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Abstract. Tan WA, Kusuma F. 2021. Genetic diversity of phenol hydroxylase-encoding genes among wastewater sludge bacteria.
Biodiversitas 22: 4291-4297. Phenol is a toxic aromatic compound that is used in various industries. In this study, we explore the
molecular diversity of bacterial genes that encode for phenol hydroxylase, a key enzyme for phenol degradation, within sludge samples
collected from the aeration and microbial recovery tank of an automotive wastewater treatment system. Partial phenol hydroxylase-
encoding gene (600 bp) was amplified from the total DNA of each tank using a degenerate primer pair and cloned to construct a gene
library. A total of 37 and 38 clones were obtained from the aeration and microbial recovery tank, respectively. The clones were
sequenced and compared to GenBank database using BLASTX, followed by neighbor joining-based phylogenetic analysis using
MEGAY. A majority of the clones recovered from both tanks belonged to Betaproteobacteria, which have been reported as phenol
degraders with various metabolic activities and lifestyles. The clones are grouped into eight clusters. Six clusters were present in both
the aeration and microbial recovery tank, and one unique cluster was identified in each tank. This indicated that diverse microbial
communities play a role in phenol-containing wastewater treatment. They may have changed throughout the process as the surrounding

chemical compositions differed and a variety of metabolic roles surfaced.
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INTRODUCTION

Phenol is an aromatic compound that consists of a
benzene ring and a hydroxyl group as its substituent. The
compound is used in various industrial processes such as
the petrochemical, pharmaceutical, paint and resin
manufacture. Phenol and its derivatives are present in these
industrial effluents at high concentrations (Naguib and
Badawi 2020). The processing and disposal of wastewater
contaminated with these compounds are of concern
because of their stable and recalcitrant nature. Previous
reports have indicated that prolonged exposure to phenol
may induce apoptosis of the red blood cells and cause
various health impacts to the skin, kidney, lungs, liver and
nervous system (Zhong et al. 2012; Michatowicz et al.
2018). Furthermore, phenol exposure was reported to affect
hormonal regulation during pregnancy, which is associated
to adverse birth outcomes (Aker et al. 2019).

Due to the toxic nature of phenol and its derivatives, the
compounds are considered priority pollutants. This led to
an emerging need of phenolic waste treatments for a
sustainable environment. The conventional physico-
chemical treatments for phenol removal from wastewater
exhibit high efficiencies but they require high energy costs.
On the other hand, biological treatments using
microorganisms offer a much more ecologically friendly
solution. Many bacterial strains capable of assimilating
phenol in its growth from environmental samples have
been isolated and identified (Ke et al. 2018; Panigrahy et
al. 2020; Barik et al. 2021).

Aerobic phenol biodegradation is initiated by phenol
hydroxylase (also known as phenol-2-monooxygenase), a
ring hydroxylating enzyme that incorporates an atom of
oxygen into the substrate to produce catechol, a common
intermediate for aerobic aromatic degradation. Catechol is
then cleaved by catechol dioxygenase either via the meta-
or ortho- pathway. This is followed by several steps of
degradation that feed into the central metabolism (Nesvera
et al. 2015). Two types of phenol hydroxylase have been
discovered, the single-component and multi-component
enzymes, with the latter being dominant in the environment
(Setlhare et al. 2020; Chenprakhon et al. 2020). Previous
research has shown that consensus amino acid sequence in
the catalytic domain of the multicomponent phenol
hydroxylase may be used as a molecular marker in
screening for phenol-degrading bacteria (Harzallah et al.
2017; Chenprakhon et al. 2020).

