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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are reportedly toxic, ubiquitous and organic
compounds that can persist in the environment and are released largely due to the incomplete
combustion of fossil fuel. There is a range of microorganisms that are capable of degrading low
molecular weight PAHs, such as naphthalene; however, fewer were reported to degrade higher
molecular weight PAHs. Bacillus spp. has shown to be effective in neutralizing polluted streams con-
taining hydrocarbons. Following the growing regulatory requirement to meet the PAH specification
upon disposal of contaminated soil, the following study aimed to identify potential Bacillus strains
that could effectively remediate low and high molecular weight PAHs from the soil. Six potential
hydrocarbon-degrading strains were formulated into two prototypes and tested for the ability to
remove PAHs from industry-contaminated soil. Following the dosing of each respective soil system
with prototypes 1 and 2, the samples were analyzed for PAH concentration over 11 weeks against
an un-augmented control system. After 11 weeks, the control system indicated the presence of
naphthalene (3.11 ug-kg 1), phenanthrene (24.47 pug-kg 1), fluoranthene (17.80 ug-kg~!) and pyrene
(28.92 ug-kg~1), which illustrated the recalcitrant nature of aromatic hydrocarbons. The soil system
dosed with prototype 2 was capable of completely degrading (100%) naphthalene, phenanthrene and
pyrene over the experimental period. However, the accumulation of PAHs, namely phenanthrene,
fluoranthene and pyrene, were observed using prototype 1. The results showed that prototype 2,
consisting of a combination of Bacillus cereus and Bacillus subtilis strains, was more effective in the
biodegradation of PAHs and intermediate products. Furthermore, the bio-augmented system dosed
with prototype 2 showed an improvement in the overall degradation (10-50%) of PAHs, naphthalene,
phenanthrene and pyrene, over the un-augmented control system. The following study demonstrates
the potential of using Bacillus spp. in a bioremediation solution for sites contaminated with PAHs
and informs the use of biological additives for large-scale environmental remediation.

Keywords: Bacillus; bioremediation; hydrocarbon pollution; polycyclic aromatic hydrocarbons; PAH
biological removal

1. Introduction

Environmental damage due to oil spills has resulted in the need for sustainable strate-
gies to rehabilitate contaminated sites. Contamination of the environment with oil results
in pollution, which affects terrestrial and marine life, commercial fisheries, recreational
resources and public health. The oil can also contaminate run-off water to the sewer,
which results in an increase in total petroleum hydrocarbon (TPH) concentration. Globally,
the concentration of petroleum hydrocarbons contaminating soil ranges between 1.2 and
237 g-kg~! [1]. Industry operations are therefore threatened by the growing regulatory
requirements for safe and responsible disposal of contaminated soil and water and overall
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preservation of the environment. Currently, the presence of volatile organic compounds
(VOCs) and semi-volatile organic compounds (sVOCs) are prohibited in discharged trade
effluent in South Africa [2], and a range of lower limits are also stipulated for TPH con-
taminating trade effluent and polycyclic aromatic hydrocarbons (PAHs) contaminating
soil [3]. PAHs, specifically, are reportedly toxic, ubiquitous and organic compounds that
can persist in the environment and are released into the environment largely due to the
incomplete combustion of fossil fuel. Petroleum hydrocarbons, such as PAHs, also occur in
high concentrations in petroleum sludge. The improper disposal of petroleum sludge has
a negative effect on the environment, such as modification in the chemical and physical
properties of soil, resulting in nutrient deficiency and stunted growth of vegetation. High
viscous petroleum sludge is also easily entrained in the soil due to its porosity [4].

There is a range of microorganisms that are capable of degrading low molecular
weight PAHs, such as naphthalene; however, fewer microorganisms have been observed to
degrade higher molecular weight PAHs [5]. Toxic compounds, such as fluoranthene, are a
major component of petroleum sludge and is a non-alternant high molecular weight PAH
that has a five-member ring. Fluoranthene, including other high molecular weight PAHs,
such as pyrene, benzo(a)pyrene and benzo(b)fluoranthene, are generally recalcitrant and
resistant to microbial attack and are detrimental to the environment and human health [6].

