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Abstract

BACKGROUND: Improper disposal of crude oil sludge poses a public health risk due to the toxic nature of components of the
waste, especially polycyclic aromatic hydrocarbons (PAHs). Such toxic wastes can be treated by bioremediation of the polluted
sites with composting, an eco-friendly technique that is gaining acceptance. Crude oil sludge was composted for four months
during which surfactants were introduced. Fungi and bacteria were isolated from the compost using basic culture techniques.
Residual concentrations of PAH components of the sludge during the composting period was monitored with gas chromatog-
raphy – mass spectrometry (GC-MS).

RESULTS: Molecular characterization of the internal transcribed spacer (ITS) genes of fungal isolates classified fungi in the com-
post into different genera including Aspergillus, Bionectria, Doratomyces, Exophiala, Fusarium, Galactomyces, Geotrichum,
Mucor, Penicillium, Trichoderma and Trichurus. The bacterial isolates were classified into Stenotrophomonas, Pseudomonas, Bor-
detella, Brucella, Bacillus, Achromobacter, Advenella, Klebsiella, Mesorhizobium, Mycobacterium, Ochrobactrum, Pusillimonas and
Raoultella. Results from analysis of residual PAH concentrations of composted samples showed higher degradation efficiency of
the higher molecular weight (HMW) PAHs resulting in their complete degradation, whereas the lower molecular weight PAHs
were not degraded completely.

CONCLUSIONS: Compost bioremediation is a sustainable waste management technique for hazardous wastes such as crude oil
sludge. Inclusion of surfactants at different concentrations did not constantly improve the bioavailability of PAH compounds in
the crude oil sludge but it promoted fungal growth in the treatments.
© 2020 Society of Chemical Industry
Supporting information may be found in the online version of this article.

Keywords: composting; fungi; bacteria; PAHs; bioremediation; crude oil sludge

INTRODUCTION
Fossil fuels are major energy sources for most countries globally1

and crude oil sludge is a waste product generated during the refin-
ing of crude oil.2 Inappropriate disposal of crude oil sludge presents
amajor environmental hazard due to the toxic nature of the polycy-
clic aromatic hydrocarbons (PAHs).3,4 These substances are toxic,
mutagenic, known environmental carcinogens that are recalcitrant
due to their high molecular weights (HMW) and strong molecular
bonds.5 Some conventional methods of remediation have been
used to degrade PAHs in crude oil sludge, but most of these have
the limitation of either being cost-intensive and laborious, or envi-
ronmentally unfriendly and tending to generate toxic by-products.6

Biological methods of remediation, which include bioremediation,
have proven to be efficient, cost effective and eco-friendly.7,8 Biore-
mediation, an increasingly popular and beneficial biological
approach to remediation, uses naturally occurring microorganisms
that possess the ability to utilize contaminants as their nutrient and
energy sources to drive the degradation process.9

Compost bioremediation is the use of microorganisms in com-
post to metabolize contaminants. It is an emerging bioremediation

technology and has several advantages including simplicity of
design and operation, high treatment efficiency, presence of a
diversemicrobial population, and,most importantly, being environ-
mentally friendly.10,11 Composting involves the addition of organic
amendments and bulking agents such as wood chips, rice hulls or
manure to improve not only microbial activities, aeration andwater
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retention capacity, but also nutrient composition of the compost.12

The inclusion of organic amendments also could serve as bioactiva-
tors as different fungal and bacterial species have the potential to
metabolize/co-metabolize PAHs.13,14 For example, some species
of fungi such as Amorphoteca, Aspergillus, Fusarium, Talaromyces,
Paecilomyces and Penicillium have been reported to degrade hydro-
carbons.15,16 In certain situations, complete metabolism of HMW
and lowmolecular weight (LMW) PAHs has been achieved by using
a combination of the lignolytic and non-lignolytic fungi.17 Specifi-
cally, the lignolytic fungi are involved in the degradation of recalci-
trant PAHs due to their ability to secrete extracellular lignolytic
enzymes. These enzymes are vital to the biodegradation of PAHs
as they catalyze the opening up of the ring structure of complex
aromatic compounds.17,18 The enzyme cytochrome P450 monoox-
ygenase commonly catalyzes the metabolism of PAHs by non-
lignolytic fungi. This enzyme catalyzes the initial degradation of
PAHs to epoxide and to dihydrodiols by epoxide hydrolase. The
dihydrodiols are further degraded to PAH catechols by dihydrodiols
dehydrogenase.19 It has been advocated that the metabolism of
the HMW PAHs often is initiated by fungal exoenzymes, thereby
creating a diffusion gradient that facilitates further PAH biodegra-
dation by other types of microorganisms, especially bacteria.9 Bac-
teria usually degrade LMW PAHs and a crucial phase in the aerobic
bacterial metabolism of PAHs is the oxidation of the fused-benzene
ring of the PAHs through the integration of molecular oxygen by
the dioxygenase enzyme to form cis-dihydrodiols. Dehydrogena-
tion of the dihydrodiols results in the generation of dihydroxylated
intermediates such as catechol, which are further broken down to
CO2 and water by catechol dioxygenases.20 Catechol-2,-
3-dioxygenase (C23O) is an essential enzyme in the aerobic biodeg-
radation of aromatic hydrocarbons. It acts as a marker for the
detection of aromatic hydrocarbon degradability in a wide range
of bacteria.21

Certainly, production of enzymes by both bacteria and fungi
with complementary biodegradation attributes provides a plat-
form for complete biodegradation of PAHs in natural environ-
ments. However, this is not always the case as some other
important factors may influence the biodegradation process
directly or indirectly.22,23 These factors are the substrate uptake
capability of the microbes, as well as sorption and transmem-
brane processes. Furthermore, the ability of microbial isolates to
produce suitable enzymes for the metabolism of HMW PAHs
could be hindered by low bioavailability of PAHs.24 Bioavailability
of HMW PAHs could be improved by the addition of surfactants
impacting positively on biodegradation of hydrocarbons.25–28

Surfactants are amphiphilic surface-active agents that reduce
the surface and interfacial tensions of the medium in which they
are dissolved. Surfactants possess a hydrophilic head and a hydro-
phobic tail which often is a hydrocarbon chain.29 These surface-
active agents are classified as anionic, nonionic, cationic or zwit-
terionic surfactants based on the ionic charge of the hydrophilic
head of the molecule.26 Addition of surfactants is believed to
enhance solubilization and dissolution of hydrocarbons resulting
in improved bioremediation process,26,30 by changing the bind-
ing effects of PAHs thereby increasing mass transfer of hydrocar-
bons into the aqueous phase.28,30 However, the addition of
commercially available surfactants during a bioremediation pro-
cess could have some drawbacks which include the possibility
of preferential utilization of surfactants as the principal substrate
by microorganisms; and toxicity of some surfactants to the
microorganisms involved in the degradation process. This could
sometimes limit or possibly hinder the desorption and/or

biodegradation of the PAHs in the presence of some surfactants.25

This study explores the potential of bacteria and fungi to drive the
process of biodegradation of PAHs in crude oil sludge during
composting; and the effect of addition of commercially available
anionic surfactant, Sodium dodecyl sulphate (SDS), and nonionic
surfactant, Tomadol 900 (TD) during the degradation process.

MATERIALS AND METHODS
Materials for composting
Soil, bark chips, soybean meal and horse manure
Agricultural topsoil was purchased from Plantland in Crowthorne,
Midrand, South Africa; it was air-dried, homogenized and kept at
room temperature preceding the composting process. The char-
acteristics of the topsoil are pH 6.1, total organic carbon 5.7 g kg−1,
total nitrogen 0.3 g kg−1, total phosphorus 0.1 g kg−1 and dry
matter content 84.28%. Bark chips ≈2–4 cm × 1–2 cm in dimen-
sions were used as bulking agents. Soybean meal and horse
manure (organic amendments) were obtained (respectively) from
Willowton Group, Isando, Kempton Park, Johannesburg and a
horse farm in Midrand, Johannesburg, South Africa.

