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The increasing amount of sewage has become a serious concern globally,

demanding sustainable solutions. The constructed wetland system (CWS) can

be installed at thewastewater discharge site and properly screened bio-purifiers

can be used for efficient wastewater treatment. Filter-feeding zooplankton

have the potential to graze on bacteria and reduce biological oxygen demand.

However, higher suspended particles choke the zooplankton filtering

appendages. An integrated application of zooplankton and macrophytes can

solve the problems by reducing contaminants and providing the surface area for

zooplankton to take refuge. Using three different approaches: (a) screening of

natural bio-purifiers through time series study, (b) assessment of sewage

treatment potential of screened bio-purifiers in the CWS and, (c) evaluation

of the growth potential of screened bio-purifiers in untreated wastewater, this

study explored the combined use of macrophyte and zooplankton in the CWS.

The 3-year time series study in the vicinity of the wastewater discharge area

recorded the zooplankton, Brachionus angularis and Moina macrocopa as

highly indicative zooplankton. The top two highly indicative macrophytes are

Typha and Phragmites. Under laboratory conditions, the population growth

rates of B. angularis and M. macrocopa were significantly higher in wastewater

without any external nutrient source than those in control with algae as a food

source. The integrated application of zooplankton (B. angularis and M.

macrocopa) macrophytes (Typha and Phragmites) in CWS yielded upto 56%

reduction in the total bacterial count and upto 92% reduction in BOD alongwith

substantial increase in the DO level. The present results strongly suggested the

use of CWS planted with macrophytes and inoculated by zooplankton. The

usefulness of this system is further supported by the natural occurrence of

selected species, as it is easy tomaintain, has low installation cost, and excellent

efficiency in treating wastewater. As both the zooplankton species are preferred

live feed for rearing of fish larvae, the present results suggested the use of

zooplankton and macrophytes for treatment of wastewater, reduction of

sludge, and harvest of live feeds for the aquaculture industry to augment

circularity and promote decentralized wastewater treatment.
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Graphical Abstract

1 Introduction

In recent years, rapid urbanization has led to the large-scale

generation of untreated or partially treated wastewater.

Increasing unplanned urbanization, coupled with modern

lifestyles is estimated to escalate the water demand to 55%–

60% (IUCN, 2013) by 2050 for the 10 billion projected

population. Wastewater from various sources has been

reported to be contaminated by multiple pollutants such as

nutrients (Van Puijenbroek et al., 2019), pathogens (Vermeulen

et al., 2015; Hofstra and Vermeulen, 2016) from human excretion,

plastics (Avio et al., 2017; Boucher and Friot, 2017; Lebreton et al.,

2017; Schmidt et al., 2017; Siegfried et al., 2017), and chemicals

from personal care products (Diamond and Cohen, 2018; Van

Wijnen et al., 2019). Clean drinking water and sanitation are not

available to billions of people, particularly in rural areas. According

to the UN report, only one-third of the world’s population has

access to clean drinking water, and more than 673 million people

defecate in the open (United Nations Sustainable Development

Goal, 2020). According to the UN Sustainable Development Goal

Report (United Nation, 2019)more than one-third of the nations in

Northern Africa, Western, Central, and Southern Asia are suffering

frommedium to highwater stress. In India, only about a third of the

sewage produced each day can be treated (CPCB, 2021). The

sustained inflow of untreated or partially treated sewage to river

systems has led to the contamination of Ganga water with

pathogens and nutrients. The large volume of untreated sewage

is amajor threat to the availability of cleanwater in different parts of

the globe and is also expected to pollute the coastal and river water

(Damania et al., 2019), and impede the progress toward the

accomplishment of Sustainable Development Goal 6 (SDG, clean

water for all), 11 (sustainable cities), and 14 (life below water). So,

the increasing amount of sewage has become a serious concern

throughout the world, demanding sustainable solutions.

The conventional treatment methods are not often

appropriate because of the high startup, operational, and

maintenance expenses, and requirements for human personnel

(Capodaglio, 2017; Oladoja, 2017). The conventional sewage

treatment method is also known for higher energy

consumption and sludge production, which significantly

increases on-site and off-site greenhouse gas emissions. This

method uses mixed bacterial cultures with suspended or attached

growth in activated sludge systems, trickling filters, membranes,

or moving bed biofilm reactors (Koutsou et al., 2018). Recent

public health and economic problems have been exacerbated by

the COVID-19 epidemic. So, larger scale scientific efforts have

been directed toward the development of alternative cost-

effective processes that utilize various macrophytes,

zooplankton, phytoplankton, bacterial biofilm, or fungi in

domestic or industrial wastewater treatment. These processes

aimed to achieve desirable performance, fixation of CO2, and

biomass production that could have multiple utility. By
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considering these and other relevant aspects, natural remedial

approaches that are low-cost, easy to use, and based on natural

ecological roles can help to lessen these problems (Langergraber

and Muellegger, 2005). The biota is the best indicator of

ecological changes since it gives insights into the real

biological impact of the change (Zhou et al., 2008). Biological

treatment can be a sustainable solution for the treatment of

wastewater using natural bio-purifiers that are adapted to the

local environmental conditions and that are self-replicative in the

treatment system. So, for biological treatment it is important to

search for proper bio-purifiers that are evolutionarily adapted to

wastewater conditions, proven to be bio indicators of pollution,

and originate from the same locality.

Zooplankton have been shown to thrive in wastewater. A

study reported a total of 22 zooplankton species in the

contaminated municipal wastewater ponds (Adhikari et al.,

2017). Filter-feeding zooplankton can remove pollutants

from wastewater (Ebert, 2005), utilize pathogen bacteria as

a food source (Kumar and Rao, 1999; Kumar, 2003), and kill

disease vectors (Kumar and Rao, 2003; Kumar and Hwang,

2008). However, many environmental factors influence and

govern the spatial and seasonal growth and succession of

zooplankton, including the environmental variables such as

DO, nutrients, pH, and TDS (Jafari et al., 2011). Freshwater

zooplankton are often considered a bioindicator of water

pollution and trophic health, being an essential biological

component that serves as a bio-purifier of wastewater

(Parmar et al., 2016). It is relevant to explore the

possibility of using these pollution-tolerant species in

wastewater treatment systems. Such nature-based methods

of wastewater treatment require the use of wetlands, lagoons,

ponds, and other aerobic treatment systems (Stottmeister

et al., 2003; Matamoros et al., 2012; Hunter et al., 2019;

Zhang et al., 2019; Zraunig et al., 2019).

