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Abstract

The presence of ibuprofen (IBP) and paracetamol (PAR) contaminants in wastewater
has become an emerging issue. Traditional wastewater treatment facilities have not
been adequately upgraded to remove these micropollutants. This study focused on
screening and identifying effective rhizobacteria capable of assisting plants in elimi-
nating ibuprofen and paracetamol from wastewater using constructed wetlands. A to-
tal of 28 rhizobacteria were isolated from both the roots and the surrounding sand of
Scirpus grossus after 30 days of pharmaceutical exposure. Among these, three isolates
(Gram-negative Enterobacter aerogenes, Gram-positive Bacillus flexus, and Paenibacillus alvei)
showed high tolerance to IBP and PAR with initial removal efficiencies > 75%. The addition
of these three isolated rhizobacteria to a constructed wetland (planted with Scirpus grossus,
5-day HRT, 2 L/min aeration) assists the removal of IBP and PAR from wastewater. Bioaug-
mentation of rhizobacteria showed an increment of IBP removal (113%) from water (resid-
ual of 10 ng/L) and PAR (120%) from sand (residual 2.3 pg/L) as compared to the non-
bioaugmented systems. The addition of rhizobacteria also showed the ability to significantly
enhance the translocation of PAR into the shoot system of S. grossus, suggesting assisted
phytoextraction mechanisms, while the removal of IBP in wetlands is suggested to occur
via rhizodegradation. It is recommended that future research be conducted to elucidate the
microbial degradation pathways and analyze the intermediate metabolites to accurately
depict the pharmaceutical degradation mechanisms and evaluate their ecological risks.

Keywords: emerging contaminants; environmental pollution; pharmaceuticals; rhizobacteria;
wastewater treatment
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1. Introduction

The occurrence of pharmaceutical residues in wastewater poses a significant challenge
for wastewater treatment technologies [1]. Various sources of pharmaceutical compounds
in the environment include households, industries, hospitals, and pharmacies [2,3], where
common drugs such as paracetamol (PAR) and ibuprofen (IBP) are widely used, sub-
sequently excreted, and improperly disposed of [4,5]. Currently, wastewater treatment
facilities are not designed to effectively eliminate these organic micropollutants, which
typically have high water solubility and low biodegradability. Consequently, their per-
sistence in the environment is maintained [3,6]. The accumulation of pharmaceuticals in
surface water may raise ecological and health concerns, including being the cause of chronic
toxicities, endocrine-disrupting diseases, and accumulation in aquatic organisms [7,8].

Adsorption [9] and filtration [10] are widely recognized methodologies for mitigating
the contamination of water by IBP and PAR. Electrocoagulation and photocatalysis have
emerged as promising alternative technologies [11,12]. Despite the demonstrated efficacy
of these technologies, there are escalating concerns regarding the chemicals utilized and
the resultant treatment residues that may contribute to additional environmental pollu-
tion [13,14]. The high consumption of energy by applying these technologies also needs to
be considered [15]. Nature-based treatments (biodegradation) are gaining popularity as
sustainable alternatives [16]. Among the nature-based methods, phytoremediation (con-
structed wetland) using macrophytes offers environmentally friendly and relatively lower
operational and maintenance costs for pharmaceutical-contaminated wastewater [17,18].
However, its practical application in wastewater treatment requires critical evaluation.
Biodegradation can result in the formation of intermediate compounds, which can pose
greater toxicity than the original pollutant [19,20]. Compared to physicochemical treatment,
such as the Advanced Oxidation Process (AOP), biological processes are often slower and
may not be economically viable at a larger scale [21,22]. In real wastewater treatment cases,
these limitations must be carefully considered.

It is worth taking note that in phytoremediation, both biological and chemical degra-
dation processes can naturally co-occur and interact, including microbial transformation
and abiotic oxidation [23,24], particularly where treated or untreated wastewater intro-
duces pharmaceutical residues. Wetlands planted with Typha angustifolia removed 95.1%
of ibuprofen from an initial concentration of 1000 ng/L [25], while Phragmites australis
removed 99% of ibuprofen from an initial concentration of 24 ug/L [26]. Spirodela polyrhiza
was also reported to remove 97.7% of paracetamol from spiked wastewater (25 ug/L) [27].
Based on these previous findings, macrophytes showed good potential for removing phar-
maceutical compounds from wastewater in wetland systems. The high pharmaceuticals
removal performance occurred due to the plant uptake capability and also the interaction
with rhizobacterial communities, which is currently limitedly studied [28].

Nevertheless, the majority of existing research primarily focuses on the uptake of
pharmaceuticals by plant roots from effluents [14,29,30], while investigations regarding
translocation, accumulation, and the influence of rhizobacterial additions remain insuf-
ficiently addressed [31]. In addition to that, the use of native Malaysian plant species of
Scirpus grossus to remove pharmaceuticals in wetlands is currently limited. To bridge this
research gap, the objective of the present study was to assess the potential of S. grossus in
removing IBP and PAR from pilot-scale constructed wetlands. This research also aimed to
analyze the effect of adding resistant isolated rhizobacterial species on the performance of
the constructed wetland in removing IBP and PAR. The results obtained from this study
are expected to provide an alternative option for pharmaceutical-containing wastewater
treatment, while also contributing to the general knowledge of phytoremediation.
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2. Materials and Methods
2.1. Plant Material Acquisition and Initial Maintenance

The specimens used in this study (S. grossus) were obtained from Tasik Chini,
Pahang, Malaysia. These plants underwent propagation within the UKM conservatory
prior to the initiation of their second generation. A cohort of healthy, 30-day-old plants was
acclimatized to the sand medium during the initial phase of the project.

