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Abstract In degradation of total petroleum hydrocar-
bon, 35 isolates belonging to 11 genera were sanitized
and 3 isolates as well as their consortium were initiated
to be able to raise in association with petroleum hydro-
carbon as sole source of carbon under in vitro circum-
stances. The isolated strains were grounded on internal
transcribed spacer (ITS) rDNA sequence analysis. The
fungal strains with the utmost potentiality to reduce
petroleum hydrocarbon without emerging antagonistic
activities were Aspergillus niger, Penicillium
ochrochloron, and Trichodema viride. For fungal
growth on petroleum hydrocarbon, P. ochrocholon
gained weight of 44%, A. niger 49%, and T. viride
39% within the first 3040 days. As compared to the
controls, these fungi accumulated significantly higher
biomass, produced extracellular enzymes, and degraded
total petroleum hydrocarbon and A. niger strongly de-
graded total petroleum hydrocarbon with a degradation
of about 71.19%. These observations with GC-MS data
confirm that these isolates displayed rapid total petro-
leum hydrocarbon biodegradation within a period of
60 days and the half-life showed that A. niger was the
shortest with 71/2=21.280 day ' corresponding to the
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highest percent degradation of 71.19% and first-order
kinetic fitted into the present study. By multivariate
analysis, five main factors were identified by factor
analysis (FA). The first factor (F1) of the fungi species
accounts for 20.0% which signifies that fungi species
controls the degradation of petroleum variability and
hierarchical cluster analysis (HCA) as a dendrogram
with five observations and three variables shows two
predominant clusters order cluster 1 > 2.

Keywords Petroleum - Contamination -
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1 Introduction

Soil pollution by hydrocarbons is one of the global
environmental problems of recent time related to the
petrochemical industry (Nilanjana and Preethy 2011)
and contamination with hydrocarbons can have a pro-
found effect on soil fauna (Anna et al. 2015) while
Onojake et al. (2014) indicated in their study that hy-
drocarbon contamination of soils and the mangrove
ecosystem has become a wide spread global environ-
mental issue since the discovery of crude oil. Soil pol-
lution with petroleum hydrocarbons has a high environ-
mental impact, and oil spills cause serious environmen-
tal problems worldwide (David et al. 2017). The hydro-
carbon contamination of the environment can be attrib-
uted to the transportation and utilization of petroleum oil
and petroleum products all over the world and there are
many ways of petroleum hydrocarbon contamination,
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some of which includes pipelines and oil well leakages,
wrong methods of disposal of petroleum wastes, and
accidental oil spills (Kriti and Subhash 2014). Petroleum
hydrocarbons are composed of complicated mixtures of
non-aqueous and hydrophobic components such as n-
alkane, aromatics, resins, and asphaltenes. Due to the
adverse impact of these chemicals on human health and
the environment, they are classified as priority environ-
mental pollutants by the US Environmental Protection
Agency (1986). Over 84 million barrels of petroleum
are expended globally per day, with over 50% of petro-
leum oil conveyed by ocean with high chances of oil
spill over the environment due to the accidents that leads
to water as well as soil pollutions (Hasan et al. 2010;
Rhodes 2010; Eman et al. 2017). The physico-chemical
processes such as incinerations, soil washing, the use of
oil booms, soil vapor extraction, as well as solidification
have been adopted for the purpose of remediating oil-
polluted sites. Though, as expressed by Hasan (2014),
these methods are labor-intensive, expensive, and rela-
tively disruptive. These aforementioned disadvantages
have led to the increasing interest in the use of bioreme-
diation processes for the cleanup of petroleum-
contaminated soil. The use of living organisms for re-
mediation of contaminated sites, also known as biore-
mediation, has been studied by several researchers as an
alternative to chemical treatment method over the last
decade, as a sustainable and cost-effective method
(Chikere et al. 2011; Kanaly and Harayama 2010).
Biotreatment is cheap, ecofriendly, simple to execute,
used over big areas, as well as high-mineralization effi-
ciency and bioremediation of oil-polluted soil is effi-
cient, economical, and a versatile alternative to physio-
chemical treatments (Barathi and Vasudevan 2003).
Biodegradation of petroleum by fungi is well-known
(Palanisamy et al. 2014), as many microorganisms are
able to use hydrocarbons as both energy and carbon
sources (Montagnolli et al. 2015). Through different
extracellular and intracellular enzymatic activities
reviewed by Fritsche and Hofrichter (2008), these mi-
croorganisms can mineralize petroleum hydrocarbons
(PHCs) by degrading them to end product of CO, but
the rate and extent of mineralization depends on the
metabolic abilities of the microorganisms (Dobler et al.
2000). To overcome slow innate PHCs biodegradation
in soil, adjustments to optimum nutrient concentrations,
pH, and/or temperature (biostimulation), along with mi-
crobial inoculation (bioaugmentation), may be used
(Sayara et al. 2010; Tahhan et al. 2011) and in order to
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make bioaugmentation to be efficient in practice, inoc-
ulated microorganisms must tolerate contaminants, effi-
ciently degrade compounds of interest, and thrive in the
target environment (Yao et al. 2015). Polluted soil are of
particular interest as sources for cultivation, since mi-
crobes in these soil are more likely to have developed
multiple tolerance mechanisms, allowing them to sur-
vive and function effectively in the presence of PHCs
(Caliz et al. 2012; Oriomah et al. 2014).