Zooplankton, particularly Cladocera and Rotifera, can

operate as natural biofilters, as changes in aquatic ecosystems

are highly susceptible to changes in zooplankton populations.

Environmental disruptions can be seen in changes in species

composition, abundance, and distribution of body size (US EPA,

2021). Organic matter ammonia, ammonium and nitrite, and

metals are among the pollutants that affect zooplankton (Schlüter

and Groeneweg, 1985; Lyu et al., 2013; Serra et al., 2014;

Okamoto et al., 2015). Nevertheless, zooplankton are not able

to survive and proliferate in case of severely polluted raw sewage.

It is possible to overcome this problem by combining

zooplankton with microbe biofilms and/or macrophytes, as

zooplankton are filter feeders and have limited access to

microorganisms adhered to the reactor’s or plant’s surface

(Langis et al., 1988). Contributed by high tolerance to

contaminants, capability of purification, easy management,

and high productivity, macrophytes are considered an

appropriate candidate for phytoremediation in natural

treatment systems. Although macrophytes have efficiency to

improve treatment potential of a constructed wetland,

selection of plant species for natural treatment to reclaim

sewage water is a major challenge that needs proper attention.

The success and sustainability of the biological treatment

system would depend upon the survival probability and

adaptability of bio-purifiers in a wastewater environment.

In general, zooplankton are the first heterotrophic

compartment that could respond to the change in the

contamination level, bacterial community, and other

anthropogenic pressures. The evaluation of their growth

and prediction of the trend in the wastewater systems

are necessary, and this can make sure of a

reasonable decision in the CWS phytoremediation

engineering projects.

Bacterivorous and particulate-feeding zooplankton are

recognized to play a vital role in enhancing the efficacy of

wastewater treatment processes (Kampf et al., 2007). For water

ecotoxicology tests, Brachionidae rotifers andMoinidae cladocerans

are commonly utilized. (Harmon and Wiley, 2010; Hader and

Erzinger, 2017). It is also possible to use these species in

wastewater treatment methods because they are filter feeder

organisms that consume algae and other organic waste particles,

including protists and bacteria (Kumar, 2003; Gliwicz andWrzosek,

2008; Kumar and Hwang, 2008). Previous studies have shown that

daphnid cladocerans can remove small suspended particles of

particle size smaller than 30 mm (Pau et al., 2013), as well as

lower pathogenic bacterial burdens such as E. coli and other

coliforms (Shiny et al., 2005; Serra et al., 2014; Burnet et al.,

2017). These findings suggest prospecting of wastewater adapted

zooplankton for biofilter (removal of suspended solid material) and

disinfectant (removal of bacterial load) in wastewater.

Previous studies on another cladoceran zooplankton,

Daphnia spp. have suggested that after optimization of the

process, it is possible to use Daphnia spp. in the treatment of

tertiary wastewater (Matamoros et al., 2012; Serra et al.,

2014; Maceda-Veiga et al., 2015; Serra and Colomer, 2016;

Müller et al., 2018). Despite this, these zooplankton enable to

remove nitrogen or phosphorus compounds and are

vulnerable to a variety of other pollutants such as high

organic matter, heavy metal load, ammonia, ammonium,

and nitrite (Lyu et al., 2013; Okamoto et al., 2015; Serra et al.,

2019). So, the presence of suitable macrophytes in the CWS is

likely to complement the removal process. A combination of

suitable macrophytes that can reduce the nutrient content

and selected zooplankton populations may overcome this

challenge. To determine whether macrophytes and

zooplankton can be integrated in a constructed wetland

for wastewater treatment, this study uses (i) time series

data from the affected portion of the Ganges River, (ii)

laboratory-scale experiments to study population

dynamics of screened zooplankton species in wastewater,

and (iii) an integrated application of macrophytes and

zooplankton in the CWS.
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FIGURE 1
Map showing sites of time series study, constructed wetland system (CWS) and floodplain between Anatghat and Kalighat for monitoring of
macrophytes.
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2 Materials and methods

In order to optimize the efficiency of natural bio-purifiers, the

present study adopted three different approaches, namely, (i)

screening of Gangetic bio-purifiers through a time series study of

zooplankton, macrophytes, and water quality parameters in the

wastewater discharge region, (ii) survival probability and

population dynamics of screened bio-purifiers (which are also

considered as a live feed in the aquaculture industry) in

wastewater, and (iii) evaluation of the treatment potential of

the screened Gangetic bio-purifiers in the constructed wetland at

the wastewater discharge site.

2.1 Time series study: Screening of
Gangetic biofilters for wastewater
treatment

For the selection of potent, ecologically viable, locally

adapted, and naturally occurring bio-purifiers, we conducted

3 years’ time series study of prokaryotic and eukaryotic

microbes (zooplankton) at the sewage discharge site in the

River Ganges, from June 2016 to March 2019 and 7 months’

time series study of macrophyte community from November

2018 to May 2019 in the vicinity of the mouth of the sewage

drain.

2.2 Experimental site

The study was conducted at the southern bank of the River

Ganga, referred as Kalighat (25.61983°N and 85.15867°E) in

Patna, Bihar, India. The sampling site was selected based on

the wastewater discharge site (Figure 1). A ~10 km long sewage

canal originating from Digha, Patna, passing beside the southern

bank of River Ganga empties its content at the western

(downstream) side of the Kalighat (25.61983°N and

85.15867°E). This is mix wastewater channel of both domestic

and biomedical wastes. Four major drains (Table 1) from

different parts of the Patna city merge with this sewage canal

before emptying the sewage into the River Ganges at Kalighat

(CPCB, 2018). The exact sampling point was located at ~10 m

downstream of the mouth of the discharge channel.

