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AbstractIndustrialization and urbanization have increased the demand for petroleum hydrocarbons; hence the like-
lihood of contamination of air, soil, and water bodies increases. The survival and biodegradation capabilities of fifteen
bacterial isolates were tested in a harsh diesel environment. The bacteria were isolated from soil samples and identified
by 16S rRNA gene sequencing. The biodegradation capability of isolates was performed in batch experiments, and die-
sel degradation analyses were conducted on gas chromatography-mass spectroscopy (GC-MS). The results revealed
that only two bacterial isolates (A1 and E5) sufficiently consumed diesel hydrocarbons as a carbon-based energy source.
16S rRNA sequencing identified both isolates as Bacillus genera. An average of 60% of 3% (v/v) diesel was degraded in
about 16 hours. Bacillus sp. E5 strain could degrade about 72% and 68% heavier compounds of C24 and C26. The Monod
kinetic model for Bacillus sp. E5 utilizing diesel as a substrate showed maximum specific bacterial growth rate (max) as
0.1131 hr1 at 1%, while 0.1287 hr1 for 3% diesel. Results suggest that the isolated bacterial strain Bacillus sp. E5 has
bioremediation potential and can be used as an alternative method for cleaning contaminated petroleum hydrocarbon
field sites for sustainable development.
Keywords: Biodegradation, Indigenous Isolate, Diesel Hydrocarbons, Monod Kinetics, Wastewater

INTRODUCTION

Diesel (C10-C25) is a complex fuel consisting of hundreds of organic
compounds [1]. It is sparingly soluble in water, has an excellent ad-
sorption coefficient, and has a recalcitrant aromatic ring structure.
Diesel’s chemical constituents negatively affect biotic and abiotic
life when introduced into the environment [2,3]. Petroleum prod-
ucts cause pollution at every stage of their life cycle, including explo-
ration/drilling, refining, transportation, and the actual burning of
the fuel [4]. Contaminants are globally classified based on environ-
mental impacts, with petroleum hydrocarbons (HCs) being on the
top of the list due to the intensity of damage caused by them [5].
HCs contamination has increased owning to industrial and acci-
dental releases with severe environmental consequences, especially
in developing countries. According to a comprehensive review by
Mojiri and team (2019), polyaromatic hydrocarbons (PAHs) range
from 0.03 ng·L1 as found in Southeastern Japan Sea, Japan, to
8,310,000 ng·L1 from a wastewater treatment plant at Siloam, South
Africa [6]. Petroleum HCs badly affect air, soil, surface, and ground-

water with excessive biological and chemical oxygen demands (BOD
and COD) measured in effluent water [7-10].

Remediation of contaminated sites has remained a prime objec-
tive of scientists around the globe. Physical and chemical technol-
ogies, like boom, skimmers, sorbents, separators, dispersants, and
emulsions, have been used for effective remediation. However, con-
ventional methods are not universally applicable, cost-effective, and
eco-friendly. Biological treatment methods may provide an envi-
ronmentally sustainable approach [9]. This promising technology
uses biological machinery like microorganisms (bacteria, fungi) and
plants to remove contamination from the environment [10-13].
The rate and the extent of biological degradation depend upon the
metabolic ability of the organisms involved [13]. For bioremedia-
tion, utilizing suitable indigenous microorganisms is the key to effec-
tive removal. The indigenous microbial community demonstrates
metabolic capability for using a variety of petroleum hydrocarbons
by aerobic or anaerobic pathways as an energy source [14]. Various
researchers have used individual or combinations of microbial spe-
cies to achieve biodegradation in a liquid medium and confirmed
better degradation potential of indigenous isolates due to their accli-
matized nature [15-17]. Their community flourishes due to the vari-
ety of substrates and metabolites provided by hydrocarbon degrada-
tion. Thus, isolating and identifying indigenous differential microbes
for hydrocarbon degradation is a long-recognized method.
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A typical bioremediation process can take weeks to months to
successfully remove the desired pollutants [18]. The application of
indigenous isolates often provides us with the best results in reduc-
ing harmful hydrocarbon contamination [16]. In a pilot study for
bioremediation of hydrocarbon contaminated soil, the indigenous
isolates degraded 94% of the contamination after 191 days of the
experiment [19]. However, the process relies upon selecting efficient
microbes since poor selection can significantly impact the results
[20]. Hydrocarbon degrading microorganisms could be divided
into two broad categories, i.e., first, highly specialized in hydrocar-
bon degradation, and second, capable of thriving on a wide range
of carbon sources. Accustomed microorganisms can increase the
decomposing efficiency while decreasing the time required to reach
the optimum rate. Fu et al. [21] suggested that surface adsorption
of hydrocarbons is crucial before internal uptake and biodegrada-
tion. Surface adsorption dominates the rate of biodegradation in
the early stage. However, the biodegradation rate supersedes in the
later stages, where specific bacterial catabolic enzymes (oxygenases
and hydroxylases) degrade the complex hydrocarbons. Kinetic mod-
els, such as the Monod model, have been applied widely in envi-
ronmental engineering, especially in bioremediation, representing
and explaining bacterial growth in engineered systems [22]. The
application of kinetics provides a theoretical framework to design
[23] and optimize conditions in the pilot-scale microbial study [24].
Monod kinetics is an effective modal to quantify bacterial efficacy
with kinetic parameters such as half-saturation rate constant (Ks)
and maximum specific growth rate (max) [17]. Effective hydrocar-
bon degraders, including members of Pseudomonas, Arthrobacter,
Acinetobacter, Nocardia, Corynebacterium, Bacillus, and Mycobac-
terium genera, have been reported in previous studies showing up
to 98% degradation [14]. The degradation capability of microbes
(bacterial and fungal) is also linked with the type of hydrocarbon
with ease of degradation as linear alkanes<branched alkanes<small
aromatics<cyclic alkanes. Compounds, for instance, PAH, are gen-
erally recalcitrant [25].

