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Abstract: The unwanted occurrence of antibiotics in the environment is an emerging concern of
non-target toxicity and antimicrobial resistance. Floating treatment wetland (FTW) is a low-cost
and ecofriendly wastewater remediation strategy; however, the effect of immobilized bacteria on its
efficacy during the remediation of ciprofloxacin (CIP)-contaminated water has not been documented.
In this study, Phragmites australis was planted to develop FTW, and it was augmented with a bacterial
consortium (Acinetobacter lwoffii ACRH76, Bacillus pumulis C2A1, and Acinetobacter sp. HN3), with
and without immobilization for the remediation of CIP-contaminated (100 mg L~1) water. The
augmentation of bacteria (immobilized or in suspension) in the FTWs significantly increased the
elimination of CIP from the water. Maximum removal of CIP (97%), COD (92%), BOD (93%), and
TOC (90%) from the water was observed in the FTWs having immobilized bacteria. This research
revealed that the FTWs have tremendous potential to remove the CIP from the water and its removal
efficiency can be enhanced via immobilized bacterial augmentation strategies.

Keywords: floating treatment wetlands; ciprofloxacin-contaminated water; bioaugmentation;
immobilized bacterial cells; biodegradation

1. Introduction

Antibiotics are among the most commonly used medications in healthcare systems,
whose application is particularly increasing in the developing world [1]. However, the
absence of treatment systems results in a vast fraction of antibiotics being directly released
into natural streams. The River Ravi in Pakistan has already been declared as a highly
polluted river due to pharmaceutical pollution [2]. The situation raises concerns related to
antimicrobial resistance (AMR), and disappearance of sensitive but beneficial communities
from the ecosystem [3,4]. The global statistics have shown that nearly 700,000 people died
in 2016 as a result of AMR and ineffective medications, while the number is expected to
rise up to 10 million by 2050 [5,6].

Ciprofloxacin (CIP, C17H;18FN303), a fluoroquinolone antibiotic with fractions of piper-
azine, is extensively used to prevent gastrointestinal infections, urinary tract infections,
and lung and skin infections for both humans and animals [7-10]. It has a broad-spectrum
antibacterial activity that inhibits the synthesis of essential bacterial enzymes such as topoi-
somerase IV and DNA gyrase [11]. CIP accounts for 73% of the total consumption of
second-generation fluoroquinolones [12,13]. With the rapid increase in the human popula-
tion and farm animals, use of antibiotics has increased all over the world. This results in a
significant increase in antibiotic load in surface waters [14,15]. CIP has been found in drink-
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ing water (0.032 pg L), lake water (6.5 mg L= [16], sewage (11-99 ug L1 [17], hospital
wastewater (150 pg L~1)[18], and pharmaceutical industry effluent (31-50 mg L~1) [19,20].

The unwanted occurrence of antibiotics in the environment can affect the biogeochem-
ical cycling of the nutrients (carbon, nitrogen, sulfur, etc.) driven by indigenous microbial
activities in a particular (micro)ecosystem. This is because microbial community structures
are changed upon exposure to antibiotics. Precisely, in the presence of antimicrobials,
susceptible or sensitive members of the microbial communities are eliminated /inhibited
while opportunistic microbes take competitive advantage followed by an increase in abun-
dance, cf. the concept of intrinsic resistance [4]. Some fluoroquinolones could also cause
physiologically teratogenic and genotoxic effects in living organisms.

Various physicochemical and biological methods such as advanced oxidation, ozona-
tion, reverse osmosis, membrane filtration, electrochemical, and biodegradation are known
to remove antibiotics from contaminated water effectively [21-24]. However, most of
these technologies are expensive and energy/chemical intensive in nature [25]. The use
of FTWs, however, is a suitable, economic, and passive treatment alternative that could
also remove antibiotics from contaminated water similar to other contaminants [25,26]. In
this approach, plants and associated microorganisms work synergistically and eliminate
organic pollutants from the contaminated water [25,27].

