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Abstract: Zero-emission technology for palm oil mill effluent (POME) has led to a breakthrough
in the palm oil industry in relation to the goal of sustainable development. However, there are
limited resources on how this technology has affected the bacterial community in the receiving river
that has previously been polluted with POME final discharge. Thus, the current study assessed
the recoverability of the unexplored bacterial community in the receiving water of a constructed
river water system post-zero emission of POME final discharge. An artificial river water system was
constructed in this study, where the viability status and the composition of the bacterial community
were assessed for 15 days using a flow cytometry-based assay and high-throughput sequencing
by Illumina MiSeq, respectively. The zero-emission of POME final discharge reduced not only the
physicochemical properties and nutrient contents of the receiving water, but also the bacterial cells’
viability from 40.3% to 24.5% and shifted the high nucleic acid (HNA) to low nucleic acid (LNA)
content (38.7% to 34.5%). The proposed POME bacterial indicators, Alcaligenaceae and Chromatiaceae
were not detectable in the rainwater (control) but were detected in the artificial river water system after
the introduction of POME final discharge at the compositions of 1.0–1.3% and 2.2–5.1%, respectively.
The implementation of a zero-emission system decreased the composition of Chromatiaceae from 2.2%
on day 8 until it was undetectable on day 15, while Alcaligenaceae was continuously reduced from
1.2% to 0.9% within that similar time frame. As indicated by principal coordinate (PCO) analysis, the
reductions in biological oxygen demand (BOD5) would further diminish the compositions of these
bioindicators. The zero-emission of POME final discharge has demonstrated its efficacy, not only in
reducing the polluting properties, but also in the bacterial biodiversity rebound in the affected water
system.

Keywords: zero-emission; palm oil mill effluent; wastewater; water pollution; bioindicator; artificial
river water

1. Introduction

Malaysia is moving forward with a sustainable palm oil industry by practically con-
verting wastes generated from the production of palm oil into valuable products or even
utilizing them for operations in the palm oil mills. The wastes produced by the palm oil
industry starting from the harvesting stage to the extraction process of palm oil including
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the biomass such as palm kernel shells, mesocarp fibers and empty fruit bunches, as well
as the liquid waste known as palm oil mill effluent (POME) have caused environmental
casualties [1]. Since POME is the most abundant waste produced from the production
of palm oil, it has gained serious attention from researchers and industries who wish to
resolve the pollution issues caused by its discharge. The zero-emission system of POME is
defined as an integrated system with no net waste discharge into the environment from the
mill and a system that can implement the sustainable and integrated palm oil biorefinery
concept [2]. This is a continuous effort that aims to treat the incoming effluents by com-
pletely utilizing the waste into something useful [3], such as for the production of biogas
and biofertilizer [4] and as recycled water for the processing of palm oil [5]. With the aim
to fulfil this goal, the researchers in [3,4] proposed a flow diagram of the treatment process
of zero-emission of POME where all of the wastes, including solids, liquids, and gases
were recycled for the mill’s operation (Figure 1). This system leads to a more sustainable
and environmentally friendly production of palm oil [6] while reducing the cost for waste
treatment and the operation of the mill [7]. In addition, the more stringent environmental
regulations have become the driving force for palm oil mills to intensely improve their
waste management system to achieve better sustainability in palm oil production and in
the hope of reducing health issues to humans and the environment [8].
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Figure 1. Flow diagram of the zero-emission system for palm oil mill effluent (POME) treatment [3,4].

The application of the zero-emission system has a positive impact on a receiving
waterway that has been previously exposed to the pollution. The reduced intake of
polluting properties, such as biological oxygen demand (BOD), chemical oxygen demand
(COD), total suspended solid (TSS), and nutrient content positively affects the aquatic
ecosystem [9]. Microorganisms are among the living organisms in the receiving waterway
that are affected due to the introduction of wastewater [10]. A previous study reported
on the reduction in the fecal coliform following the implementation of zero-emission of
municipal wastewater [11]. The success of the zero-emission system can also be seen in
the aquaculture industry where the composition of bacterial predators such as Bdellovibrio
and like organisms (BALOs) decreased and thus the balanced functional and structural
microbial community in the receiving seawater was re-instated [12]. The positive impacts
of zero-emission implementations in numerous industries have been so insightful that it
is worth exploring the possibility of also restoring the original conditions of the receiving
water polluted by POME final discharge through the application of a similar system.