Selected water parameters (Supplementary Table S1), Chl a,

bacterial concentration (CFU and coliform), and zooplankton

community were analyzed at each sampling during 36 sampling

events, whereas the macrophyte community was analyzed during

seven sampling cruises from November 2018 to May 2019 from

the sewage affected areas in the vicinity between Antaghat and

Kalighat (Figure 1).

2.3 Water quality analyses

Surface water samples were collected in cleaned acid-washed

polyethylene bottles. During each sampling, we measured water

temperature, pH, and electrical conductivity (EC) on-site, and

the samples were transported to the laboratory for the estimation

of dissolved oxygen (DO), biological oxygen demand (BOD5),

phosphate, nitrate, and Chl a. Winkler’s method was followed for

measuring DO. The dissolved macro-nutrients (nitrate and

phosphate) were estimated using a spectrophotometer

(PerkinElmer UV/VIS Spectrometer Lambda 25).

2.4 Analyses of prokaryotic microbes

All glassware and culture media used for analyses were

autoclaved at 121°C, 15 lbs pressure for 15 min. The standard

plate count method was used for the enumeration of bacterial

community (Aneja, 2007). Isolation of bacterial strains from

water samples was performed on nutrient agar media using the

serial dilution plate technique. Serial dilutions in the range of

10–1, 10–2, 10–3, 10–4, 10–5, and 10–6 were carried out. Total

bacterial density in terms of colony forming unit (CFU ml−1)

was counted after 24 ± 1.5 h incubation at 37°C. After incubation,

the colonies representing different morphologies were picked up

and further sub-cultured in the same medium to get pure isolates

and were stored at 4°C for further studies. For sequencing and

characterization (phylogenetic analysis), the bacterial strains

with 50%–70% occurrence were isolated and cultured

(Böttger, 1989; Aneja, 2007).

TABLE 1 Major drains that merge with the wastewater canal which empties the sewage into the River Ganga at Kalighat.

Sl. No. Drain Pre-monsoon flow
(MLD)

Post-monsoon flow
(MLD)

Pollution source Reference

1 Kurji 98.77 64.8 Mixed CPCB, (2018)

2 Rajapur 178.69 155.52 Domestic

3 Bansh Ghat 160.31 143.04 Domestic

4 Antaghat/Collectriate Ghat 30.33 34.56 Domestic

MLD-million liter per day.
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2.5 Total coliform analysis

The TC concentration in wastewater was determined by

technique described by Aneja (2007), using multiple

fermentation tubes. This technique involved three steps as

follows:

2.5.1 Presumptive test
MacConkey broth Purple, a widely used differential medium

for the determination of coliforms in water samples, was used.

Tests were conducted in sets—the Ist set consisted of three

double-strength test tubes while the remaining two sets

consisted of six single-strength test tubes containing sterilized

MacConkey broth and inverted Durham tubes. Inoculating the

test tubes with 10, 1, and 0.1 ml of wastewater, respectively, we

incubated them at 37°C and observed them after 24 and 48 h of

the incubation period. Production of acid and gas in Durham

tubes was indicative of positive for coliform in the

presumptive test.

2.5.2 Confirmatory test
Furthermore, an eosin methylene blue (EMB) agar plate was

used to eliminate false positives from other heterotrophic

organisms. We incubated EMB agar plates for 24 ± 1.5 h at

37°C after streaking with a loopful from each test tube that was

found to be positive in the presumptive test.

2.5.3 Completed test
MacConkey broth tubes and nutrient agar slants were

prepared and inoculated with distinct colonies obtained on

EMB agar plates. The production of acid and gas production

was observed after incubation for 24 h at 37°C similar to the

presumptive test. Last, gram-staining of isolates on agar slants

was performed following the standard technique (Aneja,

2007).

2.6 Zooplankton sampling

Zooplankton samples were collected in five replicates using a

nitex plankton net (mesh size of 53 μm) and preserved in 4% (w/

v) buffered formalin in a glass bottle (vol 100 ml) immediately

after collection. In the laboratory, zooplankton samples were

segregated and identified under a compound microscope

(Olympus CX21) using standard keys (Michael and Sharma,

1988; Edmondson, 1992; Sharma, 1992; Dumont, 1994;

Fernando, 2002 and other revisional references). The numbers

per liter of each genus were quantified and calculated using the

following formula:

N � A × C

L

where N denotes the number of plankton per liter, “A” is the

average number of plankton in all counts in a counting cell of

1 mm3 capacity, “C” is the volume of original concentrate in

ml, and “L” is the volume of total water filtered, expressed in

liter.

FIGURE 2
1.2% Agarose gel showing single 1500 bp of 16S rDNA
amplicon. Lane 1: 100bp DNA ladder; Lane 2: 16S rDNA amplicon..
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2.7 Macrophyte identification and
screening

The screening of macrophytes was based on dominant

species and high phytoremediation capacity among dominant

species. The stretch of approximately 1.5 km from Antaghat to

Kalighat, Patna, Bihar, was sampled monthly from November

2018 to May 2019 by randomly placing a quadrate (5 m × 5 m)

along the drain. This area is subjected to anthropogenic activities

such as discharge of untreated sewage, agriculture practice,

construction work, and grazing for cattle. Standard

identification keys Cook (1996), Biswas et al. (2013), Fassett

(2006), and Subramanyam (1962) were used for identification.

2.8 Sequencing and phylogenetic analysis
of the most abundant bacterial strain

The most dominant bacterial strain occurring in maximum

samples was isolated and cultured for further characterization.

