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Abstract
The degradation of polycyclic aromatic hydrocarbons has attracted much attention. Based on toluene-
catechol-anthracene multi-substrate progressive domestication, a mixed microbial consortium with
synergistic metabolic activity was screened from the activated sludge of coking wastewater. High-
throughput sequencing showed that the consortium was dominated by Flavobacteriia at the class level,
with the proportion increasing from 8.88% to 56.41% after domestication, and that Myroides and
Brevundimonas dominated at the genus level, increasing from less than 1% to 55.53% and 12.28%,
respectively. Under temperature conditions of 30 °C, a pH of 7, and an initial anthracene concentration of
40 mg L-1, the degradation ratio reached 85.7% just 16 days after inoculation. Degradation ratio of
Anthracene (40 mg L-1) via the consortium plus an indigenous strain Pseudomonas_aeruginosa DM3 on
the sixth day (83%) equated to that in the control group without DM3 on the 12th day. The �rst-order rate
constant (k=0.240 and 0.159 d-1) was calculated for the anthracene degradation within 10 days, with a
corresponding half-life by the consortium of 2.9 days with DM3 and 4.4 days without DM3. The
metabolites 1-naphthol, dibutyl phthalate, and 1,2-benzene dicarboxylic acid, mono (2-ethylhexyl) ester
were presented in the reaction, inferring the metabolic pathway of phthalic acid. Our work revealed that
inoculating the mixed microbial consortium with indigenous Pseudomonas aeruginosa DM3 has the
potential for removing polycyclic aromatic hydrocarbons.

1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a large class of environmentally-persistent organic
compounds with high toxicity. They have serious and widespread impacts on human and ecosystem
health and thus are of signi�cant concern (Gaur et al. 2018). Anthracene (ANT), a three-ring PAH, is
derived from coal tar and mainly used in the chemical industry for products such as dyes, plastics, and
pesticides (Prasanna et al. 2008). It is frequently regarded as a model compound for PAH biodegradation
research because of its low solubility and structural similarity with other low molecular weight PAHs such
as phenanthrene (Behera et al. 2018; Hadibarata et al. 2013). Bioremediation technologies are e�cient
and sustainable for treating PAHs from contaminated sites at a low cost. However, stable molecular
structure and insolubility of PAHs, as well as low bioavailability of the speci�c microorganisms that
degrade them result in low metabolism of pollutants, limiting bioremediation (Elliot et al. 2011; Patowary
et al. 2018).

Whether bioremediation in water or soil, enhancing solubility of PAHs or promoting desorption of
contaminated soil is the premise and basis of bioavailability. In this respect, many studies have reported
the role of synthetic surfactants and biosurfactants for increasing the solubility of hydrocarbons and
improving the degradation of hydrophobic compounds by microorganisms (Lee et al. 2018; Tian et al.
2016). Compared to synthetic surfactants, biosurfactants have similar chemical functions but are less
toxic and more biodegradable. At present, the focus of biosurfactant production is to reduce production
costs, optimize fermentation conditions, and improve puri�cation processes. Cazals et al (2020) boosted
production using batch bioreactors and readily available nutrients. However, research on the structure and
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properties of biosurfactants is incomplete (Xu et al. 2020), and the application of biosurfactants requires
monitoring for increased environmental risks. An alternative strategy is to isolate biosurfactant-producing
microorganisms from contaminated sites and co-culture them with PAH-degrading bacteria to improve
the breakdown of PAHs, and sustainably produce biosurfactant molecules (Mnif et al. 2017). Most
researches have focused on the co-cultivation of biosurfactant-producing bacteria with a single or
arti�cial bacterial consortium (Dean et al. 2001; Wanapaisan et al. 2018). Due to incompatibility and
antagonism, a lack of cooperation between bacteria is common, and the microbes may not adapt to
external environments (Zafra et al. 2017). Few studies have integrated technology on the enhanced
degradation of PAHs between indigenous biosurfactant-producing bacteria and PAHs-degrading bacterial
consortia. Zhou et al (2020) found that the introduction of indigenous biosurfactant manufacturer
Acinetobacter sp. Y2 changed the bacterial community structure and upregulated the expression of
degradation-related genes.