Proven as the unique bacteria within the shifted community due to POME introduction
which were carried over from the POME final discharge, Alcaligenaceae and Chromatiaceae
were proposed as the pollution bioindicators in the receiving river [13]. The reliability of
these bioindicators was then proven when they were detected in different POME final
discharges from different palm oil mills despite the use of a non-identical layout of POME
biotreatment processes [14]. The detection of these bacteria in only the POME polluted
rivers but not in others [15] added more credibility to the claim that Alcaligenaceae and
Chromatiaceae are the POME pollution bioindicators. Given the uniqueness of these bioindi-
cators, they could also be used to indicate the success of the zero-emission of POME final
discharge in the receiving river.
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Nowadays, the palm oil industry is no less important than other industries due to
the increasing demand for palm oil supplies throughout the year. Despite the growing
implementation of zero-emission in other industries, to the best of our knowledge, there
has not been any study conducted on the effect of the implementation of the zero-emission
system on the bacterial community in the POME final discharge-receiving water so far.
Therefore, this study was conducted to assess the shift in the bacterial community in
an artificial river water system before and after the implementation of zero-emission of
POME final discharge. The bacterial community in the receiving river carried over by this
effluent, represented by Chromatiaceae and Alcaligenaceae, was hypothesized to rebound
following the implementation of zero-emission of POME final discharge, restoring the
original ecosystem in the river water. To test this hypothesis, an artificial river water system
was constructed to mimic the usual practice of discharging POME final discharge, which
later was followed by the implementation of a zero-emission system. To assess the bacterial
community composition, 16S rRNA sequencing on Illumina MiSeq platform was utilized,
which then was correlated statistically with the physicochemical properties and nutrient
analyses. The functional status of the bacterial cells was analyzed using flow cytometry.

2. Materials and Methods
2.1. Sampling Sites and Sample Collection

POME final discharge was collected from a palm oil mill in Negeri Sembilan, Malaysia
and transported in 25 L clean plastic containers to Universiti Putra Malaysia (UPM) which
took almost 2 h. It was processed as soon as it reached the laboratory (within 30 min upon
arrival). Meanwhile, the harvested rainwater used in the artificial river water system was
taken from the Biorefinery Complex, UPM.

2.2. Construction of the Artificial River Water System

The artificial river water system was constructed as shown in Figure 2 (modified from
Boeije et al. [16], Hodoki [17]) with the aim to mimic a POME final discharge-receiving
river, followed with the implementation of zero-emission of the POME final discharge.
The artificial river water system was built at 1.9 m in height and width, and consisted of a
cascade of five circular-shaped gutters with an approximate 10◦ slant to ensure that the fed
water flowed properly through the system. The temperature and pH were kept ambient. In
the water tank, 36 L of water was filled in with a constant running flow rate at 0.25 L/min
(modified from Boeije et al. [16]). The system was first fed with rainwater which acted
as the clean water source and later POME final discharge was introduced to simulate the
flowing in of the POME final discharge into the river water. The sampling of water from
the artificial river water system was performed every day for 15 days. Rainwater was used
to represent clean water since it does not contain any pollutants. The characteristics of the
rainwater such as the temperature, pH, BOD5, chemical oxygen demand (COD), and TSS
content are similar to the clean river water [18].

