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ABSTRACT

River pollution has become a growing concern in developing countries. It can affect food
supplies, drinking water, and environment hence impacting animal and human health. The
present study was designed to explore the potential of floating wetlands (FWs) in partnership
with pollutant-degrading bacteria for the clean-up of heavily contaminated water of river Ravi
at microcosm scale. River Ravi receives excessive discharges of untreated sewage and
industrial wastewater from the Lahore city. To this end, FWs are sustainable alternatives to
treat wastewater because of their high efficiency and simplicity in the design and structure.
Thus, remediation potential of FWs planted with two macrophytes namely Phragmites
australis and Brachia mutica was evaluated in the presence of a consortium five different
rhizospheric and endophytic bacteria. We found a significant reduction of organic and
inorganic pollutants by the application of FWs, whose potential was further boosted by
bacterial inoculation. The performance of P. australis was better than B. mutica. Briefly, plant-
bacterial synergism for P. australis reduced COD, BODs, and TOC up to 85.9%, 83.3%, and
86.6% in 96 h, respectively. Total nitrogen was reduced from 37.5 to 2.07 mg 1!, nitrate from
33.3 to 1.23 mg I'!, and phosphorus from 2.63 to 0.53 mg I'!. Trace metals were also reduced
up to 79.5% for iron, 91.4% for nickel, 91.8% for manganese, 36.14% for lead, and 85.19%
for chromium. The better persistence of inoculated bacteria was tracked in the root/shoot
interior of P. australis, which suggest their potential role in improved pollutant reduction. It is
thus concluded that bacterial-assisted FWs may be a suitable choice for the remediation of
heavily polluted river water. Furthermore, a field-scale application of FWs for the on-site
treatment of contaminated water on the Ravi river is recommended.

Keywords: Floating wetlands, hydroponic water treatment, plant-bacteria synergism, polluted
river water, Ravi river



INTRODUCTION

In developing countries, rivers are crucial to human health because they provide water for
drinking and irrigation purposes (Steward et al., 2012). On the other hand, increasing
industrialization is severely deteriorating the rivers' water quality due to direct discharges of
industrial effluents in rivers (Suthar et al., 2010; Kanu ef al., 2011). The condition is getting
worse in many parts of the world where rivers are considered as easy disposal points for
effluents. River Ravi is one of them that continuously receives untreated sewage and industrial
wastewater making it a heavily polluted river of Pakistan (Ahmed and Ali, 1998; Baqar ef al.,
2013). High levels of trace metals, polychlorinated biphenyls, organochlorine pesticides, and
other toxic compounds have been detected from the river’s water and sediments, vegetables
grown on the banks, and aquatic organisms dwelling the river habitat (Baqar et al., 2017, 2018;
Khanum et al., 2017; Riaz et al., 2018). The ecological risk assessment studies have revealed
considerable risk associated during pre-monsoon and moderate risk during the post-monsoon
season (Baqar et al., 2017).

Floating wetlands (FWs) is considered as an innovate technique for the treatment of polluted
water (Headley ef al., 2008; Mietto ef al., 2013). The key factors which make FWs distinguish
from other constructed wetlands are its easy installation without additional land acquisition,
tolerance to water inundation, and enhancement of aesthetic value of water bodies (Chang et
al., 2012; Headley & Tanner 2012; Chang ef al., 2013; Winston ef al. 2013). A typical FWs
system comprises macrophytes that grow on a floating raft whereas the plant roots extend down
in the water body leading to pollutants removal/degradation by physicochemical and biological
mechanisms (Winston et al. 2013; Li & Guo 2017). This is achieved through efficient
interactions between plants and bacteria — two main components of FWs (Afzal et al., 2014a;
Keizer-Vlek et al.,, 2014; Hardoim et al., 2015; Pavan et al., 2015). Briefly, plant uptake
nutrients for its growth and development (Chen et al., 2016), suspended particles are entrapped
or settled down due to the physical effect of plant roots (Vymazal 2014); and biofilms are
established on roots providing a large surface area for degradation (White & Cousins 2013).
Ultimately, an increase in contact time of bacteria with contaminants leads to enhanced
degradation of organic pollutants (Stewart et al., 2008; Tanner & Headley 2011).

Bacterial community surviving in plant rhizo- and endosphere plays a major role in the
pollutant removal scheme (Afzal et al, 2014b). Rhizobacteria are known to regulate
denitrification process and hence are important in the removal of nitrogen (Lin ef al., 2002;
Tanner et al., 2002); whereas endophytic bacteria play a significant role in biodegradation of
organic compounds (Afzal et al.,, 2014; Ijaz et al., 2016). Moreover, they increase the
bioavailability of trace metals and hence their removal by sorbing the metallic ion onto the
bacterial cell walls or through direct uptake by the plants (Mullen et al., 1989; Zhu et al., 2011;
Khan et al., 2015). These bacteria also improve the plant performance due to their plant growth
promoting (PGP) traits such as phytohormones production, phosphorous solubilisation, release
of siderophores, and 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity (Burken
2003; Weyens et al., 2009a; Weyens et al., 2013; Hardoim et al. 2015).