Numerous degrees of success have been recorded
with bioremediation processes for the mineralization of
soil contaminated with petroleum oil through inocula-
tion of the affected soil with the exogenous hydrocarbon
using microbial strains to increase the uptake of pollut-
ants (Eman et al. 2017). Success in bioremediation
processes is dependent on the activity and survival of
the demeaning microbial strain once presented to the
targeted environment. One of the strategies to expand
the efficacy of bioremediation methods is the overview
of exceedingly specialized microbes with high adaptive
skill and ability to utilize petroleum as well as its deriv-
atives as the only cause of carbon into the polluted
environment (McGenity et al. 2012). In petroleum-
contaminated soil, apart from carbon, other nutrients
are deficient. Therefore, the addition of certain nutrients
such as phosphate as well as nitrate will increase the
development and efficiency of hydrocarbonoclastic
bacteria.

Many isolated bacterial and fungal species have been
reported to be capable of biodegrading petroleum hy-
drocarbons and even polynuclear aromatic hydrocar-
bons effectively (Marquez-Rocha et al. 2005). Labora-
tory studies provide greater control and manipulation in
providing a basis to distinguish between biotic and
abiotic processes and to determine the optimal condi-
tions for biodegradation (Li et al. 2008). It is known that
petroleum hydrocarbons can be removed by microor-
ganisms such as fungi belonging to the genera Asper-
gillus, Penicillium, Fusarium, Amorphotheca,
Neosartorya, Paecilomyces, Talaromyces, Graphium,
and yeasts which includes Candida, Yarrowia, and
Pichia and microalgae (Chaillan et al. 2004). There are
insufficient confirmations which indicate that under few
conditions, parasites could be a superior degrader of
crude oil to customary bioremediation systems that en-
list microorganisms (Saravanan and Sivakumar 2013).
According to Kiran et al. (2009) and Passarini et al.
(2011), fungi has the ability to utilize PAHs as benzo
(a) pyrene to produce surfactants. Various fungi strains
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notably Aspergillus terreus MUT 271, Penicillium
citreonigrum MUT 267, and Trichodema harzianum
MUT 290 have been shown as good degraders of petro-
leum oil (Bovio et al. 2017). Cordyceps militaris is
capable of metabolizing dichoro-trichlordibenzo-p-di-
oxin, trichlorodibenzo furan, and 3-3 ring polycyclic
aromatic into their corresponding hydroxide (Toshio
et al. 2015). Also, Hassan et al. (2018), Hadibarata
et al. (2009), and Varjani 2017), stated that there are a
large number of ligninolytic and non-ligninolytic fungi
(such as Bjerkandera, Irpex, Lentinus, Polyporus, Pen-
icillium, Aspergillus, and Candida) that have the capa-
bility to degrade petroleum and also the ability of fungi
to secrete enzymes, especially those involved in the
decomposition of lignin has a great effect on the degra-
dation of petroleum hydrocarbons (Acevedoa et al.
2011). Though previous studies which have been done
on the integration of biostimulation and bioaugmenta-
tion (Calvo et al. 2009; Zhao et al. 2011; Kauppi et al.
2011; Sheppard et al. 2011) in treatment of petroleum-
contaminated soil worldwide and numerous studies
have demonstrated the potential for petroleum hydro-
carbon (PHC) bioremediation by fungi as seen in Table 1
(Sayara et al. 2011; Lee et al. 2015; Hadibarata et al.
2009; Eman et al. 2016; Hassan et al. 2018; Hung et al.
2008; Manli et al. 2016; Weiwei et al. 2017; Naga et al.
2017; Amechi and Chukwudi 2017; Naga et al. 2016)
but very limited studies have been done on Libyan
petroleum contamination of soil (Shaieb et al. 2015).
Although researchers have not discussed studies on
optimal conditions of isolation of fungi, this study ex-
amined the degradative ability of fungi isolation from
olive oil mill effluent and its ability to remediate Libyan-
contaminated soil with petroleum oil and half-life rate of
degradation from first- and second-order kinetic.