2.3. Water Feeding Exercise

The artificial river water system was first supplied with rainwater as a control on day
1 to mimic the clean river. Then, 6 L of POME final discharge was fed daily from day 2 to
day 7 to mimic the effect of introducing the POME final discharge into the river. Following
that, the feeding of POME final discharge was stopped from day 8 to day 15 to mimic the
implementation of the zero-emission concept. Instead, 6 L of rainwater was resupplied
daily into the system from day 10 to day 15. Concurrently, 6 L of water from the tank
(mixture of rainwater and POME final discharge) was collected daily for the analyses. The
changes in the physicochemical properties, nutrient contents, and bacterial community
dynamics focusing on bacterial cell functionality and composition were analyzed every
day throughout the 15-day cycle. The system was run thrice to ensure a better accuracy for
the results obtained.
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2.4. Physicochemical Analyses

Upon daily sampling, changes in temperature and pH were measured in situ using
a portable meter (Eutech Expert pH, Thermo Scientific™, Uppsala, Sweden). BOD5 con-
centration was determined according to the Standard Method APHA 5210-B [19], while
the COD concentration was measured using the reactor digestion method following the
HACH Method 8000. TSS content was measured gravimetrically by drying the filtered
glass fiber filter at 105 ◦C overnight. After weighing for TSS reading, the same glass fiber
filter was further burnt in the furnace at 550 ◦C for the measurement of VSS content. The
reading was recorded as residue after the ignition. All measurements were taken at least
three times and the average data were calculated.

2.5. Nucleic Acid Double Staining Assay Based on Flow Cytometry

The changes in the functional status of the bacteria including the viability and the
nucleic acid contents of the bacterial cells were assessed using a flow cytometry-based
assay [20]. The samples were filtered using a 35 µm cell strainer to avoid clogging in
the flow cytometer before undergoing heat-killing treatment for 45 min at 90 ◦C [21].
Propidium iodide and thiazole orange (BD™ Cell Viability Kit, Franklin Lake, NJ, USA)
were used as the fluorescent probes in order to differentiate between compromised (dead)
and viable bacterial cells, respectively. The analyses were completed using a BD Accuri C6
cytometer (Becton Dickinson UK Ltd., Oxford, UK) and CFlow Plus software was used to
visualize the plots and for the gating process. Thiazole orange and propidium iodide were
collected at FL1 and FL3 channels, respectively, with 20,000 bacterial cells counted [22] to
differentiate between viable and dead cells. For the determination of high nucleic acid
(HNA) and low nucleic acid (LNA) in the contents of bacterial cells, a graph of FL1 against
side scatter (SSC) was plotted after excluding the dead population and noise.

2.6. Nutrient Analyses

Throughout the 15-day cycle of running the artificial river water system, the com-
positions of potassium (K), nitrate (NO3), ammonia nitrogen (NH3-N), and ammonia
(NH3) were determined daily. Prior to all analyses, water samples were filtered through
0.45 µm of a filter membrane (cellulose nitrate membrane filters, 47 mm, Whatman) to
remove debris or other vegetative matters. The detection of potassium in the water sample
was conducted using Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) (Perkin
Elmer, ELAN® 9000, Waltham, MA, USA) based on [19]). Meanwhile, nitrate analysis
was conducted according to the cadmium reduction method where cadmium was used
to detect the presence of nitrate in the water sample [19], which was performed using the
HACH Method 8039 [23]. On the other hand, the determination of ammonia and ammonia



Appl. Sci. 2021, 11, 10814 5 of 16

nitrogen contents was performed according to the preliminary distillation step and the
titrimetric method, respectively [19], which were both conducted following the HACH
Method 8083 by using the Nessler Method [24]. All analyses were performed three times
to obtain a better accuracy of the results.

2.7. DNA Extraction

Sterivex™ filter units were used to extract DNA from 2 L water samples. The quality
and quantity of DNA were visualized using 1% agarose gel electrophoresis and a Nan-
oDrop™ 2000/2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
respectively.

