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Abstract
A major hindrance to the effective use of fungi in bioremediation is their inherent slow growth. Despite this, Aspergillus spp. 
may be used effectively. Our experiments demonstrate that bacteria, although inefficient in hydrocarbon degradation, may 
be effectively used in a consortium to overcome the lag in fungal utilization of petroleum hydrocarbons. Crude petroleum 
oil (160 mg; at 8 g/L) in minimal medium was inoculated with a previously isolated biofilm-forming consortium (Aspergil-
lus sp. MM1 and Bacillus sp. MM1) as well as monocultures of each organism and incubated at 30 ℃ under static condi-
tions. Residual oil was analyzed by GC–MS. Crude oil utilization of Aspergillus–Bacillus biofilm was 24 ± 1.4% in 3 days, 
increased to 66 ± 7% by day 5 and reached 99 ± 0.2% in 7 days. Aspergillus sp. MM1 monoculture degraded only 14 ± 6% 
in 5 days. However, at the end of 7 days, it was able to utilize 98 ± 2%. Bacillus sp. MM1 monoculture utilized 20 ± 4% in 
7 days. This study indicates that there is a reduction of the fungal lag in bioremediation when it is in association with the 
bacterium. Although in monoculture, Bacillus sp. MM1 is inefficient in crude oil degradation, it synergistically enhances the 
initial rate of crude petroleum oil degradation of the fungus in the consortium. The rapid initial removal of as much crude 
oil as possible from contaminated sites is vital to minimize detrimental impacts on biodiversity.
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Introduction

Crude petroleum oil contamination is a global concern. The 
volume of crude petroleum oil released to the environment 
in 2018 was approximately 116,000 metric tons (www.
itopf .org), following oil spills, oil seeps, and transporta-
tion accidents. This affects the quality of soil and water, and 
every form of life in both aquatic and terrestrial habitats 
[1]. Crude petroleum oil is a complex mixture of hydrocar-
bons of which the major fraction is saturated hydrocarbons. 
Remaining fractions are naphthenes, aromatics, resins, least 
soluble asphaltenes [2, 3], and non-hydrocarbon compounds 
such as nickel, vanadium, nitrogen, and sulfur [4].

Depending on their chemical and physical character-
istics, various hydrocarbon fractions (typically 30–50%) 
may evaporate, while the remainder will spread over the 
surface and dissolve into water or absorb into the soil. This 
oil may subsequently accumulate as persistent residues or 
be slowly degraded by microorganisms and solar ultravio-
let radiation [5]. Therefore, rapid removal of spilled oil 
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from shorelines and wetlands is necessary  to minimize 
potential environmental damage to these sensitive habitats.

Microbial bioremediation is the method that makes the 
most “eco-sense”; causing the least threat to the ecosystem 
while being economical. However, the process is relatively 
slow [6]. Physical and chemical methods, such as thermal 
desorption, soil washing, air sparging, chemical oxida-
tion–reduction,  incineration, etc.  [7], are costly, yet more 
efficient in remediation of crude petroleum oil-contami-
nated sites. However, physicochemical methods produce 
hazardous chemical compounds such as carcinogens and 
immunotoxicants as a result of the underlying physical or 
chemical process [8]. Bioremediation has the advantage of 
producing  H2O and  CO2 as the end products.

Numerous hydrocarbon-utilizing bacterial and fungal 
species have been identified, having varying rates of deg-
radation and selectivity in carbon chain length. Acineto-
bacter venetianus strain RAG-1 was reported to degrade 
(1   g/L) diesel fuel in 7 days [9]. Individual strains of 
Bacillus algicola, Rhodococcus soli, Isoptericola chiay-
iensis, and Pseudoalteromonas agarivorans have been 
shown to degrade > 85% of crude oil (1% v/v) individually 
at 28 °C in 14 days at 180 rpm [10].