While many research have provided information about
phenol degradation mechanisms in microorganisms, less is
known regarding the bacterial genetic diversity of phenol
hydroxylases within a specific environment, particularly
the wastewater sludge. This study aims to investigate the
genetic diversity of bacterial phenol hydroxylases within
wastewater sludge samples. Such information may give
insight into potential phenol-degrading bacteria and novel
functional genes.
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MATERIALS AND METHODS

Sampling and DNA extraction

Sludge samples were collected from the aeration and
microbe recycle tank of an automotive industry wastewater
treatment plant in Jakarta, Indonesia (Figure 1). In the
system, wastewater is channeled into the aeration tank and
into a sedimentation tank where the sludge will settle at the
bottom. A portion of the sludge is then transferred into the
microbial recovery tank to allow for regrowth of microbe
and later siphoned back into the aeration tank. Genomic

DNA was extracted from the samples using
ZymoBIOMICS® DNA Kit (Zymo Research). DNA
concentration and purity were quantified using
NanoDrop™ 2000c (Themo Fisher Scientific).
Polymerase chain reaction (PCR)

Partial phenol hydroxylase-encoding gene of

approximately 600 bp in size was amplified using the primer
pairs, pheUf (5’-CCAGGSBGARAARGAGARGAARC-
3’) and pheUr (5’-CGGWARCCGCGCCAGAACCA-3’)
according to Futamata et al. (2001). The 50-pL reaction
mixture contained GoTagq® Green Master Mix (Promega),
10 pmol of each primer, 100 ng of sample DNA as
template, and nuclease-free water. PCR reactions were
performed in Applied Biosystems™ Thermal Cycler with
following conditions: 10 minutes of pre-denaturation at
94°C, and 30 cycles consisting of 1 minute at 94°C, 1
minute at 58°C, and 1 minute at 72°C, and 10 minutes of
extension at 72°C. PCR products were run on 1% wiv
agarose gel in TAE buffer (pH 8.3) with 1 kb DNA Ladder
(GENESTA™) as marker, then further visualized using
Infinity CX5 (Vilber Lourmat™). The 600-bp target band
was excised from the gel and purified using QIAquick Gel
Extraction Kit (QIAGEN).

Library construction

The purified DNA band from each sample was ligated
to pGEM®-T easy vector (Promega) and transformed to
Escherichia coli DH5a. White bacterial colonies suspected
to carry recombinant plasmid were further purified on
Luria Agar supplemented with 100 pg mL* ampicillin.
Colony PCR was conducted to amplify cloned gene from
the colonies using the M13f (5’-GTAAAACGACGGC
CAGT-3") and M13r (5>-CAGGAAACAGCTATGAC-3")
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primer pair, which flanked the vector cloning site as
described by the manufacturer. PCR reactions were as
follow: 5 minutes of pre-denaturation at 95°C, and 30
cycles consisting of 30 seconds at 95°C, 30 seconds at
50°C, and 1 minute at 72°C, and 5 minutes of extension at
72°C.

Phylogenetic analysis

Amplified cloned genes were sent to Macrogen, South
Korea for sequencing. Obtained sequences were compared
to the GenBank database using  BLASTX
(nchi.nlm.nih.gov). Partial phenol hydroxylase sequences
of significant hits and known phenol-degrading bacteria
were used as reference sequences. Clones and reference
sequences were aligned using ClustalW algorithm prior to
Neighbor-joining phylogenetic tree construction using the
MEGAT software (Kumar et al. 2016). Shannon’s diversity
index was calculated for each tank using the following

formula: H = -3 [(pi)*In(pi)], while evenness was expressed

as H/In S (Shannon and Weaver 1963). The value of p;
represents the proportion of the number of clones in a tank
that showed similarity to a particular hit based on BLASTX
to the number of total clones recovered from said tank, and
S is the total number of different hits within a tank.

RESULTS AND DISCUSSION

PCR and library construction

Partial phenol hydroxylase genes were amplified using
the pheUf and pheUr universal primer pair designed by
Futamata et al. (2001), which target the approximately 600-
bp region that encodes for a domain responsible for
transition metal ion-binding within the enzyme. Agarose
gel visualization revealed multiple bands in the PCR
products, with the targeted 600-bp band being the brightest
amplified band (

Figure 2). The presence of other non-specific bands was
mainly due to the use of degenerate primers as it contained
alternate bases at several positions in the primers. The 600-
bp DNA fragments that represent partial phenol
hydroxylase genes (Futamata et al. 2001) were further
purified from the gel and cloned in pPGEM®-T easy vector.
A total of 37 and 38 clones were obtained from the aeration
and microbial recovery tank, respectively.

