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The use of microorganisms for remediation and restoration of hydrocarbons contaminated soils is an effective
and economic solution. The current study aims to find out efficient telluric filamentous fungi to degrade petro-
leum hydrocarbons pollutants. Six fungal strains were isolated from used engine (UE) oil contaminated soil.
Fungi were screened for their ability to degrade crude oil, diesel and UE oil using 2.6-dichlorophenol indophenol
(DCPIP). Two isolates were selected, identified and registered at NCBI as Aspergillus ustus HM3.aaa and
Purpureocillium lilacinum HM4.aaa. Fungi were tested for their tolerance to different concentration of petroleum
oils using radial growth diameter assay. Hydrocarbons removal percentage was evaluated gravimetrically. The
degradation kinetic of crude oil was studied at a time interval of 10 days. A.ustus was the most tolerant fungi
to high concentration of petroleum oils in solid medium. Quantitative analysis showed that crude oil was the
most degraded oil by both isolate; P. lilacinium and A. ustus removed 44.55% and 30.43% of crude oil, respectively.
The two fungi were able to degrade, respectively, 27.66 and 21.27% of diesel and 14.39 and 16.00% of UE oil. As
compared to the controls, these fungi accumulated high biomass in liquid medium with all petroleum oils. Like-
wise, crude oil removal rate constant (K) and half-lives (t1/2) were 0.02 day−1, 34.66 day and 0.015 day−1,
46.21 day for P. lilacinium and A. ustus, respectively. The selected fungi appear interesting for petroleum oils bio-
degradation and their application for soil bioremediation require scale-up studies.

© 2020 Ecological Society of China. Published by Elsevier B.V. All rights reserved.
1. Introduction

The continuous increase in world oil demand has increased the oil
production, refining and distribution activities which lead to the
pouring of a huge amount of petroleum hydrocarbons into the environ-
ment. The impact of oil spills accidents on soil ecosystem is hazardous;
the presence of hydrocarbons in the soil inhibited seed germination and
reduced plant growth [1]. The persistence nature of crude oil affects the
soil quality by changing physical, physiological, biochemical properties
and intrinsic heterogeneous microbial diversity [2]. Diesel fuel physi-
cally impedes water and oxygen transfer between the seed and the sur-
rounding soil environmentwhich leads to delaying seed emergence and
reducing percentage germination of plants [3]. Used engine oil was
found to exert a great toxicity toward earthworm survival and soil enzy-
matic activities [4]. Generally, Human health and ecosystem safety are
directly influenced by accumulation of petroleum products in the envi-
ronment [5]. Thus, the high impact of oil spillage on soil environment
requires effective remediation methods of these contaminants.
enguenab).

by Elsevier B.V. All rights reserved.

A. Chibani, Biodegradation o
/doi.org/10.1016/j.chnaes.20
A variety of remediation technologies have been developed, most of
them are chemical, thermal and physical-chemical remediation tech-
nologies as they may be a quick and simple solution to remove oil con-
taminants. However, many disadvantages are associated to these
methods which require mechanical and labour intensive methods. In
addition, these mechanical methods are tedious, time consuming and
are only capable of removing the oil contaminants up to a certain extent,
leaving behind a large amount of oil adsorbed in the soil [6]. Bioremedi-
ation is a way of cleaning up contaminated environments by exploiting
the diverse metabolic abilities of microorganisms to convert contami-
nants to harmless products by mineralization, generation of carbon
(IV) oxide and water, or by conversion into microbial biomass [7].

Fungi have receivedmore attention in the past two decades for their
bioremediation potential. They are known to degrade a variety of mate-
rials and compounds, process known asmycodegradation [8–11]. Fungi
constitute an important part of the soil biomass and play vital roles in
nutrient cycling and biotic interactions through theirmycelial networks
[12]. Fungi are equipped with a well-developed enzymatic system that
gives them the ability to grow on a broad range of natural aswell as syn-
thetic substrates. They secrete different extracellular enzymes into their
peripheral environment and degrade various substrates to small mole-
cules that can be absorbed by and metabolized in their cells [7].
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Table 1
Physicochemical properties of the soil used in this study.

Soil property values

pH 7.35
Organic carbon (%) 0.48
Total N (%) 0.0448
P (mg/kg) 3.126
Ca (mg/kg) 4548.8
Mg (mg/kg) 134.16
Na (mg/kg) 371.68
K (mg/kg) 95.55
Silt (%) 5.0
Clay (%) 10.8
Sand (%) 84.2
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The mycelial structure of these microorganisms is another advantage
for bioremediation with its invasive nature which allows the investiga-
tion of a large volume of contaminated sites with a very large exchange
surface [13]. Numerous studies were focused on the capacity of telluric
fungal strains to degrade petroleum hydrocarbons [14–16]. These
strains are in fact more adapted to the environmental conditions of
the soil, which theoretically makes them more capable of undergoing
competition from the other organisms present. Particularly
saprotrophic strains that decompose organic matter containing com-
plex molecules such as lignin and thus have potential for use in biore-
mediation process [17]. The isolation of cultivable fungi from oil
polluted soils provides fungal strains more adapted to polluted condi-
tions than strains directly obtained from culture collections [18].

At present, there is considerable interest on identification of micro-
organisms that degrade petroleum hydrocarbons, particularly, the re-
calcitrant fractions of crude oil and lubricants, because they are the
critical components in influencing the success rate of bioremediation
[19]. Although, many research focused on mycoremediation of individ-
ual components in petroleum hydrocarbons particularly polycyclic aro-
matic hydrocarbons (PAHs) due to their recalcitrant, toxic, mutagenic
and often carcinogenic properties [20–22], more information about
total petroleum hydrocarbons (TPHs) degradation potential of indige-
nous fungal strains remain necessary before establishing a successful
field-level bioremediation experiments.

Therefore, an attempt has been made to isolate more potent fungal
strains effective in petroleum hydrocarbons biodegradation. The aim
of this study was to investigate the ability of telluric filamentous fungal
isolates to grow on crude oil, diesel and used engine oil as the sole car-
bon source and to evaluate their degradation potential in liquid culture.
The selected fungi are likely to be useful in bioremediation of oil con-
taminated sites.

2. Material and methods

2.1. Sample collection and soil contamination

Uncontaminated soil samples were collected from ground surface
(0–15 cm in depth) in Kherrouba, Mostaganem State, Algeria. The col-
lected soil with no previous history of hydrocarbons contamination
was air-dried and sieved through a 2 mm mesh for homogenizing and
removal of large particles. Then, selected physical and chemical charac-
teristics of this soil were determined (Table 1). To artificially contami-
nate the soil for the experiment, 4 kg of soil were placed in plastic
vessels with a volume of about 3000 cm3, and 100 ml of UE oil was
added and thoroughly mixed to make uniform contaminated soil. A
control soil without hydrocarbons contamination was prepared in the
same conditions [23]. The plastic vessels were incubated outdoor ex-
posed to environment conditions for three months.