Plants absorb contaminants from the environment and store them in their tissues [28].
Plant-associated microorganisms are typically involved in the degradation of organic
contaminants [29]. Among microorganisms, bacteria play a crucial role in the removal of
organic chemicals including antibiotics from soil and water [30-32]. Floating treatment
wetland (FTW) has recently become one of the most popular and cost-effective methods
for removing contaminants from water [33-35]. Plants and their associated microbes are
used to filter, remove, accumulate, metabolize, adsorb, absorb, and/or degrade organic
compounds present in water [36]. In FTWs, plants are planted in a buoyant mat with their
roots in water and shoots above the mat [37]. The roots and mat provide a wide surface
area for bacterial growth and multiplication, resulting in biofilm formation on the roots
and mat [37]. The majority of nutrients are absorbed and organic pollutants are degraded
by the biofilm. Certain enzymes, such as cytochrome P450, are found in microorganisms
and are involved in the intracellular biodegradation of ciprofloxacin [38].

Immobilized cells have been widely used in recent years for a variety of biotech-
nological applications, including antibiotic synthesis, biodegradation, and wastewater
treatment [39-42]. The immobilized microbes have several benefits over traditional suspen-
sion systems such as high productivity, increased metabolic activity, and potent resistance
to harmful substances [40,43]. However, the potential of FTWs augmented with immobi-
lized bacteria for the remediation of CIP-contaminated water has not been documented
previously.

The intention of the current investigation was to assess the capability of FTWs having
bacteria immobilized on plant roots and shoots for the treatment of CIP-contaminated water.
The concentration of CIP in Pakistani streams is found in the range of 42-332 g mL~!
followed by ofloxacin > ampicillin > levofloxacin > sulfamethoxazole [44]. The River Ravi
in Pakistan is already recognized as a highly polluted river due to pharmaceuticals [2];
nevertheless, no current treatment infrastructure exists in the country which signifies the
importance of cost-effective and scalable treatment solutions in the country. Previously,
it was argued that antimicrobials may negatively affect in planta bacterial communities
in wetlands [45]; therefore, the scope of alternative approaches considering microbial
colonization in fixed beds or via immobilization strategies should be investigated. We
further used an indigenous wetland plant, Phragmites australis, which is a helophytic
grass and known to withstand local harsh environmental conditions of Pakistan [46]. The
species also allows adsorption of organics on to root surface, without being translocated to
aboveground plant parts, allowing organics to be available for degradation by immobilized
bacteria. Further, helophytic grasses can diffuse oxygen from the air into the rhizosphere
which helps create a redox cone in the rhizosphere for efficient pollutant mineralization [45].
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This study hypothesizes that bacterial immobilization on a floating raft could be a useful
strategy to treat high-concentration pharmaceutical-contaminated wastewater.

2. Materials and Methods
2.1. Chemicals and Reagents

All regents and solvents were of analytical grade and were used without further purifi-
cation. Ciprofloxacin (CIP) was purchased from a local pharmacy (Sami Pharmaceuticals,
Private Limited, Karachi, Pakistan).

2.2. Macrophyte

In this study, Phragmites australis (common reed) was used to develop FTWs. This plant
has shown potential to tolerate and grow in different types of wastewaters [37,46]. Due to
its extensive root system, it promotes bacterial growth and pollutant degradation [34].

2.3. Bacterial Strains

A consortium consisting of three bacterial strains, A. lwoffiii [47], B. pumilus [48], and
Mesorihizobium sp. [49], was used in the current study. The strain A. lwoffii was previously
isolated from the rhizosphere of Acacia ampliceps, whereas B. pumulis and Mesorihizobium sp.
were isolated from pesticide-contaminated soil. These strains and their consortium showed
in vitro potential to degrade CIP (100 mg L™!) in a minimal salt medium (data not shown).

