journal of environmental sciences 107 (2021) 65–76

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Co-metabolic and biochar-promoted
biodegradation of mixed PAHs by highly efficient
microbial consortium QY1
Min Li 1, Hua Yin 1,∗, Minghan Zhu 1, Yuanyuan Yu 2, Guining Lu 1,
Zhi Dang 1
1 Key Laboratory of Ministry of Education on Pollution Control and Ecosystem Restoration in Industry Clusters,
School of Environment and Energy, South China University of Technology, Guangdong 510006, China
2 Guangdong Provincial Key Laboratory of Petrochemical Pollution Processes and Control, School of Environmental
Science and Engineering, Guangdong University of Petrochemical Technology, Guangdong 525000, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Polycyclic aromatic hydrocarbons (PAHs), typical representatives of the persistent organic

Received 9 December 2020

pollutants (POPs), have become ubiquitous in the environment. In this study, a novel mi-
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crobial consortium QY1 that performed outstanding PAHs-degrading capacity has been en-
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riched. The degradation characteristics of single and mixed PAHs treated with QY1 were
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studied, and the effect of biochar on biodegradation of mixed PAHs and the potential of
biochar in PAHs-heavy metal combined pollution bioremediation were also investigated.

Keywords:

Results showed that, in single substrate system, QY1 degraded 94.5% of 500 mg/L phenan-

Polycyclic aromatic hydrocarbons

threne (PHE) and 17.8% of 10 mg/L pyrene (PYR) after 7 days, while in PHE-PYR mixture

Microbial consortium

system, the biodegradation efficiencies of PHE (500 mg/L) and PYR (10 mg/L) reached 94.0%

Co-metabolism

and 96.2%, respectively, since PHE served as co-metabolic substrate to have significantly im-

Biochar

proved PYR biodegradation. Notably, with the cooperation of biochar, the biodegradations of

Heavy metals

PHE and PYR were greatly accelerated. Further, biochar could reduce the adverse impact

Microbial community

of heavy metals (Cd2+ , Cu2+ , Cr2 O7 2− ) on PYR biodegradation remarkably. The sequencing
analysis revealed that Methylobacterium, Burkholderia and Stenotrophomonas were the dominant genera of QY1 in almost all treatments, indicating that these genera might play key
roles in PAHs biodegradation. Overall, this study provided new insights into the efficient
bioremediation of PAHs-contaminated site.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
As a group of persistent organic pollutants (POPs), polycyclic
aromatic hydrocarbons (PAHs) have posed serious threat to
human health and environment, such as carcinogenicity, mu-

∗

tagenicity and teratogenicity (Fu et al., 2012). PAHs derive
from countless sources, including incomplete combustion of
fuel and manual dismantling of e-waste. The physicochemical
properties of PAHs are closely related to the number of fused
aromatic rings PAHs possess, for example, their hydrophobicity and stability increase with ring numbers. High molecular
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weight (HMW) PAHs (4 to 6 fused benzene rings) are generally
difficult to be directly utilized by microorganism due to their
stable structure and low water solubility (Wang et al., 2012).
Therefore, it is imperative to explore efficient methods to remove PAHs from the contaminated environment.
Currently, various techniques, including physical, chemical, biological, and their combination, have been widely applied to remove or degrade PAHs from environments (e.g. water, sediment and soil) (Mandal et al., 2016; Li et al., 2019;
Dai et al., 2020). Among them, bioremediation is considered
as the most potential and effective cleanup strategy due to
its comparative advantages, such as low-cost, low energy
consumption and no secondary pollution (Kuppusamy et al.,
2017). Much scientific work has focused on screening highefficient PAHs-degrading microbial strains, including bacteria (e.g., Aeromonas sp., Bacillus sp., Corynebacterium sp., Microbacterium sp., Pseudomonas sp., Sphingomonas sp.) and fungi
(e.g., Phanerochaete Chrysosporium, Penicillium chrysogenum, Trichoderma asperellumet). Nevertheless, compared to the isolated
strains, a microbial consortium has greater advantages owing to its stronger substrate tolerance and synergy of different
bacterial species the consortium contains (Wanapaisan et al.,
2018), and is therefore considered more suitable for bioremediation in complex environments (Dave et al., 2014). For instance, microbial consortium SWO showed excellent capacity to degrade PAHs mixture under a wide range of conditions
(Muangchinda et al., 2018). Mixed culture of four different
strains could significantly enhance biodegradation efficiencies of phenanthrene (PHE) and pyrene (PYR) (Mehetre et al.,
2019). So it is of more practical significance to screen highly
active microbial consortium to remediate PAHs-contaminated
environments.
Co-metabolism is an effective way to biodegrade the refractory organic compounds (Lv et al., 2016). It could improve biodegradation of recalcitrant compounds which are
less available to microbial degradation as the sole source of
carbon by the induced corresponding enzyme, cofactors, and
the synergy of different functional dominant microorganisms
(Zhou et al., 2017). Many studies have shown that low molecular weight (LMW) PAHs (less than 4 fused benzene rings) could
serve as co-metabolic substrate to enhance the biodegradability of HMW PAHs. Wang et al. (2019) observed that the addition of naphthalene (NAP) (10 mg/L) promoted the removal
efficiency of PYR (1 mg/L) by Ochrobactrum MB-2 from 15.3%
to 41%. Zhou et al. (2020) reported that the removal efficiencies of PHE and PYR in the PHE-PYR mixed solution were always greater than that in a mono substrate solution. Up until
now, although some studies have demonstrated the biodegradation of PAHs mixture through co-metabolic pathway, the cometabolic interactions between LMW PAHs and HMW PAHs
with microbial consortium still remains elusive.
Biochar, a carbon-rich and porous solid substance produced by pyrolysis of biomass in an oxygen-limited condition, has inconsistent effects on organic matter biodegradation (Wu et al., 2019). Kong et al. (2018) revealed that wheat
straw biochar promoted the biodegradation of PAHs in soils
by increasing the relative abundances of PAHs-degrading microorganisms. However, other studies found that biochar has
notable negative impact on biodegradation of PAHs by adsorbing PAHs, thus reducing PAHs bioavailability for microorgan-

