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ARTICLE INFO ABSTRACT

Keywords: Despite the co-occurrence of polycyclic aromatic hydrocarbons (PAHs) and benzene, toluene, ethylbenzene, and
C_O'C‘fﬂtamif‘aﬁo“ xylene (BTEX) in the field, to date, knowledge on the bioremediation of benzene and benzo[a]pyrene (BaP)
B}ostm};ﬂ;tll'on mixed contaminants is limited. In this study, the mechanisms underlying the biodegradation of benzene and BaP
E;Ozay:;: ility under individual and co-contaminated conditions followed by the enhanced biodegradation using methanol,

ethanol, and vegetable oil as biostimulants were investigated. The results demonstrated that the benzene
biodegradation was highly reduced under the co-contaminated condition compared to the individual benzene
contamination, whereas the BaP biodegradation was slightly enhanced with the co-contamination of benzene.
Moreover, biostimulation significantly improved the biodegradation of both contaminants under co-
contaminated conditions. A trend of significant reduction in the bioavailable BaP contents was observed in all
biostimulant-enhanced groups, implying that the bioavailable BaP was the preferred biodegradable BaP fraction.
Furthermore, the enzymatic activity analysis revealed a significant increase in lipase and dehydrogenase (DHA)
activities, as well as a reduction in the catalase and polyphenol oxidase, suggesting that the increased hydrolysis
of fats and proton transfer, as well as the reduced oxidative stress, contributed to the enhanced benzene and BaP
biodegradation in the vegetable oil treatment. In addition, the microbial composition analysis results demon-
strated that the enriched functional genera contributed to the increased biodegradation efficiency, and the
functional genera in the microbial consortium responded differently to different biostimulants, and competitive
growth was observed in the biostimulant-enhanced treatments. In addition, the enrichment of Pseudomonas and
Rhodococcus species was noticed during the biostimulation of benzene and BaP co-contamination soil, and was
positively correlated with the DHA enzyme activities, indicating that these species encode DHA genes which
contributed to the higher biodegradation. In conclusion, multiple lines of evidence were provided to shed light
on the mechanisms of biostimulant-enhanced biodegradation of PAHs and BTEX co-contamination with native
microbial consortiums.

Microbial consortium
Microbial metabolisms

1. Introduction pyrene (BaP) and benzene, among all PAHs and BTEX, are the most
commonly detected and toxic to human health (ATSDR, 2019). They

Polycyclic aromatic hydrocarbons (PAHs) and BTEX (benzene, have been widely spread due to anthropogenic activities at gas stations,
toluene, ethylbenzene, and xylene) are organic compounds that have steel-making factories, the coal chemical industry, and rural tunnels
long been known as hazardous to threaten human health. Benzol[a] (traffic-related emissions) (Chen et al., 2018; Dobaradaran et al., 2021;
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Gaga et al., 2018; Liu et al., 2019b; Williams & Khodier, 2020). Benzene
and BaP can co-exist due to petroleum oil exploitation, smelting oper-
ations, and thermal activities (Baranger et al., 2021; Chen et al., 2018;
Muller et al., 2017), resulting in their co-contamination in soil. Both BaP
and benzene have low water solubilities and can persist in soil in
non-aqueous-phase liquids (NAPLs), tar, or solid particles (Russold et al.,
2006; Lominchar et al., 2018; Perini et al., 2020; Sharma et al., 2020).
Due to the detections of mixed contamination in the soil, as well as their
high carcinogenicity and teratogenicity, there is an urgent need for the
remediation of these mixed contaminants.

Bioremediation is the use of microorganisms to remediate contami-
nants from different environmental media (Subashchandrabose et al.,
2019; Wu et al., 2019), which is a cost-effective and eco-friendly
remediation approach for xenobiotics, including BaP and benzene
from the environment (Baranger et al., 2021; Zegzouti et al., 2020).
However, the lack of easily degradable substrates reduces microbial
activities, thereby resulting in slow degradation (Paneque et al., 2020;
Rodriguez-Morgado et al., 2015; Zeng et al., 2021). Therefore, sub-
strates in the form of carbon/nutrients have been applied to enhance the
bioremediation capability of microorganisms. The addition of substrates
to the contaminated site, known as biostimulation (Ali et al., 2022;
Paneque et al., 2020), can promote microbial and enzymatic activities
under high contamination conditions by acting as the energy-providing
metabolite and reducing the concentration of hazardous contaminants
(Liu et al., 2019a; Zhao et al., 2019). Several biostimulants, including
vegetable oil (Borden, 2007; Kao et al., 2016; Pfeiffer et al., 2005),
ethanol (Cardenas et al., 2008; Song et al., 2021), and methanol (Zhao
et al., 2019; Zhao et al., 2018), have been used to enhance the biodeg-
radation of different contaminants.

Numerous studies reported the biostimulant-enhanced biodegrada-
tion of benzene under both aerobic conditions (e.g., Nicholson &
Fathepure, 2004; Yang et al., 2019) and anaerobic conditions using
carbon, nitrate, sulfate, or iron as electron acceptors (Xiong et al., 2012;
Muller et al., 2017; Xiong et al., 2017) (Table S1). Biostimulation has
been reported to have an inhibitory or stimulatory effect on microbial
diversities (Fu et al., 2021; Wu et al., 2017). For example (Fu et al.,
2021), reported that biostimulation can cause a reduction in diversity
indices (Fu et al., 2021). On the other hand, high concentrations of
contaminants create a toxic influence on microorganisms; therefore,
biostimulation of these contaminated soils has no effect on bacterial
indices (Song et al., 2021; Wu et al., 2019). Moreover, carbon-enriched
biostimulants can act as a rich source of energy, enhancing microbial
richness and diversity under different contaminated conditions (Song
et al.,, 2021; Wu et al., 2017). Therefore, it is essential to explore the
carbon-enriched biostimulants for the biodegradation of benzene and
BaP co-contaminated soil, and their consequent influence on microbial
structure and diversity.