Further
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Figure 1. Wastewater treatment system used in this study. Samples were collected from the aeration (A) and microbe recycle tank (MR)
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750 bp
500 bp

Figure 2. Amplified partial phenol hydroxylase-encoding genes.
Lane M, GENESTA™ [ kb DNA Ladder; lane 1, wastewater
sludge DNA from aeration tank; lane 2, wastewater sludge DNA
from microbial recycle tank; asterisks (*) indicate 600-bp bands
encoding for phenol hydroxylase as described by Futamata et al.
(2001).

BLASTX analysis showed that the clones shared
relatively high similarities (90-97%) with all bacterial hits,
which include a group of phenol hydroxylases, YHS-
domain containing protein, and related monooxygenases
(Table 1). Multicomponent phenol hydroxylases belong to
the soluble diiron monooxygenase group (Chenprakon et
al. 2020). These group of enzymes are known to recognize
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a wide variety of substrates aside from phenol, including
amino-, halogen-, hydroxyl-, or methyl-substituted phenols
(Setlhare et al. 2020). Previous research showed that the
YHS-domain, a small cytosolic protein domain consisting
of 50 amino acids names after three conserved amino acid
residues (tyrosine, histidine and serine), was also be found
in some bacterial monooxygenases (Linder 2015). The
YHS domain binds to transition metal ion, such as copper
ion in ATPases, for molecular oxygen activation, and it is
also suggested to play a role in incorporating iron to the
oxygenase complex (Linder 2015; Petkevicius et al. 2021).

Phylogenetic analysis

In the phylogenetic tree, the clones were dispersed into
eight clusters, revealing that both tanks have different
microbial compositions (Figure 3). While cluster 11-VI1I
were identified in both the aeration and microbial recovery
tanks, cluster |1 was uniquely detected in the aeration tank
and cluster VIII was only found in the microbial recovery
tank. Most of the clones (90%) were related to Betaproteo-
bacteria and a small group of clones was related to
Alphaproteobacteria. Uniquely, Alphaproteobacteria was
only identified in the aeration tank. The Shannon-Weiner
indices further suggested that the microbial community in
aeration tank was more diverse and evenly distributed than
that in the microbe recycle tank (Error! Reference source
not found.2).

Table 1. Protein hits and source organism from comparative analysis between cloned fragments and database using BLASTX

Hit Habitat/ Sample Number of Identity
source clone(s)* range (%)
Protein Organism Accession Number A MR
YHS domain- Methylibium sp. Root1272 WP_056326060.1 Rhizosphere 17 5 95-97
containing Methylibium petroleiphilum WP_011829875.1 Biofilter of oil refinery 5 96
protein PM1 waste
Methylibium sp. T29-B EWS57398.1 Gasoline- 1 95
contaminated
groundwater
Zavarzinia sp. HR-AS WP_109908169.1 Freshwater 5 97-98
Azoarcus toluclasticus MF63 ~ WP_018989553.1 Shallow aquifer 2 92
sediment
Putative benzene  Alicycliphilus denitrificans ABQ88309.1 Enriched culture with 1 97
monooxygenase BC mixed wastewater and
large subunit soil
Phenol-2- Rubrivivax sp. SCN 70-15 0ODV04934.1 Thiocyanate 6 5 94-96
monooxygenase bioreactor with mixed
wastewater sludge
Largest subunit Uncultured bacterium clone BAF40989.1 Sewage sludge 2 96
of 322-T compost
multicomponent Uncultured bacterium clone BAF41040.1 Sewage sludge 1 97
phenol 373-N compost
hydroxylase
Soluble diiron Uncultured bacterium clone CC097067.1 Soil 23 91-95
monooxygenase P85-86_Cl.2_HRB2-7m-2009
Uncultured bacterium clone CC097076.1 Soil 2 90
P85-86_Cl.8_HRB0-5m-2008
Total 37 38