Previously, FWs have been effectively implemented for the remediation of various type of
polluted water (Chen ef al., 2014; Keizer-Vlek et al., 2014; Tjaz et al., 2016a; Richter et al.,
2016). However, the combined use of plants and bacteria for the remediation of polluted river
water in FWs has been rarely investigated. It has been established that bacterial consortium
performs better than the individual bacteria in pollutant degradation (Lee ef al., 2004, Dary et
al., 2010; Srivastava et al., 2013); therefore, we also used this strategy by adding consortium
of five rhizo- and endophytic bacterial strains for the enhanced remediation of polluted river



water. Furthermore, this study assesses the potential of using commercially available
polystyrene board for the construction of a floating mat, which has been previously used for
insulation purposes.

METHODOLOGY
Study area and water collection

River Ravi is a transboundary river that originates in India but passes across a mega
metropolitan city Lahore, Pakistan. In Lahore, it receives untreated municipal and industrial
wastewater at six drains outfalls, i.e., five municipal drains and one surface water drain (Bagar
et al., 2014). In this study, polluted water was collected from each drain outfall during February
and March 2017. The water samples were immediately transferred to National Institute for
Biotechnology and Genetic Engineering (NIBGE), Faisalabad, Pakistan; where they were
processed for analytical measurements and FWs establishment after homogenous mixing.

Pollution parameters assessment

Water samples were examined for various physicochemical parameters such as pH, electrical
conductivity (EC), total dissolve solids (TDS), fine suspended solids (FSS), chemical oxygen
demand (COD), biochemical oxygen demand (BOD), total nitrogen (TN), total organic carbon
(TOCQ), nitrate (NO3") and total phosphorus (TP) content using standard methods (APHA,
2012). Trace metal concentrations for iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and
chromium (Cr) were monitored by using atomic absorption spectrophotometry (Spectra AA.
200, Varian Australia, Australia). Fish toxicity assay was also conducted to assess the overall
water toxicity as described previously (Saleem et al., 2018)

Bacterial strains

In this study, we used a consortium of five strains namely Aeromonas salmonicida (NCBI
Accession: KF478208), Bacillus cerus (NCBI Accession: KF478198), Pseudomonas
indoloxydans (NCBI Accession: MF478985), Pseudomonas gessardii (NCBI Accession:
KF478209), and Rhodococcus sp. (NCBI Accession: MF326802). The strains 4. salmonicida,
and P. indoloxydans were endophytes because they were previously isolated from the root
interior of Polygonum aviculare and Typha domingensis; whereas, B. cerus, P. gessardii, and
Rhodococcus sp. were rhizospheric as they were isolated from the rhizosphere of Cyperus
laevigatus, T. domingensis and Poa labillardierei, respectively (Tara et al., 2018). These
bacterial strains were screened due to their abilities to degrade organic pollutants as well as
promote plant development in harsh environmental conditions. Each bacterial strain was
cultivated separately in Luria-Bertani (LB) broth for 24 h. The bacterial cell pellet was
harvested by centrifugation followed by re-suspension in normal saline. The optical density
(OD) was adjusted to 0.9 at 600 nm. This inoculum was prepared by mixing all strains together
in equal proportion to prepare the bacterial consortium (10° CFU ml™") for inoculation of plants.

Experimental setup and analysis

A total of eighteen FWs cells were established by using plastic tanks of capacity 15 L each.
Floating mats were made from polystyrene-based board manufactured by Diamond® Jumbolon



Foam Company, Pakistan. The board was cut into 50 (length) % 36 (width) x 7 (thickness) cm
and five equidistant holes were made for vegetation purpose (Fig. 1).

Polystyrene-based mat

. Alluminum frame

7cm

Fig. 1. Establishing the floating treatment wetlands (FTWs) microcosm experiment. (A) Schematic representation of the
floating mat; (B-D) FTW reactor after vegetation installation; (E) FTWs prepared with Phragmites australis; and (F) FTWs
prepared with Brachia mutica.

The borders of the floating mat were covered with aluminum foil to avoid damage caused by
sunlight. Fifteen equal sized healthy seedlings of Brachia mutica or four of Phragmites
australis were fixed in each hole with the help of coconut shaving. The seedlings were
previously grown in the nursery of Nuclear Institute for Agriculture and Biology (NIAB),
Faisalabad, Pakistan. In the nursery, plants are grown from the cuttings in the natural
environment and transported to experiment after one-month period of growth at least. The
initial fresh biomass of each seedling of P. australis and B. mutica was 28.7 + 3.4 g and 10.45
+ 2.1 g, respectively. The upper one inch of each floating mat was filled with soil and gravel
to provide maximum support to vegetated plants. These vegetated mats were allowed to grow
in fresh water for one month whereas Hoagland solution was supplied fortnightly to attain
optimal development of roots and shoots before shifting to polluted river water tanks. The mats
covered about >90 % of the water surface. The whole experiment was run in triplicates with
the following treatments.