Microbial populations from various genera have been detected in petroleum-contaminated
soil and water, which suggests the ability of the organisms to use hydrocarbon compounds
as a substrate for survival [7,8]. Isolated bacteria from brackish water capable of hydrocar-
bon degradation included Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter, Bacillus,
Brevibacterium, Corynebacterium, Enterobacter, Escherichia, Flavobacterium, Norcadia, Pseu-
domonas, Staphylococcus and Vibrio [8]. Bacteria were also found to degrade crude oil
from a polluted water stream and included Pseudomonas fluorescens, P. aeruginosa, Bacillus
subtilis, Bacillus spp., Alcaligenes sp., Acinetobacter lwoffi, Flavobacterium sp., Micrococcus
roseus and Corynebacterium sp. [9]. The most important hydrocarbon-degrading genera in
soil environments include Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter, Bacillus,
Burkholderia, Collimonas, Corynebacterium, Dietzia, Flavobacterium, Gordonia, Micrococcus,
Mycobacterium, Nocardia, Nocardioides, Pseudomonas, Ralstonia, Rhodococcus, Sphingomonas
and Variovorax [10-12]. Bioremediation is therefore suggested as an approach for remedi-
ation of contaminated soil sites due to the conversion of contaminants to harmless end
products. Biodegradation of the hydrocarbons by natural populations of microorganisms
is considered the primary mechanism for the removal of hydrocarbon pollutants from
the environment [9]. The identification of PAH-degrading microorganisms specifically is
significant in the development of effective remediation technologies [13]. Bacillus spp.,
in particular, were previously identified from polluted streams containing hydrocarbons
and are known for their bioremediating properties [9,14]. In the study by Masika et al,,
Bacillus spp. were shown to effectively remediate TPH from contaminated effluent from
industry [15]. The biodegradation within soil systems, however, is more complex due to
interactions between the soil matrix and hydrocarbons [10,16]. A few studies reported
the use of Bacillus spp. to degrade toxic PAHs specifically. In the study by Habib et al,,
Bacillus megaterium could degrade 72.44% of pyrene within 7 days [17]. In another study by
Tarafdar et al., Bacillus thuringiensis was shown to degrade anthracene, one of the 16 United
States Environmental Protection Agency’s (EPA) priority chemicals [18].

While the bio-augmentation of contaminated soil using indigenous Bacillus spp. is
suggested as a feasible solution to enhance existing microbial populations and improve
the degradation of PAHs, it is necessary to demonstrate bioremediation effectiveness
in controlled bio-augmented small-scale systems. This is required to inform the use of
biological products for large-scale applications, in comparison to traditional methods.

The main goal of this research was to compare the removal of low and high molecular
weight PAHs, using known Bacillus spp. as mixed consortia in bio-augmented systems.
Two consortia of indigenous Bacillus spp. containing nutrient additives were developed
and tested in the treatment of soil contaminated with greases, oils and fuel, obtained from a
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selected industry site. It was hypothesized that the application of microbial populations of
Bacillus strains previously used to treat TPH in contaminated water [15] would effectively
remediate PAHSs from contaminated soil.

2. Research Design

Following the aim of the research and hypothesis, the proposed research approach
to evaluate PAHs was aligned to previous research, according to Masika et al. [15]. The
core studies and focus of the research presented in this paper included the formulation of
two product prototypes (Bacillus spp.) and the evaluation of PAH degradation potential in
small-scale soil systems (Figure 1).

. . . * Bacillus sp. focused research
1. Microbial strain

screening

» Based on previous research accordingto Masika (2020)
¢ Flask studies and selection of suitable TPH degraders

* Selection of suitable strains for cultivationat 30 L scale

-{ | * Monosepticcultivations of strains of a high titre |
4. Downstream { ¢ Removal of media components and formulationinto a

2. Strain selection

3. Strain cultivation

processing viable product intermediate

5. CORE study:
Formulationinto
product prototypes

* Formulation based on previous screening, application
studies and research according to Masika (2020)

6. CORE study:
Evaluation of
product prototypes

* Assessment of PAH degradation in small scale soil
systems

Figure 1. Proposed research design for evaluation of PAH degradation.

3. Materials and Methods
3.1. Microbial Strain Selection
3.1.1. Sampling and Isolation

Soil and water samples were collected from various hydrocarbon-contaminated en-
vironments across Gauteng (South Africa). A total of 38 sites were visited. Selective
screening and isolation were performed using a modified protocol developed to obtain
spore-forming Bacillus species (spp.) from environmental samples [19], as described in the
study by Masika et al. [15]. Liquid samples (1 mL) were processed by mixing and transfer-
ring to sterile tryptone soy broth (TSB), soil samples (1 g) were weighed and transferred,
whereas swab samples were added directly to the sterile media. The inoculated media
(200 mL TSB each contained in Erlenmeyer flasks) were incubated on a rotary platform
shaker at 32 °C and 180 rpm for a period of 5 days. For selective isolation of Bacillus spp. a
sample (4 mL) of the culture broth containing spores was added to 9 mL of sterile nutrient
broth (Unilab; prepared at a concentration of 16 g-L~! sterilized for 15 min at 121 °C)
contained in a McCartney bottle. The suspension was vortexed, and a sample (4 mL) was
transferred to a sterile empty Falcon tube and incubated in an oven (Series 2000, Scientific,
Johannesburg, South Africa) for 30 min at 45 °C. Following incubation, the sample was
removed from the oven, and a 50% v-v~! ethanol solution was added to make up to a final
volume of 20 mL. The mixture was then incubated at room temperature for 60 min to allow
for the dehydration of cells. Following dehydration, the tubes were centrifuged, and the
supernatant was decanted and discarded. The remaining pellet was dried to evaporate
any residual ethanol. The pellet was reconstituted in sterile water, serial dilutions were
performed, and the dilutions were plated onto nutrient agar supplemented with polymyxin
B, which aided the growth of the bacteria. Plates were incubated for 48 h. Colonies that ger-
minated after the isolation were purified by passaging on plate count agar (PCA). Isolates
were screened and selected based on colony morphology, gram stain, qualitative catalase
enzyme activity and sporulation efficiency. The catalase test was conducted on all purified
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microorganisms according to the methods outlined by Lalloo et al. [20]. This technique
was used to potentially differentiate Bacillus spp. (catalase positive) from non-Bacillus spp.
(catalase-negative).