2 Experimental Methods
2.1 Materials and Sample Preparation

Soil samples (silt-loam texture) were collected at depth
of 0—15-cm layer from an olive oil mill effluent site in
Lapta, Turkish Republic of North Cyprus (TRNC) and
the samples were bagged and kept in ice coolers at 4 °C
before transporting to the laboratory for further use
majorly to maintain the quality of the soil. The collected
soil samples were mixed to form composite soil sample
followed by crushing with a mortar and a pestle. It was

then sieved to evacuate enormous constituent part and
plant leftover (Chouhan et al. 2014). Soil-petroleum oil
concentrations (20:5 w/v) were prepared by first purify-
ing the soil by autoclaving at 121 °C for 15 min follow-
ed by mixing the chosen amount of petroleum oil with
20 g of soil sample. The petroleum sample was removed
with 100 mL of dichloromethane (CH,Cl,) by utilizing
a separating funnel. Surplus water in the mineral medi-
um after withdrawal was removed by adding anhydrous
sodium sulfate (Na,SO,). The extract concerted in a
rotary evaporator and 1 mL of the extract was used for
GC-MS.

2.2 Total Petroleum Hydrocarbons
and Physicochemical Analysis of the Soil Samples

The degradative ability of the fungi on the respective
total petroleum hydrocarbons (TPHs) in the extracts was
determined by using gas chromatography mass spectro-
photometry (GCMS-QP2010 plus, Shimadzu, Japan)
equipped with a TRB-1 capillary column (30 m %
0.25 mm x 0.25 pum). An analysis was conducted to
determine the water-holding capacity (WHC), pH,
moisture content, and soil texture of the soil samples.
Hydrometer method was employed as described in
ASTM D422-63 for soil particle size analysis. The pH
of soil was carried out in water in a 1:1 soil solution ratio
(Chima et al. 2016). The concentrations of inorganic
elements (Zn, P, Ca, S, K, Fe, and Mg) were analyzed
by using x-ray fluorescence spectroscopy (XRF-1800).
The percentage of the concentration of organic carbon
and nitrogen in the soil was determined by using a TOC-
Vceph machine (Shimadzu mandel, Canada) and the
results are shown in Table 2.

2.3 Fungal Growth and Identification

For the isolation of lipase-secreting fungi from the col-
lected soil samples of the olive oil mill effluent site,
serial dilution approach was adopted and 1 g of the soil
sample was diluted in 9-mL sterile distilled water. The
dilution was made up to 10> and 0.1 mL of the diluted
aliquot was transferred onto 9-cm-diameter petri dishes
containing 20 mL of potato dextrose agar (PDA) added
with antibiotic (streptomycin 0.015 g L',
chloromphenicol 0.05 g L™"). Plates were incubated at
24 °C with constant monitoring for slow-growing colo-
nies for a period of 15 days. Each strain was isolated in
pure culture for the taxonomic identification. Fungi
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Table 1 Degradation of petroleum hydrocarbon by microbes

Pollutant Microbial degraders Removal Experimental length ~ Reference
efficiency (%) (days)

Total petroleum Micrococcus luteus 75.70 56 Amechi and Chukwudi
hydrocarbons 2017

Heavy petroleum (crude Sequential fungal-bacterial mixed cul- 20 21 Hassan et al. 2018
oil) ture (SMC)

Total petroleum Geomyces pannorum HR and 87.45 90 Naga et al. 2017
hydrocarbons Geomyces sp.

Total petroleum Acinetobacter SZ-1 strain KF453955 60 70 Manli et al. 2016
hydrocarbons

Total petroleum Mixed soil microorganisms 79 30 Naga et al. 2016
hydrocarbons

Crude oil Dietzia species CN-3 54.2 12 Weiwei et al. 2017

Heavy petroleum Bacterial-fungal mixed cultures 20 21 Hassan et al. 2018

Diesel Bacteria and fungi 96.1 84 Eman et al. 2016

Diesel fuel Candida catenulata CM1 84 13 Hung et al. 2008

N-hexadecane Aspergillus sp. 86.3 10 Adnan et al. 2018

Chrysene, PAH Polyporus sp. 65 30 Hadibarata et al. 2009

Polycyclic aromatic Trametes versicolor 89 30 Sayara et al. 2011
hydrocarbons

Polycyclic aromatic Peniophora incarnata KUC8836 86.5 14 Lee et al. 2015
hydrocarbons

Petroleum oil Aspergillus niger 71.19 60 This study

Penicillium ochrochloron 66.56
Trichoderma viride 35.80

were classified according to their macroscopic features
and also by their molecular characterization. The isolat-
ed strains were identified on the basis of internal

Table 2 Physicochemical properties of Libyan soil used before
contamination with petroleum oil