2.2. Initial HRT Optimization

This research was conducted in a greenhouse at Universiti Kebangsaan Malaysia (UKM),
located within an open, natural environment. The experimental setup was replicated
to facilitate the functioning of three constructed wetlands (CWs) planted with S. grossus
(T1 exhibiting a hydraulic retention time of 3 days, T2 at 4 days, and T3 at 5 days) under
ambient conditions of 30 &= 5 °C with 10 h of sunlight. The subfloor wetland reactors were
engineered to accommodate a total effluent volume of 45 L, characterized by dimensions
of 1 m in width, 1 m in length, 60 cm in height, and a thickness of 0.5 cm. Three identical
reactors were utilized, each comprising a sand—gravel layer constructed from fiberglass.
The layers within the sand strata, arranged from the base to the top, included the following;:
(i) a 15 cm layer of gravel with particle sizes ranging from 10 to 20 mm, (ii) a 5 cm layer of
fine sand with a particle diameter of 2 mm, and (iii) a 1 cm layer of gravel with diameters
between 1 and 5 mm. The total mass of the sand was recorded as 77 kg. A 22.5 cm thick
gravel layer, with particle sizes ranging from 10 to 20 mm, was employed to stabilize
both the inlet and outlet flows. The main study concentrated on plants that had under-
gone a 30-day acclimatization period. Each vertical subsurface flow constructed wetland
(VSSFCW) received twenty healthy S. grossus plants that had successfully completed the
acclimatization process. Figure 1 depicts that each reactor was meticulously designed for
continuous operation, with discharge rates of 15, 11.25, and 9 L/day, corresponding to
hydraulic retention times of 3, 4, and 5 days, respectively. All analyses in this research were
conducted in triplicate. The optimum HRT condition was selected based on the removal
of IBP and PAR, and the results of the validation run (with and without rhizobacterial
addition, following Section 2.5) are presented in this article.
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Figure 1. Schematic of a pilot-scale system in Bukit Puteri on the UKM campus.
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2.3. Isolation and Characterization of Rhizobacteria

During 30 days of microbial testing of S. grossus exposure to pharmaceutical-
contaminated wastewater, a mixture of IBP and PAR (600 and 60 pug/L concentration,
respectively) was placed in a continuous subsurface flow (SSF) system. The concentrations
were determined by the maximum concentration of these compounds that were previously
analyzed in domestic effluent in the Bangi Area, Malaysia. Isolation of rhizobacteria was
conducted following a previous method [32]. Three samples of roots were taken from each
VSSFCW (T1, T2, and T3) outlet. About 10 g of S. grossus roots and their surroundings were
placed in a 250 mL Schott bottle filled with 100 mL of sterilized distilled water. The sample
underwent incubation in a rotary shaker (Model SI-100D, Protech, Shah Alam, Malaysia)
at a temperature of 37 °C and a speed of 150 rpm for a duration of 1 h. Serial dilution
was utilized to achieve three appropriate dilutions for plating. Subsequently, 1 mL of the
sample was transferred into 9 sterile saline solutions, facilitating the attainment of dilutions
up to 1074, Subsequently, 0.1 mL of each of the three dilutions (1072 and 10~* dilutions)
was carefully pipetted into a sterilized Petri dish containing tryptic soy agar (TSA) (Difco,
Tucker, GA, USA). The sample was disseminated in triplicate to the Petri dishes inside a
laminar-flow cabinet using a hockey stick on the TSA. The dishes were then incubated in
an inverted position at 37 °C for 24 h. The count and recording of colonies spanning from
more than 20 to 300 cells were conducted. The results were expressed as colony-forming
units (CFU) per milliliter by multiplying the number of colonies calculated by the product
of the dilution and the quantity plated [33]. The colonies were isolated from the S. grossus
root and adjacent soil and cultivated for 24 h in separate TSA. Differences in colony mor-
phology, such as colors and shapes, were used to differentiate among isolated rhizobacteria
colonies. The morphology of each cell was observed under a light microscope (Nikon-E100,
Tokyo, Japan). Cellular morphology was identified, and biochemical tests (catalase, Gram
stain, motility, and oxidase) were conducted on the pure cultures of bacteria.