2.4. Immobilization of Bacterial Consortium on Floating Raft

Each bacterium was grown in Luria—Bertani (LB) broth at 35 °C for 24 h. The bacterial
cells were centrifuged at 4 °C, and the pellets were resuspended in 0.9% NaCl solution [37].
According to the turbid metric approach [50], the bacterial consortium (10° colony forming
units mL~!) was made by taking equal numbers (1:1:1) of each bacterium. A polystyrene
sheet was cut into a round shape with a diameter of 20 cm and a thickness of 2.54 cm.
Twenty small holes (1.5 cm diameter) were made in each sheet (Figure 1). The sheet was
surface sterilized with a bleach (5%) solution and 70% ethanol. The sheet was put in 100 mL
of inoculum overnight so that the consortium was immobilized uniformly on the sheet [40].

2.5. Experimental Setup

The study was performed in April 2021 at NIBGE, Faisalabad, Pakistan under natural
environmental conditions. A polystyrene sheet (10 cm thickness) was used as a floating
mat, and polyethylene containers were utilized to establish eighteen FTW mesocosms.
The sheet was cut into a round shape (23 cm diameter) with a hole (5 cm diameter) in the
center. Healthy saplings of P. australis (2) were planted in each hole (Figure 1c—f). The
seedlings were then placed in tap water to establish root networks. After two months, the
containers and saplings were cleaned with a 5% solution of bleach. Thereafter, 20 L of CIP
(100 mg L~ 1)-contaminated water was added in to each tank (Figure 2). The following
treatments were used in the experiment.

Control: CIP-contaminated water having only mat without vegetation, control: Tap
water (without CIP) having planted mat,

T1: CIP-contaminated water having planted mat,

T2: CIP-contaminated water (having mat without vegetation) with bacterial consortium,
T3: CIP-contaminated water having the planted mat and the bacterial consortium (suspension),
T4: CIP-contaminated water having the planted mat and the bacterial consortium (immobilized).

A sample of the water was taken every five days from each tank. The samples were
kept cool until further analysis. The evapotranspiration losses were recovered by filling
tanks with fresh water to a capacity of 20 L per tank. No rain was observed during the
experimental period.
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Figure 1. Establishing FTW for the remediation of ciprofloxacin-contaminated water. Buoyant mat
(A), biocarrier (B), vegetation of Phragmites australis in plastic container (C), placement of the container
in the mat (D), fixing of the container in the mat (E), and placing planted mat in the tank (F).

Figure 2. Experimental setup of bacterially augmented FTWs for the remediation of ciprofloxacin-
contaminated water. Only tap water with Phragmites australis (C1), only CIP-contaminated water
(C2), CIP-contaminated water treated by FTWs planted with P. australis (T1), CIP-contaminated
water treated by FTWs planted with P. australis and augmented with bacterial consortium (T2), and
CIP-contaminated water treated by FTWs planted with P. australis and augmented with bacterial
consortium, immobilized on polystyrene sheet.

2.6. Water Quality Parameter Analysis

APHA standard methods were used measure water quality parameters such as pH
(4500-H), EC (2510), turbidity (2130), chemical oxygen demand (5220), biochemical oxygen
demand (5210B), and total organic carbon (5310) [51].
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2.7. Determination of Ciprofloxacin

All reagents and stock solutions required were prepared in 0.02 M HCl and deionized
water. Approximately 1 g of CIP was dissolved in 0.02 M HCL. The contents were then
dissolved and swirled well. The stock solution (1000 ppm) was filtered and further dilutions
were prepared. This solution was kept in the dark in an airtight container. Then, 8 g of
ferric chloride was dissolved in 100 mL deionized water as a complexing agent. CIP tablets
were ground to a fine powder using a pestle and mortar. Approximately 1 g of CIP was
then dissolved in 0.02 M HCL.