Soil property Values
Zn (mg/kg) 19.71

S (mg/kg) 674.74
Mg (mg/kg) 17,162.19
P (mg/kg) 637.90
Fe (mg/kg) 10,696.28
N (mg/kg) 79.60
Organic carbon (mg/kg) 1.76

pH 7.5.00
Moisture content (%) 1.75

Sand (%) 2.00

Silt (%) 64.00
Clay (%) 34.00
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transcribed spacer (ITS) rDNA sequence analysis. For
sequence analysis, the ITS1-5.8SITS4 rDNA gene of
the fungi was amplified by using PCR with primer set
pITS1 (5" TCCGTAGGTGAACCTGCCG-3') and
pITS4 (5" TCCTCCGCTTATTGATATGC-3') (Al-
Nasrawi 2012). The 550-bp amplicon were obtained,
cloned, and sequenced. DNA sequence of the positive
clones with 18S rDNA gene fragment was compared to
the gene banks database. All identified strains were
deposited in the biotechnology laboratory of Cyprus
International University.

2.4 Fungi Growth on Basal Salt Medium

The three selected fungal strain notably: Aspergilus
niger, Penicillium ochrochloron, and Trichoderma
viride, were pre-grown in a basal salt medium to stim-
ulate petroleum hydrocarbon degradation conditions
based on compositions of Olga et al. (2015) and Toshio
et al. (2015) with some modifications. The composition
of the basal salt medium (BSM) was 0.8 K,HPO,, 0.8
KH,PO,, 0.8 (NH4) SOy, 0.6 NaCl, and 5 mL of
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magnesium/calcium solution (L™ "): 0.8 g
MgS0,4.7H,0 + 0.8 g CaCl, ,H,0. Thereafter, it was
diluted to 200 mL with distilled water. The calcium/
magnesium solution was sterilized, filtered (0.22 pm,
Millipore), and added to the BSM after autoclaving. All
selected fungi were cultured differently on 9-cm-
diameter potato dextrose agar plates at 25 °C. The
mycelia mats (two agar blocks) were transferred from
agar plates to a sterilized conical flask containing 50-mL
sterilized water and then homogenized for 30 s. Then,
1 mL of the homogenate was inoculated into 50-mL
BSM (pH 6.9) containing 1.0% (w/v) glucose as the sole
carbon source in a 100-mL Erlenmeyer flask. The cul-
tures were pre-incubated statically at 25 °C for 6 days
(Toshio et al. 2015; Hwanhwi et al. 2015; Zuzanna et al.
2015).

2.5 Enzyme Assay

For the determination of fungi, lipase, catalase, laccase,
and manganese activities were assayed after filtration of
the different fungi mycelium and spores by using a
syringe filter (0.45 wm). The enzyme was measured by
adding 200 pL of the supernatant crude in 0.1 mM tris-
HCI buffer (pH 7.8). Then, 2.48 mL containing 0.15 M
NaCl and 0.5% Triton X-100 carried out at a tempera-
ture condition of 40 °C for 5 min followed by addition
of 50 mL MP-nitrophenyl palmitate. The sample was
assayed with a UV-Vis spectrophotometer at a wave-
length 0f 420 nm (Hwanhwi et al. 2015; Saowakon et al.
2017).

2.6 Culture Conditions and Artificial Contamination
of Soil

Each 100-mL flask contained 20 g of sterilized petro-
leum oil contaminated soil. All the fungi were subcul-
ture for 7 days in 30-mL BSM (containing glucose as a
source of carbon). The culture was directly added to the
contaminated soil and then mixed thoroughly. The
values were nurtured on a revolving shaker at 150 rpm
(27 °C). The fluid as well as dense portions of the fungal
values were removed in every 10-day interval for a total
of 60 days. Every sample was removed three times with
100 mL dichloromethane (CH,Cl,) by utilizing a sepa-
rating funnel. Surplus water in the mineral medium after
removals was removed by adding anhydrous sodium
sulfate (Na,SO,) and the extract concentrated in a rotary
evaporator (Hwanhwi et al. 2015; Zuzanna et al. 2015).