DNA isolation of bacterial strain KG1 was performed and the

DNA quality was examined on 1.2% agarose gel. A total of 16S

rRNA-specific primers (8F and 1492R) were used for the

amplification of isolated DNA using a Verity® 96-Well Thermal

Cycler (model number 9902) (Böttger, 1989). The PCR process

yields a single discrete amplicon band of 1,500 bp (Figure 2). The

PCR product was further purified enzymatically before being

subjected to Sanger sequencing. On the ABI 3730xl Genetic

Analyzer, a bi-directional DNA sequencing reaction of PCR

product was performed by M13F and M13R primers using the

BDT v3.1 Cycle sequencing kit. Using aligner software, a consensus

sequence of 1,484 bp of 16S rRNAwas generated from forward and

reverse sequence data (Harmsen, 2004). The generated raw

sequence data were submitted to NCBI (National Center for

Biotechnology Information), a public repository under the

accession number–ON844181 (https://www.ncbi.nlm.nih.gov/

nuccore/ON844181.1/).

2.8.1 Bioinformatics and data processing
The relationship between the isolated strain and the other

10 species based on similarity was analyzed using phylogenetic

trees based on evolutionary distance data of 16S rRNA gene

sequences. The neighbor-joining method was used to analyze the

evolutionary history of the species (Saitou and Nei, 1987).

Furthermore, evolutionary distances between the species were

calculated using the maximum likelihood method following

Tamura et al. (2004) and were represented in units of the

number of base substitutions per site. The coding positions

involved were first + second + third + non-coding. Pairwise

deletion was performed for each sequence pair to remove all the

ambiguous positions in the analysis. A total of 1,575 positions

were present in the final dataset. Mega X software was used for

the phylogenetic analysis (Kumar et al., 2018).

2.9 Population growth of the zooplankton
species, screened for the CWS

The two species of zooplankton: Cladocera–M.

macrocopa and Rotifera–B. angularis, were frequently

recorded in the time series study. These two species were

isolated from the zooplankton samples collected at Kalighat.

Cultures were developed following the methods by Kumar

and Hwang (2008). The organisms were isolated in a glass

cavity block with a 10 ml medium including Chlorella vulgaris

as food. The culture medium was changed daily. As the

number of M. macrocopa. and B. angularis increased, they

were transferred to a larger volume of medium containing

natural water that was progressively changed to tap water. To

elucidate the survival and population growth potential of M.

macrocopa and B. angularis in wastewater, the population

growth rate was followed. The required number of neonates

was obtained from the ovigerous females, which were

acclimatized to the wastewater for 2 days prior to the

experiment. The experimental design consisted of triplicate

sets (n = 3) of control and treatments. Each experimental

beaker contained 100 ml medium with C. vulgaris,

concentrated from the mass culture and resuspended to

obtain 2.5 × 106 cells/mL in a 150 ml beaker containing

100 ml of solution in control and each treatment with

wastewater. In each control and treatment beaker,

20 neonate individuals (age<8 h) of both B. angularis and

M. macrocopa were introduced. At 24 ± 1.5 h intervals, the

total number of live individuals was enumerated and

transferred to a fresh medium containing 100 ml of

wastewater and placed at 25 ± 2°C temperature. Daily

observations were continued till asymptote was observed

in the population growth. The population growth rate (r)

was calculated from the exponential phase of population

growth using the equation.

r � lnNt − ln N0

t

where N0 is the initial population density and Nt is population

density after time t.Where the population growth curve showed

crests and troughs, we used an average of r values calculated using

different intervals of time for 8–12 days during which the stable

age distribution was assumed to have been attained.

2.10 Evaluation of bactericidal potential of
M. macrocopa and B. angularis

To estimate the bactericidal potential ofM.macrocopa and B.

angularis in the wastewater, the heterotrophic plate count (HPC)

and total coliform count (TCC) using the most probable number

(MPN) in control and treatments were performed at 24 ± 1.5 h

intervals following the protocol prescribed in APHA (2012).
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2.11 Application of screened zooplankton
and macrophytes in the constructed
wetland system

The CW was built near the Antaghat sewage drain

(latitude 37°30N and longitude 127°30E). In the present

study, CW (Figure 3) was developed as a free water surface

system, in which the surface of the water, flowing through the

system is exposed to the atmosphere (Tousignant et al., 1999).

Table 2 explains the morphometric details, structural

components, their dimension, and purpose of various

structures of CWS. The Antaghat sewage drain discharged

approximately 30 MLD of sewage water per day and was used

as an influent for the CW, composed of domestic wastewater

FIGURE 3
Photograph of CWS, (A) Photograph of CWS, showing inlet, outlet and stages during plantation; (B) schematic presentation of media in
treatment bed and Morphometric details with ridges and riverbed pebbles used at Antaghat wastewater discharge site at the southern bank of the
River Ganges at Patna, Bihar.

Frontiers in Environmental Science frontiersin.org08

Prakash et al. 10.3389/fenvs.2022.941841

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.941841


and urban runoff. This CWS consisted of an oxidation tank of

236ft3, a treatment tank of 75 ft3, and finally the constructed

wetland with six ridge–furrows in an area of 7 ft × 15 ft

(Figure 3).

Each pair of ridges contains river pebbles of different sizes

(diameters 1″, 2″, and 3″). The furrows were planted with Typha,
Phragmites, and Cyperus spp. To simulate riverbeds, riverbed

pebbles were placed into the treatment tank. To create turbulence

for the mixing of atmospheric oxygen with the sewage water, the

loose stone barrier was constructed between the oxidation and

treatment tanks. Structural details and operational parameters

are described in Table 2.

To maintain a constant flow of sewage, a steel-made

cylindrical regulator (mouth diameter–4 ft) was installed and

connected with a 9” PVC pipe to adjust the inlet valve. The flow

rate was measured using a flow meter (Model FP111; Global

water a xylem brand).

From March 2020, sewage effluent at Antaghat sewage

drainage was percolated through CWS maintaining 0.28 to

0.80 MLD flow rates. Retention times varied from 24 to 50 h.

Influent and effluent water samples were collected from CWS

every day and analyzed.

The selected macrophytes—Typha, Phragmites, and

Cyperus were collected from the surrounding area and

were planted in the furrow beds. The macrophytes were

allowed to establish themselves in the CW after the ridge,

groove, and beds were filled with sewage water up to 10 cm

above the bottom. After 15 days of plantation, an inoculum

of B. angularis and M. macrocopa from laboratory culture

was applied in the treatment tank. Finally, after 2 months of

plantation, the CWS was made operational and raw

wastewater was passed through the CWS by regulating

the sewage flow.