2.8. High Throughput 16S rRNA Sequencing

The V4-V5 region of the 16S rRNA gene was used as a target of PCR amplification for
the 16S rRNA sequencing on the Illumina MiSeq platform. The forward and reverse primers
used were 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R (5′- GACTACHVGGGTATCT
AATCC-3′) [25], respectively. The KAPA HiFi HotStart ReadyMix (Kapa Biosystems,
Wilmington, MA, USA) was used for the amplification of 25 cycles along with the addition
of 5 ng of a microbial DNA template and the forward and reverse primer. The 16S rRNA
gene was amplified and the library was prepared according to the 16S rRNA amplicon
sequencing library preparation for the Illumina MiSeq method [26]. All amplicons were
pooled together and were attached with a unique barcode sequence (Nextera XT Index
kit, San Diego, CA, USA) to differentiate each of them. Next, the AMPure XP beads
(Indianapolis, IN, USA) were used to purify them and they were normalized to ensure that
an equal library was presented in the pooled amplicons. Prior to MiSeq sequencing, the
pooled amplicons were denatured with sodium hydroxide, diluted with a hybridization
buffer, and denatured by heat. A 30% spike-in of PhiX (San Diego, CA, USA) was used as an
internal control for the sequencing. A 600-cycle V3 MiSeq reagent cartridge (Illumina, San
Diego, CA, USA) was used to load the pooled amplicons and the sequencing was performed
at 301, 8, 8, and 301 cycles for forward, index 1, index 2, and reverse reads, respectively. The
raw sequence data were deposited into the National Center for Biotechnology Information
(NCBI) short reads archive database under the accession number SRR13364297.

2.9. High-Throughput Data Processing and Analysis of Bacterial Community Composition

High-throughput data were processed according to Mustapha et al. [26]. To generate
high-quality reads, the demultiplexed raw paired-end reads sequencing data were pro-
cessed using the LotuS pipeline (reads with an average sequence quality of >27, a sequence
length of >170 bp, no uncertain bases, and a homopolymer run of less than 8 bp) [27]. At
a cut-off of 97% identification, UPARSE was used to chimera-check and cluster the reads
into operational taxonomic units (OTUs) [28]. The alpha-diversity indices were calculated
using Quantitative Insights into Microbial Ecology (QIIME) v1.9.0 [29], and the micro-
bial communities were further categorized and taxonomically assigned using Greengenes
database v13.8 using Ribosomal Database Project with an 80% confidence threshold [30].
The Shannon-Wiener (H’) and Evenness (E’) indices were calculated using the rarefied OTU
tables as the basis [29]. Both alpha diversity indices were calculated using Paleontological
Statistics (PAST) software version 2.17c [31].

2.10. Statistical Analysis

All data were analyzed using PAleontological STatistics (PAST) software version
2.17c [32] and were individually tested for normality using the Shapiro–Wilk and Anderson–
Darling tests. Both null hypotheses of normality were rejected if p ≤ 0.05. The relationship
between bacterial taxa (family), BOD5, nutrient content, and flow cytometry was graphi-
cally illustrated using a principal coordinate (PCO) analysis.
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3. Results and Discussion
3.1. Improvement in the Functional Status of Bacterial Cells due to Environmental Factors in the
Zero-Emission System of POME Final Discharge

