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Abstract

Biological denitrification is the most promising alternative approach for the removal of nitrate from wastewater. MBBR
inoculated with activated sludge is a widely studied approach, but very few studies have focused on the bioaugmentation of
biofilm forming bacteria in MBBR. Our study revealed that the use of special microbial seed of biofilm forming denitrify-
ing bacteria Diaphorobacter sp. R4, Pannonibacter sp. V5, Thauera sp. V9, Pseudomonas sp.V11, and Thauera sp.V14 to
form biofilm on carriers enhanced nitrate removal performance of developed MBBR. Various process parameters C/N ratio
0.3, HRT 3 h at Nitrate loading 2400 mg L~!, Filling ratio 20%, operated with Pall ring carrier were optimized to achieve
highest nitrate removal. After 300 days of continuous operation results of whole genome metagenomic studies showed that
Thauera spp. were the most dominant and key contributor to the denitrification of nitrate containing wastewater and the
reactor was totally conditioned for denitrification. Overall, findings suggest that bench-scale MBBR developed with biofilm
forming denitrifying microbial seed accelerated the denitrification process; therefore in conclusion it is suggested as one of

the best suitable and effective approach for removal of nitrate from wastewater.

Keywords Denitrification - Moving bed biofilm reactor (MBBR) - Nitrate removal - Special microbial seed - Biofilm

forming bacteria - Bioaugmentation

Introduction

Nitrate is a widespread pollutant, which adversely affects
human health and the environment. Sources of nitrate con-
tamination in water include septic tank emissions, manure,
domestic wastewater, industrial sewage, and excessive use
of fertilizers (Qambrani et al. 2013). Excessive nitrate in
water may cause infant cyanosis syndrome or “blue baby
syndrome” due to methemoglobinemia (Skold et al. 2011),
cancer attributed to nitrosamines formation, and eutrophi-
cation in groundwater due to harmful algal bloom, fish
hypoxia, and toxin production (Camargo and Alonso 2006).
The heterotrophic denitrification process is one of the most

< Anuradha S. Nerurkar
anuner26 @yahoo.com

Department of Microbiology and Biotechnology Centre,
Faculty of Science, The Maharaja Sayajirao University
of Baroda, Vadodara, Gujarat 390002, India

Department of Civil Engineering, Faculty of Technology
and Engineering, The Maharaja Sayajirao University
of Baroda, Vadodara, Gujarat 390001, India

efficient, cost-effective, and environment-friendly process
for the removal of nitrate from wastewater (Ashok and Hait
2015). Biological denitrification is an anaerobic process
where denitrifying bacteria reduce nitrate to N,O or N,
in low dissolved oxygen aquatic environments (Suhr et al.
2013). In recent years, number of denitrifying bacteria such
as Corynebacterium pollutisoli SPH6 (Liu et al. 2018),
Pannonibacter phragmitetus (Bai et al. 2019), Paracoccus
denitrificans 2195 (Chakravarthy et al. 2011; Zhang et al.
2020), Pseudomonas sp. H117 (Su et al. 2020) and bioaug-
mentation of denitrifier with biofilm-formation and nitrogen
removal capacities (Hong et al. 2020) have been reported to
have potential applications in nitrate and nitrogen removal
from different wastewaters thus underlining the usefulness
of biological denitrification.

Biofilm reactors have replaced conventional activated
sludge processes (CAS) as they posses several advantages
like high biomass concentrations, good removal efficiency,
less space requirement, negligible sludge recycling, and upg-
radability from CAS to MBBR (@degaard 2006). MBBR is
highly effective biofilm reactor in which biofilm grows on
specially designed carriers that move freely in the reactor

@ Springer


http://orcid.org/0000-0002-6674-4032
http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-021-03035-0&domain=pdf

68 Page2of13

World Journal of Microbiology and Biotechnology (2021) 37:68

(@degaard 2006). It has also proven to be very suitable for
the removal of different pollutants from wastewaters (Leyva-
Diaz et al. 2017).

There are some practical problems for treating wastewater
in MBBR where the microorganisms are immobilized in bio-
films on the carrier matrix. MBBR is generally inoculated
with sludge rich in microorganisms from wastewater treat-
ment plants, to form the biofilm on the surface of the carri-
ers. However, it tends to often poor performance due to lack
of functional microorganisms, which can negatively affect
pollutant removal efficiency and overall reactor performance
capacity. Presence of biofilm forming bacteria only without
the requisite functional attribute may not effectively achieve
pollutant removal. Moreover, simply mixing of nonfunc-
tional biofilm-forming bacteria with degrading bacteria to
facilitate adherence to the matrix, may cause mutual growth
inhibition, slow biofilm development, complex operation
among other issues (Li et al. 2016).