2.12 Statistical analyses

To elicit the strength of association between pollution

parameters (BOD, bacterial count, and nutrient level) and

species occurrence, a correlation matrix was computed using

Pearson’s product–moment correlation. All the time series

data for 36 sampling events were subjected to Bray–Curtis

similarity analysis. The species abundance data were square-

root transformed to obtain the symmetric normal

TABLE 2 Main characteristics and operation parameters of the CWS.

Component Size Purpose

Oxidation tank 236 ft3 Primarily treatment and storage of sewage water

Treatment tank with riverbed
pebbles

75 ft3 Settle down of sewage sludge

Six ridge–furrow Each (7 × 1 × 1 ft) river pebble size (dia. 1″, 2″,
and 3″)

River pebble used for the microbial growth and plantation of macrophytes within
furrows

Six gabion wall (loose stone barrier) 4 × 3 × 2 feet To create turbulence for mixing of atmospheric oxygen

Net capacity 10,000 L of sewage water

Retention time 24–50 hrs

TABLE 3 Average values of selected parameters analyzed at the time series site and wastewater discharge point (Antaghat).

Parameter Water quality of
wastewater at the
TS site

Water quality of
wastewater discharge point
(Antaghat)

pH 6.8–9.9 7.1–7.4

EC (µSCm�1) 230–707 530–780

TDS (mgL�1) 120–598 344–630

Alkalinity (mgL�1) 29–91 160–280

Chloride (mgL−1) 21–61 52–77

Nitrate (mgL�1) 1.5–6 2–13.6

Phosphate (mgL�1) 0.005–0.48 0.14–1.72

DO (mgL�1) 4.1–7.7 0

BOD (mgL�1) 0.9–3.8 79–90
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distribution for constructing the Bray–Curtis similarity

matrix with average linkage group classification (Field

et al., 1982). Using indicator species analysis (Dufrêne and

Legendre, 1997; Nesemann et al., 2017), highly indicative

species were identified for the cluster recording heavy

pollution load.

For analysis of macrophyte occurrence, the ecological

indices, namely, (i) relative frequency (RF), (ii) relative

dominance (RD), (iii) relative abundance (RA), and (iv)

important value index (IVI) were calculated (Dash et al., 2020).

IVI � RF + RD + RA.

A genus can have a maximum importance value of 300

(100 + 100 + 100). This method provides an idea of how

common a species is in a certain area, as well as how

widespread it is within that area (Ghosh and Biswas, 2015).

FIGURE 4
Results of time series study for screening of biopurifiers (A)Hierarchical dendrogram of 36 samples identified by the Bray Curtis cluster analysis
for water quality parameters; (B) Relative abundance and occurrence frequency of 14 highly abundant zooplankton species, collected at time series
study site (Kalighat) in the River Ganges during June 2016 to March 2019 in the vicinity of the sewage drain mouth.

FIGURE 5
Molecular Phylogenetic tree of KG1 strain (A) Fictibacillus phosphorivoranswith ten other bacterial strain and (B)most dominant bacterial strain
Fictibacillus phosphorivorans isolated from time series study site in the River Ganges at Patna, Bihar.
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To identify significant differences in population growth rates

ofM. macrocopa and B. angularis between wastewater treatment

and control, the rates of population increase (r) were subjected to

one-way ANOVA. Prior to the ANOVA test, the population

growth rate data were arc sin transformed to reduce

heteroscedasticity. All the data analyses were carried out using

Microsoft excel and PRIMER-VI.

3 Results

3.1 Time series study: Hydrographic
parameters

Table 3 provides average values of water quality

parameters estimated at the time series (TS) station and the

values estimated for the wastewater at the mouth of the sewage

drain, discharged into the River Ganga at Antaghat, Patna.

The total dissolved solids varied from 120 to 598 mgL−1 at the

TS station, whereas it showed from 344 to 507 mgL−1 values in

the wastewater. The dissolved oxygen (DO) concentration was

never detected from the wastewater, which ranged from 4.1 to

7.7 mg L−1 at the TS station. BOD values varied from 79 to

90 mgL−1 in the wastewater before discharge which was found

to be in the range of 0.9–3.8 mg L−1 at the TS station. The

cluster analyses for hydrographic parameters (Figure 4A)

segregated samples on the basis of bacterial and total

coliform concentrations. The samples recording higher

bacterial and coliform concentrations were grouped

together (mainly from August to December post-monsoon

samples) and segregated at the first hierarchical level. The

samples with higher BOD values also join this cluster at a 40%

similarity level. The top two highly indicative zooplankton

species for this cluster are Brachionidae rotifers and Moinidae

cladocerans.

3.2 Bacteriological analyses

The total bacterial density CFU ml−1 varied from 7.8 to

4,000 × 103 CFU ml−1 and the total coliform concentration

varied from 2,600 to 86,000 MPNml−100 from June 2016 to

March 2019. The estimated fecal coliform counts at the TS

station were above the acceptable level of 500 and the

maximum permissible limit of 2,500 MPN (most probable

number) per 100 ml (CPCB, 2017). In general, post-monsoon

(August to December samples) recorded higher bacterial and

coliform counts.

The most abundant strain frequently recorded from the

wastewater discharge site was characterized as Fictibacillus

phosphorivorans on the basis of 16S rRNA gene sequencing.

3.3 Characterization of highly abundant
bacterial strain

The KG1 strain analysis involved a total of 11 nucleotides

including query sequences with codon positions including

first+second+third + non-coding. The phylogenetic tree with

the sum of branch length = 0.7658 is illustrated in Figure 5.