To identify the rhizobacteria that were resistant to pharmaceuticals, a mineral salt
medium (Merck, Darmstadt, Germany) was employed to conduct a test for the root colonies.
It contained concentrations of mixed pharmaceuticals (IBP and PAR) of 600 and 60 png/L,
respectively, in which S. grossus could grow and survive. The composition of the mineral
salt medium (MSM) that was used is as follows: MgSO,4-7H,0, 0.2 g/L; NH4Cl, 0.2 g/L;
KyHPOy, 0.5 g/L; KHpPOy, 0.5 g/L; NaCl, 0.2 g/L; CaCl,-2H,0, 0.0225 g/L, supplemented
with micronutrients CoCl-6H,;0, 0.42 g/L; NaMoOy-2H,0, 0.15 g/L; ZnCl,, 0.23 g/L;
AlCl3-6H,0, 0.05 g/L; CuSO4-H,0, 0.03 g/L; MnSO4-H,0, 0.13 g/L. The pH was adjusted
to 7.0, and the solution was autoclaved at 121 °C for 20 min. The isolated bacteria were
streaked with sterilized TSA (SDFO, San Mateo County, CA, USA) (50 mL) and incubated
in a rotary agitator (Protech, SI-100D model, Malaysia) at 150 rpm (37 °C) for approximately
18 to 24 h.

Pure cultures were prepared in 50 mL of sterilized tryptic soya broth (Difco, USA)
and incubated in a rotary shaker (Protech, Model SI-100D, Malaysia) at 37 °C and 150 rpm
for 18-24 h following a growth period of 24 h. The sample was then placed in an Eppendorf
Centrifuge model 5810 R, operating at 4000 rpm and 4 °C for a duration of 10 min (USA). To
enable standard inoculation from the particle, the supernatants were isolated. The bacteria
were incubated in a 250 mL conical flask containing 50 mL of MSM with a 10% standard
inoculation of rhizobacteria for the purpose of screening. The flask underwent incubation
at 37 °C with a shaking speed of 150 rpm for a duration of 5 days. The samples underwent
analysis for bacterial growth (CFU/mL count) utilizing the following ratings: good (+++),
fair (++), poor (+), and no growth (=) [34].

DNA was extracted from the selected prospective bacterial species using a Molec-
ular Biology Kit (Promega Kit, Madison, WI, USA). The extraction was conducted in
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accordance with the protocol provided in the kit. The DNA amplification protocol
was followed by the use of an amplification kit (Promega, USA) to conduct DNA am-
plification. The 165 rRNA was amplified using the Universal primers primer pair in
a ready-to-use polymerase chain reaction (PCR) Master Mix (Promega) following ge-
nomic extraction: 27 F (5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG,) and 1492 R
(5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). The process was amplified us-
ing a master cycler (Epgradient S, Eppendorf, and Version 3608). The protocol for amplifi-
cation consisted of 35 cycles, which included denaturation at 94 °C for 1 min, annealing
at 45 °C for 50 s, and elongation at 68 °C for 50 s. Additionally, the amplification procedure
began with an initial step at 94 °C for 10 min [33]. The PCR results were purified with a Pure
Link TM Quick PCR Purification Kit [35], and the base pair of the amplified DNA was deter-
mined by the agarose gel electrophoresis technique, applying a Gene Ruler™ 1 kb DNA as
the Ladder Marker Method of DNA extraction. The Sanger method was used to sequence
the obtained 165 rRNA gene (First BASE Laboratories Sdn Bhd, Seri Kembangan, Malaysia).
When the 165 rRNA sequences were obtained, the sequences were compared with other
bacterial 165 rRNA databases from the National Centre for Biotechnology Information
(NCBI) (http:/ /www.ncbi.nlm.nih.gov).

BLAST version 2.17.0 was performed using DNA sequences from previous phases
and sequence alignment techniques. The phylogenetic tree of the selected bacteria was
constructed using the top 10 highest similarities identified after further blast processing
with the MEGA X program, as reported by the NCBI Gene Bank [36]. The phylogenetic
tree and the BLAST endpoint exhibiting the highest recognition similarity were utilized
to determine the bacterial species. The construction of a phylogenetic tree consists of
four clear steps: first, one must identify and gather a set of homologous DNA or protein
sequences; second, these sequences need to be aligned; third, a tree is estimated based on
the aligned sequences; and finally, the tree is visualized to effectively convey the essential
information to others. A phylogenetic tree consists of branches linking nodes, with interior
nodes indicating likely ancestors and external nodes representing contemporary sequences.
The lengths of the branches represent the estimated amount of change occurring between
two nodes. A phylogenetic tree estimates the relationships between taxa (or sequences)
and their potential common ancestors.

2.4. Selected Rhizobacterial Biodegradation Examination

The biodegradation test evaluates the ability of the selected rhizobacteria from the
isolation stage to break down the combination of IBP and PAR (utilizing HPLC analysis,
Agilent HPLC 1200, Santa Clara, CA, USA). MSM broth was prepared with pharmaceutical
concentrations of 600 and 60 pg/L, consisting of 50 mL of MSM containing IBP and
PAR (10%, v/v) along with a 5 mL inoculum of rhizobacteria at an optical density (OD)
of 550 nm, combined with 45 mL of MSM for this stage. The solution was transferred into
a 250 mL conical flask and incubated overnight at 37 °C for a duration of 5 days while
being agitated at 150 rpm in a shaker. On days 0 and 5, three conical flasks containing
MSM broth were collected for each bacterium via centrifugation (Eppendorf Centrifuge
5810, Enfield, CT, USA) at 4000 rpm and 4 °C for a duration of 10 min. The samples were
extracted and collected via solid-phase extraction (SPE) after a 5-day incubation period.

