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Abstract

Dewatering/sludge settling is the major problem that is being tackled by wastewater treatment plant. To
overcome this problem, synthetic coagulants (environmental/health hazards) are used. In this contest, 50 bacteria
(EPS producing capability) were selected, isolated from biofilms (different support materials). Congo red agar assay
indicated 15 (slime producers), 24 (intermediate results) and 11 (non-slime) formers. Whereas tube method
indicated 15 (strong), 15 (moderate), 12 (weak) slime and 8 (non-slime) producers. Microtiter plate assay showed
15 (strong) while 35 (moderate) biofilm formers. Dry weight analyses showed the greater concentration of broth
(5.33-24.7 g/L) and slime EPS (1.33-13.33 g/L) in individual bacteria as compared to consortia broth (5.66-8.86 g/L)
and slime EPS (3.22-6.57 g/L). EPS production was confirmed when an increase in viscosity (16,950-43,450 mPas)
was measured. Over all carbohydrate content was higher in consortia (1.233-1.887 mg/ml) as compared to
individual bacteria (0.504-0.610 mg/ml). Protein content varied in individual bacteria (0.227-0.52 mg/ml) as well as
in consortia (0.178-0.974 mg/ml). FTIR spectra of EPS extract (bacteria and consortia) revealed the presence of
functional groups of carbohydrates, proteins, lipids and nucleic acids. Great deal of EPS production was observed
by consortia of six bacteria through SEM.
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effectively used since many decades for domestic wastewater

treatment. Efficient sludge settling and removal during activated

sludge process is generally helped through process of flocculation and

coagulation. Usually synthetic inorganic coagulants (polyaluminum

chloride/aluminum sulfate) or organic polymers (polyethylene imine/

polyacrylamide derivatives) are commonly used as flocculants. The

negative sludge surface charge (= 30 mV) is nullified by synthetic

cationic polymers. They not only make the process expensive but

additionally, their high molecular weight contribute to multifarious

problems including;

o Large volume of sludge production

o Unstable shear stress

o Altered pH of treated water

o Decreased operational efficiency at low temperature

o Leading to environmental health and pollution issues. EPS on the other
hand help to combat such issues contrary to synthetic polymers [2].

Introduction

In aqueous environments, microorganisms grow in association with
different surfaces and develop biofilms, which are complex
assemblages of microorganisms embedded in a matrix of extracellular
polymeric substances. The role of bacteria and other microbes is
unique in sludge aggregation, settleability and removal by producing
extracellular polymeric substances. EPS is three-dimensional,
secondary metabolites, highly hydrated and gel-like, sticky or mucoid
materials. It is composed of 50% to 90% of the total organic carbon
viz. carbohydrates, proteins, lipids, nucleic acids, uronic acids and
other cellular constituents. Viscoelastic properties of EPS provide
mechanical stability to biomass or biofilm matrix as micro colonies
divided by interstitial spaces and networks comprising a viscous and
watery part called liquid phase. It helps in the formation of bioflocs in
collaboration with inorganic/organic elements, filamentous microbial
cells and aggregates. It facilitates bioaggregation, sludge biomass
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retention and solid-liquid separation due to syntrophic association by ominant EPS producers within sludge include Enterobacter spp.,

the juxtaposition of microorganisms [1].

The amount of sludge generation and its efficient removal during
treatment wastewater has always been quite challenging to manage. In
the environmental perspective, it must be either recycled or reused for
economical disposal. However, at times, sludge treatment and its
disposal alone add 50%-60% on overall wastewater treatment cost.
Nevertheless, conventional activated sludge process has always been

Yersinia spp., Serratia spp., Pseudomonas spp., Bacillus spp.,
Microbacterium spp., Aureobasidium spp., Sinorhizobium spp.,
Escherichia spp., Solibacillus silvestris, Achromobacter spp.,
Saccharomycete, Proteus mirabilis and Rhodococcus erythropolis. The
well-known EPS producers that belong to mesophilic group are Lactic
Acid Bacteria (LAB) i.e. Leuconostoc mesenteroides, Lactobacillus
Bulgaricus,  Lactobacillus  brevis,  Lactobacillus  helveticus,
Lactococcus lactis and species of Bacillus and Streptococcus genera

[3].
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Both attached and suspended growth bioreactors work on the
biocatalytic properties of bacteria, form biofilms or bioaggregates that
hold and remove complex contaminants and then slowly release them in
simpler forms. Previous studies on models of multistrain biofilms
have demonstrated biofilm development that was highly influenced by
bacterial interactions within consortia which is considered as real
"heart" of the sludge system . Ecologically, rivalry and collaboration in
the restricted space of the EPS matrix leads to a constant adaptation of
population fitness for the cells (outermost) [4]. The interactions provide
them competitive advantage of energy requiring EPS synthesis over
higher cellular growth which provides them protective shield from
external hostile conditions such as change in pH, temperature, against
oxidizing/charged biocides and toxic materials, antibiotics,
dehydration, ultraviolet radiation (distort DNA), metallic cations, host
immune defenses and protozoan grazers [5]. It also plays an important
role in adsorption of dissolved xenobiotics organic composites,
cations, pollutants and metals (Hg, Zn, Ar, Cd, Pb and Cu) and good
emulsification activity [6]. Studies have reported that bioflocculation is
dependent on the growth conditions of the biofilms and is typically
affected by type, amount and physicochemical characteristics of EPS.
Increase in carbohydrate and protein content of EPS has direct effect
on flocculating activity [7,8].