Despite the co-occurrence of PAHs contaminants and BTEX in the
field (Baranger et al., 2021; Ali et al., 2022; Muller et al., 2017), to date,
knowledge of the biodegradation of benzene and BaP mixed contami-
nants and the mechanisms of their influence on bioremediation are
limited. Therefore, considering the importance of biostimulation and the
hazardous impact of benzene and BaP co-contamination, a series of
microcosm experiments were conducted using different biostimulants to
determine (1) the impact of BaP and benzene co-contamination on
bioremediation, (2) the enzymatic activities in BaP and benzene
co-contaminated soils under biostimulation, and (3) the microbial
community compositions and abundance under benzene and BaP
co-contamination conditions.

2. Materials and methods
2.1. Chemicals and reagents

Standard solutions of £16 PAHs, BaP, and benzene were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (99.9% pure) and
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n-hexane (95% pure) were supplied by Merck (Darmstadt, Germany).
Dichloromethane (99.8%) and n-butanol (99%) were obtained from
Aladdin Bio-Chem Technology Co. Ltd. (Shanghai, China). All the
chemicals used in this experiment were of analytical high-performance
liquid chromatography (HPLC) grade.

2.2. Soil sampling and preparation

The soil was collected from the BD-1458 site of a steel-making fac-
tory (Hangzhou, Zhejiang Province, China) at a depth of 1-2 m and air-
dried at room temperature. The air-dried sieved soil was analyzed for its
physical, chemical, and biological properties, including the concentra-
tions of 15 PAHs (Table S3). Despite the inclusion of 16 PAHs priority
pollutants, owing to detector constraints of HPLC, acenaphthylene was
not detected during the analysis. Therefore, 15 PAHs were analyzed
during the experiment. The average concentration of BaP and benzene in
the steel-making factory site is 50 mg kg~! each. However, the collected
soil contained 5.316 mg £15 PAHs kg ™!, and the BaP concentration was
lower than the contamination level of 50 mg kg ™. Also, none of the
benzene was detected in the collected soil samples. Therefore, the soil
was artificially spiked with BaP and benzene to reach the maximum
contamination level of 50 mg BaP kg ! soil and 50 mg benzene kg~ soil,
respectively, as described below.

2.3. Soil spiking

Artificial contamination was accomplished for both contaminants,
and 4 kg of soil was first spiked with 50 mg BaP kg™ ! according to the
procedure described previously (Picariello et al., 2020). Briefly, 2000
mg L ! standard solution was prepared by dissolving 0.2 g of BaP in 40
mL of acetone. Then, the standard solution was spiked with 320 g of soil
and mixed thoroughly, and the mixture was left overnight to evaporate
the acetone in fume-hood. Subsequently, the contaminated soil was
mixed with the remaining 3.6 kg of clean soil to obtain the final con-
centration of 50 mg BaP kg~! soil. Six random samples were collected
and analyzed for BaP concentration, which was found to be 48 + 0.02
mg kg™, The soil was kept in dark for three months to allow the
interaction of BaP with soil particles for aging prior to the experiment.
Similarly, benzene artificial contamination was done after the comple-
tion of the aging time for BaP. A 600 mg L~! standard benzene solution
was prepared using acetone as solvent. Then, a small amount of 600 mg
L7! standard solution was spiked with a known quantity of
BaP-contaminated soil to obtain 50 mg benzene kg™! soil as the final
concentration. The ratio of acetone and soil was selected in such a way
that the native microorganisms were less disturbed. The solution and
soil were gently mixed to equally distribute benzene and BaP throughout
the soil. Due to benzene volatilization, the soil was not kept for aging,
and the experiment was started directly after spiking the
BaP-contaminated soil with benzene.

2.4. Experimental setup

The BaP-benzene contaminants spiked soil (120 g) was placed in
250-mL identical bottles and sealed aseptically with blue rubber septa
and aluminum crimps covers. Prior to the benzene and BaP co-
contaminated experiment, a pre-experiment was conducted to find out
the biodegradation of individual and co-contamination of BaP and
benzene. The results have been explained in the supplementary file
(Section 3.1). In addition, a pre-experiment to evaluate the loss of BaP
due to the use of acetone as a solvent for BaP, which is a practice often
used for the preparation of artificially contaminated soil (Brinch et al.,
2002; Picariello et al., 2020; Olivito et al., 2021; Muller et al., 2022). It
was found the butanol-extractable BaP was 38.9 + 1.2 mg kg ™! in soils
without the addition of acetone after the three months of aging time.
However, the butanol extractable BaP was 43.4 + 1.7 mg kg~ * with the
addition of acetone. This indicated that the addition of acetone
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increased the butanol-extractable BaP by causing the desorption of BaP
from soil samples (Qin et al., 2020). For the co-contamination experi-
ment, different biostimulants including, ethanol, methanol, and vege-
table oil were used to enhance microbial activity, enzyme regulation,
and bioremediation of the co-contaminants, and were added directly
after the benzene spiking. Previous studies reported that these bio-
stimulants (ethanol, methanol, and vegetable oil) can be used by mi-
croorganisms as a preferential carbon source to enhance the
biodegrading capabilities of microorganisms (Table S2). The vegetable
oil (VO) used in this study was a byproduct from a factory producing
vegetable fat (recycled wasted vegetables) using plants such as beans
and palm trees, and the concentrations of different elements were
measured in VO (Table S3). A solution consisting of 300 mM ethanol and
methanol was prepared using sterile ultrapure milli-Q water and 40 mL
of the solution was added to the specified bottles to get the final 100 mM
concentration of methanol and ethanol, respectively. Due to the benzene
volatilization and BaP strict adsorption on the soil mineral and organic
fractions, a biocide (kill microorganisms) treatment was added to find
out the abiotic loss of benzene and BaP. Biocide treatment preparation
has been explained in detail in the supplementary information (SI).

Six treatments, including CK-1 (control-1 with no artificial benzene
and BaP added), CK-2 (control-2 with biocide), No-BS (bioremediation
with no biostimulant added), BS-ethanol (ethanol as the biostimulant),
BS-methanol (methanol as the biostimulant), BS-VO (vegetable oil as the
biostimulant), all 6 treatments each triplicate with artificial benzene and
BaP added, were set up in the lab. The concentrations of biostimulants
were 100 mM ethanol, 100 mM methanol, and 1% vegetable oil (w/w),
were selected according to previous studies (Dong et al., 2019; Harkness
and Fisher, 2013; Zhao et al., 2019; Zhao et al., 2018). To establish
biocide control (CK-2), 2000 mg HgCl, kg ™! was added to the selected
biocide treatment to inhibit microbial activities (Bianco et al., 2020). In
all the treatments, 40% moisture content was retained uniformly, and
the bottles were placed at room temperature in darkness to avoid the
photodegradation of contaminants. Temperature variations were
recorded on a daily basis as shown in (Fig. S1). The benzene and BaP
concentrations were analyzed at 1, 2, 4, 8, 16, 28, 40, and 60 days of the
incubation period.