T1: Polluted water with P. australis
T2: Polluted water with P. australis and bacterial inoculation

T3: Polluted water with B. mutica



T4: Polluted water with B. mutica and bacterial inoculation
T5: Polluted water with bacterial inoculation

C: Polluted water without plant and bacterial inoculation

Treatment T2, T4, and TS5 were inoculated with the previously prepared bacterial
consortium (100 ml). The batch experiment was conducted in natural environmental conditions
and repeated for three times. Water samples (~250 ml) were obtained with a syringe from each
treatment every 24 h over the period of four days and stored in sterilized glass bottles at 4 °C
for analysis.

Trace metals analysis

Trace metals analyses were performed by using atomic absorption spectrometry (AAS), Varian
SpectrAA.200 (Varian Australia, Victoria, Australia). Prior to this, samples were digested with
nitric acid as explained previously (method 3030 E) (APHA 2012). Briefly, 20 ml water sample
was taken in digestion tubes (VELP, Scientifica) and then 5 ml of concentrated HNO; was
added. The tubes were placed in the digester block. After 5 minutes of boiling, the digester
block was turned off; upon cooling, 0.5 ml H.O; was added. The tubes were put back in a
digester at 25 °C for 10 minutes until a clear solution was obtained. After cooling down, the
sample was transferred to measuring cylinder and the volume was raised to 50 ml. The sample
was then analyzed via atomic absorption spectrometer. The chemicals used in samples and
standards preparation were of analytical grade. For quality control purposes, blanks and
duplicates were run in parallel. The detection limit for Fe, Ni, Mn, Pb, and Cr was 0.06, 0.01,
0.02, 0.01 and 0.06 mg 1! at 98% confidence level.

Plant biomass

At the end of the experiment, plant agronomic parameters such as root and shoot length, and
fresh and dry biomass were observed to see the effect of river pollution and bacterial
inoculation on plant growth. For this purpose, plant shoots were harvested 1 cm above the mat
surface. Root and shoot lengths were measured manually by using a measuring scale. The fresh
weight of root and shoot were noted immediately. The dried biomass was evaluated by drying
the roots and shoots at 60 °C in an oven for three days until a constant weight was achieved.

Persistence of inoculated bacteria

The persistence/survival of inoculated bacteria was monitored in the rhizosphere as well as in
the endosphere by cultivation-dependent plate count method at the end of the experiment
(Saleem et al., 2018; Kampfer et al., 1996). For rhizospheric bacteria, 1 ml of rhizospheric pore
water was serially diluted (10-%) and then spread on to the agar plates supplemented with 1%
(v/v) diesel. For endophytic bacteria, plant tissues (roots and shoots) were surface sterilized by
using 70% ethanol and 2% sodium hypochlorite solution. Subsequently, 1 g of plant material
was ground in a mortar and pestle to make suspension whose serial dilutions (10°°) were spread
on agar plates having diesel. The plates were then incubated for 48 h at 37 °C for CFU analysis,
and a significant number of bacterial colonies were picked randomly for further analysis.

The identity of the isolated bacteria was compared with the inoculant strains via restriction
fragment length polymorphism (RFLP) analysis (Rehman et al., 2018; Afzal ef al., 2012; Liu



et al., 1997). For this purpose, colony PCR for the Inter Gene Sequence (IGS) was set up with
reverse primer (5° — GGCTGCTTCTAAGCCAAC- 3’) and a forward primer (5° -
TGCGGCTGGATCACCTCCT- 3’) in the presence of 1 ul of each bacterial colony previously
suspended in PCR water. Amplified IGS product was used to set up an RFLP experiment. Each
RFLP reaction was incubated at 37 “C for 3 h, and each 1X reaction constituted 7 ul IGS
product, 1.5 ul R-buffer, 1 ul HindIIl enzyme, and 5.5 pl deionized water (15 pl reaction).
RFLP product was validated by electrophoresing DNA in 2% agarose gel on 70V and viewing
in Gel Documentation system.

Toxicity reduction

Reduction in the toxicity of treated river water was measured by fish toxicity test (Afzal et al.,
2008; Tjaz et al., 2016b). Approximately 10 liters of the treated water was poured in the
aquarium (depth, width, length: 30 % 30 x 45 cm; with 40 L capacity) specified for fish culture.
Fish species Labeo rohita (Rohu) was selected for the toxicity assay due to two reasons: (1)
the species is abundantly present in the local streams of Pakistan, which would depict toxicity
scenario of Ravi river contamination (Khan et al. 2017); and (2) it has previously reported that
the species can accumulate trace metals above the natural levels (Hamid et al. 2016). Ten fish
(Labeo rohita) of equal weight (~ 10.5 = 1.1 g) and length (8.3 = 0.9 cm) were put in the
aquarium. Finally, the survival rate of fish was noted every 24 h for the period of 4 days.

Statistical analysis

Results of pollution parameters, plant biomass, and bacterial persistence were subjected to
statistical analysis using Statistix 8.1. Factorial Analysis of Variance (ANOVA) was applied
to compare means across two or more independent variables. Further, least significant
difference test (LSD) (o= 0.05) was used to make all pairwise comparison between treatments
into time. The alphabets labeled on values represent the significant/non-significant difference
between/within treatments. The values sharing same alphabets are significantly not different
from each other and vice versa, e.g., value labeled with “abc” is significantly not different from
values labeled with a, b, or ¢ but significantly different from value labelled by “def”/ d, e or f.