isms. Khan et al. (2015) found that different type of biochar
strongly reduced the bioavailable fraction of PAHs for turnips
(Brassica rapa L.). And biochar amendment was also reported to
have decreased the biodegradation efficiencies of LMW PAHs
(García-Delgado et al., 2015). Besides, recent studies mostly focused on the adsorption of contaminants on biochar, while
those regarding biochar enhancing biodegradation of pollutants were very limited. Accordingly, it is necessary to further
explore whether and how biochar improves the biodegradation of PAHs.
Co-existence of PAHs and heavy metals is a widespread
phenomenon at contaminated sites. The toxic and nonbiodegradable heavy metals, such as Cd, Cu, Cr, Pb, generally have adverse effects on PAHs biodegradation by inhibiting microbial activity and inactivating enzymes of microbes
(Liu et al., 2017). Therefore, it is necessary to study the impact
of heavy metals on the biodegradation of PAHs and to investigate the role of biochar in this process.
In this study, a PAHs-degrading microbial consortium was
enriched from long-term PAHs-contaminated soil. PHE and
PYE were respectively selected as the representative of LMW
and HMW PAHs due to their typical structure. And heavy metals Cd, Cu and Cr were chosen as the investigation targets
for their wide existence. The main aims of this study were
to: (1) explore the biodegradation performance and interactive behaviors of PAHs mixture in the co-metabolic process;
(2) clarify the effect and related mechanism of biochar on
the biodegradation of mixed PAHs; (3) study whether combined treatment of biochar and QY1 could effectively degrade
mixed PAHs in the presence of heavy metal; (4) investigate the
changes of bacterial community in consortium among different treatments.

1.

Materials and methods

1.1.

Microbial consortium, medium and chemicals

In this study, the microbial consortium was enriched from the
soil samples collected from an e-waste dismantling area in
Qingyuan, Guangdong Province, China. The steps of enrichment experiment are as follows. First, 5 g of the soil sample was added into a sterile flask with 50 mL of mineral salt
medium (MSM). The flask was incubated in a shaker for 6 hr at
160 r/min and 30 °C. Then 5 mL of the culture supernatant was
transferred into 45 mL of fresh MSM containing PHE at an initial concentration of 100 mg/L. After 7 days of cultivation, the
above transfer operation was repeated again with gradual increasing PHE concentration (100 mg/L for each transfer). After
six times of successive transfers, the enriched PAHs-degrading
bacterial consortium was obtained and named as QY1.
Two types of culture media, including beef extract medium
(BEM) and MSM were used in this study. BEM consisted of (g/L):
beef extract 3, peptone 10, NaCl 5. MSM was composed of (g/L):
K2 HPO4 3, KH2 PO4 1.5, NH4 NO3 1, NaCl 0.5, and 2 mL of trace element solution (g/L): MgSO4 4, CuSO4 1, MnSO4 1, FeSO4 •7H2 O
1, CaCl2 1. H2 SO4 (1 mol/L) and NaOH (1 mol/L) were used to
adjust pH of media to 7.0 ± 0.2.
PHE and PYR (≥ 99% purity) were purchased from Sigma
Aldrich (St. Louis, MO, USA). All organic solvents (methanol,
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n-hexane) used for sample treatment and analysis were HPLC
grade. PAHs standard solution were prepared in methanol and
stored at 4 °C for later use.

Figs. 2–6: the removal efficiency in controls (abiotic losses) of
each PAHs was subtracted from that of experimental groups.

1.4.
1.2.

Extraction and analysis of PAHs

Biochar production and characterization

The biochar was produced by water hyacinth collected from
one pond in Ganzhou, Jiangxi, China. After dried in an oven
at 105 °C for 12 hr, the water hyacinth, encased in a crucible
sealed with soil to make limited oxygen condition, undertook
pyrolysis at 500 °C with a heating rate of 10 °C/min in a muffle furnace for 4 hr (Zhang et al., 2018). The obtained biochar
was then allowed to cool down and screened with a 200-mesh
sieve. The pH value of the biochar was determined in the
suspension of biochar in water (biochar:water =1:20, W/V) by
glass electrode after stirring for 30 min. And the elemental carbon, hydrogen, nitrogen and oxygen content of biochar were
measured using an elemental analyzer (Elementar, Germany).