The biofilm forming bacteria contribute through specific
surface molecules which play a significant role in the pro-
duction of multispecies biofilms in various environments.
Amyloid are surface associated proteins widely present in
natural biofilms and flocs of activated sludge (Larsen et al.
2007). Amyloid proteins are folded as f-sheet rich fibrils,
stacked perpendicular to the fibrillar axis (Chapman et al.
2002). They have been studied well in Streptomycetes, E.
coli, Salmonella species, fungi, etc. (Gebbink et al. 2005).
Since amyloids are the basis of biofilm structure of bacteria,
amyloid producing bacteria should form a stable biofilm. In
this perspective, the aim of the present study was to develop
a moving bed biofilm reactor with specially screened amy-
loid producing bacteria with denitrification ability. Detailed
performance analysis of this MBBR, optimization of differ-
ent factors affecting nitrate removal efficiency, and analy-
sis of community structure in the denitrifying MBBR after
long term operation were the studies undertaken. This work
should provide a promising prospect for the bioaugmenta-
tion of a specific consortium of biofilm forming denitrifying
bacteria in bench-scale MBBR for the treatment of nitrate
containing wastewater.

Materials and methods
Isolation of biofilm forming denitrifying bacteria

Isolation was carried out from activated sludge flocs col-
lected from three different sewage treatment plants. The sam-
ples were further inoculated in Winogradsky’s column for
enrichment of denitrifying bacteria with sodium acetate as
a carbon source and potassium nitrate as a nitrogen source.
After every three days, denitrifiers were enumerated by most
probable number (MPN) test in Peptone Nitrate broth (PNB)
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contained in a test tube with inverted Durham’s tube (0.5 g
Peptone, 0.3 g Beef extract, 1 g Potassium nitrate in 100 mL.
distilled water). The isolation of denitrifiers was carried out
on CPNA (Congo red peptone nitrate agar) medium (0.5 g
Peptone, 0.3 g Beef extract, 1 g Potassium nitrate, 2 g Agar,
0.005 g Congo red in 100 mL of distilled water).

Denitrification test

Qualitative denitrification test was carried out by inoculating
100 pL of a culture of the isolates in 5 mL of (PNB) with
Durham’s tube and incubated at 37 °C for 48 h in static con-
dition. Gas in Durham’s tube was considered a positive test.

Denitrification efficiency measurement

The isolates were grown in PNB for 18-24 h and centrifuged
at 8000 rpm for 7 min. The cell pellet was washed twice with
phosphate buffered saline (PBS) and resuspended in PBS
with absorbance set at 0.5 ODy,,- 1% of this was inocu-
lated in 100 mL of flask containing 50 mL MM2 medium
prepared from 0.2 g MgSO,-7H,0, 0.2 g K,HPO,, 0.05 g
FeSO,-7H,0, 0.02 g CaCl,-2H,0, 0.002 g MnCl,-4H,0,
0.001 g NaMoO,-2H,0, 1 g KNO;, 0.6% Sodium acetate,
0.5 g Yeast extract per liter of distilled water. Experimen-
tal flasks were incubated at 37 °C for 48 h in static condi-
tions, aliquots were drawn at 12 h intervals, and assayed for
Nitrate, Nitrite, and Ammonia (Srinandan et al. 2011).

Denitrification efficiency was calculated by the following
formula

[No;]In-[No;]Out

Denitrification Efficiency(%) = NoJ1
03|In

Microtiter plate assay for biofilm formation

For microtiter plate assay isolates were grown in PNB for
18-24 h and centrifuged at 8000 rpm for 7 min. The cell
pellet was washed twice with PBS and resuspended in PBS
with an absorbance of 0.5 ODgyp,,- 40 pL of cells were
inoculated in 24 wells microtiter plate with 1960 pL of MM2
medium. After 48 h of incubation, the wells were rinsed five
times with 1.5 mL of sterile PBS to remove any adhering
planktonic cells. The biofilm formed on the plate was then
stained with 1.5 mL of 1% crystal violet for 45 min, rinsed
five times with 1.5 mL of distilled water, and destained with
70% ethanol for 15 min. The absorbance of the decanted
solution was measured in Tecan (InfiniteM200pro) microti-
ter plate reader at 595 nm (Srinandan et al. 2010).
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Thioflavin T staining for amyloid production

Qualitative amyloid production by the selected isolates was
detected by the Thioflavin T staining method. The stock
solution was prepared by dissolving 32 mg of Thioflavin T
in 1 mL distilled water and the solution was stored in dark
at 4 °C. The working solution was freshly prepared by dilut-
ing the stock solution 1:2 and used immediately. The smears
were treated with Thioflavin T solution for 5 min in dark,
rinsed with distilled water, and air dried before observing
under an Olympus BX41 fluorescence microscope (Berg
et al. 2010).