In fact, the biodegradation and bioremediation of PAHs also depend on the microbial population and how
it can adapt to an environment (Mnif et al. 2017). In contrast to speci�c dominant bacteria, mixed
population consortia with a broad range of enzymatic mechanisms perform well in terms of substrate
tolerance and degradation rate (Sun et al. 2010). In general, a single target pollutant was used for the
domestication and enrichment of microorganisms. Based on the co-metabolism theory, the screened
bacterial consortium has a higher metabolic ability and greater environmental adaptability when multi-
substrate domestication is used. Furthermore, the main metabolites in the degradation process as co-
substrates contribute to reducing the accumulation of intermediates and eliminating their inhibitory
effects. Choosing easily biodegradable toluene and a relatively simple structure as the induced substrate
in the early domestication period can effectively reduce the mortality of the microorganisms during the
adaptation period and shorten the time needed to adapt to an external carbon source. Ortiz et al (2003)
used toluene as the co-substrate for phenanthrene metabolism in soil, and the phenanthrene metabolism
rate increased from 39–86% within 190 h, increasing the enzyme activity of the daughter products.
Related studies have also shown that catechol can be used as a carbon source by most of the isolates in
the PAHs-degrading �ora, and is the typical intermediate metabolite of the PAH degradation pathway
(Torres-Farrada et al. 2019). As an intermediate substrate for the domestication of the mixed microbial
consortium, it facilitates further degradation of pollutants.

Coking sludge wastewater contains phenols, refractory PAHs, and heterocyclic compounds including
nitrogen, oxygen, and sulfur, which provide a natural living environment for the mixed microbial
consortium and biosurfactant-producing microorganisms (Zhang et al. 2012). The purpose of this
research was to: (1) adopt toluene-catechol-anthracene multi-substrate domestication to screen mixed
microbial consortia with synergistic metabolic activity from coking sludge wastewater, and optimize
biodegradation conditions of domesticated microbial �ora, (2) separate and screen out a biosurfactant-
producing strain with the highest biosurfactant-producing ability from the coking sludge; and (3) study
the biodegradation pathway of anthracene by the mixed microbial consortium and biosurfactant-
producing bacteria.
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2 Materials And Methods

2.1 Strains, chemicals, and mediums
The activated sludge was taken from the aeration tank of the Weitian Chemical Coking Plant in Xuzhou
City, Jiangsu Province, China. The chemicals used in the experiment were analytical grade. Among them,
ANT was purchased from Yongkuo Technology Co., Ltd (Shanghai, China), and the rest were purchased
from Yien Chemical Reagent Co., Ltd (Shanghai, China).

The Luria-Bertani (LB) medium (in g L− 1) contained: beef extract, 3; peptone ,10; NaCl, 3; and pH was
adjusted to 7. The mineral salt medium (MSM) (in g L− 1) comprised: NaNO3, 0.5; K2HPO4, 3; NaH2PO4, 1;
MgSO4.7H2O, 0.5; (NH4 )2SO4, 0.5; CaCl2, 0.02; and pH was adjusted to 7.

2.2 Domestication of mixed microbial consortium
Table 1 shows the cultivation process for mixed microbial consortia to adopt progressive domestication
of the toluene-catechol-anthracene multi-substrate within 30 days, and methods to add substrate in the
domestication process. During the domestication process, inorganic nutrients (in g L− 1) were added that
included: NH4Cl, 1.0; KH2PO4, 1.5; K2HPO4, 0.5 and MgSO4·7H2O, 1.0; along with trace elements

consisting of (in mg L− 1): H3BO3, 50; KI, 10; CuSO4·5H2O, 10; MnSO4·H2O, 45; NaMoO4, 20; CoCl2, 50;
FeCl3, 12 and CaC12·2H2O, 15.

Table 1
The method for adding substrate in the domestication process

Domestication days Substrate (g L− 1 activated sludge)

Toluene Catechol Anthracene

1 Aeration only to consume carbon source and nutrients in activated sludge

5 0.5 --- ---

4 0.5 0.5 ---

4 --- 0.5 ---

2 --- 0.5 0.02

2 --- --- 0.05

12 --- --- 0.1-0.15a

aIncrease by 0.05 every four days

2.3 High-throughput sequencing to identify bacterial
community structure and diversity
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DNA puri�cation test kits were used to extract total genomic DNA from biological samples before and
after domestication. The 16S rRNA gene of the V3-V4 region identi�ed from the extracted genomic DNA
was ampli�ed using the primers 341f (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′). DNA extraction and polymerase chain reaction (PCR) ampli�cation were
completed by Majorbio Co., Ltd (Shanghai, China), followed by sequencing of these libraries on the
Miseq-PE300 platform.