2.7 Multivariate Analysis

Successful multivariate analysis by XLSTAT 2018
software relies greatly on the optimal selection of
variables, particularly their independence and com-
parable relevance (Saowakon et al. 2017). Multiple
correspondence analysis (MCA) was used for nom-
inal categorical data to detect and represent under-
lying structures in data set of the result of this study.
This is done by representing data as points in a low-
dimensional Euclidean space and MCA can be
viewed as an extension of simple correspondence
analysis (CA). Additionally, CA was performed in
order to validate the groups, similarities, or
differences. Agglomerative hierarchical clustering
(AHC) is a method of cluster analysis which seeks
to build a hierarchy of clusters. Strategies for hier-
archical clustering in this study fall into
Agglomerative:

This is a “bottom up” approach: each observation
starts in its own cluster, and pairs of clusters are merged
as one moves up the hierarchy. Hierarchical cluster
analysis (HCA) is widely applied in which clusters are
sequentially formed, starting stepwise through repetition
of forming and joining clusters by the largest similarity
between a pair of objects to higher cluster formation
until a single cluster is obtained. A dendrogram clarify-
ing the clustering process and clusters proximity is then
produced (de Amorim et al. 2016).

2.8 Kinetic Modeling

The kinetic was studied at a time interval of 10 days for

equilibrium time of 60 days and the rate of total petro-

leum hydrocarbon by microorganisms is determined by

the equation as described by (Agarry et al. 2013; Agarry

and Oghenejoboh 2015) for differential rate law and

integral rate law for first- and second-order rate kinetics.
Differential rate

dc
Rate = —— = kC' = kC 1
ate ” (1)

Integral rate

dC
Rate = —— = kC 2
ate o (2)
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Fig. 1 Culturing and identification of a Aspergillums spp., b Trichordema spp., and ¢ Penicillium spp.

Rearranging For the second-order reaction, the differential rate
JC equation are according to the study of Agarry et al.
== —kdt (3) 2015 and Maletic et al. 2013 (Eqs. 8-16).
dcC
—— =kC? 8
7 (8)
C, R :
In({— ) =kt (4) earranging
< dc
t12 1s a timescale by which the initial population is Yol —kdt ©)
decreased by half of its original value. This can be
represented by Egs. (5) to (9) according to Amechi
and Chukwudi (2017). 1 1
—=——="hkt 10
C— 1 c (5) G G (1)
=3 Co
After a period of one half-life =1, 1 1
L=kt 4+ = 11
Co/2 _ l _ e*ktl/z (6) Ct CO ( )
Co 2 However, at half-life
Taking log of both sides In " =x 1
Cn,== Cot=t 12
In 0.5 = —kt 2 1° 1z (12
Lo ——— =kt 13
1 CO 1/2 ( )
2
In2  0.693
tip = % = first—order half—life (7) 1
e —kt 14
& —knp (14)
Table 3 Fungal isolates sequence-based identification
No. Accession numbers Closely associated fungal sequence Identity (%)
AM270991 Aspergillus niger 99
KP992925 Penicillium ochrochloron 99
EU732725 Trichoderma viride 99.5

@ Springer



Water Air Soil Pollut (2019) 230: 76

Page 7 of 16 76

Table 4 Dry weight accumulation by fungal isolates during cultivation with petroleum oil

Biomass (dry weight comparison after 30 days cultivation with petroleum oil)

Days Fungi isolates Controls (g/L) Treatments (g/L) Gain via biodegradation
Weight (g/L) (%)

10 A. niger 0.56+0.010 0.716 £0.064 0.172 32

P. ochrochloron 0.512+0.010 0.729+0.006 0.180 36

T. viride 0.598 £0.065 0.729 £0.006 0.189 32

20 A. niger 0.562+0.011 0.827+0.087 0.188 33

P. ochrochloron 0.499 +0.09 0.828 +0.087 0.192 39

T. viride 0.536 £0.066 0.828 £0.096 0.188 35

30 A. niger 0.521+0.013 0.986+0.056 0.196 38

P. ochrochloron 0.456+0.012 0.985+0.069 0.195 40

T. viride 0.492+0.014 0.982+0.083 0.193 39

40 A. niger 0.497+0.010 0.968 +=0.086 0.198 49

P. ochrochloron 0.402+0.017 0.976 £0.076 0.196 44

T. viride 0.432+0.013 0.976 £0.076 0.118 27

50 A. niger 0.489+0.013 0.847+0.043 0.126 26

P. ochrochloron 0476+0.014 0.845+0.046 0.108 23

T. viride 0.502 £0.040 0.849 +£0.056 0.176 32

60 A. niger 0.545+0.012 0.823+0.058 0.186 34

P. ochrochloron 0.542 +0.002 0.811+£0.057 0.156 29

T. viride 0.563+0.0015 0.817+0.069 0.116 26
two species of Candida, six species of Aspergillus,
1 five species of Penicillium, and nine individual spe-
C—:Kt1/2 (15) cies of Trichordema, Emericella, Armonium,
0 Paecilomyces, Eurotium, Cladosporium, Alternaria,
fyy = % second—order half—life (16) and Geosmithia. Three ‘isolates A. niger, T viride,
0 and P. ochrochloron (Fig. 1) were selected for fur-

where K = the biodegradation constant (dayﬁl), where d
= day, Cy = the initial concentration of total petroleum
hydrocarbon, C, = the residual concentration of total
petroleum hydrocarbon in the soil at time (#), and time
= days.