Identification of selected isolates

Identification of isolates was carried out using the 16s rRNA
sequencing method with bacterial universal primers 8F
(AGAGTTTGATCCTGGCTCAG) and 1492R (GGTTAC
CTTGTTACGACTT). The gene sequences of isolates were
compared to those in the GenBank database using the Basic
Local Alignment Search Tool (BLAST).

Inoculum preparation for continuous MBBR studies

A special bacterial seed consortium was developed by grow-
ing all the selected isolates in PNB for 24 h. The absorbance
of 0.5 ODgyonm Was set and 400 pL of each isolates were
pooled to make 2 mL final volume. The cell pellet obtained
after centrifugation at 8000 rpm for 7 min was washed twice
with PBS and resuspended in the same volume of PBS. 1 mL
of this suspension of the consortium was then added in the
100 mL of MM?2 medium and incubated at 37 °C under the
static condition for 24 h to be used as inoculum.

Bench-scale denitrifying MBBR developed
with special microbial seed

A schematic representation of the denitrifying MBBR used
in this study is shown in Fig. 1. The reactor was constructed
from the polyacrylic material of 45 cm in height and 16 cm
in width with a working volume of 10 L. A submersible
pump fixed at the center of the reactor facilitated the move-
ment of the carrier inside the reactor. Synthetic effluent
(MM2 medium) was continuously fed from the inlet tank
to the reactor with the peristaltic pump (Masterflex®). pH
8, D0O-0.1-0.8 mg L', and turbidity was 15-350 NTU was
maintained throughout in the operation of MBBR.100 mL
inoculum prepared as mentioned in previous section was
added in the 10 L reactor containing carriers upon which
the biofilm was allowed to form for 10 days. For continuous
reactor studies, synthetic effluent was continuously fed from
the inlet tank into the reactor with the peristaltic pump and
treated effluent was collected in the outlet tank and assayed
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Fig.1 Schematic sketch of 10 L bench-scale denitrifying MBBR

for nitrate, nitrite, ammonia, pH, turbidity, biomass, and DO.
Various operational parameters to gauge the performance of
MBBR were optimized such as (C/N) ratio (the amount of
available carbon source consumed to the amount of nitro-
gen compounds reduced), HRT (time spent by the influent
inside the reactor), Nitrate loading (concentration of influent
nitrate), Different carrier designs (Pall ring, Kaldnes K1, and
Fluidized biomedia) and Filling ratio (amount of carriers
added in the reactor in %).

Analytical methods

Nitrate, Nitrite, Ammonia, COD estimation methods were
performed according to APHA 1998. DO was measured
using a DO probe (Thermo Scientific) and the turbidity
was checked using a Turbidity meter (Hanna instruments).
Quantification of biomass on the carriers was carried out
by drying carrier material at 105 °C for 1 h. Biomass was
scraped from carrier material and the dry weight of biomass
was measured.

Analysis of biofilm composition

Biomass adhered to carriers collected from four locations
in the reactor were scraped off and EPS extracted using the
cation exchange resin (CER) method. 30 mL of EPS was
centrifuged (8000 rpm, 15 min, 4 °C). The extracted biomass
was washed twice with PBS (pH ~7.0) and resuspended to
a volume of 30 mL with CER (70 g g~! dry cells). Centri-
fuge tubes were shaken at 250 rpm for 2 h at 4 °C and then
kept static for 5 min to settle the CER. Then, the suspen-
sions were centrifuged (10,000xg, 15 min, 4 °C) and filtered
using a 0.45 pm acetate filter membrane. Finally, the EPS
was obtained and stored at — 20 °C until analysis (Hong
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et al. 2020). Carbohydrate was estimated by Phenol sulfu-
ric method (Masuko et al. 2005), Protein by Folin Lowry
method (Chen 1996), and Lipid by Phosphovanillin method
(Frings et al. 1972).

Microbial community analysis of biofilm developed
in optimized MBBR

After 300 days of continuous reactor operation, gDNA was
extracted using the CTAB method from three biofilm sam-
ples of twelve carriers each collected from different loca-
tions in the reactor (Andreou 2013). It was further puri-
fied by using a Geneipure quick PCR purification kit. The
whole-genome metagenome sequencing was outsourced
to MEDGENOME Bangalore, India. Libraries were pre-
pared using NEBNext and sequencing was done by using
Illumina HiSeq X system to generate 2X150 bp sequence
reads. Around 7-9 Gb data was generated for all the sam-
ples. Further, de novo metagenome assembly was carried
out using metaspades assembler (v3.11.1) and Open reading
frame (ORF) prediction was done using Prodigal (v2.6.3).
Organism’s abundance was predicted up to species level
by using the Kraken2 tool. Kegg-Kaas was used to predict
genes involved in different metabolic pathways.