Some bacterial species have been shown to be effective 
when they are in association with several other species 
which have the similar degradation potential or when they 
are provided with additives. A consortium of two strains of 
Geobacillus and a Bacillus sp. (50 ℃; 120 rpm in 20 days) 
degraded n-alkanes C32 and C40 (0.1%) to 90% and 87%, 
respectively [11]. A consortium of five strains of bacteria 
(Exiguobacterium sp., Pseudomonas aeruginosa, Alca-
ligenes sp. ASW-3, Alcaligenes sp. ASS-1, and Bacillus 
sp.) immobilized in a calcium alginate activated carbon 
embedding carrier degraded 75.1% crude oil (1%, w/v) 
at 25 ℃ in 7 days at 150 r/min [12]. B. subtilis BL-27 has 
been reported to degrade 65% of crude oil (0.3%, w/v) 
within 5 days at 45 ℃, while the use of additives such as 
SDS (50–100 mg/L) and Tween 80 (200–500 mg/L) sig-
nificantly increased the strain’s biodegradation efficiency 
up to 75–80% [13].

Fungi are more resistant to harsh environmental condi-
tions than bacteria [14] and therefore, they have acquired 
the ability to utilize a wider range of components of crude 
oil. Aspergillus and Rhizopus sp. have been shown to 
degrade crude oil (0.5%) by 29.10% and 26.32%, respec-
tively; while their combination removed 48% in 28 days at 
28 ℃ [15]. A mixed culture of A. niger and A. fumigatus 
degraded 90% of crude oil (2%, w/w) in 28 days at 25 °C, 
while a community of four strains (A. niger, A. fumigatus, 
P. funiculosum, and Fusarium solani) was able to remove 
only 70% in 28 days [16].

Both Aspergillus and Bacillus spp. have been 
identified as dominant hydrocarbon degraders from 

petroleum-polluted sites. Various Aspergillus and Bacil-
lus strains have been tested for petroleum biodegradation 
[11, 13, 16–19].

Over the last decade, efficiency has been shown to be 
improved by the use of microbial biofilms in bioremediation 
of contaminants [20–22]. Biofilms can be formed either by 
a population of a single species or a mixed community of 
different species of the same or different genera. Fungal-
bacterial biofilms are a special form of biofilms where bac-
terial cells are attached to the well-spread fungal hyphae by 
secreted extracellular polymeric substances (EPS) to cement 
the interaction, thus increasing resistance to stress conditions 
[23]. Due to their interaction and cellular communication, 
biofilm communities acquire increased metabolic activity 
which leads to their efficiency compared to planktonic cells 
/ monocultures [24].

Further, the combined use of fungi and bacteria that 
are able to form biofilms has proven to be synergistic in 
removal of the underlying substrate. The use of Aspergillus 
and Bacillus strains in a combination has been successfully 
demonstrated in synergistic degradation of n-hexadecane 
[25]. Here, we tested the role / effect of bacilli in the Asper-
gillus–Bacillus consortium in utilization of crude oil.

Materials and methods

Microbial strains

Three fungal–bacterial consortia (C1, C2, and C3) were 
previously isolated from a municipal landfill in Colombo 
district, Sri Lanka based on their ability to degrade n-hex-
adecane. C1 and C2 consortia had a single bacterium asso-
ciated with a single fungus; while, C3 comprised of three 
fungi associated with a single bacterium. C1 which showed 
the highest activity towards n-hexadecane degradation was 
found to be comprised of Aspergillus sp. MM1 (GenBank 
accession no. MH503926) and Bacillus sp. MM1 (GenBank 
accession no. MH503924) [25]. In the present study, crude 
petroleum oil biodegradation of C1, C2, and C3 consortia 
was investigated.