The overall aim of the present study was to identify and screen the
isolated bacteria from different biofilms developed on various support
materials in attached growth batch reactors under the influence of
different metals (Aluminum and ferric iron (Fe*")) in order to
evaluate their potentials for EPS production based on various
qualitative and quantitative techniques to foresee their further
applications in the specific biological reactors [9,10].

Materials and Methods

Slime/biofilm formation assays

Congo red agar: Isolates were streaked and evaluated for slime
production by Congo Red Agar (CRA) assay, a qualitative and simple
method. The composition of EPS producing media was; brain heart
infusion broth 37 g/L, Sucrose 50 g/L, Congo red dye 0.8 g/L and
°Agar 10 g/L, autoclaved at 121 C for 15 minutes. Concentrated
solution of Congo red dye was prepared and sterilized discretely and
added to the autoclaved BHI and sucrose at °55 C. Plates were
inoculated with bacteria, kept at 37° C for 24-hour and followed by
overnight incubation at ambient temperature [11,12].

Tube method: Slime production of isolated bacterial strains was
tested by loopful colony from fresh culture plates were inoculated in
Tryptic Soy Broth (TSB) containing test tubes, kept at 37°C for
overnight incubation. Bacterial broth was decanted before staining,
(safranin 1% for 5 minutes). The tubes were positioned upside down
and left to dry at ambient temperature. After that results were recorded
and graded as strong (+++), moderate (++), weak (+) and non-slime
formers [13-15].

Microtiter plate assay

The calorimetric and quantitative assay for biofilm detection has
been reported as a gold- standard process. Luria-Bertani (LB) broth was
used for the bacterial growth at 37°C for 24-hours. The bacterial
cultures were diluted (1:100) with fresh medium and 200 pL of diluted
culture was aliquoted per well of Microtiter Plate (MTP). The medium
was moderately removed, after 24-hour and about 200 pL of Phosphate

Buffer Saline (PBS) solution (0.1 M, pH 7.4) was used to wash three
times the microtiter plate wells, then air dried for 15 minutes. After that
200 pL of crystal violet (1%) was used to stain the MTP wells for 15
minutes at room temperature. PBS buffer (200 pL) was used to wash
the unbound crystal violet stain and air-dried for 15 minutes. About
200 pL of 33% glacial acetic acid was used to solubilize the unbound
crystal violet. Microtiter plate count reader was used to read the plate
at 630 nm [16,17].

Quantitative production of EPS

EPS producing bacterial strains were grown individually as well as
in consortium on mineral salt medium. For quantitative production of
EPS, the composition of mineral medium was as follows; KH,PO4 1
g/L, KobHPO4 2 g/, NH4Cl 1 g/L, Yeast extract 0.01 g/L,
MgS0,4.7H,0 0.2 g/L, Glucose 25 g/L. The media’s initial pH was set
at 7.0. MgSO, and glucose were sterilized separately and then mixed
aseptically with other materials before inoculation. From the PCA
plates, bacterial strains were inoculated in the mineral medium, and
kept at 32°C for incubation in an orbital shaker at 150 rpm for 72
hours [18,19].

After growing bacterial cultures individually and as consortium for
72 hours, the medium was centrifuged at 7500 rpm for 20 minutes at
4°C. The supernatant contained the slime EPS while pellet contained
the microorganisms and capsular EPS. The bacterial broth containing
both capsular and slime EPS was also used for experiments. For
further analysis, the collected three types of EPS were stored at 4°C.

Measurement of dry weight of EPS

The quantitative estimation of EPS (slime/capsular) and bacterial
brothwas done. After 72 hours of incubation, the consortia and
bacterial broth were taken into vials and centrifuged for 15 minutes at
7500 rpm (4°C) to obtain EPS from cell mass. The one volume of
absolute ethanol was added to one volume of collected supernatant
(1:1) in new vials for precipitation and incubated for 24 hours at 4°C.
After incubation, to collect the EPS (precipitated), the mixture was
centrifuged for 15 minutes at 7500 rpm. The supernatant was decanted
and the pellet (EPS) was dried at room temperature [20,21].

Analysis of EPS production

After 72 hours of incubation, the culture broth became viscous due
to production of EPS. EPS production was measured in terms of
viscosity of culture broth by using VP 1060 spindle R7, at 60 rpm and
ambient temperature [22].