1.3.
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PAHs degradation experiment

The microbial consortium QY1 inoculated in BEM was cultured in a shaker for 10 hr at 160 r/min and 30 °C. Bacteria inocula were precipitated through centrifuge (6000 r/min, 4 min),
cleaned three times with sterile MSM and then resuspended
in the MSM. The experiment was implemented in a 50 mL flask
containing 20 mL MSM with one or both of PHE and PYR, 1 g/L
QY1 (wet weight, ww), and biochar if biochar treatments were
involved. Abiotic controls were conducted in the same way by
adding 20 mL sterile MSM and the same amount of PHE and
PYR as experimental groups to evaluate the abiotic losses of
PAHs. All treatments were prepared in triplicate. Samples were
taken after 1, 3, 5 and 7 days of incubation for analysis of bacterial community and biodegradation of PHE and PYR.
In the single substrate system, the initial concentrations of
PHE were 20, 50, 100, 200 and 500 mg/L, and PYR were 10, 20,
30 and 50 mg/L, respectively. The discrepancy in the concentration of PHE and PYR was due to their different properties.
For the mixed PAHs biodegradation, three groups of experiments were conducted. First, to study the effect of PHE on PYR
degradation, the concentration of PHE was 20, 50, 100, 200 and
500 mg/L, individually, while that of PYR was 10 mg/L. Group
two and group three were to study the effect of initial PYR
concentrations (10, 20, 30 and 50 mg/L) on co-biodegradation
of PHE and PYR mixture with the presence of 50 mg/L and
200 mg/L PHE, respectively.
To test the effect of biochar on biodegradation of PAHs mixture (50 mg/L PHE and 10 mg/L PYR), the concentration of
biochar was set as 0, 0.5, 1 and 2 g/L, respectively.
The biodegradation of PHE (50 mg/L) and PYR (10 mg/L) coexisted with different heavy metal was investigated in MSM
supplied with Cd2+ (0, 1, 10 mg/L), Cu2+ (0, 1, 10 mg/L), and
Cr2 O7 2− (0, 1, 10 mg/L), separately. And there were two treatments for each heavy metal concentration: sole QY1, combination of QY1 and biochar (1 mg/L).
The degradation/removal efficiency of PAHs (%) was calculated using the following equation: degradation/removal efficiency (%) = (C–Ci )/C × 100%, where C (mg/L) is the initial
concentration of PAHs and Ci (mg/L) is the residual concentration of PAHs in the experimental groups or abiotic controls. In

After incubation, the remaining PAHs in the aqueous phase
and PAHs adsorbed on biochar were extracted three times
with 20 mL of n-hexane. The organic phase was dehydrated
with anhydrous sodium sulfate and collected together in a
heart-shaped bottle. After dried by rotary evaporation, the extract was dissolved in methanol and filtered (0.22 μm pore
size) for PAHs analysis.
High-performance liquid chromatography (HPLC, Waters
Corporation) with XBridge C18 column (4.6 × 250 mm, 5 μm,
Waters Corporation) was used to quantify PAHs. The mobile
phase consisted of 90% methanol and 10% water. The UV detector was set at 254 nm wavelengths, the column temperature was 35 °C and the injection volume was 20 μL with a flow
rate of 1 mL/min (Guo et al., 2017). For the calculation of remaining PAHs, a standard curve was generated with R2 of 0.999
for each PAHs compound.

1.5.
Effect of biochar on the growth of microbial
consortium QY1
Two experiments were conducted respectively in the culture
and degradation system to determine the effect of biochar
on the growth of QY1. In the culture system experiment, the
media consisted of 20 mL BEM with biochar (1 g/L) and QY1
(1 g/L), and the cultivation conditions were 160 r/min, 30 °C
and 0 - 24 hr. In the degradation system, the media consisted
of 20 mL MSM with biochar (1 g/L), QY1 (1 g/L) and PAHs mixture (50 mg/L PHE and 10 mg/L PYR), and the samples were
incubated with rotation of 160 r/min in the dark at 30 °C for 0,
1, 3, 5 and 7 days. The sample without biochar was set as the
control. After incubation, at each time point, all samples were
placed in the refrigerator to restrain the bacterial growth and
deposit the biochar. When almost all of biochar had sunk to
the bottom of the flask, the bacterial growth was monitored
by spectrophotometry at 600 nm.

1.6.
Equilibrium adsorption of microbial consortium QY1
on biochar
Biochar (1 g/L) and a range of bacterial suspensions (0.3 - 5 g/L)
were added to 50 mL flasks containing 20 mL MSM to evaluate the adsorption of QY1 on biochar. The flasks were shaken
at 30 °C for 4 hr. After biochar settled, the supernatant containing free bacteria was measured by spectrophotometry at
600 nm. The amount of bacteria adsorbed on biochar was the
difference between the quantity of bacteria in biochar treatment and control (without biochar).

1.7.

Observation of microbial consortium QY1 on biochar

Firstly, QY1 (1 g/L) was mixed with biochar (1 mg/L) in 20 mL of
MSM solution at 160 r/min and 30 °C for 8 hr. Then, the sample was centrifuged (6000 r/min, 4 min) and fixed in 2.5% glutaraldehyde at 4 °C for 12 hr. After washed 5 times with phosphate buffer solution for 10 min, the sample was progressively
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dehydrated in 30%, 50%, 70%, 90% and 100% ethanol. And then,
the sample was suspended 3 times with tertiary butyl alcohol
for 10 min. Finally, the sample was placed in a vacuum freezedryer for 12 hr. The QY1 adsorbed on biochar was examined
using field emission scanning electron microscopy (Zeiss Merlin, Germany).