Crude oil sludge, surfactants and petroleum ether
Crude oil sludge was obtained from a crude oil refinery in Durban,
KwaZulu-Natal, South Africa. It was characterized for selected
PAHs by solvent extractionwith a Soxhlet extractor and quantified
by GC-MS analysis.31 The anionic surfactant SDS was purchased
from Rochelle chemicals (Johannesburg, South Africa), whereas
the nonionic surfactant TD was purchased from Fine Organics
Chemicals (PTY) (Alberton, Johannesburg, South Africa). The non-
ionic and anionic surfactants were used as purchased without any
further treatment. Petroleum ether was purchased from Rochelle
Chemicals.

Compost experimental set-up
Fifteen transparent composting bins with dimensions
20 cm × 40 cm × 20 cm were used as composters to set up
15 treatments including controls. Crude oil sludge, a highly vis-
cous compound was dissolved in petroleum ether before mixing
with agricultural soil to enhance its fluidity. The composters each
held 300 g crude oil sludge, 1.5 kg agricultural topsoil and 180 g
bark chips. Soybeanmeal and horse manure were introduced into
the composters in various quantities, as indicated in the ratios
presented in Table 1, to give three distinctive sets of experiments.
Furthermore, anionic (SDS) and nonionic surfactants (TD) were

added to different compost mixtures (treatments) at concentra-
tions of either 0.5% or 1.0% (Table 1). Control mixtures also were
set up and experiments were conducted in triplicates. The treat-
ments were turned at three day intervals for the first six weeks
and then at weekly intervals from Week 7 to Week 16. Analysis
of microbial community and residual PAH concentrations in com-
post samples were carried out after 16 weeks of composting.

Isolation and PCR of fungal isolates
In order to isolate the fungi from the compost samples, 1 g
homogenized compost sample was serially diluted and plated
on potato dextrose agar (PDA) medium that had been supple-
mented with 0.05% (w/v) Tetracycline.32 The plates were incu-
bated at 30 °C for seven days. Grown cultures were aseptically
subcultured onto PDA + 0.05% (w/v) tetracycline plates to obtain
pure cultures and subsequently stored at 4 °C on PDA slants for
future use. Genomic DNA was isolated from the fungal hyphae
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that were scraped from the PDA slants. Zymo Research Soil
Microbe DNA Miniprep isolation kit was employed for the isola-
tion of DNA following the manufacturer's protocol (Zymo
Research Corp., Irvine, CA, USA). Qubit 2.0 Fluorometer
(Invitrogen, Life Technologies, Randburg, South Africa) was used
to quantify filtered DNA extracts and extracts were stored at
−20 °C for further use.33 The universal fungal primers *ITS1 (50-
TCC GTA GGT GAA CCT GCG G-30) and ITS4 (50- TCC TCC GCT
TAT TGA TAT GC-30 were used to amplify the ITS region of the fun-
gal DNA using PCR.34 A total volume of 20 μL amplification reac-
tion mix was prepared which comprised 1 μL (10 μmol L–1) of
each primer, 10 μL 2× Thermo Scientific Phusion Flash High-
Fidelity PCRMaster mix, 2 μL DNA templates and 6 μL of sterile dis-
tilled water. Controls were set up. The amplification reaction was
preheated to 98 °C for 10 s in a BIORAD T100™ Thermal Cycler
and the cycle was run at 98 °C, 1 s; 55 °C, 1 min; 72 °C, 15 s in
34 cycles and elongated at 72 °C, 1 min. The amplification reac-
tion was held at 4 °C until the amplicons were removed from
the thermal cycler. One percent agarose gel electrophoresis was
used to confirm the size of amplicons, and stored at −20 °C for
subsequent use.

Isolation of bacteria and PCR of bacterial isolates
Isolation of bacteria from compost samples was done through
enrichment culture technique using mineral salts medium
(MSM).35 Mineral salts medium contained 5.0 g NaCl, 5.0 g
KH2PO4, 1.0 g K2HPO4, 1.0 g (NH4)2SO4, 0.25 g MgSO4·7H2O,
2.0 g NaNO3, 0.02 g FeCl2·4H2O, 0.02 g CaCl2 per litre of distilled
water, pH 7.2; whereas mineral salts agar (MSA) consisted of
MSM and 12 g of bacteriological agar per litre of distilled water.
About 1.5% of compost samples and 1% of crude oil sludge were
inoculated into 100 mL of sterile MSM and incubated at 28 °C
under rotatory conditions 140RPM. Aliquots (5 mL) were periodi-
cally subcultured into a sterile MSM for the nine-week duration
of enrichment. Enriched culture was aseptically plated out on
MSA and incubated at 28 °C for seven days. Several subculturing
exercises resulted in the generation of pure colonies, which were
stored in nutrient agar slants for further classification. Colony PCR
was used to amplify the 16S rRNA region of the DNA of bacterial

cells.36 This is the use of colonies from agar plates as DNA tem-
plate for PCR. A small amount of bacterial colony was picked from
the nutrient agar slants using a sterile pipette tip and placed in
50 μL sterile distilled water in a 2-mL microcentrifuge tube. The
tube was incubated for 10 min at 95 °C. This method lyses the
bacterial cell thereby releasing the DNA from the cell into the ster-
ile distilled water in the 2 mL tube. The method described in
section 2.3 was used to prepare the amplification reaction as well
as cycling conditions but the annealing temperature was set at
53 °C using the universal 16S rRNA bacterial primers, 27F (50-
AGA GTT TGA TCC TGG CTC AG -30) and 1492R (50- CGG CTA CCT
TGT TAC GAC TT -30) (synthesized by Inqaba biotechnological
Industries PTY Ltd, Pretoria, South Africa).36

Sequencing and phylogenetic analysis of fungal ITS and
bacterial 16S rRNA genes
The amplified products of PCR from the fungal and bacterial iso-
lates were sequenced at Inqaba Biotechnological Industries Preto-
ria, South Africa. BIOEDIT and CLUSTALW software were used to align
the gene sequences of the amplicons and closest taxonomic spe-
cies were identified with the aid of BLAST (Basic Local Alignment
Search Tool) program from NCBI (National Centre for Biotechnol-
ogy Information).
Based on the partial ITS and 16S rRNA gene sequences, the soft-

ware MEGA v6.0 (Molecular Evolutionary Genetics Analysis) was
used to construct phylogenetic trees. Bootstrap analysis with
100 repetitions was carried out and the sequences were arranged
for the assignment of accession numbers using the software
Sequin. Similar ITS and 16S rRNA gene sequences were respec-
tively clustered into operational taxonomic units (OTUs) using
MOTHUR 1.25.1.

Catechol-2,3-dioxygenase (C23O) gene detection in
bacteria isolates
The presence of C23O genes in bacterial isolates was assessed
using the method outlined in the previous section with the
degenerate primers C230F (50- AAG AGG CAT GGG GGC GCA
CCG GTT CGA -30) and C230R (50-TCA CCA GCA AAC ACC TCG
TTG CGG TTG CC -30) (Inqaba biotechnological Industries PTY

Table 1. Experimental design for compost treatments

Treatments SETS Soy bean meal (kg) Horse manure (kg)

Surfactants (w/v)

Anionic (SDS) (%) Nonionic (TD) (%)

1 SET A 1 0 0.5 0
2 1 0 1 0
3 1 0 0 0.5
4 1 0 0 1
5 (control) 1 0 0 0
6 SET B 0.5 0.5 0.5 0
7 0.5 0.5 1.0 0
8 0.5 0.5 0 0.5
9 0.5 0.5 0 1
10 (control) 0.5 0.5 0 0
11 SET C 0 1 0.5 0
12 0 1 1 0
13 0 1 0 0.5
14 0 1 0 1
15 (control) 0 1 0 0
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Ltd), which annealed at 55 °C for 1 min.37 Agarose gel electropho-
resis (1%) was used to assess the amplified products. The ITS gene
sequences obtained in this study were placed in the GenBank
database with accession numbers KT921184 to KT921209 and
16S rRNA gene sequences with accession numbers KT337506 to
KT337538, and KT445946 to KT445948. Examination of the partial
sequences of ITS and 16S rRNA genes were used to create an OTU
to facilitate clear-cut classifications.