Screening of consortia for biofilm development potential

For consortia development, the six best EPS producing bacterial
strains were selected for development of biofilm on small sized
pebbles. A total of 4 combinations were prepared from six bacteria for
biofilm development. The bacterial strains were refreshed and a loop
full of bacterial cultures was inoculated in test tube containing mineral
broth (composition as mentioned above) and kept at 32 °C for 72-hour
incubation. 1 ml aliquot of each bacterial broth was inoculated into
sterilized tubes containing 9 ml mineral media, different combinations
were made and pebbles of different sizes were added as a support
material for biofilm development and incubated at 37°C for 10 days.
After 10 days, the samples were stored for Scanning Electron
Microscopy (SEM).
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Characterization of slime EPS

Extracted slime EPS was characterized in terms of carbohydrate
and protein content of selected six bacteria as well as four consortia.
UV-sulfuric acid method was used to determine the Total
Carbohydrates (TC) content of extracted EPS (glucose as a standard).
Lowry method was used to determine the Total Protein (TP) content of
the extracted EPS (bovine serum albumin as a standard) [23].

Scanning Electron Microscope (SEM) analysis of EPS

Initially, the dried samples (pebbles) were fixed on stub by using
carbon tape, sticky on both sides and to cover the edges of sample to
ensure the conduction of electron beam silver paste conduction (SPI-
CHEM) was done. Secondly, high voltage and vacuum of 102 atm.
was created in sputtering for gold coating by using SPI-MODULE
(sputter coater). In this process, high voltage (25 mA current for 50
sec) was used to create plasma and as a result gold was deposited on
target sample. Finally, the sample was loaded on the holder and placed
in chamber under the column. 15 min was required to created vacuum
in the chamber. Later, the EPS of biofilm was observed on the screen
under 4000X, 6000X, 8,500X, 10,000X magnification power in 30
KV scanning electron microscope (JSM 5910, JEOL, Japan) [24].

Fourier transformed-infrared spectroscopy of EPS

After 72 hours of incubation or fermentation, the bacterial broth
and consortia was taken into Eppendorf and centrifuged for 15
minutes at 7500 rpm (4°C) to obtain EPS. Firstly, EPS was
precipitated by adding 2 volumes of 100% cold ethanol to the
collected supernatant and incubated on ice overnight. The precipitates
were then centrifuged at 10,000 rpm for 20 min at 4 °C and dried in an
oven at 50°C overnight. FTIR (Bruker tensor 2500) was used to detect
chemical composition the EPS in different bacteria and consortia [25].

Results

A total of fifty bacterial strains were isolated from biofilms
developed on different support materials. Biofilm and slime EPS
production abilities of the bacteria were evaluated using qualitative
and quantitative assays. Selected bacterial isolates were then typically
examined for EPS production and its characterization [26].

Characterization of EPS producing bacteria

Bacterial isolates (biofilm samples) were characterized on
morphological (pigmentation, shape, size, margins, elevation, opacity
and texture) and biochemical basis. Around 50 bacterial strains were
selected on the basis of mucoid or string forming ability and
subsequently screened for their ability to produce EPS. Gram staining
results indicated that out of 50 isolates 8 (positive cocci), 4 (positive
bacilli), 32 (negative bacilli), 5 (negative cocci) and 1 isolate was
gram negative coccobacilli. On the basis of morphology, gram staining
and biochemical tests it was found that majority of the bacteria were
facultative anaerobes. EPS producing bacteria belong to phylum
Proteobacteria, Firmicutes, Actinobacteria. Out of fifty bacterial
strains, four were Escherichia coli, six belonged to Citrobacter, five
belonged to Serratia, two belonged to Enterobacter, two belonged to
Klebsiella, one belonged to Salmonella, two belonged to Shigella, two
belonged FErwinia while one belonged to Ewingella genera
(Proteobacteria: Gammaproteobacteria: Enterobacteriales:
Enterobacteriaceae). Whereas, five belonged to Neisseria genera

(Proteobacteria: Betaproteobacteria: Neisseriales: Neisseriaceae) and
six  belonged to  Pseudomonas  genera  (Proteobacteria:
Gammaproteobacteria: Pseudomonadale: Pseudomonadaceae). While,
three belonged to Bacillus, five belonged to Staphylococcus genera
(Firmicutes: Bacilli: Bacillales) and three belonged to Micrococcus,
three belonged to Corynebacterium genera (Actinobacteria:
Actinomycetales) [27]. By Maneval’s capsule stain, the entire isolates
showed capsule around the cells under the light microscope at 100X
magnification, which indicated presence of slime EPS (Figures 1a and
1b). By Anthony’s capsule stain, the selected 33 out of 50 bacterial
strains were found to have capsule around the cells which showed the
presence of strongly bound capsule with cell wall, a positive result.
The other 17 isolates didn't show any capsule around the cells,
considered as a negative result (Figure 1c and 1d) (Figure 1).

Figure 1: Micrographs of Maneval’s capsule staining (a, b) and
Anthony’s capsule stain (c, d): Capsule layer of surrounding the
bacteria (100X magnification under light microscope). Circles
indicating the capsule around cells (n=50).