1.8.

Microbial community analysis

Bio-samples taken for bacterial community analysis were
named as CK, PP-1, BPP-1, PP-3, BPP-3, PP-7, BPP-7, P200-P7, P500-P-7, S-PHE-7, and S-PYR-7, respectively. And CK, PP,
BPP, P200-P, P500-P, S-PHE, S-PYR represent original consortium QY1, sole QY1 treatment containing 50 mg/L PHE and
10 mg/L, biochar-QY1 treatment containing 50 mg/L PHE and
10 mg/L PYR, sole QY1 treatment containing 200 mg/L PHE
and 10 mg/L PYR, sole QY1 treatment containing 500 mg/L PHE
and 10 mg/L PYR, single PHE (50 mg/L) biodegradation system,
single PYR (10 mg/L) biodegradation system, respectively. The
number 1, 3 and 7 represents the time point (Days) of incubation.
Total DNA of all bio-samples was exacted using E.Z.N.ATM
Mag-Bind Soil DNA Kit according to the manufacturer’s instructions. PCR amplification was conducted using TransGen AP221–02: TransStartFastpfu DNA Polymerase. The variable region of 16S rRNA gene was amplified using forward
primer (5 -ACTCCTACGGGAGGCAGCA-3 ) and reverse primer
(5 -GGACTACHVGGGTWTCTAAT-3 ). Detailed PCR amplification procedures were recorded in our previous work (Yu et al.,
2020). The PCR amplification products were purified using
the AxyPrep PCR Cleanup Kit. FLX-8000T Microplate reader
(BioTek, VT, USA) was used to determine the purified amplification products. Sequencing of DNA of each sample was processed on Illumina Miseq platform by Shanghai Personalbio
Co. Ltd.

1.9.

Statistical analysis

All of the experiments were performed in triplicate, and the
data were expressed as means ± standard deviation. Statistical analyses were performed using Origin 9.0. Various
treatments were analyzed by one-way analysis of variance
(ANOVA) to determine the significant differences. And the significant difference was set at p ≤ 0.05.

2.

Results and discussion

2.1.
Microbial consortium enrichment and biodegradation
of single PAH
In the present study, QY1 isolated from PAHs-contaminated
soil was obtained after over one month of enrichment. The
degradation capacity of QY1 for either PYR or PHE was investigated. The results (Fig. 1) showed that there was some losses
of PHE and PYR resulted from abiotic factors such as volatilization and adsorption by vials, and after 7 days, the loss efficiencies of PHE and PYR in abiotic control were lower than 8.0%
and 4.0%, respectively. Fig. 1a showed PHE was effectively degraded by QY1 with the general trend that the biodegradation

rate decreased with increasing initial PHE concentration. After 3 days of incubation, the actual biodegradation efficiencies (the difference in removal efficiency between experimental groups and abiotic controls) of PHE at 20, 50, 100, 200 and
500 mg/L were 98.1%, 97.6%, 95.0%, 93.4% and 73.0%, respectively. This phenomenon was probably because the increase
in concentration of PHE enhanced the stressing effect on microbial cells and inhibited their growth (Wang et al., 2019).
After 7 days, the total removal efficiency of 500 mg/L PHE in
QY1 treatment was 99.9%, and the PHE (500 mg/L) abiotic loss
in control was 5.4%. Previous study showed that only 43% of
PHE (200 mg/L) was degraded by Pseudomonas sp. after 14 days
(Kumar et al., 2008). Li and Zhu (2012) found that Citrobacter sp.
took 12 days to totally degrade PHE (100 mg/L). Oyehan and Althukair (2017) reported that P. citronellolis_LB degraded 94% of
100 mg/L PHE in 15 days. Compared with these studies, QY1
had a greater adaptability for PHE degrading.
PYR was more difficult to be degraded as sole carbon source
by QY1 when compared to PHE. It was shown in Fig. 1b that
only 17.8% of PYR (10 mg/L) had been actually degraded by
QY1 after 7 days of incubation, and higher concentrations of
PYR had no obvious biodegradation during the reaction. Previous studies found that microorganisms preferred LMW PAHs
as substrate to HMW PAHs (Tiwari et al., 2016). Similar results were also observed by Muangchinda et al. (2018) that
the biodegradation rates of PAHs decreased with increasing
molecular weight. These results might be attributed to the
lower water solubility and more stable structure of HMW
PAHs.

2.2.

Co-biodegradation in mixed PAHs system

2.2.1.

