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Abstract

Pseudomonas aeruginosa was used to assess their potentials to degrade PCBs at concentra-
tions of 1.0 pg/mL. An aliquot of 1.0 uL of the bacterial suspension with an optical density
of 1.0 at 600 nm was used as an inoculum of the assay. Isolates were analysed for their
ability to degrade PCB (Aroclor 1260) by measuring a shift in the wavemax using Cary 300
UV-visible spectrophotometer for a period of 96 hours. The presence /absence of the
compounds was checked using high performance liquid chromatography (HPLC) UFLC
Shimadzu using florescence detector pump RF-20A and system gold column C18 (CTO-
20A) after 96 h. PCBs were extracted from wastewater samples from both Gaborone and
Mafikeng using the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) extrac-
tion kit, and analysis was performed using the gas chromatography mass spectrometer
(GC-MS). The bacteria were able to degrade these compounds under different pH values
of 5.0, 7.0, 8.0, and 9.0 and temperatures of 20, 27, 30, and 35°C. Degradation occurred at
the most at 35°C and the least at 20°C for PCB samples that were used in the study. The
bacteria strain was able to completely degrade Aroclor 1260 that was incoperated into the
wastewater samples within 96 h. This was shown by a shift in the wavelength from 224 to
270 nm, which indicated that Aroclor 1260 was degraded and therefore forming a
chlorobenzoate derivative. From this finding, it can be concluded that the sewage water
samples did not possess PCB (Aroclor 1260) after treatment with bacteria and can be
safely recycled.
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1. Background

One of the key areas in sustainable development entails the promotion of environmental
management and introduction of new technologies to treat large quantities of waste. This
includes treatment of wastewater for recycling purposes [1]. The adverse effects of global
warming have mostly been experienced by countries in Africa, resulting in scarcity of water
as a natural resource. This has prompted a great global concern to recycle and conserve water,
especially in sub-Saharan Africa where the problem of water scarcity has affected most coun-
tries [2]. South Africa is faced with freshwater scarcity, which is exacerbated by its increasing
demand, pollution, unsustainable use, and climate change [3].

The presence of chemicals in the environment calls for quantification of such so as to come up
with a risk analysis posed by these chemicals [4, 5]. According to Guillen et al., substances such
as pharmaceuticals, perfluorinated acids, perfluorosulfonates, PAHs, PCBs, pesticides, and
surfactants are mostly found in wastewater [4]. Ying et al. also noted that the presence of
pharmaceutically active compounds in wastewater is a major concern [6]. Several methods
may be used to determine quantitatively, these substances from wastewater, which is mainly
from sewage treatment plants [6]. According to Ying et al., although much research has been
done regarding the removal of these substances, it was mainly on activated sludge and no
work has been done on wastewater [6].

Some strains of organism Acinetobacter have the ability to degrade pollutants such as biphenyls
from wastewater [7]. Enterobacter cloacae secretes an emulsifier that increases the hydrophobicity
of the bacterial cell surface and also neutralizes the surface charge of cells [8]. This as a result
increases the ability of the bacteria to degrade PCBs [8, 9]. Biosurfactants are also effective at
extremes of temperature, pH, and salinity [9, 10], a property that is essential in the biodegrada-
tion of PCBs as they are hydrophobic organic compounds [11]. This property causes these
recalcitrant compounds to be removed through physico-chemical means or treatments, limited
bioavailability to microorganisms, and limited availability to oxidative and reductive chemicals
when applied in treatments [8].

This study is very important in contributing toward addressing sustainable development goal 6.
With the global emphasis of conservation of natural resources and the three Rs, that is, reduce,
reuse, and recycle, this research is very important. The research is my original proposal which
was stimulated by quite a number of issues, such as the scarcity of water although there is a lot of
water that is being let to waste. Also the high prevalence of cancer cases with no direct link to
water but with a view to eliminate the possibility of such cancer causing chemicals with direct
attention on PCBs, from sewage which in most cases the effluent is released into the environment.

2. Brief literature

2.1. Physio-chemical properties of polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) consist of two benzene rings with a carbon-to-carbon bond
between carbon 1 on one ring and carbon 1 on the other ring [12]. PCBs have varying number
of chlorines in their structure [12-14], as shown in Figure 1.
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Figure 1. Structure of PCBs (source: [14]).