FIGURE 6
Percent composition of Rotifera, Cladocera and Copepoda with total coliform and bacterial density recorded during June 2016 to March 2019
in the vicinity of the sewage drain mouth at Kalighat Patna.
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TABLE 4 Pairwise multiple correlations using Pearson correlations (R) among zooplankton major groups (Rotifera, Copepoda, and Cladocera), with
biotic (bacterial density CFU, total coliform, and Chl a) and abiotic parameters (pH, EC, temperature, BOD, DO, TDS, chloride, alkalinity, nitrate,
and phosphate). *p < 0.1, **p < 0.05, and ***p < 0.01.

Rotifera Cladocera Copepoda Nauplii Total
abundance

TC MPN
ml�1⁰⁰

BD
CFUml�1

Chl a
mgL�1

Chl b
mgL�1

Rotifera 1

Cladocera 0.9*** 1

Copepoda 0.7*** 0.8*** 1

Nauplii 0.8*** 0.9*** 0.9*** 1

Total
abundance

0.9*** 0.9*** 0.8*** 0.8*** 1

TC MPN ml�1⁰⁰ −0.3 −0.2 −0.1 −0.1 −0.2 1

BD CFUml�1 −0.4* −0.4* −0.1 −0.2 −0.4 0.9*** 1

Chl a mgL�1 −0.2 −0.1 0.1 0.02 −0.2 0.6*** 0.6*** 1

Chl-b mgL�1 −0.2 −0.1 0.1 0.06 −0.1 0.6*** 0.5** 0.9*** 1

Temp °C −0.3 −0.3 −0.06 −0.1 −0.3 0.5** 0.7*** 0.1 0.07

pH 0.1 0.1 0.2 0.2 0.1 −0.4* −0.3 −0.3 −0.2

EC µSCm�1 −0.1 −0.2 −0.3 −0.4 −0.1 0.4* 0.2 0.3 0.2

TDS mgL�1 0.2 0.2 0.02 0.01 0.2 0.2 −0.02 0.3 0.3

Alkalinity mgL�1 0.4* 0.2 −0.09 0.05 0.3 −0.1 −0.3 −0.2 −0.2

Chloride mgL� −0.08 −0.17 −0.2 −0.2 −0.1 0.3 0.2 −0.03 −0.09

Nitrate mgL�1 −0.5** −0.5** −0.08 −0.2 −0.5** 0.5** 0.6*** 0.6*** 0.6***

Phosphate mgL�1 −0.1 −0.1 0.1 0.1 −0.10 −0.4* −0.3 −0.1 −0.1

DO mgL�1 0.2 0.2 0.04 0.1 0.2 −0.9*** −0.8*** −0.4 −0.4*

BOD mgL�1 0.1 0.1 −0.03 0.02 0.1 −0.8*** −0.7*** −0.3 −0.3

FIGURE 7
Macrophytes with mean Importance Value Index (IVI) recorded at wastewater affected floodplain between Antaghat and Kalighat during Nov
2018 to May 2019.
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The majority of the branches contained 10 reference/type

strains corresponding to named species (Bacillus cucumis,

Bacillus niacin, Bacillus macauensis, Bacillus megaterium,

Bacillus tianshenii, Bacillus cohnii, Bacillus thuringiensis,

Bacillus cereus, Anoxybacillus caldiproteolyticus, and

Salirhabdus euzebyi strains) that are located in different

branches but are genotypically related. On the basis of the

sequence similarity score, the present strain KG1 (Fictibacillus

phosphorivorans), is separated on 93% of similarity from

Fictibacillus macauensis, Bacillus niacin, and Bacillus

cucumis strains (Figure 5).

3.4 Zooplankton community

Integrating all the 36 samples, 31 taxa of zooplankton were

identified from the TS station. Rotifera dominated the

zooplankton community followed by Cladocera and

Copepoda. The bloom period of rotifers coincided with a

lower coliform count (Figure 6) followed by higher copepod

concentrations. The most abundant taxa occurring in maximum

samples were B. angularis among Rotifera and M. macrocopa

among Cladocera (Figure 4B).

3.5 Association of zooplankton with
environmental parameters

Table 4 records pairwise multiple correlations among abiotic

and biotic parameters analyzed for the TS station. Dissolved

oxygen also correlated negatively with bacteria CFU (R = −0.86;

P = 0.0001) and total coliform (Table 4: R = −0.93; P = 0.0001).

Rotifer zooplankton correlated negatively with the nitrate level

(R = −0.56; P= 0.02) and bacterial (CFU) concentrations

(R = −0.48; P= 0.03). Cladocera (mainly M. macrocopa)

recorded a significant negative correlation with bacteria CFU

(R = -0.40; Table 4).

3.6 Macrophyte community analysis

We recorded 24 genera of macrophytes between the Antaghat

and Kalighat floodplain, affected by the sewage canal near the

discharge site (Figure 7). The top 10 macrophyte species (Table 5)

showing higher IVI values are known for their phytoremediation

properties. Based on important value index values, we identified

dominant macrophyte taxa. The top three dominant genera,

namely, Typha, Phragmites, and Cyperus were selected for the

present study in the constructed wetland.

3.7 Population growth of screened
zooplankton in wastewater

Both the zooplankton species realized their higher

population growth potential in sewage water without any

external nutrient source (Figures 8A,B). In the case of smaller

rotifer, B. angularis, the population growth followed an

increasing trend with an average growth rate (r-value) of

0.26 as compared to control (autoclave tap water with C.

vulgaris as food) with a r-value of 0.23. After day 11, an

exponential increase in the population of B. angularis was

TABLE 5 Dominant macrophytes species found in the study area and their mean Important Value Index (IVI) with their potential for phytoremediation
properties.