Effect of PHE on co-biodegradation of PYR and PHE

As shown in Fig. 2a, the biodegradation efficiency of PYR increased significantly from the 1st to 3rd day in mixed solutions, especially with a proper initial concentration of PHE.
The highest biodegradation efficiency of PYR (96.2%) was observed when the concentration of PHE was 500 mg/L after
7 days. These indicated that PHE induction obviously shortened the lag phase of PYR degradation, and QY1 could efficiently degrade PYR with the presence of PHE due to the
co-metabolic relationship between PYR and PHE. As previous studies reported, recalcitrant PAHs could achieve higher
biodegradation by co-metabolism (Shi et al., 2016), and the
biodegradation rate of PAHs was usually higher when they
co-existed compared to the individual existence (Chang et al.,
2003). Notably, the synergistic effect of PHE on PYR biodegradation was positively correlated with the tested concentration
of PHE. There was about 51.2% increase in the biodegradation efficiency of PYR when PHE concentration increased from
20 mg/L to 500 mg/L. High concentration of PHE accelerated,
rather than inhibited PYR degradation, this was contrary to
some previous works. Jones et al. (2014) found that LMW PAHs
had antagonism on benz[a]anthracene degradation for competitive inhibition. Another investigation revealed that PYR of
higher concentrations exerted a negative impact on benzopyrene biodegradation while lower concentrations had no apparent effect (Subashchandrabose et al., 2019). The observations
in current study could be explained by the following three
reasons. First, QY1 had a relatively high degree of tolerance
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Fig. 1 – Removal efficiency of (a) phenanthrene (PHE) and (b) pyrene (PYR) in single PAH system. QY1 and CK separately
represented experimental treatment and abiotic control.

Fig. 2 – Effect of PHE concentrations on co-biodegradation of (a) PYR and (b) PHE in mixed PAHs system. PYR concentration
was set at 10 mg/L. The degradation efficiency of each PAHs was the one corrected for the abiotic losses.

for PHE and PYR, and the PHE-stimulated growth of QY1 improved the biodegradation of PYR. Additionally, the changes of
microbial diversity and complex interactions of microorganisms might be in favor of the degradation of PYR in the presence of PHE. Further, the enzymes necessary for PYR and PHE
degradation were different and PYY-degrading enzymes could
be efficiently induced by the addition of PHE (Hennessee and
Li, 2016).
Surprisingly, the biodegradation of PHE (Fig. 2b) was only
marginally affected by the existence of 10 mg/L PYR. Compared with the single system (Fig. 1), the biodegradation of
PHE was greatly reduced by PYR stress in the very beginning,
but increased significantly during 1–3 days. Aside from this,
PYR had no obvious influence on PHE biodegradation. The
biodegradation efficiencies of PHE at different concentrations
were all above 93.0% after 5 days. Meanwhile, the biodegradation efficiency of PYR was always lower than that of PHE, as
the bioavailability of PYR was lower. As discussed above, there
was synergistic interaction between PHE and PYR and QY1 exhibited extraordinary ability in degrading PAHs mixture.

2.2.2.

Effect of PYR on co-biodegradation of PHE and PYR

As PHE could be almost completely degraded under the condition of changing PHE concentration and constant PYR level,
and higher concentration of PHE had a greater promotion on
biodegradation of PYR (10 mg/L) than lower concentration, it
was necessary to further investigate the effect of initial PYR
concentration on the biodegradation behaviors of mixed PAHs
under condition of low (50 mg/L) (Fig. 3a) / high (200 mg/L) concentration of PHE (Fig. 3b).
Results demonstrated that when initial PYR concentration
increased from 10 to 50 mg/L, its biodegradation efficiency declined about 53.0% and 32.3% after 7 days with PHE present at
low and high concentration, respectively. PYR of higher concentration obtained greater biodegradation with the presence
of 200 mg/L PHE. To be more specific, the biodegradation efficiencies of PYR at 10, 20, 30, 50 mg/L increased by 0.13, 0.34,
0.60, 1.05-fold respectively in the presence of 200 mg/L PHE
over 50 mg/L PHE. This phenomenon might be because QY1
needed more energy to degrade PYR as the concentration of
PYR increased. Adding more PHE in the system might have
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Fig. 3 – Effect of initial PYR concentrations on the co-biodegradation of PHE and PYR under conditions of (a) low and (b) high
concentration of PHE in mixed PAHs system. The degradation efficiency of each PAHs was the one corrected for the abiotic
losses.

positive effects on the biodegradation of PYR by offering more
carbon and energy sources as well as inducing greater extent
of specific degradation enzymes.
An interesting result was that after 7 days, hindrance of
PHE biodegradation was not observed under the condition of
either 50 or 200 mg/L PHE, when PYR of higher initial concentration existed. As PYR level varied from 10 to 50 mg/L,
the biodegradation efficiency of 50 and 200 mg/L PHE dropped
0.5% and 2.8%, respectively. With the increment of PYR concentration, QY1 was still active enough to utilize and degrade
PHE in the first place. This indicated that PYR had little antagonistic action against PHE biodegradation. It was worth noting
that although a greater biodegradation of PYR at high concentration demanded a larger amount of PHE, QY1 could degrade
these high levels of PHE efficiently. It was evident that adding
more PHE within a proper range would not cause extra negative features but would promote PYR degradation.