Culture media

Nutrient broth (NB) or nutrient agar (NA) and sabouraud 
dextrose broth (SDB) or sabouraud dextrose agar (SDA) 
(Hardy Diagnostics, USA) were used to maintain bacterial 
and fungal cultures, respectively. Bushnell and Haas (BH) 
medium [26] was used in assays conducted to measure the 
ability of microbes to utilize the given source of carbon and 
energy. Filter sterilized (0.22 µm pore size) crude petroleum 
oil obtained from Ceylon Petroleum Corporation (CEY-
PETCO) refinery, Sri Lanka was used as the sole source of 
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carbon and energy in BH medium at a concentration of 1% 
(v/v). The crude petroleum oil used in this study corresponds 
to 8.25 g/L.

Culture conditions

Crude petroleum oil degradation experiments were carried 
out under aerobic conditions (without agitation, to enhance 
the formation of a microbial biofilm). GC–MS assays were 
conducted in duplicate and all others in triplicate, with 
negative control (under same conditions, without microbial 
inoculum) where necessary.

Crude petroleum oil biodegradation assay

C1, C2, and C3 consortia were assayed for crude petroleum 
oil biodegradation. Co-cultures of C1, C2, and C3 were 
prepared by adding 5 ×  104 bacterial cells/mL and 5 ×  103 
fungal spores/mL of each strain in the consortium. Erlen-
meyer flasks (100 mL) containing 20 mL BH medium with 
1% crude petroleum oil (8.25 g/L) was inoculated with each 
co-culture and incubated continuously for 7 days at 30 ℃. 
Control flasks were incubated under identical conditions but 
devoid of the microbial inoculum (negative control). Dis-
integration / removal of the oil layer was visually observed 
in comparison to the negative control. The most efficient 
consortium was selected based on visual observation and 
the composition of the consortium.

Quantitative analysis of crude petroleum oil 
biodegradation by Gas Chromatography–Mass 
spectrometry (GC–MS)

Microbial strains in the selected consortium were cultured 
separately as well as in co-culture, maintaining the same 
inoculum size and the culture conditioned mentioned above. 
The residual oil in the growth medium of microbial cultures 
and negative control were extracted at day 0, day 3, day 5, 
and day 7 for quantitative analysis by GC–MS.

Residual crude petroleum oil was extracted four times 
with dichloromethane (DCM) (5 mL) and the combined 
solvent extract was dried using anhydrous sodium sulfate 
 (Na2SO4). Crude petroleum oil in DCM was then analyzed 
chromatographically via GC–MS using Agilent 7890a GC 
system equipped with 5975c MS system, split injector, and 
a capillary column (Agilent 19091 s-433HP-5MS 5% Phe-
nyl Methyl Silox; 30 m × 250 µm × 0.25 µm). The optimized 
temperature program was as follows: oven temperature 
60 °C for 2 min, then increased to 290 ℃ at a rate of 20 ℃ 
/ min and kept at 290 ℃ for 5 min where the total run time 
was 18.5 min. The injector temperature was maintained at 
320 ℃. The carrier gas used in the column was helium at a 
flow rate of 1 mL/min [27].

The total ionic current (TIC) spectra obtained by GC–MS 
analysis displayed the relative abundance of the components 
of crude petroleum oil present in the DCM extract. The deg-
radation percentages were calculated from the difference in 
the area under the respective peak in the TIC spectrum.

Results

Selection of an efficient fungal‑bacterial consortium 
in crude petroleum oil biodegradation

Crude petroleum oil biodegradation by C1, C2, and C3 
consortia were visually observed. Crude petroleum oil (1%, 
20 mL BH medium in the Erlenmeyer flask) was visible 
by its brown coloration and formed a continuous oil layer 
on the colorless salt medium (Fig. 1). The bottom view of 
the control flask (Fig. 1a) clearly showed the brownish oil 
layer inside the flask. Biofilms formed by the consortia were 
brown in color due to the aggregation of oil around the grow-
ing biofilm. After 7 days of incubation, the brown coloration 
was absent in C1 and C3, indicating that the oil has been 
utilized; whereas in C2, some color was still observable. 
Therefore, it can be concluded that both C1 and C3 were 
equally capable of removing the crude petroleum oil in the 
liquid medium within 7 days at 30 °C according to the visual 
observation of the crude petroleum oil biodegradation assay.