2.2. Strain isolation

After 3 months of incubation, the enumeration of heterotrophic fungi
in the oil polluted soil and control was carried out using dilution plate
count method. 1 g of soil was added to 9 ml sterilized distilled water,
mixed thoroughly by vortex, then serial dilutions (10−5) were done and
0.5 ml of each dilution was inoculated on potato dextrose agar (PDA)
dishes added with chloramphenicol as antibiotic (250 mg/l). Petri dishes
were incubated at 25 °C for 5 days. Fungal colonies were selected and
transferred to new PDA plates until pure colonies were obtained. The
pure isolates were identified according to their cultural and morphologi-
cal characteristics using identification keys [24–26].

2.3. Preliminary evaluation of hydrocarbons degradation ability

Fungi were initially screened for utilization of crude oil, diesel and
UE oil using modified technique from Hanson et al. [27], based on the
2

redox indicator 2.6-dichlorophenol indophenol (DCPIP). Therefore,
Bushnell-Haas [28] (BH) broth medium: MgSO4 (0.2 g/l), CaCl2
(0.02 g/l), KH2PO4 (1 g/l), K2HPO4 (1 g/l), NH4NO3 (1 g/l) and FeCl2
(0.05 g/l), distilled water (1000 ml), initial pH adjusted to 7.0, was
used for the screening test. Two culture plugs (8 mm diameter) were
picked from the edge of actively growing colony of each fungus on
PDA plate and transferred into 50 ml BH medium using 250 ml conical
flask. 1% (v/v) crude oil, diesel or UE oil and 0.016 mg/ml of redox indi-
cator were added to BH medium. A control set without any fungi was
also prepared. All flasks were incubated for 2 weeks at 30 °C under con-
stant rotary shaking of 110 rpm. The color change of the DCPIP indicator
from blue (oxidized form) to colorless (reduced form) indicates the
ability of fungi to degrade hydrocarbons [29]. According to their positive
responses to the redox indicator DCPIP, fungal isolates were subjected
to further tests in this study.

2.4. Molecular identification of oil-degraded isolates

Genomic DNA was extracted from fungal colonies growing in PDA
plates for 7 days, using the DNeasy Plant Mini Kit (Qiagen), in accor-
dance to manufacturer's instructions (QIAGEN, Hilden, Germany).
DNA extracts were assessed using a Nano drop 1000 Spectrophotome-
ter (Thermo Scientific, USA) and stored at −20 °C for further use. The
extracted fungal DNA was used for PCR amplification of the internal
transcribed spacer (ITS) region of nuclear rDNA using specific fungal
primers ITS1 (5′- TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCC
GCTTATTGATATGC-3′) [30,31]. The PCR reactions were performed in
25 μl volumes containing 2 μl of genomic DNA, 1 X Promega Taq Buffer,
1.5mMMgCl2, 0.2mMdNTP, 0.2mΜ of each primer and1U of TaqDNA
polymerase (Promega). Amplificationwas carried out in Thermal Cycler
(Icycler Biorad, USA) at 95 °C for 5min followed by 35 cycles of 95 °C for
30 s, 55 °C for 30 s, and 72 °C for 45 s and final extension at 72 °C for
7 min. PCR products were electrophoresed in 1.5% (w/v) agarose gels
then sequenced after the purification, and sequence similarities were
obtained using the blast tool fromNational Center for Biotechnology In-
formation (NCBI).

2.5. Petroleum hydrocarbons tolerance test in solid medium

Tolerance test of selected isolates toward different concentrations of
crude oil, diesel, and UE oil was carried out on BH agar surface culture
(pH 7.0) in Petri dishes of 9 cm in diameter. The concentrations used
in this experiment were 2, 4 and 6% (v/v). The dishes were prepared
by adding each hydrocarbon to warm BH medium and the solution
was thoroughly mixed right before adding to the plates. A suspension
of sporeswas prepared inwarmBHmediumby fungal spores harvested
from the edge of an actively growing culture on PDA plate. The inocu-
lated solutionwas vortexed in high speed andused to inoculate the cen-
ter of the BH agar plate. Each treatment was prepared in duplicate and
the plates were incubated at 30 °C. Plates without hydrocarbons and
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inoculatedwith each of the strainswere used as controls. Fungi mycelia
extension on the plates was measured on a daily basis and also macro-
scopic observations about the morphology of the colonies were made
and compared against the control plates to assess their capacity to toler-
ate different concentrations of each petroleum oil in surface culture
[14,20]. Mycelium growth ratewas estimated as the slope of a linear re-
gression of colony radius versus time during the phase of linear growth
[32]. Linear regression fitted data well with R2 ranging from 0.98 to 0.59
(median R2 = 0.93) [33].

2.6. Crude oil, diesel and UE oil biodegradation assay

Degradation experiments were performed in 250 ml flasks contain-
ing 100ml of BHmedium (pH7.0) and 2% (v/v) of crude oil or diesel and
50ml of BHwith 1% (v/v) of UE oil as the only carbon source, separately.
Prior to adding petroleum oils, media were sterilized by autoclave at
121 °C for 20 min. Mycelia plugs of selected fungi (three 8 mm discs)
were cut from the edge of an actively growing colony on PDA and inoc-
ulated into each flask. Then flasks were incubated at 30 °C for 40 days.
Abiotic control experiments were prepared by incubating each hydro-
carbon in BH without inoculum. All assays were performed in triplicate
[16]. The flasks were shaken manually at regular interval throughout
the time of the experiment to facilitate oil-cell phase contact [8,34].

2.7. TPHs extraction and gravimetric analysis

The residual petroleum oils in all flasks were recovered through
liquid-liquid extraction. Crude oil and diesel were sequentially ex-
tracted with 40 ml aliquots of petroleum ether:acetone (1:1) in a sepa-
rating funnel and shaken vigorously to separate hydrocarbons adsorbed
onmycelia. After that, the contents were allowed to settle; the top layer
containing petroleum ether mixed with crude oil or diesel and acetone
was takenout and the solventwas then evaporated under reduced pres-
sure [35]. Residual UE oil was removed from the culture with toluene
using the same previous steps. The residual oil was accurately weighed
and quantified gravimetrically. The percentage of degradation was then
calculated as follows [36]:

%degradation ¼ a−b
a

� 100 ð1Þ

where: a is the mass of the oil in the control, b is the mass of the oil re-
maining after treatment

2.8. Fungal biomass gain via biodegradation

Aftermeasuring the amount of oil degradation, the fungal biomass in
each flask was harvested using a filter paper (Whatman No.1) and then
dried at 60 °C until constant weight was reached. Three flasks with cor-
responding inoculum but without petroleum oils were retained as con-
trols. Gain in biomass under each treatment and the corresponding
controlwas recorded; and considered to be due to biodegradation activ-
ity of the fungus [37].