Toxicity of PCBs is dependent upon the number of chlorines present on the biphenyl structure
and their position, that is, the co-planar congeners [13, 14]. The PCB congeners that have been
deemed to be highly toxic were those that had chlorine atoms attached to the 3,4-ortho
positions, followed by those with 5-10 chlorine atoms in the para and meta positions [13].

PCBs toxicity has been largely associated with their structure. This has resulted in PCBs being
placed into categories, namely coplanar or non-ortho-substituted “arene” substitution patterns
or noncoplanar or ortho-substituted congeners [15]. The coplanar group members are charac-
terized by a fairly rigid structure, with the biphenyl rings in the same plane giving them a
molecule structure similar to polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans. Based on this structure, this group of PCBs act in the same way as these
molecules as an agonist of the aryl hydrocarbon receptor (AhR) in organisms [16]. This group
of PCBs is considered contributors to overall dioxin toxicity [16].

On the other hand, the other group of PCBs, noncoplanar PCBs, has chlorine atoms at the ortho
positions. According to Ross [17], they have not been found to activate the AhR and are not
considered part of the dioxin group; however, they have been implicated in having some
neurotoxic and immunotoxic effects, although at levels much higher than normally associated
with dioxins, and thus of much less concern to regulatory bodies [18, 19].

According to Rudel et al. PCBs are very stable compounds and do not decompose readily [18].
Their chemical inability to oxidize and reduce in the natural environment gives them this
characteristic; they have a long half-life (8-15 years) and are insoluble in water, thus the
recalcitrant property [18]. The biodegradability (and solubility in water) of PCBs is also depen-
dent upon the number of chlorine molecules it has [12, 13]. The more chlorine molecules
contained in a compound renders that compound less biodegradable [12]. PCBs are mostly
hydrophobic; some are less hydrophilic [20, 21]. These properties result in bioaccumulation of
these compounds as they do no dissolve in water, and thus, they render them difficult to be
biodegraded [12, 14, 20, 22].

2.2. Elimination of PCBs

Although the Stockholm Convention on Persistent Organic Pollutants (POPs) (of which PCBs
are part of) signed in 2001 was aimed at eliminating and/or restricting the production and use
of POPs [23], more of these ubiquitous substances are still being introduced into the
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environment through various human activities [24]. Water has become a widely used environ-
mental matrix for monitoring POPs [20, 25, 26], although most studies on PCBs have been
carried out on contaminated soils than water [27].

The destruction of PCBs by chemical, thermal, and biochemical processes is extremely difficult
and presents the risk of generating extremely toxic dibenzodioxins and dibenzofurans through
partial oxidation [12, 16, 27].

2.3. Effects of polychlorinated biphenyls (PCBs) on human health

PCB mixtures have been associated with cancer incidents in animals from long time back [17,
28, 29]. PCBs were found to induce liver tumors, thyroid adenomas, intestinal metaplasia, and
adenocarcinomas in rats and mice [29]. Exposure to some environmental chemicals such as
DDT and PCBs has been associated with a drop in sperm count, breast cancer, testicular cancer,
and hypospadias, which are all associated with endocrine disruption caused by these
chemicals [30]. This comes as a result of some PCB congeners being able to occupy thyroid
receptors, thus interrupting their action [17, 30].

PCBs accumulate in the fats of organisms and get passed on from one organism to the other in
food chains [31, 32], thus causing bioaccumulation. They get entry into the human body and
animals through the skin, lungs, and gastrointestinal tract [13]. PCBs then get distributed to
various parts of the body via blood and accumulate in different tissues [31, 33]. The effects of
PCBs on humans depend on age, sex, and part of the body affected by chemicals [13]. The liver,
as the major organ for removal of toxins in the body, is usually highly affected by PCBs [13, 29].
Humans become exposed to PCBs through consumption of contaminated fish, meat, and dairy
products [28] and also through grains grown in PCB contaminated soils [13, 28]. PCBs have
been isolated from human milk and serum [31, 34] and have been found to have effects on
breastfed children leading to low IQ and endocrine-related ailments [28, 31, 34]. Some studies
have shown an increase in cancer mortality in workers exposed to PCBs [13].