According to the previous characterization of the com-
munity composition of C1, C2, and C3 [25], C1 comprised 
of a single bacterium (Bacillus sp. MM1) and a single fun-
gus (Aspergillus sp. MM1) and C3 had at least three spe-
cies of fungi interacting with a single bacterium. Therefore, 
based on the visual observation of the efficiency of crude 
oil degradation as well as the simplicity of the consortium, 
C1 (Aspergillus–Bacillus biofilm) was selected for further 
investigation.

GC–MS analysis of crude petroleum oil 
degradation by the Aspergillus–Bacillus biofilm 
and the synergistic association of its community 
counterparts

Abiotic loss of crude petroleum oil in the growth medium

The aliphatic fraction of the crude petroleum oil used in this 
study comprised of straight chain alkanes ranging from C9 
to C30 as well as pristine (Pr) and phytane (Py). The TIC 
spectrum displayed 22 different prominent peaks for straight 
chain alkanes (C9–C30) and less prominent peaks for the 
branched alkanes Pr and Py. An unresolved fraction (URF) 
was denoted by unresolved low-intensity peaks observed 
between n-alkanes C12 and C24. The TIC spectrum of the 
control flask (without microbial inoculum) during 7 days of 
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incubation showed only 19 different peaks of straight chain 
alkanes (C12–C30) and peaks for Pr and Py. Accordingly, 
C9 (nondance), C10 (decane), and C11 (undecane) were 
completely evaporated. The rest of the alkanes were partially 
evaporated (39 ± 14%) during the 7 days (Fig. 2).

Biotic removal of crude petroleum oil by Aspergillus–
Bacillus biofilm and its community counterparts

For quantitative analysis of crude petroleum oil degrada-
tion, individual members of C1 consortium, Aspergillus sp. 
MM1 and Bacillus sp. MM1 were cultured separately in 
their monoculture form as well as in co-culture to obtain the 
Aspergillus–Bacillus biofilm. The degradation was studied 
by GC–MS analysis after 7 days of incubation.

The Aspergillus–Bacillus biofilm utilized straight 
chain alkanes (C12–C30) of crude petroleum oil to an 
extent of 99 ± 0.2% within 7 days and respective peaks in 
the TIC spectrum for the branched alkane Pr and the URF 
were undetectable (Fig. 3a).

The monoculture of Aspergillus sp. MM1 was also 
able to remove straight chain alkanes (C12–C30) and 
the branched alkane Pr within 7 days. Removal of the 
branched alkane Py by Aspergillus–Bacillus biofilm as 
well as the Aspergillus sp. MM1 monoculture was simi-
lar, being 47 ± 15 and 47 ± 29%, respectively, in 7 days 
(Fig. 3). The URF, however, was not completely removed 
by Aspergillus sp. MM1 monoculture (Fig. 3b).

Visual observation of the cultures revealed that a few 
oil droplets were still present in Aspergillus sp. MM1 mon-
oculture compared to the consortium, after 7 days (Fig. 4).

Fig. 1  Removal of crude petroleum oil by C1, C2, and C3 consortia; a–d bottom view of each flask
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The removal of aliphatic components of crude petro-
leum oil by monoculture of Bacillus sp. MM1 was only 
20 ± 4% in 7 days (Fig. 5).

Synergistic association of Aspergillus sp. MM1 and Bacillus 
sp. MM1 in Aspergillus–Bacillus biofilm in degradation 
of crude petroleum oil

The GC–MS analysis indicated that the degradation of crude 

Fig. 2  Abiotic removal of crude 
oil components. Error bars 
represent standard deviations 
(n = 3)

Fig. 3  TIC spectrum of residual crude oil (R)  (blue) compared to the negative control  (N) (black) after 7 days of incubation; a Aspergillus–
Bacillus biofilm, b Aspergillus sp. MM1, and c Bacillus sp. MM1
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petroleum oil by the Aspergillus sp. MM1 in monoculture 
was similar to when it was co-cultured with Bacillus sp. 
MM1. However, degradation of crude oil by the Bacillus in 
monoculture was only 20 ± 4%.