2.9. Crude oil degradation kinetics

To provide an estimation of hydrocarbons biodegradation over time,
flasks with 100 ml BHmedium (pH 7.0) and 2% (v/v) crude oil were in-
oculated with selected strains and incubated at 30 °C. Inoculated flasks
were sacrificed after 0, 10, 20, 30 and 40 days and the amount of
remained oil and mycelium biomass accumulation were measured.

Biodegradation data were fitted to the first-order kinetics model
[38,39]:

Ct ¼ C0e−kt ð2Þ
3

where Ct is the residual hydrocarbons concentration (g/l) at time t, C0 is
the initial hydrocarbons concentration, k is the first-order kinetic bio-
degradation constant (day−1) and t is time (day).

Biodegradation half-life time (t1/2) of crude oil was calculated as
follow:

t1=2 ¼ ln 2
k

ð3Þ

2.10. Statistical analysis

Data obtained in this study were analyzed using IBM SPSS Statistics
25 software. Mean of the replicates and standard deviation was calcu-
lated. One-way analysis of variance (ANOVA) at p ≤ 0.05 level of signif-
icance and Duncan's multiple range tests were applied for comparison
between the means.

3. Results and discussion

3.1. Fungal isolation and identification

The aim ofmixing used engine oil with soil was to increase the num-
ber of hydrocarbon-utilizing fungi and to promote the appearance of
fungal species with ability to degrade petroleum oil products, as UE oil
contains large amounts of hydrocarbons including toxic PAHs [40].
Three month after the experiment, the average counts of total hetero-
trophic fungi in the soil treated with oil were expressed as 4.1 × 106

CFU/g soil while 3.1 × 103 CFU/g soil were counted in the control soil.
Results indicate that the population density of heterotrophs in the pol-
luted soil was higher than in non-polluted soil (control). Concentration
of total heterotrophic microorganisms has been found to rise rapidly
and significantly after petroleumoil inputs in soil andmarine sediments
[41]. Atlas [42], reported that the presence of oil pollution increase soil
populations of hydrocarbon-degraders from 1% to typically 10% of the
community.

Six different isolates were obtained from oil-polluted soil. Macro-
scopic and microscopic examination of the isolates showed typical
structures likemembers of the following genera: Aspergillus (2 species),
Penicillium, Fusarium, Peacilomyces and Alternaria. These genera include
the most frequently isolated species from hydrocarbons contaminated
soils [22,43,44].

3.2. Screening of hydrocarbons degradation ability through DCPIP assay

The screening method adopted in this study allowed us to quickly
select the fungal isolates that have ability for crude oil, diesel or UE oil
oxidation. Three main indicators guide to estimate the biodegradation
ability of fungi: change in color of the media from blue to colorless, re-
duction in petroleum oil quantity and the appearance of mycelial
growth in the medium [45]. Four isolates showed efficient biodegrada-
tion of hydrocarbons, since change in color of DCPIP was observed with
almost all tested oils, crude oil is mostly being used by these fungi
(Table 2). Complete change of color and strong fungal proliferation
was observed in media containing crude oil and UE oil with isolates de-
noted HM3 and HM4. These isolates were retained for further analysis.

3.3. Molecular identification of the selected isolates

The partial sequence of the 18S rRNAgene from the two selected iso-
lates were analyzed and compared with sequence data in the GenBank
using NCBI BLAST. Results of sequence analysis supplemented with
morphological observations allowed identifying the isolate HM3 as As-
pergillus ustus HM3.aaa and HM4 as Purpureocillium lilacinum HM4.aaa



Table 2
Decolourization magnitude of 2.6-DCPIP and visual estimation of fungal growth after 14 days incubation with different petroleum oils (crude oil, diesel and UE oil).

Isolate Crude oil Diesel UE oil

decolourization Mycelial growth decolourization Mycelial growth decolourization Mycelial growth

HM1 ++ ++ +++ + − −
HM2 +++ + ++ ++ +++ +++
HM3 +++ +++ ++ ++ ++ +++
HM4 +++ +++ ++ ++ +++ +++
HM5 + + + − − −
HM6 − − − − − −
Control − − − − − −

Indicator change color. -: no change in color, +: weak, ++: medium, +++: complete decolourization.
Mycelial growth. -: no visual growth, +: weak, ++: medium, +++: strong.
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and affiliated with accession numbers of MT192486 andMT192485, re-
spectively (Fig. 1). Both isolates belongs to phylum Ascomycota.
P. lilacinum, previously named as Paecilomyces lilacinus, is a common
soil saprotrophic filamentous fungus [46]. In an earlier study, the
growth of the genus Peacilomyces was induced after oil waste applica-
tion to the soil while it was almost absent in the control area [47].
P. lilacinum was isolated from PAHs contaminated soil in Austria [48].
Species of Aspergillus are widely isolated from hydrocarbons polluted
environments [15,49,50]. Husaini et al. [14] had successfully isolated
three Aspergillus species from soil contaminated with used motor oil.

3.4. Hydrocarbons tolerance test

Many research studies on hydrocarbons and their derivatives
degrading fungi have adopted the colony growth rate evaluationmethod
for screening the growth and tolerance of filamentous fungal isolates
[14,15,51]. The ability of tested fungi to withstand high concentrations
of contaminants is an essential feature that must be taken into consider-
ation when selecting strains for bioaugmentation [52]. The selected iso-
lates were screened for their capacity to grow on 0, 2, 4 and 6% of all
studied petroleum oil in surface culture. Radial growth rate of each
strain, in the presence of different concentrations of hydrocarbons, are
shown and examined by variance analysis for any significant differences
Fig. 1. Phylogenetic tree of the fungal isolates. The evolutionary history was inferred by using
were conducted in MEGA X.
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with respect to the control (Table 3). The two isolates showed distinct
behavior toward tolerance of the tested petroleum oils which can be at-
tributed to the intrinsic physiological differences between genus and
species, and their specific growth requirements. A. ustus tolerated every
concentrations of all petroleum oil employed in this experiment and its
growth rates were faster than that of the control plate (0%). Maximum
tolerance of A. ustus was at 2% crude oil where the growth rate
(0.94 cm day−1) showed significant difference (p = 0.041) compared
to the control while high concentration of hydrocarbons (6%) had no sig-
nificant inhibitory effect on growth rate of this isolate although it exhib-
ited slow growthwith crude andUE oil. Myceliumdensity of A. ustuswas
intense on crude oil plates, decrease slightly on diesel and weak with UE
oil while the sporulation capacitywasmaintained in control as in all con-
taminated plates (Fig. 1). Species belonging to the genus Aspergillus have
been previously described as tolerant to hydrocarbon pollutants, A. flavus
and A. versicolorwere found resistant to crude oil contamination within
the range of 1% to 5% (v/w) in Minimal Salt Agar and PDA medium
[53]. A. terrus CCS2B was able to grow and tolerate up to 1000 mg of
PAH mixture l−1 in surface culture [20]. Aspergillus sp. showed the
highest oil removal abilitywhen cultured in PDAmedia plates containing
2%, 4%, 6% and until 15% (v/v) of crude oil [54].