To concentrate IBP and PAR from the water sample, 200 mg/6 mL Oasis hydrophilic-
lipophilic balanced (HLB) cartridges from Waters Company were used. The HLB cartridges
contained 3 mL of deionized water adjusted to pH 2, along with 3 mL of acetonitrile and
3 mL of methanol. The sample was passed through the cartridge at a controlled flow rate
using a vacuum manifold. After percolation, the HLB cartridge was washed with 10 mL of
deionized water, and the eluent was discarded. Following this, the cartridge was allowed
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to rest for 1 h [37]. HPLC measurements were performed by eluting the analyte using 4 mL
of acetonitrile, which was then collected in a vial. The eluted sample for IBP and PAR
determination was measured using HPLC (Agilent 1200 Series, USA) through a standard
calibration curve. A Zorbax C18 column with dimensions of 250 mm, 4.6 mm, and 5 mm
was utilized at a UV wavelength of 230 nm, specifically at 254 nm. The mobile phases
utilized consisted of water and methanol, operating at a flow rate of 1 L/min with a ratio
of 60:40. The removal of the pharmaceutical mixture for each sampling at days 0 and 5 was
calculated using the Equation (1).

CO0 intial (0)day — C1 final (5)day

C%= CO intial (0)day

1)

where C0 is the pharmaceutical concentration (ug/L) at day 0 and C1 is the pharmaceutical
concentration (ug/L) at day 5.

2.5. Addition of Rhizobacteria Under Optimum Conditions

Rhizobacteria (Enterobacter aerogenes, Bacillus flexus, and Paenibacillus alvei) were
added in a validation run of the pilot-constructed wetland under optimized conditions
(HRT 5 days, 18 days of operation, aeration 2 L /min [38]) to study the influence of bioaug-
mentation on the phytoremediation process. The operations, with and without rhizobac-
terium addition, were compared for 18 days. The significant factors analyzed were phar-
maceutical concentrations in water, sand, and plants.

Water, sand, and plant samples were taken on days 3, 7, 12, and 18 during the val-
idation run. The concentration of ibuprofen and paracetamol in the water sample was
accomplished through the use of 500 mg/6 mL Oasis hydrophilic-lipophilic balanced
(HLB) extraction cartridges (Waters Corporation, Milford, MA, USA) in the solid-phase
extraction (SPE) (Jones Chromatography, Lakewood, CO, USA). Each HLB cartridge was
preconditioned with 3 mL of deionized water, methanol, and acetonitrile at a pH of 2. The
sample was subsequently extracted through the cartridge at a controlled flow rate using a
vacuum manifold. The HLB cartridge was cleansed with 10 mL of deionized water during
percolation, and the eluent was discarded. The cartridge was then left to sit for 1 h [37].
Ultimately, the analyte was eluted into a 1.5 mL sample vial for HPLC detection using
4 mL of acetonitrile. The mechanism of action during the treatment period of ibuprofen by
Scirpus grossus was associated with adsorption and filtration. Subsequently, paracetamol
and ibuprofen were extracted from the samples. In accordance with EPA Method 3550C,
an ultrasonic solvent extraction process was implemented. Initially, sand samples were
combined with sodium sulphate (R&M Chemicals, Bristol, UK) [39]. Subsequently, they
were immersed in 50 mL of methanol (solvent) and sonicated at a temperature of 50 °C for
30 min using an ultrasound chamber (Kwun Wah International Ltd., Shenzhen, China) to
eliminate epiphytes. The samples were subsequently purified using glass fiber, the distilled
solvent was transferred to a 15 mL vial, and the extract was concentrated and analyzed in a
2 mL HPLC volume. The plant absorption of paracetamol and ibuprofen was ascertained
by combining 1 g of the top part (shoot) and bottom part (roots) of each desiccated plant
with 50 mL of methanol (solvent) (Merck, Germany) in a 100 mL Schott bottle [40]. Using
an ultrasonic cleanser (Kwun Wah International Ltd., China), the sample was extracted
from the vial. The extraction procedure was conducted at a temperature of 50 °C for 30 min,
and the resulting liquid was subsequently filtered through glass fiber. The filtrate was
poured into a 15 mL vial and exposed to a fume chamber for 3-4 days to guarantee the
complete evaporation of water and methanol traces. Prior to conducting HPLC analysis,
the extract was filtered to a volume of 2 mL using the same method as that employed for
water and sediment.
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High-performance liquid chromatography (HPLC) was implemented with an
Agilent 1200 Series system (Agilent Technologies, USA) to conduct quantitative analyses
of paracetamol and ibuprofen in plant, sediment, and water samples. The analysis was
performed using a Zorbax C18 column (250 mm x 4.6 mm, 5 pm) and was conducted
in accordance with a standard calibration curve. Sample injection was performed di-
rectly into the nebulizer using an autosampler (CETAC ASX 520, Teledyne Technologies,
Omaha, NE, USA). In a 60:40 (v/v) ratio, the mobile phase was composed of deionized
water and methanol, with a flow rate of 1.0 mL/min. Micrograms per liter (ng/L) was
used to express the concentrations of paracetamol and ibuprofen in the samples. The initial
concentration and final concentration were compared to determine the removal efficiency
of each pharmaceutical compound, as outlined in Equation (1). The accumulation in the
plant was calculated based on Equation (2):

Canalyzed (58) x Vextract(L
Accumulation (Eg) _ anatyze (%) x Vextract(L) 2

Mplant (kg)

where Cyyalyzeq is the pharmaceutical concentration (ug/L), Vextract is the extracted volume,
and My, is the mass of the plant part (root or shoot) taken for extraction.

