations were consistent with the findings of Zhang et al. [50] and Mabrouk [63] on 

the bioflocculants produced by Proteus mirabilis and Nocardiopsis aegyptia sp. nov. respectively. 

 

Figure 7. Functional groups identification by FTIR of REG-6 produced by Bacillus toyonensis 

strain AEMREG6. 

 

Figure 8. SEM images of REG-6 (A); kaolin clay particles (B) and kaolin clay suspension 

flocculated with REG-6 (C). 

3. Experimental Section 

3.1. Sample Collection and Isolation of Bioflocculant-Producing Bacteria 

A sediment sample from Algoa Bay (a marine environment) in the Eastern Cape Province of South 

Africa was collected and processed according to Jensen et al. [64] with some modifications. A wet 

sample (0.5 g) was diluted with sterile seawater (5 mL). The suspension was stirred and allowed to 

sediment for 60 s, out of which 100 µL of the suspension was inoculated onto the surface of R2A agar 
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plates, spread with a sterile glass rod and incubated for 96 h. The distinct isolates were picked and 

streaked onto nutrient agar plates to ascertain their purity and separate mixed populations. 

3.2. Media and Cultivation Conditions 

The composition of activation medium included (per litre): Beef extract 3 g, tryptone 10 g, NaCl  

5 g [65]. Screening medium contained (per litre): glucose 20 g, K2HPO4 5 g, KH2PO4 2 g, (NH4)2SO4 

0.3 g, urea 0.5 g, yeast extract 0.5 g, MgSO4 0.3 g, NaCl 0.1 g [66]. The medium for a slant included 

(per litre): glucose 20 g, K2HPO4 5 g, KH2PO4 2 g, (NH4)2SO4 0.3 g, urea 0.5 g, yeast extract 0.5 g, 

MgSO4·7H2O 0.3 g, NaCl 0.1 g and agar 20 g [56]. Production medium composition was (per litre): 

glucose 20 g, K2HPO4 5 g, KH2PO4 2 g, NH4NO3 1.3 g, MgSO4·7H2O 0.3 g, NaCl 0.1 g. All media 

were prepared using filtered seawater and sterilized by autoclaving at 121 °C for 15 min. In addition, 

all experiments were performed using a rotary shaker at 160 rpm, 28 °C. 

3.3. Screening of Bioflocculant-Producing Bacteria 

About 48 bacterial isolates were obtained from the Algoa Bay sediment sample and screened for 

bioflocculant production as follows. Two loopfulls of bacterial isolates from a nutrient agar plate were 

inoculated into activation medium and incubated for 24 h. One millilitre of the seed culture was 

inoculated into a 250 mL flask containing 50 mL of production medium and incubated at 28 °C in a 

rotary shaker at 160 rpm for 96 h. Two millilitres of the fermented broth were carefully withdrawn and 

centrifuged at 4000 rpm for 30 min, and the cell-free supernatant was next used to determine the 

flocculating activity according to the description of Kurane et al. [67]. The isolate with the highest 

flocculating activity (REG-6) was preserved in 20% glycerol stock and stored at −80 °C for future studies. 

3.4. Determination of Flocculating Activity of REG-6 

The flocculating activity of REG-6 was determined according to the description of Kurane et al. [67]. 

Kaolin clay was used as a test material in preparing a kaolin clay suspension which is a simulation of 

surface water turbidity. One hundred millilitres of the kaolin suspension (4 g/L) were measured into a 

250 mL conical flask and 3 mL of CaCl2 (1% w/v) were added, followed by 2 mL of cell-free 

supernatant obtained by centrifuging a fermented culture after 96 h of cultivation. The solution was 

agitated for 60 s, transferred into a graduated measuring cylinder and allowed to sediment for 5 min.  

A control was prepared in a similar way, but the bioflocculant was replaced with un-inoculated 

production medium. The flocculating activity was calculated using the formula: 

Flocculating activity (%) = [A − B/A] × 100 

where A = optical density of the control at 550 nm and B = optical density of a sample at 550 nm. 