2.4 Isolation, screening and identi�cation of biosurfactant-
producing bacteria
A culture bottle containing 90 mL of LB medium was inoculated with 5 mL of a sludge-water mixture and
placed in a rotary shaker at 30°C (120 rpm, CRY-100B). 50 ml of the suspension was centrifuged
(FC5515R, Guangzhou), and the supernatant was washed repeatedly with MSM solution after
centrifugation. Subsequently, 10 ml of the supernatant was inoculated into �asks containing 90 mL MSM
supplemented with 1% (v/v) coal tar, transferred to a fresh MSM every three days, and domesticated
repeatedly for ten cycles. 100 µl of domesticated bacterial �uid,diluted to different concentration
gradients of 10− 1, 10− 2, 10− 3, and 10− 4, respectively, was coated on the sterilized oil plate supplement
with 1% (v/v) coal tar, 2% agar and MSM, and was then placed in a biochemical incubator (SPX-250,
Shanghai) at 30 ℃ to grow for three days. A single-use inoculation ring was used to select colonies with
large oleophilic circles in the ultra-clean stand (SW-CJ-1FD, Shanghai) that were placed in LB medium for
two days. They were then streaked on the oil plate again to more complete separation and puri�cation.
Colonies with large oleophilic circles were preserved and then inoculated into LB medium for four days.
The supernatant was then vortexed in a centrifuge (9,000 rpm for 15 min) to remove the bacterial cells,
followed by measurements of the surface tension (Zhang et al. 2016), the oil spreading diameter (Datta
et al. 2018), and the emulsi�cation index (E24) (Deng et al. 2020) were measured. Finally, seven bacterial
strains (denoted as strains DM1, DM2, DM3, DM4, DM5, DM6, and DM7) that might produce
biosurfactant were obtained. After the above screening, the strain DM3 with the highest biosurfactant
production performance was separated and puri�ed again by streaking on the oil plate and stored in the
slant culture medium without observing miscellaneous bacteria. At the same time, the growth and
degradation effects of DM3 culture (5%, v/v) in the presence of 40 mg L− 1 ANT were investigated.

2.4.1 16S rDNA gene sequence analysis of biosurfactant-
producing bacteria
The logarithmic phase suspension of the strain DM3 inoculated into LB medium was collected in a 1.5ml
centrifuge tube, then extracted via DNA test kits. The DNA fragment coding was ampli�ed by 16S rRNA
universal primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'),
and then electrophoretically detected under1% agarose gel and electrophoresis at 120 V for 30 min. The
ampli�ed 16S rDNA sequence was tested on the 5670GL sequencer to obtain abi sequence map data.
First-generation sequence data were edited and analyzed using Bioedit, and BLAST analysis was
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compared with the Nucleotide Sequence Database (accession ID of MG KT799669.1) to obtain
information for establishing the phylogenetic tree by NJ neighbor method using the software PHYLIP
3.69.

2.4.2 Extraction and characterization of biosurfactant
The bacterial culture solution was centrifuged at 8,000 rpm for 10 min to obtain the cell-free supernatant,
which was adjusted to pH 2.0 with 1N HCl and then kept overnight at 4°C. The supernatant obtained was
extracted three times with an equal amount of ethyl acetate, shaken vigorously, and the organic phase
was separated in a separatory funnel. The separated organic phases were combined, dried with
anhydrous Na2SO4, and transferred to a round bottom �ask connected to a rotary evaporator (RE-52A,
Shanghai). The clear solution was concentrated at 40°C to evaporate the solvent, leaving behind a
relatively pure biosurfactant, which is a viscous, yellow-brown substance. 1 mg of crude biosurfactant
was ground evenly with 10 mg potassium bromide to prepare the sample, and tablets were pressed
(7,500 kg for 30 s) to produce translucent particles for Fourier transform infrared spectroscopy (FT-IR)
analysis. FT-IR was performed in transmittance mode of 400–4000 cm− 1 with a resolution of 4 cm− 1 and
an average of 32 scans.

2.5 Biodegradation assay of ANT under different culture
conditions
After centrifuging the mixed bacterial �uid domesticated and DM3 bacterial �uid in LB medium, the
supernatant was washed with MSM solution to obtain OD600 = 1.0 as inoculum. Different temperatures,
pH, and initial concentrations of ANT were selected to explore the optimal conditions for ANT degradation
by the mixed microbial consortium. After evaporation of acetone from sterilized 250mL Erlenmeyer �asks
containing different volumes of stock ANT solution (40 mmol L− 1) in acetone, different initial ANT
concentrations (10, 20, 30, 40, and 50 mg L− 1) were formed. At an initial ANT concentration of 40 mg L− 1,
0.75 mL of mixed, domesticated bacterial �uid (5%, v/v) was inoculated into �asks with 150ml of
sterilized MSM. Then, biodegradation assays of ANT were carried out at different culture temperatures
(20, 25, 30, 35, 40, and 45°C at pH 7) and different pH values (4, 5, 6, 7, 8, 9, and 10 at 30°C). Different
initial concentrations of ANT were tested at the optimal temperature and pH. These �asks were �lled with
MSM containing 5% (v/v) mixed bacterial �uid domesticated with 5% (v/v) DM3 bacterial �uid were
investigated for the performance of enhanced biodegradation of ANT (40 mg L− 1) at 30 ℃ and pH 7. 5%
(v/v) DM3 bacterial �uid was replaced by an equal volume of MSM in the control group. All the �asks
were placed in a shaker (120 rpm).

