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Abstract: A massive volume of produced water (PW) generated in the process of oil extraction must
be treated effectively due to its threat to the ecosystems and human health. Different biological
treatment technologies have been used in wastewater treatment plant (WWTP) systems to treat PW.
However, their influence on treatment performance has not been investigated. In this study, three
PW treatment plants (PWTPs) with different treatment technologies were compared in the following
aspects: microbial community structure and assembly, functional genes, and the spread of antibiotic
resistance genes (ARGs). The results indicated that different biological treatment technologies led
to the variations in the diversity and composition of the microbial community. Phylogenetic bin-
based null model analysis (iCAMP) revealed that different treatment technologies deterministically
drove the assembly of microbial communities, especially the genera associated with the removal of
petroleum hydrocarbons. The results of the metagenomic analysis showed that the genes related to
the degradation of alkanes and aromatic hydrocarbons were the most abundant in PWTP3, suggesting
it had the highest petroleum degradation potential. In addition, the highest abundance of ARGs
in PWTP1 indicated the potential facilitation of ARG dissemination in activated sludge systems.
Network analysis indicated that the dissemination of ARGs in the PWTPs might be mediated
by transposases.

Keywords: produced water treatment plant; different treatment technologies; microbial community
assembly; petroleum degradation genes; antibiotic resistance gene

1. Introduction

Produced water (PW), the largest volume byproduct of the petroleum industry, is
generated in the process of oil extraction [1,2]. The composition of PW is complex, and
it generally contains organic and inorganic compounds such as petroleum hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), nitrate, sulfur compounds, fungicides, heavy
metals, and some other chemicals needed for fracturing [3,4]. Due to the toxicity of
many components of oil-production water, the discharge of PW can cause serious harm
to ecosystems and human health [5]. Therefore, the massive amounts of PW must be
treated effectively.

At present, the technologies applied in wastewater treatment plant (WWTP) systems
are mainly divided into three categories: physical treatment, chemical treatment, and
biological treatment [6,7]. The WWTPs consisting of these processes are also applied to
treat PW [8–10]. Mature physical treatments include gravity separation, air floatation,
adsorption, and filtration [11–13]. However, the operation and maintenance are relatively
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complex and costly, and can easily cause secondary pollution. Catalytic oxidation, ad-
vanced oxidation, and flocculation are frequently used chemical treatments [14–16]. The
main disadvantages of chemical treatment are the high cost of chemicals, the need for regu-
lar maintenance and calibration of the chemical pump, and the difficulty of the removal of
reaction byproducts generated through the process. Biological processes have become good
supplementary and alternative methods, owing to their low cost and better performance in
treating a wide range of dissolved compounds without secondary pollution [17]. Previous
studies have investigated and estimated various biological reactors, including membrane
bioreactors, biological aerated filters, moving bed biofilm reactors, etc. [18,19]. To un-
derstand whether the adopted biological treatment processes led to different treatment
performances, different WWTPs treating various types of wastewater were compared. A
previous study indicated that the better performance of the anaerobic/anoxic/oxic (AAO)-
membrane bioreactor (MBR)-integrated process and sequencing batch reactor (SBR) was
superior to the AAO and oxidation ditch (OD) processes for treating pharmaceuticals [20].
Cao et al. [21] demonstrated that the anoxic/oxic (AO) and AAO systems of cyclic activated
sludge systems (CASSs) have distinct nitrogen removal efficiencies. However, comparative
studies of PW treatment plants (PWTPs) using different biological treatment technologies
are still scarce. With the purpose of guiding the design and operation of WWTPs for better
PW treatment efficiency, filling this knowledge gap is necessary. In addition, WWTPs that
employ biological treatment technologies rely primarily on major microbial activity and
interactions within highly diverse communities. The structure, diversity, and shifts of the
microbial community will directly affect the WWTP’s performance [22]. Determining the
functional genera and exploring their roles will facilitate the optimization of wastewater
treatment plants [21]. Still, information related to this field in PWTPs is limited. A previous
study indicated that environmental factors are the main drivers affecting microbial com-
munity diversity in oil-contaminated soils [23]. In a full-scale heavy oil-produced water
treatment plant, the composition of the microbial community also changed remarkably
with changes in environmental conditions, especially the artificially regulated dissolved
oxygen (DO) [24]. However, to date, detailed comparative research of the impact of the
environment on the variations in the distribution of microbiota in WWTPs treating PW
using different treatment technologies remains scarce.