3 Results and Discussions

3.1 Isolation and Evaluation of the Fungal Communities
Thirty-five fungi, which were isolated with distinct
morphological and physiogenetic characteristics,

were derived from the soil samples from the olive
oil mill effluent site. These isolated species include:

ther evaluation of biodegradation on the basis of
higher growth and fungi biomass buildup in the
course of co-cultivation with petroleum hydrocarbon
and physiogenetic identification based on their in-
ternal spacer (ITS) region (Table 3).

3.2 Fungal Growth on Petroleum Oil

All the three selected fungi species were verified for
their capability to grow in the presence of petroleum
hydrocarbon as their only carbon source. The three
selected fungi were able to grow on it with dissim-
ilar metabolic efficacy when likened to the controls.
The investigated inocula grew within 10-60 days to
form colonies. Profuse growth of P. ochrochloron,
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Fig. 2 Dry weight accumulation by a A. niger, b P. ochrochloron, and ¢ T. viride isolates during cultivation with petroleum oil

A. niger, and T. viride. The P. ochrochloron had
gained weight of 44% within 40 days followed by
A. niger (49%) and T. viride (39%) within the first
30 days (Table 4). Figure 2a—c demonstrates gained
treatment (g/L) which indicates the optimum weight
to be within 30 days. Previous studies have demon-
strated biodegradation ability of fungi biomass ac-
cumulation under similar conditions. A study by
Abdulkadir et al. (2007) reported a maximum
mycelia biomass of A. ferreus, A. niger, and Peni-
cillium chrysogenum growing on n-alkanes and
crude oil as 50 (mg), 45 (mg), and 75 (mg), respec-
tively, and A. niger demonstrated the highest weight
loss (8.6%) (Al-Nasrawi 2012).

@ Springer

3.3 Enzymatic Activity of the Fungi Isolates

Lipase, catalase, and laccase enzymes were recorded in
the treatment cultures of the three fungi (Table 5).
A. niger secreted the highest amount of lipase (8.085 +
0.069 U/mL) (Fig. 3b) followed by P. ochrochloron
(8.025+0.068 U/mL) and T. viride (8.039+0.096 U/
mL) which is in line with biomass increase in the same
order while 7. viride secreted the highest amount for
catalase (8.912+0.056 U/mL) followed by A. niger
(8.146 £0.069 U/mL) and P. ochrochloron (7.815+
0.026 U/mL) (Fig. 3a) and that of laccase shows
T viride (8.05+0.096 U/mL) to secrete the highest
while A. niger secrete (7.83+£0.015 U/mL) and then
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Table S Fungal isolates and their Enzyme activity in the course of co-cultivation with petroleum oil

Days Fungi isolates Laccase (U/mL) Lipase (U/mL) Catalase (U/mL)
Control Treatment Control Treatment Control Treatment
10 A. niger 1.670+£0.051 3.960 +0.564 2.223+0.026 3.043 +£0.089 2.273 £0.054 3.231+0.068
P, ochrochloron 2.640 +£0.068 3.651+£0.056 1.946 +£0.068 3.147+0.087 1.964 +£0.026 4.003 £0.045
T. viride 1.645+0.064 3.785+0.056 2.083+£0.098 3.263 +0.065 2.258 +0.036 3.546 +0.098
20 A. niger 2.344+0.015 4.233+£0.026 3.052+0.069 4.053 £0.065 2.147+0.063 3.846+£0.085
P. ochrochloron 2.618+0.014 4.964 +£0.046 2.662 +0.068 4.147+0.023 2.259+0.054 5.238+0.065
T. viride 2.724+£0.254 5.865+0.089 3.036+0.024 3.966 +0.065 2.236+0.048 5.778 £0.054
30 A. niger 2.565+0.548 6.024 +0.059 2.627+0.086 5.042 +0.068 1.918+£0.054 6.017+£0.026
P. ochrochloron 2.764+£0.032 5.862 +0.096 2.563+0.086 5.036 +£0.068 2.746 £ 0.065 6.258 £0.065
T. viride 2.278+0.236 6.027 +£0.056 3.057+0.047 6.032+£0.064 2.619+0.085 6.291 £0.094
40 A. niger 1.926 +0.267 5.976+£0.025 2.233+0.069 5.78+£0.067 2.732+£0.056 5.96+0.026
P. ochrochloron 2.917+0.086 6.635+0.087 3.320+0.082 6.144 +0.057 2.846 +£0.095 7.243 +£0.056
T. viride 2.654+0.056 6.592 +0.064 2.726 £0.056 5.806 +0.049 2.735+0.056 7.629 +£0.024
50 A. niger 2.747+0.053 6.233+0.056 3.054+0.078 6.243+0.087 2.946 +0.086 7.218 £0.064
P. ochrochloron 3.625+0.026 7.692 +0.027 2.943 +£0.065 6.109 +0.059 1.951 £0.047 8.024 +0.069
T. viride 2.640+£0.058 7.967+0.015 3.072+0.065 7.043 £0.096 2.282+0.089 8.057+0.087
60 A. niger 3.764 +£0.059 7.83+0.028 2.926+0.059 8.085+0.069 1.951 £0.069 8.146 £ 0.069
P. ochrochloron 2.692 +£0.594 7.692+0.026 3.706 +£0.025 8.025+0.068 2.281+0.059 7.815+£0.026
T. viride 3.023 +0.034 8.025+0.096 2.782+0.069 8.039+0.096 1.971 £0.059 8.912+0.056