Sl.
No

Macrophytes
species

Mean IVI in
study
area

Remediation potential Reference

1 Xanthium sp. 58.75 Dye removal, metal accumulation Khamparia and Jaspal 2017; Khalid
et al., 2019

2 Rumax sp. 49.00 Landfill leachate waste water Lacatusu et al., 2012; Sharma et al.,
2021

3 Phragmites sp. 30.82 N, P, BOD, COD, and metal tolerance Kataki et al. (2021)

4 Cyperus sp. 20.85 BOD, COD, TSS, ammonia, enteric bacteria, and Cu and Zn Hamad, (2020)

5 Ipomeia sp. 16.28 Dye removal, metal accumulation Jha et al., 2016; Sinha et al., 2010

6 Eichhornia sp. 15.79 Metal accumulation, BOD5, TN, NH4-N, and TP removal Gaballah et al. (2021)

7 Parthinium sp. 15.10 Dye removal Mulugeta and Lelisa (2014)

8 Persicaria sp. 13.28 N and P, accumulation; lead and nickel metals, phenol compound Zheng et al., 2013;
Moteraghi, and Payandeh, 2021;
Wang et al. (2014)

9 Typha sp. 12.01 High BOD, COD, ammonia, and metal accumulation Hamad, 2020; Kumari and Tripathi,
(2015)

10 Ranunculus sp. 10.55 NH4-N removal, remove nutrient pollutants and reduce algal bloom,
phytostabilization of metals (mainly Mn)

Zuo et al., 2014; Farahat et al., 2018
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observed in wastewater treatment (Figure 8A). The population

growth of cladoceran, M. macrocopa showed a peak at sixth day

in wastewater medium with a maximum population size of

36 with the average r-value of 0.154 in the observational

period. B. angularis showed a higher population growth rate

and faster development than M. macrocopa in the wastewater

medium. The present results suggest that both the species can be

harvested from the constructed wetlands for larval culture in the

aquaculture industry.

In the treatment with B. angularis, 8% reduction in the HPC

and 22% reduction in the MPN count was recorded from the

control (Figures 9A,B), whereas in M. macrocopa treatment,

HPC and MPN count decreased, respectively, by 28 and 21%

(Figures 9C,D).

3.8 Constructed wetland system

The constructed wetland with the integrated application of

zooplankton, namely B. angularis and M. macrocopa, and

macrophytes, namely Typha sp., Phragmites sp., and Cyperus

sp. yielded up to 92% reduction in BOD (Figure 10A) and up to

56% reduction in the total bacterial counts (Figure 10B) with a

substantial increase in DO (Figure 10C) from the undetectable level.

Further population growth rates of B. angularis and M.

macrocopa were significantly higher in the wastewater system

and higher biomass was obtained from the treatment pond. Both

the zooplankton species are preferred live food for the rearing of

fish larvae.

4 Discussion

Water, being the elixir of life and a vehicle of sustainable

development, is the foundation of various ecosystem services

(UNEP, 2009). The use of water resources and subsequent

discharge by humans degrade the service provided by the lotic

and lentic ecosystems. Unplanned and unregulated discharges of

untreated or partially treated sewage and industrial effluents

combined with agricultural runoff have been degrading the

FIGURE 8
Population growth trajectories of (A) B. angularis and (B) M. macrocopa in wastewater and in control with C. vulgaris as food.
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quality of all sources of water around the world (Noguera-Oviedo

and Aga, 2016). The data presented in this study convincingly

point to the ecological way of treating the wastewater and

recycling of nutrients that are converted to biomass, useful for

the aquaculture industry. Recycled resources from waste are

likely to reduce the cost of treatment, and can also be a smart

option for disposal. The natural ecological approaches for

treatment before the discharge of wastewater and harvest of

biota for industrial applications are the viable solutions for low-

cost treatment of sewage, reclamation of nutrients from it, and

protection of river ecosystems from sewage-mediated

degradation. The use of wastewater for irrigation, aquaculture,

and other agricultural activities is an age-old practice in many

parts of India and Africa. In these regions, contaminated water is

often the only source of water for agriculture. In small-scale

farming systems, wastewater is often preferred because of the

high content of nutrients, which often eliminates the need for

other expensive fertilizers (UNICEF-WHO, 2017). However, the

recycling of wastewater in aquaculture and agriculture might be a

key risk to the community health, ecology, soil, and groundwater

contamination because of chemical and microbial contaminants.

The present study has used naturally occurring plant genera:

Typha, Phragmites, and Cyperus spp. These plants have been used

in phytoremediation to treat different types of wastewaters. They

have a high potential to bioaccumulate various nutrients, heavy

metals, and micropollutants (Table 5). These macrophytes have

limited ability to reduce the bacterial load from the wastewater

and might attract insect vectors and spread vector-borne disease

(Kumar and Hwang, 2006). Several constraints of constructed

wetlands such as unpredictability of biomass production, higher

land requirement, creation of habitat for insect (mosquito) pests,

and sensitivity to pathogenic bacteria can be solved by using

proper species such as macrophytes, adapted to local conditions

and bacterivorous zooplankton such as Brachionus and Moina

used in the present study and other larvicidal zooplankton as

copepods (Kumar et al., 2008). As a result, the use of integrated

wastewater systems with biological filters appears to be a viable

future wastewater treatment option. Bacteria, fungi, algae,

protozoa, gastropods, and zooplankton all use macrophytes as

a shelter (US EPA, 2021). These naturally occurring organisms,

which live within and outside plant parts or in water, contribute

to the elimination of pollutants (Ijaz et al., 2016). Some

zooplankton species are able to utilize bacteria as food source

and regulate bacterial density in the natural system (Kumar and

Hwang, 2008) whereas many species of copepod zooplankton are

larvivorous, and being used in operational vector control

programs in many counties (Kocher et al., 2018; Ranathunge

et al., 2019; Nunes-Silva et al., 2020). They are able to control

mosquito immatures even in the presence of alternative food

sources (Kumar and Rao, 2003; Kumar and Hwang, 2006; Kumar

FIGURE 9
Bactericidal potential of Gangetic biofilters in wastewater. B. angularis driven bacterial population decline in (A) HPC & (B) TCC.M. macrocopa
driven bacterial population decline in (C) HPC and (D) TCC. (HPC, Heterotrophic Plate count; TCC, Total Coliform Count).
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et al., 2008). According to a recent study, a single biological

treatment does not reduce effluent loads sufficiently (Wang et al.,

2018), but integrated wastewater treatment systems with

biological filters perform better. The use of particular

microbes in association with specific macrophytes in

constructed wetlands is a relatively new method of improving

the system’s pollutant removal effectiveness (Keizer-Vlek et al.,

2014; Ladislas et al., 2015). The population growth patterns

recorded in this study for B. angularis and M. macrocopa

under the controlled laboratory condition exclusively on

resources from the wastewater strongly suggest the use of

these zooplankton species along with macrophytes in the

constructed wetlands to improve the treatment potential.