Results

Isolation, screening, and identification of biofilm
forming denitrifying bacteria for the development
of special microbial seed

Isolation of amyloid producing denitrifying bacteria carried
out from activated sludge sample yielded 33 morphologi-
cally different isolates on CPNA plates. Congo red dye has
been used to distinguish amyloid and non amyloid producing
bacteria as the former exhibit red colonies when grown on
agar plates containing Congo red. Congo red specifically
binds to the B-sheets of the amyloid proteins imparting red
color to the colonies. Out of 33 isolates obtained on CPNA,
24 isolates also showed gas production in PNB indicating
that they possessed denitrification activity. Further screening
of the isolates based on their denitrification efficiency, lack
of nitrite accumulation, and biofilm formation revealed that
out of 24 isolates 9 isolates showed denitrification efficiency
above 80%; 12 isolates showed good biofilm forming ability
(Supplementary Fig. 1b, c) out of which 5 isolates showed
denitrification efficiency above 80%, good biofilm form-
ing ability, and also did not show nitrite accumulation. Gas
accumulated by bacteria can be nitrous oxide, nitric oxide,
and nitrogen all of which are the products of denitrification
pathway (Gamble et al. 1977). Accumulation of nitrite by
the isolates was checked because it is even more toxic than
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nitrate due to the formation of carcinogenic N-nitroso com-
pounds (Skold et al. 2011).

Finally, a consortium of the five selected isolates R4, V5,
V9, V11, and V14 showing high denitrification efficiency,
biofilm forming ability coupled with no nitrite accumulation
termed here as special seed consortium was used in the oper-
ation of the MBBR for optimization studies. Identification
of the selected R4, V5, V9, V11, and V14 isolates in two
separate analysis showed 99%, 99%, 100%, 100%, and 99%
sequence similarity with Diaphorobacter sp., Pannonibacter
sp., Thauera sp., Pseudomonas sp., and Thauera sp., respec-
tively and its sequences were deposited in the GenBank data-
base with the accession number MN880203, MN880207,
MN880204, MN880206, and MN880205, respectively. Fur-
ther, confirmation of amyloid production by the selected iso-
lates was carried out by Thioflavin T staining. It is the most
widely used “gold standard” for selectively staining and
identifying amyloid produced by the bacteria. The amyloid
proteins produced by the bacteria extracellularly coat the
cell surface and take up Thioflavin and display green fluo-
rescence all over the bacterial cell. All the five isolates were
stained fluorescent green by Thioflavin T thereby confirming
production of extracellular amyloid protein.

Denitrification efficiency measurement

Flask level studies depicted in Fig. 2a showed that Diapho-
robacter sp. R4, Pannonibacter sp. V5, Thauera sp.V9,
Pseudomonas sp.V11 and Thauera sp.V14 gave, 78%, 80%
64%, 100% and 95.5% nitrate removal, respectively. On
the other hand, the consortium of all the isolates showed
complete nitrate reduction at initial nitrate concentration
of 200 mg L' from 10 h onwards. Individually isolates
Diaphorobacter sp. R4, Pannonibacter sp. V5 and Pseu-
domonas sp.V11 showed nitrite accumulation between 12
and 48 h, which decreased after 48 h while the Thauera
sp.V9, Thauera sp.V14 and consortium, showed no nitrite
accumulation from the beginning itself (Fig. 2b). No ammo-
nia was detected in the flask. All the isolates showed syner-
gistic effect and cooperated to give enhanced nitrate removal
efficiency and no nitrite accumulation, which clearly showed
that there is a distinct advantage in using the bacterial seed
consortium.