The mechanism of community assembly is an essential question in microbial commu-
nity ecology, and investigating the controlling factors of community assembly contributes
to the understanding of species composition and association patterns [25,26]. According to
previous theory, the species abundance, composition, and distribution patterns are largely
controlled by deterministic processes [27,28]. By contrast, stochastic processes largely
control species dynamics, such as birth, speciation, and immigration [27,29]. Homoge-
neous selection (HoS) and heterogeneous selection (HeS) are deterministic processes, and
dispersal limitation (DL), homogenizing dispersal (HD), and drift (DR) are stochastic pro-
cesses. Selection under persistent environmental conditions (persistent selective pressures)
is referred to as HoS, which leads to low compositional turnover [30]. By comparison,
HeS represents a condition in which environmental condition changes (changed selection
pressure) result in high composition turnover. DL indicates that the composition turnover
is attributed to low dispersal rates, whereas HD indicates that low composition turnover is
attributed to high dispersal rates. Community assembly is governed by DR, when neither
dispersal nor selection processes are likely to dominate [31,32]. Based on the concept
proposed by Vellend, a comprehensive analytical framework was proposed and used to
quantitatively infer the process of community assembly [33–35]. Phylogenetic bin-based
null model analysis (iCAMP) is a newly developed model proved to be efficient and steady,
and has been widely used for investigating the ecological assembly processes in bioreactors,
considering the contributions of different processes to the microbial community assem-
bly with different origins, such as variations in wastewater composition, priority effects,
disparate microbial development stages, and heterogeneous microbial inoculum [35–38].
At present, the assembly of microbial communities in WWTPs treating PW using differ-
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ent treatment technologies remains largely unknown and the breakthrough scheme, i.e.,
iCAMP, is critical for elucidating the ecological mechanisms.

The release and residues of antibiotics into the environment exert selective pressure
on microorganisms in the ecosystem, leading to the development of antibiotic resistance
mechanisms in bacteria, as well as the enrichment of antibiotic resistance genes (ARGs) [39].
The widespread occurrence of ARGs is a major public health issue and an emerging global
challenge [40,41]. WWTPs are among the most important sinks for antibiotic resistance [31].
Discharging of treated municipal sewage has increased the number of ARGs in the receiv-
ing surface waters [42,43]. Thus, it is essential to investigate the dissemination of ARGs in
WWTP systems. It is well known that the PW is usually subjected to biocidal treatment
before water injection for secondary oil recovery, with the purpose of preventing the con-
tamination caused by microorganisms in the well. Glutaraldehyde, sodium hypochlorite,
chlorine dioxide, dibromonitrilopropionamide, etc., were detected in the PW [44,45]. Previ-
ous studies suggested that biocides can induce the emergence of ARGs [46]. Therefore, it is
likely that the ARGs can occur in PWTPs due to the existence of biocides in PW, and it is
necessary to investigate the risk of transmission of ARGs [47]. However, corresponding
research is still rarely reported.

The Xingjiang Oilfield is among the major oilfields in China. In this study, three
PWTPs in the Xingjiang Oilfield were chosen for the investigation of (1) water quality
indexes, (2) microbial community structure analysis and microbial community assembly,
(3) functional gene analysis, and (4) the spread of ARGs in different PWTPs. Hopefully, this
investigation will assist the development of effective strategies for PW treatment processes
in the future.

2. Materials and Methods
2.1. Treatment Plants and Sample Collection

The locations and detailed information of each plant are shown in Table 1. Different
PWTPs with different bioprocesses, activated sludge processes, biological aerated filters,
and biological contact oxidation processes were applied to the three plants and named as
PWTP1, PWTP2, and PWTP3. Samples were taken from the aerobic biochemical pools of
PWTP1 and PWTP3, and the filter samples of PWTP2, in June 2023. Nine samples for each
PWTP were collected and stored at −80 ◦C until further testing.

Table 1. Characteristics of the three PWTPs.

PWTP1 PWTP2 PWTP3

Location Karamay,
Xinjiang

Karamay,
Xinjiang

Karamay,
Xinjiang

Name
Heavy oil

sewage standard
discharge station

Heavy oil saline
sewage standard
discharge station

Fracturing
flowback fluid

standard
discharge station

Bioprocess Activated sludge
process

Biological
aerated filter

Biological
contact

oxidation
process

COD (mg/L) Influent 300–350 350–400 400–500
Effluent 180–200 150–200 100–150

NH4-N (mg/L) Influent 7–8 13–14 15–16
Effluent 1–2 6–7 5–6

Petroleum
(mg/L)

Influent 7–8 5–6 9–10
Effluent 1–2 1–2 2–3

Flow rate (m3/h) 80 60 70
T (◦C) 30–32 25–27 28–30

pH 7.0–7.5 7.0–7.5 7.5–8.0
DO (mg/L) 2–4 2–3 3–4

Volatile Phenol (mg/L) 0.074 0.135 0.035
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2.2. Analytical Methods

The physical and chemical indexes of wastewater detected during the experiment
included pH, temperature, dissolved oxygen (DO), chemical oxygen demand (COD), am-
monia nitrogen (NH4-N), and petroleum. The pH was determined by a pH meter (HI98191,
Hanna®, Italy). The dissolved oxygen meter (HI9146, Hanna®, Italy) was used for the
detection of temperature and DO. COD was detected using dichromate titration. Nesser’s
reagent method was used for the measurement of NH4-N (visible spectrophotometer), and
infrared spectrometry was used for the measurement of petroleum (infrared oil meter).