Biofilm formation assays

Congo red agar: In qualitative CRA assay, 30% bacterial isolates
(15 of 50) with black colonies indicated strong slime/biofilm
production ability. A total of 48% (24 of 50) bacterial isolates with
dark red colonies and 12% (6 of 50) with light red colonies indicated
the moderate and weak slime/biofilm production respectively [28].
Remaining bacterial isolates with pink colonies 10% (5 of 50)
indicated non-slime producers (Figure 2).

30.00%
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(%) of biofilm formation
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Figure 2: Comparative analysis of slime/biofilm formation by
Congo red agar, tube method and microtiter plate assays.
Note: Strong, Moderate, Weak, Non adherent

Tube method

The adherence of safranin stain on the inner side of glass tubes
indicated the slime production. Out of 50 bacterial strains, number of
strong (+++) and moderate (++) slime producers was same i.e. 15
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(30%). Whereas, 12 (24%) showed weak slime production or
adherence (+) and remaining 8 (16%) bacterial strains were then non-
slime producers (Figure 2).

Microtiter Plate (MTP) assay

Microtiter plate assay indicated 15 (30%) bacterial strains as strong
slime/biofilm formers and 35 (70%) as moderate slime/biofilm
formers. All bacterial strains were biofilm formers and none of the
bacteria was detected as non-adherent (Figure 2).

Figure 2 Comparative analysis of slime/biofilm formation by
Congo Red Agar, Tube method and microtiter plate assays [29].

The comparative analysis showed that 30% bacterial strains
(different in each assay) were strong slime/biofilm formers. The
bacterial strains as 4, 12, 13, 16, 25, 34, 39, 44, 46, 48 and 50 were
strong to moderate in each assay. The other bacterial results varied in
each assay.

Table 1 Microbiological characteristics of EPS producing bacterial
strains (n=50) isolated from biofilms developed on different support
materials in presence of Fe and Al metals.

Quantitative production of EPS No Bacterial | Support Dry weight Chemical
Dry weight: The slime EPS concentration varied and in the range strains | material characte rization
of 1.33-13.33 g/L, produced by bacterial isolates as well as consortia.
In bacterial broth, total EPS (slime, capsular and bacterial cells) was in
the range of 5.33-24.7 g/L. However, the quantity of slime EPS
(3.22.-6.57 g/L) and tota} EPS (5.66-8.86. g/L) by four consqrtia was Bacterial | Slime TC (%) | TP (%)
considerable lower than individual bacteria (Figure 3). The slime EPS broth EPS
produced by bacteria (1.33-13.33 g/L) varied with consortia (3.22-6.57
g/L) (Figure 3). (g/L) (glL)
1 4 Fe 8.5, Iron | 9.34 267 72.8 27.2
’ = Conoricn 2 13 AI6.5,PVC | 6.67 4 67.11 329
o 3 25 AI65, 11.34 6.67 737 26.3
£ B Stainless
gm Steel
H _ 4 34 Fess, | 1267 4 68.3 317
_ ) I H | | l \ Tire rubber
A R R A
BRI e R 5 39 Fe 8.5, 10.67 267 68.78 31.22
Iron
Figure 3: EPS or biopolymer concentrations produced by
bacterial isolates (n=50) and 4 consortia (72 hours of incubation 6 48 IA' 45, 533 1.33 546 45.4
o ege . ron
at initial pH 7). Note: [ll Slime Jll Bacteral broth °
7 consortium-1| - 5.66 3.22 89.7 10.3
Viscosity: After 72 hours of fermentation, viscosity of individual |8 consortium-2| - 7.124 5.71 81.19 18.81
bacterial as well as consortia broth was measured by VP 1060
viscometer. The measured viscosity of cu?ture broths was in the range | g consortium-3| 6864 585 7318 26.62
of 16,950-43,450 mPas and of 4 consortia was 28,800-30,150 mPas.
Viscosity in some specific bacteria (4, 6, 13, 16, 25, 28, 34, 39, 48, 49
and 50) was higher as compared to other bacteria and 4 consortia due | 10 consortium-4/ - 7.18 6.57 65.95 34.05
to EPS production (Figure 4).
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Bacterial strains and Consortia

Figure 4: Viscosity of culture media by bacteria (n=50) and 4
consortia (after 3 days of fermentation at initial pH 7.0).

Selection of six best EPS producing bacterial strains and
consortia development

Four combinations as consortium 1 (25, 4, 13, 39), consortium
2 (4, 25, 34, 39), consortium 3 (4, 13, 25, 48, 39) and consortium
4 (4, 13, 25, 48, 39, 48) were prepared. Further, analysis of
bacterial strains and the consortia was done on the basis of
biochemical characterization of the (carbohydrate and protein),
FTIR spectra and SEM (Table 1).