The current study deals with isolating and identifying indigenous
bacteria and assessing their metabolic capacity to degrade petro-
leum HCs faster. We hypothesized that isolation from the hydro-
carbon-contaminated site would provide us with bacteria with high
tolerance and degradation ability due to their acclimatized nature.
These pre-acclimatized bacteria would be effective at a higher dose
with rapid degradation, even for recalcitrant hydrocarbons found
in diesel fuel. Monod model would be used for growth kinetics for
comparative assessment between best degraders. Using bacterial
isolates to treat HCs contaminated water can provide a low-cost
system while reusing wastewater without freshwater consumption.

MATERIALS AND METHODS

1. Sample Collection and Chemicals
All solution and media preparation were done with autoclaved

distilled water. Chemicals used for experimental analysis were pro-
cured from Sigma Aldrich Chemical®. Soil and wastewater samples
were collected from Attock Oil refinery, Rawalpindi (33.552215 -
73.068799; 33.536363 -73.079141). Soil samples were locked in
Ziploc bags, while wastewater samples were collected in sterilized

bottles, placed on ice, and stored at 4 oC before further analysis (EC,
pH, COD, BOD, etc).
2. Isolation and Biochemical Characterization

For bacterial isolation, soil samples were prepared by serial dilu-
tion in autoclaved distilled water and ultimately incubated for 24 h
on nutrient agar at 36 oC. After 24 h, the bacterial cultures were
separated, and 15 bacterial isolates were selected based on their
distinct morphological features such as shape, size, and color [26].
Bacterial isolates were sub-cultured thrice to ensure the purity of
each strain, and biochemical tests were performed to differentiate
among the isolates [27].
3. Identification through 16S rRNA Gene Sequencing

To identify the most efficient bacterial species, isolates were
streaked using the plate streak method onto the nutrient agar and
incubated for 24 hrs [28]. Genomic DNA was extracted from iso-
lates using standard molecular techniques. For molecular charac-
terization, PCR amplification was performed with 0.2M each of
forwarding primer 27F (5'-AGA GTT TGA TCM TGG CTC AG-
3') and reversed primer 1492R (5'-TAC GGY TAC CTT GTT ACG
ACT T-3'). The remaining procedure was followed as described in
the previous study [26]. The obtained gene sequence was subjected
to phylogenetic analysis. The evolutionary history was inferred using
the maximum likelihood method based on the Jukes-Cantor model
[29]. The tree with the highest log-likelihood was prepared, and
evolutionary analyses were conducted in MEGA7 [30].
4. Screening for Diesel Tolerant Species