3.5. Identification of the Bioflocculant-Producing Bacteria 

The pure culture of the isolate was streaked on nutrient agar and incubated for 24 h. The purity of 

the isolate was ascertained and the isolate was then identified by 16S ribosomal deoxyribonucleic acid 

(rDNA) sequence analysis. DNA extraction was conducted using the boiling method described by  
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Cosa et al. [57] whereby two to three colonies were suspended in 70 µL of sterile double distilled 

water. The samples were heated in a water bath at 100 °C for 10 min, cooled for 5 min and centrifuged at 

3000 rpm for 5 min. The supernatant was transferred to a clean tube and stored at 4 °C. This serves as 

the template in the polymerase chain reaction (PCR) assay. PCR of the 16S rDNA was conducted 

according to the description of Zheng et al. [21] with some modifications using the universal primers 

(F1: 59-AGAGTTTGATCITGGCTCAG-39; I = inosine and primer R5: 59-ACGGITACCTTGTTACGA 

CTT-39) and 2 µL template DNA. Gel electrophoresis of PCR products was conducted on 1% agarose 

gels to confirm that a fragment of the correct size had been amplified. The PCR product was 

sequenced at University of KwaZulu-Natal Province (Durban, South Africa) and the results obtained 

were aligned with published 16S rDNA sequences in the GenBank through a BLAST sequence tool 

from the National Centre for Biotechnology Information (NCBI) database (Bethesda, MD, USA). 

3.6. Optimization of Culture Conditions for REG-6 Production 

3.6.1. Effect of Carbon and Nitrogen Sources on REG-6 Production 

The experiment to investigate the effect of carbon source on REG-6 production was done according 

to the description of Luo et al. [51], where glucose in the screening medium was replaced with 20 g/L 

of each of the following carbon sources: fructose, sucrose, maltose, Na2CO3 and phthalate. Similarly, 

the mixed nitrogen source (urea + yeast extract + (NH4)2SO4) in the screening medium was also 

replaced with 1.3 g/L of one of the following nitrogen sources: peptone, tryptone, urea, yeast extract, 

(NH4)2SO4, NH4NO3, and NaNO3 in order to examine the effect of nitrogen source on REG-6 

production [68]. 

3.6.2. Effect of Initial pH of Growth Medium on REG-6 Production 

To evaluate the effect of initial pH of growth medium on REG-6 production, the pH of the media 

were adjusted to 3, 4, 5, 6, 7, 8, 9, 10 and 11 with 0.1 M HCl and NaOH accordingly. The seed culture 

(24 h old) was inoculated into production media at different pH values and incubated in a rotary shaker 

at 28 °C for 96 h at 160 rpm [69]. 

3.6.3. Effect of Inoculum Size on REG-6 Production 

To examine the effect of inoculum size on bioflocculant production, the seed culture (24 h old) was 

standardized to 0.1 at an optical density 660 nm, and then different inoculum sizes ranging from 1% to 

5% were inoculated into different flasks containing the production medium and incubated for 96 h [66]. 

3.7. Optimization of Flocculating Conditions of Crude REG-6 

3.7.1. Effect of Cations on Flocculating Activity of Crude REG-6 

To assess the synergistic effect of various cations on the flocculating activity of REG-6, the CaCl2 

in the flocculation assay described in Section 3.4 was replaced with the metals of the following salts: 

KCl, NaCl, MgCl2, MnCl2, FeCl3 and AlCl3 [15]. 
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3.7.2. Effect of pH on the Flocculating Activity of Crude REG-6 

To investigate the effect of pH on the flocculating activity of crude REG-6, 100 mL of kaolin clay 

suspension was measured into a 250 mL conical flask and the pH was adjusted from 3 to11 with 0.1 M 

HCl and NaOH [37]. The flocculating activity of REG-6 at different pH values was determined by the 

flocculation assay described above. 

3.8. Time Course of REG-6 Production by Bacillus Toyonensis Strain AEMREG6 

The time course of REG-6 production was conducted according to the description of Yang et al. [70] 

with some modifications. The seed culture (24 h old) was standardized to OD660 0.1, then 4% v/v of 

standardized culture was inoculated into 1 L of production medium and incubated in a rotary shaker at 

28 °C, 160 rpm for 96 h. The fermentation broth was withdrawn periodically and monitored  

at 24 h intervals, while the bacterial counts were determined by the culture technique to determine  

the colony forming units. Likewise, the optical density of the fermentation medium was measured 

spectrophotometrically (Helios Epsilon, Madison, WI, USA) at 660 nm wavelength and pH of the 

fermented broth was measured with pH meter. 