2.6. Statistical Analyses

A homogeneity and normality analysis was conducted on all data that was obtained.
Using one-way ANOVA, a correlation study was conducted to ascertain whether a re-
lationship existed between the factors and the pertinent answer. The Tukey HSD test
was employed to conduct post hoc research on each significant factor in order to identify
significant variations from the collected findings. SPSS Version 21 (IBM, Armonk, NY, USA)
was employed to conduct all statistical analyses. Substantial variations in the findings were
demonstrated by p < 0.05, and inferences were derived at a confidence interval of 95% [41].

3. Results and Discussion
3.1. Isolation and Characterization of Rhizobacteria

During the isolation stage, 28 different bacterial colonies were obtained from the
root area and adjacent soil of S. grossus exposed to pharmaceutical compounds. Table 1
summarizes the findings of biochemical testing (Gram stain, catalase, oxidase, and motility).

Table 1. Biochemical characterization of isolated rhizobacteria (+: positive results, —: negative result).

Biochemical Characterization
Isolate Code

Gram Stain Catalase Oxidase Motility
Al — — + +
A2 - — — +
A3 - + + .
A4 + + — —
A5 - — + +
A6 — — + +
A7 + - + +
A8 + — + +
A9 + + + +
Bl + + — —
B2 + + + -
B3 + + + -
B4 + — — +
B5 - - + +
B6 + + — —
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Table 1. Cont.
Biochemical Characterization
Isolate Code Gram Stain Catalase Oxidase Motility
B7 — + — —
BS — + + +
B9 + — — -
B10 + + - -
c1 + + + -
C2 + + + +
c3 + + - -
C4 + — - +
G5 + + + +
Cé6 - - + +
Cc7 — + + +
C8 — - - +
C9 + + + +

Gram staining indicated that 17 of the S. grossus rhizobacteria were classified as Gram-

positive, while 11 were identified as Gram-negative. Seventeen isolated rhizobacteria

showed a positive response for the oxidase test, while sixteen showed a positive response

for the catalase test. Nineteen isolates showed a positive result for the motility test.

3.2. Screening of Rhizobacteria Through Pharmaceutical Exposure

The bacterial growth results revealed that 6 of the 30 isolated rhizobacteria grew

well (+++) in the pharmaceutical-contaminated medium. Table 2 summarizes the growth

of rhizobacteria in the IBP- and PAR-contaminated medium.

Table 2. Growth of rhizobacteria after five days of exposure to pharmaceutical compounds (+: poor,

++: fair, +++: good).

Rhizobacteria Code Growth in IBP- and PAR-Contaminated Medium
Al +
A2 ++
A3 +
A4 +++
Ab5 +
A6 ++
A7 ++
A8 ++
A9 +
B1 +
B2 +++
B3 +
B4 +
B5 +
B6 +++
B7 +
B8 ++
B9 +
C1 +++
C2 +++
C3 ++
C4 ++
C5 +
Cé6 ++
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Table 2. Cont.
Rhizobacteria Code Growth in IBP- and PAR-Contaminated Medium
Cc7 +++
C8 ++
C9 +

Removal of Mix Pharmaceuticals by Each

Rhizobacteria

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

3.3. Removal of Pharmaceuticals by Selected Rhizobacteria

Six of the twenty-eight isolated rhizobacteria exhibited good growth on TSA, and these
rhizobacteria were subsequently subjected to degradation assays. The results indicated
that all six bacteria can degrade IBP and PAR during pharmaceutical exposure (Figure 2).
The removals by bacteria C1, C2, and C7 were 78%, 89%, and 93%, respectively. Meanwhile,
the removals by A2, A4, and B2 were only 50%, 48%, and 23%, respectively. Bacteria C1,
C2, and C7 had the best degradation. Based on these findings, C1, C2, and C7 were chosen
in the subsequent experiment to test for pharmaceutical degradation as a monoculture
(Figures 3 and 4).

93%
89% T
T 25 2

48%

A2 Ad B2 Cl1
Isolate Code

C7

Figure 2. Removal of mix pharmaceuticals (IBP and PAR) by each rhizobacteria.