2.3. DNA Extraction and PCR Amplification

The E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) was used to extract
microbial DNA, referring to the manufacturer’s instructions. Primers 515F and 907R
(BIOZERON Co., Ltd., Shanghai, China) were used to amplify the V4–V5 region of the
16S ribosomal RNA gene of bacteria. The AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) was used for the extraction of amplicons, following
the instructions of the manufacturer. According to the Illumina genomic DNA library
preparation procedure, the pooled DNA products were used to construct the Illumina
Pair-End library. The amplicon libraries were then sequenced (2 × 250) on the Illumina
MiSeq platform (BIOZERON Co., Ltd., Shanghai, China), referring to standard methods.

2.4. Metagenomic Sequencing

Metagenomic shotgun sequencing libraries were constructed and sequenced (Biozeron
Biological Technology Co., Ltd., Shanghai, China). Using pair-end 150 bp (PE150) mode, all
samples were sequenced in the NovaSeq 6000 instrument (Illumina Inc., California, USA).
Trimmomatic v0.36 (http://www.usadellab.org/cms/index.php?page=trimmomatic) was
applied for the quality trimming of raw sequence reads to remove low-quality reads and
adaptor contaminants. The reads removing low-quality data and host-genome contamina-
tions were called clean reads and used for the further analysis. The standardization of gene
abundance referred to Liu et al. [48], and the unit was transcripts per million (TPM).

2.5. Statistical Analysis and Data Visualization

Statistical analyses were performed using SPSS (v.26, IBM SPSS Inc., Chicago, USA).
The online tool (http://circos.ca/, (accessed on 13 November 2023)) was used for depicting
Circos plots. For the analysis of co-occurrence networks among ARGs, mobile genetic
elements (MGEs), and microbial taxa, the correlation data was calculated in the R environ-
ment using the “psych” package 2.3.12 [49]. Gephi 0.10.1 (https://gephi.org/) was used
for visualizing networks. Spearman’s correlation was identified as statistically robust with
the correlation of R > 0.8 and p < 0.01.

3. Results and Discussion
3.1. The Water Quality Indexes of Different PWTPs

The water quality indexes of three PWTPs with different treatment technologies were
monitored (Table 1). The petroleum in the influent water ranged from 7 to 8, 5 to 6, and
9 to 10 mg/L. The average concentration of COD ranged from 300 to 350, 350 to 400,
and 400 to 500 mg/L, and the average concentration of NH4-N ranged from 7 to 8, 13
to 14, and 15 to 16 mg/L in PWTP1, PWTP2, and PWTP3. In the effluent water, the
petroleum concentrations were 1–2, 1–2, and 2–3 mg/L in PWTP1, PWTP2, and PWTP3;
COD concentrations were 180–200, 150–200, and 100–150 mg/L in PWTP1, PWTP2, and
PWTP3; and NH4-N concentrations ranged from 1 to 2, 6 to 7, and 5 to 6 mg/L in PWTP1,
PWTP2, and PWTP3. The results of statistical analyses showed that all the water quality
indexes exhibited significant differences among three different PWTPs (p < 0.05), which
indicated that the treatment efficiency of PWTPs with different treatment technologies
was remarkably different. Additionally, these indexes could also have an impact on the
structure of microbial community, which will be discussed later in Section 3.2.4.

http://www.usadellab.org/cms/index.php?page=trimmomatic
http://circos.ca/
https://gephi.org/
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3.2. Analysis of Microbial Community Structure in Different PWTPs
3.2.1. Overview of Microbial Diversity

The microbial community diversity and structure of the different PWTPs were in-
vestigated using Illumina high-throughput sequencing. After the low-quality sequences
and chimeras were removed, 32,918–41,974 effective sequences with an average length of
408.88–421.88 bp were obtained. The sequence number of each sample was normalized and
631–1071 OTUs were generated with a threshold of 0.97.