Screening of microbial isolates for PAH biodegradation
potential
Bushnell Haas agar (BHA) containing 0.02 g CaCl2, 0.2 g MgSO4,
1.0 g K2HPO4, 1.0 g KHPO4, 0.05 g FeCl3, 1.0 g NH4NO3 and 12 g
bacteriological agar in 1 L distilled water was prepared at pH 7.0
and dispensed into plates. A filter membrane with 0.2-μm pore
size was used to sterilize the crude oil sludge of which 1.5% was
spread-plated on the solidified BHA.35 Then 1 cm2 agar plugs of
pure fungal isolates and a loop of bacterial isolates were trans-
ferred aseptically to separate crude oil sludge laced BHA plates
and incubated at 30 °C for three to seven days.
Aliquots (10 mL) of Bushnell Haas broth (BHB) medium were dis-

tributed into sterile glass test tubes. The glass tubeswere spikedwith
a mixture of 0.5% (w/v) 2,6-dichlorophenol indophenol (2,6-DCPIP),

3% (v/v) sterile crude oil sludge, and 0.1% Tween 80. Agar plugs
(≈2 cm2) of fungal isolates and bacteria isolates were transferred
aseptically to separate tubes containing the spiked BHB medium.
The medium was incubated in a rotary incubator at 30 °C and
170 rpm for seven days. The experiment was set up in duplicatewith
controls and observed regularly for discoloration of the deep blue
medium.38 At the end of the incubation period, the broth was fil-
tered and the filtrate was centrifuged at 8000 rpm for 15 min to sep-
arate the biomass. Analysis of the supernatant was carried out at an
absorbance of 609 nm using a UV-visible spectrophotometer (Hach
spectrophotometer DR 5000). The percentage biodegradation of
PAHs in crude oil sludge was evaluated with Eqn (1):

%of degradation=1−
Absorbance of treated sample

Absorbance of control
×100 ð1Þ

Efficiency of treatments for PAH degradation
The compost matrix was analyzed for residual PAH content to
evaluate the efficiency of microbial degradation of PAH constitu-
ents of the crude oil sludge. Residual PAH concentrations were
analyzed in single ion monitoring mode by GC-MS after soxhlet
extraction.31 The efficiency of different treatment conditions for
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Figure 1. Percentage removal of selected PAH components of crude oil sludge present in treatments 1, 2, 3, 4 and 5 after four months of composting.
Error bars represent SD (n = 3).
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degrading individual PAHs was determined by evaluating the per-
centage (%) degradated expressed as percentage PAH removed.
Degradation percentages for individual PAHs after treatment
were calculated with Eqn (2) and the results are presented in
Figs 1, 2 and 3.

% PAH removed=
C0−C16

C0
×100 ð2Þ

where C0 is the initial concentration of PAHs and C16 is the con-
centration after 16 weeks.

Statistical analysis
Two-way ANOVA was used to examine the percentage degrada-
tion of PAHs. This was to determine the presence of significant dif-
ferences among the different treatments if any. Mean difference
among the treatments was calculated using the Student's t-test
LSD (least significant difference) at a 5% significance level
(P ≤ 0.05). The standardized residuals were tested for deviations
from normality using the Shapiro–Wilk test.39,40 SAS v9.4 statisti-
cal software was used for data analysis.41

RESULTS
A total of 55 pure fungal isolates were obtained from the compost
samples after subculturing several times on PDA. These fungi

resisted the toxic nature of crude oil sludge and proliferated.
The enrichment culture technique also produced 36 bacterial iso-
lates that possibly utilized crude oil sludge for their energy and
carbon requirements, as crude oil sludge was the sole carbon
source during the enrichment. The results of the identification
and characterization of bacterial isolates have been published
previously.36 A total of 17 PAHs were quantitatively identified in
the crude oil sludge used in this study, 15 of which are in the US
EPA list of priority pollutants (Table 2).

Molecular characterization and phylogenetic of microbial
isolates
The products of the amplified ITS regions of fungal isolates ranged
between 400 and 600 bp in size and isolates were identified in the
following genera: Aspergillus, Bionectria, Doratomyces, Exophiala,
Galactomyces, Fusarium, Mucor, Penicillum, Trichurus and Tricho-
derma. DNA sequence analysis of the 16S rRNA genes of isolated
bacteria showed that they belong to the following genera: Steno-
trophmonas, Pseudomonas, Bordetella, Brucella, Bacillus, Achromo-
bacter, Advenella, Klebsiella, Mesorhizobium, Mycobacterium,
Ochrobactrum, Pusillimonas and Raoultella.
The ITS gene sequences were classified into 14 OTUs (Table 3)

and Pisolithus sp. served as the outgroup (Fig. 4). Subsequent
characterization of the 16S rRNA genes sequences (Table 3)
resulted in bacterial sequences being grouped into 13 OTUs with
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Figure 2. Percentage removal of selected PAH components of crude oil sludge by treatments 6, 7, 8, 9 and 10 after fourmonths of composting. Error bars
represent SD (n = 3).
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>95% similarity (Fig. 5). Aquifex aeolicus served as the outgroup.
Values >50% were presented after bootstrap analysis with
100 repetitions. Amplification of the C23O genes in the bacterial
isolates indicated the presence of the catechol-degrading genes.

Microbial diversity of isolates
The diversity of isolated microorganisms was analyzed based on
their phyla and class. The phylum Ascomycota representing
≈90% of the fungal populations, whereas Zygomycota repre-
sented ≈10%. The Sordariomycetes were the dominant class of
the Ascomycetes representing ≈56% of the Ascomycetes popula-
tions, whereas Chaetothyriomycetes, Eurotiomycetes and Sac-
charomycetes represented 11%, 22% and 11%, respectively.

Proteobacteria was the dominant bacterial phylum, representing
≈78% of the isolated bacteria population, whereas Firmicutes
and actinobacteria represented 19% and 3% of the population,
respectively. Amongst the Proteobacteria, γ- proteobacteria
(39%) and ⊎-proteobacteria (35%) dominated, whereas
⊍-proteobacteria were the least populated with around 25%.

Crude oil sludge degradability
All of the fungal isolates and most of the bacterial isolates exhib-
ited the potential to degrade PAH in crude oil sludge within the
stipulated time of incubation. Speed of decolorization of redox
indicator 2,6-DCPIP was used to assess PAH degradation poten-
tial. Isolates that decolourized the redox indicator 2,6-DCPIP in
the shortest time were considered the top degraders of PAH in
crude oil sludge. Fusarium sp. and Pseudomonas sp. were classi-
fied as the top degraders of PAH in crude oil sludge due to their
ability to decolorize the 2,6-DCPIP within the shortest incubation
time of three days. Exophiala sp. was identified as the least per-
forming degrader due to its inability to decolorize the indicator
within the experimental period. Isolates that belong to the genera
Galactomyces, Mucor, Aspergillus, Bionectria, Bacillus, Pusillimonas
and Achromobacter also exhibited high potential for PAH degra-
dation as they decolorized the redox indicator within five days
of incubation.

Mass balance and stoichiometry
Oxygen is incorporated by microbial cells during aerobic biodeg-
radation of hydrocarbons as demonstrated by stoichiometric
equations [Eqn (3)] for the mineralization of hydrocarbons:42

CXHY + X+ Y=4ð Þ
� �

O2→X CO2+ Y=2

� �
H2O ð3Þ

Most of the HMW PAHs, especially Benzo[a]anthracene, Chry-
sene, Benzo[b]fluoranthene, Benzo[k] fluoranthene, Benzo[a]pyr-
ene, Indeno[1,2,3,cd]pyrene and Dibenzo[ah] anthracene, were
completely degraded as they were not detected by GC-MS analy-
sis of the composted samples after 16 weeks of composting. Sig-
nificant differences exist amongst the treatments (P < 0.05).

Table 2. PAHs identified in crude oil sludge

PAHs in sludge Initial concentration of PAHs (mg kg−1)

Naphthalene 0.52
2-methylnaphthalene 0.83
1-methylnaphthalene 0.40
Acenaphthylene 0.40
Acenaphthene 0.54
Fluorene 0.54
Phenanthrene 0.53
Anthracene 0.76
Fluoranthene 0.52
Pyrene 0.68
Benzo[a]anthracene 0.56
Chrysene 0.09
Benzo[b]fluoranthene 0.26
Benzo[k]fluoranthene 0.10
Benzo[a]pyrene 0.22
Indenol[1,2,3,cd]pyrene 0.31
Dibenzo[ah]anthracene 0.57
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Figure 3. Percentage removal of selected PAH components of crude oil sludge present in treatments 11, 12, 13, 14 and 15 after four months of compost-
ing. Error bars represent SD (n = 3).
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Results from treatments 1–5 (Fig. 1), indicate a higher capacity of
PAH degradation when compared with those of treatments 6–10
(Figs 2 and 3). The incorporation of both anionic and nonionic sur-
factants to the treatments at different concentrations did not con-
sistently improve the biodegradation efficiency.