Table 1: Selection of six best EPS producing different bacteria on

the basis of qualitative and quantitative assays and their Biochemical
characterizations (TC and TP).
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On the basis of previous assays (Maneval’s and Anthony’s capsule
stain, CRA, TM, MTP, dry weight and viscosity) six best EPS producing

the consortia/biofilm
development. The biochemical characterization of a slime EPS (partially

bacterial strains

were selected for

purified) of six selected strains and consortia.

Polysaccharide estimation of EPS

Total carbohydrate concentration in EPS produced by individual
bacterial strains was in the range 0.504 mg/ml-0.91 mg/ml and of 4
consortia was in the range of 1.283-1.887 mg/ml. Maximum quantity
of carbohydrate was “0.91 mg/ml” produced by bacteria ‘34’ and
1.887 mg/ml” produced by consortium 4 (combination of 6 bacteria).
Carbohydrate concentration produced by consortia was more than by
individual bacteria (Table 2 and Figure 5).
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Figure 5: Total Carbohydrate (TC) and Total Protein (TP) content
of partially purified EPS from six selected pure bacteria and 4
consortia.Note: = TC, W TP

Protein estimation of EPS. Total protein concentration in
EPS produced by individual bacterial strains was in the
range 0.2278-0.5214 mg/ml and by consortia (1, 2, 3, 4) was in the
range of 0.1784-0.9742 mg/ml. Maximum quantity of protein was
“0.5214 mg/ml” produced by bacteria ‘39’ and “0.9742 mg/ml” was

produced by consortium 4 (combination of 6 bacteria)
[30]. Protein concentration was varied among individual bacteria and
consortia. The total protein content was less than total

polysaccharides in bacteria as well as in consortia (Figure 5).

Fourier transformed-infrared spectroscopy

FTIR spectra specified the presence of carbohydrates (800!, 200
em™!), proteins (1,500°!, 700 cm), lipids (2,8602, 930 cm’!) and
nucleic acids (90071, 300 cm™) of EPS. No significant difference was
observed in EPS peaks of bacteria and consortia (Figure 6) which

depicted that chemical composition of EPS were the same (Figure
6).
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Figure 6: FTIR spectra of EPS showed by bacterial strain 4 (pink)
25 (blue) and 48 (yellow). Note: Peak 1) =C-H (alkenes), C-H
(alkanes) and -CHO vibrations in lipids; Peak 2) enol and amides I/
II in proteins; Peak 3) functional group -OH, -COOH, esters, ethers
and aliphatic amines vibrations in carbohydrates; Peak 4) glycosidic
bond in carbohydrates.

Peaks of carbohydrates and proteins were dominant in EPS of
bacteria and consortia as compared to other organic materials. The
FTIR spectrum of the purified EPS samples of six bacterial strains
exposed characteristic functional groups such as peak 3358.17 cm’!
represented the O-H bond. The absorption bands at 2970-2980 cm'!
represented =C-H stretch and functional group alkenes. The absorption
bands at 2880-2890 cm™! represented the C-H stretch and functional
group alkanes. Peaks near 2830-2835 cm-1 represented -CHO stretch
and functional group aldehydes. The absorption bands at 2125-2135
cm! represented -C=C- stretch and functional group alkynes. Enol and
amide groups were represented by the 1650-1540 cm™!' range. Peaks
near 1649 cm! and 1650 cm™! represented the amide and C-N bending
of protein and peptide amines. Peaks 1421.72 cm’! and 1483 cm’!
represented C-C stretch (in-ring) and functional group aromatics and
1331.26 cm’! represented N-O symmetric stretch and functional group
nitro compounds. Presence of monomers (galactose, glucose and
mannose) was observed between 900-1200 cm-1 peaks. The absorption
bands at 1086.15 cm! represented C-N stretch and functional groups
alcohol, carboxylic acid, esters and ethers. Peak 1044.91 cm!
represented C-N stretch and functional group aliphatic amines. The
absorption bands at 878.38 cm'! represented the glycosidic bond and
758.91 cm! represented C-H rock. Peak 1770 cm! represented the
C=0 stretch and functional group COOH. The absorption band at 841
cm! represented the asymmetric ester O-P-O stretch (nucleic acids).
Carboxyl groups function as binding sites for divalent cations, showed
by FTIR spectra. The EPS was more complex due to presence of
different functional groups.

Extracted slime EPS was characterized in terms of carbohydrate and
protein content of selected six bacteria as well as four consortia. UV-
sulfuric acid method was used to determine the Total Carbohydrates
(TC) content of extracted EPS (glucose as a standard). Lowry method
was used to determine the Total Protein (TP) content of the extracted
EPS (bovine serum albumin as standard) (Figures 7 and 8).
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Scanning electron microscopy

Scanning electron microscopy showed the images of EPS of
biofilm developed on pebbles, of 4 different consortia. Images were
taken at different magnifications. Thick EPS matrix was covering the
bacterial cells and transport channels were seen in the images (Figure
9).

showed

Figure 9: Scanning electron micrographs thick
EPS matrix and channels for the transport of nutrients at
different resolution power of EPS of consortia 1 (25, 4, 13,
39). (C) Exopolymeric matric covering the bacterial cells of
consortia 2 (4, 25, 34, 39).