CIP has two functional groups, namely, an ionizable carboxylic group (pka: 6.05) and a
piperanyzyl group (pka,: 8.22). The drug shows absorption maxima in the visible region at
530 nm. The fluorine atom present in the quinolone group acts as an electron withdrawing
group, while the benzene ring in the CIP drug has lower electron density than the terminal
nitrogen atom in the piperazinyl moiety. Therefore, CIP serves as an n-electron donor to
form complexes with metals. This finding supports that the interaction of the CIP drug and
reagent takes place at only one site which is the N-atom of the piperazinyl ring considering
the steric and electron donating factors shown by [52]. Under standard conditions, CIP
reacts with ferric chloride to produce a red-colored complex. This reaction is specific
for fluoroquinolone hydrochlorides, and is used for spectrophotometric determination of
fluoroquinolones. Briefly, a 3 mL aliquot of CIP containing 0.5 to 9.0 ug/mL was added
to 3.0 mL of ferric chloride solution. A red-colored complex was instantly formed which
was further diluted with distilled water (10 mL). The complex was then kept at room
temperature (25 £ 0.5 °C) for 0.5 h to check its stability. Finally, the absorbance was
recorded at 530 nm.

2.8. Bacterial Persistence

During the experiment, the persistence of the inoculated bacteria in water, root, and
shoot was evaluated using the cultivation-dependent plate count method [37]. Briefly, the
CIP-contaminated water sample was directly spread on LB agar plates. The plant’s roots
and shoots were cleaned with distilled water for 2 min before being washed with 70%
ethanol for 10 and 5 min, respectively. Thereafter, the tissues were soaked in a 2% solution
of sodium hypochlorite for about 1 min. Lastly, sterile distilled water was used to wash the
surface sterilized roots and shoots three times. The suspension was prepared by using a
pestle and mortar to grind 5 g of the roots and shoots in normal saline (0.9%, w/v). The
suspension was then plated on LB agar medium having 50 mg L~! CIP. All of the Petri
plates were put in the incubator for 48 h (37 °C) for CFU enumeration. Restriction fragment
length polymorphism (RFLP) was measured to compare the isolates to the inoculated
strains [46].

2.9. Plant Biomass

To evaluate the toxicity of CIP and the impact of inoculated bacteria on plant growth,
the length of the roots/shoots and plant’s dry biomass were recorded at the end of the
experiment. A measuring scale was used to manually measure the root and shoot lengths,
and the roots and shoots were oven-dried for 72 h at 80 °C for dried biomass estimation.

2.10. Toxicity Analysis

The toxicity of raw and treated wastewater was studied in vitro using wheat (Triticum
aestivum L.) seeds [53]. Briefly, five seeds were put in a dish with filter paper saturated with
distilled water, or treated and untreated CIP-contaminated water. Seeds were allowed to
germinate at room temperature (25 °C) in darkness. The test was conducted in triplicate.
After five days, germinated seeds were viewed. Seeds were believed to have germinated
when the combined length of the plumule and radicle was more than 2 mm. Plantlet
growth (root length and total length) was measured.
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2.11. Data Analysis

The SPSS software package was used to examine the results of physicochemical
parameters such as pH, EC, COD, BOD, TOC, and CIP concentrations, bacterial persistence,
and plant biomass. An analysis of variance was used to evaluate the treatments, followed
by a post hoc Tukey test (p < 0.05).

3. Results and Discussion
3.1. Performance Evaluation

Performance of established FTWs with free and immobilized bacteria was evaluated
by analyzing physicochemical parameters of the raw and treated water. All the treatments
having FTWs significantly reduced the pH, EC, turbidity, COD, BOD, TOC, and CIP
concentrations of the water (Figures 3 and 4). The treatments having both vegetation and
bacterial inoculation (T3 and T4) exhibited a significantly greater reduction in the level of
all the tested water quality parameters than the treatments having only vegetation (T1),
bacterial inoculation (T2), and non-planted mat (C). This may be linked to the fact that
these bacteria had previously been isolated from the roots and shoots of plants planted
in contaminated soil, and may have evolved mechanisms for the degradation of organic
pollutants, including CIP, and also supported the host plant’s health in a symbiotic way.
Moreover, the bacteria having pollutant degradation and plant growth-enhancing activities
enhance the efficiency of wetlands to clean water [25,53]. More CIP removal was observed
in the treatments comprising immobilized cells than the treatments having free bacteria.
This could be due to the fact that immobilized bacterial cells could efficiently proliferate
on the polystyrene sheet as compared to the suspension form, and ultimately exhibited
more degradation (from 100 to 10 mg L) of CIP. It is well established that bacteria on
fixed beds perform better than bacteria in suspension [54]. Similar studies were carried
out earlier in which immobilized bacteria exhibited more efficient degradation of organic
contaminants in water compared to free cells [55,56]. Similarly, the treatment (T4) having
immobilized bacteria exhibited maximum reduction in EC (from 3.50 to 1.00 mS cm~ 1), pH
(from 7.8 to 5.9), turbidity (from 45 to 6.2 FAU), COD (from 220 to 30 mg L~!), and BOD
(from 95.2 to 18.8 mg L 1).