The functionality of the bacterial cells was differentiated into the proportion of viable
and dead cells as visualized in Figure 3a. After excluding the dead proportion, the viable
proportion of bacterial cells was further differentiated into their nucleic acid contents which
were the HNA (active) and LNA (dormant) cells (Figure 3b). The rainwater sample, which
was introduced on day 1, showed a high proportion of dead bacterial cells with around 70%.
The proportion of LNA cells in the rainwater sample was also higher (70%) than that in the
POME final discharge (20%). The result is reflected in the BOD5 reading where rainwater
had a low BOD5 concentration which was 2.7 ± 0.9 mg/L (Figure 4a) proving that there
was less of the bacterial community present in the rainwater. This was due to the limited
nutrient content in the rainwater contributing to the low proportion of viable bacterial cells,
and hence the proportion of HNA cells, which corresponds with the study by Hu et al. [33].
In this study, the initial nutrient contents, including potassium (Figure 4b), ammonium
nitrogen, ammonia, and nitrate (Figure 4c), were reported at a very low concentrations in
the rainwater.
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Figure 3. Shifts in the contents of (a) viable and dead and (b) high nucleic acid, HNA, and low nucleic
acid, LNA in the bacterial cells calculated to a scale of 100 in the water samples collected daily from
the constructed artificial river water system. Days 2–7: introduction of POME final discharge; days
8–15: implementation of zero-emission of POME final discharge. Notes: FD-POME final discharge;
RW-Rainwater; 1–15-River water system running days.
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Figure 4. The daily measured (a) biological oxygen demand (BOD5), (b) potassium content, (c) ammonia nitrogen, ammonia,
and nitrate contents, (d) total suspended solids (TSS), (e) volatile suspended solids (VSS), (f) chemical oxygen demand
(COD) of water samples in the constructed artificial river water system during the introduction of POME final discharge (I)
and after the implementation of zero-emission of POME final discharge (II) from day 1 to day 15. Notes: The error bars
represent the standard error of triplicate experiment; FD: POME final discharge, RW: Rainwater.

On the other hand, POME final discharge had the highest proportion of viable bacterial
cells (85%) and HNA cells (70%) (Figure 3). This was expected since the BOD5 recorded
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for POME final discharge was at 163.45 ± 6.94 mg/L (Figure 4a), which may have been
due to the carried over nutrient content that originated from the palm oil fruit [34] and the
abundance of bacteria that actively work to biodegrade the contaminants in the POME
final discharge [21]. From Figure 4b,c, it is obvious that the nutrient contents of POME final
discharge were extremely high compared to the rainwater.

Following the introduction of POME final discharge into the system on day 2, the
proportion of viable bacterial cells increased to 60%, which was almost two times that of the
initial proportion of the viable bacterial cells in the rainwater. This proportion was further
increased as a result of the introduction of POME final discharge into the system until day
4, but it showed quite a steady trend from day 5 to day 7. The existing bacterial loads in the
POME final discharge were introduced into the system which contributed to the increase
in the viable bacterial cells in the receiving water. The introduction of the POME final
discharge into the artificial river water system on day 2 also caused the proportion of HNA
cells in the receiving water to increase to 42.7% (Figure 3b). According to Lebaron et al. [35],
the original content of LNA cells in the rainwater may have been shifted to HNA cells as
a result of the nutrients fed from the effluent, which allowed the bacterial population to
actively grow and reproduce in the system.

This condition is supported by the increasing trend of the physicochemical properties
as the POME final discharge was being introduced into the system from day 2 to day 7. The
condition is reflected in the TSS and VSS content which slowly increased until it reached
47.9± 1.9 mg/L (Figure 4d) and 33.64± 1.42 mg/L (Figure 4e) on day 7, respectively. Since
the POME final discharge contains nutrients (Figure 4b,c), it contributes to the growth of
the bacterial community that are carried together in the suspended solids [36]. Similarly,
the COD and BOD5 concentrations rapidly increased to 90.0 ± 5.0 mg/L (Figure 4f) and
27.2± 11.1 mg/L (Figure 4a) on day 2, respectively, and continued to progressively increase
until day 7. These results prove that the introduction of POME final discharge into the
clean water caused water pollution, and increased the proportion of viable bacteria and
hence the HNA proportion of bacterial cells.