2.5. Analytical methods

Butanol-extractable BaP is the bioavailable fraction of BaP for mi-
croorganisms to degrade (Duan et al., 2016). Butanol, total extractable
BaP (acetone/dichloromethane, 1:1 v/v), and 15 PAHs contents were
analyzed during the experiment (Umeh et al., 2018). Briefly, 1 g of
air-dried soil was extracted thrice with 10 mL of acetone and dichloro-
methane (1:1 v/v). After ultrasonication, the extracts were dried in a
rotary evaporator, followed by the addition of 2 mL of cyclohexane to
dissolve the residues. A column of silica gel was prepared and washed
with the mixture of n-hexane and dichloromethane (1:1 v/v) solution
prior to the addition of the dissolved residues. The eluate was dried
under a gentle stream of Ny and re-dissolved in acetonitrile solution
followed by dilution. The solution was filtered through a 2-mL syringe
with a 0.22-pm filter membrane. All the butanol, total extractable BaP,
and X15 PAHs concentrations were measured using the SPD-M20A
HPLC system (Shimadzu, Japan) with a fluorescent detector
(RF-10AXL) at excitation/emission wavelengths presented by (Huang
et al., 2013). To analyze the butanol-extractable fraction, 5 g of soil was
mixed with 7.5 mL of butanol, followed by vortex, ultrasonication, and
centrifugation (Duan et al., 2016). For the analysis of benzene in soil, 2 g
of soil was mixed with 10 mL of n-hexane/acetone (1:1 w/w) solution,
followed by vortex for 30 s, ultrasonication for 30 min, centrifugation at
3000 rpm, and filtration through 0.22-mm filter paper. The extract ob-
tained was analyzed through an Agilent gas chromatography-mass
spectrometer (GC-MS). The analytical conditions for the determination
of BaP, ¥15 PAHs, and benzene contents by HPLC and GC-MS are pre-
sented in the supplementary file.
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2.6. Enzymatic activities

To further explore the biostimulant-enhanced biodegradation of BaP
and benzene co-contaminants, the microbial and enzymatic activities
were analyzed in this study. Dehydrogenase (DHA), polyphenol oxidase
(PPO), catalase (CAT), and lipase (LPS) activities were measured using
the specified kits purchased from Beijing Solarbio Science & Technology
Co., Ltd. For the evaluation of DHA activity, 2,3,5-triphenyl tetrazolium
chloride was reduced to triphenyl formazone, followed by soil DHA
analysis at 485 nm (Sarkar et al., 2010). LPS activity was determined by
the hydrolysis of oil ester to fatty acids and the retransformation of fatty
acids through the copper soap method, and the final enzyme concen-
tration was analyzed at 710 nm. Soil CAT activity was analyzed by
scavenging the peroxide radical at 240 nm. Soil PPO was investigated by
the catalysis of pyrogallol into colored substances, and the final product
was analyzed at 430 nm using a 96-well micro-quartz plate (Sub-
ashchandrabose et al., 2019; Subashchandrabose et al., 2017).

2.7. DNA extraction, quantitative PCR amplification, and illumina high-
throughput sequencing

Soil total DNA extraction was accomplished in all samples to classify
the microbial diversity in each sample under different treatments. Fast
DNA SPIN Kit (MP Biomedicals, USA) was used to extract DNA from
each sample according to the manufacturer’s instructions. The extracted
DNA was verified quantitatively using a NanoDrop ND-2000 spectro-
photometer (NanoDrop Technologies, USA) based on spectral absor-
bance at 260 nm, and its quality was determined using agarose gel
electrophoresis. Then, the extracted DNA was dissolved in 80 pL of TE
buffer and stored at —20 °C until PCR amplification. The microbial
communities were assayed by Illumina MiSeq high-throughput
sequencing ([llumina Inc.). The V4 and V5 regions of the bacterial 16S
rRNA gene were PCR-amplified using the primers 338F and 806R as
described by (Lu et al., 2019). More information about sequencing is
presented in the supplementary file.

To quantify the 16S rRNA gene copy number, real-time quantitative
PCR (qPCR) was employed to determine the bacterial abundance using
the primers 5-TTCCCGAGTACGAGGGATAC and 5-TCACGTTGAT-
GAACGACAAA (Wang et al., 2018). Clones containing the 16S rRNA
gene copy numbers were prepared using Peasy-T1 Simple Cloning Kit
(TransGen Biotechnology Co., Ltd, China), according to the manufac-
turer’s instructions. The cloned strains were cultured to extract the
plasmid DNA. A standard solution was prepared using serial dilution
(10-fold) of the extracted plasmid DNA. The reaction mixture comprised
20 pL of ChamQTM SYBR Color qPCR Master Mix, 2 pL of template DNA
(1-10 ng), and 0.5 pmol of each primer. The conditions for the qPCR
were as follows: initial denaturation at 95 °C for 30 s and elongation for
39 cycles at 95 °C for 15 s, 56 °C for 30 s, and 72 °C for 30 s prior to the
final plate reading. The amplification efficiency (R? values) for 16S
rRNA genes copy number ranged from 0.998 to 0.999. The obtained data
were deposited in the national center for biotechnology sequence read
archive (NCBI-SRA) with accession number PRINA850664.

2.8. BaP and benzene degradation efficiency and kinetics evaluation

To explore the relationship between biostimulants and contaminants
degradation rate, a zero-order kinetic model was applied to fit the
bioremediation data. The biodegradation kinetic model can be given as
follows:
dc
dt t 0 0
where Cy is the initial concentration of benzene and BaP; C; is the
concentration of BaP and benzene at time t, and ko is the zero-order
kinetic rate constant. The half-life (t;,2) can be calculated as C0/2kg
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using zero-order kinetic equations. Moreover, the initial concentration
for BaP and benzene was analyzed after the completion of the BaP aging
period.