The pH may be lowered as a result of the degradation of organics and/or discharge
of organic acids by plant roots [53]. Plant nutrient intake and chemical and biological
nutrients adhering to roots and soil particles could all be contributing to the reduction in
EC [37]. In all the treatments, a similar pattern of turbidity removal was found. This shows
that plants and bacteria play an important role in decreasing pH, EC, and turbidity of the
water. Similar results have been documented earlier [45,53]. Moreover, plant roots act as
adsorbents and biosorbents, and aid in the removal of suspended and dissolved particles
from water [25].

The decrease in BOD, COD, and TOC could be attributed to bacterial enzymatic activity
that degrades CIP and converts it into simpler substances, which are later consumed as
nutrients [57]. The reduction in COD and TOC indicates that there was efficient degradation
of CIP in the water. Furthermore, in such an environment, a high oxygen concentration
is crucial, and the availability of oxygen is responsible for effective interactions between
the plant’s roots and their associated bacteria. Helophytic plants diffuse oxygen in the
rhizosphere in a well-growing FTW system, allowing microorganisms to proliferate and
eventually lead to the breakdown of pollutants [53,57]. Plant-microbe interactions increased
oxidation and reduction processes, which are critical for the elimination and breakdown of
a wide range of pollutants [58].



Sustainability 2022, 14, 14216 7 of 14

A Day
M0 Day
100 W10 Day
W20 Day
80
60
-
[}
40
20
00
Control ™ T2 T3 T4
Treatments
B
Day
M0 Day
W10 Day
20 Day
3
o
w
E
o
w
Control ™ T2 T3 T4
Treatments
C
Day
M0 Day
W10 Day
W20 Day
=)
<
e
2
3
£
3
-

Control T T2 T3 T4
Treatments

Figure 3. Effect on pH (A), electrical conductivity (EC) (B), and turbidity (C). Only CIP-contaminated
water (control), CIP-contaminated water treated by FTWs planted with P. australis (T1), CIP-
contaminated water having only bacterial consortium (T2), CIP-contaminated water treated by
FTWs planted with P. australis and consortium (T3), and CIP-contaminated water treated by FTWs
planted with P. australis, and augmented with bacterial consortium immobilized on polystyrene sheet
(T4). Different letters indicate significant differences tested at p < 0.05.



Sustainability 2022, 14, 14216

8 of 14

COD (mg/L)

=]
=]

50-

@
=}

Control

0 Day-

10 Day -

20 Day -

™

0 Day -
10 Day -
20 Day -

0 Day -
10 Day -

T2

20 Day-

T3 T4 Control e 1v) K] T4 Control T T2 3 T4
£ 100- - = -+ - = =
== =] = ;_j a=
=
75- ! 100~
-
3 & E 5
=4 )
E i E =
Q 50 i Q
-
& o T o
@ =] - . -
50- —-—
T = -
25- =
- -
! i -
coo ooo oo 606 oo co6 ooo Coo ocoo ocoo ocoo ooo
- N - N - N - N - N - N - & - N - N -« - & - &