3.9. Extraction and Purification of REG-6 

The extraction and purification of REG-6 was done according to the Wong et al. [71]. After 96 h of 

fermentation, the viscous culture broth was diluted with two volumes of distilled water and centrifuged 

at 4000 rpm for 30 min at 15 °C in order to remove the bacterial cells. Two volumes of ethanol were 

added to the supernatant to precipitate REG-6. The resulting precipitate was collected by 

centrifugation at 4000 rpm for 30 min, dissolved in water and lyophilised to obtain the crude REG-6. 

The bioflocculant was dissolved in 100 mL of distilled water to which one volume of a mixture of 

chloroform and n-butyl alcohol (5:2 v/v) was added, stirred for 60 s and kept overnight at room 

temperature. The upper phase was collected by centrifugation at 4000 rpm for 30 min at 15 °C,  

re-dissolved in 50 mL of distilled water and lyophilised. 

3.10. Characterization of the Purified REG-6 

3.10.1. Chemical Composition Analysis of REG-6 

The total sugar content of REG-6 was determined according to phenol-sulphuric acid method 

described by Chaplin and Kennedy [72] using glucose as the standard. The total protein contain was 

determined by the Bradford method described by Bradford [73] using bovine serum albumin (BSA) as 

the standard. 

3.10.2. Effect of REG-6 Dosage on Flocculating Activity 

To find a suitable dosage for the flocculating activity of purified REG-6, different dosages  

ranging from 0.1 to 0.5 mg/mL were prepared in distilled water and their flocculating activities were 

examined subsequently. 
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3.10.3. Effect of pH on the Flocculating Activity of REG-6 

The experiments concerning the effect of pH on the flocculating activity of purified REG-6 were 

carried out by adjusting the pH of the kaolin clay suspension from pH 3–11 with 0.1 M HCl and NaOH 

as needed [38]. The purpose of using a wide range of pH values is to determine the optimal pH range 

at which the flocculating activity of REG-6 will be optimum. 

3.10.4. Effect of Cations on the Flocculating Activity of REG-6 

The synergistic effect of various cations on the flocculating activity of REG-6 was examined by 

replacing CaCl2 in the flocculation assay with metal of the following salts; KCl, NaCl, MgCl2, CaCl2, 

MnCl2, FeCl3 and AlCl3 [7]. The pH of the kaolin clay suspension was adjusted to pH 10 prior to 

flocculation assay. 

3.10.5. Thermal Stability of REG-6 

The thermal stability was investigated by preparing REG-6 solution in distilled water at 0.1 mg/mL. 

The solution was divided into four groups and treated at different temperatures ranging from 50 to  

80 °C [59]. 

3.10.6. FTIR Analysis of REG-6 

The functional groups in the molecular chain of REG-6 were identified using a Fourier transform 

infrared spectrophotometer (Perkin Elmer System 2000, Buckinghamshire, UK). REG-6 was ground 

with KBr salt at 25 °C and pressed into a pellet for FTIR spectroscopy analysis over a wavenumber 

range of 4000–370 cm−1 [13]. 

3.10.7. Scanning Electron Microscopy (SEM) Images 

The surface morphology of REG-6 and kaolin clay particles was observed and elucidated using 

scanning electron microscopy (SEM) (JSM-6390LV, JEOL, Tokyo, Japan). Five milligrams of REG-6, 

kaolin clay and dried flocculated kaolin suspension were added on slide separately and fixed by air-drying. 

The fixed specimens were coated with gold and examined under SEM [74]. 

3.11. Statistical Analysis 

All data were obtained in triplicate experimentation and subjected to one-way analysis of variance 

(ANOVA) using the MINITAB Student Release 12 statistical package. A significance level of p ˂ 0.05  

was used. 

4. Conclusions 

Owing to the stupendous advantages such as innocuousness and biodegradability of bioflocculants 

over chemical flocculants, the study of microbial flocculants has attracted wide attention in the water 

treatment field. In this present study, the bioflocculant REG-6 was optimally produced when glucose, 
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NH4NO3, calcium chloride and pH 5 as favourable carbon, nitrogen source, cation of choice and initial 

growth medium pH were used, respectively. The high flocculating efficiency achieved at low dosage 

over a wide pH range and its thermal stability properties show that REG-6 has enormous potential for 

becoming a new member of the bioflocculants isolated and studied by our research group so far  

from Algoa Bay in the Eastern Cape Province of South Africa. Consequently, it is anticipated that the 

REG-6 produced by Bacillus toyonensis strain AEMREG6 could be a good substitute for the 

hazardous chemical flocculants currently used in drinking/wastewater treatment. 