The rate and extent of biodegradation were interpreted based on the HPLC chro-
matograms for residual pharmaceuticals. Figures 3 and 4 show the resolved peaks in the
pharmaceuticals” chromatograms that were peak eluting, and they represented residual
IBP and PAR. After five days of exposure, the HPLC chromatograms showed a lower
signal than the zero-day chromatogram. The results indicate that all three bacterial strains
can degrade IBP and PAR. Consequently, each bacterium exhibited varying efficiencies in
breaking down the pharmaceutical compounds.
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Figure 3. Chromatogram of ibuprofen extracted at days 0 and 5 for monoculture: (a) C1 day 0,

(b) C1 day 5, (c) C2 day 0, (d) C2 day 5, (e) C7 day 0, and (f) C7 day 5.
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3.4. Identification of Selected Rhizobacteria

The three selected rhizobacteria from the screening test were identified using
PCR techniques, and the 16S rRNA gene sequences of the isolated strains were submitted
to the GenBank sequence database and identified, as detailed in Table 3.

Table 3. Identification of isolated strains based on 16S rRNA gene sequencing.

Database Similarity

. c e o
Isolate ID (Accession No.) GenBank Accession No. Similarity (%)
C1 Enterobacter aerogenes Isolate MW555239 99
c2 Bacillus flexus Isolate MW555240 99
c7 Paenibacillus alvei Isolate MW555241 99

A phylogenetic tree was generated to fully identify the rhizobacteria C1, C2, and C7.
The phylogenetic tree revealed that the 16s rRNA sequence for the E. aerogenes isolate C1
was closely related to E. aerogenes strain S2-1, which was supported by 90% of the bootstrap
value because they belonged to a similar genus (Figure 5). Consequently, this bacterium
was generally identified as Enterobacter sp. strain C1. Given that the neighbor-joining tree
was constructed based on the genetic distance between species, the branch length of this
phylogenetic tree revealed how often divergence had occurred. Thus, a greater branch
length corresponded with a greater degree of divergence. A more comprehensive molecular
and biochemical analysis is required to identify Enterobacter sp. strain C1, as the current
results do not allow for a specific species to be associated with the bacterium. In the future,
the bacterium will be further identified to the species level by incorporating a variety of
identification methods, including the determination of its genomic DNA content, DNA
hybridization, and fatty acid profile.

90%;y Bacillus flexus strain SJ20 (MT103051.1:7-1460)

92% | Bacillus flexus strain NLO2 (MNB42590.1)
93%

Bacillus flexus isolate C2(MVW555240)

94% L Bacillus flexus strain SV1(KY884301.1)
Bacillus deserti strain 18JY1-7(MH497648.1)
93% QB%C Bacillus lentus strain IAM 12466 (NR 115527.1)
87% Paenibacillus durus strain 6563-1(NR 037017.1)
{ Paenibacillus borealis strain HPB00308 (KY417126.1)

Paenibacillus alvei strain H6(MH046040.1)

91%

Paenibacillus alvei isolate C7(MVV555241) |

92% Paenibacillus alvei strain NBRC 3343 58(MN543811.1:1-1429)

91% Paenibacillus alvei strain AN5(JQB868768.1)

90% Enterobacter aerogenes isolate C1 (NIW555239)|
Enterobacter aerogenes strain $S2-1({DQ124676.1:1-1429)

91% Klebsiella aerogenes strain ATCC 13048 (MW322925.1)

Klebsiella aerogenes JCM 20090 (LC571941.1)
86%

92%
929% - Klebsiella grimontii strain SB73 (NR 159317.1)

Klebsiella oxytoca strain ATCC13182T (Y17655.1)

—_—

0.020

Figure 5. A phylogram (neighbor-joining method) showing the genetic relationship between three
bacteria (inside the red boxes), Enterobacter aerogenes, Bacillus flexus, and Paenilbacillus alvei, and other
related reference microorganisms based on the 16s rRNA gene sequence analysis.
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The phylogenetic analysis showed that B. flexus isolate C2 (Gram-positive) was ge-
netically related to B. flexus strain NL02, which was supported by 94% of the bootstrap
value. The length of these branches represented genetic distance. Going horizontally, it
can be seen that Bacillus deseti strain 18]Y1-7 and Bacillus lentus strain IAM 12466 were
more distantly related to all of the other B. flexus, so it was the length of horizontal lines
that was important in foreign genetic distances. The isolate C2 was identified as B. flexus
and grouped into a similar clade to other B. flexus because the BLAST result revealed 99%
similarity with those species. The isolate C7 (Gram-negative) was closely related to P. alvei
NBRC3343.58 with a bootstrap value of 92%. Therefore, this isolate was assigned as P. alvei
strain C7. Therefore, point 0.02 referred to nucleotides per site in the alignment that gave a
measure of the scale of genetic distance between each of the bacterial groups.