For screening experiments, 15 morphologically distinct isolates
were selected and tested for their tolerance on a solid media com-
promising of simple agar plates without any additional nutrient/
carbon source. Sterile filter papers (Whatman No 1) soaked with
filter-sterile diesel were placed on the lid of each inverted Petri plate
and incubated for seven days. The saturated filter papers supplied
HCs through the vapor phase at 36 oC, acting as the sole carbon
source. Un-inoculated control was also set up along with inocu-
lated control with no diesel substrate.
5. Diesel Biodegradation and Bacterial Growth Kinetics

M.S.M. liquid media (4 g of NaNO3, 1.5 g of KH2PO4, 0.5 g of
Na2HPO4, 0.0011 g of FeSO4·7H2O, 0.2 g of MgSO4·7H2O, and
0.01 g of CaCl2 per liter of water) was used in all degradation batch
experiments [31]. Each bacterial isolate was trialed with controls
(positive and negative) with 1% inoculum after adjusting pH to 7.0
[26]. Those isolates with high diesel tolerance were subjected to
1% (v/v) and 3% (v/v) diesel. The final experiment of the bacterial
consortium was carried out with inoculates mixed at a 1 : 1 ratio
with a 1% diesel dosage. Aluminum foils were used to cover flasks
to avoid photodegradation through light exposure [26]. Samples
were withdrawn from experimental and control groups to deter-
mine bacterial growth. Using the spread plate technique, CFU mL1

was determined at predefined time intervals. The diesel degrada-
tion involved using gas chromatography (GC-MS).

To investigate the exponential growth of the isolates on diesel
HCs, the Monod equation (Eq. (1)) was applied:

(1)

where  defines specific growth rate (hr1), max is maximum specific
growth rate (hr1), S is known as substrate concentration (mmol·

   max S / Ks   S 
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L1) at time t, and Ks denotes half-saturation coefficient (mmol·L1)
[32].  is calculated by Eq. (2):

(2)

Doubling time (td) is calculated by Eq. (3) by plotting ln (dX) vs.
time [23].

(3)

6. Sample Extraction and Analysis of Residual Diesel Oil Using
GC-MS

2 mL samples were taken at specified time intervals to study the
diesel degradation trend. The culture present in the medium was
removed by centrifugation, followed by extracting the liquid oil with
n-hexane (1 : 1) [14,33]. Ultimately, excess water was removed by
using Na2SO4 [8,9]. Degradation was assessed using GC-MS by
injecting 1mL of the sample. M.S. capillary column dimensions were
30m*25mm*0.25m with an injector split ratio of 40 :1. The ini-
tial oven temperature of 40 oC was programmed to rise to 270 oC [34]
at the rate of 8 oC, where it was held for 5min [35]. The injection tem-
perature was 120 oC, while the ion source and interface temperature
were 235 oC. The carrier gas used for diesel determination was Helium
(He). The diesel degradation ratio was calculated using Eq. (4):

(4)

The relationship describes the degradation ratio where C0 and C1

represent the diesel oil in the control and test samples [36].

RESULTS

1. Sample Analysis and Isolation
The soil microbial community is influenced by soil physio-chem-

ical characteristics, including pH and temperature, which govern

microbial activity and diversity [20]. Samples collected for this study
from diesel polluted soil and water were analyzed for physio-
chemical characteristics (EC, pH, COD, BOD). The pH of water
and soil was found to be 7.6 and 7.9, while electrical conductivity
was about 391 and 449S, respectively. Often, contaminated soil
with diesel, the pH values were 8 [37]. The water sample’s COD
was 7,384 mg L1, while the BOD level was 4,430 mg L1. Micro-
bial growth was obtained after enrichment from soil and water
medium. Changes in bacterial communities in soil and water me-
dium as compared to controls have been reported as a result of
contamination. These changes resulted from the reduction of cer-
tain microbes that were incompetent to some hydrocarbon frac-
tions. Thus, only those who survived could consume these fractions
[38,39]. After enrichment, fifteen surviving bacterial isolates were
selected for biochemical analysis. Their characteristics, along with
morphological features, are provided in Table 1.
2. Screening Test