Acknowledgments 

We are grateful to the National Research Foundation (NRF) of South Africa; the Medical Research 

Council of South Africa; and University of Fort Hare for financial support. 

Author Contributions 

Okoh AI, Mabinya LV, Nwodo UU conceptualized the research. Okaiyeto K collected data and 

prepared the first draft of the manuscript. All authors proofread the manuscript and approved the final 

draft for submission. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Tang, J.; Qi, S.; Li, Z.; An, Q.; Xie, M.; Yang, B.; Wang, Y. Production, purification and 

application of polysaccharide-based bioflocculant by Paenibacillus mucilaginosus. Carbohydr. 

Polym. 2014, 113, 463–470. 

2. Wang, L.; Ma, F.; Lee, D.J.; Wang, A.; Ren, N. Bioflocculants from hydrolysates of corn stover using 

isolated strain Ochrobactium ciceri W2. Bioresour. Technol. 2013, 145, 145259–145263. 

3. Liu, Z.Y.; Hu, Z.Q.; Wang, T.; Chen, Y.Y.; Zhang, J.; Yu, J.R.; Zhang, T.; Zhang, Y.F.; Li, Y.L. 

Production of novel microbial flocculants by Klebsiella sp. TG-1 using waste residue from the 

food industry and its use in defecating the trona suspension. Bioresour. Technol. 2013, 139,  

265–271. 

4. Flemming, H.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. 

5. Lin, J.; Harichund, C. Isolation and characterization of heavy metal removing bacterial 

bioflocculant. Afr. J. Biotechnol. 2011, 5, 599–607. 

6. Patil, S.V.; Patil, C.D.; Salunke, B.K.; Salunkhe, R.B.; Bathe, G.A.; Patil, D.M. Studies on 

characterization of bioflocculant exopolysaccharide of Azotobacter indicus and its potential for 

wastewater treatment. Appl. Biochem. Biotechnol. 2011, 163, 463–472. 

7. Zhao, H.J.; Liu, H.T.; Zhou, J.G. Characterization of a bioflocculant MBF5 by Klebsiella 

pneumoniae and its application in Acanthamoeba cysts removal. Bioresour. Technol. 2013, 137, 

226–232. 



Molecules 2015, 20 5255 

 

 

8. Gao, J.; Bao, H.Y.; Xin, M.X.; Liu, Y.X.; Li, Q.; Zhang, Y.F. Characterization of a bioflocculant 

from a newly isolated Vagococcus sp. W31. J. Zhejiang Univ. Sci. B 2006, 7, 186–192. 

9. Piyo, N.; Cosa, S.; Mabinya, L.V.; Okoh, A.I. Assessment of bioflocculant production by Bacillus 

sp. Gilbert, a marine bacteria isolated from the bottom sediment of Algoa. Bay. Mar. Drugs 2011, 

9, 1232–1242. 

10. Okaiyeto, K.; Nwodo, U.U.; Mabinya, L.V.; Okoh, A.I. Characterization of a bioflocculant 

produced by a consortium of Halomonas sp. Okoh and Micrococcus sp. Leo. Int. J. Environ. Res. 

Public Health 2013, 10, 5097–5110. 

11. He, N.; Li, Y.; Chen, J. Production of a novel polygalacturonic acid bioflocculant REA-11 by 

Corynebacteria glutamicum. Bioresour. Technol. 2004, 94, 99–105. 

12. Vijayalakshmi, S.P.; Raichur, A.M. The utility of Bacillus subtilis as a bioflocculant for fine coal. 

Colloids Surf. B. Biointerfaces 2003, 29, 265–275. 

13. Adebayo-Tayo, B.; Adebami, G.E. Production and characterization of bioflocculant produced by 

Bacillus clausii NB2. Innov. Rom. Food Biotechnol. 2014, 14, 13–25. 