2.6 Identi�cation of metabolites
On day two and day �ve of ANT degradation, the bacterial �uid was �ltered through glass wool and
centrifuged. The supernatant was acidi�ed to pH 2–3 with 6N HCl, then vortexed with an equal volume of
ethyl acetate. After standing, the ethyl acetate layer was removed and extracted again with the same
method. The two extracts were combined and dehydrated with anhydrous Na2SO4. After removing the
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anhydrous Na2SO4, the combined extract was vacuum distilled in a 40°C water bath to near dryness. The
volume was made constant with methanol, �ltered through a 0.22 µm membrane, and added to a 1.5 ml
chromatographic sample bottle. The �nal extract was analyzed by gas chromatography-mass
spectrometry (GC-MS; Agilent 7890 A,5975 C) in SIM mode. The injector temperature was programmed
from ambient temperature to 360°C, while the column box temperature was �xed at 350°C. Nitrogen was
used as the carrier gas, and the temperature program was set as follows: 80°C for 1 min, then increased
to 240°C at the speed of 5°C min− 1, and held for 5 min.

2.7 Analytical methods
The residual ANT was analyzed by high-performance liquid chromatography (HPLC; 6890N, Shanghai)
(Simarro et al. 2011). 15 ml of culture, added to an equal volume of cyclohexane, was extracted three
times to combine with organic phase. The organic phase was concentrated at 40°C in a rotary evaporator,
with cyclohexane to clean the round bottom �ask and diluted to 2 ml. The HPLC system was equipped
with a photodiode array detector and Nucleosil 100-5 C18 column (length 30 m, inner diameter 0.32 mm,
particle size 10 µm). The injection volume was 1 µL. Acetonitrile (80%) was used as the mobile phase,
with a �ow rate of 1 mL min− 1. The excitation and emission wavelengths in the �uorescence detector
were set to 240 nm and 420 nm, respectively. The retention time of ANT is 13.5 ± 0.2 minutes. The optical
density of bacterial �uid was determined using a UV-Vis spectrophotometer (UV1800, Guangdong) at 600
nm.

Data statistics and �tting are carried out using IBM® SPSS® Statistics 24.0 and Origin Pro 9.0 software,
respectively. Each data point in the tables and �gures represents the mean value of triplicate
observations, and the error bar represents the standard deviation.

3 Results And Discussion

3.1 Bacterial community structure
An in-depth understanding of the community structure in the ANT degradation process is of great
signi�cance to further understand the consortium. A total of 29,069 and 51,057 valid sequences were
obtained from the samples before and after domestication, respectively (Table 2). Related indexes such
as Shannon, Simpson, and Chao1 indicated that diversity and richness of the consortium declined after
the long-term domestication of multi-substrate. After progressive domestication, Flavobacteriia became
the most abundant class, which increased signi�cantly in proportion from 8.88–56.41% (Fig. 1a). A study
reported that after enhanced biotreatment of groundwater contaminated with total petroleum
hydrocarbons, Flavobacteriia became the dominant bacteria, accounting for 41% of the total population
(Poi et al. 2018). Our results highlighted that the relative abundance of dominant bacteria Flavobacteriia
increased more signi�cantly after toluene-catechol-anthracene multi-substrate domestication.
Flavobacteriia is a typical polycyclic aromatic hydrocarbon degrader that can degrade pyrene,
naphthalene, phenanthrene, pyrene, anthracene (Zhao et al. 2017). The metabolic versatility of
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Flavobacteriia played an important role in this community succession under multi-substrate stress.
Additionally, Alphaproteobacteria was the second-largest strain, but the difference was not obvious
before and after domestication, from 17.92–17.38% (Fig. 1a). However, the proportion of
Bataproteobacteria and Gammaproteobacteria, with relatively large populations before domestication,
dropped to 11.23% and 3.81%, respectively. This agrees with previous research results that showed
Alphaproteobacteria more dominant than Bataproteobacteria and Gammaproteobacteria under the PAH-
induced bacterial community changes (Zhou et al. 2009). Moreover, Alphaproteobacteria could also
utilize PAHs as a carbon source. Zhao et al (2017) detected Alphaproteobacteria as the dominant
population in soil contaminated with phenanthrene, whose characteristic phenanthrene-degrading genes
were vital in the degradation process of contaminants. The mixed microbial consortium, mainly
represented by Flavobacteriia, Alphaproteobacteria, and Bataproteobacteria adapted to the pressure of
this multi-substrate selection, which re�ected resistance and stability of its community structure. Another
study has reported that under different substrates, the structure of the domesticated community is
signi�cantly different, and as the domestication time extends, the community structure tends to become
stable as the degradation ability increases (Ma et al. 2015).