2.4. Biodegradation

Biodegradation is the metabolic ability of microorganisms to transform or mineralize organic
contaminants into less harmful, non-hazardous substances, which are integrated into natural
biochemical cycles [27, 35]. Specific bacteria having bio-degradative potential for various
chemical substances in wastewater as well as raw water may be used to treat water [35] for
purposes of safe recycling. Bacteria, unlike other organisms, have the ability to interact better
with man-made and naturally occurring compounds, which result in such compounds being
changed structurally and eventually degraded [35]. This is in a way a better cleanup strategy
that can be used in the cleanup of wastewater as it is environment friendly [35]. Use of mixed
population of microbes is usually recommended as it has been seen to yield faster results as the
two different microbes attack different parts through different mechanisms resulting in effec-
tive breakdown of the toxic compound [21, 33]. This activity also creates a condition of co-
metabolism [33].
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PCBs may not be readily biodegradable, but studies have shown that some bacteria species
such as Vibrio cholera, Acinetobacter lwoffnii, Aeromonas hydrophila, Pseudomonas aeruginosa,
Pseudomonas putida, Rhodococcus sp., Bacillus sp., and Burkholderia sp. have the ability to break-
down these compounds, although it is through a very long route [11, 13, 21, 36, 37, 51]. This
may be achieved through co-metabolism and mineralization [8, 35]. They use of a metabolic
pathway similar in all these bacteria, which comprise four steps catalyzed by enzymes BphA,
BphB, BphC, and BphD [37]. The pathway, according to Petric et al., is initiated by insertion of
two oxygen atoms at the carbon positions 2, 3 of one aromatic ring [37]. This is followed by
dehydrogenation meta-cleavage and hydrolysis forming a 5-carbon compound [37]. The pro-
cess follows a biphenyl catabolic pathway [37].

2.5. Biodegradation of xenobiotic compounds

According to Heider and Rabus, xenobiotic compound due to its recalcitrant nature is hard to
break down [38]. The recalcitrant nature of these compounds is a result of the complexity of its
chemical composition [8]. Breakdown of these compounds occurs when enzymes act on cer-
tain groups present in the compound [38]. The halocarbons, for example, the halogen group,
are targeted, with enzymes such as oxygenases playing a major role in their breakdown [8].
The enzymes target the bonds such as ester-, amide-, or ether bonds present in the compounds
leading to break down of these compounds [39, 40]. The enzymes may target the aliphatic
chains and in aromatic compounds, the aromatic components may be targeted [40]. The mode
of attack as well as the site depends primarily on the action of enzyme, its concentration, and
favorable conditions [40]. According to Abor-Amer [40], the xenobiotics do not act as a source
of energy to microbes and as a result, they are not degraded while the presence of a suitable
substrate induces its breakdown [39]. These substrates are known as co-metabolites, and the
process of degradation is known asco-metabolism [39]. Gratuitous metabolism is another
process in which xenobiotics serve as substrates and are acted upon to release energy [8].

The processes described cannot be achieved through the use of Moringa oleifera in treating
wastewater to remove PCBs. It is evident from literature that the removal of these compounds
using plant protein has not been fully studied [52]. Plant protein has been found to be slightly
efficient with the reduction of fecal coliforms and other bacteria [41, 42], which has made
Moringa treatment to be applicable. The use of Moringa oleifera seed powder in water treatment
plants has been found to target mainly microorganisms, thus reducing turbidity [43].
Although this mode of water treatment has been used, especially in rural areas of the develop-
ing countries, synthetic polymers, aluminum sulfate, ferric chloride, and poly aluminum
chlorides used together with this powder have been reported to be unsafe [41, 43, 44]. The
action of Moringa oleifera seed powder has been reported to be based on the ability of the
protein contained in the seeds to be able to form coagulants, which reduce water turbidity by
acting on coliforms [45]. The bacteria found to be mainly involved in biodegradation of POPs
and PCBs have been found mostly not to be coliforms [11, 13]. After treating water with
Moringa seed powder, 10'~10° of bacteria is left [45]. Taking into cognizance that Moringa is a
tree, sustainability of tree growth and productivity, which relies on environmental conditions,
may not be viable. This will therefore affect production and maintenance of the Moringa tree
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species, given the global warming and related environmental problems. Growing of bacteria
indoors is quite sustainable, when compared to growth of plants although Lea argues that
propagation is affordable [44].

3. Materials and method

3.1. Sample collection

Water released from the wastewater treatment plant (effluent) was obtained from Notwane
Sewage Treatment Plant situated in Gaborone, Botswana. It was collected from the sampling
site in sterile 250 ml Duran bottles and immediately placed on ice in a cooler box with ice. The
samples were taken to the Department of Biological Sciences, North-West University, Mafi-
keng for analysis. Samples were analyzed within 24 h of sampling. The treatment plant treats
40,000 m® per day of sewage.