14. Elkady, M.F.; Farag, S.; Sahar, Z.; Gadallah A.; Desouky, A. Bacillus mojavensis strain 32A, a 

bioflocculant-producing bacteria isolated from an Egyptian salt production pond. Bioresour. Technol. 

2011, 102, 8143–8151. 

15. Zaki, S.A.; Marwa, F.; Elkady, S.F.; Desouky, A. Characterization and flocculation properties of a 

carbohydrate bioflocculant from a newly isolated Bacillus velezensis 40B. J. Environ. Biol. 2013, 

34, 51–58. 

16. Ugbenyen, A.M.; Cosa, S.; Mabinya, L.V.; Okoh, A.I. Bioflocculant production by Bacillus sp. 

Gilbert isolated from a marine environment in South Africa. Appl. Biochem. Microbiol. 2014, 50, 

49–54. 

17. Lauro, F.M.; McDougald, D.; Thomas, T.; Williams, T.J.; Egan, S.; Rice, S.; DeMaere, M.Z.;  

Ting, L.; Ertan, H.; Johnson, J.; et al. The genomic basis of trophic strategy in marine bacteria. 

Proc. Natl. Acad. Sci. USA 2009, 106, 15527–15533. 

18. Dash, H.R.; Neelam, M.; Jaya, C.; Supriya, K.; Surajit, D. Marine bacteria: Potential candidates 

for enhanced bioremediation. Appl. Microbiol. Biotechnol. 2013, 97, 561–571. 

19. Jiméneza, M.U.; Ana, C.; Aránzazu, L.; Anicet, R.B.; Javier, T.; Peter, K.; Anne-Brit, K.; Daniel, R.; 

Juan, F.; Martínezg, F.; et al. Description of Bacillus toyonensis sp. nov., a novel species of the 

Bacillus cereus group, and pairwise genome comparisons of the species of the group by means of 

ANI calculations Guillermo. Syst. Appl. Microbiol. 2013, 36, 383–391. 

20. Abdel-Aziz, S.M.; Hoda, A.H.; Foukia, E.M.; Nayera, A.M. Extracellular metabolites produced 

by a novel strain, Bacillus alvei NRC-14: 3. Synthesis of a bioflocculant that has chitosan-like. 

Struct. Life Sci. J. 2011, 8, 883–890. 

21. Zheng, Y.; Ye, Z.L.; Fang, X.L.; Li, Y.H.; Cai, W.M. Production and characteristics of a 

bioflocculant produced by Bacillus sp. F19. Bioresour. Technol. 2008, 99, 7686–7691. 

22. Li, Z.; Zhong, S.; Lei, H.; Chen, R.; Yu, Q.; Li, H. Production of a novel bioflocculant by  

Bacillus licheniformis X14 and its application to low temperature drinking water treatment. 

Bioresour. Technol. 2009, 100, 3650–3656. 



Molecules 2015, 20 5256 

 

 

23. Sathiyanarayanana, G.; Seghal, K.G.; Joseph, S. Synthesis of silver nanoparticles by polysaccharide 

bioflocculant produced from marine Bacillus subtilis MSBN17. Colloids Surf. B Biointerf. 2013, 

102, 13–20. 

24. Bereka, M.M. Improved exopolysaccharide production by Bacillus licheniformis strain-QS5 and 

application of statistical experimental design. Int. J. Curr. Microbiol. Appl. Sci. 2014, 3, 876–886. 
25. Cosa, S.; Ugbenyen, M.A.; Mabinya, L.V.; Okoh, I.A. Characterization of a thermostable 

polysaccharide bioflocculant produced by Virgibacillus species isolated from Algoa bay. Afr. J. 

Microbiol. Res. 2013, 7, 2925–2938. 

26. Nwodo, U.U.; Agunbiade, M.O.; Green, E.; Nwamadi, M.; Rumbold, K.; Okoh, A.I. 

Characterization of an exopolymeric flocculant produced by a Brachybacteria sp. Materials 2013, 

6, 1237–1254. 

27. Cosa, S.; Ugbenyen, M.A.; Mabinya, L.V.; Rumbold, K.; Olaniran, A.O.; Aghdasi, F.; Okoh, A.I. 

A marine bacteria, Oceanobacillus sp. Pinky, isolated from Algoa Bay sediment produces a 

thermostable glycoprotein flocculant. Afr. J. Biotechnol. 2013, 12, 4135–4146. 