3.1.2. Molecular Identification

Following the preliminary assessment of hydrocarbon degradation, molecular identifi-
cation of selected isolates was performed (Inqaba Biotec, Pretoria, South Africa). DNA was
extracted, and the 16S target region was amplified using DreamTaq™ DNA Polymerase
(Thermo Fisher Scientific, Massachusetts, USA), and the primers used were Forward 27F:
AGAGTTTGATCCTGGCTCAG and Reverse 1492R: GGTTACCTTGTTACGACT. PCR
products were gel extracted (Zymo Research, Zymoclean™ Gel DNA Recovery Kit, Cal-
ifornia, Irvine, CA, USA) and sequenced in the forward and reverse directions on the
ABI PRISM™ 3500x] Genetic Analyzer. Purified sequencing products (Zymo Research,
ZR-96 DNA Sequencing Clean-up Kit™, Irvine, CA, USA) were analyzed using CLC Main
Workbench 7 followed by Basic Local Alignment Search Tool (BLAST) search using the
database produced by The National Center for Biotechnology Information (NCBI). The
BLAST results were used to draw a phylogenetic tree to compare the sequence homologies
to B. cereus, B. thuringiensis and B. anthracis. The Bacillus strains were stored as master cell
banks in cryovials (2 mL) at —80 °C as part of the Council for Scientific and Industrial
Research (CSIR, Pretoria, South Africa) culture collection.

3.1.3. Strain Selection Based on Preliminary Hydrocarbon Degradation

According to Figure 1, the following microbial strain screening and selection approach
was used. A total of 115 presumed Bacillus species were isolated and purified from the en-
vironmental samples. Of the 115 isolates tested, approximately 97% tested Gram-positive,
100% tested positive for catalase activity and 94% were spore forming. These Bacillus strains
were stored in the culture collection above and further assessed for their hydrocarbon
degradation efficacy. The colorimetric screening was used to rapidly screen for potential
hydrocarbon-degrading bacteria using the redox indicator, 2,6 dichlorophenol indophenol
(2,6 DCPIP) in Bushnell-Haas (BH) media together with a hydrocarbon substrate [17].
Following this method, 20 potential strains were identified. These strains were subjected to
further testing by measuring the performance using diesel as the hydrocarbon substrate.
For each strain, sterile tryptone soy broth (TSB) (30 g-L~!) was supplemented with hy-
drocarbon substrate (1 -0~ %) and inoculated. The cultures were incubated, and at the
desired cell concentration, 1 mL of each culture was extracted and added into a 6-well
plate containing BH media. The plates were further incubated, and samples were extracted
at 0 and 16 h in order to determine the degradation of total petroleum hydrocarbons
(TPH). For the purpose of screening and selection, gas chromatography (GC) analysis
was performed using the Agilent 7890A GC system plus 7693 Autosampler, equipped
with flame ionization detector (FID), using the fused silica capillary column Rxi-1ms with
dimensions of 30 m x 0.25 mm x ID 1.0 um (Restek, Bellefonte, PA, USA). The standard
used was the total recoverable petroleum hydrocarbons (TRPH) standard (Restek, PA,
USA). Hydrocarbon degrading strains were selected based on the methodology. A total of
six strains, based on their performance, were finally selected for further evaluation.