DISCUSSIONS
Composting is emerging as an efficient technique for bioremedi-
ation of PAH-contaminated wastes, as it is not plagued by the
challenges associated with bioremediation especially the prob-
lem of insufficient microbial diversity; and lack of pertinent nutri-
ents to support the growth and activities of innate microbes.43

Compost bioremediation of PAH-contaminated waste is a com-
plex process with pathways yet to be fully understood. However,
results from this study suggest that composting can be employed

as an efficient degradation technology for the biodegradation of
HMW PAHs. These results are supported by the findings of Wu
and coworkers,44 in which improved degradation of HMW PAHs
was achieved by compost addition. A contrasting report found
that increasing molecular weight of an aromatic compound
reduced biodegradation efficiency of PAHs.5 In the present study,
composting of crude oil sludge resulted in highly efficient degra-
dation of HMW PAHs with carbon atoms C18 – C22 including
Benzo[a]anthracene, Chrysene, Benzo[b]fluoranthene, Benzo
[k] fluoranthene, Benzo[a]pyrene, Indeno[1,2,3,cd] pyrene and
Dibenzo[ah]anthracene. However, composting of LMW PAHs with
carbon atoms C10 – C16 resulted in lower degradation efficiencies
achieving between 30% and 99% degradation. This finding corre-
sponds to the reports of Cajthaml et al. 45 and Juhasz et al.46 in
which composting of PAH-contaminated wastes resulted in the
more efficient degradation of HMW hydrocarbons than their
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Figure 4. Phylogenetic tree of the ITS gene sequences of fungal isolates obtained from compost samples and their relatives found by BLASTn search.

Table 3. Microbial sequences and their OTU representatives (Obi et al. 2016)

Fungi Bacteria

OTUs Number of sequences OTU representative OTUs Number of sequences OTU representative

OTU1 14 Mucor circinelloides OTU1 4 Stenotrophomonas sp.
OTU2 6 Aspergillus terrus OTU2 2 Bordetella sp.
OTU3 4 Galactomyces cadium OTU3 1 Brucella sp.
OTU4 2 Penicillum commune OTU4 7 Bacillus sp.
OTU5 5 Fusarium oxysporum OTU5 5 Pseudomonas sp.
OTU6 3 Doratomyces microsporus OTU6 4 Achromobacter sp.
OTU7 1 Trichoderma virens OTU7 6 Ochrobactrum sp.
OTU8 2 Bionectria ochroleuca OTU8 1 Advenella sp.
OTU9 1 Trichurus terrophilus OTU9 1 Mycobacterium sp.
OTU10 1 Exophiala sp. OTU10 1 Mesorhizobium sp.
OTU11 6 Aspergillus fumigatus OTU11 1 Klebsiella sp.
OTU12 2 Aspergillus niger OTU12 2 Pusillimonas sp.
OTU13 2 Fusarium solani OTU13 1 Raoultella sp.
OTU14 2 Penicillum amaliae
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LMW counterparts. Higher degradation efficiencies of HMW PAHs
could be attributed to the presence of bay regions in their molec-
ular structure. However, these angular skeletal carbon orienta-
tions, although thermodynamically more stable, are susceptible
to enzymatic attack thus making the PAHs with angular structure
more biodegradable.47 Furthermore, it has been reported that
addition of compost to remediate a PAH-contaminated environ-
ment possibly increased selective sorption within the groups of
PAH compounds resident in the contaminated environment. This
selective sorption process that is activated by the addition of com-
post tends to decrease the sorption of the HMW PAHs onto parti-
cles instead of degrading the easily desorbed portions (LMW
PAHs) of the contaminants. Decreased sorption of HMW PAHs sig-
nifies increased bioavailability for possible biodegradation of the
PAH-contaminated waste.44,48

Compost bioremediation of crude oil sludge had many role
players, it enthused the growth and activities of indigenous fungi
and bacteria for the subsequent degradation of PAH-
contaminated waste. A number of studies confirm the metabo-
lism of petroleum hydrocarbons by fungi and bacteria that were
isolated in the course of this study.49–52 The presence of fungi
and bacteria in the compost depicts their co-existence in a PAH-
contaminated environment and possibly co-metabolism. A com-
bination of fungi and bacteria synergistically enhanced the rate
of degradation of HMW PAHs. The degradation process probably
was initiated by the pre-oxidation of PAHs by fungi and the sub-
sequent degradation of polar metabolites by bacteria.49,53 The
pre-oxidation process was made possible by the low substrate
specificity of the extracellular enzymes of fungi which enabled
their easy diffusion into the compost for subsequent oxidation
of the HMW PAHs.54,55 An investigation demonstrated the ability
of fungal-bacterial culture to mineralize pentacyclic PAHs while
reducing their mutagenicity. Boochan et al. and Kyser et al. also
indicated the efficiency of bacterial-eukaryotic consortium in
degrading HMW PAHs.56,57 The hyphae of fungi have been
reported to serve as a means of transporting specific bacteria in

a contaminated environment, thereby improving the activities
of the microorganisms as well as the bioremediation process.58

Complete degradation of benzo[a]pyrene and benzo[a]anthra-
cene components of crude oil sludge was observed during the
course of composting. Pure isolates of fungi obtained from this
study have been associated with the degradation of such HMW
PAHs, these fungi include Fusarium, Aspergillus, Penicillium and Tri-
choderma sp.59–61 In addition, the identification of Fusarium sp. as
the top degrader of crude oil sludge corroborates the studies that
classified Fusarium sp. as a possible degrader of hydrocar-
bons.38,62 Studies by Ijoma & Tekere, and Shahsavari also linked
fungi (Doratomyces, Galactomyces and Trichurus sp.) isolated in
the present study with hydrocarbon utilization in degradation
experiments, thus supporting findings herein concerning the
competency of these fungal isolates in degrading PAHs.60,63 Sim-
ilarly, some fungi obtained were identified to belong to both lig-
nolytic and non-lignolytic classes of fungi; a combination of
both classes was found to be beneficial to the bioremediation of
PAHs through oxidation of the hydrocarbons.64

Furthermore, a selection of bacteria identified in this study has
been identified to play a functional role in the degradation of ali-
phatic and aromatic hydrocarbons due to their involvement in the
catabolic pathways of such hydrocarbons. Such organisms belong
to the genera Advenella, Achromobacter, Bacillus, Mycobacterium,
Ochrobactrum, Pseudomonas, and Stenotrophomonas.14,65,66

Mycobacterium, as identified in the present study, has been linked
with the capacity to degrade recalcitrant pollutants due to their
multipurpose metabolic potentials.67 Potential PAH-degrading
bacteria possess the catechol genes that code for C23O enzymes
of aerobic bacterial degradation pathways of aromatic com-
pounds.21 Amplification of the catechol genes in the bacterial iso-
lates suggested their potential participation in biodegradation of
PAH components of crude oil sludge. During the biodegradation,
most aromatic compounds such as PAHs are degraded into cen-
tral intermediates such as catechol and protocatechuate. The
metabolism of catechol usually occurs through two alternative
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Figure 5. Analysis of phylogeny of the 16S rRNA gene sequences of bacteria isolates obtained from compost samples and their relatives found by
BLASTn search.40

www.soci.org L Obi et al.

wileyonlinelibrary.com/jctb © 2020 Society of Chemical Industry J Chem Technol Biotechnol 2020; 95: 1569–1579

1576

http://wileyonlinelibrary.com/jctb


pathways for aromatic compounds, the ortho-cleavage and the
meta-cleavage pathways.68,69 These metabolic pathways initially
are catalyzed by the enzymes catechol-1,2-dioxygenase and
C23O, respectively.20,21