3.2. Biodegradation of PCBs in wastewater by isolate Pseudomonas aeruginosa

In the study carried out by the author, out of the many bacteria stated in literature, only
Pseudomonas aeruginosa isolated from the wastewater sampled during the study was used.
The water samples were divided into two parts, one part was sterilized by autoclaving at
121°C for 15 min and the other half was left unsterilized. The wastewater samples were treated
with Aroclors of polychlorinated biphenyls (PCBs) obtained from SUPELCO Solutions
Within™, USA, through Lehlabile Scientific, South Africa. The PCBs were supplied as
Aroclors. Aroclor 1242 (Lot No. LB8851), 1248 (Lot No. LB88969), and 1260 (Lot No. LB92109)
in 1 ml ampoules at concentration 1000 pg/ml dissolved in isooctane were used in this study.
The purity for each Aroclor was not stated.

To each 100 ml wastewater sample in a 250 ml flask, 10 ul of polychlorinated biphenyls
Aroclors mixture, herein referred to as PCBs, was added. The sterilized wastewater samples
were inoculated with a colony of the 18 h old culture of the test organism, which was identified
as Pseudomonas aeruginosa (with accession number from the gene bank of CP 006832 in a study
carried out in 2014). Non-sterilized wastewater without bacterial inoculation (Control 1) and
sterilized wastewater without inoculation (Control 2) were both treated with PCBs and were
the controls. The flasks were wrapped with aluminum foil to exclude light and were incubated
at 30°C in the dark in a rotary shaker at 150 rpm [46]. A 5 ml was aseptically taken at 24 h
intervals from each setup/flask for detection of PCBs using HPLC and spectral changes were
checked at 200-800 nm using Cary 300 UV-visible spectrophotometer, for a period of 96 h.

Analysis for PCB using HPLC was carried out as described by Roy et al. with some modifica-
tions [46]. A 1 ml was sampled from each setup to check for residual PCB at 24 h interval. The
compounds were extracted by adding 10 ml each of dichloromethane and acetone. The mix-
ture was incubated in a rotary shaker for 24 h at 30°C. After incubation, the mixture was
centrifuged for 10 min at 12,000 rpm at 4°C using a Hermle Z326k high speed micro-
centrifuge, Labortechnik GmbH (LASEC, South Africa). The extra water was pipetted and 4 g
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of anhydrous sodium sulfate mixed with a PCB-containing solvent to remove residual water.
The extract was concentrated to 1.5 ml using a rotary evaporator Stuart RE300DB, LASEC,
South Africa and filtered with 0.45 um PTFE syringe filters. Extracts were analyzed by high
performance liquid chromatography (HPLC) UFLC Shimadzu using a florescence detector
pump RF-20A and system gold column C18 (CTO-20A). The excitation level was set at
254 nm, emission level at 390 nm. The mobile phase used was a mixture of acetonitrile and
water (80:20) as described by Roy et al. [46]. Data analysis was computed using real-time
analysis. All chemicals used were of HPLC grade supplied by Sigma Aldrich through
Lehlabile Scientific, South Africa.

4. Results

4.1. Degradation of PCBs by Pseudomonas aeruginosa

Samples of wastewater from the Notwane Sewage Treatment Plant were used in this study to
find out the degree of biodegradation of PCBs in wastewater un-inoculated and inoculated with
the test organism. Spectral changes (a shift in wavelength (An,x) in nm), detected using the UV-
visible spectrophotometer, were used as an indication that the compounds were broken down
into new products. The results of the wavemax (Ann.x) Nm obtained are presented in Figure 2.

The results shown by chromatogram indicated that there was a shift in A, from 224 to
270 nm in 0 h of incubation to 96 h of incubation at 30°C on a rotary shaker in the dark. These
results were obtained using a Cary 300 UV-visible spectrophotometer at a wavelength range of
200-800 nm. The results were an indication that isolates Pseudomonas aeruginosa was able to
degrade Aroclor 1260 into chlorobenzoates and derivatives, which have wavelength ranging
from 244 to 270 nm, hence the shift in wavelength.