3.2. High Cell Density Batch Cultivation
3.2.1. Fermentation Process for the Production of Hydrocarbon-Degrading Strains at
30 L Scale

High cell density batch fermentations were performed for each strain selected above us-
ing Biostat C-DCU 30 L (working volume) bioreactors (Sartorius Stedim Biotech, Goettingen,
Germany). For each strain, sterile growth media was prepared in a 2 L Fernbach flask. For
the preparation of the inoculum, each cryopreserved strain, stored at —80 °C in the CSIR
culture collection, was used to inoculate a flask above, which was subsequently incubated
at 32 °C and 180 rpm on an Innova 2300 rotary platform shaker (New Brunswick Scientific,
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St Albans, UK). The initial volume of each bioreactor consisted of sterile liquid media
composed of salts, a nitrogen source and antifoam. A separately sterilized carbon solution
was added to the media following in situ sterilization. At the desired transfer age, inoculum
for each strain was transferred into the respective bioreactor. The pH was maintained at 6.8
using 10% v-v~! HySOy or 25% v-v~! NH4OH. The air-flow rate was set at approximately
1.6 v-v~!-min~!. The stirrer speed was gradually ramped up to 800 rpm, and dissolved
oxygen concentration above 30% saturation was maintained. The cultivation temperature
was maintained at 32 °C, and each strain was cultivated until complete sporulation was
achieved. Each culture was then stabilized and the fermentation broth was harvested from
the respective bioreactor.

3.2.2. Strain Recovery

Solid-liquid separation of the fermentation broth was performed using centrifugation.
For each strain, the fermentation broth was centrifuged using a BRPX-207 disc stack cen-
trifuge (Alfa Laval, Lund, Sweden) operated at a bowl speed of 6158 rpm. The fermentation
broth was fed from a holding tank into the centrifuge at a flow rate of 120 L-h~!. The
pellet from within the centrifuge bowl was automatically purged every 20 min. The optical
density (OD) of the supernatant was measured to limit losses to <10%. The final recovered
pellet was used for the production of the product prototypes.

3.3. Preparation of Mixed Culture Prototypes for Efficacy Testing

The solid pellet fraction obtained after centrifugation, as described in Section 3.2.2, was
used to prepare the mixed culture prototypes. The pellet containing spores of each organism
were reconstituted in a nutrient activation mix containing key proteins, carbohydrates and
minerals, and formulated to a viable cell concentration of 1 x 108 CFU-mL~!. Two microbial
prototypes were formulated by mixing equal proportions of each purified bacterial culture
as follows:

Prototype 1 consisted of Bacillus velezensis strains GPA7.1 and GPA6.2, as well as,
Bacillus subtilis strain GPA11.2.

Prototype 2 consisted of Bacillus subtilis strains P402 and D014, as well as, Bacillus
cereus strain P401.

The two product prototypes were used to treat hydrocarbon contaminated soil and
tested against the untreated (or un-augmented) negative control system (referred to as
control in the following results).

3.4. In Vitro Hydrocarbon Degradation Assessment

Following the preparation of two product prototypes consisting of Bacillus strains,
the study was performed to test the hypothesis that application of microbial populations
of Bacillus strains previously used to treat TPH in contaminated water would effectively
remediate PAHSs from contaminated soil.

3.4.1. Assessment and Source of Contaminated Soil

The following study was conducted on hydrocarbon contaminated soil obtained from
a selected industry site in Johannesburg, South Africa (GPS coordinates, S 26°8/33.918”,
E 28°12/25.369”). The hydrocarbon contamination is attributable to the maintenance and
cleaning of heavy industrial equipment. The unsterilized soil was excavated, and all visible
surface litter removed.

3.4.2. Configuration and Setup of Bench-Scale Evaluation System

Approximately 250 g of a representative sample of the soil was dispensed into a
250 mL Schott bottle and analyzed for PAHs according to USEPA Method 8270E [21]. Once
the soil was confirmed for the presence of petroleum hydrocarbons (>1%), the study was
conducted over 11 weeks. Equal quantities (8.5 kg) of the contaminated soil samples were
dispensed into three plastic containers to maintain a depth of approximately 4 cm. Two
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times per week

Controlled temp.

30°C Evaporation Water CcOo,
Controlled rel.

humidity 60% A A A

soil test systems were inoculated with 0.1% (m-m~1) of prototypes 1 and 2, respectively,
at the start of the trial. The remaining control test system was left un-augmented for
the duration of the study. Water (20 mL) was added to each test system to maintain a
soil moisture content of 10-15% (m-m™1), according to [7,22]. For each test system, the
biological prototypes and water were thoroughly mixed into the soil. Each test system was
covered with a perforated plastic lid and placed in an incubation room at 30 °C with a
relative humidity of 60% for the duration of the trial (Figure 2).

g Contained system with
i perforated lid

—> Sampling once a week

Dosage (0.1%) of product 1- 2 s, oo Measured pH
> Biomass ) . oo’eg,o B E— Measured moisture
gowthy) Contaminated soil s, content
Dosage of water once per week —|

Figure 2. Diagrammatic representation of test system.