2.9. Statistical analysis

The analysis of the degradation of BaP and benzene under the
treatments of different biostimulants was performed through SPSS using
one-way and two-way ANOVA with a completely randomized design.
The mean differences were measured using <0.05 probability with the
least significant differences. Statistical analysis of the log;o of 16S rRNA
gene copy number and diversity indices were analyzed through one-way
ANOVA. Two-way ANOVA was used for the biodegradation of benzene,
BaP, and enzymatic activities. Spearman correlation analysis was done
to compare the dominant microorganisms, enzymatic activities, and
biodegradation potential of microorganisms. The top most abundant
genera were selected and the correlation including statistical analysis
was performed via Origin2021pro software.

3. Results and discussion
3.1. Biodegradation of benzene co-contaminated with BaP
3.1.1. BaP and benzene biodegradation efficiency

Co-contamination of BaP highly reduced the biodegradation of
benzene compared to the alone benzene contamination, as shown in
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(Fig. S2a). Alternatively, the presence of benzene slightly improved the
biodegradation of BaP in comparison to individual BaP contamination
(Fig. S2b). After the individual and co-contaminants biodegradation
analysis, another microcosm experiment was conducted, in which the
co-contaminated soil was subjected to biostimulation and the results
revealed that biostimulants significantly enhanced the biodegradation
of benzene under BaP co-contamination (Fig. 1a, Table S5). Among the
different biostimulant groups, the BS-VO group presented the highest
benzene biodegradation efficiency of 54.7% under mixed benzene and
BaP contamination. Similarly, methanol and ethanol applications also
effectively increased the biodegradation of benzene, with an efficiency
of 50.6% and 45.8%, respectively, whereas the lowest benzene
biodegradation was recorded in the No-BS group (36.9%). Reduced
biodegradation of benzene during the presence of BaP could be due to
the hazardous impact of BaP on microorganisms. Biostimulation
enhanced the microbial activity and capability to degrade hazardous
contaminants (Zhang & Lo, 2015; Zhao et al., 2018). Therefore, the
biodegradation of benzene was enhanced during biostimulation even in
the presence of BaP. Moreover, about 19% of benzene was lost from the
biocide group (CK-2), indicating the abiotic loss of benzene during the
incubation period (Fig. 1a). The maximum biodegradation of benzene in
the BS-VO group is in line with those reported by (Soares et al., 2010),
who illustrated that enhanced natural organic matter in soil effectively
reduced the volatilization loss and boosted benzene biodegradation.
Biodegradation of BaP was slightly enhanced during the presence of
benzene compared to individual BaP contamination (Fig. S2b). In
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addition, biostimulation further proliferated the biodegradation of BaP
during the co-contaminated conditions (Fig. 1b, Table S6). Among the
different treatments, the maximum BaP biodegradation efficiency
(46.2%) was observed in the BS-VO group after 60 days of incubation,
followed by the BS-methanol group (25.1%), whereas the lowest BaP
biodegradation was recorded in the No-BS group (13.6%). The presence
of a high amount of dissolved carbon, nitrogen, and other basic nutrients
for microbial cell proliferation in vegetable oil (Table S4) might
contribute to the efficient biodegradation of BaP co-contaminated with
benzene in the BS-VO group. The lowest BaP biodegradation was
recorded in the No BS group, which could be due to low microbial and
enzymatic activities under the contaminated site, thereby leading to a
low biodegradation rate.

The bioavailability constraint of benzene, owing to its high solubil-
ity, is less significant when compared with that of BaP (Khoramfar et al.,
2020; Wang et al., 2020a); therefore, benzene bioavailability was not
discussed in the present study. In contrast, the bioavailability of BaP is a
major constraint to its biodegradation, because BaP possesses a strong
affinity toward soil minerals and organic matter (Duan et al., 2016;
Umeh et al., 2019). Clay-sized particles and hard organic carbon in soil
can sequester BaP through physical adsorptions, entrapment, or occlu-
sion in the pores, thus reducing its bioavailability (Tarafdar & Sinha,
2018; Umeh et al., 2019; Wang et al., 2022b). It has been reported that
butanol-extractable BaP is the bioavailable fraction of BaP for microbial
degradation (Bianco et al., 2020; Umeh et al., 2018; Wang et al., 2020a).
In this study, the bioavailability of BaP, quantified as the n-butano-
l-extractable BaP, decreased with time in all the treatments (Fig. 1c),
indicating their degradation or strong adsorption onto soil minerals and
organic particles with the passage of time (Duan et al., 2016). Among the
different treatment groups, the highest reduction in bioavailable BaP
fraction was observed in the BS-VO group, followed by the BS-methanol
group, whereas a high level of bioavailable BaP was detected in the CK-2
(biocide) group. The reduction in the bioavailable BaP fraction with
time proved that the application of carbonaceous substrates enhanced
the biodegradation of bioavailable BaP (Bianco et al., 2020; Li et al.,
2021; Meng et al., 2019; Umeh et al., 2019). Correspondingly, Wang
et al. (2020a) reported that butanol-extractable BaP fraction could be
preferentially degraded by microorganisms when compared with other
extractable BaP fractions. Moreover, by comparing biocide and biotic
treatments for the bioavailable BaP, a significant difference among the
treatments was recorded as shown in (Fig. S3). Therefore, it was
concluded that the butanol-extractable BaP fraction was the preferred
BaP fraction for biodegradation and that addition of vegetable oil most
significantly enhanced the biodegradation of benzene-BaP mixed con-
taminants in soil.

3.1.2. BaP and benzene biodegradation kinetics

The BaP and benzene biodegradation kinetics (zero order kinetics)
were calculated to provide further insight into the biodegradation of
benzene and BaP co-contamination under different biostimulant treat-
ments. The biodegradation kinetics parameters, including Co, ko, t1,2,
and regression coefficients (Rz), are summarized in Table 1. The
degradation rate constant (ko) for benzene ranged from 0.294 to 0.406
mg kg~! day~!, and it is worth noting that the degradation rate of
benzene was much lower under the BaP and benzene co-contamination
condition when compared with that reported in previous studies. For
example, Yang et al. (2019) reported a 15 mg kg~ day™! benzene
degradation rate under aerobic conditions under individual benzene
contamination. Among the different co-contaminated treatments, the
highest benzene degradation rate was noted in the BS-VO group (ko =
0.406 mg kg~! day™ 1) under the co-contamination, followed by the
BS-methanol and BS-ethanol groups, whereas the lowest degradation
rate (ko = 0.294 mg kg~ * d~!) was recorded in the No-BS group. Based
on these biodegradation rates, the lowest half-life of benzene (t;,2 =
64.2 days) was recorded in the BS-methanol group, followed by the
BS-VO (67.7 days) group, whereas the highest t; » was observed in the
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Table 1
Benzene and BaP biodegradation kinetics under different biostimulant
treatments.