Nonetheless, the proportions of the viable bacterial cells and HNA were reduced once
the zero-emission of POME final discharge was introduced from day 8 to day 15. This
condition was expected since the increase in the proportion of viable cells was mostly
contributed to by the addition of POME final discharge into the system. Hence, after POME
final discharge stopped being added into the system, the proportions of viable bacterial
cells and HNA cells decreased as the system progressed until day 15. A decreasing trend in
the physicochemical properties could be observed once the zero-emission system of POME
final discharge was implemented. These results correlate well with the reduction in the
nutrient contents present in the system following the implementation of zero-emission
of POME final discharge (Figure 4b,c). The TSS and VSS concentrations also gradually
decreased until they reached 6.75± 3.04 mg/L (Figure 4d) and 6.92± 1.4 mg/L (Figure 4e),
respectively, on day 15. A similar finding was previously reported where the TSS and VSS
concentrations in the municipal effluent were able to be reduced following the implemen-
tation of a zero-emission system [11]. Similarly, the COD (Figure 4f) and BOD5 (Figure 4a)
concentrations were gradually reduced following the implementation of zero-emission
of POME final discharge from day 8 to day 15. The previous study had reported that the
COD concentration of the polluted river decreased once the dyeing wastewater was no
longer released into the river [37]. The river that was previously contaminated by urban
pollutants also showed a positive reduction in the BOD5 concentration after its reclamation
process [38].

This primary result shows an interesting outcome where the bacterial cell’s viability
and the HNA proportion in the artificial river water system shifted following the implemen-
tation of zero-emission of POME final discharge, as reflected also in the physicochemical
and nutrient content analyses. Therefore, this condition suggests that the bacterial commu-
nity in the receiving water system had greatly recovered following the implementation of
zero-emission of POME final discharge.
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3.2. Effect of Zero-Emission of POME Final Discharge on the Composition of the Bacterial
Community in the Receiving Water System

The changes in the taxonomic composition at the phylum level before and after the
implementation of zero-emission of POME final discharge are summarized in Figure 5,
after the relative abundances at below 1% were cut off. The rainwater and POME final
discharge were dominated by Proteobacteria phylum with compositions of 52.5% and
35.8%, respectively, followed with Bacteroidetes with a respective composition of 20.4%
in the rainwater and 15.8% in the POME final discharge. Proteobacteria are commonly
known to have the ability to survive in a wide range of environmental conditions, either in
a clean [39] or disturbed environment in the presence of pollutants [40]. In a previous study,
Proteobacteria were found to be dominant in the rainwater despite different sampling
times [41]. The predominance of Proteobacteria in the rainwater was also recorded despite
the low availability of nutrients and the shift in temperature [42]. Bacteroidetes were
also reported to be among the dominant phylum in the rainwater [43] which were able
to survive with high and low nutrient contents [44]. Likewise, Proteobacteria were also
recorded as the dominant bacterial community found in the POME final discharge [45]. The
composition of Bacteroidetes was also noticeable in the POME final discharge as reported
in the previous studies [46].
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It was noted that the compositions of Proteobacteria and Bacteroidetes in the samples
did not change much before and after the implementation of zero-emission of POME final
discharge. Even so, the implementation of zero-emission of POME final discharge could
restore the original community found in the clean water. This is based on the observation
of Actinobacteria that were detected in the rainwater (13.6%) but not in the POME final
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discharge, but their composition was slightly higher once the rainwater was re-introduced
into the system from day 10 onwards. Actinobacteria are some of the most abundant phyla
that are usually affiliated with freshwater [47] and able to flourish in various freshwater
habitats, including the rainwater [48]. They are known to play a key role in nutrient and
energy cyclings as they contribute to glucose assimilation and heterotrophic nitrification in
aquatic habitats [49] and are able to survive in environments with low levels of organic
carbon [48].