Desorption of sorbed PAHs leading to inaccessibility of the sub-
strates by potential degraders is a limiting aspect of PAH degrada-
tion.70 During the course of this study, this challenge was
supposedly mitigated through the inclusion of anionic and non-
ionic surfactants. Results obtained during this study did not show
a significant consistent improvement of PAH degradation from
incorporation of anionic (SDS) and nonionic (TD) surfactants at
the concentrations of 0.5% and 1.0%. This could be because of
complex interactions between PAHs that sometimes inhibit deg-
radation.71 Allen et al. obtained contrasting results in the applica-
tion of nonionic surfactants to the biodegradation of PAHs, with
growth inhibition of some strains observed leading to reduced
degradation efficiency of the bacterial strains.72 There also is
insufficient information to indicate the contribution of the surfac-
tants to improved bioavailability, which, as reported by Bezza and
Chirwa, does not necessarily enhance the process of biodegrada-
tion of aromatic PAHs.73 Although the addition of surfactants had
no apparent effect on degradation efficiency, their presence
enhanced fungal growth.74 Enhanced fungal growth upon addi-
tion of surfactants signifies that the added surfactants were not
toxic to indigenous microbial entities in the various treatments.
This gives credence to previous findings that the toxicity of
anionic surfactant SDS to microorganisms is not significant con-
sidering the biodegradability of SDS.75 Biodegradation of surfac-
tants possibly resulted in the complete removal of surfactants
from the contaminated system, the microbial entities could have
utilized the surfactants as preferred substrate while degrading
the pollutant (PAHs) cometabolically.76 This corresponds to the
report of Bautista et al. which illustrated the ability of some iden-
tified bacterial isolates related to the present study to metabolize
surfactants and PAHs.77 The nonionic surfactant TD did not pre-
sent any significant effect on the biodegradation of PAHs. Low
cytotoxicity of nonionic surfactants in comparison to their ionic
counterparts is due to a weaker interaction between a charged
microbial cell and neutral surfactant molecules.78 The surfactants
(anionic and nonionic) involved in this study could not perhaps
perform their vital role in bioremediation, which is reducing the
binding capacity of PAHs by enhancing the mass transfer of PAHs
from a solid/nonaqueous liquid phase to aqueous phase in order
to improve bioavailability.26

CONCLUSIONS
Compost bioremediation is a sustainable waste management
technique for hazardous wastes such as crude oil sludge and
can serve as a carrier agent for the abundant indigenous microor-
ganisms that are potential PAH degraders. Addition of surfactants
did not enhance biodegradation of PAHs but it encouraged the
growth of fungi. Further studies using metagenomics could
enhance the identification of uncultivable potential degraders of
hydrocarbons. Future studies also could focus on identification
of PAH metabolites during compost bioremediation.

ACKNOWLEDGEMENT
This work was supported by the University of South Africa
(UNISA), the National Research Foundation (NRF) Research and

Technology Fund, grant no. 98696, the Agricultural Research
Council, South Africa and Mr Henry Obi.

CONFLICT OF INTEREST
None of the authors of this paper has a personal or financial rela-
tionship with other people or organizations that could unaccept-
ably affect the content of the paper.

FUNDING
This work was supported by the University of South Africa (UNISA)
and the National Research Foundation (NRF) Research and Tech-
nology Fund (grant no. 98696). These funding sources had no role
in the design, collection, analysis and interpretation of data; in the
writing of the report; and in the decision to submit themanuscript
for publication.

DATA AVAILABILITY STATEMENTS
The data generated or analyzed during this study are included in
this paper and its Supplementary Information. Any additional
information concerning the data generated in this study are avail-
able from the corresponding author on reasonable request.

SUPPORTING INFORMATION
Supporting information may be found in the online version of this
article.

REFERENCES
1 Patowary R, Patowary K, Kalita M and Deka S, Application of biosurfac-

tant for enhancement of bioremediation process of crude oil con-
taminated soil. Int Biodeter Biodegr 129:50–60 (2018). https://doi.
org/10.1016/j.ibiod.2018.01.004.

2 Johnson OA and Affam AC, Petroleum sludge treatment and disposal:
a review. Environ Eng Res 24:191–201 (2018). https://doi.org/10.
4491/eer.2018.134.

3 Hu G, Li J and Zeng G, Recent development in the treatment of oily
sludge from petroleum industry: a review. J Hazard Mater 261:
470–490 (2013). https://doi.org/10.1016/j.jhazmat.2013.07.069.

4 Szczepaniak Z, Czarny J, Staninska-Pięta J, Lisiecki P, Zgoła-
Grześkowiak A, Cyplik P et al., Influence of soil contamination with
PAH on microbial community dynamics and expression level of
genes responsible for biodegradation of PAH and production of
rhamnolipids. Environ Sci Pollut Res 23:23043–23056 (2016).
https://doi.org/10.1007/s11356-016-7500-9.

5 Amodu O, Ojumu T and Ntwampe S, Bioavailability of high molecular
weight polycyclic aromatic hydrocarbons using renewable
resources. Environ Biotechno, ed. by Marian Petre. IntechOpen,
London, UK 171–194 (2013). https://doi.org/10.5772/54727.

6 Udotong I, Udotong J, Inam E and Kim K, Bioconversion of crude oil
production sludge into soil conditioner using sawdust as organic
amendment. Geosyst Eng 14:51–58 (2011). https://doi.org/10.1080/
12269328.2011.10541330.

7 Chowdhury S, Bala N and Dhauria P, Bioremediation–a natural way for
cleaner environment. Int J Pharm, Chem Biol Sci 2:600–611 (2012).

8 Bezza F and Chirwa E, Production and applications of lipopeptide bio-
surfactant for bioremediation and oil recovery by Bacillus subtilis
CN2. Biochem Eng J 101:168–178 (2015). https://doi.org/10.1016/j.
bej.2015.05.007.

9 Fernández-Luqueño F, Valenzuela-Encinas C, Marsch R, Martínez-
Suárez C, Vázquez-Núñez E and Dendooven L, Microbial communi-
ties to mitigate contamination of PAHs in soil—possibilities and
challenges: a review. Environ Sci Pollut Res 18:12–30 (2010). https://
doi.org/10.1007/s11356-010-0371-6.

10 Sayara TAS, Bioremediation of Polycyclic Aromatic Hydrocarbons (PAHs)-
Contaminated Soil: Process Evaluation through Composting and

Microbial drivers of biodegradation of PAH in crude oil sludge by composting www.soci.org

J Chem Technol Biotechnol 2020; 95: 1569–1579 © 2020 Society of Chemical Industry wileyonlinelibrary.com/jctb

1577

https://doi.org/10.1016/j.ibiod.2018.01.004
https://doi.org/10.1016/j.ibiod.2018.01.004
https://doi.org/10.4491/eer.2018.134
https://doi.org/10.4491/eer.2018.134
https://doi.org/10.1016/j.jhazmat.2013.07.069
https://doi.org/10.1007/s11356-016-7500-9
https://doi.org/10.5772/54727
https://doi.org/10.1080/12269328.2011.10541330
https://doi.org/10.1080/12269328.2011.10541330
https://doi.org/10.1016/j.bej.2015.05.007
https://doi.org/10.1016/j.bej.2015.05.007
https://doi.org/10.1007/s11356-010-0371-6
https://doi.org/10.1007/s11356-010-0371-6
http://wileyonlinelibrary.com/jctb


Anaerobic Digestion Approach. Universitat Autònoma de Barcelona,
Barcelone, Spain (2011).

11 El-Din SM, Moussa TA, Moawad H and Sharaf OA, Isolation and charac-
terization of polyaromatic hydrocarbons degrading bacteria from
compost leachate. J Adv Biol 5:651–660 (2014).

12 Niti C, Sunita S, Kamlesh K and Rakesh K, Bioremediation: an emerging
technology for remediation of pesticides. Res J Chem Environ Sci 17:
88–105 (2013).

13 Zhang Y, Wang F, Wei H, Wu Z, Zhao Q and Jiang X, Enhanced biodeg-
radation of poorly available polycyclic aromatic hydrocarbons by
easily available one. Int Biodeter Biodegr 84:72–78 (2013). https://
doi.org/10.1016/j.ibiod.2013.05.020.

14 Li G, Guo S and Hu J, The influence of clay minerals and surfactants on
hydrocarbon removal during the washing of petroleum-
contaminated soil. Chem Eng J 286:191–197 (2016). https://doi.
org/10.1016/j.cej.2015.10.006.