Figure 4. Remediation of ciprofloxacin (CIP)-contaminated water treated by floating treatment wet-
lands. Effect on chemical oxygen demand (COD) (D), biochemical oxygen demand (BOD) (E), and
total organic carbon (TOC) (F). Only CIP-contaminated water (control), CIP-contaminated water
treated by FTWs planted with P. australis (T1), CIP-contaminated water having only bacterial consor-
tium (T2), CIP-contaminated water treated by FTWs planted with P. australis and bacterial consortium
(T3), and CIP-contaminated water treated by FTWs planted with P. australis and augmented with
bacterial consortium immobilized on polystyrene sheet (T4). Statistical significance is tested at

p <0.05.

3.2. Ciprofloxacin Removal

The reduction in CIP concentration in the water exposed to all the treatments was
significantly greater as compared to the control (Figure 5). The elimination of CIP was
quick in the first five days followed by a slow reduction up to 20 days. The maximum (97%)
removal of CIP from the water was seen in the treatment inoculated with the bacteria immo-
bilized on polystyrene and it was significantly greater than other treatments. However, the
minimum removal (48%) of CIP from the water was recorded for the treatment (T1) planted
without bacterial consortium; this was followed (58%) by the treatment (T2) inoculated
with bacterial consortium only. The plant-associated bacteria degrade the organic chemicals
in the very close vicinity of roots [59]. The biodegradation of CIP could have occurred
by the cleavage of isoxazole/piperazinyl rings by sulfite reductase and CYP450 enzyme
systems, respectively [38]. Earlier, it was shown that 100% removal of CIP may be achieved
by effective microbial degradation [60]. The accumulation of CIP in the root and shoot of
the plant was not observed in this investigation, but antibiotics have been reported to be
transported to the stems and leaves of plants [61-63].

3.3. Inoculated Bacteria in FTWs

Plant-bacteria synergism is important in the breakdown of organic pollutants in phy-
toremediation. The population of pollutant-degrading bacteria in various plant compart-
ments has been found to be closely related to the plant’s ability to remediate water [25,57].
The current study examined the persistence/existence of the inoculated bacteria in the wa-
ter, roots, and shoots of the plant. The water from the unplanted treatment (T2) contained
fewer inoculated bacteria than the water from the planted treatments (T3 and T4) (Table 1).
This could be due to a lack of symbiotic relationship between the bacteria and the plant.
Similarly, the plant provides microbes with nutrition, oxygen, and a haven, allowing them
to thrive, multiply, and reproduce [25].
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Figure 5. Remediation of ciprofloxacin (CIP)-contaminated water treated with FTWs. Only CIP-
contaminated water (control), CIP-contaminated water treated by FTWs planted with P. australis (T1),
CIP-contaminated water having only bacterial consortium (T2), CIP-contaminated water treated with
FTWs planted with P. australis and bacterial consortium (T3), and CIP-contaminated water treated by
FTWs planted with P. australis and augmented with bacterial consortium immobilized on polystyrene
sheet (T4). Different letters indicate significant differences tested at p < 0.05.

Table 1. Total bacterial population (CFU mL ™) in the ciprofloxacin-contaminated water treated by
floating treatment wetlands (FTWs) planted with Phragmites australis.

Treatment Initial 5 Days 10 Days 15 Days 20 Days
- 0.5 x 1022 2.8 x 1022b 2.5 x 102ab 2.1 x 102ab 2.0 x 102
0.1 x 10%) (1.0 x 10%) (1.0 x 10?%) (0.8x10%) (0.7x10%)
™ 7.2 x 100de 4.1 x 102be 3.6 x 102b 3.1 x 102b 2.8 x 102b
(4.3 x 10%) (1.3 x 10%) (1.1 x 10%) (1.2 x 102) (1.0 x 10%)
T3 7.2 x 100de 8.2 x 100de 6.2 x 10%cd 4.0 x 10%d 3.0 x 103¢
(4.3 x 10%) (5.1 x 10%) (2.6 x 10%) (2.2 x 102) (1.3 x 10%)
T4 7.2 x 100de 8.5 x 108¢ 8.1 x 108¢ 6.3 x 100de 5.8 x 10°4
(4.3 x 10%) (4.3 x 10%) (3.9 x 10%) (3.3 x 10%) (3.1 x 10%)