In constructed wetlands, BOD removal can be attributed to

decomposing microorganisms, primarily by aerobic bacteria

clinging to pebbles and plant roots and the physical and

biological processes of sedimentation in the ridge-furrow

region. With respect to the initial result and subsequent

FIGURE 10
Purification potential of CWS (A) Biological Oxygen Demand (BOD) concentration in the inlet and outlet site, and percentage reduction in BOD
at outlet of CWS, (B) Total bacterial count in the inlet and outlet site of the CWS and percentage reduction in bacterial density at outlet of CWS; and
(C) Dissolve Oxygen concentration in the inlet and outlet.
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improvement in BOD removal (i.e., <92%), the performance of

the present CWS seems promising and can be put for an

operational treatment program after optimization. Unlike in

the present case, several authors have setup gravel-based

subsurface-flow systems (Ansola et al., 1995; Naylor et al.,

2003; Brix and Arias, 2005) where the performance in terms

of organic pollutant removal was better in planted beds as

compared to similar unplanted beds. As in the present case,

macrophytes provide a suitable habitat for various

microorganisms in the rhizosphere that play an essential role

in reducing organic matter in several types of wastewater.

The use of particular zooplankton species in association with

specific macrophytes in the constructed wetland is a relatively new

method of improving the system’s pollutant removal efficiency

(Keizer-Vlek et al., 2014; Ladislas et al., 2015). Natural wetlands

and lagoons necessitate a large area of land andmight be challenging

to maintain year-round discharge standards (Massoud et al., 2009;

Young et al., 2017; Lutterbeck et al., 2018). However, a constructed

wetland (CW) requires less area and can incorporate macrophytes

and zooplankton efficiently, so it can be a preferred biological

treatment system. CW can be installed at wastewater discharge

sites and duly screened bio-purifiers can be used as a starter

inoculum of bio-purifiers for the efficient functioning of the CW.

Depending on the volume of wastewater, niche requirements of

chosen bio-purifiers, and availability of land area, appropriate types

of wetlands can be constructed.

The use of resources from wastewater adopting an ecological

approach and treatment of wastewater prior to discharge or reuse

would reduce the health and ecosystem risk. CWS technologies

using indigenous plants to remove contaminants and using

plankton to remove suspended particles and pathogens in the

water column have potential to minimize the risk, treat the

wastewater, control flood, and provide food and fiber through

agriculture, aquaculture with an added opportunity to develop

the landscape for compensation of the natural landscape

transferred toward developmental activities (Hua, 2003). The

CWS, when compared to other types of water treatment facilities,

has lower maintenance costs, contains natural elements (bacteria

and plants) and uses renewable energy sources (solar and kinetic)

instead of high-tech methods, and has the ability to process high

volumes of wastewater containing a variety of contaminants (Hua,

2003). The CWS was developed at the Neela Hauz and Kalindi

Biodiversity Park, New Delhi, India, to treat sewage water 1 million

liter per day before entering the lake which functions through

oxidation ponds, gradient channels and physical treatment tanks,

and finally, the constructed wetland consisting of consecutive ridges

of pebbles of various sizes and furrows with many species of plants

(Delhi Development Authority, 2021). However, optimization of

CWS using selected species of filter feeders and time series study to

screen locally adapted species have not been applied yet. For the first

time, the present study uses species of water column dwellers

zooplankton and wastewater adapted species of emergent

macrophytes in the CWS.

The present results unequivocally suggest that the species of

bacterivorous zooplankton—cladocerans and rotifers can utilize

resources from wastewater conditions, and can realize the

maximum growth potential in absence of competitors, predators,

or any external nutrient source. Large populations of planktonic

bacterivorous and particulate feeder organisms in the water column

can rapidly eliminate bacterial biomass and reduce BOD (Saidin,

2016; Montemezzani et al., 2017). So, the present results

convincingly suggest that both the zooplankton and macrophyte

species used, herein, have the potential to regulate the density of the

harmful microorganism and to remove the contaminants from the

wastewater in a constructed wetland.

5 Conclusion

The present investigation demonstrates that the

macrophyte–zooplankton CWS can be a sustainable,

ecologically viable, and cost-effective method of removing BOD,

bacterial load, other organic matter, ammoniacal nitrogen, and

phosphorus from the wastewater. The results obtained, herein,

point to the effectiveness of the system and specific inferences are

made: (i) a higher removal of BOD and bacterial concentration was

registered within 4 days of treatment. (ii) Bacterial and BOD

removal is mainly performed by particulate feeder and

bacterivorous zooplankton and emergent macrophyte

assimilation. (iii) The aquaculturally relevant zooplankton

biomass can be harvested after sixth day for Cladocera and

after 11th day for Rotifera. (iv) The wastewater treated through

the CWS can be recycled for irrigation, aquaculture, and washing.

The CWSwith integrated use ofmacrophytes and zooplankton has

several benefits: (i) smaller area required, (ii) lower operational and

installation costs, (iii) reclamation of abandoned and/or degraded

floodplain, (iv) possibility of on-site treatment by farmers and

owners of livestock farms for slurry treatment, (v) safe to reuse

treated water for agriculture, aquaculture, and washing, and (vi)

higher dissolved oxygen concentration in the water without the

need of a mechanical aerator. The CWS is a nature-based system

with zooplankton and macrophytes. Given its high aesthetic value

and low maintenance requirement, it is a unique alternative for

isolated communities. Therefore, the present results suggest an

integrated use of rotifer, cladoceran zooplankton, and

macrophytes for the treatment of wastewater, reduction of

sludge, and harvest of live feeds for the aquaculture industry to

augment circularity and promote decentralized wastewater

treatment.
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