2.3.
Synergy of biochar on biodegradation of PAHs
mixture
The effect of biochar addition on biodegradation of mixed
PAHs (50 mg/L PHE and 10 mg/L PYR) was investigated. The elemental composition of the biochar was as follows (%): C 51.52,
H 2.187, N 2.16, O 22, and the pH was 7.16. There was a negligible removal efficiency of PHE (5%) and PYR (6%) by sole biochar.
This suggested that the adsorptive effect of biochar on PAHs
was much lower than the degradation of QY1 on PAHs. However, biochar addition accelerated the biodegradation of PYR
and PHE. In Fig. 4a, compared with the control (sole QY1),
biochar addition eliminated the lag phase of PYR biodegradation in the 1st incubation day, and a rapid decrease of PYR
concentration before day 3 and an increase of PYR biodegradation efficiency were observed in all biochar treatments. For
PHE (Fig. 4b), there was a biodegradation increase of 18.3%
- 32.5% in different biochar treatments over sole QY1 treatment for day 1. This was probably because that addition of
biochar unavoidably offered QY1 additional nutrients to grow
well and changed the community composition of QY1 by increasing the abundance of PAHs-degrading bacteria. These hypothesizes would be tested in the next experiments (Fig. 5 and
Fig. 7). Furthermore, biochar could act as a bridge to facilitate

the contact between bacterial cells and PAHs to improve the
biodegradation. Denyes et al. (2016) found that biodegradation
of organic compounds increased because the compounds adsorbed on biochar were bioavailable to microbes adhered to
biochar.
Besides, the synergy of biochar on biodegradation of PAHs
varied with the dosage of biochar and the highest synergistic
effect was achieved by 1 g/L biochar. Relative higher dosage
of biochar could result in higher PAHs biodegradation, but the
amount of biochar was not the more, the better. As the concentration of biochar increased too much, the surface areas of
biochar decreased due to its aggregation.

2.4.
Promotion of growth and adsorption of consortium
QY1 by biochar
To clarify the mechanism of cooperation between biochar and
QY1, the effect of biochar on the growth of QY1 during the
culture and degradation stages and the adsorption of QY1 on
biochar were investigated. Fig. 5a showed that biochar exhibited no inhibitory effect on the growth of QY1. As shown in
Fig. 5b, during 7 days of degradation period, the O.D.600 value
of solution in the presence of biochar were slightly higher than
that of control groups in the first 3 days, and were obviously
higher than that of control after 3 days, indicating that biochar
played a positive role in QY1 growth. The results of Fig. 5a and
Fig. 5b also demonstrated that biochar could decrease the disadvantageous effect of PAHs on QY1. Biochar has high porosity, large specific surface area, and plentiful nutrients (C, N and
K) (Hill et al., 2019). The porous structure of biochar could be a
refuge from the adverse environment caused by PAHs for microbes. The high specific surface area and nutrients provided
by biochar could be advocated for promoting the growth and
metabolism of microbes (Guletal et al., 2015).
The adsorption isotherm of QY1 on biochar (Fig. 5c) fitted well with the Langmuir model (R2 = 0.91), illustrating that
the theoretical maximum amount (QM ) of QY1 adsorbed on
biochar was 1020.0 mg/g which was much higher than that
of bacteria adsorbed on Kaolinite (45.94 mg/g) and Montmorillonite (23.01 mg/g) (Rong et al., 2008). As shown in Fig. 5d,
biochar has loose and inhomogeneous porous structure. The
surface morphology of QY1 adsorbed on biochar was dis-
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Fig. 4 – Synergy of biochar on co-biodegradation of (a) PYR (10 mg/L) and (b) PHE (50 mg/L). The removal efficiency of each
PAHs was the one corrected for the abiotic losses.

Fig. 5 – Effect of biochar on QY1 growth during (a) the stage of culture and (b) the stage of degradation; (c) equilibrium
adsorption isotherm of QY1 on biochar; surface morphology of (d) original biochar and (e) bacteria adsorbed on biochar by
scanning electron microscopy (SEM).

played in Fig. 5e. The image clearly showed that both the
exterior and interior surfaces of biochar were greatly covered by numerous bacterial cells. This indicated that bacteria could be adsorbed on the surface of biochar and go
into the interior through the pores. The ionizable groups and
electrostatic adsorption of biochar made bacteria attach to
biochar (Rivera-Utrilla et al., 2001; Mukherjee et al., 2011).
Zhao et al. (2020) suggested that the adsorption of bacteria on
biochar not only promoted microbial growth but also provided
a better environment for metabolism of bacteria by protecting microbial cells from toxic contaminants, and the presence
of biochar could accelerate the biodegradation of phenol. The
studies also showed that biochar would pre-concentrate PAHs

on its surface (Chen et al., 2012), then facilitate the contact between PAHs and microbes adsorbed on its surface. Above all,
the great adsorption of QY1 on biochar could be conducive to
the biodegradation of PAHs.

2.5.

Biodegradation of PAHs coexisted with heavy metals

PAHs frequently coexists with heavy metals in polluted sites,
and Cd, Cu, Cr are the typical representatives of heavy metals
widely found in the environment. It is necessary to investigate the effect of heavy metals on PAHs biodegradation and
whether combination of biochar and QY1 is an effective strategy to remediate complicated contamination. In this study,
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Fig. 6 – Biodegradation of PAHs in the presence of heavy metals (a. Cd2+ ; b. Cu2+ ; c. Cr2 O7 2− ). QD, QU and QR represent PAHs
respectively coexisted with Cd2+ , Cu2+ , Cr2 O7 2− treated with sole QY1. QBD, QBU and QBR represent PAHs separately
coexisted with Cd2+ , Cu2+ , Cr2 O7 2− treated with combination of QY1 and biochar. Numbers 0, 1 and 10 represent the
concentrations (mg/L) of heavy metals. The degradation efficiency of each PAHs was the one corrected for the abiotic losses.