RESULT AND DISCUSSION
Pollution load assessment in the water of Ravi river

Physicochemical analysis of Ravi river water revealed a high level of contamination when
compared to the Water Quality Guidelines as proposed by World Wide Fund (WWF) for
Nature, Pakistan (WWF, 2007) and wastewater discharge standards as established under
National Environmental Quality Standards (NEQS, 1999) of Pakistan (Table 1). More
precisely, river’s water was found to be slightly alkaline (pH = 8.5) with high concentrations
of EC, BOD, Fe, Ni, Mn, Pb and Cr making it unfit for irrigation and aquatic life; whereas
comparison with NEQs displayed even a high level of pollution than the wastewater discharge
standards particularly described for TSS, COD, and BODs. These results are in accordance to
the other studies who also reported high pollution in the river Ravi due to direct sewage and
industrial discharges (Bagqar et al., 2014, 2017, 2018; Khanum et al., 2017; Riaz et al., 2018).



Changes in physical parameters of the river water after treatment

Table 2 displays the changes in physical parameters of the river’s water in the period of 96 h
of treatment. The FWs had a positive effect on the reduction of pH, EC, TDS, and TSS in all
the treatments (T1-T5). The pH decreased significantly in all treatments with a sharp reduction
in vegetated treatments (T1-T4) as compare to non-vegetated treatment (T5) and control. A
decrease in pH could be due to the release of acidic root exudates or organic acids during
microbial degradation of organic matter (Lynch et al., 2015; Abed et al., 2017). The reduction
in EC might be associated with the nutrient uptake by plants and physicochemical/biological
binding of pollutants. Whereas lowering of TDS and TSS load can be attributed to the physical
effect of plants, sedimentation processes, and hanging roots as attachment sites for suspended
particles leading to subsequent degradation (Morrison et al., 2001; Huang et al., 2007; Borne
2014). The total dissolved solids (TDS) contents decreased significantly in all treatments, with
a sharp decrease in vegetated treatments (T1-T4) as compare to non-vegetated and control. It
emphasizes the role of vegetation and associated roots in the removal of TDS from polluted
water. The decrease in TDS in the control might be due to the natural sedimentation effect that
results in a decrease of TSS (Borne et al., 2014). However, in the presence of vegetation, plant
roots might have further supported the sedimentation process due to the lesser turbulence as
explained earlier (Huang et al., 2007; Li et al., 2016; Shahid et al., 2018). Moving on, TDS
contents reduced sharply in the bacterial augmented vegetated treatments which are in
agreement to the role of root-associated bacterial communities towards better removal of the
suspended solids (Shahid et al., 2018). Thus, vegetation and bacteria together speed up the
stabilization of the pollutants, reducing the water turbulence, trapping the suspended particles,
increasing sedimentation, and degrading the organic contaminants (Borne et al., 2014; Shahid
et al., 2018; Rehman et al., 2019). Likewise, fine solids may also adhere to the bacterial
biofilms and boost the removal process of dissolved and suspended particles (Liu ef al., 2016).
In this study, the performance of P. australis was better than B. mutica, which could be
attributed to the intensive root network of P. australis, and ability to thrive in a variety of
pollutants (Saleem ef al., 2018). Likewise, the species is found to develop a strong partnership
with the artificially augmented bacterial communities (Fig. 3).

Changes in chemical parameters of the river water after treatment

In this study, COD, BODs and TOC level decreased sharply up to 85% within 96 h (Fig. 2).
These parameters are important indicators of organic pollution in water (Ijaz et al., 2015). The
presence of vegetation (T1-T4) displayed a significant effect when compared with the non-
vegetated treatments; however, better reduction potential was observed in the vegetated
treatments augmented with bacteria (T2 and T4). Once again, the overall performance of P.
australis was better than B. mutica with and without bacterial inoculation. This enhanced
removal of COD, BODs and TOC load by bacterially inoculated vegetated treatments could be
attributed to the ability of rhizo- and endophytic bacteria that help degrading organic pollutants
into simple nutrients (Afzal et al., 2014a; [jaz et al., 2016a). Accordingly, sedimentation and
entrapping of suspended particles by hanging root structure may also provide support in the
reduction of COD (Fonder & Headley 2010; Van de Moortel ef al., 2011). Similar results have
been reported in earlier studies where bacterial-assisted FWs displayed a high reduction of
organic pollution from industrial wastewaters (Sun et al., 2009). Thus, it is a validation that
plants in partnership with rhizo- and endophytic bacteria could also be employed for the
treatment of organic pollution in the river water.
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Fig. 2. Chemical oxygen demand (COD) and biochemical oxygen demand (BODs) and total organic carbon (TOC) reduction
after 96 h by application of FTWs. T1: Phragmites australis, T2: P. australis and bacteria, T3: Brachia mutica, T4: B. mutica
and bacteria, TS: Bacteria only, C: Floating mat only. Each value is mean of three replicates and alphabets labels represent
significant differences between treatments. The bars represent the standard error.