Type of Biostimulants  Zero-order kinetics: C; = Co — ko.t
contaminant Co (mg ko(mgkg™' iy R
kg ") " @

Benzene No-BS 50.9 0.294 86.6 0.966
BS-ethanol 50.7 0.337 75.2 0.912
BS-methanol 48.0 0.374 64.2 0.893
BS-VO 55.0 0.406 67.7 0.826

Benzo[a]pyrene No-BS 49.87 0.104 239.8 0.728
BS-ethanol 49.76 0.164 151.7 0.859
BS-methanol 49.90 0.192 129.9 0.838
BS-VO 49.85 0.353 70.6 0.902

where No-BS represents biodegradation with no biostimulant, BS-ethanol rep-
resents biodegradation with ethanol, BS-methanol represents biodegradation
with methanol, and BS-VO represents biodegradation with vegetable oil.

No-BS group. Vegetable oil and methanol can be preferentially used by
microorganisms as a carbon source, thus enhancing the biodegradation
of benzene under BaP and benzene co-contaminated conditions.

The best fitting for BaP biodegradation was found with the equations
of a zero-order kinetic model having regression coefficient (R?) ranging
from 0.728 to 0.902. It has been reported that the biodegradation of low-
ring PAHs is best fitted by the first-order kinetics, while that of high-ring
PAHs is supported by the zero-order kinetic model (Lu et al., 2012; Yuan
and Chang, 2007). Among the biostimulant groups, the BS-VO group
showed the highest degradation rate with a ko value of 0.353 mg
kg 'd™! and the corresponding lowest half-life (t;,2) of 70.6 days.
Similarly, the ko values in BS-methanol and BS-ethanol groups were
0.192 and 0.164 mg kg~ d~}, respectively, which were consistent with
the ko value (0.295-0.459 mg kg~'d™1) of the two-compartment first--
order kinetic model for surfactant-enhanced BaP biodegradation (Guo &
Wen, 2021). Moreover, the lowest kg value (0.104 mg kg’1 day’l) for
BaP was recorded in the No-BS group with a corresponding t; /2 of 239.8
days, demonstrating that the application of biostimulants efficiently
enhanced the biodegradation rates of BaP when compared with the
No-BS group under benzene and BaP co-contaminated sites. The t; 2 of
BaP determined in this study is consistent with those reported by Bal-
trons et al. (2018) during the biodegradation of BaP-heavy metals mixed
contaminants (t;/2 = 112-144 days).

3.1.3. Evaluation of total PAHs biodegradation

The biodegradation of total X15 PAHs (excluding acenaphthylene
owing to the HPLC detection constraint) is presented in Table 2. Among
different PAHs, acenaphthene, anthracene, and dibenzo[a,h]anthracene
were completely biodegraded in all the biostimulant-treated groups. The
concentrations of some low molecular weight PAHs, such as naphtha-
lene, phenanthrene, pyrene, and chrysene, in different groups, were
higher than their initial concentration (Table 2), which can be resulted
from the biodegradation of high molecular weight (HMW) PAHs
(Madrid et al., 2019). Similarly, Husain (2008) reported an increased
pyrene concentration during the biodegradation process of BaP indi-
cating the conversion of BaP into pyrene. Crysene was completely bio-
degraded in the CK-1 group, whereas a high amount of chrysene was
observed in all the biostimulant groups. Among the different bio-
stimulant groups, the highest amount of chrysene (3.771 mg kg™!) was
observed in the BS-VO group, which was owing to the highest biodeg-
radation efficiency of BaP with the biostimulation of vegetable oil,
consistent with the observation by Rani and Shanker (2019). Benzo[b]
fluoranthene, ranked 10th among the top hazardous contaminants
(ATSDR, 2019), was completely biodegraded in the BS-VO group. In
contrast, only minor degradation of high molecular weight PAHs, such
as benzo[ghi]pyrene, and indeno[1,2,3-cd]pyrene, was observed in
different treatment groups, which can be attributed to their high
recalcitrance and low bioavailability, making them more resistant to
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Table 2
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Evaluation of total PAHs (mg kg™!) after 60 days of biostimulant-enhanced biodegradation of benzene and BaP co-contaminants.

PAHs 1C CK-1

No BS BS-ethanol BS-methanol BS-VO

NAP 0.167 + 0.002 0.166 + 0.003 0.189 + 0.031 0.167 + 0.001 0.165 + 0.002 0.171 + 0.002
ACE 0.069 + 0.041 0.059 + 0.024 0.063 + 0.014 ND ND ND

FLUO 0.032 + 0.011 0.036 + 0.008 0.014 + 0.139 0.014 + 0.003 0.016 + 0.003 0.029 + 0.006
PHE 0.346 + 0.004 0.319 + 0.027 0.348 + 0.180 0.288 + 0.007 0.327 + 0.024 0.342 + 0.049
ANT 0.064 + 0.007 0.021 + 0.017 0.054 + 0.008 ND ND ND

FLUA 0.516 + 0.066 0.474 + 0.246 0.483 + 0.252 0.182 + 0.014 0.248 + 0.030 0.270 + 0.179
PYR 0.476 + 0.049 0.345 + 0.115 0.635 + 0.238 0.511 + 0.024 0.497 + 0.012 0.489 + 0.191
BaA 0.509 + 0.053 0.233 + 0.101 0.429 + 0.155 0.159 + 0.026 0.205 + 0.041 0.223 + 0.100
CHR 0.418 + 0.000 ND 2.697 + 0.370 2.427 +0.311 2.259 + 0.351 3.771 + 0.787
BbF 0.917 +0.172 0.139 + 0.012 0.775 + 0.136 0.139 + 0.015 0.481 + 0.177 ND