Table 2
Sequences, richness, and diversity index of the mixed microbial

consortium before and after domestication
Samples Sequences Shannon Simpson Chao1

before domestication 29,069 4.24 0.029 455.74

after domestication 51,057 2.42 0.278 403.55

 

Changes in the distribution of 33 genera (> 1%) before and after domestication can be seen in Fig. 1b.
Although species abundance among 23 genera exceeded 1% before domestication, the differences in
microbial abundance and dominant genera were not signi�cant. Six genera of them that accounted for
more than 5% included norank_f__Xanthomonadaceae (9.07%), norank_o__JG30-KF-CM45 (8.76%),
Thauera (7.29%), norank_f__Anaerolineaceae (7.09%), norank_f__Blastocatellaceae__Subgroup_4_
(6.08%), norank_f__NS9_marine_group (5.40%). However,the uniformity of the mixed microbial
consortium was disturbed after domestication, with the relative abundance of 12 genera greater than 1%.
Surprisingly, 10 genera including Myroides, Brevundimonas, Paenalcaligenes, Pseudogracilibacillus,
Enterobacter, unclassi�ed_f__Brucellaceae, Enterococcus, Bordetella, Lysinibacillus, Alcaligenes, except
for norank_o__JG30-KF-CM45 and Thauera, accounted for less than 1% before domestication. In
particular, two genera, Myroides and Brevundimonas, which grew and reproduced in large quantities after
domestication experienced dramatic increases in relative abundance to 55.53% and 12.28%, respectively,
and eventually became dominant genera. The other eight genera are Paenalcaligenes (4.36%),
Pseudogracilibacillus (2.35%), Enterobacter (1.93%), unclassi�ed_f__Brucellaceae (1.75%), Enterococcus
(1.66%), Bordetella (1.66%), Lysinibacillus (1.29%), and Alcaligenes (1.14%), respectively. Smulek et al
(2020) reported that the microorganisms Pseudomonas mendocina and Brevundimonas olei isolated
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from soil samples contaminated with creosote could degrade more than 60% of PAHs. Furthermore,
Domingues et al (2020) isolated Brevundimonas which was able to synthesize biosurfactants from
ocean and estuary sediments. Interestingly, Myroides has also been widely researched to augment and
enhance the biodegradation of hydrocarbon by producing biosurfactants (Chikere et al. 2019).

The above data illustrated that the toluene-catechol-anthracene domestication mode could effectively
shift the community structure, and had a signi�cant effect on the selection of high-e�ciency dominant
degrading bacteria with rich functions. Generally, a method to construct a consortium comprised of
mixed microorganisms with equal proportions is straightforward to deplete the compound of interest, but
it does not consider the possible inhibitory effect of inoculated microorganisms or intermediates in the
metabolic process (Zafra et al. 2017). In our work, microorganisms with better adaptability to pollutants
gradually emerged and replaced those with poor adaptability during the process of multi-substrate
induced selection. Given that a small amount of fungi exist in the activated sludge of coking wastewater
(Joshi et al. 2016), the mixed microbial consortium most likely covers them, which is the focus of future
research.

3.2 Isolation and identi�cation of biosurfactant-producing
strains
Through screening, seven bacterial strains that might produce biosurfactant were �nally obtained, with
the oil spreading diameter, emulsi�cation index, and surface tension summarized in Table 3. The oil
spreading diameter of strain DM1 and DM7 was signi�cantly lower than that of other strains, and the
surface tension was 65.7 mN m− 1 and 69.1 mN m− 1, respectively, an almost negligible decrease; hence,
these two strains produced little biosurfactant. The strain DM3 showed the largest oil spreading diameter
(73.9 mm), the most decreased surface tension of suspension (from 73.4 mN m− 1 to 37.6 mN m− 1), and
much better emulsi�cation performance (22.1%). It was selected as the target biosurfactant producing
bacteria with the highest production ability. Moreover, the biological phylogenetic tree constructed by NJ
neighboring method found that strain DM3 had the closest relationship with Pseudomonas_aeruginosa
(similarity was close to 100%) (Fig. S1), and the FT-IR analysis further con�rmed that the synthesized
biosurfactant had a rhamnolipid nature. The absorption peaks at 1020–1030 cm− 1, 1560–1580 cm− 1,
1740 cm− 1, 2853 cm− 1, 3385–3390 cm− 1, suggested that the biosurfactant contained bonds -C-O-C-, -
COO-, -C = O, -C-H, and -O-H, respectively (Fig. S2). Additionally, it was veri�ed that
Pseudomonas_aeruginosa strain DM3 could utilize ANT in this study. Although the strain DM3 was
limited to degradation, it could grow stably with ANT (40 mg L− 1) as the sole carbon source. The
degradation ratio of ANT by the Pseudomonas_aeruginosa DM3 reached 8.9% and 26.8% on day 2 and
day 6, respectively, with an increase in the number of bacteria from OD600 = 0.147 to OD600 = 0.423 in the
reaction (Fig. S3).
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Table 3
Oil spreading diameter,E24 and surface tension values of

isolated strains
Strain
number

Oil
spreading

diameter
(mm)