EPS surface microstructure viewed that the produced EPS exhibited
compact and porous structure which indicated the potential of EPS as

a thickener, viscosifying or as stabilizing agent for novel products. The
microorganisms were not prominent due to viscous EPS production.

Figure 9 Scanning electron micrographs showed thick EPS matrix
and channels for the transport of nutrients at different resolution power
of EPS of consortia 1 (25, 4, 13, 39). Exopolymeric matric covering
the bacterial cells of consortia 2 (4, 25, 34, 39) (Figure 10).

Figure 10: Scanning electron micrographs of EPS at 4,000X and
10,000X of consortia 3 (4, 13, 25, 48, 39) a) exopolymeric matrix
covering the cell mass of EPS fibers for attachment of bacterial
cells and transport channels; b) Cells covered by thick, mucoid
EPS (consortia 3). Images were scanned at 8,500X and 10,000X
resolution power of consortia 3 (4, 13, 25, 48, 39); ¢)
Extracellular Polymeric Substances (EPS) produced by consortia
4 (4,13, 25, 48, 39, 48) covering the bacterial cells.

Discussion

Bacterial cells on this planet have been colonized to form biofilm
embedded in self producing matrix known as Extracellular Polymeric
Substances (EPS), by successful means for billions of years. In our
study, EPS producing bacteria were isolated from different biofilm
batch reactors developed on different support materials. On the basis
of morphology, gram staining and biochemical tests it was found that
majority of the sludge bacteria were facultative anaerobes. The EPS
(slime or capsule) production by bacterial strains not only provides
shelter from unfavorable environmental circumstances such as lethal
compounds, desiccation and high pressure or low temperature. It also
helps in uptake of metal ions and favor the biofilm/biofloc formation
by the interaction between bacterial cells and sludge solid materials.

CRA and TM showed false negative results which depicted non-
biofilm producers but not by MTP method (biofilm producers). As
MTP revealed 100% isolates were biofilm formers so it showed the
higher sensitivity and precision. In CRA, 90% were slime producers
and 10% were non slime producers but 12% isolates with red smooth
colonies which were considered as the weak slime producers by some
authors but others considered them non slime producers. Due to these
reasons, CRA has not been reported/found not an authentic method as
it gives uncertain and false positive results. In TM, 84% were slime
formers and 16% were non slime formers.

In dry weight and viscosity, low EPS production reason in consortia
can be attributed to the presence of competitive interactions among
microorganisms. Different EPS concentrations affect other properties
possess by bacteria, which might influence the chemical
characteristics and bioflocculation process. EPS production depends
on different factors as metabolic routes, variation in properties and
chemical composition of EPS (different functional groups) of bacterial
strains. The EPS organic material (carbohydrates, proteins, uronic
acids) influences different properties which leads to the variation in
EPS charge, acidic amino acids impart negative charge to EPS while
basic amino units provide positive charge. The main factors that
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govern bioflocculation process are EPS concentration, hydrophobicity
and charge. For better bioflocculation either more concentration or
optimal conditions of EPS are required by sludge reported by authors.
Viscosity results revealed that EPS production by consortia was low
than by some individual bacteria. Variation in final cell concentration
had a lesser impact than diverse quantity of EPS produced (greater
impact) by the bacterial strains, which was the reason of variation in
viscosity ranges.

The concentration of carbohydrate content was more in EPS
biochemical characterization than the protein content by individual
bacterial strains as well as consortia. In comparison, the maximum
carbohydrate content was 73.7%, produced by individual bacteria ‘25’
and 89.7% was produced by consortium 1. The maximum protein
quantity produced was 45.4% by individual bacteria ‘B-26’ and
34.04% by consortium 4. TC/TP ratio depicted that carbohydrate will
have major role in bioflocculation process, sludge settling and
dewatering due to interaction between divalent cations (in sludge) and
anions (bacteria). Proteins help in the stabilization of EPS or
biopolyme. Growth on different media and sludge, may change the
composition of EPS.

Conclusion

A total of 4 combinations were made for the consortia/biofilm
development. The different small sizes of pebbles were used as a
support material for EPS/biofilm or consortia development. Pebbles
were selected due to rough surface as bacteria adhere more strongly to
the rough surfaces. FTIR spectra indicated presence of carboxylic
acids, amines and amide groups, glycosidic linkages, double and triple
bonds of carbon that correspond to the presence of proteins,
carbohydrates, lipids and nucleic acids respectively. Higher peaks of
proteins in case of EPS of consortia displayed a bit of anomalous
behavior contrary to biochemical results (more carbohydrate). This
could be due to the competitive inhibition between bacteria in
consortia. No significant difference was observed in EPS
microstructure of different consortia by Scanning electron microscope.
It was compact, rough, porous due to presence of channels and
grooves for transportation of nutrients and thick EPS matrix was
covering the bacterial cells at different magnifications as 4,000X,
6,000X, 8,500X, 10,000X. Microorganisms were not prominent and
embedded in the thick and viscous layers of EPS.