The growth rate of P. lilacinumwas significantly affected in presence
of high concentration (6%) of all studied oils. The growth rates in
the Maximum Likelihood method and Tamura 3-parameter model. Evolutionary analyses



Table 3
Radial growth rate (cm d−1) of fungal isolates in plates containing different concentrations of crude oil, diesel or UE oil. All values are means ± SD for duplicate cultures.

Isolate Control Crude oil Diesel UE oil

0% 2% 4% 6% 2% 4% 6% 2% 4% 6%

A.ustus 0.743 ± 0.004 0.94⁎ ± 0.21 0.879 ± 0.05 0.770 ± 0.090 0,8
± 0.007

0.826 ± 0.02 0.823 ± 0.007 0,83 ± 0.014 0.856
± 0.118

0.755 ± 0.007

P. lilacinum 0, 438 ± 0.012 0.380 ± 0.045 0.390 ± 0.066 0.327⁎ ±0.016 0.373
± 0.013

0.281⁎ ± 0.002 0.328⁎ ± 0.024 0,322⁎ ± 0.035 0.400
± 0.109

0.315⁎ ± 0.026

⁎ Statistically significant differences (p ≤ 0.05) in radial growth rate at different concentrations with respect to the control (0%).

Fig. 3. Petroleum oils degradation rates by the two fungal strains after 40 days
of incubation in mineral medium. Error bars represent standard deviations of means
(n = 3). Different uppercase letters designate significant differences (p ≤ 0.05) between
isolates within single petroleum oil. Different lowercase letter show significant
differences (p ≤ 0.05) among petroleum oils within the same isolate.

A. Benguenab and A. Chibani Acta Ecologica Sinica xxx (xxxx) xxx
contaminated plates were slower than control plate for all concentra-
tions tested. The fastest growth rates of this isolate were recorded in
the presence of 4% UE oil and 4% crude oil, respectively. A drastic reduc-
tion in growth rate (0.281 cm day−1) was observed at 4% of diesel
which decreased by approximately 36%. This behavior could be related
to the effect of toxic compound in petroleum oils on fungal growth me-
tabolism, as the toxicity of the compound is a factor that influences xe-
nobiotic degradation process [29]. Although the growth rates on
hydrocarbons were less than the controls, the macroscopic observation
showed that P. lilacinum colony was thick in the presence of crude oil
and diesel and thin in control plates (Fig. 2). It could be assumed, there-
fore, that P. lilacinum has some kind of tolerance capacity toward petro-
leum hydrocarbons.

3.5. TPHs removal assessment

For a better understanding of petroleum oils degradation ability of
the selected fungi, the extraction of residual TPH from liquid culture
after 40 days incubation and gravimetric analysis of the removal percent
was done (Fig. 3). P. lilacinum exhibited the highest level of crude oil and
diesel biodegradation, degrading 44.55% and 27.66% respectively. There
was no significant difference between the fungal isolates in degrading
diesel and UE oil. Significant difference (p = 0.004) was observed be-
tween P. lilacinum (44.55%) and A. ustus (30.43%) in crude oil degrada-
tion which was the most degraded oil compared to diesel and UE oil.
Fig. 2. The colonymorphology of A. ustus on (a) PDA, (b) 6% crude oil, (c) 4% diesel and (d) 6% U
(h) 6% UE oil.
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UE oil was the least utilized hydrocarbon by the two fungi, suggesting
their low capacity to degrade it. Crude oil and diesel supported the
growth of the two isolates better than UE oil; this may be attributed to
the fact that UE oil contains heavy metals and toxic polycyclic aromatic
hydrocarbonswhich are highly recalcitrant [55]. Hock et al. [56] reported
E oil. The colonymorphology of P. lilacinum on (e) PDA, (f) 6% crude oil, (g) 4% diesel and



Table 4
Biomass accumulation by fungal isolate after 40 days incubation in mineral medium. All values are means ± SD for triplicate cultures.

Fungal isolate control (g/l) Crude oil (g/l) diesel (g/l) UE oil (g/l)

A.ustus 0,029 ± 0,0063A,d 0,516 ± 0,011A,b 1770 ± 0,169A,a 0,268 ± 0,028A,c

P.lilacinum 0,036 ± 0,010A,b 0,419 ± 0,085A,a 0,111 ± 0,024B,b 0,153 ± 0,090A,b

Different uppercase letters designate significant differences (p ≤ 0.05) betweenmeanswithin the same column. Different lowercase letter show significant differences (p ≤ 0.05) between
means within the same row.
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an A. ustus isolate that degrade 15.02% of UE oil in BHmediumwith 20%
UE oil initial content, after only 7 days incubation. These data are some-
what not consistent with those noted for the same species in this study.
This difference in UE oil removal ability could be related to oil composi-
tion differences, since the chemical composition of lubricating oils varies
with the crude oil source, the refining process and the additives present.
It depends also on the fuel type, motor operating time and the mechan-
ical condition of the engine [57]. Nevertheless, fungi were previously re-
ported as effective in UE oil biodegradation [14,58,59].

In the present study, Crude oil was the most degraded oil with the
selected isolates; this could be attributed to the complex chemical com-
position of crude oil which contains different type of hydrocarbons,
mostly alkanes and aromatics that are very sensitive to microbial attack
[60,61]. It was equally reported that crude oil was themost successful in
isolatingmultiple fungal genera when utilized as growth substrate [62].
P. lilacinum crude oil removal rate was comparable to that of Shetaia
et al. [63], in which 58.15% of the total petroleum hydrocarbons in BX-
crude oil were degraded by Paecilomyces variotii strain. In an earlier
study, Paecilomyces sp. was found capable of mineralizing 30% of the
n-alkane hexadecane in the presence of crude oil [64]. In another
study, P. variotii showed extensive biodegradation rate of n-alkanes
(>90%) present in BAL 150 crude oil [8]. Strains of the genus Aspergillus
have been previously demonstrated to degrade crude oil in liquid me-
dium, the biodegradation percentage of TPHs in crude oil by four active
strains of Aspergillus genuswas ≥15% [65]; A. niger and A. oryzae showed
the highest level of crude-oil biodegradation ability in BH medium,
degrading 54% and 99% of oil, respectively [66]. On the other side, diesel
oil, which is one of the major products of crude oil, was reported to be
strongly degraded with the filamentous fungus Cladosporium, in liquid
medium,with a degradation rate of up to 34% [67]. A. fumigatus, isolated
from diesel oil storage tank sludge, was very efficient in degradation of
diesel oil, especially the aliphatic fractions [68]. Similarly, two fungi of
the genusGeomyceswere found to be effective in diesel fuel biodegrada-
tion, in 1% oil supplemented mineral broth, the rates were 77.3% and
68.6% [16].
Fig. 4. Crude oil degradation and biomass accumulation by fungal isolate during 40 days
incubation in mineral medium.
3.6. Fungal biomass assessment after biodegradation