15 Teng Y, Luo Y, Sun M, Liu Z, Li Z and Christie P, Effect of bioaugmenta-
tion by Paracoccus sp. strain HPD-2 on the soil microbial community
and removal of polycyclic aromatic hydrocarbons from an aged con-
taminated soil. Bioresour Technol 101:3437–3443 (2010). https://doi.
org/10.1016/j.biortech.2009.12.088.

16 Dhar K, Dutta S and AnwarMN, Biodegradation of petroleumhydrocar-
bon by indigenous fungi isolated from ship breaking yards of
Bangladesh. Int Res J Biol Sci 3:22–30 (2014).

17 Ghosal D, Ghosh S, Dutta TK and Ahn Y, Current state of knowledge in
microbial degradation of polycyclic aromatic hydrocarbons (PAHs):
a review. Front Microbiol 7:1369 (2016). https://doi.org/10.3389/
fmicb.2016.01837.

18 Kota MF, Hussaini AA, Zulkharnain A and Roslan HA, Bioremediation of
crude oil by different fungal genera. Asian J Plant Biol 2:16–23 (2014).

19 Silva AS, Camargo FA, Andreazza R, Jacques RJ, Baldoni DB and
Bento FM, Enzymatic activity of catechol 1, 2-dioxygenase and cate-
chol 2, 3-dioxygenase produced by Gordonia polyisoprenivorans.
Quimica Nova 35:1587–1592 (2012). https://doi.org/10.1590/s0100-
40422012000800018.

20 Hemalatha S and Veeramanikandan P, Characterization of aromatic
hydrocarbon degrading bacteria from petroleum contaminated
sites. J Environ Prot 2:243–254 (2011). https://doi.org/10.4236/jep.
2011.23028.

21 He P, Li L, Liu J, Bai Y and Fang X, Diversity and distribution of catechol
2, 3-dioxygenase genes in surface sediments of the Bohai Sea. FEMS
Microbiol Lett 363:1–9 (2016). https://doi.org/10.1093/femsle/
fnw086.

22 Górna H, Ławniczak Ł, Zgoła-Grześkowiak A and Kaczorek E, Differ-
ences and dynamic changes in the cell surface properties of three
Pseudomonas aeruginosa strains isolated from petroleum-polluted
soil as a response to various carbon sources and the external addi-
tion of rhamnolipids. Bioresour Technol 102:3028–3033 (2011).
https://doi.org/10.1016/j.biortech.2010.09.124.

23 Zhang J, Zeng G, Chen Y, Yu M, Huang H, Fan C et al., Impact of Phaner-
ochaete chrysosporium inoculation on indigenous bacterial commu-
nities during agricultural waste composting. Appl Microbiol
Biotechnol 97:3159–3169 (2013). https://doi.org/10.1007/s00253-
012-4124-y.

24 Zhang Z, Hou Z, Yang C, Ma C, Tao F and Xu P, Degradation of n-
alkanes and polycyclic aromatic hydrocarbons in petroleum by
a newly isolated Pseudomonas aeruginosa DQ8. Bioresour Technol
102:4111–4116 (2011). https://doi.org/10.1016/j.biortech.2010.
12.064.

25 Wyrwas B, Chrzanowski Ł, Ławniczak Ł, Szulc A, Cyplik P, Białas W et al.,
Hołderna-Odachowska a, utilization of triton X-100 and polyethyl-
ene glycols during surfactant-mediated biodegradation of diesel
fuel. J Hazard Mater 197:97–103 (2011). https://doi.org/10.1016/j.
jhazmat.2011.09.060.

26 Mohanty S, Jasmine J and Mukherji S, Practical considerations and
challenges involved in surfactant enhanced bioremediation of oil.
Biomed Res Int 2013:1–16 (2013). https://doi.org/10.1155/2013/
328608.

27 Mohanty S and Mukherji S, Surfactant aided biodegradation of NAPLs
by Burkholderia multivorans: comparison between triton X-100 and
rhamnolipid JBR-515. Colloids Surf B Biointerfaces 102:644–652
(2013). https://doi.org/10.1016/j.colsurfb.2012.08.064.

28 Sałek K, Zgoła-Grześkowiak A and Kaczorek E, Modification of surface
and enzymatic properties of Achromobacter denitrificans and
Stenotrophomonas maltophilia in association with diesel oil

biodegradation enhanced with alkyl polyglucosides. Colloids Surf B
Biointerfaces 111:36–42 (2013). https://doi.org/10.1016/j.colsurfb.
2013.05.021.

29 Otzen DE, Biosurfactants and surfactants interacting with membranes
and proteins: same but different? Biochim Biophys Acta 1859:
639–649 (2017). https://doi.org/10.1016/j.bbamem.2016.09.024.

30 Liang X, Guo C, Liao C, Liu S, Wick LY, Peng D et al., Drivers and appli-
cations of integrated clean-up technologies for surfactant-
enhanced remediation of environments contaminated with polycy-
clic aromatic hydrocarbons (PAHs). Environ Pollut 1:129–140 (2017).
https://doi.org/10.1016/j.envpol.2017.03.045.

31 BobakDM, Polycyclic aromatic hydrocarbon characterization inOtter Creek,
Northwest Ohio. Doctoral dissertation, University of Toledo (2010).

32 Ubani O, Atagana HI, Thantsha MS and Rasheed A, Identification and
characterisation of oil sludge degrading bacteria isolated from com-
post. Arch Environ Prot 42:67–77 (2016). https://doi.org/10.1515/
aep-2016-0021.

33 Roopnarain A, Mukhuba M, Adeleke R and Moeletsi M, Biases during
DNA extraction affect bacterial and archaeal community profile of
anaerobic digestion samples. 3 Biotech 7:375 (2017). https://doi.
org/10.1007/s13205-017-1009-x.

34 Gago S, Serrano C, Alastruey-Izquierdo A, Cuesta I, Martín-Mazuelos E,
Aller AI et al., Molecular identification, antifungal resistance and vir-
ulence of Cryptococcus neoformans and Cryptococcus deneoformans
isolated in Seville, Spain. Mycoses 60:40–50 (2017). https://doi.org/
10.1111/myc.12543.

35 Liu H, Yao J, Yuan Z, Shang Y, Chen H, Wang F et al., Isolation and char-
acterization of crude-oil-degrading bacteria from oil-water mixture
in Dagang oilfield, China. Int Biodeter Biodegr 87:52–59 (2014).
https://doi.org/10.1016/j.ibiod.2013.11.005.

36 Obi LU, Atagana HI and Adeleke RA, Isolation and characterisation of
crude oil sludge degrading bacteria. SpringerPlus 5:1946 (2016).
https://doi.org/10.1186/s40064-016-3617-z.

37 Hesham AE, Mawad AM, Mostafa YM and Shoreit A, Biodegradation
ability and catabolic genes of petroleum-degrading Sphingomonas
koreensis strain ASU-06 isolated from Egyptian oily soil. Biomed Res
Int 2014:1–10 (2014). https://doi.org/10.1155/2014/127674.

38 Saroj A and Keerti D, Isolation and characterization of hydrocarbon
degrading microorganisms from petroleum oil contaminated soil
sites. Bull Environ Sci Res 2:5–10 (2013).

39 Shapiro SS and Wilk MB, An analysis of variance test for normality
(complete samples). Biometrika 52:591–611 (1965). https://doi.org/
10.2307/2333709.

40 Glass GV, Peckham PD and Sanders JR, Consequences of failure to
meet assumptions underlying the fixed effects analyses of variance
and covariance. Rev Educ Res 42:237–288 (1972). https://doi.org/10.
2307/1169991.

41 Statistical Analysis System Institute. SAS/STAT User's Guide, Version
8, Vol. 2. SAS Institute, Cary, NC, USA (1999).

42 Cunningham CR, Biodegradation rates of weathered hydrocarbons in
controlled laboratorymicrocosms and soil columns simulating natu-
ral attenuation field conditions. Doctoral dissertation, California
Polytechnic State University (2004).

43 Chen M, Xu P, Zeng G, Yang C, Huang D and Zhang J, Bioremediation of
soils contaminated with polycyclic aromatic hydrocarbons, petroleum,
pesticides, chlorophenols and heavy metals by composting: applica-
tions, microbes and future research needs. Biotechnol Adv 33:745–755
(2015). https://doi.org/10.1016/j.biotechadv.2015.05.003.