Indigenous strains are found to be more efficient degraders in
comparison with exogenous strains for removing hydrocarbons.
Higher efficiency owns to their exposure and adaptation to the
contaminants [20]. After 48 hrs incubation, only 7 out of the 15
isolated indigenous bacterial strains showed significant growth on
agar amended with diesel. Those flourishing with distinct colonies
included A1, C3, E5, H8, J10, N14, and O15. E5 showed abundant
growth in a period of 48 h. Although J10 had developed by 48 hrs,
it was not selected for the further experiment as only relatively weak
growth was recorded. No growth was monitored during the inves-
tigation for the un-inoculated (control group).
3. Identification

The 16s rRNA gene sequencing of the best bio-degraders revealed
that the isolated strains belonged to the Bacillus genera (Fig. 1).
4. Diesel Biodegradation and Bacterial Growth Kinetics

Diesel was used as a sole substrate on an incubator shaker with

dX/dT  X

td  2ln /

n  
Co   C1

C0
----------------
 
 

 * 100

Table 1. Morphological features and biochemical test results of bacterial isolates
Isolation
media Samples Shape Size Color Margin Elevation Texture Appearance Gram

+/-
Oxidase

+/-
Catalase

+/-

Water

A1 Circular Small Yellow Entire Pulvinate Smooth Dull + - +
B2 Circular Moderate Yellow Entire Convex Rough Dull + - +

C3 Irregular Moderate White Undulate Umbonate Rough
Shinny

inner-outer
dull

+ - +

D4 Irregular Large White Undulate Raised Rough Dull + - +
E5 Circular Small White Entire Convex Smooth Shiny + + +
F6 Irregular Moderate Off white Lobate Raised Rough Shiny + + +
G7 Filamentous Moderate White Rhizoid Raised Rough Shiny + + +

Soil

H8 Filamentous Moderate Cream Lobate Pulvinate Smooth Shiny + + +
I9 Irregular Small Tan Undulate Umbonate Moist Dull + + +
J10 Circular Small Cream Entire Pulvinate Smooth Shiny + + +
K11 Filamentous Large White Rhizoid Raised Smooth Shiny + + +
L12 Filamentous Moderate Light pink Rhizoid Convex Smooth Shiny + + +
M13 Rhizoid Small Light pink Filamentous Convex Smooth Shiny + + +
N14 Irregular Moderate White Undulate Convex Smooth Shiny + - +
O15 Irregular Moderate White Lobate Convex Smooth Shiny + - +
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M.S.M. for biodegradation studies. Upon exposure to diesel sup-
plemented M.S.M., only two bacterial isolates substantially rose in
CFU mL1. N14 died instantaneously within the next six hours, which
could be attributed to changes in pH, oxygen levels in the M.S.M.,
etc. Bacterial strains capable of surviving and growing in higher
petroleum concentrations are limited since only particular microbes
have the degradation capability. Thus, it is feasible to obtain strains
from diesel contaminated sites that potentially degrade hydrocar-
bons [40].

Moreover, these strains take days to consume the desired con-
taminant. In a study conducted on Pseudomonas aeruginosa, with
optimum conditions provided (pH 7 and 30 oC temperature), the
isolate degraded up to 60% of the provided diesel substrate (8,500
mg/kg) over 13 days [41,42]. Valer and Loana [43] observed 83%
degradation for petroleum hydrocarbons (PHCs) over 12 weeks
after inoculation with Pseudomonas and Bacillus spp.

Further experiments were carried out on the two prosperous
isolates, Bacillus E5 (MK387180) and Bacillus A1 (MK583607). When
investigated to survive in 1% (Fig. 2(a)) and 3% (Fig. 2(b)) diesel
environment, Bacillus A1 failed to survive at 3% (v/v) diesel con-
centration. However, in the case of Bacillus E5, its CFU mL1 in-
creased by about 30% upon exposure to more carbon sources. In
soil contaminated with petroleum hydrocarbons, Bacillus strains
often increase as increased utilization activates the growth, as re-
ported by in-situ bioremediation studies. The Bacillus species are
advantageous microbial populations due to their degradation ability
and are also found at different depths in the soil. In recent experi-
ments, B. thuringiensis has been reported to degrade Phenanthrene
in batch flasks culture experiment, and almost complete (97.3%)
removal was achieved in approximately 10 days [44]. In another
study, B. cereus and B. subtilis were able to degrade more than 70%
and 80%, respectively, within 15 days at pH 7 and 37 oC tempera-
ture [45].