Note: *Represent total clones recovered from the aeration (A) and microbe recovery (MR) tank that showed similarity to relevant proteins
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Table 2. Shannon’s diversity index and evenness of clones
recovered from each tank

Diversity
Tank Shannon index (H) Evenness
Aeration 151 0.84
Microbial recycle 1.06 0.66

Figure 3 showed that both tanks have different consortia
of microbes. Correspondingly, the diversity and evenness
were also different (Table 1). In this study, sludge samples
were collected from an aerobic activated sludge system.
Activated sludge has been used to detoxify waste
containing a mixture of phenol and other aromatic
hydrocarbons, in which degradation of these compounds
occurs during exposure to oxygen (Hussain et al. 2015;
Sam et al. 2021). Therefore, phenol and other nutrient
bioavailability in the aeration tank would be higher than in
the microbial recycle tank. These substrates would be
depleted due to microbial activities in the aeration tank,
which would then provide the opportunity of certain
bacteria that are capable of using remaining phenol and
other unused compounds to grow in the microbial recovery
tank. In addition, various levels of tolerance to phenol have
been reported in different bacteria and mixed cultures (Bera
et al. 2017; Viggor et al. 2020). Such difference in response
to varying phenol concentrations will allow for growth of
bacteria with diverse capability of phenol catabolism in
both tanks. Some bacteria may be unable to withstand
higher phenol concentrations during the early aeration
phase of wastewater treatment yet thrive in lower phenol
concentrations, which explains the presence of Cluster VIII
that is unique to and dominant in the microbial recycle tank
(Figure 3).

The phenol hydroxylase-encoding genes recovered in
this study represent a multitude of bacteria with various
lifestyles. A total of 38% of the clones were identified as
Methylibium (Table 1). To date, M. petroleiphilum PM1 is
the only member of the genus that has been identified up to
the species level. The bacterium was originally discovered
from a compost-filled biofilter in Los Angeles, California
as a degrader of the fuel oxygenate methyl-tert-butyl-ether
(MTBE) degrader (Kane et al. 2007). Whole genome
sequence analysis showed that the M. petroleiphilum PM1
carry a set of genes for complete phenol degradation (Kane
et al. 2007) yet the bacterium, alongside Methylibium in
general, are not typically studied for their phenol
catabolism ability. However, it should be noted that MTBE
often is present with various components of gasoline, such
as the monoaromatic compounds benzene, toluene,
ethylbenzene and xylene (BTEX) as well as phenol (Chen
et al. 2012; Stefanakis 2020), all of which are likely to co-
occur in the automotive industry wastewater.

A smaller group of clones (16%) were closely related to
the genus Rubrivivax, the purple non sulfur bacteria which
are generally found in wastewater sludge due to their
ability to utilize a wide range of carbon sources
(Nagashima et al. 2012; Mekala et al. 2018). Two of the
most well-studied species belonging to Rubrivivax, namely

BIODIVERSITAS 22 (10): 4291-4297, October 2021

R. benzoatilyticus JA2 and R. gelatinosus 144, showed
preference to photoheterotrophic lifestyle, despite that they
are also known to survive under aerobic and fermentative
growth conditions (Nagashima et al. 2012; Mekala et al.
2018). Similarly, a new strain isolated from a freshwater
pond was recently proposed as R. albus (Sheu et al. 2020).
Despite that there has yet been any direct evidence for
growth on phenol, R. benzoatilyticus JA2 is known to
degrade aromatic hydrocarbons (Mohammed et al. 2020).