Denitrification studies in continuous denitrifying
MBBR developed with special microbial seed

MBBR performance at different C/N ratio

In heterotrophic denitrification process acetate has been
one of the most widely used external carbon source that
was found to increase denitrification rate in compari-
son to methanol and glucose (Gong et al. 2013). In the
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Fig. 2 Flask level denitrification a
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continuous reactor studies, here too acetate was used as a
carbon source. As seen in Fig. 3a at different C/N ratios
0.7, 0.4 and 0.3 nitrate removal was above 95% with an
initial nitrate concentration of 620 mg L~'. However, COD
was above permissible range (i.e. 250 mg L™!) at C/N ratio
0.7, whereas C/N ratio 0.4, 0.3, 0.2 showed 96%, 100% and
78% nitrate removal, respectively and COD below per-
missible range (Fig. 3a). Thus, overall results of Fig. 3a
revealed that higher C/N ratio of 0.7 increased COD con-
centration in wastewater and can cause secondary pollu-
tion in wastewater; on the other hand, lower C/N ratio of
0.2 decreased nitrate removal efficiency. Hence, 0.3 C/N
ratio was selected for further studies as the reactor run at
this ratio was able to remove 100% of nitrate (620 mg L")
at the same time reducing the COD below permissible
range (i.e.250 mg L™1).

MBBR performance at different HRT

Appropriate Hydraulic retention time (HRT), the length
of time that nitrate remains in the bioreactor is impor-
tant for the removal of nitrate. The data shown in Fig. 3b
indicates that at HRT 8, 6 and 3 h nitrate removal was
100% with initial nitrate loading of 620 mg L~! keeping
the COD below permissible range. This means that at
HRT 8, 6, and 3 h wastewater had sufficient contact time
with the bacteria in the reactor to achieve complete nitrate
reduction. Whereas at 2 h HRT nitrate removal efficiency
decreased from 100 to 70%, as the contact time was insuf-
ficient to achieve complete nitrate removal. Here, HRT 3 h
is the short time with maximum nitrate removal efficiency.
Increasing HRT above 3 h did not influence the nitrate
removal. Hence, 3 h was selected as an optimum HRT for
the special seed.
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MBBR performance at different nitrate loading

The nitrate concentrations in wastewater tend to fluctuate
widely even in the same wastewater. Considering this the
effect of input nitrate content was studied by increasing the
initial nitrate concentration in synthetic wastewater from
620 to 2400 mg L~! in different individual runs. As shown
in Fig. 3c the denitrification efficiency in the MBBR was
100%, 92.25%, 93.02%, 80.43%, 72.23%, 70.45% at 620,
744,930, 1116, 1500 and 2400 mg L' of NO;™ concentra-
tion accompanied every time by COD reduction below per-
missible range i.e. 250 mg L™!. An overall result as shown in
Fig. 3a—c suggests that the special microbial seed was able
to reduce nitrate up to 2400 mg L' at optimized C/N ratio
0.3 and HRT of 3 h.

MBBR performance with carriers with different designs

Three different types of carrier designs were checked having
surface area, 275 m*m?> (Pall ring), 500 m%*/m? (Kaldnes
K1), and 400 m*/m? (Fluidized biomedia). As shown in
Fig. 3d and e Pall ring carriers showed the highest nitrate
removal efficiency from 620 to 2400 mg L~! nitrate con-
centration and COD reduction below permissible range,
while the biomass quantified from Pall ring, Kaldnes K1,
and Fluidized biomedia was 35, 11.6, and 12 mg/carrier,
respectively. Maximum biomass was developed on Pall ring
carriers. Low biomass content on the carriers with Kaldnes
K1 and Fluidized biomedia must have been possibly due to
shedding of biomass upon collision of carriers with each
other as the shape of carriers supported more biomass on
the outer surface of the carriers. In EPS component analysis
proteins were found to be most abundantly present in the
biofilms obtained from all the carriers. Here, Pall ring car-
riers contain highest EPS components.

@ Springer



68 Page6of13

World Journal of Microbiology and Biotechnology (2021) 37:68

Fig.3 MBBR performance at
different a C/N ratio, b HRT, ¢
Nitrate loading (n=3), d Nitrate
removal (n=3) (P<0.05)
studies with Pall ring, Kaldnes
K1 and Fluidized biomedia
carriers, € COD removal (n=23)
(P> 0.05) studies with Pall

ring, Kaldnes K1 and Fluidized
biomedia carriers, f Nitrate
removal (n=3) (P <0.05)
studies at 20%, 30% and 40%

of filling ratio, g COD removal
(n=3) (P>0.05) studies at 20%,
30% and 40% of filling ratio
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MBBR performance at different filling ratio

Filling fraction of carrier is also one of the key factor for
performance of MBBR. The filling fractions should be
below 70% for the carriers to move freely in the reactor
(Ddegaard 2006). As represented in Fig. 3f and g, at 20%
filling ratio highest denitrification nitrate removal efficiency
was achieved in the MBBR. However, filling ratio did not
influence COD reduction (Fig. 3g). As filling ratio increased
from 20 to 40% denitrification efficiency was decreased and
concomitantly biomass on the carrier material too decreased
from 35 to 12 mg/carrier, respectively. It was also observed
that 20% filling ratio allowed proper circulation of the car-
riers and uniform biofilm formation, while at 30% and 40%
filling ratio biofilm development was scanty.