Four phases can describe the bacterial growth pattern: lag, log,
stationary, and death. Microorganisms exhibit different growth

curves depending upon species and environmental conditions [46].
The growth curve of the Bacillus isolates (A1 and E5) on diesel mim-
icked the bacterial growth curve consisting of a lag, log, and sta-
tionary phases followed by a decline in growth for the dose experi-
ment. A shorter lag phase was observed until 4 hr for 1% and 5 hr
for 3% for the E5 isolate. As the isolates were previously exposed to
diesel and thus, they may have instantly adjusted to the new envi-
ronment and grew exponentially. During this period, no signifi-
cant increase in microbial number was observed. The log phase,
which lasted until 15 hr for 3% diesel, demonstrated an exponen-

Fig. 1. Molecular phylogenetic analysis by maximum likelihood method.

Fig. 2. (a) Shows 1% diesel dose of strain E5 and A1; (b) shows the
growth of strain E5 in CFU mL1 at 3% diesel concentration.
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tial increase in growth with doubling time up to 5.39 hr for Bacil-
lus E5, while time was found to be 7.77 hr with max, 0.129 hr1.
Both isolates observed a short lag phase followed by a short sta-
tionary phase leading to the death phase. Lag phase for B. subtilis
(InaCC-B289) has been reported between 4 and 24 hrs on nutri-
ent agar incubation at 37 oC [47]. In a study by Iqbal and team
[27] on 1.0% diesel dose, no significant increase in biomass was
observed during the lag phase because this phase may have acted
as a period of acclimatization for the bacterial strain during induc-
tion of enzymes for diesel as a substrate. Short lag phases up to 5 hr
before logarithmic growth have been observed for Bacillus species
by Ismail and coworkers [48]. It was observed that bacteria grow-
ing at higher temperatures show fast growth rates and short lag
phases [49]. Also, bacteria isolated from the harsh environment
tend to be versatile in substrate consumption, thus taking less time
to adjust and showing higher degradation rates [50].

In the consortium experiment, neither of the two species, Bacil-
lus A1 and E5, was able to multiply exponentially under the given
conditions, and eventually, both were wiped out. In a consortium,
members of the same population tend to compete to acquire simi-

lar nutrients, and nutrition is the major point for microbial com-
petition. The theory predicts that competing microorganisms can
be completely wiped out under specific ratios of nutrient concen-
trations over time [51], as observed in our study. The increase in
bacterial populations is linked to the concentration of contaminants
[44,52]. Higher diesel concentration means more available carbon
sources for the isolates to grow on. Although elevating diesel con-
centrations provides more carbon, it also leads to toxicity; thus,
cellular growth drastically drops for most microbes [53]. The loss
of degradation activity can be deduced that a higher concentration
of diesel is toxic for microorganisms due to the solvent effect as it
destroys the cell membrane. It may also damage cells or disrupt the
integrity of the membrane at higher concentrations [45]. Moreover,
some bacteria are not capable enough to compete for required nutri-
ents; thus, a decline in growth is observed [20].

Monod kinetic model was applied to investigate Bacillus E5 and
A1 growth kinetics by plotting the graph ln (CFU mL1) vs. incu-
bation period. As shown in Fig. 3, for Bacillus E5 at 1% dose, max

was 0.1133 hr1 and 0.0522 hr1 for Bacillus A1, while the doubling
time was 6.1178 hrs and 13.2787 hrs, respectively. A study on crude

Fig. 3. Growth kinetic results of (a) strain E5 and (b) A1 over 1% diesel dose.
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oil using Bacillus species by Sakthipriya and team [23] demon-
strated specific growth rates up to 0.075±0.0016 hr1 at 35 oC.
Similarly, doubling time of 9.25±0.12 hr1, max of 0.388 hr1, and
R2 of 0.9764 were reported for Pseudomonas putida (MTCC 1194)
[54]. Also, bacterial-specific growth for initial diesel concentrations
of 1.0% (v/v) was found to be 0.0665 hr1 with a cell doubling time
of 10.42 h by Iqbal and coworkers [27]. Results from our study illus-
trate that the Monod model efficiently represents bacterial efficiency.
Rivera and team [55] reported that B. thuringiensis species have com-
plications due to cellular variations in batch experiments. There-
fore, the Monod kinetic model could best describe the bacterial
growth kinetics.
5. Degradation Analysis of 3% (v/v) Diesel with E5 Strain