CIP-contaminated water treated by FTWs planted with P. australis (T1), CIP-contaminated water having only
bacterial consortium (T2), CIP-contaminated water treated by FTWs planted with P. australis and bacterial
consortium (T3), and CIP-contaminated water treated by FTWs planted with P. australis and augmented with
bacterial consortium immobilized on polystyrene sheet (T4). Different letters indicate significant differences tested
atp < 0.05.

Survival and colonization of the augmented bacteria are critical for successful pollution
degradation in the FTWs [46]. The bacteria survived in the root and shoot interiors of
the plant in our investigation. The bacterial population was likewise much higher in the
root interior of P. australis than in the shoot interior. Previous research has also shown
that augmented bacteria colonized the root more than the shoot, suggesting that the root
environment has a higher colonization potential than that of the shoot [47]. In several
previous investigations, the number of inoculated bacteria in the root interior was shown to
be higher than in the shoot interior [47,64]. Among the treatments, the maximum bacterial
population was found in water, shoot, and root of the FTWs (T4) inoculated with the
bacterial consortium immobilized on polystyrene sheets (Table 2).
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Table 2. Population of the inoculated bacteria in the roots and shoots of Phragmites australis.

Treatment Root/Shoot Bacterial Population (CFU g—1)
RI 5.82 x10*P (0.85)

T3 1d
SI 4.15 x10*4 (1.53)

- RI 6.94 x10%2 (0.98)
SI 5.73 x10%¢ (0.74)

Root interior (RI), shoot interior (SI), CIP-contaminated water treated with FTWs planted with P. australis and
bacterial consortium (T3), CIP-contaminated water treated by FTWs planted with P. australis and inoculated with
bacterial consortium immobilized on polystyrene sheet (T4). Different letters indicate significant differences tested
atp < 0.05.

3.4. Plant Growth

Toxic pollutants in water have long been known to limit plant growth [46,65]. The root
and shoot lengths, as well as root and shoot biomass of the plant (Table 3), were measured
in this investigation. It was seen that the augmented plants (T2 and T3) grew faster than the
plants without augmentation. This is because of the plant-bacteria symbiotic relationship,
in which bacteria can encourage plant growth by lowering the abiotic stress in contaminated
water, such as the presence of CIP in water [66]. Bacteria also promote plant growth by
producing phytohormones and allowing essential nutrients to be bioavailable [67,68].
Previous studies demonstrated that the inoculated bacteria increased plant development
by lowering pollutant-induced toxicity [53].

Table 3. Effect of ciprofloxacin and bacterial inoculation on the growth of Phragmites australis.

Treatment Fresh Biomass (g) Dry Biomass (g) Length (cm)

Root Shoot Root Shoot Root Shoot
Control 82b (785 68°(545) 20 (4.72) 15f(346) 15f(3.08)  30°¢(5.18)
T1 850 (9.23) 70°(6.18) 22¢f(5.82) 17 (3.38) 17°f(426) 359 (6.28)
T2 902 (8.54) 80P (817) 25°¢(5.62) 20°¢ (461) 20 (547) 409 (7.34)
T3 952(9.43) 85P(8.07) 28°(6.08) 22°f(535) 23¢f(582) 434 (7.78)

Only tap water (control), CIP-contaminated water treated by FTWs planted with P. australis (T1), CIP-contaminated
water treated by FTWs planted with P. australis and inoculated with bacterial consortium (T2), and CIP-
contaminated water treated with FTWs planted with P. australis and inoculated with bacterial consortium
immobilized on polystyrene sheet (T3). Different letters indicate significant differences tested at p < 0.05.