the biodegradation potential of mixed PAHs in the presence of
heavy metals (Cd2+ , Cu2+ , and Cr2 O7 2− ) in both the sole QY1
treatments and combination of QY1 and biochar treatments
were determined.
As depicted in (Fig. 6), in the sole QY1 treatments, the
biodegradation of PAHs coexisted with different heavy metals showed similar tendency. Three heavy metals (1, 10 mg/L)
have no significant effect on biodegradation of PHE (50 mg/L),
while the biodegradation efficiencies of PYR (10 mg/L) were
obviously deteriorated with the increase of heavy metals concentrations. Especially, the strongest inhibition was observed
in high concentration of Cr2 O7 2− treatment, inferring that
Cr2 O7 2- had greater toxicity to QY1. However, with the addition of biochar, QY1 degraded over 94.0% of PHE and PYR after 7 days in all but 10 mg/L of Cr2 O7 2- treatments, and the
PYR degradation efficiency in the presence of heavy metals
(10 mg/L) was much higher than that without biochar. The results indicated that QY1 had a high tolerance to some heavy
metals such as Cd and Cu, and biochar played a positive role
in the biodegradation of PAHs coexisted with heavy metals.
Researches have shown that biochar was able to immobilize
heavy metals (Yin et al., 2016) and reduce the available heavy
metals (Khan et al., 2013). Therefore, combination of microorganism and biochar could achieve efficient remediation of the
combined pollution due to the fact that the toxicity of heavy
metals to microbes could be alleviated and microbial activity
was enhanced by biochar (Gong et al., 2019).

2.6.
Community structure of consortium QY1 and
changes of microbial communities during biodegradation
To analyze the co-metabolic relationship between PHE and
PYR, as well as the synergy of biochar on PAHs biodegradation,
the bacterial communities under different treatment conditions were investigated using high-throughput sequencing.
Number of sequences, species richness (the operational
taxonomic unit (OTU) abundances) and Alpha diversity indices (Chao1, Shannon and Simpson index) of all samples
were listed in Table 1. Alpha diversity indices revealed that the
microbial diversity of mixed substrates treatment was slightly
higher than that of single substrate treatments, indicating

that mixed substrates induced richer species to cope with a
more complex condition. It was seen that the OTUs number
and Alpha diversity indices significantly reduced with the increment of PHE level in PHE-PYR conditions while increased
with biochar-added, and came to the highest in biochar-QY1
treatment containing 50 mg/L PHE and 10 mg/L PYR (BPP-7),
suggesting that more PHE in the solution resulted in less genera due to its toxicity to the bacteria and biochar addition increased richness and diversity of QY1, which might be conducive to the PAHs degradation.
Alphaproteobacteria and Gammaproteobacteria which belong to Proteobacteria were the predominant classes in all
treatments (Fig. 7a). Proteobacteria was reported to be the
most abundant phylum in some PAHs-contaminated sites
(Mukherjee et al., 2014; Muangchinda et al., 2018), and played
a paramount role in pollutants removal (Zhu et al., 2020).
At genus level (Fig. 7b), the largest proportion of QY1 (CK)
was Methylobacterium (35%), followed by Burkholderia (28%),
Stenotrophomonas (18%) and Sphingobium (13%).
Comparing the bacterial communities after 7 days in
single-PHE (S-PHE-7), single-PYR (S-PYR-7) to PHE (50 mg/L) PYR (10 mg/L) mixture treatment (PP-7), Burkholderia, Methylobacterium and Stenotrophomonas were the main genera with
relative high proportions in S-PHE-7 (38%, 41% and 15%), SPYR-7 (44%, 28% and 13%) and PP-7 (38%, 31% and 12%), respectively, indicating that the main microbial populations
which are capable of degrading PAHs in single and mixed
substrate systems have no obvious difference. Burkholderia is
one of the most well-known PAHs-degrading bacterial groups.
Chen et al. (2013) suggested that Burkholderia cepacia strain J6
was able to grow on and degrade PYR. Some research showed
that Methylobacterium could utilize PAHs as the sole carbon
source and has the ability to degrade PAHs (Nzila et al., 2016;
Lu et al., 2019). Stenotrophomonas sp. was able to degrade many
different kinds of pollutants including LMW and HMW PAHs
(Gao et al., 2013). Furthermore, the abundance of Acinetobacter
and Sphingobium increased in mixture compared to single substrate, indicating that these species might play a greater role
in mixed PAHs co-metabolic degradation. Studies confirmed
that Acinetobacter sp. was able to degrade many PAHs such as
NAP, fluorine, PHE, PYR and acenaphthene (Ghosal et al., 2013;
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Table 1 – The sequences number, richness and diversity of consortium QY1 in different treatments.
Treatments

CK
PP-1
BPP-1
PP-3
BPP-3
PP-7
BPP-7
P200-P-7
P500-P-7
S-PHE-7
S-PYR-7

Number of
sequences

Observed
OTUs

Alpha diversity indices
Chao1

Simpson

Shannon

81,111
78,944
73,491
96,588
88,862
92,716
89,728
90,651
92,388
88,857
96,418

254
231
224
276
294
251
331
199
92
213
239

403.6
301.0
288.0
433.1
419.3
395.4
536.1
304.4
117.4
363.7
396.3

0.83
0.82
0.80
0.82
0.86
0.82
0.87
0.71
0.71
0.75
0.80

3.54
3.22
3.04
3.50
4.03
3.52
4.24
2.89
2.71
2.93
3.45

CK: original consortium QY1; PP: sole QY1 treatment containing 50 mg/L PHE and 10 mg/L; BPP: biochar-QY1 treatment containing 50 mg/L PHE
and 10 mg/L PYR; P200-P: sole QY1 treatment containing 200 mg/L PHE and 10 mg/L PYR; P500-P: sole QY1 treatment containing 500 mg/L PHE
and 10 mg/L PYR; S-PHE: single PHE (50 mg/L) biodegradation system; S-PYR: single PYR (10 mg/L) biodegradation system. The number 1, 3 and
7 represents the time point (Days) of incubation.