GC-MS analysis of diesel oil extracted during the experimenta-
tion revealed its composition, which ranged from C10 to C27 as shown
in Fig. 4. The lighter compounds were found at initial retention time,
followed by heavier compounds with increased retention time. The
substrate exposed to Bacillus E5 showed a decline in the intensity
of characteristic peaks revealing a significant degradation of die-
sel. Within the short period of 16 hours, an average of 60% of 3%
(v/v) diesel was degraded. Bacillus E5 could degrade heavier com-

pounds of C24 and C26 to about 72% and 68%. While CFU mL1

coincides with these results as it had substantially increased to sixty-
four thousand by the 14th hour. The peaks obtained at different reten-
tion times at 0 and 16th h were analyzed, shown in Table 2, with
their proposed chemical structure. However, maximum degrada-
tion was achieved for C11 to C16. A significant rise in the bacterial
population was observed during the same period of 4-16 hrs (see
Fig. 2), indicating that the acclimatized bacterial strain instantly
adjusted themselves to a higher dose, multiplied, and consumed the
substrate present very quickly. Their fast growth correlated with the
degradation ability and consuming diesel as a food source.

As shown in Fig. 5, all the compounds ranging from C11 to C27

were degraded by the Bacillus isolate E5 within 16 hours. It was
observed that C14 was the most consumed compound among all,
with 86% degradation, while C16 was removed at around 75%. How-
ever, C27 is the least degraded among all compounds. Diesel hy-
drocarbons, including C11-14, C16, C20, C24, C26 were best degraded
(50-88%) by cultures of Bacillus E5, while others C18, C21, C27 (32-
48%) were least degraded. None of the microbes could consume
every hydrocarbon as biodegradation extents rely upon the enzy-
matic activity. Since enzymes are microbe specific, the ability to

Fig. 4. GCMS profiles of initial and residual concentration of 3% diesel for Bacillus E5.

Table 2. Diesel degradation by Bacillus E5 in M.S.M. (3% diesel dose)
Carbon. No Name of compounds Chemical structure Percentage degradation

C11 Undecane 48%
C12 Dodecane 73%
C13 Tridecane 50%
C14 Tetradecane 88%
C16 Hexadecane 75%
C18 Octadecane 45%
C20 Eicosane 55%

C21 Hexadecane 2,6,11,15-tetramethyl 49%

C24 Tetracosane 72%
C26 1-Hexacosanol 68%
C27 Heptacosane 32%
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biodegrade hydrocarbon depends upon the type of enzymes [26].
Various investigations reported that simpler fractions found in die-
sel-like alkanes and aromatics are easier to degrade and thus are
degraded before the complex fractions [27,56-59]. Although dif-
ferent hydrocarbons had variable removal rates, lower compounds
(C7-C11) were often biodegraded completely [27,60,61]. In this study,
it was observed that the overall degradation of lighter alkanes (C12-23)
was more significant than heavier alkanes (C24-29), as reported by
[14,61]. The substantial biodegradation was achieved in the initial
period of 15 hrs, emphasizing the importance of utilizing this bac-
terial species as a step forward in biodegradation studies.

The incomplete consumption of smaller compounds may be
attributed to lower bioavailability and miscibility over bacterial mem-
branes, as reported by various researchers [27,14]. The heavier com-
pounds were consumed less since degradation of more complex
fractions can be a little problematic [27]. Toxic intermediates can
also be produced that can have a negative impact on the degrada-
tion process. Consequently, it contributes to the lowest degrada-
tion rates for complex fractions [14]. The inability to degrade and
consume aromatic structures indicates that the degradation of these

Fig. 5. Degradation profile of 3% diesel by Bacillus E5.