Moving on, TN, NOs!, and TP concentration was also decreased in all the vegetated
treatments, and further enhanced in bacterial inoculated vegetated treatments (Table 3). The
maximum reduction was seen in the treatments grown with P. australis and inoculated with
bacterial consortia (T2). In T2, the TN, NO3™! and TP contents were reduced from 37.50 mg/1
t0 2.07 mg/1, 33.33 mg/1 to 1.23 mg/l and 2.63 mg/1 to 0.53 mg/I respectively after 96 h retention
time. This could be due to the fact that P. australis is a helophytic grass that establishes optimal
oxidation conditions in the plant rhizosphere leading to an effective partnership with
denitrifying and other pollutant-degrading bacteria (Stewart et al., 2008; Saleem ef al., 2018).
The root biofilm provides a base for the prompt breakdown of pollutants and nitrogen removal
(Hu et al., 2010; Zhu et al., 2011); while denitrification could be the likely mechanism for the
observed decrease of nitrate which is widely reported process in FWs system (Fang et al., 2016;
Strosnider et al., 2017). Additionally, plant roots can also uptake nitrogen directly for metabolic
purposes. It is reported that several plant species are able to remove nitrogen ranging between
25 to 47% (Zimmo et al., 2004; Zhao et al., 2012). On the other hand, TP removal could be
due to the adsorbing of phosphorous on to the clay particles, metal ions, or via plant uptake.
However, the creation of oxic zones within the rhizosphere may boost the phosphorus removal
process (Borne 2014); and plant uptake or entrapment in biofilm on roots can also facilitate the
overall removal process (Stewart et al., 2008; Tanner & Headley 2011).

Trace metals removal

Overall, all vegetated treatments (T1-T4) resulted in a significantly better elimination of trace
metals from the river water as compared to non-vegetated treatment (TS5 and C) (Table 4). This
observation is in accordance with the earlier studies reporting that plant tissues can accumulate



a significant amount of trace metals (Chang ef al., 2013). Although remove of metals takes
place uptake, it is not a prime process in the FW system (Wood and Shelley 1999; Kadlec and
Wallace 2008; Karathanasis et al., 2003; Sekomo ef al., 2011; Chang et al., 2013). Next, the
performance of bacterial inoculated vegetated treatments (T2, and T4) was far better than non-
inoculated vegetated treatments (T1, and T3). In treatment T2, metals content was removed
more efficiently than all other treatments, i.e. Fe, Ni, Mn, Pb, and Cr were removed by 94.34
%, 91.36 %, 87.06 %, 70.28 % and 89.81 % after 96 h retention time. The better oxidation of
metals by P. australis might be the reason for the effective removal of the trace (Stewart et al.,
2008; Saleem et al., 2018). The better performance of bacterially augmented FWs emphasized
the key role of rhizo- and endophytic bacteria in the remediation of trace metals from the river’s
water. In earlier studies, inoculated bacteria enhanced the uptake of trace metals by improving
bioavailability, by sorbing metallic ion on the bacterial cell walls, or uptake of bioavailable
trace metals by plant roots (Khan ef al., 2015). The bacteria can also eliminate trace metals by
entrapment in biofilms on roots followed by metals sulfide formation (Kadlec & Wallace 2008;
Balkhair & Ashraf 2016). Another process such as binding of metal particles with the fine
particle, sequestration of metals ion, iron plaque formation and oxidation by bacteria also play
key roles in metals removal form polluted water (Li et al., 2011; Shehzadi et al., 2014; Tjaz et
al., 2016a). The Fe and Mn plague formation on roots of wetlands plants by microbial activity
is also reported to bind metals such as Cu and Zn (Gill et al,, 2017). This emphasizes the
combined role of macrophytes and bacteria in metals removal mechanism.

Bacterial survival

The detection of inoculated bacteria in roots, shoots, and water confirmed a high survival of
inoculated bacteria during the treatment period (Fig. 3-4). The population of inoculated bacteria
was high in the vegetated treatments than the non-vegetated treatments. This could be attributed
to the provision of nutrition and habitat for bacterial growth by plants (Weyens et al., 2009b;
Afzal et al., 2014a). Moreover, since these bacteria were isolated from the plant rhizo- and
endosphere, they may have adopted mechanisms to proliferate in the presence of host only
(Fatima et al., 2015). This observation is consistent with earlier studies treating various kinds
of soil and contaminated waters (Arslan et al., 2014, Saleem et al., 2017; Rehman et al., 2018).
An increased clean-up was found in the treatment with high bacterial survival that suggests the
active role of bacteria in combination with the plant for efficient pollutant removal. Moving
on, the high population was observed in the rhizospheric water as compared to the population
found within roots and shoots. This could be due to the fact that three of the inoculated bacteria
were of rhizospheric nature and therefore their proliferation would have been successful in the
presence of plant roots. Previous studies demonstrated similar results where rhizospheric
bacteria exhibited better colonization in the contaminated soil and water (Khan et al., 2015;
Arslan et al., 2014).