Since it was previously reported that the POME bacterial indicators, Alcaligenaceae
and Chromatiaceae, from the Proteobacteria phylum originated from POME final dis-
charge [13] and were not detected elsewhere including the clean river and other non-POME
polluted rivers [15], both of them were used as representative bacteria to further analyze
the implementation effect of the zero-emission system towards the composition of the
bacterial community. A heatmap was constructed to further assess the shift in the bacte-
rial community at the order and family levels within the Proteobacteria phylum before
and after the implementation of zero-emission of POME final discharge, after cutting-off
its relative abundance at ≤5% (Figure 6). In the rainwater sample, the most detected
bacterial communities were dominated by the Alpha-proteobacteria, including Caulobac-
teraceae (4.3%), Hyphomicrobiaceae (1.9%), Rhodospirillaceae (3.8%), Acetobacteraceae
(5.6%), and Sphingomonadaceae (8.1%), as well as the Comamonadaceae (8.5%) from the
Beta-proteobacteria class. Except for Comamonadaceae, these bacteria were also found
to be unique in the rainwater and were not detected in the POME final discharge. The
Alpha-proteobacteria are normally found in the rainwater due to their ability to utilize
recalcitrant organic compounds such as humic substances and to form segregation with
each other [50]. Meanwhile, Beta-proteobacteria have the ability to withstand low nutrient
content in the rainwater [51]. On the other hand, bacterial communities in POME final
discharge were mostly from the Beta-, Delta- and Gamma-proteobacteria classes, which are
dominated by the MWH-UniP1 (1.9%), Syntrophaceae (6.1%) and Chromatiaceae (9.6%)
families, respectively.

Observations from the first part of the system where the POME final discharge was
introduced from day 2 to day 7 show that the unique bacterial community found in the
rainwater was compromised. For instance, Legionellaceae (0.5%) that were originally
detected in the rainwater were not detected once the POME final discharge was introduced
into the system. Legionellaceae were reportedly found in the rainwater reservoir [52] due
to their capability to thrive in poor-environment habitats and their inability to survive in
a complex nutrient-rich environment [53]. Legionellaceae were able to thrive in drinking
water systems by forming biofilm and parasitizing other bacteria with this ability [54].
Despite the fact that Legionellaceae has the potential to cause pneumococcal disease in
humans, the composition of Legionellaceae was not identified after the groundwater
treatment for drinking purposes due to their inability to tolerate the changes in their
surroundings [55].



Appl. Sci. 2021, 11, 10814 11 of 16

Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 17 
 

 

Figure 6. Heatmap of the relative abundance of bacterial orders and families within the Proteobacteria phylum at the relative abundance cut-off of 0.5%. Rainwater was first introduced 
as a control on day 1, followed by the addition of POME final discharge from day 2 until day 7. The addition of POME final discharge was stopped and the rainwater was reintroduced 
into the system from day 8 until day 15 to mimic the zero-emission concept. Notes: FD—final discharge; RW—rainwater; D—day. 

Class Order Family
D1 

(RW) D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 FD

Proteobacteria
Alpha- BD7-3 -

Caulobacterales Caulobacteraceae
Rhizobiales -
Rhizobiales Hyphomicrobiaceae
Rhodobacterales Hyphomonadaceae
Rhodobacterales Rhodobacteraceae
Rhodospirillales Acetobacteraceae
Rhodospirillales Rhodospirillaceae
Rickettsiales -
Rickettsiales Rickettsiaceae
Sphingomonadales Sphingomonadaceae

Beta- - -
Other Other
ASSO-13 -
Burkholderiales Alcaligenaceae
Burkholderiales Comamonadaceae
Burkholderiales Oxalobacteraceae
MWH-UniP1 -
Methylophilales Methylophilaceae
Nitrosomonadales Nitrosomonadaceae
Rhodocyclales Rhodocyclaceae

Delta- Bdellovibrionales Bacteriovoracaceae
Bdellovibrionales Bdellovibrionaceae
Myxococcales -
Spirobacillales -
Syntrophobacterales Syntrophaceae

Epsilon- Campylobacterales Campylobacteraceae
Gamma- Other Other

Chromatiales Chromatiaceae
Oceanospirillales Halomonadaceae
Legionellales Legionellaceae
Pseudomonadales Pseudomonadaceae
Xanthomonadales Sinobacteraceae

0

2

4

6

8

10
%

Figure 6. Heatmap of the relative abundance of bacterial orders and families within the Proteobacteria phylum at the relative abundance cut-off of 0.5%. Rainwater was first introduced as
a control on day 1, followed by the addition of POME final discharge from day 2 until day 7. The addition of POME final discharge was stopped and the rainwater was reintroduced into
the system from day 8 until day 15 to mimic the zero-emission concept. Notes: FD—final discharge; RW—rainwater; D—day.