Acknowledgement

The authors sincerely thank the Department of Microbiology,
Quaid-i-Azam University, Islamabad, Pakistan for their financial
support.

References

1. Burmelle M, Webb JS, Rao D, Hansen LH, Serensen SJ, etal.
(2006) Enhanced biofilm formation and increased resistance to
antimicrobial agents and bacterial invasion are caused by synergistic
interactions in multispecies biofilms. Appl Environ Microbiol 72:
3916-3923.

2.  Lee KWK, Periasamy S, Mukherjee M, Xie C, Kjelleberg S, et al. (2014)
Biofilm development and enhanced stress resistance of a model, mixed-
species community biofilm. ISME J 8: 894-907.

3. Klemes JJ, Stehlik P, Worrell E (2010) Waste treatment to improve
recycling and minimise environmental impact. Resour Conserv Recycl
54:267-270.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

Brostow W, Lobland HH, Pal S, Singh RP (2009) Polymeric flocculants
for wastewater and industrial effluent treatment. J Mater Educ 31:
157-166.

Rosenberg E, DeLong EF, Thompson F, Lory S, Stackebrandt E (2013)
The prokaryotes: Applied bacteriology and biotechnology. Prokaryotes
Appl Bacteriol Biotechnol 9783642313:1-393.

Subramanian SB, Yan S, Tyagi RD, Surampalli RY (2010) Extracellular
Polymeric Substances (EPS) producing bacterial strains of municipal
wastewater  sludge:  Isolation, molecular identification, EPS
characterization and performance for sludge settling and dewatering.
Water Res 44: 2253-2266.

Tripathy T, de BR (2006) Flocculation: A new way to treat the waste
water.

Patil SV, Patil CD, Salunke BK, Salunkhe RB, Bathe GA, et al. (2011)
Studies on characterization of bioflocculant exopolysaccharide of
Azotobacter indicus and its potential for wastewater treatment. Appl
Biochem Biotechnol 163: 463-472.

Sun PF, Lin H, Wang G, Lu LL, Zhao YH (2015) Preparation of a new-
style composite containing a key bioflocculant produced by
Pseudomonas aeruginosa ZJU1 and its flocculating effect on harmful
algal blooms. J Hazard Mater 284: 215-221.

Zhou J, Zheng G, Zhang X, Zhou L (2014) Influences of extracellular
polymeric substances on the dewaterability of sewage sludge during
bioleaching. Plos One 9: €102688.

Wisniewska M, Chibowski S, Urban T (2016) Synthetic polyacrylamide
as a potential flocculent to remove commercial chromium (I1I) oxide from
aqueous suspension. Int J Environ Sci Technol 13: 679-690.
Vijayaraghavan G, Sivakumar T, Kumar AV (2011) Application of plant
based coagulants for waste water treatment. Int J Adv Engineer Res Stud
1: 88-92.

Subramaniam SB, Yan S, Tyagi RD, Surampalli RY (2007)
Characterization of Extracellular Polymeric Substances (EPS) extracted
from both sludge and pure bacterial strains isolated from wastewater
sludge for sludge dewatering. Wat Res 12: 1-7.

Subudhi S, Batta N, Pathak M, Bisht V, Devi A, 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.

Kurane R, Hatamochi K, Kakuno T, Kiyohara M, Kawaguchi K, et al.
(1994) Purification and characterization of lipid bioflocculant produced
by Rhodococcus erythropolis. Biosci Biotechnol Biochem 58:
1977-1982.

Guo J, Yang C, Zeng G (2013) Treatment of swine wastewater using
chemically modified zeolite and bioflocculant from activated sludge.
Bioresour Technol 143: 289-297.

Singha TK (2012) Microbial extracellular polymeric substances:
production, isolation and applications. IOSR J Pharm 2: 271-281.

Jiao Y, Cody GD, Harding AK, Wilmes P, Schrenk M, et al. (2010)
Characterization of extracellular polymeric substances from acidophilic
microbial biofilms. Appl Environ Microbi 76: 2916-2922.

Azizi S, Valipour A, Sithebe T (2013) Evaluation of different wastewater
treatment processes and development of a modified attached growth
bioreactor as a decentralized approach for small communities. Sci World
J2013.

Sombatsompop K, Visvanathan C, Aim RB (2006) Evaluation of
biofouling phenomenon in suspended and attached growth membrane
bioreactor systems. Desalination 201: 138-149.

Ruiz-Marin A, Mendoza-Espinosa LG, Stephenson T (2010) Growth and
nutrient removal in free and immobilized green algae in batch and semi-
continuous cultures treating real wastewater. Bioresour Technol 101:
58-64.

Achilli A, Marchand EA, Childress AE (2011) A performance evaluation
of three membrane bioreactor systems: Aerobic, anaerobic, and attached-
growth. Water Sci Technol 63: 2999-3005.