3.4.3. Monitoring and Evaluation of the Test Systems

For the inoculated test systems, the respective prototypes were dosed (0.1% on a dry
basis) into the soil once a week for the first five weeks and twice a week thereafter. Water
was dosed once a week according to Equation (2) (Section 3.4.4 (b)) to maintain moisture
content between 10-15% (m-m~!) for the duration of the study. Each system was toiled on
a weekly basis, and samples (250 g) were taken weekly using 250 mL Schott bottles, sealed
and analyzed thereafter. One replicate was performed for each treatment due to the large
volume of soil sample required for extraction and analysis of hydrocarbons and to prevent
disturbances within the system. The samples were measured externally at a SANAS (South
African National Accreditation System) accredited laboratory that is used frequently by
the industry to determine whether environmental samples are within specification.

3.4.4. Analyses
(@) pH

The dissolution pH and moisture content were monitored for the duration of the study.
The procedure for pH analysis was adapted using the USEPA Method 9045D [23], whereby
20 g of soil was added to 20 mL of distilled water contained in a Schott bottle with a stirrer.

The soil suspension was continuously stirred for 5 min and then left to stand for 15 min.
The aqueous phase (~20 mL) was removed by decanting into a sterile McCartney bottle.

(b) Moisture content

The moisture content was determined using a Mettler Toledo Excellence HS153 Mois-
ture analyzer (Mettler Toledo, Columbus, OH, USA). Two grams of the soil sample from
the bulk soil was used to perform the analyses. The instrument was set at the following
conditions; drying temperature: 105 °C, switch-off criterion: 1 mg/50 s, moisture content:
moisture content (%) on a dry weight basis. The drying process was initiated, and once
the drying process was complete (approximately 8-10 min), the moisture content (%) was
recorded. The mass of the soil on a dry basis was calculated according to Equation (1).
Water was added to each test system on a dry basis according to Equation (2).

Mass of the sample (dry basis)

)

(1 __ measured moisture con[em‘) X 1Mass Of the sample (wet bﬂSiS)

Mass of water to be added ’
_ (0'15 __ measured mi)(i)t(:]mre conrent) X 1Mass Of bulk soil (dl’y basis) ( )
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(c) PAH concentration

Polycyclic aromatic hydrocarbons were extracted from the soil samples (250 g) and
measured according to the modified USEPA Method 8270E [21]. Analyses were per-
formed using the Bruker 450-C GC and Bruker 300 MS systems (Bruker Corporation, MA,
USA), respectively, and the fused silica capillary column Rxi-55il MS with dimensions of
30 m x 0.25 mm x ID 0.25 pm (Restek, PA, USA). The injection volume was between 0.5
and 2 uL, and the inlet flow rate was 100 mL-min~! (split flow). A full scan MS mode was
used (m/z 35-500). The method of analysis used was specifically for the assessment of PAH
degradation in small-scale soil systems (Figure 1).

(d) Statistical methods

Regression analysis was used to compare the slopes and standard error of the regressed
hydrocarbon concentrations over 11 weeks across the control and test systems, according
to the methods outlined by Andrade and Estévez-Pérez [24].

4. Results and Discussion
4.1. Microbial Strain Identification and Preliminary Assessment of Hydrocarbon Degradation

The BLAST search of 6 Bacillus strains selected for evaluation showed ~100% sequence
similarity (16S rRNA) to known deposited sequences in the NCBI, and their identification
was confirmed at a species level to cereus, subtilis and velezensis (Table 1). Strains GPA7.1
and GPA6.2 demonstrated TRPH degradation >90%; this was followed by GPA11.2 with
degradation >80% and finally D014 and P402 with degradations >70%. The results ob-
tained are aligned to the literature findings on Bacillus spp. hydrocarbon degradation.
According to the literature, the most important hydrocarbon-degrading bacterial genera
in soil environments include Bacillus spp. [10,11,25]. A typical substrate for Bacillus spp.
includes toluene and crude oil [10].

Table 1. Molecular identification of strains and TRPH degradation (%) after 16 h.

Strain Molecular Identification TRPH (%)
GPA7.1 Bacillus velezensis 92.94 +1.23
GPA11.2 Bacillus subtilis 84.86 + 1.84
GPA6.2 Bacillus velezensis 95.99 4+ 0.48