Therefore, Aspergillus sp. MM1 and the Aspergil-
lus–Bacillus biofilm were further tested at day 3 and day 
5 during the 7-day incubation period to determine the 
role of the consortium. The Aspergillus–Bacillus biofilm 
removed 24 ± 1.4% of the aliphatic fraction of crude petro-
leum oil in three days. The removal increased to 66 ± 7% 
by day 5 (Figs. 6, 8) and reached 99 ± 0.2% degradation by 
day 7.

The removal of the aliphatic fraction of crude petroleum 
oil by Aspergillus sp. MM1 monoculture was only 4.1 ± 0.4% 
by day 3 and 14 ± 6% by day 5, although by the end of 7 days 
Aspergillus sp. MM1 was able to remove the aliphatic frac-
tion of crude petroleum oil by 98 ± 2%, (Figs. 7, 8).

Discussion

The resistance of fungi towards adverse environments and 
persistent contaminants make them suitable candidates to 
remediate crude petroleum oil contaminations. However, 
efficiency is limited by their slower growth rate compared 
to bacteria. Penicillium and Aspergillus spp have shown 
efficient degradation of crude petroleum oil. P. citri-
num showed the ability to degrade 77% of crude petroleum 
oil (13.35%; w/v) at 28 ℃ in 23 days [28]. Aspergillus sp. 
RFC-1 degraded 60.3% crude petroleum oil (250 mg/L) 
at 30 °C in 7 days [17]. A. niger utilized 95% of crude 
petroleum oil (2% v/v) at 25 ℃ in 28 days [16].

In our study, a previously isolated Aspergillus–Bacillus 
consortium and monocultures of its constituents, Asper-
gillus sp. MM1 and Bacillus sp. MM1, were tested for 
crude petroleum oil degradation. The naturally occurring, 

Fig. 4  Growth of Aspergillus–Bacillus biofilm and Aspergillus sp. MM1 monoculture in crude petroleum oil in 7 days (cultures were grown in 
conical flasks and poured into petri dishes for better visualization) 

Fig. 5  Residual crude oil frac-
tions (C12-C30 alkanes) at day 
7 at 30 °C for the Aspergil-
lus–Bacillus biofilm (C1) and 
its counterparts, Aspergillus sp. 
MM1 (C1F) and Bacillus sp. 
MM1 (C1B)
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Fig. 6  Removal of crude oil by 
Aspergillus–Bacillus biofilm at 
day 3, day 5, and day 7

Fig. 7  Removal of crude oil by 
Aspergillus sp. MM1 at day 3, 
day 5, and day 7

Fig. 8  Percent degradation of 
crude oil aliphatic fraction by 
Aspergillus–Bacillus biofilm 
(C1) and Aspergillus sp. MM1 
(C1F). Error bars represent 
standard deviations (n = 2)
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biofilm-forming Aspergillus–Bacillus consortium was pre-
viously isolated for its ability to degrade hexadecane [25].

An inoculum of Aspergillus sp. MM1 (5 ×  103 fungal 
spores/mL) as well as Aspergillus–Bacillus consortium 
(5 ×  104 bacterial cells/mL, 5 ×  103 fungal spores/mL) 
in a static liquid culture were able to remove 99 ± 0.2% 
of aliphatic fraction of 160 mg of sterile crude petroleum 
oil (8.25 g/L; 1% v/v) in minimal medium within 7 days 
at 30 ℃.