Studies on kinetics of denitrification in MBBR

Modified Stover-Kincannon model was applied to experi-
mental results from the continuously operated MBBR for
removal of nitrate from synthetic effluent and kinetic con-
stants denitrification were determined (Derakhshan et al.
2018). Figure 4a indicates the relationship between pre-
dicted and observed effluent nitrate concentration in devel-
oped MBBR. There is a linear relationship between observed
and predicted effluent nitrate concentrations with R?=0.981

regression coefficient indicating that kinetic constants can
be used in predicting effluent nitrate concentration of devel-
oped MBBR. Figure 4b illustrates the results of plotting the
model graph i.e., inverse of specific substrate removal rate
Q (Si-Se)/V versus inverse of total loading rate QSi/V for
different nitrate loading. The kinetic constants KB and Umax
can be estimated as 17.10 mg L™".day and 20.54 mg L~".day,
respectively from Fig. 4b. Experimental data was applied
at high correlation (R? of 0.96) to the model (Fig. 4b). This
suggests that optimized MBBR was efficient for nitrate
removal.

Comparative study between suspended reactor
and MBBR developed with special microbial seed

Comparative nitrate removal studies between optimized
MBBR developed with special microbial seed consortium
and suspended reactor system in the same reactor showed
that the MBBR yielded higher nitrate removal than sus-
pended reactor (Fig. 5a and b).

Microbial community analysis of biofilm developed
in optimized denitrifying MBBR

Whole genome metagenomic approach followed here gave
a comprehensive characterization of microbial taxa, and
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dicted, b Observed model - R 2=0.9814
< 2000 =
=) £
£ 3 0.2
T 15004 -
g ° - D >
< »
3 v
é 1000 . F ol
g
o 5001 S
0 . T T v ) 0.0 : T !
0 500 1000 1500 2000 2500 0.0 0.1 0.2 0.3
S, predicted(mg/L) VIQSi,L.d/img
Fig.5 Comparative study a Nitrate concentration(ppm) b Nitrate concentration(ppm)
between suspended reactor 620 | 744 1930 | 1500 | 2400 | 620 | 744 1930 | 1500 | 2400
and MBBR. a Nitrate removal 100 {—o—0—a- - - - 100 - -
(n=3) (P<0.05), b COD ; :
removal (n=3) (P>0.05) < 801 . 904 :
5 60+ S 804
o
g :
o 40- 2 704
® [a]
= (o]
Z 20 © 50-
0 !
T T T 50 T T T
0 5 L L 0 5 10 15
Days

-o- Biofilm reactor
-# Suspended reactor

Days
-o~ Biofilm reactor

-# Suspended reactor

@ Springer



68 Page8of13

World Journal of Microbiology and Biotechnology (2021) 37:68

metabolic pathways present in the microhabitat, which facili-
tated an opportunity to understand the function of MBBR in
the present case. As depicted in Fig. 6a, Proteobacteria was
the most abundant phylum in all the three biofilm samples
collected from different locations of the MBBR. Results of
this study were consistent with the cited literature where
MBBR developed with activated sludge had Proteobacteria
as the dominant phylum (Guo et al. 2019). Further, at genera
and species level Thauera and Thauera humireducens and
Thauera sp. MZ1T was the most abundant in all biofilm
samples (Fig. 6b and c). Among the five members of the
consortium used as seed Thauera spp. were found to be most
dominant and functionally efficient in long term operated
MBBR.

Principle component analysis (PCA) of data revealed that
at phylum level Cyanobacteria, Chloroflexi, Bacteroidetes,
Verrucomicrobia, Firmicutes are positively correlated with
each other (Fig. 6d). At genera level Pseudomonas, Thau-
era, Azoarcus positively correlated with each other and
negatively with Paracoccus (Fig. 6e). Also, all the Thauera
species are positively correlated with each other at species
level (Fig. 6f). Detailed studies of genes involved in nitro-
gen metabolism as shown in Fig. 6g demonstrates that all
the genes involved in denitrification process are positively
correlated with each other, and highly abundant in the reac-
tor implying that the potential for denitrification was well
developed in the denitrifying MBBR. A relative abundance
of genes involved in energy, carbohydrate, nitrogen, lipid
metabolic pathways indicate that the functional capabilities
were widespread in biofilms developed in MBBR (P> 0.05)
(Fig. 6h).