BkF 0.285 + 0.041 0.078 + 0.031 0.279 + 0.041 0.074 + 0.026 0.083 + 0.036 0.127 + 0.064
BaP 0.450 + 0.042 0.172 + 0.013 43.2* 4+ 1.53 39.4* + 2.33 37.4% + 1.44 26.9% 4+ 1.27
DB(a,h)A 0.143 + 0.037 ND ND ND ND ND

B(ghi)P 0.489 + 0.035 0.195 + 0.025 0.440 + 0.270 0.147 + 0.025 0.229 + 0.016 0.269 + 0.057
In-[1,2,3-cd] P 0.435 £+ 0.021 0.215 + 0.066 0.440 £ 0.108 0.171 £ 0.013 0.211 + 0.025 0.165 + 0.028

where IC represents initial concentration, CK-1 represents control with no contamination, No-BS represents biodegradation with no biostimulant, BS-ethanol rep-
resents biodegradation with ethanol, BS-methanol represents biodegradation with methanol, and BS-VO represents biodegradation with vegetable oil. ND = not
detected, * = soil was artificially contaminated with 50 mg BaP kg ™! soil, NAP = naphthalene, ACE = acenaphthene, Fluo = fluorene, PHE = phenanthrene, ANT =
anthracene, FLUA = fluoranthene, PYR = pyrene, BaA = benzo[a]anthracene, CHR = chrysene, BbF = benzo[b]fluoranthene, BKF = benzo[k]fluoranthene, BaP =
benzo[alpyrene, DB(a,h)A = dibenzo[a,h]anthracene, B(ghi)P = benzo[ghilpyrene, In-[1,2,3-cd]P = indeno[1,2,3-cd]perylene.

biodegradation. These results are in line with the findings of previous
studies (Bezza & Chirwa, 2017; Liang et al., 2017; Bianco et al., 2022b)
that HMW PAHs were the least degradable owing to their high
recalcitrancy.

3.2. Engymatic activities during biodegradation of benzene-BaP co-
contaminants

The soil lipase (LPS), dehydrogenase (DHA), catalase (CAT), and

—=— CK-1

polyphenol oxidase (PPO) activities were analyzed to obtain further
insights into the enhanced biodegradation of BaP-benzene co-contami-
nants in soil. As shown in (Tables S7-S10), soil LPS, DHA, CAT, and PPO
activities were significantly affected by different groups under benzene
and BaP co-contamination. Soil LPS activity functions as the hydrolysis
of fats and it encompasses the hydrolytic catalysis of oil esters to fatty
acids, and can directly reflect the microbial metabolic activities in the
soil (Zhou et al., 2020). The maximum LPS activity was recorded in the
BS-VO group, followed by the BS-ethanol and BS-methanol groups,
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whereas the lowest LPS activity was observed in the CK-1 group. High
LPS activity is an indicator of high microbial activity under bio-
stimulation, resulting in higher biodegradation of hydrocarbons (Ray
et al., 20222). Similarly, Ilesanmi et al. (2020) reported that olive oil
acted as the best carbon and nitrogen source to maintain the maximum
LPS activity in contaminated soils. The soil LPS activity decreased with
time in the biostimulant treatment groups (Fig. 2a), indicating the
consumption of added substrates during the 60 days of incubation
(Vaithyanathan et al., 2021).

Dehydrogenases (DHA) are enzymes that catalyze reduction re-
actions through the transfer of hydrogen ions (protons) from the sub-
strate to an acceptor or co-enzyme. Soil DHA activity is an index more
relevant to hydrocarbon biodegradation (Liu et al., 2018; Shen et al.,
2016). Similar to the trend of LPS activity, the maximum soil DHA ac-
tivity was noted in the BS-VO group, followed by the BS-methanol
group, whereas the lowest DHA activity was recorded in the CK-1
group (Fig. 2b). The high DHA activity in the BS-VO group reflected
the strong biodegradation of BaP and benzene co-contamination in the
group. It must be noted that DHA activity has a positive correlation with
the degradation of aromatic hydrocarbons, and an increase in DHA ac-
tivity can be elucidated as an indicator of improved microbial degra-
dation of organic contaminants (Bodor et al., 2021; Wu et al., 2017).

Soil catalase (CAT) activity can scavenge peroxide (H205) produced
in soil (Subashchandrabose et al., 2017). The maximum CAT activity
was recorded in the No-BS group, followed by the BS-ethanol group,
whereas the lowest CAT activities were observed in the BS-methanol and
BS-VO groups (Fig. 2c). The decrease in CAT activity was noted in the
BS-methanol and BS-VO groups indicated lower production of reactive
oxygen species (ROS, Hy05) in these groups (Hao et al., 2018). These
results are in line with those reported by Subashchandrabose et al.
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(2017), who demonstrated that lower CAT activity represented low
H303 (ROS) production. Therefore, the addition of biostimulants such as
methanol and vegetable oil significantly reduced the oxidative stress,
resulting in high biodegradation of contaminants.

Soil polyphenol oxidase (PPO) activity is strongly related to the
biodegradation of phenolic compounds in soil (Shi et al., 2018). The PPO
activity was decreased in all the biostimulant-treated groups when
compared with that in the CK-1 group. The lowest PPO activity was
recorded in the BS-VO group during the 60 days of incubation (Fig. 2d),
indicating that the dominant microorganisms contained genes encoding
DHA, and not PPO (Liu et al., 2018). Similarly (Zhen et al., 2021), re-
ported that the DHA activity was more reactive to the oxidative degra-
dation of aromatic hydrocarbons when compared with PPO activity,
thereby resulting in increased degradation of hydrocarbons. High LPS
and DHA activities in the BS-VO group indicated the optimal conditions
(e.g., the hydrolysis of fats, proton transfer, and reduced oxidative
stress) for BaP and benzene biodegradation. A strong positive correla-
tion among BaP and benzene biodegradation, LPS activity, and DHA
activity was observed in the group, whereas, PPO activity was nega-
tively correlated with the biodegradation, depicting that PPO is
decreasing with the biodegradation of co-contaminants compare to DHA
and LPS. In addition, CAT activity was negatively correlated with DHA
and biodegradation of benzene and BaP, and a previous study also re-
ported that CAT tended to have a negative correlation with DHA as CAT
indicated soil stress which increased with the elevation of soil pollution
level (Wang et al., 2019) (Fig. S4).
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3.3. Microbial community analysis