P401 Bacillus cereus 65.65 + 6.30

D014 Bacillus subtilis 78.83 + 4.50

P402 Bacillus subtilis 78.83 £ 4.50

4.2. High Cell Density Cultivations of Selected Strains

All six strains were successfully cultivated to a high cell density of >10 g-L~! dry cell
weight in 30 L bioreactors, compared to accepted biomass production of >1 g-L ™! as per
the literature findings [26]. The fermentation time taken to reach the target cell density for
each strain was between 38 and 46 h post-inoculation. High cell density, also indicated by
cell concentration (cell-mL~!), and high sporulation efficiency is required to cost-effectively
formulate products to a market-accepted viable cell concentration (>1 x 108 CFU-mL~!) in
order for the product to be efficacious and meet end-user requirements. The process leading
from a vegetative bacterial cell to a spore is triggered by the depletion of the cell’s nutrient
source or changes in aspects of the environment. In the spore form, microorganisms are
virtually metabolically inactive. Spores are preferred in product formulation as they exhibit
a higher degree of resistance to inactivation from physical sources, such as heat, UV or
extreme desiccation, therefore exhibiting great longevity, which is useful for product shelf-
life [27]. All strains cultivated exceeded the target cell concentration of 1.0 x 1010 cell-mL 1.
Strains GPA7.1, GPA11.2, GPA6.2 and P401 obtained a high sporulation efficiency (>90%)
(Table 2); according to Escobar [28], high sporulation efficiency is classified as being >85%.
All cultivations were deemed acceptable for the purpose of testing hydrocarbon-degrading
potential in soil.
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Table 2. Summary of cell concentration (celllmL~1) and sporulation efficiency (%) obtained post-
fermentation for the selected strains.

Strain Final Cell Concentration (Cell-mL~1) Sporulation Efficiency (%)
GPA7.1 2.29 x 1010 90
GPA11.2 1.62 x 1010 91

GPA6.2 1.51 x 1010 76

P401 2.10 x 1010 95

D014 3.3 x 1010 92

P402 1.84 x 1010 81

4.3. In Vitro Hydrocarbon Degradation Assessment of Prototypes Containing Mixed Cultures
4.3.1. Assessment of PAH Contaminants in Soil

PAHs occur in high concentrations near coal gasification sites and tar oil distillation
plants. PAHs emanating from fuel combustion, automobiles, spillage of petroleum products
and waste incineration are also significant sources of pollution into the environment [29].
Construction equipment and activities contribute to the contamination of soil with greases,
oils and fuels, which contain PAHs [30]. Furthermore, the combustion of fuels, particularly
when using construction equipment, results in the accumulation of PAHs in the surface
layer of soil [31]. The research findings are consistent with the initial analyses of the
contaminated soil obtained from an industry site that rents out construction equipment.
The initial analyses indicated a significant concentration of PAH contaminants in the soil
(Table 3).

Table 3. Concentrations of aromatic and PAH contaminants in the soil.

Hydrocarbon Concentration (ug-kg=1) Chemical Description MOI(e;:::gIY‘flght
CH3 CHs
M+P Xylene 19 @\ 106.16
CHg
CHs
O-Xylene 18 @/CH3 106.16
CHs

CH,
1,24 Trimethyl benzene 19 120.19

CHs
Naphthalene 29 128.17

Phenanthrene 46 QGO 178.23
Fluoranthene 34 0’8 202.25

Pyrene 70 “ 202.26
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According to specifications stipulated and reported for the protection of water, for
industry and for protection of ecosystems in South Africa [3], the conclusion drawn was that
the initial concentration of contaminants in the soil exceeded certain limits specified for the
protection of ecosystems. The study was conducted to determine whether the hydrocarbons
could be remediated for the protection of natural ecosystems and to determine the efficacies
of the respective treatment systems.

4.3.2. Removal of Polycyclic Aromatic Hydrocarbons in Test Systems

After 74 days, test systems utilizing both prototypes 1 and 2 showed degradation at
varying degrees versus the untreated negative control system. Results from the test system
showed that the compounds, namely M+P Xylene, O-Xylene and 1,2,4-trimethyl benzene,
were completely removed from all three systems after 14 days. The complete removal of
M+P Xylene, O-Xylene and 1,2,4-trimethyl benzene from all three systems is attributed
to their low molecular weight (Table 3) and volatility versus the high molecular weight
aromatics; generally, an increase in a PAH molecular weight results in a corresponding
increase in hydrophobicity and electrochemical stability [6,32]. After 74 days, the control
system indicated the presence of naphthalene (3.11 ug-kg '), phenanthrene (24.47 ug-kg =),
fluoranthene (17.80 pg-kg~!) and pyrene (28.92 ug-kg!); PAH degradation of naphthalene
was 89.30%, and degradation of the remaining three compounds was between 45% and 60%
(Figure 3). This illustrates the recalcitrant nature of aromatic hydrocarbons and justifies the
requirement for biological treatment. Any removal of hydrocarbons in the control system
could be attributed to bioremediation by natural populations of microorganisms occurring
in the soil; these removal efficiencies of the natural population were further enhanced by
maintaining optimum moisture, temperature and humidity conditions [9]. Regression
analysis showed no significant difference in the rate of degradation (mg~L’l ~h’1), deter-
mined by inferring slope and standard error values, between the untreated negative control
system and test systems utilizing prototypes 1 and 2 (p-value > 0.05). Hydrocarbon degra-
dation generally follows non-linear regression due to the formation of intermediates, and
therefore drawing conclusions based solely on the rate of degradation was insufficient [18].
The differences in control and test systems were therefore attributed to the absence or
presence of PAHs after 74 days, according to Figure 3. The intermediates formed during
the test period and the specific degradation pathways of the strains used in the product
prototypes were outside the scope of this study.