28. Wan, C.; Zhao, X.Q.; Guo, S.L.; Alam, M.A.; Bai, F.W. Bioflocculant production from 

Solibacillus silvestris W01 and its application in cost-effective harvest of marine microalga 

Nannochloropsis oceanica by flocculation. Bioresour. Technol. 2013, 135, 207–212. 

29. Deng, S.B.; Yu, G.; Ting, Y.P. Production of a bioflocculant by Aspergillus parasiticus and its 

application in dye removal. Colloids Surf. B Biointerfaces 2005, 44, 179–186. 

30. He, J.; Zhen, Q.; Qiu, N.; Liu, Z.; Wang, B.; Shao, Z.; Yu, Z. Medium optimization for the 

production of a novel bioflocculant from Halomonas sp. V3a using response surface methodology. 

Bioresour. Technol. 2009, 100, 5922–5927. 

31. Yan, D.; Yun, J. Screening of bioflocculant-producing strains and optimization of its nutritional 

conditions by using potato starch wastewater. Trans. Chin. Soc. Agric. Eng. 2013, 29, 198–206. 

32. Yim, J.H.; Kim, S.J.; Se, H.A.; Hong, K.L. Characterization of a novel bioflocculant, p-KG03, 

from a marine dinoflagellate, Gyrodinium impudicum KG03. Bioresour. Technol. 2007, 98, 361–367. 

33. Aljuboori, A.H.R.; Yoshimitsu, U.; Noridah, B.O.; Suzana, Y. Production of a bioflocculant from 

Aspergillus niger using palm oil mill effluent as carbon source. Bioresour. Technol. 2014, 171,  

66–70. 

34. Abu-Elreesh, G.; Zaki, S.; Farag, S.; Elkady, M.F.; Abd-El-Haleem, D. Exobiopolymer from 

polyhydroxyalkanoate-producing transgenic yeast. Afr. J. Biotechnol. 2011, 10, 6558–6563. 

35. Liu, L.; Cheng, W. Characteristics and culture conditions of a bioflocculant produced by 

Penicillium sp. Biomed. Environ. Sci. 2010, 23, 213–218. 

36. Ugbenyen, A.; Cosa, S.; Mabinya, L.V.; Babalola, O.O.; Aghdasi, F.; Okoh, A.I. Thermostable 

bacterial bioflocculant produced by Cobetia spp. isolated from Algoa Bay (South Africa). Int. J. 

Environ. Res. Public Health 2012, 9, 2108–2120. 

37. Xia, S.; Zhang, Z.; Wang, X.; Yang, A.; Chen, L.; Zhao, J.; Leonard, D.; Jaffrezic-Renault, N. 

Production and characterization of bioflocculant by Proteus mirabilis TJ-1. Bioresour. Technol. 

2008, 99, 6520–6527. 

38. Liu, W.J.; Kai, W.; Li, B.Z.; Hong, L.Y.; Jin, S.Y. Production and characterization of an 

intracellular bioflocculant by Chryseobacteria daeguense W6 cultured in low nutrition medium. 

Bioresour. Technol. 2010, 101, 1044–1048. 



Molecules 2015, 20 5257 

 

 

39. Zulkeflee, Z.; Aris, A.Z.; Shamsuddin, Z.H.; Yusoff, M.K. Cation dependence, pH tolerance, and 

dosage requirement of a bioflocculant produced by Bacillus spp. UPMB13: Flocculation 

performance optimization through kaolin assays. Sci. World J. 2012, 7, doi:10.1100/2012/495659. 

40. Salehizadeh, H.; Shojaosadati, S.A. Extracellular biopolymeric flocculants: Recent trends and 

biotechnological importance. Biotechnol. Adv. 2001, 19, 371–385. 

41. Wang, S.; Gong, W.; Liu, X.; Lin, T.; Yue, Y.; Gao, B. Production of a novel bioflocculant by 

culture of Klebsiella mobilis using dairy wastewater. Biochem. Eng. J. 2007, 36, 81–86. 

42. Wu, J.; Ye, H.F. Characterization and flocculating properties of an extracellular biopolymer 

produced from a Bacillus subtillis DYU1 isolate. Process Biochem. 2007, 42, 1114–1123. 