Two clones (A003 and A023) were related to Azoarcus
toluclasticus MF63, and one clone (MR004) was associated
to Alicycliphilus denitrificans BC. Based on polyphasic
analyses, A. toluclasticus MF63 has been reclassified as
Aromatoleum toluclasticum (Rabus et al. 2019). The
bacterium is capable of using phenol and toluene under
denitrifying conditions (Song et al. 1999). The benzene
monooxygenase of A. denitrificans MF63 can also
recognize and catabolize phenol in either aerobic condition
or using chlorate as an electron acceptor (Weelink et al.
2008). Such catabolism preference may vary among strains
and substrates, as demonstrated through the whole genome
comparison of A. denitrificans BC and K601 (Oosterkamp
et al. 2013). While strain BC hydroxylates benzene with
chlorate as an electron acceptor, the cyclohexanol-
degrading denitrifying strain K601T is unable to use
chlorate as an electron acceptor (Oosterkamp et al. 2013).

Apart from Betaproteobacteria, five clones were related
to Zavarzinia, a carboxidotrophic Alphaproteobacteria that
was recently reported as the main benzene degraders in oil
sands process-affected water (Rochman et al. 2017).
Zavarzinia can grow chemolithoautotrophically using
carbon monoxide as a sole carbon and energy source under
aerobic or denitrifying condition (Lee et al. 2019).

The result of this study demonstrated the eminent role
of Betaproteobacteria in aromatic biodegradation, in which
a majority of the clones recovered from both the aerial and
microbial recycle tanks belong to this class. A study by
Chen et al. (2017) showed that Proteobacteria dominated
the wastewater sludge bacterial community and their
relative abundance increased to around 80% of the total
population when the sludge was adapted to 350 mg/L
phenol, despite that further classification of the phylum
was not described in detail. Silva et al. (2012) also reported
that several genus belonging to Betaproteobacteria,
including Diaphorobacter, Thauera, and Comamonas,
were found in abundance in petroleum wastewater
refineries enriched with phenol. Furthermore, a majority of
genes for phenol degradation detected in the habitat also
belong to Betaproteobacteria (Silva et al. 2013). Members
of this bacterial class are known to be highly mobile and
adaptable (Tan and Parales 2019). These traits ultimately
may have contributed to its versatility in metabolism,
which could also be seen from the various metabolic
characteristics known for organisms showing similarity
with the clones recovered in this study. Despite their lesser-
known status as phenol or other aromatic degraders
compared to the more well-known Gammaproteobacteria
such as the fast-growing Pseudomonas spp., members of
Betaproteobacteria may have a competitive advantage in a
complex real-living environment.
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Figure 3. Phylogenetic relationship among partial phenol hydroxylase genes recovered from two wastewater processing tanks.
Bootstrap analysis was conducted in 100 repeats. Horizontal bars indicate distance. Clusters highlighted in blue and red indicate the
presence of clones generated from the aeration (A) and microbial recycle (MR) tanks, respectively. Clone names are represented on the
right in respective colors. The height of the highlighted areas is relative to the number of clones represented.

Correspondingly, all cloned fragments were closely
related to phenol hydroxylase-encoding genes belonging to
bacteria with various lifestyles. This indicates that the
microbes in wastewater sludge are indeed diverse in the
sense of their biodegradation and metabolic roles. Our
results showed that the microbial communities in the
aeration and microbial recycle tanks were different, in
which one cluster was exclusively found in each tank. This

may be due to changes in the microenvironment conditions
and a variety in toxicity tolerance of different strains of
bacteria.

This study provides insight into the diversity of bacteria
that may be involved in phenol decontamination, and this
information should be considered in designing and
improving the phenol-containing wastewater treatment
system. This may be achieved by adjusting the waste
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processing conditions to promote the growth of prominent
phenol degraders. Ultimately, the high-throughput
investigation that will allow for wider coverage of the
bacterial community, such as next-generation sequencing,
may give more insight into potential novel bacteria with
phenol-degrading capability.
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