The accumulation of PAHs, namely phenanthrene, fluoranthene and pyrene, were
observed after 74 days of treatment using prototype 1 (Figure 4), and there was no im-
provement in degradation versus the control. In comparison, prototype 2 was capable of
completely degrading (100%) naphthalene, phenanthrene and pyrene (Figure 5). The accu-
mulation of one compound, namely fluoranthene, after 74 days of treatment, was observed
in the control system (47.81% degradation) and while using prototype 1 (25.58% degra-
dation) and prototype 2 (28.05% degradation). However, the results are consistent with
findings from the literature, where the reported efficiency of degradation for soil bacteria is
between 0.13% and 50% [9]. In the study performed by Rabodonirina et al., bacterial strains
identified in soil, including Bacillus simplex and Bacillus pumilus, achieved degradation
(%) of low molecular weight PAHs fluorene (65-86%) and phenanthrene (86-95%) after a
72 day incubation period; however, no significant degradation was observed for higher
molecular weight PAHs [33]. According to Gupta et al., Bacillus spp. were reported to
degrade the high molecular weight PAH, pyrene, from soil up to 48% [34]. The performance
of prototype 2 was therefore deemed suitable when comparing the degradation (%) of
PAHs using Bacillus spp. reported in the literature.
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Figure 3. Polycyclic aromatic hydrocarbon (PAH) concentrations (ug-kg 1) for the control and test
systems after 74 days. n = 1.

Interestingly, PAH degradation (%) using prototype 1 decreased with an increase in the
molecular weight of the compound, which demonstrates the difficulty in degrading higher
molecular weight compounds using prototype 1. Hydrocarbons differ in their susceptibil-
ity to microbial attack and can generally be ranked in the following order of decreasing
susceptibility: n-alkanes > branched alkanes > low molecular weight aromatics > cyclic
alkanes > high molecular weight aromatics [10]. Therefore, high molecular weight aro-
matics are the most difficult to break down. The microbial degradation of low molecular
weight PAHs, such as naphthalene and phenanthrene, has been well documented and the
biochemical pathways elucidated [14,29]. However, the environmental persistence of PAHs
increases as their molecular size increases to four or five benzene rings, indicating that
chemical and biological degradation is slow due to only a limited number of microbes or
microbial populations being able to degrade these compounds. It has also been shown that
low molecular weight hydrocarbons can be metabolized by pure strains, whereas higher
molecular weight organisms may depend on the combination of different populations [5].
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Figure 4. Polycyclic aromatic hydrocarbon (PAH) degradation (%) using prototype 1 versus the
control system after 74 days. n = 1.

Prototypes 1 and 2, were both formulated using only Bacillus spp. however, only
prototype 2 was successful in the complete degradation (100%) of the three compounds,
namely naphthalene, phenanthrene and pyrene, under the subjected environmental condi-
tions and performed better than the untreated negative control system. The degradation
of hydrocarbons from the control system can be attributed to the natural population of
microorganisms in the soil, as well as the evaporation of hydrocarbons from the system.
Therefore, the net improvement in the degradation of hydrocarbons using prototype 2 can
be calculated by considering the efficiency of the control system. Improvements in degra-
dation when using prototype 2 over the control system were 10.71%, 53.04% and 41.19%
for naphthalene, phenanthrene and pyrene, respectively. Prototype 2 was unsuccessful
in the removal of fluoranthene. Prototype 1 was selected for testing based on the ability
to degrade hydrocarbons between 84% and 96% (Table 1) in a water system; however,
the accumulation of PAHs was observed in a soil system treated with prototype 1. It
is therefore postulated that the hydrocarbon-degrading efficacy of microorganisms dif-
fers in water and soil systems. A contributing factor to the difference in performance
between the prototypes includes the contaminant (hydrocarbon) bioavailability. Microbial
surfactants can promote the bacterial growth of petroleum hydrocarbons by increasing
surface area between oil and water through emulsification, which results in an increase of
the contaminant bioavailability to the degrading microorganisms [16]. If this mechanism
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of degradation is adopted, then the removal of hydrocarbons needs to be promoted by
(1) availability of the contaminant and (2) accessibility of the contaminant. The composition
of the product added must not limit the accessibility of the contaminant; the composition
of the soil (containing clay particles, for example) may also affect the accessibility of the
contaminant. It is possible the soil constituents in particular, could be detrimental to the
growth of the microorganisms. With fine soil particles, the pores between the grains are
smaller, restricting the flow of water and gas; this leads to a lack of oxygen in the soil [7].
Furthermore, it was also found that the presence of certain hydrocarbons may have an
inhibitory effect on overall degradation [14].