Appl. Sci. 2021, 11, 10814 12 of 16

Other than that, it was suggested that the Hyphomonadaceae (0.7%), Alcaligenaceae
(0.7%), MWH-UniP1 (1.9%), Nitrosomonadaceae (0.7%), Spirobacillales (2.6%), Chromatiaceae
(9.6%), Halomonadaceae (0.7%) and Pseudomonadaceae (1.7%) families were introduced into
the system due to the addition of POME final discharge into the receiving water since
they were not detected in the rainwater sample. The compositions of Spirobacillales and
Halomonadaceae were reduced after the implementation of zero-emission of POME final
discharge, and they were not detected after day 14 and day 11 onwards, respectively.
Spirobacillales were found to be associated with the degradation of complex organic mat-
ters [56], while Halomonadaceae were mainly correlated with the biodegradation of nitrate
content in wastewater, and they were found to be among the dominant bacterial family
in wastewater contaminated with high nitrate content [57]. This result suggests that the
reduction in the complex organic matter and nitrates (Figure 4c) in the receiving water
following the implementation of zero-emission of POME final discharge reduced the com-
positions of some of the bacterial communities in the sample. Hence, it is clear thus far that
the implementation of zero-emission of POME final discharge could reduce the carried
over bacterial population introduced by this effluent in the receiving water.

It is worth discussing the presence of both bacterial indicators, Chromatiaceae and
Alcaligenaceae, in the receiving water but not in the rainwater, where they were suggested
to be carried over from the POME final discharge into the artificial river water system.
The composition of the Chromatiaceae in the system introduced with POME final discharge
increased starting from day 2 (2.2%) to day 7 (5.1%), then reduced after the implementation
of zero-emission of POME final discharge on day 8 (2.2%) and became undetectable on day
15. This can be explained by the association of Chromatiaceae composition with the degra-
dation of dissolved organic carbon (DOC) present in the POME [58]. On the other hand,
the composition of Alcaligenaceae showed a small reduction from 1.2% on day 8 to 0.9% on
day 15. Alcaligenaceae are known as the phenolic and aromatic compounds degraders [59].
Their growth was enhanced after the addition of POME final discharge [15] containing
phenolic compounds from the palm oil fruit processing [60]. However, their presence was
still detectable in the system at a low composition even after the implementation of zero-
emission of POME final discharge, perhaps due to the remaining phenolic and aromatic
compounds in the sample. The phenolic content could not be easily removed from the
system since phenol also exists in the natural environment due to the presence of natural
organic matter even in small amounts [61]. Hence, the phenolic and aromatic compounds
may require a longer time to be removed entirely from the contaminated water [62].

PCO analysis was then performed to correlate the Beta- and Gamma-proteobacteria
to represent the Alcaligenaceae and Chromatiaceae, respectively, with the physicochemical
properties, total cell concentration (TCC), and nutrient contents in the POME final discharge
(Figure 7). Both Chromatiaceae and Alcaligenaceae showed no correlation with any of the
nutrients present in the constructed artificial river water system. Price et al. [63] in their
study on a river contaminated with wastewater from a treatment plant stated that nutrients
such as ammonia, nitrate and phosphorus are less likely to be the main factors affecting
the changes in the composition of the bacterial community. Interestingly, Chromatiaceae
and Alcaligenaceae were shown to be positively correlated with the BOD5. Therefore, as
the concentration of BOD5 reduced, the presence of both bacterial indicators could also
be reduced. Hence, it is hypothesized that a prolonged implementation of zero-emission
of POME final discharge could further reduce the BOD5 concentration along with the
composition of Chromatiaceae and Alcaligenaceae until they became completely undetectable.
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