1
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0.6
0.5
0.4
0.3
0.2
0.1

0
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200 250 300 350 400
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Figure 2. Spectral changes of PCB degradation in water inoculated with isolate Pseudomonas aeruginosa.
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Figure 3. HPLC chromatogram for PCBs standard using a florescence detector method at 10 pl injection volume.

4.2. Results from high performance liquid chromatography (HPLC)

HPLC chromatogram depicted differences in picks obtained for the experiments, the controls,
and the standards. Although concentrations were not determined, no PCBs were detected by
HPLC after 96 h of incubation. This was an indication that the bacteria degraded the com-
pounds, hence the chromatogram shown in Figure 4. The chromatogram obtained for the
experiments was compared with the chromatogram for the PCB standard using the retention
times for the compounds in the standard, which was represented in Figure 3. The results for
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Figure 4. Chromatogram for PCB biodegradation experiment after 96 h of incubation.
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PCB standard presented in Figure 3 showed that there were several compounds in the Aroclor;
thus, the many picks, which are not found when the same treatment was extended to the
experiment, resulted in Figure 4.

The chromatogram shows that the components of the standard had retention times ranging
from 3.647 to 13.119 min. The components picked by the instrument are indicated by the red
line marking the beginning and ending of the peak. The instrument could not detect the actual
names of the compounds though.

The wastewater was sterilized and thereafter inoculated with the test organism and PCBs
mixture added. Figure 4 shows that no peaks were picked by the HPLC. This is an indication
that the polychlorinated biphenyls added to the wastewater were completely broken down by
isolate Pseudomonas aeruginosa resulting in complete elimination.

Representation of Figure 4 is a clear indication that there were no detectable amounts of com-
pounds after Aroclor was subjected to bacterial treatment. The compounds were broken down in
5 days. There are no peaks shown as compared to the chromatogram shown in Figure 3.

5. Discussion

The wavelength maximum (A,ax) Observed after 96 h ranged from 264 to 269 nm on average for
PCBs (Figure 2). These results indicated that the PCBs were broken down forming new products
with different wavelength and thus the change. This implies that the bacteria were able to use
them as their sole source of carbon; thus, the biodegradation of the PCBs added to wastewater.
The shifts are an indication of the presence of initial ring oxidation metabolites and ring fission
metabolites [19, 47]. PCBs first get degraded into chlorobenzoates [47] that have been found to
have A ranging from 210 to 214 nm in the B-band and 244 to 270 nm in the C-band when
dissolved in water [48], a range that was observed in the results obtained after 24 h of culturing
the organism used in this study in PCBs Aroclor mixture, results of which are shown in Figure 2.
The results depicted that the bacteria was able to breakdown the PCBs, which were similar to
results in a similar studies by Vrchotova et al. and Seeger et al. [47, 49]. In their studies [47, 49],
the product chlorobenzoate was biodegraded into benzoate and eventually pyruvate and
acetyladehyde, which are essential in the tricarboxylic cycle (TCA) [47, 49].

The HPLC run confirmed that the compound was biodegraded by the bacteria isolate Pseudo-
monas aeruginosa as presented in Figures 3 and 4, which was also proved by Heider and Rabus,
Roy et al. and Raja et al. [38, 46, 50] in their studies. No PCB compound was detected after 96 h
of exposure to the bacteria in wastewater.

6. Conclusion

Pseudomonas aeruginosa, isolated from wastewater in the Notwane Sewage Treatment Plant was
successfully used in biodegradation of recalcitrant polychlorinated biphenyls (PCBs). This
having been successfully employed at the micro level, and further tests can be carried out to

147



148 Wastewater and Water Quality

validate the results obtained in this study. With this recommendation in place, it is ideal to say
that employing bacteria in the biodegradation processes of recalcitrant PCBs will be highly
cost effective as it is a biotechnological process. The process will enable developing countries to
employ effective but easy to maintain at a cost effective mode means of wastewater treatment.
This wholly will also enable these countries to address the problem of water shortage at the
same time practicing water conservation strategies. This is in a way contributing toward
addressing the sustainable development goals (SDGs). With the findings from this study, a
recommendation for further experimentation on a larger scale is made so as to safely recycle
the sewage water for purposes of redirecting to Gaborone dam. This in a way will aid in
curbing the problem of water shortage, of course, taking into consideration other factors, such
as total coliforms, Escherichia coli, and other pathogenic organisms and chemicals. These have
to be within the expected standards according to Botswana Bureau of Standards (BOBS) limits
as well as international World Health Organization (WHO) standards.
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