3.3.1. Microbial diversity and gPCR

The a-diversity indices, including Ace, Chao, Shannon, and Simpson,
were analyzed to evaluate the microbial species richness and evenness in
different benzene and BaP co-contaminated conditions (Fig. 3). Chao
and Ace diversity indices denote microbial species richness, and their
higher values imply a greater variety of microbial species in the sample
(Wang et al., 2022a). Ace and Chao diversity indices were the highest in
the BS-VO group, followed by BS-methanol, while these indices were
lowest in CK-1 and No-BS groups (Fig. 3a, b, c). Carbon-enriched bio-
stimulants are a rich source of energy and can enhance microbial rich-
ness and diversity under different contamination conditions (Song et al.,
2021; Wu et al., 2020; Wu et al., 2017). Therefore, the rich and readily
available carbon in the BS-VO, BS-methanol, and BS-ethanol groups
accounted for the increased microbial species richness and diversity. The
Shannon and Simpson diversity indices revealed the unevenness within
a consortium. It must be noted that the lower Simpson value reflects the
more uneven distribution of microbial species (Chen et al., 2021). The
Shannon and Simpson indices were significantly different between
groups with biostimulants and the No-BS group, suggesting the bio-
stimulants exerted significant influence on the consortium, potentially
enriching some genera as discussed further below, hence, resulted in
more unevenness in groups with biostimulation. The highest Shannon
index and lowest Simpson index were noted in the BS-VO group, indi-
cating that the presence and enriched bacterial consortium played a
significant role in the enhanced biodegradation of BaP-benzene
co-contaminants.

Furthermore, the p-diversity index was analyzed to observe the mi-
crobial community-level differences among the CK-1, No-BS, and
different biostimulant-added groups. The results of the PCoA, which was
performed on the basis of Euclidian distances among the OTUs at 97%
cutoff indicated that PC1 and PC2 accounted for more than 75% of the
total variance in the bacterial communities (Fig. 4a). The bacterial
communities in the CK-1 group were separated from those in the No-BS
group, indicating that the added artificial contaminants altered the
microbial consortium significantly. The biostimulant treatment groups
are positioned relatively close together after the 60 days of incubation
and were separated from the CK-1 and No-BS groups, demonstrating the
composite effects of contaminants and biostimulants on the composition
and abundance of microbial communities. The presence of readily
available carbon sources and the degradation of contaminants causes a
substantial change in microbial communities (Huang et al., 2019; Liu
et al., 2022; Mosmeri et al., 2019), which can be the rational reason for
the differences among the groups with biostimulants, No BS, and CK-1

PCoA on OTU level

R=0.9022, P=0.001000
0.6 i
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group.

The qPCR results revealed that co-contamination of benzene and BaP
significantly reduced the 16S rRNA gene copy number, indicating that
co-contamination poses an adverse effect on microorganisms. However,
the biostimulation of benzene and BaP significantly improved the 16S
rRNA gene copy number compared to No-BS (Fig. 4b). The gene copy
numbers in CK-1 and BS-ethanol were similar, probably due to the
composite adverse effect of artificial contaminants and the positive ef-
fects of biostimulants. The highest gene copy number was observed in
the BS-VO group, showing an increase of 1.4 times the log;o gene copy
number when compared with the No-BS group. Biostimulation of soils
contaminated with aromatic hydrocarbons has been reported to improve
logio of 16S rRNA gene copies in soil, indicating microbial proliferation
under biostimulation (Ahmad et al., 2021; Khudur et al., 2019).

3.3.2. Changes in microbial community composition

Sequences from each treatment group collected after the incubation
time were analyzed at both phylum and genus levels to further explore
the relationship between the bacterial community structure and their
functions (Fig. 5a and b). The primary bacterial phyla (with a relative
abundance >1.0% in all samples) were Proteobacteria, Actino-
bacteriota, Chloroflexi, Firmicutes, and Acidobacteriota, similar to those
observed in previous studies on the biodegradation of individual BaP
and benzene contaminants (Lee et al., 2019; Ljesevic et al., 2019; Wang
et al.,, 2020b). Biostimulation of soil under benzene and BaP
co-contamination noticeably enhanced the abundance of Proteobac-
teria, when compared with that in CK-1 and No-BS (Fig. 5a). Among the
biostimulant groups, Proteobacteria abundance was at a maximum in
the BS-methanol group, followed by BS-VO while the lowest was
recorded in the BS-ethanol group. These results reflected that the Pro-
teobacteria abundance increased with the application of biostimulants
to BaP and benzene co-contaminated soil, thus making a major contri-
bution to the biodegradation of these co-contaminants. The dominance
of Proteobacteria and Actinobacteriota during biostimulation of
different contaminated soils could be attributed to their strong
contaminants-degrading capabilities (Tejeda-Agredano et al., 2013;
Wang et al., 2020b) as well as their ability to completely convert aro-
matic compounds into CO, (Wang et al., 2022a). The dominance of both
Proteobacteria and Actinobacteriota in the BS-VO group can be one of
the reasons for the high biodegradation of BaP and benzene. These re-
sults revealed that Proteobacteria and Actinobacteria need easily
degradable substrates for the proliferation and active degradation of
contaminants.

Bacterial compositions at the genus level were determined with a
relative abundance of more than 5% in all the samples (Fig. 5b).
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Pseudomonas, Rhodococcus, Noviherbaspirillum, Nocardioides, and Gaiella
were the dominant genera after 60 days of incubation time. Rhodo-
coccus, Nocardioides, and Gaiella belong to the phylum Actinobacteriota,
capable of degrading large amounts of PAHs and BTEX (Bianco et al.,
2021; Chen et al., 2018; Deshpande et al., 2018; Ljesevic et al., 2019).