P. ochrochloron (7.692+0.026 U/mL) (Fig. 3c)
(Table 5). There is a higher enzymatic activity compared
to the controls. Bioremediation of petroleum hydrocar-
bons is mostly facilitated by secretion of extracellular
enzymes by the acting microorganisms leading to the
transformation of the oily substances into less toxic
compounds. Hence, elevated enzyme levels in our treat-
ment broth indicates a higher co-cultivation activity of
T viride with catalase. A study by Behnood et al. (2014)
on biodegradation of PHCs by Phanerochaete
chrysosporium reported lipase enzyme activity as
0.0426 (U/ml) during the fungal co-culture with petro-
leum hydrocarbon.

3.4 GC-MS Analysis for Total Petroleum Hydrocarbon
Degradation

The GC-MS results of the total petroleum hydrocarbon
substrate retrieved from the inoculum medium after
interval of 10 days for up to 60 days were shown in
Table 6. It was found that the selected fungi strains were
efficient petroleum oil degraders as the number of PHCs
concentration continue to reduce with increased

degradation time. Treated total petroleum hydrocarbon
substrate showed decrease in area of some peaks over
time (days) which shows its breakdown while the new
peaks represents breakdown of products or presumed
metabolites (Fig. 4a—d). Also, the result shows that
A. niger strongly degraded total petroleum hydrocarbon
with a degradation of about 71.19% at the end of the 60-
day treatment. The results also showed that the
P. ochrochloron and T. viride reported degradation of
about 66.56% and 35.80%, respectively, at the end of
the 60-day treatment (Fig. 5).

3.5 Factor Analyses

Five main factors were identified by factor analyses,
which accounted for the variances degradation percent
of fungi species sample data (Tables 6). The spatial
distribution of the variables in the spaces defined by
F1 and F2 is shown in Fig. 6. The first factor (F1) of the
fungi species accounts for 20.0% of the variance and has
high to moderate positive loadings with
P. ochrochloron, T. viride, and A. niger at 2.205, F1
signifies that fungi species controls the degradation of
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Fig. 3 Fungal isolates and their enzyme activity, a catalase, b lipase, and ¢ laccase in the course of co-cultivation with petroleum oil

Table 6 GC-MS results of the degradation of petroleum oil by the different fungi species

Day T viride % Degradation P, ochrochloron ~ % Degradation  A. niger % Degradation  Control

10 1.821 £ 0.027 6.71 1.920 £+ 0.065 1.64 1.645 £ 0.011 15.73 1.952 + 0.064
20 1.621 £ 0.015  16.79 1.690 £+ 0.089 13.25 1.424 £ 0.090  26.90 1.948 £ 0.010
30 1.480 £ 0.028  23.94 1.521 + 0.068 21.84 1.136 + 0.066  41.62 1.946 + 0.09
40 1.434 £ 0.026  26.27 1.325 £ 0.069 31.88 0.839 + 0.040  56.86 1.945 £ 0.076
50 1.348 £ 0.096  31.01 0.890 £ 0.069 54.45 0.690 + 0.012  64.86 1.954 £ 0.013
60 1.250 + 0.034  35.80 0.651 £ 0.015 66.56 0.561 +0.013  71.19 1.947 + 0.046
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Fig.4 GC-MS chromatogram showing peak variation for the petroleum oil degradation by fungi. a Control. b P. ochrochloron. ¢ A. niger. d

T. viride

petroleum variability and suggests that this process has
most likely been effective in the degradation. F2—F5,
which accounts for another 20.0% of the variance and
1.0 of the eigenvalue, is characterized with negative
loadings which reflects the infectiveness of degradation.
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Fig. 5 Degradation of petroleum oil over time by the selected
fungi species