Shoot ERoot

10 -
9
8
7
T, 6
s 5
—
< 4
- 3
S 2
1
0
T2 T4 T2 T4 T2 T4 T2 T4
24h 48h 72h 96h

Fig. 3. Survival of inoculated bacteria in roots and shoots of inoculated treatments. T2: Phragmites australis and
bacteria, T4: Brachia mutica and bacteria. Each value is mean of three replicates with standard error bar.
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Fig. 4. Survival of bacteria in water of inoculated treatments. T2: Phragmites australis and bacteria, T4: Brachia mutica
and bacteria, TS: Bacteria only. Each value is mean of three replicates with standard error bar.

Effect of bacterial inoculation on plant growth

For both plant species, bacterial inoculation significantly improved the plant biomass. This
gain in plant biomass could be a direct result of reduced phytotoxicity upon successful
degradation of the contaminants (Table 5) (Weyens et al., 2013; Afzal et al., 2014b; Wu et al.,
2016). Additionally, denser roots and shoots growth could have been due to the plant growth-
promoting properties of the inoculated bacteria because these bacteria were previously found
to have the successful potential for ACC deaminase activity, siderophore production,
phosphorus solubilization, and indoleacetic acid formation (Fatima et al., 2015). Previously,
ACC deaminase activity is coined as a stress alleviation trait of the plant-associated bacterial
communities that reduces ethylene level in the plant environment and improve its growth
(Arslan et al., 2014).



Specifically, the performance of P. australis was better than B. mutica. This corresponds to its
successful ability to develop a better partnership with the bacterial communities which results
in getting more root biomass (Saleem et al., 2018). Also, more root biomass retains more water
content which is less in the case of aboveground biomass. This observation was consistent in
our findings as we also noticed more biomass for the roots as compared to the shoots of P.
australis. However, further investigations would be interesting to see why more biomass was
recorded for the shoots of B. mutica and not for the roots.

Detoxification of polluted river water

Fish toxicity assay revealed that the FWs treatment resulted in successful detoxification of the
polluted river water (Table 6). Partial detoxification was observed for the treatment without
bacterial inoculation whereas in inoculated and vegetated treatments no fish died during 96 h.
This could be due to a better reduction in toxic organic compounds and trace metals (Shehzadi
et al., 2014). Our results indicate high toxicity of the water of Ravi river for its aquatic life
however wetland installation may help restoring the river habitat.

Design and durability of the mat

In this study, we used a locally available polystyrene board (Diamond Jumbolon) for the
construction of a floating mat. Although, the actual purpose of the board is insulating surfaces
of buildings, we found it as a suitable choice for the establishment of FWs. This is mainly
because of its anti-weathering characteristics, inherent strength, temperature, and weight
tolerance, and more importantly the low cost. Previously, many studies reported the use of
plastic pipes, coconut fibers, polyvinyl chloride/polypropylene pipes, bamboos, etc. for the
construction of FWs (Van de Moortel, 2008; Nakamura and Mueller, 2008; Hubbard et al.,
2004). However, we demonstrate that commercially available polystyrene board could also be
an optimal choice for the establishment of small artificial wetlands.

CONCLUSIONS

Riverine pollution has been proven to be devastating at all trophic levels in the food web. In
this study, FWs efficiently remediated the polluted water of the Ravi river to meet the irrigation
standards. The performance of P. australis was better than B. mutica in the presence and
absence of bacteria. However, bacterial inoculation in all vegetated treatments boosted the
phytoremediation efficiency of the two macrophytes. The system was highly efficient to
tolerate contaminant stress and therefore it is suggested that FWs maybe an efficient and
economical substitute to conventional wastewater treatment technology for the treatment of
polluted river. A field-scale application is recommended for the on-site treatment of the Ravi
river water in order to fully explore the presence of potential disinfection by-products and
exudates released by plants, bacteria and by their mutual interactions.
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Table 1. Characteristics of polluted river water collected from river Ravi, Lahore, Pakistan

Parameter Value Water quality guidelines (WWF) NEQs (Pakistan)
Irrigation Fish/aquatic life Wastewater discharge
pH 8.5(0.10) 6.5-8.4 6.5-8.5 6-9
EC (mS cm™) 2.3 (0.04) 15 15 NG
TSS (mg 1) 290 (38) NG NG 150
COD (mg 1) 405 (6.24) NG NG 150
BOD:s (mg 1) 190.3 (5.51) NG 8 80
TOC (mg 1) 110.5 (2.00) NG NG NG
TN (mg 1) 37.5(1.14) NG NG NG
NOs! (mg 1) 33.3(1.53) NG NG 50
TP (mg 1) 2.63(0.12) NG NG NG
Fe (mg 1) 1.53(0.12) 5.0 0.3 8.0
Ni (mg 1) 0.54 (0.01) 0.20 0.05 1.0
Mn (mg 1) 0.85(0.02) 0.20 0.1 1.5
Pb (mg 1) 0.83 (0.06) 0.1 0.01 0.5
Cr (mg 1) 0.36 (0.02) 0.01 0.05 1.0

*Water Quality Guidelines for Pakistan proposed by World Wide Fund (WWF) for Nature,
Pakistan (2007). NEQs: National Environmental Quality Standards. NG: Not given in the list.
Standard deviation are presented in parenthesis.