Surface tension
(mN m− 1)

E24/%

DM1 23.4 65.7 2.7

DM2 57.6 43.1 20.3

DM3 73.9 37.6 22.1

DM4 27.9 62.1 3.4

DM5 70.2 38.9 22.3

DM6 43.7 48.3 17.4

DM7 18.2 69.1 2.1

3.3 Microbial consortium biodegradation of ANT under
different culture conditions
After 15 days of cultivation, the density of mixed microbial �uid and ANT degradation ratio were
analyzed. When the temperature rose from 20°C to 30°C, the degradation ratio of ANT and OD600

increased, peaking at 30°C, where OD600 was 0.673 and the degradation ratio reached 80.7% (p < 0.05).
As the temperature continued to rise (> 30°C), the degradation ratio of ANT and OD600 both decreased
(the lowest at 45°C) (Fig. 2a). With increasing temperature, the diffusion coe�cient and solubility of PAHs
increased, resulting in enhanced bioavailability and biodegradation, but the temperature could also affect
the physiological structure of bacteria, such as enzyme activity.

The mixed microbial consortium had a wide range of pH values, where at pH 4 and pH 10 the degradation
ratio still reached 32.5% and 34.9%, respectively (Fig. 2b). However, growth under acidic and alkaline
conditions was signi�cantly inhibited compared to the neutral environment (OD600 = 0.685) where the
degradation ratio reached 80.5%. In the process of bioremediation, pH is an important factor affecting the
solubility of PAHs and bacterial cell metabolism. Generally, PAH-degrading strains or consortia prefer to
grow and degrade PAHs under natural or alkaline pH conditions (Muangchinda et al. 2018). In this
experiment, the mixed microbial consortium showed the best performance at pH 7 (OD600 = 0.685;
degradation ratio = 80.5%) (p < 0.05).

When ANT was used as the sole carbon source, increased OD600 value indicated that the mixed microbial
consortium could utilize ANT to grow (Fig. 2c). The results revealed that the bacterial growth in the low
concentration group reached the �xed stage fairly quickly (10 mg L− 1 and 20 mg L− 1 on day 4 and day 6,
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respectively), whereas the other concentration group reached this stage on the eighth day. The maximum
OD600 of the low concentration group was also less than that of the other concentration group (Fig. 2c).
This may be attributed to the lack of a nutrient supply and the rapid consumption of carbon sources. ANT
at a concentration of 40 mg L− 1 performed better on the growth of microorganisms. Although the growth
ratio was slightly slower in the �rst six days, which might be owing to the gradual increase in the number
of bacteria that competed for carbon sources, the OD600 value at the initial concentration of 40 mg L− 1

was signi�cantly higher than that of other concentration from the sixth day (p < 0.05). The accumulation
of toxic intermediate products during the ANT degradation also caused a reduction in the number of
bacteria. As for the initial ANT concentration 50 mg L− 1, the OD600 was slightly lower than that of the
other concentration groups in the �rst 4 days. As high PAHs concentration were cytotoxicity, there was a
period of biological inhibition that resulted in a �nal maximum OD600 less than that of 40 mg L− 1.

As described in Fig. 2d, when the initial concentration of ANT was 10, 20, 30, 40, and 50 mg L− 1, the
maximum degradation e�ciency on the 16th day was 56.1%, 69.8%, 74.1%, 85.7%, and 79.6% (p < 0.05),
respectively, consistent with the growth-effect curve of OD600 (Fig. 2c). Muangchinda et al (2018) used a
dual-substrate enrichment pattern, adding crude oil �rst and then PAHs to obtain a PAH-degrading
bacterial consortium, which biodegraded 68.6% of ANT (50 mg L− 1) after 21 days. This is lower than the
degradation rate in our experiment. Active biodegradation mainly occurred during the logarithmic growth
phase. After entering the stationary phase, as numbers of bacteria declined due to poor nutrition, the
increase in degradation ratio gradually tended to be �at. When the initial concentration was 40 mg L− 1,
the bacteria had experienced a time interval to adapt to the higher concentration of substrates in the �rst
six days with a degradation ratio below that of other groups, but the removal ratio increased rapidly after
the eighth day because of a greater supply of carbon.