Fig. 7 – Relative abundances of bacterial (a) classes and (b) genera in different treatments. CK: original consortium QY1; PP:
sole QY1 treatment containing 50 mg/L PHE and 10 mg/L; BPP: biochar-QY1 treatment containing 50 mg/L PHE and 10 mg/L
PYR; P200-P: sole QY1 treatment containing 200 mg/L PHE and 10 mg/L PYR; P500-P: sole QY1 treatment containing
500 mg/L PHE and 10 mg/L PYR; S-PHE: single PHE (50 mg/L) biodegradation system; S-PYR: single PYR (10 mg/L)
biodegradation system. The number 1, 3 and 7 represents the time point (Days) of incubation.
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Shao et al., 2015; Jiang et al., 2018). Sphingobium spp. FB3 was
reported to have degraded about 99, 67, 97 and 72% of the provided PHE, anthracene, fluoranthene and PYR each in 10 days
of incubation (Fu et al., 2014). So the increased PYR biodegradation in mixed substrates system could be correlated with
the helpful shifts of microbial species caused by the addition
of PHE.
In PHE-PYR mixture treatments, the changes of PHE concentration resulted in marked variations in the bacterial communities. When the concentration of PHE increased from 50 to
200 and 500 mg/L, the relative abundance of Burkholderia and
Pseudomonas remarkably increased, whereas that of Methylobacterium, Sphingobium and Acinetobacter decreased. Moreover, the proportions of Stenotrophomonas was down 10% in
P200-P-7 but was up by 30% in P500-P-7. The higher biodegradation of PYR in P200-P-7 and P500-P-7 compared to PP-7 suggested that Burkholderia, Pseudomonas and Stenotrophomonas
might play an important role in PYR degradation under high
content of PAHs conditions. Many species of the genus Pseudomonas are frequently reported to be the effective PAHsdegrader (Avramova et al., 2008). Swati et al. (2019) isolated
Pseudomonas sp. ISTPY2 from landfill soil and found this strain
could degrade 98% of 200 mg/L PYR in 7 days of incubation.
In this study, Pseudomonas might have potential to degrade
PAHs and increased Pseudomonas abundance was correlated
with higher PYR biodegradation.
The dynamic changes of QY1 in PHE-PYR treatments with
biochar (BPP)/without biochar (PP) demonstrated that the
community structure shifted significantly during degradation process and the addition of biochar obviously changed
the relative abundance of microbial species at genera level.
From 1 to 7 days of incubation, genus such as Acinetobacter
and Stenotrophomonas significantly reduced while the abundance of Methylobacterium remarkably increased in both treatments. This showed that these genera could better adapt to
the PAHs, and gradually dominated in the degradation process. Additionally, there was a noticeable increment in the
relative abundance of Sphingobium on the first day in biochar
treatment (BPP-1) compared to PP-1. Moreover, the addition of
biochar obviously enhanced the relative abundance of Cupriavidus which might involve in the degradation of PHE and
PYR. Members of the genus Cupriavidus were reported to be
capable of mineralizing benzo[a]pyrene (Jones et al., 2014).
Kuppusamy et al. (2016) found that Cupriavidus sp. MTS-7 completely degraded PHE and PYR in 4 and 20 days, respectively.
Results indicated that biochar affected the adaptability of microorganisms and changed microbial communities. Therefore,
biochar might promote the biodegradation rates of PHE and
PYR by enhancing activity of several microbial species and improving interactions of microorganisms.

3.

Conclusions

The microbial consortium QY1 possessed a highly efficient
degradation capacity to PHE-PYR mixture. PHE addition had
promoted effect on the biodegradation of PYR. The increase
of PHE or PYR level had no significant impact on the biodegradation of PHE. Biochar accelerated the co-biodegradation of
PHE and PYR, and this synergy effect might be ascribed to

the positive role biochar played in the growth of QY1 and
adsorption of bacteria. In addition, biochar improved PAHs
biodegradation potential in the presence of heavy metals
(Cd2+ , Cu2+ , Cr2 O7 2− ). Furthermore, Illumina MiSeq sequencing of 16S rRNA gene demonstrated that QY1 was dominated
by Methylobacterium, Burkholderia, Stenotrophomonas and Sphingobium. Interestingly, increased PHE addition decreased microbial diversity while biochar increased the microbial diversity in mixed substrate system. The difference of community composition in QY1 among treatments indicated that the
co-metabolic and biochar-promoted biodegradation of mixed
PAHs might be associated with the relative abundance and the
complex interaction of microbial species. In summary, QY1
is an effective biological resource for the bioremediation of
PAH-contaminated sites. The combination of biochar and QY1
could be a promising strategy for PAHs-heavy metals combined pollution remediation.
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