GC–MS analysis of the negative control revealed the 
abiotic removal of crude petroleum oil in static liquid cul-
tures during the incubation. It was  ~ 39%, due to complete 
(n-alkanes; (C9-C11) and partial evaporation (n-alkanes; 
C12–C30) (Fig. 2). This is accountable for the abiotic loss 
of the carbon source inside the culture flask. Evaporation of 
crude petroleum oil and petroleum products has been experi-
mentally shown to be up to 45% within a few days [29]. Our 
results are in accordance with the previous reports.

Crude petroleum oil is a complex mixture of hydrocar-
bons. The major fraction is saturates (n-alkanes) and the 
remaining fractions are naphthenes, aromatics, resins,  
asphaltenes, [2, 3] etc. However, crude petroleum oil com-
position is highly variable depending on the origin and the 
refining process [30–32] it undergoes.

Aromatic compounds give a low fragmentation in gas 
chromatography (GC) coupled with mass spectrometry (MS) 
leading to low-intensity peaks. The use of GC coupled with 
flame ionization detector (FID) or selected ion monitoring 
mode (SIM) enables high levels of signals even at lower 
concentrations of highly specific compounds such as aro-
matics, cycloalkanes, etc. [33, 34]. In our study, residual 
crude petroleum oil was extracted by liquid–liquid extraction 
with DCM. Then, the extracted crude petroleum oil contain-
ing both aliphatic and aromatic fractions [33] was analyzed 
through GC–MS. Some of the unresolved low-intensity 
peaks observed in the TIC spectrum between n-alkane C12 
and C24 in the negative control (BH medium + 1% crude 
petroleum oil) (Fig. 3) might correspond to aromatics and 
cycloalkanes present in the crude petroleum oil extract.

GC–MS analysis of the residual crude petroleum oil of 
the Aspergillus–Bacillus biofilm confirmed the removal of 
99 ± 0.2% of aliphatic fraction of crude petroleum oil and 
the unresolved fraction (URF) in 7 days. Aspergillus sp. 
MM1 in its monoculture was able to remove the aliphatic 
fraction (n-alkanes; C12 to C30) in crude petroleum oil 
within 7 days but was unable to remove the URF (Fig. 3b). 
Accordingly, the removal of crude petroleum oil by both the 
Aspergillus–Bacillus biofilm and the monoculture of Asper-
gillus sp. MM1 in 7 days was similar except for the URF. 
However, residual oil droplets were observed in Aspergillus 
sp. MM1 monoculture compared to the consortium after 
7 days (Fig. 4). This apparent discrepancy may account for 

components (resins, asphaltenes, etc.) which are undetect-
able by the adapted GC–MS protocol.

Bacillus sp. MM1 removed only 20 ± 4% of the ali-
phatic fraction (n-alkanes; C12–C30) of crude petroleum 
oil in its monoculture in 7 days. According to the day 7 
results, Aspergillus sp. MM1 was shown to possess the 
ability to completely remove aliphatic fraction (n-alkanes; 
C12–C30) of crude petroleum oil equally to that of the 
consortium by day 7, implying that the Bacillus sp. MM1 
in the consortium may not serve any significant role in the 
biodegradation process.

However, interestingly, in the GC–MS profiles of the 
Aspergillus–Bacillus biofilm through day 3 and day 5 up 
to 7 days, a gradual decrease in the aliphatic fraction of 
the residual oil in the culture was observed (24 ± 1.4% 
in 3 days, 66 ± 7% in 5 days, and 99 ± 0.2% in 7 days). 
In contrast, removal of the aliphatic fraction of crude oil 
by the monoculture of Aspergillus sp. MM1 was minimal 
up to day 5 and it was able to utilize most of the crude 
petroleum oil (~ 80%) in the medium only after the  5th 
day of incubation. This clearly shows a 5-day lag phase in 
the fungal monoculture (Fig. 8).These results indicate that 
when the fungus was in association with the bacterium in 
the biofilm, the lag phase was reduced.