Similarly, Pseudomonas and Noviherbaspirillum are members of the Pro-
teobacteria phylum with the capacity to degrade high molecular weight
PAHs (Wang et al., 2020a). Co-contamination of benzene and BaP
(No-BS group) highly reduced the relative abundance of the recognized
genera compared to CK-1; however, slight enrichment of the genus
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Pseudomonas, Rhodococcus, Noviherbaspirillum, and Nocardioides was
recorded with the co-contamination. This enrichment could be associ-
ated with their persistence and degrading capabilities under contami-
nated conditions. In addition, the application of biostimulants
noticeably increased the abundance of certain recognized potential
genera, when compared with the No-BS group. For example, the appli-
cation of ethanol enriched Rhodococcus and Nocardioides; methanol
enhanced the abundance of Pseudomonas and Noviherbaspirillum;
whereas vegetable oil proliferated the Pseudomonas, Rhodococcus, and
Noviherbaspirillum genera. The variation in abundant microorganisms in
different groups indicated competitive growth occurred in the con-
sortium. This can partially explain the enhanced biodegradation effi-
ciency of BaP in the presence of benzene and the reduced biodegradation
of benzene in the presence of BaP. In addition, differences among the
biostimulant groups indicate the dynamic changes in the substrate
depending on bacterial consortium (Fig. 5b). Microbial abundance is
highly dependent on the type of substrate added to the contaminated
zone, therefore, resulting in their different compositions (Robles et al.,
2021; Rangan et al., 2020; Bianco et al., 2022a). For example, Chen et al.
(2022) and Umar et al. (2021) reported that Pseudomonas has
multi-substrate catalytic capabilities to degrade different toxic aromatic
compounds completely into COs. In addition, Pseudomonas and Rhodo-
coccus sp. have the potential dehydrogenase genes to degrade toxic ar-
omatic compounds (Ye et al., 2019; Genti-Raimondi et al., 1991). From
the results, it was revealed that the enriched functional genera
contributed to the increased biodegradation efficiency, however, they
responded differently to different biostimulants, resulting in the
competitive growth observed in the biostimulant-enhanced groups.

To correlate all the key parameters, including biodegradation rate,
enzymes, 16S rRNA (total genes), and dominant bacterial genera, and
identify how they collectively play a role in the enhanced biodegrada-
tion of BaP and benzene, a Pearson correlation and statistical analysis (p
< 0.05) were performed (Fig. 6). The analysis revealed that benzene and
BaP co-contaminant biodegradation was significantly positively
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correlated with the DHA and LPS activities, indicating that these two
enzymes are playing an important role in the biodegradation of BaP and
benzene co-contaminants. Correspondingly, Pseudomonas and Rhodo-
coccus genera were positive and significantly correlated with the DHA
and LPS activities, indicating that Pseudomonas and Rhodococcus carried
the DHA and LPS-activated genes, capable of biodegrading benzene and
BaP co-contamination, which has been reported in previous studies. For
example, researchers reported that species of Pseudomonas and Rhodo-
coccus genera have the potential of encoding genes for DHA, enhancing
the catabolic capability of these genera to degrade aromatic hydrocar-
bons (Kulakov et al., 2000; Li et al., 2011; Medic et al., 2020; Liu et al.,
2021). On the other hand, PPO activity was negatively correlated with
the biodegradation of benzene and BaP, yet positively correlated with
the Gaiella and norank-Gitt-GS-136 genera, suggesting that these genera
carried genes for PPO, and could potentially exert a negative influence
on the biodegradation of BaP and benzene (Hou et al., 2019; Gabriele
et al., 2021).

3.4. Mechanisms of biostimulant-enhanced biodegradation of benzene
and BaP

A schematic overview was proposed to describe the enhanced
biodegradation mechanisms of benzene and BaP biodegradation
(Scheme 1). Two processes have been explained in this schematic dia-
gram, including 1) the biodegradation in individual contamination, and
2) the enhanced biodegradation in co-contaminated soil. During indi-
vidual contamination, the benzene biodegradation efficiency was high,
whereas the biodegradation rate of BaP was slow, implying that abun-
dant microorganisms can quickly degrade benzene compared to BaP.
Contrastingly, the biodegradation of benzene was highly reduced with
BaP co-contamination, while the biodegradation of BaP slightly
increased with benzene co-contamination, indicating that BaP toxicity
to microorganisms reduced in the presence of benzene. The bio-
stimulation (different carbon sources) approach was applied to enhance
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Fig. 6. Pearson correlation with statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001) for the biodegradation of benzene and BaP co-contaminants, enzymes, 16S
rRNA (total genes) and top 10 bacterial genera under biostimulant-enhanced biodegradation of BaP and benzene co-contaminated soil.
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Scheme 1. Schematic overview of the mechanisms of biostimulant-enhanced biodegradation of benzene and BaP under 1) individual and 2) co-contaminated soils.

the biodegradation of the co-contaminated BaP and benzene soil. The
results revealed that the specific microbial diversity was significantly
improved during the biostimulation of co-contaminated soil. In addi-
tion, the enzymatic activities, including dehydrogenase and lipase were
highly enhanced with VO application. Catalase activity, whose function
is to scavenge the production of ROS, specifying that the production of
ROS can either be reduced with biostimulation or the ROS degrading
microorganisms increased with the application of biostimulants.

4. Conclusions

The biostimulation approach for the co-contamination of benzene
and BaP was investigated. The results revealed that the biodegradation
of BaP increased in the presence of benzene, while the degradation of
benzene decreased in the presence of BaP, indicating the potential
adverse effect of BaP on benzene-degrading microorganisms. Moreover,
the biodegradation of BaP and benzene co-contaminants was signifi-
cantly enhanced in the biostimulation groups, especially in the BS-VO
group, and the bioavailable BaP, which decreased with time, was
found to be the preferential fraction of BaP for biodegradation. The
enzymatic activities analyzed during the experiment revealed that de-
hydrogenase and lipase activities were significantly enhanced with the
application of biostimulants; whereas, catalase and polyphenol oxidase
showed variations among the different treatments. Moreover, the
reduction of the enzymatic activities, especially dehydrogenase and
lipase were noticed at the end of the incubation, indicating substrate
decomposition and the quick detoxification of contaminants. The
dominant genera of Pseudomonas, Rhodococcus, Noviherbaspirillum, and
Nocardioides were enriched upon the biostimulation, indicating their
high potential for BaP and benzene co-contaminants biodegradation.
The correlation analysis revealed that the biostimulation of vegetable oil
significantly improved the abundance of Pseudomonas and Rhodococcus,
capable to encode genes for dehydrogenase, and increased the biodeg-
radation of BaP and benzene. The multiline of evidence for the enhanced
biodegradation of co-contaminated BaP and benzene concluded that
vegetable oil can be used as a biostimulant for the efficient and safe
biodegradation of BaP and benzene co-contaminated soils.
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