43. Fujita, M.; Ike, M.; Tachibana, S.; Kitada, G.; Kim, S.M.; Inoue, Z. Characterization of bioflocculant 

produced by Citrobacter sp. TKF04 from acetic and propionic acids. J. Biosci. Bioeng. 2000, 98, 

40–46. 

44. Yong, P.; Bo, S.; Yu, Z. Research on flocculation property of bioflocculant PGa21 Ca. Mod. Appl. Sci. 

2009, 3, 106–112. 

45. Wang, L.; Ma, F.; Qu, Y.; Sun, D.; Li, A.; Guo, J.; Yu, B. Characterization of a compound 

bioflocculant produced by mixed culture of Rhizobium radiobacter F2 and Bacillus sphaeicus F6. 

World J. Microbiol. Biotechnol. 2011, 27, 2559–2565. 

46. Gao, Q.; Zhu, X.H.; Mu, J.; Zhang, Y.; Dong, X.W. Using Ruditapes philippinarum 

conglutination mud to produce bioflocculant and its applications in wastewater treatment 

Bioresour. Technol. 2009, 100, 4996–5001. 

47. Ji, B.; Zhang, X.Y.; Li, Z.; Xie, H.Q.; Xiao, X.M.; Fan, G.J. Flocculation properties of a 

bioflocculant produced by Bacillus licheniformis. Water Sci. Technol. 2010, 62, 1907–1913. 

48. Salehizadeh, H.; Yan, N. Recent advances in extracellular biopolymer flocculants. Biotechnol. Adv. 

2014, 32, 1506–1522. 

49. Lu, W.Y.; Zhang, T.; Zhang, D.Y.; Li, C.H.; Wen, J.P.; Du, L.X. A novel bioflocculant produced 

by Enterobacter aerogenes and its use in defaecating the trona suspension. Biochem. Eng. J. 2005, 

27, 1–7. 

50. Zhang, Z.Q.; Xia, S.Q.; Zhao, S.Q.; Zhang, J.F. Characterization and flocculation mechanism of 

high efficiency microbial flocculant TJ-F1 from Proteus mirabilis. Colloids Surf. B Biointerfaces 

2010, 75, 247–251. 

51. Luo, Z.; Li, C.; Changhong, C.; Wei, Z.; Ming, L.; Ye, H.; Jiangang, Z. Production and 

characteristics of a bioflocculant by Klebsiella pneumonia YZ-6 isolated from human saliva.  

Appl. Biochem. Biotechnol. 2014, 172, 1282–1292. 

52. Pan, Y.Z.; Shi, B.; Zhang, Y. Research on flocculation property of bioflocculant PG.a21 Ca.  

Mod. Appl. Sci. 2009, 3, 106–112. 

53. Zhu, C.; Chen, C.; Zhao, L.; Zhang, Y.; Yang, J.; Song, L.; Yang, S. Bioflocculant produced by 

Chlamydomonas reinhardtii. J. Appl. Phycol. 2012, 24, 1245–1251. 

54. Li, X.M.; Yang, Q.; Huang, K.; Zeng, G.M.; Xiao, D.X.; Liu, J.J.; Long, W.F. Screening and 

characterization of a bioflocculant produced by Aeromonas sp. Biomed. Environ. Sci. 2007, 20, 

274–278. 



Molecules 2015, 20 5258 

 

 

55. Gong, W.; Wang, S.; Sun, X.; Liu, X.; Yue, Q.; Gao, B. Bioflocculant production by culture  

of Serratia ficaria and its application in wastewater treatment. Bioresour. Technol. 2008, 99,  

4668–4674. 

56. Li, W.W.; Zhou, W.Z.; Zhang, W.Z.; Wang, J.; Zhu, X.B. Flocculation behaviour and mechanism 

of an exopolysaccharide from the deep-sea psychrophilic bacteria Pseudoalteromonas sp. SM9913. 

Bioresour. Technol. 2008, 99, 6893–6899. 

57. Cosa, S.; Mabinya, L.V.; Olaniran, A.O.; Okoh, O.O.; Okoh, A.I. Bioflocculant production by 

Virgibacillus sp. Rob isolated from the bottom sediment of Algoa Bay in the Eastern Cape, South 

Africa. Molecules 2011, 16, 2431–2442. 