Slow growth rate of fungi is the reason for exhibiting 
low degradation rates of petroleum hydrocarbons despite 
the ability to utilize a wide range of substrates by a single 
fungal species [14]. It has been reported that in the pres-
ence of B. subtilis, the fungal genes involved in chitin and 
ergosterol synthesis were up-regulated [24]. Chitin and 
ergosterol are two main components in fungal cell walls, 
and they determine the living fungal biomass [35]. There-
fore, it can be hypothesized that although the Bacillus sp. 
MM1 monoculture did not degrade crude petroleum oil in 
7 days (under static conditions), when it was in the con-
sortium it enhanced the fungal growth, thus increasing its 
capacity for utilization of the crude petroleum oil.

In the present study, the Aspergillus–Bacillus biofilm 
removed  > 50% of crude petroleum oil in 5 days com-
pared to the Aspergillus sp. MM1 monoculture, in which 
the removal is minimal up to day 5. This proves that the 
Bacillus sp. MM1 plays an important role in overcom-
ing this lag phase barrier of the fungus when it is in the 
consortium. Further, the rapid biodegradation of as much 
crude oil as possible in a relatively short period of time in 
contaminated sites is extremely important to minimize the 
detrimental effects on fauna and flora.

Our Aspergillus–Bacillus biofilm has previously been 
shown to degrade n-hexadecane in a synergistic manner. 
Moreover, this consortium demonstrated the formation 
of a biofilm in oil–water interface in the liquid medium, 
attaching Bacillus cells on to Aspergillus mycelia [25].
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It has been reported that B. subtilis and A. niger have 
the ability to alter their metabolism during their interac-
tion with each other [24]. Antimicrobial defence mecha-
nisms of both organisms decreased upon attachment of 
bacilli to Aspergillus hyphae. Genes related (putatively) to 
the production of antifungal and antibacterial molecules 
were shown to be down regulated in A. niger and B. subti-
lis, respectively during their attachment. This indicated the 
possibility to persuade a mutualistic symbiosis in biofilm 
formation of Aspergillus and Bacillus combination.

Our results indicate the previously reported synergism 
demonstrated between Bacillus sp. MM1 and Aspergillus 
sp. MM1 for hexadecane biodegradation [25] is extended to 
the degradation of crude petroleum oil. Thus, being in a con-
sortium with the compatible partner organisms rather than 
alone, will be beneficial either for one organism or for both, 
while producing a synergistic outcome. This can be defined 
as ‘cooperate synergy’ in microbial communities, where 
mutualism is not required for the survival of either organ-
ism, but where they develop a synergistic outcome when 
they are together.

Although, the Bacillus sp. MM1 alone does not dem-
onstrate efficient utilization of crude oil, when it is in the 
Aspergillus–Bacillus consortium, it overcomes the lag time 
observed when the fungus is in monoculture. Therefore, our 
results provide a starting point for investigating the mecha-
nisms underlying the reduction of the lag time of Aspergillus 
by bacilli.

Conclusion

A naturally occurring Aspergillus–Bacillus consortium effi-
ciently utilizes the crude petroleum oil in liquid culture by 
synergistic interaction of the resident fungus and the bac-
terium. The Bacillus itself is inefficient in degradation of 
crude oil but plays a beneficial role in the consortium. It 
enables biodegradation to commence earlier as Bacillus sp. 
MM1 overcomes the lag phase of Aspergillus when both are 
in a combination. Consortia comprising microbes that occur 
naturally together are highly adapted to withstand extreme 
environments and maintain their persistence through bal-
ancing the synergistic and antagonistic effects. However, 
the density of such naturally existing consortia is gener-
ally too low to have a significant effect on bioremediation 
in the environment. Therefore, isolating efficient consortia, 
multiplying them in vitro and applying back to the environ-
ment is a promising concept over developing consortia using 
microbes selected primarily on their individual efficiency in 
degradation of the substrate.
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