3.6 Hierarchical Cluster Analysis

Figure 6 shows the contributions of fungi species of
petroleum degradation biplots on the loading space of
primary factor (F1) versus second primary factor (F2)
and Fig. 7 shows the results of hierarchical cluster
analysis (HCA) presented as a dendrogram. A total of
five observations and three variables were used for the
analysis. The similarity of the HCA to the factor analysis
confirms the interpretations made using the factor anal-
ysis. Distinctive classes of degradation time and fungi
along with their spatial distribution are shown on Fig. 6.
Two predominant clusters were identified in the fungi
species data and their locations were found to be pri-
marily controlled by time as described below. The fungi
species is a major factor for increasing all major per-
centage of degradation in the order cluster 1 <2 (Fig. 7).

Cluster 1 is the largest, containing three fungi species
that are functional in the degradation of petroleum char-
acterized by T viride smallest degradation percentage
(35.80%) followed by P. ochrochloron (66.56%) and
A. niger (71.19%) classified into fungi species C2 = 4,
5; Cl =1, 2; and C1 = 2, 3 in decreasing order while
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Fig. 6 Contributions of fungi species of petroleum degradation biplots on the loading space of primary factor (F1) versus second primary
factor (F2)

cluster 2 is grouped into only two fungi species and is linear plots of InCO/Ct and 1/Ct obtained from Egs. (7)

characterized by low to high degradation. and (16), respectively, and then evaluated as seen in
Fig. 8a, b. The half-life defined as time taken for half
3.7 Kinetic Study the contaminant/total petroleum hydrocarbon concen-

tration to be consumed was shortest in the A. niger (¢1/
2=21.280 days). The order of half-lives for the three

In this study, total petroleum hydrocarbon biodegrada-
studied fungi could, however, be represented as thus;

tion kinetics using first- and second-order rates by using
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Fig. 7 Dendrogram by the hierarchical cluster analysis for fungi species
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Table 7 Kinetic model and linear regression analysis

Treatment k(1072 dayfl) ” t1» (In2/K) (day) k (1070 g mgf' dayfl) ” t1 (1/kC,) (day)
T viride 0.703 0.965 98.598 0.977 0.977 108.710
P. ochrochloron 2.133 0.909 32.496 4.008 0.818 26.499
A. niger 2.243 0.991 30.903 4.991 0.963 21.280

k first-order kinetic biodegradation constant obtained as slope of the plot of In(Cy/C)); K, second-order kinetic biodegradation constant
obtained as plot of reciprocal of C, i.e., (1/C,); Cy initial contaminant concentration, C, contaminant concentration at time ¢ in days and ¢, =
In 2/K=0.693/K
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A. niger < P. ochrochloron < T. viride in both first- and
second-order rates (Table 7). The highest * value and
degradation constant were obtained in A. niger (%=
0.991, K1=2.243 x 10> day) for the first order. In the
second-order kinetics, all the half-lives of the three fungi
were significantly lower than those of first order which
indicates a delay in biodegradation in term of first order
for A. niger (30.903 days) and P. ochrochloron
(32.496 days) while T viride was higher in second order
than first order with 108.710 and 98.598 days, respec-
tively (Table 7). Meanwhile, the first-order kinetic fitted
into the present study due to its higher /*. Biodegrada-
tion constant (Table 7) produced by first-order rate were
significantly higher than those of second order in all
treatments at P < 0.05.

4 Conclusion

The study has shown the efficiency of P. ochrochloron,
A. niger, and T viride isolated from olive oil mill efflu-
ent site in the biological treatment of contaminated
Libyan soil. The pollutant biodegradation ability of the
three isolated fungi as discovered in the study is attrib-
uted to their metabolic activities and secretion of cata-
lase, lipase, and laccase enzymes during co-culture with
Libyan petroleum oil-contaminated soil as sole source
of carbon indicating a higher degradation activity of
T viride with catalase. Five main factors were identified
which accounted for the variances in degradation per-
cent of fungi species. The first factor (F1) of the fungi
species accounts for 20.0% of the variance and has high
to moderate positive loadings with P. ochrochloron,
T viride, and A. niger at 2.205. F1 signifies that fungi
species controls the degradation of total petroleum hy-
drocarbon variability and hierarchical cluster analysis
(HCA) as a dendrogram with a total of five observations
and three variables were used for the analysis and the
half-life showed that A. niger was the shortest with 1/
2=21.280 day corresponding to the highest percent
degradation of 71.19%. Therefore, the degradation of
total petroleum hydrocarbon by fungi shows a potential
and study is still open for further investigation as the
biochemical and metabolic make-up on the studied fun-
gi that were isolated from the olive oil mill effluent site
that made them capable of degrading total petroleum
hydrocarbon is still not known.
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