44 WuG, Li X, Kechavarzi C, Sakrabani R, Sui H and Coulon F, Influence and
interactions of multi-factors on the bioavailability of PAHs in com-
post amended contaminated soils. Chemosphere 107:43–50 (2014).
https://doi.org/10.1016/j.chemosphere.2014.03.035.

45 Cajthaml T, Bhatt M, Šašek V and Matějů V, Bioremediation of PAH-
contaminated soil by composting: a case study. Folia Microbiol 47:
696–700 (2002). https://doi.org/10.1007/bf02818674.

46 Juhasz AL, Smith E, Waller N, Stewart R and Weber J, Bioavailability of
residual polycyclic aromatic hydrocarbons following enhanced nat-
ural attenuation of creosote-contaminated soil. Environ Pollut 158:
585–591 (2010). https://doi.org/10.1016/j.envpol.2009.08.018.

47 Abdel-Shafy HI and Mansour MS, A review on polycyclic aromatic
hydrocarbons: source, environmental impact, effect on human
health and remediation. Egypt J Pet 25:107–123 (2016). https://doi.
org/10.1016/j.ejpe.2015.03.011.

48 Ortega-Calvo JJ, Tejeda-Agredano MC, Jimenez-Sanchez C, Congiu E,
Sungthong R, Niqui-Arroyo JL et al., Is it possible to increase

www.soci.org L Obi et al.

wileyonlinelibrary.com/jctb © 2020 Society of Chemical Industry J Chem Technol Biotechnol 2020; 95: 1569–1579

1578

https://doi.org/10.1016/j.ibiod.2013.05.020
https://doi.org/10.1016/j.ibiod.2013.05.020
https://doi.org/10.1016/j.cej.2015.10.006
https://doi.org/10.1016/j.cej.2015.10.006
https://doi.org/10.1016/j.biortech.2009.12.088
https://doi.org/10.1016/j.biortech.2009.12.088
https://doi.org/10.3389/fmicb.2016.01837
https://doi.org/10.3389/fmicb.2016.01837
https://doi.org/10.1590/s0100-40422012000800018
https://doi.org/10.1590/s0100-40422012000800018
https://doi.org/10.4236/jep.2011.23028
https://doi.org/10.4236/jep.2011.23028
https://doi.org/10.1093/femsle/fnw086
https://doi.org/10.1093/femsle/fnw086
https://doi.org/10.1016/j.biortech.2010.09.124
https://doi.org/10.1007/s00253-012-4124-y
https://doi.org/10.1007/s00253-012-4124-y
https://doi.org/10.1016/j.biortech.2010.12.064
https://doi.org/10.1016/j.biortech.2010.12.064
https://doi.org/10.1016/j.jhazmat.2011.09.060
https://doi.org/10.1016/j.jhazmat.2011.09.060
https://doi.org/10.1155/2013/328608
https://doi.org/10.1155/2013/328608
https://doi.org/10.1016/j.colsurfb.2012.08.064
https://doi.org/10.1016/j.colsurfb.2013.05.021
https://doi.org/10.1016/j.colsurfb.2013.05.021
https://doi.org/10.1016/j.bbamem.2016.09.024
https://doi.org/10.1016/j.envpol.2017.03.045
https://doi.org/10.1515/aep-2016-0021
https://doi.org/10.1515/aep-2016-0021
https://doi.org/10.1007/s13205-017-1009-x
https://doi.org/10.1007/s13205-017-1009-x
https://doi.org/10.1111/myc.12543
https://doi.org/10.1111/myc.12543
https://doi.org/10.1016/j.ibiod.2013.11.005
https://doi.org/10.1186/s40064-016-3617-z
https://doi.org/10.1155/2014/127674
https://doi.org/10.2307/2333709
https://doi.org/10.2307/2333709
https://doi.org/10.2307/1169991
https://doi.org/10.2307/1169991
https://doi.org/10.1016/j.biotechadv.2015.05.003
https://doi.org/10.1016/j.chemosphere.2014.03.035
https://doi.org/10.1007/bf02818674
https://doi.org/10.1016/j.envpol.2009.08.018
https://doi.org/10.1016/j.ejpe.2015.03.011
https://doi.org/10.1016/j.ejpe.2015.03.011
http://wileyonlinelibrary.com/jctb


bioavailability but not environmental risk of PAHs in bioremedia-
tion? J Hazard Mater 261:733–745 (2013). https://doi.org/10.1016/j.
jhazmat.2013.03.042.

49 Harms H, Schlosser D and Wick LY, Untapped potential: exploiting
fungi in bioremediation of hazardous chemicals. Nat Rev Microbiol
9:177–192 (2011). https://doi.org/10.1038/nrmicro2519.

50 Enabulele OI andObayagbonaON, Biodegradation potentials of myco-
flora isolated from auto mobile workshop soils on flow station crude
oil sludge. Int Res J Biol Sci 2:9–18 (2013).

51 Rajaei S, Seyedi SM, Raiesi F, Shiran B and Raheb J, Characterization and
potentials of indigenous oil-degrading bacteria inhabiting the rhizo-
sphere of wild oat (Avena fatua L.) in south west of Iran. Iran J Bio-
technol 11:32–40 (2013). https://doi.org/10.5812/ijb.9334.

52 Bello-Akinosho M, Makofane R, Adeleke R, Thantsha M, Pillay M and
Chirima GJ, Potential of polycyclic aromatic hydrocarbon-degrading
bacterial isolates to contribute to soil fertility. Biomed Res Int 2016:
1–10 (2016). https://doi.org/10.1155/2016/5798593.

53 Liu SH, Zeng GM, Niu QY, Liu Y, Zhou L, Jiang LH et al., Bioremediation
mechanisms of combined pollution of PAHs and heavy metals by
bacteria and fungi: a mini review. Bioresour Technol 224:25–33
(2017). https://doi.org/10.1016/j.biortech.2016.11.095.

54 Al-Nasrawi H, Biodegradation of crude oil by fungi isolated fromGulf of
Mexico. J Bioremed Biodegr 3:1–6 (2012). https://doi.org/10.4172/
2155-6199.1000147.

55 Rhodes CJ, Mycoremediation (bioremediation with fungi)–growing
mushrooms to clean the earth. Chem Speciation Bioavailability 26:
196–198 (2014). https://doi.org/10.3184/095422914x14047407349335.

56 Boonchan S, Britz ML and Stanley GA, Degradation andmineralization of
high-molecular-weight polycyclic aromatic hydrocarbons by defined
fungal-bacterial cocultures. Appl Environ Microbiol 66:1007–1019
(2000). https://doi.org/10.1128/aem.66.3.1007-1019.2000.

57 Kyser S, Hozalski R and Gulliver JS, Use of Compost to Biodegrade Sedi-
ments Contaminated with Polycyclic Aromatic Hydrocarbons. St
Anthony Falls Laboratory, University of Minnesota, MN, USA (2010).

58 Wick LY, Furuno S and Harms H, Fungi as transport vectors for contami-
nants and contaminant-degrading bacteria, in Handbook of Hydrocar-
bon and Lipid Microbiology, Springer, Berlin Germany pp. 1555–1561
(2010). https://doi.org/10.1007/978-3-540-77587-4_107.

59 Marco-Urrea E, Garcia-Romera I and Aranda E, Potential of non-
ligninolytic fungi in bioremediation of chlorinated and polycyclic
aromatic hydrocarbons. New Biotechnol 32:620–628 (2015). https://
doi.org/10.1016/j.nbt.2015.01.005.

60 Ijoma GN and Tekere M, Potential microbial applications of co-cultures
involving ligninolytic fungi in the bioremediation of recalcitrant
xenobiotic compounds. Int J Environ Sci Technol 14:1787–1806
(2017). https://doi.org/10.1007/s13762-017-1269-3.

61 Zhao OY, Zhang XN, Feng SD, Zhang LX, Shi W, Yang ZX et al., Starch-
enhanced degradation of HMW PAHs by Fusarium sp. in an aged
polluted soil from a coal mining area. Chemosphere 174:774–780
(2017). https://doi.org/10.1016/j.chemosphere.2016.12.026.