3.5. Phytotoxicity Analysis

Seed germination toxicity assay was conducted at the end of the study to assess the
quality of treated water. The length of roots was taken as an indicator for toxicity analysis,
an approach consistent with the previous studies performed to assess the toxicity of organic
contaminants [69]. The relative data of root length (RL) and total length (TL) of plantlets
are presented in Table 4. The plantlets produced from seeds exposed to water treated by
FTWs showed greater RL and TL than the seeds exposed to the water without treatment. It
might be due to the reduction in the concentration of CIP in the water by the CIP-degrading
bacteria. However, the plantlets produced from the seeds irrigated with the water treated
by FTWs having a bacterial consortium immobilized on a polystyrene sheet showed the
maximum RL (24 mm) and TL (40 mm). The seeds exposed to untreated water developed
minor radicles and no plumule. This is due to the toxic effects of CIP-contaminated
water [70,71]. In an earlier study, authors [32] evaluated five major veterinary antibiotics,
namely tetracycline, sulfamethazine, norfloxacin, erythromycin, and chloramphenicol, for
their phytotoxic effects on the germination of seeds of lettuce, tomato, carrot, and cucumber.
According to their results, these antibiotics significantly reduced root elongation, which
is the most sensitive endpoint for phytotoxicity studies. They also found that TC was the
most toxic, and lettuce was the most susceptible to the tested antibiotics.
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Table 4. Effect of water treated by floating treatment wetlands on the growth of plantlets of wheat.

Treatment Root Length (mm) Total Length (mm)
Untreated water 1054 h (0.74) 15 8 (0.95)
Tap water 254 (1.62) 422 (2.27)
T1 20 f (1.41) 30 € (1.85)
T2 22°€(1.34) 28 € (1.67)
T3 244 (1.13) 38" (2.05)
T4 24 4 (1.51) 402 (1.71)

CIP-contaminated water treated by FTWs planted with P. australis (T1), CIP-contaminated water having only
bacterial consortium (T2), CIP-contaminated water treated by FTWs planted with P. australis and bacterial
consortium (T3), and CIP-contaminated water treated by FTWs planted with P. australis and augmented with
bacterial consortium immobilized on polystyrene sheet (T4). Different letters indicate significant differences tested
atp < 0.05.

3.6. Practical Applications

This study confirms that attached growth systems can help achieve maximum reme-
diation in a short time period. This is mainly due to low shear force and better biofilm
formation on the fixed bed which is generally followed by effective catabolic activities
by the inoculated microbial communities. Authors [54] recently argued that remediation
efficiency can be significantly enhanced in the presence of attached growth systems as com-
pared to the suspended growth systems. In addition, attached growth systems support high
biomass formation, retaining extracellular polymeric substances, with a rich microbial com-
munity to drive pollutant transformation effectively. Compared to the suspended biological
treatment processes, immobilized and fixed bed treatment systems also require less aeration
without any need for additional organic carbon. The high biomass can further enhance
flocculation and sedimentation of suspended particles in highly turbid wastewater often
present in field-based systems. The overall approach appears to be scalable, sustainable,
and cost-effective as observed in our earlier field-scale floating wetlands studies [64].

4. Conclusions

The application of immobilized bacteria onto polystyrene sheets significantly increased
CIP remediation (97%) via FTW. To this end, helophytic grasses such as Phragmites australis
could be a suitable option due to its metabolic abilities to support microbial proliferation
and enhance organic mineralization in the root zone (German: Wurzelraumverfahren). The
bacterial strains A. lwoffii ACRH76, B. pumulis C2A1, and Acinetobacter sp. HN3 were able
to develop successful partnership with the plant, even in the presence of CIP, indicating
abilities to survive antibiotic stress. FTW supported by immobilized bacteria offers sus-
tainable and scalable solutions to treat wastewater contaminated with antibiotics. Owing
to near-natural means of remediation and comparably low energy requirements, the tech-
nology is particularly attractive for countries with economic constraints such as Pakistan.
Further studies are, however, encouraged to explore the metabolic activity of the bacteria
during the degradation of CIP.
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