3.4 Enhanced ANT biodegradation combining mixed
microbial consortium with strain DM3
When Pseudomonas_aeruginosa DM3 was added, the degradation ratio and degradation time of ANT
had a positive change (Fig. 3a). The ANT degradation ratio in the experimental group (added DM3) was
21.4%, while that in the control group (without DM3) was 16.1% two days after inoculation. The
degradation ratio of ANT in the experimental group increased signi�cantly from the second day. After ten
days of inoculation, the ANT degradation ratio in the experimental group and the control group increased
slowly, and on the 16th day was 89.2% and 85.7% (P < 0.01), respectively. Although the system with
Pseudomonas_aeruginosa had little effect on the �nal degradation ratio of ANT, it took 12 days for the
control group to reach 83% and the experimental group reached the same degradation ratio on the sixth
day, which signi�cantly shortened the degradation lag phase (Fig. 3a). The model best �tted with the �rst-
order rate equation has been widely applied to research the biodegradation kinetics of PAHs
(Rabodonirina et al. 2019), which was calculated as follows:
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Where [PAH], [PAH0] and k are the PAH concentration at time t (days), the initial amount of PAH, and the
�rst-order rate constant in the reaction, respectively. In this study, the degradation process of ANT by the
mixed microbial consortium with or without DM3 is depicted-well in Fig. 3b through the �rst-order rate
equation model, since the obtained R2 value reached 0.984 and 0.959, respectively. Furthermore, the rate
constant (k = 0.240 d− 1) when DM3 was added was signi�cantly higher than that (k = 0.159 d− 1) without
DM3, increasing nearly 0.5 times within 10 days. The higher the k value, the faster the degradation rate.
The corresponding half-life of 2.9 and 4.4 days was calculated according to the equation:

Where t1/2 represents the time taken to degrade half of the initial substance. Compared to t1/2 = 2.9 days,
the half-life t1/2 = 4.4 days reduced by nearly 34%, implying less accumulation with DM3 added.

Biodegradation underwent a rapid �rst phase, in which the bacteria preferentially used easily-available
contaminant fragments. A second phase occurred where the degradation might not be governed by
microbial activities and slowed down (Fig. 3a). Such a dramatic rise with DM3 co-inoculated in the �rst
stage may result from the following hypothesis. Rhamnolipid produced via strain DM3 could solubilize
hydrophobic substrates and increase the hydrophobicity of the cell surface, improving the bioavailability
of hydrophobic compounds. Therefore, ANT and the hydrophobic intermediates generated during the
metabolic process were rapidly consumed. Other strains, such as Brevundimonas and Myroides in the
consortium, may also produce different types of biosurfactants that interact with rhamnolipid. Song et al
(2013) explored micelle behaviors of binary mixed biosurfactant systems (sophorolipid/rhamnolipid).
The critical micelle concentration (CMC) shifted due to the interaction between molecules. Furthermore,
the rhamnolipid synthesized by strain DM3 might be used as a substrate or co-metabolic substrate for
certain bacteria in the mixed microbial consortium during the ANT degradation, which promoted the
growth of the mixed microbial consortium. The increase in the number of bacteria provided a greater
chance of ANT degradation. Ruta and Juozas (2013) revealed that in the presence of rhamnolipid, the
activity of related enzymes was greatly increased. Rhamnolipid contributed to activating and reinforcing
the activity of mixed microbial consortium enzymes. The crude rhamnolipids, synthetized via strain DM3,
of different CMC were added to the mixed microorganisms, and the highest degradation rate on the sixth
day was 71.1% (Fig. S4). This was signi�cantly lower than in the case when DM3 was added directly
(83%), indicating multiple actions between mixed microorganisms and DM3.