Fig.6 Microbial community
analysis of continuous MBBR
after 300 days. a Abundance of
different phylum in biofilm, b
Abundance of different genera
in biofilm, ¢ Abundance of
different species in biofilm, d
Correlation between different
Phylum by PCA, e Correlation
between different genera by
PCA, f Correlation between
different species by PCA, g
Correlation between differ-

ent genes involved in nitrogen c
metabolism pathways by PCA,
h Circos depicting distribution
of carbon, nitrogen and energy
metabolism pathways present in
biofilms of MBBR
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Discussion

Due to lack of functional microorganisms, MBBR often
showed poor performance and decreased pollutant removal
efficiency. Li et al. (2013) suggested immobilization of
specific pollutant degrading bacteria and biofilm based
technology as the key to achieve proficient degradation in
a bioaugmentation system. Hence, to develop cost effec-
tive and environmental friendly strategy a consortium of
biofilm forming denitrifying bacteria was prepared for
inoculation as a special microbial seed in MBBR. Amy-
loid producing bacteria possess the ability to form biofilm
where these fibrous proteins are associated with functional
biofilm. Also, amyloid producing bacteria are abundantly
found in sludge flocs of effluent treatment plants (Larsen
et al. 2007). Thus to obtain good biofilm forming bacte-
ria, isolation of amyloid producing bacteria was carried
out from different activated sludge samples on CPNA.
Total five isolates were selected for their high denitrifica-
tion efficiency, biofilm forming ability, amyloid produc-
tion ability, lack of nitrite accumulation, and identified as
Diaphorobacter sp. R4, Pannonibacter sp. V5, Thauera
sp.V9, Pseudomonas sp.V11, and Thauera sp.V14. All the
selected isolates namely, Diaphorobacter sp. (Chakravar-
thy et al. 2011), Pseudomonas stutzeri NL5a (Srinandan
et al. 2011), Thauera sp. FDN-01 (Lu et al. 2019), Pan-
nonibacter sp. (Bai et al. 2019) are known denitrifiers.
The stable coexistence of different species within a sin-
gle microbial consortium is a prerequisite for the construc-
tion of a microbial consortium (Qian et al. 2020). Here,
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Fig.6 (continued)
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consortium of the selected five isolates showed synergistic
effect to each other and showed highest nitrate removal and
no nitrite accumulation which is the important attribute
for the development of the special seed. Consortium of
Pseudomonas sp. KW1 and Bacillus sp. YW4 (Rajaku-
mar et al. 2008), Pseudomonas stutzeri and Pseudomonas
putida (Cyplik et al. 2013), Nitrosomonas europaea and
Paracoccus denitrificans (Uemoto & Saiki 2000), pure
cultures of Pseudogulbenkiania 2002 and Thiobacillus
denitrificans (Kiskira et al. 2017) have been reported for
nitrate and nitrogen removal from wastewater, suggesting
that mixed cultures or consortia are highly effective in
efficient removal of nitrate from wastewater.

Process parameters required for efficient nitrate and COD
removal optimized in continuous bench scale MBBR showed
that the organic carbon source plays an important role in
the biological denitrification process as it acts as electron
donor while nitrate acts as electron acceptor. However, low
C/N ratio limits the electron supply for reductive half-reac-
tions and thereby leading to accumulation of denitrification
intermediates (NO,~, NO, and N,O), which is harmful to
the environment and human health. On the contrary, use
of excess electron donor results in wastage of expensive
electron source and increases the effluent COD (Mohan
et al. 2016). Therefore in the present study 0.3 C/N ratio
was selected for the reason that it did not cause secondary
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contamination in synthetic effluent as well as showed com-
plete denitrification. At 3 h HRT developed MBBR showed
highest (100%) nitrate removal efficiency (at initial loading
of 620 mg L~ nitrate concentration) within shortest HRT
(3 h) compared to other reports in the literature that required
more time to remove nitrate such as MBBR developed with
Pseudomonas sp. SZF15 reported HRT of 11.96 h for
removal of 47.64 mg L™ nitrate with 79.78% removal effi-
ciency (Su et al. 2016). It also suggests that short HRT con-
dition can also effectively remove nitrate from wastewater.