Table 2. Changes in physical parameters of polluted river water by floating treatment wetlands application

Parameter Oh T1 T2 T3 T4 T5 C
24 h 96 h 24 h 96 h 24 h 96 h 24 h 96 h 24 h 96 h 24 h 96 h
pH 8.5b° 8.37de 7.73™ 8.25¢hi 7.76™ 8.36%¢f 7.76™ 8.36%¢f 7.63" 8.39de 8.13 8.43cd 8.62°
(0.07) (0.0) (0.05) (0.05) (0.11) (0.01) (0.05) (0.02) (0.05) 0.0) (0.05) (0.01) (0.06)
EC mS/cm 2.0° 1.78°¢ 1.58! 1.72% 1.54™ 1.86¢ 1.64i 1.79¢ 1.594 1.92¢ 1.79¢ 1.992 1.95b°
(0.0) (0.01) (0.0) 0.0) (0.01) 0.0) (0.01) (0.01) (0.02) (0.01) (0.01) (0.0) 0.0)
TDS (mg/l)  1279* 1141 1010v 1101" 983W 1188" 1047" 1147 1015* 1231f 1145% 1271b 1248
(0.0) (1.53) (1.0) (1.53) (1.0) (1.0) (1.0) (1.0)) (1.0) (1.15) (1.15) (1.15) (0.58)
TSS (mg/l) 278 68.6° 10.6! 62.3¢ 12.64 24.38 14id 41.64 18.6M 30.3¢f 134 70.3° 268

(141)  (0.57)  0.57) (0.57) (057  (1.2)  (2.05)  (1.15)  (2.08)  (0.57)  (0.0)  (0.57)  (1.02)

T1: Phragmites australis, T2: P. australis and bacteria, T3: Brachia mutica, T4: B. mutica and bacteria, T5: Bacteria only, C: Floating mat only. Each value is mean of three
replicate and alphabets labels present significant differences between treatments. Standard deviations are presented in parenthesis.



Table. 3 Reduction in pollutants concentration by application of FTWs

Pollutant Treatment 0 hrs 24 hrs 48 hrs 72 hrs 96 hrs o I;SODOS
TN (mg/)  TI 37.50° (1.14)  26.377(0.37)  19.37(0.25)  10.53°(0.58)  3.007 (0)
T2 37.500(1.14)  26.477(0.11)  16.23X(0.20)  8.33(0.05)  2.07°(0.11)
T3 37.50°(1.14)  30.47°(1.28) 21.97"(0.20)  13.43"(0.40) 7.67°(0.32) s
T4 37.500(1.14)  29.709(1.12)  21.33%(0.15) 11.50°(0.5)  6.279(0.25)
Ts 37.500 (1.14)  30.73°(0.46) 25.338(0.29)  19.0i(0.5) 14.83 (0.76)
C 37.500 (1.14)  32.23°(0.37) 28.57°(0.73)  25.378(0.40)  21.231(0.32)
NOs™! (mg/l) Tl 33.332(1.53)  24.13¢(0.15) 15.571(0.20)  8.03°(0.05)  2.0°(0)
T2 33.331(1.53)  23.477(0.50) 13.53X(0.15)  6.20° (0.2) 1.231(0.11)
T3 33.331(1.53)  27.40°(0.26) 18.57"(0.11)  9.40"(0.1) 51790200 s
T4 33.331(1.53)  26.139(0.23) 18.30"(0.26)  7.97°(0.15)  3.337(0.41)
Ts 33.339(1.53)  26.03¢(1.0)  21.338(0.58) 12.8'(0.34)  11.67™(0.57)
C 33.33a(1.53)  30.13°(0.23) 24.10°(0.17)  21.67¢(1.15)  16.471 (0.50)
TP (mg/) Tl 2.63*(0.12)  2.10(0.1)  1.531(0.0) 1.13K(0.0)  0.93m(0.05)
T2 2.632(0.12)  1.7321(0.02) 1.139(0.05)  0.83m(0.05)  0.53"(0.01)
T3 2.632(0.12)  2.13°(0.11)  1.83%(0.05)  1.331(020)  1.10'(0.1) 013
T4 2.637(0.12)  230°(0.2)  1.63W(0.05)  1.23%(0.05)  0.90m(0.1)
Ts 2.632(0.12)  2.10¢(0.17)  2.03%(0.05)  1.87°(0.05)  1.62h (0.02)
C 2.632(0.12)  2.38°(0.07)  2.39°(0.05)  2.10%(0) 1.99% (0.01)

T1: Phragmite australis, T2: Phragmite australis and Bacteria, T3: Brachia mutica, T4: Brachia mutica and Bacteria, T5:
Bacteria only, C: Floating mat only. Each value is mean of three replicate and alphabets labels present significant differences

between treatments. Standard deviations are presented in parenthesis.