The fungal dry biomass of the culture broth after biodegradationwas
measured (Table 4). The two isolates showed greater accumulation of
biomass in presence of petroleum hydrocarbons as compared to their
corresponding controls, suggesting the ability of P. lilacinum and
A. ustus to use these oils as a carbon source. A. ustus has shown the
highest biomass accumulation for all petroleum hydrocarbons when
compared with P. lilacinum. Ramoutar et al. [69] established that Asper-
gillus speciesweremore active than other species toward hydrocarbons,
producing the highest dry biomass. In our study, significant differences
were found in the amount of biomass produced by A. ustus on crude oil,
diesel, UE oil and the control. The highest amount of dry biomass was
recorded by A. ustus in diesel (1.770 g/l) followed by the crude oil
(0.516 g/l). Biomass production of P. lilacinum showed no significant dif-
ferences betweendiesel, UEoil and the control. However, significant dif-
ferences were found between crude oil and all other hydrocarbons and
the control. P. lilacinum produced the highest dry mass with crude oil
while the lowest amount of biomass where observed with diesel and
UE oil. Most fungi that utilize petroleum hydrocarbons as a source of
6

carbon and energy metabolized the molecules to CO2 and biomass
[70]. Fungi showed different behavior in utilization of each petroleum
oil as source of energy and/or biomass. The chemical composition of
each oil is an important factor that determine the ability of fungal isolate
to grow on it, this assertion is further supported by the observation of
Davies and Westlake [34], where the growth of individual fungal iso-
lates on seven crude oils of varying composition was not always similar
even on oils which have essentially similar n-alkane profile. Fungal bio-
mass production on diesel have been previously reported for Aspergillus
species, A. terrus showed greater accumulation of biomass (0.831 g/l)
during degradation of diesel as compared to corresponding control
[37].A. fumigatus reached the highest values of biomassweight (approx.
60 mg) after 60 days incubation in mineral medium with only diesel as
carbon source [68]. P. lilacinum has previously showed the greatest in-
crease of biomass in the presence of hexadecane and toluene [48].
Ameen et al. [37] reported 30.9% gain in weight biomass of P. variotii
via biodegradation of diesel in liquid medium.
3.7. Crude oil biodegradation kinetics

Crude oil was the most degraded oil by the two selected fungi.
Therefore, the biodegradation of this oil during time was evaluated
every 10 day interval for a total of 40 days in liquidmedium(Fig. 4). Bio-
degradation rate constant (k) and half-life time (t1/2) were determined
using first-order kinetics model and presented in Table 5. Progressive
decrease in crude oil and concurrent biomass increase were observed
in liquid media with both isolates. There was a rapid reduction in
crude oil concentration within the first 20 days of the study. At the
end of the 20 days, there was 34% and 28% TPH reduction in media
with P. lilacinum andA. ustus, respectively. TPH removal kinetics showed
that P. lilacinum removed crude oil with the highest rate 0,02 day−1,
similarly, the half-life which is the time required for removal of the
half TPH initial concentration was shorter in P. lilacinum (t1/2 =
34,66 days) than in A. ustus (t1/2 = 46,21 days). The data showed that
fungal isolates grew as they degraded the crude oil; the same results
were reported previously for the fungus Trematophoma sp. which



Table 5
Parameters of the first-order biodegradation kinetics of crude oil by fungal isolate inmin-
eral medium.

Isolate k (day−1) t1/2 (day) r2

A.ustus 0.015 46.21 0.982
P.lilacinum 0.02 34.66 0.998
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revealed a progressive increase in crude oil degradation and biomass
production in mineral broth during 15 days of incubation [21]. The
value of the kinetic parameter showed effectiveness of the two isolates
in biodegradation of crude oil, the half-life values obtained in this study
were in linewith those reported by Essabri et al. [71] for biodegradation
of TPH by A. niger and Penicillium ochrochloron within a period of
60 days.

4. Conclusion

The study of filamentous fungi for bioremediation applications ex-
poses their potentials especially for contaminants with limited access
to microorganisms capable in their degradation. The current study
showed successful degradation of crude oil, diesel and UE oil in liquid
culture by two filamentous fungi A. ustus and P. lilacinum isolated
from an artificially contaminated soil. The two isolates displayed good
crude oil and diesel degradation ability, crude oil was the most de-
graded oil. In addition, the results of this research show that
P. lilacinum was more potent in hydrocarbons degradation and exhib-
ited the highest crude oil (44.55%) and diesel (27.66%) removal rates,
the highest biodegradation constant (0,02 day−1) and the shortest
half-life (t1/2 = 34,66 days) period for crude oil biodegradation. This
study provides enough information on the ability of P. lilacinum to de-
grade three petroleum oils in liquid culture. However, supplementary
studies are still needed to investigate the application of this fungus for
successful field-level bioremediation processes. Further studies are sug-
gested to examine the potential of candidate fungi for hydrocarbons
degradation in soilmicrocosms and ecotoxicity testsmust be performed
to evaluate the effectiveness of bioremediation approach for soil preser-
vation and rehabilitation.

Funding

This work was supported by the Laboratory of Microbiology and
Plant Science, University of Abdelhamid IbnBadis,Mostaganem, Algeria.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors are grateful to Djahira Hamed and Amina Tahlaiti for
providing laboratory facilities and supports.

References

[1] C.H. Chaineau, J.-L. Morel, J. Oudot, Phytotoxicity and plant uptake of fuel oil hydro-
carbons, J. Environ. Qual. 26 (1997) 1478–1483.

[2] A.S. Roy, R. Baruah, M. Borah, A.K. Singh, H.P.D. Boruah, N. Saikia, M. Deka, N. Dutta,
T.C. Bora, Bioremediation potential of native hydrocarbon degrading bacterial
strains in crude oil contaminated soil under microcosm study, Int. Biodeterior. Bio-
degradation 94 (2014) 79–89.