J Bioremediat Biodegrad, an open access journal
ISSN: 2155-6199

Volume 13 « Issue 9 « 1000516


https://ui.adsabs.harvard.edu/abs/2006ApEnM..72.3916B/abstract
https://ui.adsabs.harvard.edu/abs/2006ApEnM..72.3916B/abstract
https://ui.adsabs.harvard.edu/abs/2006ApEnM..72.3916B/abstract
https://www.nature.com/articles/ismej2013194
https://www.nature.com/articles/ismej2013194
https://www.sciencedirect.com/science/article/abs/pii/S0921344909002572
https://www.sciencedirect.com/science/article/abs/pii/S0921344909002572
https://d1wqtxts1xzle7.cloudfront.net/46316091/Polymeric_flocculants_for_wastewater_and20160607-28793-iospkq-with-cover-page-v2.pdf?Expires=1654328277&Signature=X8f~WlJ5laV~NLzY6rlyoADCE5eUQBZuDTohXsvZhJyDNRtqe1jDx1y5hrzMo8qIOMY~ocmOUlaydskN9nWY9oBWpiwu8uozH4tX~CTJBTg34A0rocR-sBDzv1R30lGuoBNYC9Ed9BYDq6EWLao616RgRkIHKOOAap7Sz1Muvylt7g~pBEnEVwIL56NqEnCR3Sk8DR44XRmVxvYlPCTkxKTda2rAq3enjYPaAbHMdFk2ORZ7-rulIoUY1rD64tqAEOg6naYORMwe-JMX8xUYASz32z0m3t0T9tJ1uENL46E7eC32yP9mijzdDlLOIFWX44~aX7-83G8Cm0XlXmR1NQ__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://d1wqtxts1xzle7.cloudfront.net/46316091/Polymeric_flocculants_for_wastewater_and20160607-28793-iospkq-with-cover-page-v2.pdf?Expires=1654328277&Signature=X8f~WlJ5laV~NLzY6rlyoADCE5eUQBZuDTohXsvZhJyDNRtqe1jDx1y5hrzMo8qIOMY~ocmOUlaydskN9nWY9oBWpiwu8uozH4tX~CTJBTg34A0rocR-sBDzv1R30lGuoBNYC9Ed9BYDq6EWLao616RgRkIHKOOAap7Sz1Muvylt7g~pBEnEVwIL56NqEnCR3Sk8DR44XRmVxvYlPCTkxKTda2rAq3enjYPaAbHMdFk2ORZ7-rulIoUY1rD64tqAEOg6naYORMwe-JMX8xUYASz32z0m3t0T9tJ1uENL46E7eC32yP9mijzdDlLOIFWX44~aX7-83G8Cm0XlXmR1NQ__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://link.springer.com/978-3-642-30120-9
https://www.sciencedirect.com/science/article/abs/pii/S0043135410000059
https://www.sciencedirect.com/science/article/abs/pii/S0043135410000059
https://www.sciencedirect.com/science/article/abs/pii/S0043135410000059
https://www.sciencedirect.com/science/article/abs/pii/S0043135410000059
http://inet.vidyasagar.ac.in:8080/jspui/handle/123456789/713
http://inet.vidyasagar.ac.in:8080/jspui/handle/123456789/713

Citation:

Ali N, Sharafat |, lkram S (2022) Characterization of Extracellular Polymeric Substances (EPS) Producing Bacteria Isolated from

Biofilms Developed on Different Support Materials in Attached Growth Batch Reactors. J Bioremediat Biodegrad 13: 516.

Page 8 of 8

23.

24.

25.

26.

27.

Yang L, Liu Y, Wu H, Heiby N, Molin S, et al. (2011) Current
understanding of multi-species biofilms. Int J Oral Sci 3: 74-81.

Donlan RM (2002) Biofilms: microbial life on surfaces. Emerg Infect
Dis 8: 881.

Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev
Microbiol 8: 623-633.

Pal A, Paul A (2008) Microbial extracellular polymeric substances:
central elements in heavy metal bioremediation. Indian J Microbiol 48:
49-64.

Sheng GP, Yu HQ, Li XY (2010) Extracellular polymeric substances
(EPS) of microbial aggregates in biological wastewater treatment
systems: a review. Biotechnol Adv 28: 882-894.

28.

29.

30.

Tourney J, Ngwenya BT (2014) The role of bacterial extracellular
polymeric substances in geomicrobiology. Chem Geol 386: 115-132.

extracellular polymeric substances (EPS) towards Cd, Cu and Pb for
different pH values. J Hazard Mater 151: 185-193.

Li XY, Yang SF (2007) Influence of loosely bound extracellular
polymeric substances (EPS) on the flocculation, sedimentation and
dewaterability of activated sludge. Water Res 41: 1022-1030.

J Bioremediat Biodegrad, an open access journal
ISSN: 2155-6199

Volume 13 « Issue 9 » 1000516