Prototype 2

110
100 - — — —
90 -
& 80
.5 70 -
.‘g 60 —
o
o 50 -
S
E 40 -
a 30 4
20 -
10
0 T T T T
@ [1}] ()] [1F]
| c o [ o
g 2 - o
g £ 0t @
= © @
o c o
@ ] =
=2 f ™
Compound
I Control

[ 1 Prototype 2

Figure 5. Polycyclic aromatic hydrocarbon (PAH) degradation (%) using prototype 2 versus the
control system after 74 days. n = 1.

The performance of prototype 2 consisting of Bacillus spp. was favorable when consid-
ering the degradation (%) achieved using other microorganisms reported in the literature.
Numerous fungal species, such as Mycobacterium sp., were reported to degrade PAHs [35].
The transformation of PAHs using fungal species may involve several enzymatic path-
ways [35]. The degradation (%) of PAHs from media containing pyrene and phenanthrene
by Mycobacterium sp. was demonstrated using two-phase partitioning bioreactors under
optimum conditions [36]; pyrene and phenanthrene were completely degraded (100%)
between a 70-80 h test period. In the study by Kim and Lee, initial experiments indicated a
58% degradation of phenanthrene by Penicillium sp. and 35% degradation of phenanthrene
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by Aspergillus terreus [37]. In PAH contaminated soil, Penicillium sp. alone resulted in the
degradation (%) of four PAHs, namely anthracene (45%), fluoranthene (15%), phenan-
threne (64%) and pyrene (46.5%), after a five-week period [37]. Whereas, Penicillium sp.
co-cultured with Rhodococcus sp. resulted in the more efficient degradation (%) of an-
thracene (66.7%), fluoranthene (16%), phenanthrene (72.8%) and pyrene (68.4%) [37]. Both
Moycobacterium and Rhodococcus species have glycolipids in their cell walls, which may
contribute to the interaction with hydrophobic PAHs and subsequent uptake [36]. In the
study by Ma et al., Pseudomonas sp. was cultivated in enriched media containing PAHs and
was shown to degrade more than 90% of fluorene and phenanthrene, and approximately
40% of anthracene at 18, 28 and 37 °C during the 96 h test period [38]. Notably, the dosage
regime and performance of prototype 2 consisting of Bacillus spp. can be simulated for
real-world applications compared to other microorganisms reported in the literature.

The biotransformation pathways of Bacillus spp. contributing to the differences
in performance of the two product prototypes is also not fully understood. Typically,
hydrocarbon-utilizing bacteria will accumulate hydrocarbons within the cell and assim-
ilate the compounds for normal cell functioning [9,32] however, the biotransformation
pathway of aromatic compounds using a diverse microbial population is complex [14].
Furthermore, intermediate hydrocarbon product formation was observed between 28 and
74 days of treatment due to the synthesis of hydrocarbons using various elucidated path-
ways [14,29,32]. In general, PAHs are recalcitrant due to complex mixtures of compounds
that co-exist [29], and therefore, it is postulated that while prototype 2 was capable of
completely degrading three higher molecular weight compounds, it was unable to com-
pletely degrade fluoranthene due to the dynamics within the system that were outside
the scope of this study. Deoxygenases are responsible for the aerobic oxidation of lower
molecular weight aromatic hydrocarbons compounds; genes encoding these deoxygenases
have been cloned and sequenced. Comparatively, less information is available on bacterial
genes encoding proteins for the degradation of higher molecular weight PAHs, such as
phenanthrene, anthracene, pyrene and fluoranthene.

5. Conclusions

Prototype 2 was more effective in degrading polycyclic aromatic hydrocarbons (PAHs),
including intermediate compounds, compared to prototype 1 and the un-augmented con-
trol system. Bio-augmentation using prototype 2 resulted in the degradation of naphthalene
(100%), phenanthrene (100%) and pyrene (100%). This confirms the improved performance
of biologically augmented soil systems. However, this is strain and consortia dependent,
and therefore the research hypothesis that top-performing TPH degrading strains can
effectively degrade PAHs holds true for prototype 2 only. In a dynamic system consisting
of naturally occurring microbial populations and varying environmental conditions, proto-
type 2 is more suited to degrading high molecular weight contaminants and recalcitrant
intermediates from the soil. A bio-augmented soil system using prototype 2 offers an im-
provement (%) in naphthalene, phenanthrene and pyrene removal, over the un-augmented
natural system, of 10.71%, 53.04% and 41.19%, respectively. Further work is required in
determining the optimum consortium requirements for fluoranthene degradation. The
following study contributes to the evidence that Bacillus spp. could be effective in re-
moving hydrocarbons from contaminated sites. Development work underway includes
assessing the possibility of using these strains as commercially formulated products for the
bioremediation of polycyclic aromatic hydrocarbons.
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