3.5. Removal Efficiency of the Pharmaceuticals in Water and Sand During the Validation Run with
and Without Rhizobacteria

3.5.1. Removal of Ibuprofen and Paracetamol from Water

Th initial HRT optimization test showed that the constructed wetland with HRT 5
(5 days) showed the best removal of IBP and PAR [38,42]. During the validation run, the
IBP and PAR concentrations in the water decreased in all treatments (with and without
rhizobacteria addition), and the removal efficiency increased throughout the tested period.
In treatment tank 1, with rhizobacteria addition, the IBP and PAR concentration ranges
were 138-10 and 3-0.8 pg/L, with removal efficiencies of 93% and 83% after 18 days of
treatment, respectively (Figure 6). For treatment tank 2 without rhizobacteria addition, the
concentration of IBP in the water decreased from 102 ug/L to 50 pg/L, and that of PAR
decreased from 2.7 ug/L to 0.5 pug/L at the end of the study. Their removal efficiencies
were 80% and 90.70%, respectively (Figure 6).
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Day3 ‘ Day 7 ‘ Day12 ‘ Day 18 I
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Day 3 ‘ Day 7 I Day 12 ‘ Day18 ‘ Day 3 ‘ Day 7 ‘ Day 12 I Day 18 I Day 3 I Day 7 I Day 12 ‘ Day 18

TANK 2 Planted Without Rizhobacteria + Aeration TANK 3 Unplanted With Rizhobacteria + Aeration TANK 4 Planted Without Rizhobacteria
Non-Aeration
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@ §
0

Removal of Paracetamol in Water (%)

o

3 -

Day 3 ‘ Day 7 | Dayl2 | Day 18 |
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Day 3 l Day 7 ‘ Day 12 l Day 18 | Day3 | Day 7 ‘ Day 12 ‘ Day 18

TANK 3 Unplanted With Rizhobacteria + Aeration TANK 4 Planted Without Rizhobacteria
Non-Aeration

Day 3 ‘ Day 7 ‘ Day 12 | Day18 |
TANK 2 Planted Without Rizhobacteria + Aeration

Figure 6. Ibuprofen and paracetamol concentrations and removals in water under optimum condi-
tions with and without rhizobacteria addition.
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Paracetamol Concentration in Sand (ug/L)

Statistical analysis revealed that rhizobacteria addition provided a significant dif-
ference in the concentrations of IBP and PAR in water. Meanwhile, in treatment tank 3
(unplanted with rhizobacteria addition), the concentration of IBP and PAR in the water was
107-69 and 2.8-1 ug/L, respectively. These values were still higher than those in treatment
tank 4 without rhizobacteria addition, which were 102-69 and 3-0.6 ug/L, respectively.
Therefore, rhizobacteria addition can enhance the degradation of IBP and PAR.

3.5.2. Removal of Ibuprofen and Paracetamol from Sand

IBP and PAR concentrations in the pilot-scale treatment tank 1 with rhizobacteria
addition ranged within 70-10 and 2.70-2.30 pg/L, respectively, with removal efficien-
cies of 89 and 95% after 18 days of treatment (Figure 7). Statistical analysis revealed that
rhizobacteria addition provided a significant difference between sand IBP and PAR concen-
trations and removal efficiency (p < 0.05).

E=1Concentration ~0-% Removal

Removal of Ibuprofen in Sand (%)

Day3 | Day7 | Dayl2 | Day18 Day3 | Day7 | Day12 | Dayi8 Day3 | Day7 | Dayl2 | Day1s Day3 | Day7 | Dayl12 | Day1s

TANK 1 Planted With Rhizobacteria + Aeration TANK 2 Planted Without Rizhobacteria + Aeration TANK 3 Unplanted With Rizhobacteria + Aeration 'ANK 4 Planted Without Rizhobacteria Non-
Aeration

ExiConcentration ~8-% Removal

Removal of Paracetamol in Sand (%)

. ﬁ

Day3 ‘ Day7 l Dayl2 | Day 18 ‘ Day3 ‘ Day7 ‘ Day 12 | Dayl8 ‘ Day3 | Day7 ‘ Day 12 | Day 18 ‘ Day3 | Day7 ‘ Day 12 | Day 18

TANK 1 Planted With Rhizobacteria + Aeration TANK 2 Planted Without Rizhobacteria + Aeration TANK 3 Unplanted With Rizhobacteria + Aeration TANK 4 Planted Without Rizhobacteria
Non-Aeration

Figure 7. Ibuprofen concentrations and removals in sand under optimum conditions with and
without rhizobacteria addition.

The bioaugmentation of rhizobacteria resulted in an 89.95% removal efficiency of
IBP and PAR in tank 1, which was higher than the removal efficiency in tank 2 without
rhizobacteria addition (84.75%). Meanwhile, the removal of IBP and PAR from sand in
tank 3 (71.76%) and tank 4 (62.82%) were lower than tank 1 and 2. Statistical analysis
further demonstrated that phytoremediation with rhizobacteria addition significantly
differed (p > 0.05) from that without rhizobacteria addition. These findings were consistent
with those of Nguyen et al. [43], who demonstrated that the introduction of a bacterium
consortium can notably enhance the degradation of pharmaceuticals in soil. Notable
variations in IBP or PAR removal throughout the 18-day treatment period are highlighted
by the presence or absence of rhizobacteria under 5-day HRT. Table 4 summarizes the
removal of IBP and PAR from sand and water, respectively.
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Table 4. Ibuprofen and paracetamol removal in water and sand under optimal conditions without
and with rhizobacterium additions.