[3] G. Adam, H. Duncan, Influence of diesel fuel on seed germination, Environ. Pollut.
120 (2002) 363–370.
7

[4] K. Ramadass, M. Megharaj, K. Venkateswarlu, R. Naidu, Ecological implications of
motor oil pollution: earthworm survival and soil health, Soil Biol. Biochem. 85
(2015) 72–81.

[5] I. Hussain, M. Puschenreiter, S. Gerhard, S.G.A.S. Sani, T.G. Reichenauer, Differentia-
tion between physical and chemical effects of oil presence in freshly spiked soil dur-
ing rhizoremediation trial, Environ. Sci. Pollut. Res. 26 (2019) 18451–18464.

[6] M.W. Lim, E. Von Lau, P.E. Poh, A comprehensive guide of remediation technologies
for oil contaminated soil—present works and future directions, Mar. Pollut. Bull. 109
(2016) 14–45.

[7] B.P. Sardrood, E.M. Goltapeh, A. Varma, An introduction to bioremediation, Fungi as
Bioremediators, Springer 2013, pp. 3–27.

[8] F. Chaillan, A. Le Flèche, E. Bury, Y. Phantavong, P. Grimont, A. Saliot, J. Oudot, Iden-
tification and biodegradation potential of tropical aerobic hydrocarbon-degrading
microorganisms, Res. Microbiol. 155 (2004) 587–595.

[9] M.E. Mancera-López, F. Esparza-García, B. Chávez-Gómez, R. Rodríguez-Vázquez, G.
Saucedo-Castaneda, J. Barrera-Cortés, Bioremediation of an aged hydrocarbon-
contaminated soil by a combined system of biostimulation–bioaugmentation with
filamentous fungi, Int. Biodeterior. Biodegradation 61 (2008) 151–160.

[10] S.R. Khan, J.I. Nirmal Kumar, R. Nirmal Kumar, J. Patel, Enzymatic evaluation during
biodegradation of kerosene and diesel by locally isolated fungi from petroleum-
contaminated soils of western India, Soil Sediment Contam. An Int. J. 24 (2015)
514–525.

[11] N.M. Barnes, V.B. Khodse, N.P. Lotlikar, R.M. Meena, S.R. Damare, Bioremediation po-
tential of hydrocarbon-utilizing fungi from selectmarine niches of India, 3 Biotech. 8
(2018) 21.

[12] K. Ritz, I.M. Young, Interactions between soil structure and fungi, Mycologist. 18
(2004) 52–59.

[13] J.W. Bennet, K.G. Wunch, B.D. Faison, Use of fungi in biodegradation, Environ.
Microbiol, 2nd ed.ASM Press, Washingt. DC, 2002.

[14] A. Husaini, H.A. Roslan, K.S.Y. Hii, C.H. Ang, Biodegradation of aliphatic hydrocarbon
by indigenous fungi isolated from used motor oil contaminated sites, World J.
Microbiol. Biotechnol. 24 (2008) 2789–2797.

[15] G. Zafra, Á.E. Absalón, M.D.C. Cuevas, D.V. Cortés-Espinosa, Isolation and selection of
a highly tolerant microbial consortium with potential for PAH biodegradation from
heavy crude oil-contaminated soils, Water Air Soil Pollut. 225 (2014) 1826.

[16] N.R. Maddela, L. Scalvenzi, M. Pérez, C. Montero, J.M. Gooty, Efficiency of indigenous
filamentous fungi for biodegradation of petroleum hydrocarbons in medium and
soil: laboratory study from Ecuador, Bull. Environ. Contam. Toxicol. 95 (2015)
385–394.

[17] M.A. Falcon, A. Rodriguez, A. Carnicero, V. Regalado, F. Perestelo, O. Milstein, G. De la
Fuente, Isolation of microorganisms with lignin transformation potential from soil of
Tenerife Island, Soil Biol. Biochem. 27 (1995) 121–126.

[18] P. Godoy, R. Reina, A. Calderón, R.-M. Wittich, I. García-Romera, E. Aranda, Exploring
the potential of fungi isolated from PAH-polluted soil as a source of xenobiotics-
degrading fungi, Environ. Sci. Pollut. Res. 23 (2016) 20985–20996.

[19] M.N. Raju, R. Leo, S.S. Herminia, R.E.B. Morán, K. Venkateswarlu, S. Laura, Biodegra-
dation of diesel, crude oil and spent lubricating oil by soil isolates of Bacillus spp,
Bull. Environ. Contam. Toxicol. 98 (2017) 698–705.

[20] A. Reyes-César, Á.E. Absalón, F.J. Fernández, J.M. González, D.V. Cortés-Espinosa, Bio-
degradation of a mixture of PAHs by non-ligninolytic fungal strains isolated from
crude oil-contaminated soil, World J. Microbiol. Biotechnol. 30 (2014) 999–1009.

[21] H. Moghimi, R.H. Tabar, J. Hamedi, Assessing the biodegradation of polycyclic aro-
matic hydrocarbons and laccase production by new fungus Trematophoma sp.
UTMC 5003, World J. Microbiol. Biotechnol. 33 (2017) 136.

[22] A. Fayeulle, E. Veignie, R. Schroll, J.C. Munch, C. Rafin, PAH biodegradation by telluric
saprotrophic fungi isolated from aged PAH-contaminated soils in mineral medium
and historically contaminated soil microcosms, J. Soils Sediments 19 (2019)
3056–3067.

[23] V. Jensen, Bacterial flora of soil after application of oily waste, Oikos. (1975)
152–158.

[24] J. Gilman, A manual of soil fungi, Soil Sci. 84 (1957) 183.
[25] T. Watanable, Pictorial atlas of soil and seed fungi: Morphologies of cultured fungi

and key to species, 2nd, 2002.
[26] C.V. Sciortino Jr., Atlas of Clinically Important Fungi, John Wiley & Sons, 2017.
[27] K.G. Hanson, J.D. Desai, A.J. Desai, A rapid and simple screening technique for poten-

tial crude oil degrading microorganisms, Biotechnol. Tech. 7 (1993) 745–748.
[28] L.D. Bushnell, H.F. Haas, The utilization of certain hydrocarbons by microorganisms,

J. Bacteriol. 41 (1941) 653.
[29] H.M. de Lima Souza, L.D. Sette, A.J. Da Mota, J.F. do Nascimento Neto, A. Rodrigues,

T.B. de Oliveira, F.M. de Oliveira, L.A. de Oliveira, H. dos Santos Barroso, S.P. Zanotto,
Filamentous fungi isolates of contaminated sediment in the Amazon region with the
potential for benzo (a) pyrene degradation, Water Air Soil Pollut. 227 (2016) 431.