Results obtained in this study also showed highest nitrate
removal than other reports published previously by specific
microorganisms such as Brevundimonas diminuta MTCC,
Pseudomonas butanovora, Pseudomonas sp. SZF15 in
MBBR (Kavitha et al. 2009; Kesseru et al. 2003; Su et al.
2016) as cited in Table 1. In MBBR surface area, size, and
shape of carriers have a profound effect on the biofilm
formed on it. Biofilm is the key parameter of MBBR per-
formance (@degaard 2006). Here, pall ring carriers have
more surface area inside the carriers, which prevented the
biofilm biomass from sloughing off. On the contrary fluid-
ized carriers and Kaldnes K1 carriers have more area on
the outer surface, which facilitated sloughing off during
collision between carriers, as a result causing reduction in
overall biomass associated with the carriers. Moreover, a
higher filling ratio of pall ring carriers in the MBBR showed
reduction in nitrate removal due to the insufficient area for
circulation of the carriers, which renders the biofilm to be
formed easily and increases particle—particle collision, and
enhance the shear stress on the biofilm (Wang et al. 2005).
Zhang et al. (2016a, b) have also reported that at a 20% fill-
ing ratio sponge carrier achieved maximum biomass amount
per gram of sponge.

In the present study, compared to suspended reactor
biofilm reactor developed with special microbial seed
showed better performance due to biomass accumula-
tion and retention thereby giving higher reaction rate was
observed, which is also reported by Nicolella et al. (2000).
Biomass washout in suspended reactor is also a strong

Table 1 Nitrate removal studies in different types of bioreactors

reason why its performance was poorer than the MBBR.
The results here are similar to Falas et al. (2012) and
Mazioti et al. (2015) who also demonstrated that biomass
in moving bed biofilm carriers have a higher pollutant
removal capacity potential than biomass in the suspended
reactor system.

Long term performance of the developed MBBR dem-
onstrates that the conditions prevalent in the developed
MBBR were most suitable for Thauera spp. In literature
too, it has been reported that Thauera sp. played an impor-
tant role in anaerobic/anoxic/oxic reactor (Zhao et al.
2018) and denitrifying biofilter (Cui et al. 2017). This
result emphasizes that Thauera spp. are playing key role in
MBBR. Consequently, Thauera has emerged as an impor-
tant genus in the investigation of metabolic versatility and
remediation of environmental pollutants (Liu et al. 2013).
Results of PCA revealed that addition of special microbial
seed promoted the functionally active denitrifiers which
were responsible for directly increasing the nitrate removal
efficiency of the reactor system. The high abundances of
genes encoding nitrate reduction and denitrification dem-
onstrated high nitrogen metabolism potential of the deni-
trifying MBBR. Moreover, genes involved in reduction of
nitrite to ammonium (nirA), nitric oxide reductase gene
(norc) that are part of aerobic pathway were negatively
correlated with genes involved in denitrification, which
means that anoxic conditions were maintained in the
reactor and ammonia release was absent. Overall, stud-
ies suggested that inoculation of special microbial seed of
denitrifying bacterial could maintain the highly functional
microorganisms in the reactor and consequently make the
MBBR system more efficient for the treatment of nitrate
containing wastewater. This study also suggested that spe-
cial microbial seed of biofilm forming denitrifying bac-
teria can be used as effective strategy for bioremediation
of nitrate containing wastewater as inoculation of special
seeds increased the population of functional bacteria in
the MBBR.

Reactor type Concentration NO;™~ Nitrate removal (%) References
(mg L™
1 Continuous-flow stirred reactor with zeo- 443 99 (Foglar and Gasparac 2013)
lite as biomass support material
Anaerobic baffled reactor 1000 82 (Barber and Stuckey 2000)
3 Continuous stirred tank 600 99.3 (Islas-Lima et al. 2004)
reactor
4 Up-flow stirred packed-bed 50 95-99 (Garcia-Martinez et al. 2017)
reactor
5 Solid phase denitrification in reactor 65.25 99.23 (Zhang et al. 2016a, b)
MBBR 620-2400 100-70 respectively This study
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Conclusion

Biofilm forming denitrifying microbial seed of Diapho-
robacter sp. R4, Pannonibacter sp. V5, Thauera sp. V9,
Pseudomonas sp.V11, and Thauera sp.V14 accelerated
denitrification of synthetic nitrate containing wastewater.
0.3 C/N ratio, 3 h HRT at 2400 mg L~! Nitrate loading,
20% filling ratio in the MBBR operated with Pall ring
carrier in continuously mode for 300 days gave the high-
est nitrate removal clearly showing that bioaugmenta-
tion combined with optimization of process parameter
appreciably enhanced the reactor performance. Notably,
whole genome metagenomic studies showed that Thau-
era spp. and Pseudomonas sp. flourished in the reactor
after 300 days of operation; three out of five consortium
members belonged to these two genera. The reactor was
dominated by Thauera spp. genes involved in different
metabolic pathways and denitrification was abundantly
present in the developed biofilm indicating that the reac-
tor was conditioned completely for denitrification. This
study gave an effective suggestion that bioaugmentation
of special bacterial seed comprising functional bacteria to
MBBR made the system more efficient for denitrification
of nitrate containing wastewater.
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