Moreover, mixed cultures with a broader enzymatic mechanism have synergetic metabolism functions
through corporation and division of labor by different strains or species, which play different roles (Jia et
al. 2019). This designed consortium comprising a mixed microbial consortium and strain DM3 reduced
metabolic burden to enable the system to eliminate intermediates rapidly. Previous studies have found
that the co-cultivation of exogenous biosurfactant-producing bacteria and indigenous bacterial
consortium can effectively improve hydrocarbons degradation (Tao et al. 2017). In this experiment, the
indigenous biosurfactant-producing Pseudomonas_aeruginosa DM3 coordinated well with the mixed
microbial consortium.
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3.5 Intermediates analysis in the ANT degradation process
For the degradation of PAHs, it is important to recognize the complete metabolic pathways by the
bacterial consortium with DM3 to avoid the toxicity accumulation of metabolites. To our knowledge, both
dioxygenases and monooxygenases can catalyze the initial attack on PAHs,and previous researches
have reported two major types of metabolic pathways about ANT degradation (Cui et al. 2014; Moody et
al. 2001). One is forming 1,2-dihydroxy-anthracene by deoxygenating the position of C-1 and C-2 rings,
followed by generation of 4-(2-hydroxynaphth-3-yl)-2-oxobut-3-enoic acid via the meta-cleavage pathway
(Zeinali et al. 2008). However, 4-(2-hydroxynaphth-3-yl)-2-oxobut-3-enoic acid is unstable and converts to
6,7-benzocoumarin, or it can further form 3-hydroxy-2- naphthoic acid (Dean-Ross et al. 2001).
Subsequent metabolism occurs through a pathway similar to the biodegradation of naphthalene to
produce salicylate or phthalic acid (Zeinali et al. 2008). Another pathway involves the formation 9,10-
anthraquinone by deoxygenating the positions of C-9 and C-10, followed by further metabolism to
phthalic acid via extracellular enzymes (Ahmed et al. 2012). The intermediates of the degradation
process of ANT changed over time, forming two metabolite fractions on day two (Fig. 4a) and three
metabolite fractions on day �ve (Fig. 4b) designated P1, P2, P3, and P4, respectively. Having a retention
time of 12.531 min, with a molecular ion (M+) at m/z 144 and fragment ions at m/z 115, 74, and 63, P1
was identi�ed as 1-naphthalenol (Fig. 4c). Numerous studies in the past have reported that 1-
naphthalenol is the main metabolite during the degradation of naphthalene (Bubinas et al. 2008). This
metabolic pathway of ANT is consistent with the �rst metabolic pathway mentioned above. Having a
retention time of 15.833 min, with a molecular ion (M+) at m/z 178, P2 was regards as ANT. With
retention times of 15.230 and 17.234, P3 and P4 with a molecular ion (M+) at m/z 178 could be phthalic
acid derivatives-1,2-benzene dicarboxylic acid, mono (2-ethylhexyl) ester and dibutyl phthalate by
reference to GC-MS library. In the present study, some intermediates might be undetected at a certain
moment due to low concentration or rapid utilization by the bacterial community after production; hence,
additional metabolic pathways related to ANT were likely to be undiscovered. Although 9,10-
anthraquinone is generally considered to be an end product, it cannot be ruled out that 9,10-
anthraquinone is converted to phthalic acid in this work. Besides, related studies have reported that
microorganisms with two metabolism pathways of ANT include Rhodococcus (Cui et al. 2014),
Mycobacterium (Dean-Ross et al. 2001), Martelella (Moody et al. 2001), etc. The mixed microbial
consortium with abundant strains has a wide range of enzymatic activities. Two possible metabolic
pathways of ANT were hereby proposed (Fig. 5).

4 Conclusions
This study presented the effectiveness of multi-substrate domestication to construct a mixed �ora. This
method could adjust the colony distribution and exerted a signi�cant effect on the screen of dominant
degrading bacteria, especially Flavobacteriia. When the temperature was 30℃, pH 7, and the initial ANT
concentration 40 mg L− 1, the degradation ratio (85.7%) reached a maximum of 16 days after inoculation
via the mixed microbial consortium. Furthermore, the research results corroborated an obvious promotion
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effect of the co-culture with an indigenous biosurfactant-producing strain for ANT degradation, inferring
two possible simultaneous metabolic pathways. The degradation ratio of ANT (40 mg L− 1) achieved
89.2% by the consortium with a Pseudomonas_aeruginosa DM3, and the degradation lag phase was
shortened. When the strain DM3 and the mixed microbial consortium were co-inoculated, the rate
constant k increased by nearly 0.5 times within 10 days, which is promising for application in
bioremediation of PAH contaminants.
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Figures

Figure 1
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Distribution analysis of the mixed microbial consortium at the class (a) and genus (b) level before and
after domestication.

Figure 2

Biodegradation of ANT by the microbial consortium at different temperatures (a) and pH (b); bacterial
density of the microbial consortium (c) and degradation e�ciency under different initial ANT
concentrations (d). Symbols are expressed as the mean values of triplicate data points, with error bars
representing standard deviations. Different lowercase letters indicate statistically signi�cant differences
at different temperatures (a) and pH values (b). Different lowercase letters indicate signi�cant differences
between different concentrations of ANT at each time point, and capital letters indicate signi�cant
differences in the same ANT concentration at different time point (c) (d), as determined by Duncan’s
multiple range test (p < 0.05).
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Figure 3

The e�ciency (a) and �rst-order model (b) of ANT degradation by the microbial consortium with or
without DM3. Symbols are shown as the average values of triplicate observations, and error bars
represent standard deviations. Different capital letters indicate signi�cant differences in the same
treatment group at different time points through Duncan’s multiple range test (p < 0.05); * (p < 0.05) and
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** (p < 0.01) indicate signi�cant differences between the different treated groups at each time point
according to t-test.v

Figure 4

Chromatograms of intermediates in the degradation process of ANT by the mixed microbial consortium
with DM3 on day two(a) and day �ve(b); mass spectrum of each intermediate during ANT degradation
(c).
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Figure 5

Proposed pathway of anthracene metabolism. The substances in brackets were not detected, and the
dotted arrows indicated the possible pathway.
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