[30] T.J. White, T. Bruns, S. Lee, J. Taylor, Amplification and direct sequencing of fungal ri-
bosomal RNA genes for phylogenetics, PCR Protoc. Guid. Methods Appl. 18 (1990)
315–322.

[31] M. Gardes, T.D. Bruns, ITS primers with enhanced specificity for basidiomycetes-
application to the identification of mycorrhizae and rusts, Mol. Ecol. 2 (1993)
113–118.

[32] P. Baldrian, J. Gabriel, Intraspecific variability in growth response to cadmium of the
wood-rotting fungus Piptoporus betulinus, Mycologia. 94 (2002) 428–436.

[33] C. Estrada, E.I. Rojas, W.T. Wcislo, S.A. Van Bael, Fungal endophyte effects on leaf
chemistry alter the in vitro growth rates of leaf-cutting ants’ fungal mutualist,
Leucocoprinus gongylophorus, Fungal Ecol. 8 (2014) 37–45.

[34] J.S. Davies, D.W.S. Westlake, Crude oil utilization by fungi, Can. J. Microbiol. 25
(1979) 146–156.

http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0005
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0005
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0010
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0010
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0010
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0010
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0015
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0015
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0020
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0020
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0020
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0025
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0025
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0025
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0030
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0030
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0030
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0035
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0035
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0040
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0040
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0040
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0045
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0045
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0045
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0045
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0050
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0050
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0050
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0050
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0055
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0055
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0055
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0060
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0060
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0065
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0065
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0070
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0070
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0070
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0075
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0075
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0075
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0080
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0080
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0080
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0080
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0085
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0085
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0085
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0090
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0090
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0090
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0095
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0095
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0095
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0100
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0100
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0100
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0105
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0105
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0105
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0110
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0110
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0110
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0110
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0115
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0115
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0120
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0125
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0125
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0130
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0135
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0135
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0140
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0140
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0145
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0145
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0145
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0145
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0150
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0150
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0150
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0155
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0155
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0155
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0160
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0160
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0165
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0165
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0165
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0170
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0170


A. Benguenab and A. Chibani Acta Ecologica Sinica xxx (xxxx) xxx
[35] I.F.H. AI-Jawhari, Ability of some soil fungi in biodegradation of petroleumhydrocar-
bon, J. Appl. Environ. Microbiol. 2 (2014) 46–52.

[36] U.J.J. Ijah, L.I. Ukpe, Biodegradation of crude oil by Bacillus strains 28A and 61B iso-
lated from oil spilled soil, Waste Manag. 12 (1992) 55–60.

[37] F. Ameen, M. Moslem, S. Hadi, A.E. Al-Sabri, Biodegradation of diesel fuel hydrocar-
bons by mangrove fungi from Red Sea coast of Saudi Arabia, Saudi J. Biol. Sci. 23
(2016) 211–218.

[38] S. Maletić, B. Dalmacija, S. Rončević, J. Agbaba, O. Petrović, Degradation kinetics of an
aged hydrocarbon-contaminated soil, Water Air Soil Pollut. 202 (2009) 149–159.

[39] S.E. Agarry, M.O. Aremu, O.A. Aworanti, Kinetic modelling and half-life study on en-
hanced soil bioremediation of bonny light crude oil amended with crop and animal-
derived organic wastes, J Pet Env. Biotechnol. 4 (2013) 137.

[40] J. Wang, C.R. Jia, C.K. Wong, P.K. Wong, Characterization of polycyclic aromatic hy-
drocarbons created in lubricating oils, Water Air Soil Pollut. 120 (2000) 381–396.

[41] J. Oudot, P. Fusey, D.E. Abdelouahid, S. Haloui, M.F. Roquebert, Capacités dégrada-
tives de bactéries et de champignons isolés d’un sol contaminé par un fuel, Can. J.
Microbiol. 33 (1987) 232–243.

[42] R.M. Atlas, Bioremediation of petroleum pollutants, Int. Biodeterior. Biodegradation
35 (1995) 317–327.

[43] S. Chaudhry, J. Luhach, V. Sharma, C. Sharma, Assessment of diesel degrading poten-
tial of fungal isolates from sludge contaminated soil of petroleum refinery, Haryana,
Res. J. Microbiol. 7 (2012) 182–190.

[44] V. Dawoodi, M. Madani, A. Tahmourespour, Z. Golshani, The study of heterotrophic
and crude oil-utilizing soil fungi in crude oil contaminated regions, J. Bioremediation
Biodegrad. 6 (2015) 270.

[45] H. Al-Nasrawi, Biodegradation of crude oil by fungi isolated from Gulf of Mexico, J.
Bioremediation Biodegrad. 3 (2012) 1–6.

[46] J. Luangsa-ard, J. Houbraken, T. van Doorn, S.-B. Hong, A.M. Borman, N.L. Hywel-
Jones, R.A. Samson, Purpureocillium, a new genus for the medically important
Paecilomyces lilacinus, FEMS Microbiol. Lett. 321 (2011) 141–149.

[47] C. Llanos, A. Kjøller, Changes in the flora of soil fungi following oil waste application,
Oikos. (1976) 377–382.

[48] C. Poyntner, M. Prem, O. Mann, B. Blasi, K. Sterflinger, Selective screening: isolation
of fungal strains from contaminated soils in Austria, Die Bodenkultur J. L. Manag.
Food Environ. 68 (2018) 157–169.

[49] T.M. April, J.M. Foght, R.S. Currah, Hydrocarbon-degrading filamentous fungi iso-
lated from flare pit soils in northern and western Canada, Can. J. Microbiol. 46
(1999) 38–49.

[50] E.O. dos Santos, C.F.C. da Rosa, C.T. dos Passos, A.V.L. Sanzo, J.F. de, M. Burkert, S.J.
Kalil, C.A.V. Burkert, Pre-screening of filamentous fungi isolated from a contami-
nated site in southern Brazil for bioaugmentation purposes, African, J. Biotechnol.
(2008) 7.

[51] P. Meysami, H. Baheri, Pre-screening of fungi and bulking agents for contaminated
soil bioremediation, Adv. Environ. Res. 7 (2003) 881–887.

[52] A. Mrozik, Z. Piotrowska-Seget, Bioaugmentation as a strategy for cleaning up of
soils contaminated with aromatic compounds, Microbiol. Res. 165 (2010) 363–375.

[53] M.F. Kota, A. Hussaini, A. Zulkharnain, H.A. Roslan, ASIAN JOURNAL OF PLANT
BIOLOGY, Asian, J. Plant Biol. 2 (2014) 16–23.

[54] F. Mohsenzadeh, Z. Shirkhani, Removing of crude oil from polluted areas using the
isolated fungi from Tehran oil refinery, Soil Sediment Contam. An Int. J. 25 (2016)
536–551.
8

[55] P.O. Abioye, A.A. Aziz, P. Agamuthu, Enhanced biodegradation of used engine oil in
soil amended with organic wastes, Water Air Soil Pollut. 209 (2010) 173–179.