LSD: Least significant difference: the difference between the population is significant when value is greater than 0.05
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Table 4. Reduction in concentration of heavy metals by application of floating treatment

wetlands
Time
Metals Treatment
24 h 48 h 72h 96 h

Fe (%) Tl 19.39¢(5.77) 47.711(1.00) 60.35' (5.77) 86.717 (5.77)
T2 30.282 (5.77) 50.981 (1.00) 72.33"(5.77) 94.349(5.77)
T3 18.95¢(1.00) 44.01" (1.53) 56.43%(1.53) 79.30° (1.15)
T4 27.027(1.53) 52.941 (0.00) 63.40™ (1.00) 86.06° (5.77)
T5 12.42¢(1.73) 15.034(0.00) 30.282 (5.77) 46.191(2.53)
C 7.41b" (1.53) 10.89¢ (1.15) 14.814(5.77) 18.52¢(5.77)

Ni (%) Tl 32.10" (3.54)  62.35™ (6.13) 74.07° (4.83) 84.577 (5.58)
T2 42.591 (6.85) 64.81" (5.07) 82.72v (7.58) 91.36%(6.57)
T3 16.05° (1.58) 37.65' (6.58) 50.62% (7.58) 56.17' (4.58)
T4 18.52 (1.85) 38.27'(3.57) 53.70' (3.64) 61.11m(5.53)
T5 11.73%4(1.53)  16.05°7(1.53) 20.992 (3.58) 20.992 (2.53)
C 7.41° (1.38) 9.88% (1.58) 8.64° (0.98) 14.20% (1.58)

Mn (%) Tl 31.378(5.15) 60.71) (8.32) 79.61' (7.57) 87.06™ (6.95)
T2 50.98¢ (3.58) 83.534(6.79) 90.98¢ (10.58) 91.761 (7.41)
T3 31.377(5.58) 52.94" (6.46) 76.081 (5.58) 79.61' (5.58)
T4 53.332 (4.58) 80.05% (6.74) 87.06™ (4.56) 89.80™ (7.57)
T5 16.86° (1.52) 20.78¢(1.58) 25.494(3.15) 33.33¢(5.78)
C 12.161(1.57) 15.292 (1.06) 20.00' (3.54) 24.311 (3.15)

Pb (%) Tl 22.49%(5.77)  29.728(7.64) 47.391 (2.52) 58.63% (5.77)
T2 27.31%(5.77) 28.922(1.00) 60.24% (1.00) 70.28' (5.77)
T3 23.69%(1.15)  30.122(1.00) 40.16' (5.77) 48.591 (5.77)
T4 25.30°7(1.00)  28.512(5.77) 33.33" (5.77) 60.24% (5.27)
T5 6.02° (1.49) 15.26¢(5.77) 21.69¢ (0.00) 24.10% (0.00)
C 3.21°(1.15) 5.22°(5.77) 12.85¢(5.77) 14.46¢ (1.00)

Cr (%) Tl 26.85¢(1.15) 50.00M (1.00) 65.74% (5.77) 75.93'(5.77)
T2 40.742 (1.53) 64.81% (5.77) 76.85'(5.77) 89.81™m (5.77)
T3 20.374(5.77) 39.812(5.77) 51.85'(5.27) 62.04 (5.77)
T4 36.111(0.00) 47.22" (0.00) 64.81% (5.77) 75.93'(5.77)
T5 13.89¢(5.27) 21.304(5.77) 33.331(1.00) 34.261(1.15)
C 5.56¢(5.27) 11.114(1.00) 12.96 (5.77) 13.241(4.04)

T1: Phragmites australis, T2: Phragmites australis and bacteria, T3: Brachia mutica,
T4: Brachia mutica and bacteria, TS: Bacteria only, C: Floating mat only. Each value is
mean of three replicate and alphabets labels present significant differences between
treatments. Standard deviations are presented in parenthesis.
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Table 5. Fresh and dry biomass of roots and shoots of the plants

Treatment Root (g) Shoot (g)

Fresh Dry Fresh Dry
Tl 459°(15.48) 58°(6.50) 212¢(8.63) 106 (5.34)
T2 508%(26.83) 76*(6.45) 235°(12.78) 120°(7.25)
T3 1004 (7.35)  12¢4(2.39) 354" (21.46) 204" (5.45)
T4 119°(6.38)  20°(3.45) 488*(18.7)  260°(6.54)

T1: Phragmites australis, T2: Phragmites australis and bacteria, T3:
Brachia mutica, T4: Brachia mutica and bacteria. Each value is mean
of three replicates, alphabets labels present significant differences
between treatments and standard deviations are presented in
parenthesis.
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Table 6. Fish toxicity assay of the river water detoxified by floating
treatment wetlands

Treatment Fish death over time Total death
24 h 48 h 72h 96 h
Tl 2 1 0 0 3/10
T2 0 0 0 0 0/10
T3 1 1 0 0 2/10
T4 0 0 0 0 0/10
T5 2 2 1 0 5/10
C 4 2 0 1 7/10

T1: Phragmites australis, T2: Phragmites australis and bacteria, T3:
Brachia mutica, T4: Brachia mutica and bacteria, TS: Bacteria only,
C: Floating mat only.
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