Table 3. Comparison of hydrocarbon degradation assessments

Carbon
No. Alkane Bacillus E5

(This study)

Corynebacterium
variable

[65]

Mixed
consortium

[66]

E. aurantiacum
[67]

B. cepacia
[67]

Cellulosimicrobium
cellulans

[14]

Acinetobacter
baumannii

[14]
C11 Undecane 48% 043% >70% 069% 084% 90%.0 88.9%
C12 Dodecane 73% 089% >68% 068% 085% 91.4% 90%.0
C13 Tridecane 50% 094% >65% - - 90.4% 88.2%
C14 Tetradecane 88% 100% >70% 081% 091% 24.6% 18.5%
C16 Hexadecane 75% 088% >65% 065% 073% 20.3% 0.2%0
C18 Octadecane 45% 073% - 100% 100% 93.3% 91.7%
C20 Eicosane 55% 047% - 058% 063% 17.9 % 7.9%

C21

Hexadecane
2,6,11,15-
tetramethyl

49% 035% - - - - -

C24 Tetracosane 72% 012% - 057% 056% 11.8% 88.8%
C26 1-Hexacosanol 68% - - - - 41.3% 30%.0
C27 Heptacosane 32% - - - - 46.7% 35.9%

Conditions 3%, 180 RPM,
37 oC in 16 h

1%, 180 RPM,
30 oC in 7 days

10%, 300 RPM,
25 oC in 7 days

1%, 120 RPM,
30 oC in 15 days

2%, 120 RPM
32 oC in 10 days

compounds is thermodynamically not favorable [62].
The biodegradation rates can be linked to different hydrocarbon

structures and chain lengths for which microbes require different
degradative enzymes; this can also explain the difference in biodeg-
radation rates [24,27]. It has been reported that bacteria degrade
carbon compounds ranging from C14-20 as an energy source [63].
Pseudomonas sp. J10 degraded about 69% diesel in 48 hrs with a
maximum specific bacterial growth rate of about 0.0644 hr1 and
half velocity constant (Ks) as 4,570 mg L1 [27]. Bacillus sp. is known
to degrade hydrocarbon with high capability. B. subtilis [53] could
biodegrade diesel compounds between C9-C12 to about 80% and
above, with the highest removal of 87% for C10. While for C14-19,
between 60-80% biodegradation took place while heavier molecu-
lar weight compounds, more significant than C19 removal rates,
ranged from 40-60%. Overall, the removal efficiency for 3% (v/v)
diesel fuel for Bacillus E5 was about 50% in our experiment. Anal-
ysis of degraded oil samples through gas chromatography con-
firmed degradation rate up to 66% in 21 days, with Bacillus sp. on
an orbital shaker at 120 RPM and 22 oC [38]. Bacillus A1 was able
to degrade compounds between C15-19 to 97%, indicating capabil-
ity for consumption of diverse ranges of HCs found in crude oil
[63]. The lowest degradation was observed for heavier compounds
such as C28 (15.46%) with the highest removal rates (81.87-89.48%)
for C12-17 hydrocarbons (from 49.88-76.47%) [60]. Mid-chain n-
alkanes (C13-19) found in diesel fuel were favored in degradation as
up to 90% was consumed by Pseudomonas sp. in eight days. The
lighter fraction found at initial retention time was less consumed
with a degradation rate of C9-10 degraded by 30%, while C11 degraded
by more than 40% [62]. Acinetobacter calcoaceticus CA16 degraded
about 82-92% of long chain HCs (CnHn+2; where n=12-18) in four
weeks. A study reports that about 13-43% degradation was visual-
ized for C12-C18, respectively, as compared to controls after two weeks,
while after four weeks, 82-93% degradation was achieved against
88% abiotic control groups [64].
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This study observed that crucial compounds were either mostly
degraded or, to a certain extent, within a short period compared
to other studies, which took days to achieve the same task as rep-
resented in Table 3.

CONCLUSION

MK583607 and MK387180 identified as Bacillus genera survived
in harsh diesel conditions, suggesting bacterial selectivity for a car-
bon source. GC-MS analysis revealed that about 72% and 68%
heavier compounds of C24 and C26 were consumed by Bacillus sp.
E5 (MK387180). While consumption of C14 (Tetradecane) was 88%,
C16 (Hexadecane) was 75%, suggesting that it can also thrive on a
broad spectrum of hydrocarbons. E5 (MK387180) confirmed bac-
terial stability in the media compared to control. Many hydrocar-
bon-degrading microbes fail to consume the available carbon source
in such a short time and thus show slow degradation. This can be
due to a strong inability to utilize available petroleum hydrocarbon
and failure to withstand high concentrations. Generally, isolates
require at least seven days to achieve an overall sufficient degrada-
tion rate. However, these indigenous isolate strains which have been
pre-exposed can act as a breakthrough to reduce the time required
to consume and degrade the contaminant.
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