[56] O.G. Hock, H.C. Cheng, V.L.B. Fang, W.Y. Yong, W.L. Shing, Isolation and identification
of potential fungal species for spent engine lubrication oil remediation in peninsular
Malaysia, Remediat. J. 28 (2018) 91–95.

[57] R. Vazquez-Duhalt, Environmental impact of used motor oil, Sci. Total Environ. 79
(1989) 1–23.

[58] A.A. Adekunle, O.A. Adebambo, Petroleum hydrocarbon utilization by fungi isolated
from Detarium senegalense (J. F Gmelin) seeds, J Am Sci. 3 (2007) 69–76.

[59] A.E. Mbachu, E.I. Chukwura, N.A. Mbachu, Isolation and characterization of hydro-
carbon degrading fungi from used (spent) engine oil polluted soil and their use
for polycyclic aromatic hydrocarbons (PAHs) degradation, Univers. J. Microbiol.
Res. 4 (2016) 31–37.

[60] H. Singh, Fungal metabolism of petroleum hydrocarbons, Mycoremediation: Fungal
Bioremediation. (2006) 115–148.

[61] E.E.B. Cruz, N.V.G. Rivas, U.P. García, A.M.M. Martinez, J.A.M. Banda, Characterization
of crude oils and the precipitated asphaltenes fraction using uv spectroscopy, dy-
namic light scattering and microscopy, Recent Insights Pet. Sci. Eng, IntechOpen,
2017.

[62] E. Mohammadian, M. Arzanlou, A. Babai-Ahari, Diversity of culturable fungi
inhabiting petroleum-contaminated soils in southern Iran, Antonie Van Leeuwen-
hoek 110 (2017) 903–923.

[63] Y.M.H. Shetaia, T.M. Mohamed, L.A. Farahat, A. ElMekawy, Potential biodegradation
of crude petroleum oil by newly isolated halotolerant microbial strains from pol-
luted Red Sea area, Mar. Pollut. Bull. 111 (2016) 435–442.

[64] P.M. Fedorak, K.M. Semple, D.W.S. Westlake, Oil-degrading capabilities of yeasts and
fungi isolated from coastal marine environments, Can. J. Microbiol. 30 (1984)
565–571.

[65] J. Oudot, J. Dupont, S. Haloui, M.F. Roquebert, Biodegradation potential of
hydrocarbon-assimilating tropical fungi, Soil Biol. Biochem. 25 (1993) 1167–1173.

[66] A.A.-E.-M. EL-Hanafy, Y. Anwar, J.S.M. Sabir, S.A. Mohamed, S.M.S. Al-Garni, O.A.H.A.
Zinadah, M.M. Ahmed, Characterization of native fungi responsible for degrading
crude oil from the coastal area of Yanbu, Saudi Arabia, Biotechnol. Biotechnol.
Equip. 31 (2017) 105–111.

[67] L.I. You-Qing, L.I.U. Hong-Fang, T. Zhen-Le, Z.H.U. Li-Hua, W.U. Ying-Hui, T. He-Qing,
Diesel pollution biodegradation: synergetic effect of Mycobacterium and filamen-
tous fungi, Biomed. Environ. Sci. 21 (2008) 181–187.

[68] F.M. Bento, I.B. Beech, C.C. Gaylarde, G.E. Englert, I.L. Muller, Degradation and corro-
sive activities of fungi in a diesel–mild steel–aqueous system, World J. Microbiol.
Biotechnol. 21 (2005) 135–142.

[69] S. Ramoutar, A. Mohammed, A. Ramsubhag, Laboratory-scale bioremediation poten-
tial of single and consortia fungal isolates from two natural hydrocarbon seepages in
Trinidad, West Indies, Bioremediat. J. 23 (2019) 131–141.

[70] A. Elshafie, A.Y. AlKindi, S. Al-Busaidi, C. Bakheit, S.N. Albahry, Biodegradation of
crude oil and n-alkanes by fungi isolated from Oman, Mar. Pollut. Bull. 54 (2007)
1692–1696.

[71] A.M.A. Essabri, N.P. Aydinlik, N.E. Williams, Bioaugmentation and biostimulation of
total petroleum hydrocarbon degradation in a petroleum-contaminated soil with
fungi isolated from olive oil effluent, Water Air Soil Pollut. 230 (2019) 76.

http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0175
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0175
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0180
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0180
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0185
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0185
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0185
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0190
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0190
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0195
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0195
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0195
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0200
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0200
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0205
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0205
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0205
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0210
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0210
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0215
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0215
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0215
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0220
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0220
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0220
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0225
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0225
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0230
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0230
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0230
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0235
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0235
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0240
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0240
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0240
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0245
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0245
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0245
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0250
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0250
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0250
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0250
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0255
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0255
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0260
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0260
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0265
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0265
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0270
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0270
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0270
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0275
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0275
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0280
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0280
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0280
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0285
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0285
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0290
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0290
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0295
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0295
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0295
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0295
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0300
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0300
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0305
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0305
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0305
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0305
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0310
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0310
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0310
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0315
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0315
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0315
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0320
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0320
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0320
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0325
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0325
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0330
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0330
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0330
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0330
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0335
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0335
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0335
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0340
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0340
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0340
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0345
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0345
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0345
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0350
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0350
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0350
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0355
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0355
http://refhub.elsevier.com/S1872-2032(20)30216-X/rf0355

	Biodegradation of petroleum hydrocarbons by filamentous fungi (Aspergillus ustus and Purpureocillium lilacinum) isolated fr...
	1. Introduction
	2. Material and methods
	2.1. Sample collection and soil contamination
	2.2. Strain isolation
	2.3. Preliminary evaluation of hydrocarbons degradation ability
	2.4. Molecular identification of oil-degraded isolates
	2.5. Petroleum hydrocarbons tolerance test in solid medium
	2.6. Crude oil, diesel and UE oil biodegradation assay
	2.7. TPHs extraction and gravimetric analysis
	2.8. Fungal biomass gain via biodegradation
	2.9. Crude oil degradation kinetics
	2.10. Statistical analysis

	3. Results and discussion
	3.1. Fungal isolation and identification
	3.2. Screening of hydrocarbons degradation ability through DCPIP assay
	3.3. Molecular identification of the selected isolates
	3.4. Hydrocarbons tolerance test
	3.5. TPHs removal assessment
	3.6. Fungal biomass assessment after biodegradation
	3.7. Crude oil biodegradation kinetics

	4. Conclusion
	Funding
	Declaration of Competing Interest
	Acknowledgements
	References