58. Liu, C.; Wang, K.; Jiang, J.-H.; Liu, W.-J.; Wang, J.-Y. A novel bioflocculant produced by a  

salt-tolerant, alkaliphilic and biofilm-forming strain Bacillus agaradhaerens C9 and its 

application in harvesting Chlorella minutissima UTEX2341. Biochem. Eng. J. 2015, 93, 166–172. 

59. Gomaa, E.Z. Production and characteristics of a heavy metals removing bioflocculant produced by 

Pseudomonas aeruginosa. Pol. J. Microbiol. 2012, 61, 281–289. 

60. Zhang, D.; Hou, Z.; Liu, Z.; Wang, T. Experimental research on Phanerochaete chrysosporium as 

coal microbial flocculant. Int. J. Min. Sci. Technol. 2013, 23, 521–524. 

61. Kavita, K.; Avinash, M.; Bhavanath, J. Extracellular polymeric substances from two biofilm 

forming Vibrio species: Characterization and applications. Carbohydr. Polym. 2013, 94, 882–888. 

62. Nwodo, U.U.; Okoh, A.I. Characterization and flocculation properties of biopolymeric flocculant 

(glycosaminoglycan) produced by Cellulomonas sp. Okoh. J. Appl. Microbiol. 2012, 114, 1325–1337. 

63. Mabrouk, M.E.M. Production of bioflocculant by the marine actinomycete Nocardiopsis aegyptia 

sp. nov. Life Sci. J. 2014, 11, 27–35. 

64. Jensen, P.R.; Erin, G.; Chrisy, M.; Tracy, J.; Mincer, W.F. Culturable marine actinomycete 

diversity from tropical Pacific Ocean sediments. Environ. Microbiol. 2005, 7, 1039–1048. 

65. Ntsaluba, L.; Nwodo, U.U.; Mabinya, L.V.; Okoh, A.I. Studies on bioflocculant production by a 

mixed culture of Methylobacteria sp. Obi and Actinobacterium sp. Mayor. BMC Biotechnol. 2013, 

13, doi:10.1186/1472-6750-13-62. 

66. Zhang, Z.Q.; Lin, B.; Xia, S.Q.; Wang, X.J.; Yang, A.M. Production and application of a novel 

bioflocculant by multiple-microorganism consortia using brewery wastewater as carbon source. 

Environ. Sci. 2007, 19, 667–673. 

67. Kurane, R.; Hatamochi, K.; Kakuno, T.; Kiyohara, M.; Hirano, M.; Taniguchi, Y. Production of a 

bioflocculant by Rhodococcus erythropolis S-l grown on alcohols. Biosci. Biotech. Biochem. 

1994, 2, 428–429. 

68. Abdel-Aziz, S.M.; Hamed, H.A.; Mouafi, F.E. Acidic exopolysaccharide flocculant produced by 

the fungus Mucor rouxii using Beet-Molasses. Res. Biotechnol. 2012, 3, 1–13. 

69. He, P.; Geng, L.; Wang, Z.; Mao, D.; Wang, J.; Xu, C. Fermentation optimization, 

characterization and bioactivity of exopolysaccharides from Funalia trogii. Carbohydr. Polym. 

2012, 89, 17–23. 

70. Yang, Q.; Luo, K.; Liao, D.; Li, X.; Wang, D.; Liu, X.; Zeng, G.; Li, X. A novel bioflocculant 

produced by Klebsiella sp. and its application to sludge dewatering. Water Environ. J. 2012, 26, 

560–566. 



Molecules 2015, 20 5259 

 

 

71. Wong, Y.-S.; Ong, S.-A.; Teng, T.-T.; Aminah, L.N.; Kumaran, K. Production of bioflocculant by 

Staphylococcus cohnii ssp. from palm oil mill effluent (POME). Water Air Soil Pollut. 2012, 223, 

3775–3781. 

72. Chaplin, M.F.; Kennedy, J.F. Carbohydrate Analysis, 2nd ed.; Oxford University Press: New York, 

NY, USA, 1994. 

73. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. 

74. Wan, Y.X.; Wu, L.P.; Tang, P.J.; Zhang, J.Y. Composition of extracellular polymeric substances 

produced by Geotrichum sp. J-5. Asian J. Chem. 2014, 26, 592–596. 

Sample Availability: Samples of the compounds are available from the authors. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