62 Akpoveta OV, Egharevba F and Medjor OW, A pilot study on the bio-
degradation of hydrocarbon and its kinetics on kerosene simulated
soil. Int J Environ Sci 2:54 (2011).

63 Shahsavari E, Molecular aspects of rhizodegradation and bioremedia-
tion of hydrocarbon-contaminated soil. Doctoral dissertation, RMIT
University (2013).

64 Mtui GY, Lignocellulolytic enzymes from tropical fungi: types, sub-
strates and applications. Sci Res Essays 7:1544–1555 (2012). https://
doi.org/10.5897/SRE11.1812.

65 Bello-Akinosho M, Adeleke R, Swanevelder D and Thantsha M, Draft
genome sequence of pseudomonas sp. strain 10-1B, a polycyclic
aromatic hydrocarbon degrader in contaminated soil. Genome
Announc 3:e00325–e00315 (2015). https://doi.org/10.1128/genomea.
00325-15.

66 Pandey P, Pathak H andDave S, Microbial ecology of hydrocarbon deg-
radation in the soil: a review. Res J Environ Toxicol 10:1–5 (2016).
https://doi.org/10.3923/rjet.2016.1.15.

67 Soler A, García-Hernández J, Zornoza A and Alonso JL, Diversity of cul-
turable nocardioform Actinomycetes from wastewater treatment
plants in Spain and their role in the biodegradability of aromatic
compounds. Environ Technol 39:172–181 (2018). https://doi.org/10.
1080/09593330.2017.1296897.

68 Singh SN, Kumari B, Upadhyay SK, Mishra S and Kumar D, Bacterial deg-
radation of pyrene in minimal salt medium mediated by catechol
dioxygenases: enzyme purification and molecular size determina-
tion. Bioresour Technol 133:293–300 (2013). https://doi.org/10.
1016/j.biortech.2013.01.068.

69 Mishra S, Singh SN and Pande V, Bacteria induced degradation of fluor-
anthene in minimal salt medium mediated by catabolic enzymes
in vitro condition. Bioresour Technol 164:299–308 (2014). https://
doi.org/10.1016/j.biortech.2014.04.076.

70 Sigmund G, Poyntner C, Piñar G, Kah M and Hofmann T, Influence of
compost and biochar on microbial communities and the sorption/-
degradation of PAHs and NSO-substituted PAHs in contaminated
soils. J Hazard Mater 345:107–113 (2018). https://doi.org/10.1016/j.
jhazmat.2017.11.010.

71 Bezza FA and Chirwa EM, The role of lipopeptide biosurfactant on
microbial remediation of aged polycyclic aromatic hydrocarbons
(PAHs)-contaminated soil. Chem Eng J 309:563–576 (2017). https://
doi.org/10.1016/j.cej.2016.10.055.

72 Allen CC, Boyd DR, Hempenstall F, Larkin MJ and Sharma ND, Contrast-
ing effects of a nonionic surfactant on the biotransformation of poly-
cyclic aromatic hydrocarbons tocis-dihydrodiols by soil bacteria.
Appl Environ Microbiol 65:1335–1339 (1999).

73 Bezza FA and Chirwa EM, Biosurfactant-assisted bioremediation of
polycyclic aromatic hydrocarbons (PAHs) in liquid culture system
and substrate interactions. Polycyclic Aromat Compd 37:375–394
(2017). https://doi.org/10.1080/10406638.2015.1129973.

74 Wu M, Xu Y, Ding W, Li Y and Xu H, Mycoremediation of manganese
and phenanthrene by Pleurotus eryngii mycelium enhanced by
tween 80 and saponin. Appl Microbiol Biotechnol 100:7249–7261
(2016).

75 Cheng Y, He H, Yang C, Yan Z, Zeng G and Qian H, Effects of anionic sur-
factant on n-hexane removal in biofilters. Chemosphere 150:248–253
(2016). https://doi.org/10.1016/j.chemosphere.2016.02.027.

76 Selberg A, Juuram K, Budashova J and Tenno T, Biodegradation and
leaching of surfactants during surfactant-amended bioremedia-
tion of oil-polluted soil, in Applied Bioremediation-Active and
Passive Approaches, ed. by Patil Y and Rao P. Rao Publ. BoD;
IntechOpen, Norderstedt, Germany, pp.123–147 (2013). https://
doi.org/10.5772/56908.

77 Bautista LF, Sanz R, MolinaMC, González N and Sánchez D, Effect of dif-
ferent non-ionic surfactants on the biodegradation of PAHs by
diverse aerobic bacteria. Int Biodeter Biodegr 63:913–922 (2009).
https://doi.org/10.1016/j.ibiod.2009.06.013.

78 Liu K, Zheng L, Ma C, Göstl R and Herrmann A, DNA–surfactant com-
plexes: self-assembly properties and applications. Chem Soc Rev
46:5147–5172 (2017). https://doi.org/10.1039/c7cs00165g.

Microbial drivers of biodegradation of PAH in crude oil sludge by composting www.soci.org

J Chem Technol Biotechnol 2020; 95: 1569–1579 © 2020 Society of Chemical Industry wileyonlinelibrary.com/jctb

1579

https://doi.org/10.1016/j.jhazmat.2013.03.042
https://doi.org/10.1016/j.jhazmat.2013.03.042
https://doi.org/10.1038/nrmicro2519
https://doi.org/10.5812/ijb.9334
https://doi.org/10.1155/2016/5798593
https://doi.org/10.1016/j.biortech.2016.11.095
https://doi.org/10.4172/2155-6199.1000147
https://doi.org/10.4172/2155-6199.1000147
https://doi.org/10.3184/095422914x14047407349335
https://doi.org/10.1128/aem.66.3.1007-1019.2000
https://doi.org/10.1007/978-3-540-77587-4_107
https://doi.org/10.1016/j.nbt.2015.01.005
https://doi.org/10.1016/j.nbt.2015.01.005
https://doi.org/10.1007/s13762-017-1269-3
https://doi.org/10.1016/j.chemosphere.2016.12.026
https://doi.org/10.5897/SRE11.1812
https://doi.org/10.5897/SRE11.1812
https://doi.org/10.1128/genomea.00325-15
https://doi.org/10.1128/genomea.00325-15
https://doi.org/10.3923/rjet.2016.1.15
https://doi.org/10.1080/09593330.2017.1296897
https://doi.org/10.1080/09593330.2017.1296897
https://doi.org/10.1016/j.biortech.2013.01.068
https://doi.org/10.1016/j.biortech.2013.01.068
https://doi.org/10.1016/j.biortech.2014.04.076
https://doi.org/10.1016/j.biortech.2014.04.076
https://doi.org/10.1016/j.jhazmat.2017.11.010
https://doi.org/10.1016/j.jhazmat.2017.11.010
https://doi.org/10.1016/j.cej.2016.10.055
https://doi.org/10.1016/j.cej.2016.10.055
https://doi.org/10.1080/10406638.2015.1129973
https://doi.org/10.1016/j.chemosphere.2016.02.027
https://doi.org/10.5772/56908
https://doi.org/10.5772/56908
https://doi.org/10.1016/j.ibiod.2009.06.013
https://doi.org/10.1039/c7cs00165g
http://wileyonlinelibrary.com/jctb

	Potential microbial drivers of biodegradation of polycyclic aromatic hydrocarbons in crude oil sludge using a composting te...
	INTRODUCTION
	MATERIALS AND METHODS
	Materials for composting
	Soil, bark chips, soybean meal and horse manure
	Crude oil sludge, surfactants and petroleum ether

	Compost experimental set-up
	Isolation and PCR of fungal isolates
	Isolation of bacteria and PCR of bacterial isolates
	Sequencing and phylogenetic analysis of fungal ITS and bacterial 16S rRNA genes
	Catechol-2,3-dioxygenase (C23O) gene detection in bacteria isolates
	Screening of microbial isolates for PAH biodegradation potential
	Efficiency of treatments for PAH degradation
	Statistical analysis

	RESULTS
	Molecular characterization and phylogenetic of microbial isolates
	Microbial diversity of isolates
	Crude oil sludge degradability
	Mass balance and stoichiometry

	DISCUSSIONS
	CONCLUSIONS
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	FUNDING
	DATA AVAILABILITY STATEMENTS
	REFERENCES