Removal Parameter With Rhizobacteria (%) Without Rhizobacteria (%)
IBP from water 93 80
IBP from sand 83 91
PAR from water 89 90
PAR from sand 95 75

It is intriguing that the removal of IBP from sediment (91%) and PAR from water (90%)
was marginally higher in the absence of rhizobacteria addition than in the addition of
rhizobacteria (83% and 89%, respectively) (Table 4). Although initially unexpected, these
results may be attributed to microbial competition and abiotic factors in the rhizosphere
environment [44,45]. In the case of IBP in sand, passive adsorption and physicochemical
entrapment may be the primary mechanisms responsible for IBP retention, particularly in
light of the hydrophobic character of IBP and its propensity to bind to particulate matter [46].
It is possible that the microenvironment was altered by the addition of rhizobacteria, which
could have resulted in a reduction in adsorption affinity or a promotion of desorption by
producing exudates [47,48]. For the case of PAR, its increased solubility and decreased affin-
ity for solid particulates in water may render it more susceptible to spontaneous hydrolytic
or photolytic degradation, which may be more effective under abiotic conditions [49,50].
These findings also suggested that the removal of IBP was more likely to occur due to the
rhizodegradation mechanisms, while the removal of PAR was more likely to occur via
assisted phytoextraction mechanisms (also discussed in Section 3.5.3).

3.5.3. Plant Uptake of Ibuprofen and Paracetamol (Shoots and Roots)

The results showed that IBP and PAR were detected inside the plant, indicating that
IBP and PAR were adsorbed and accumulated in the roots and the shoots. This finding
was consistent with that of previous research, indicating that plants can rapidly absorb
xenobiotics and other pharmaceutical compounds [31]. Figure 8 shows that IBP and PAR
concentrations in the roots and shoots were increased until day 18. Overall, pharmaceutical
concentrations were on average higher in the upper part than in the root in both modes
(with and without rhizobacteria addition), implying that IBP and PAR were absorbed and
translocated to the upper part [51].

However, another study found that pharmaceuticals (PAR, caffeine, and triclosan)
were accumulated in the greater duckweed rhizosphere [27]. The rhizosphere offered a
perfect environment for microbes that aid in pharmaceutical degradation. Previous studies
have also shown that rhizospheres boost the number and activity of microorganisms owing
to the diverse organic substrates provided by plant roots [52]. It is worth mentioning that
the removal of IBP and PAR from water and sand (Figures 6 and 7) does not directly match
the plant uptake (Figure 8). This apparent inconsistency suggests that the main removal
mechanism is not exclusively reliant on plant uptake but also encompasses substantial
contributions from microbial degradation and rhizosphere-mediated transformation activ-
ities. PAR and IBP are recognized to undergo biodegradation through enzymatic routes
facilitated by rhizospheric bacteria, resulting in their conversion into intermediate or final
metabolites that might be undetectable in plant tissues [53,54]. The addition of rhizobacte-
ria in the constructed wetland system augments transformation processes by activating
co-metabolic pathways and promoting microbial enzyme synthesis [55]. Furthermore, the
limited accumulation of these chemicals in shoot tissues indicates that transfer from roots
to aerial parts is low [24], with a significant portion of the contaminant likely maintained
or degraded in the rhizosphere or on the root surface. Based on the obtained findings, it
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is suggested that IBP was removed by rhizodegradation mechanisms, in which the rhi-
zosphere’s microorganisms played an important role in the pharmaceutical compound’s
removal [56]. The removal of PAR was suggested to occur via an assisted phytoextraction
mechanism, in which rhizobacteria assist the degradation of pharmaceuticals to boost the
subsequent uptake by plants [24,57].

ORoot B Shoot
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Day 12 Day 18 Day 3 | Day 7 | Day 12 | Day 18 Day 3 Day 7 Day 12 Day 18
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Figure 8. Ibuprofen and paracetamol concentrations in the plant under optimum conditions without
and with rhizobacterium addition.

4. Conclusions

The elevated levels of ibuprofen (IBP) and paracetamol (PAR) pollutants in wastewater
have become a significant concern. The addition of rhizobacteria in constructed wetlands
showed a promising alternative for pharmaceutical-contaminated wastewater. Three iso-
lates from the rhizosphere of Scirpus grossus (Enterobacter aerogenes, Bacillus flexus, and
Paenibacillus alvei) exhibited significant resistance to IBP and PAR. The incorporation of
these three isolated rhizobacteria into a constructed wetland facilitates the removal of IBP
and PAR from wastewater. Bioaugmentation resulted in a 13% increase in IBP removal
from water and a 20% increase in PAR removal from sand compared to non-bioaugmented
systems. The incorporation of rhizobacteria considerably improved the translocation of
PAR into the shoot system of S. grossus, indicating the involvement of aided phytoextrac-
tion processes, whereas the elimination of IBP in wetlands is proposed to occur through
rhizodegradation. Elucidation of the microbial degradation pathways is suggested to be
conducted in the future to clearly portray the pharmaceutical degradation mechanisms
in the constructed wetland. Additionally, analysis and assessment of the intermediate
metabolites will be very useful to evaluate the ecological risks of the treated wastewater.
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