For microbial communities in different PWTPs, Chao1 and ACE were the highest in
PWTP3 (1118.38 ± 87.35 and 1152.92 ± 82.70), followed by PWTP2 (980.92 ± 120.73 and
1021.71 ± 134.09) and PWTP1 (883.22 ± 54.52 and 900.95 ± 62.86), suggesting that the
richness of PWTP3 was higher than PWTP2 and PWTP1 (Figure S1). The Shannon index
followed a trend similar to that of Chao1 and ACE except for PWTP2, which indicated that
the diversity of the microbial community was PWTP3 > PWTP1 > PWTP2. A previous
study compared the A/O contact oxidation process with bioaugmentation and the A/O
conventional activated sludge process without bioaugmentation treatment of petrochemical
wastewater, and the diversity of the bacterial community in the contact oxidation system
was better than that of the activated sludge system, which is consistent with the results of
this study [50]. These results implied that the richness and diversity showed differences
among PWTPs with different treatment technologies.

3.2.2. Microbial Community Analysis at the Phylum Level

In order to investigate the distribution of the microbial community in WWTPs treating
PW with different treatment technologies, the samples were analyzed using Illumina high-
throughput sequencing. The taxa with relative abundance > 1% (at least in one group) were
taken into consideration.

The main phyla of each plant are shown in Figure S2. The phylum Proteobacteria was
the most abundant, with a relative abundance of 85.36%, 61.56%, and 74.23% in PWTP1,
PWTP2, and PWTP3, respectively. These were consistent with the results of previous
studies, which indicated that this phylum could effectively degrade refractory petroleum
hydrocarbons and was predominant in the microbial community in petroleum hydrocar-
bon wastewater treatment systems [51,52]. The study of Ma et al. [51] showed that the
relative abundance of Proteobacteria accounted for 67.6% and 69.6% in micro-electrolysis
with a biological reactor and conventional activated sludge technology treating petroleum
hydrocarbon wastewater. Kim et al. [53] also indicated the predominance of Proteobacteria
(62.8 ± 10.7% in relative abundance) in a full-scale WWTP fed with petroleum refining
wastewater. However, the second most abundant phylum in the microbial community
of each plant was different. In PWTP1, Dadabacteria had the second highest relative
abundance of 6.49%, whereas it was not the main phylum in PWTP2 (0.02%) or PWTP3
(0.004%). Bacteroidota was the second most dominant phylum in PWTP2, and its rela-
tive abundance in PWTP1, PWTP2, and PWTP3 was 4.29%, 12.25%, and 6.52%, respec-
tively. The relative abundance of Desulfobacterota was 6.53% in PWTP3, whereas it was
1.47% and 0.22% in PWTP2 and PWTP1, respectively. It was reported that Dadabacteria
was associated with the persistence and possible potential for degradation of aromatic
compounds, and Bacteroidota and Desulfobacterota were commonly found in petroleum
wastewater [54–56]. The other two main phyla in PWTP3 were Firmicutes (5.28%) and
Campylobacterota (4.43%). Firmicutes was also dominant in PWTP2 (4.33%), while it had
low relative abundance in PWTP1 (0.12%). Campylobacterota appeared in PWTP1 and
PWTP2 with low relative abundance (0.09% and 0.24%, respectively). Firmicutes was able
to degrade refractory organic matter, and Campylobacterota was found in oil pollution
sediments [51,57]. Deinococcota, Acetothermia, Thermotogota, Chloroflexi, and Armati-
monadota were only predominant in PWTP2. Among them, Deinococcota, Acetothermia,
Thermotogota, and Chloroflexi were related to oil contamination, oil degradation, and oil
reservoirs [58–61]. Recently, it has been found that the relative content of Armatimonadota
might be related to the concentration of phenol [62]. Spearman correlation analysis showed
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that the relative abundance of Armatimonadota was significantly positively correlated
with the concentration of volatile phenol (rs = 1.00, p < 0.01), which is consistent with a
previous study.

3.2.3. Microbial Community Analysis at the Genus Level

Figure 1 showed the relative abundance of microbial communities in different PWTPs
at the genus level. In general, significant differences were observed between groups.
In the PWTP1, Hyphomicrobium, Novosphingobium, Hydrogenophaga, Pedomicrobium, and
Methylocystis accounted for the highest relative abundances. As the most abundant genera,
Hyphomicrobium is capable of aromatic hydrocarbon degradation [63]. Novosphingobium
is able to utilize multiple polycyclic aromatic hydrocarbons (PAHs) as the sole carbon
sources [64]. A previous study indicated that Hydrogenophaga showed positive correlation
with the removal of C21–C34 petroleum hydrocarbon fractions [65]. The Pedomicrobium
genus could have the ability of hydrocarbonoclastic [66]. Methylocystis was used for the
biodegradation of PAHs in the study of Magdy et al. [67].
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Tepidiphilus, Thermus, Hydrogenophilus, Schleiferia, and Amphiplicatus were the pre-
dominant genera in PWTP2. Tepidiphilus was the dominant bacterial genera which might
contribute to the degradation of petroleum compounds [68]. Thermus comprises extreme
thermophilic microorganisms with the ability to degrade PAH compounds and PAH/alkane
mixtures [69]. Hydrogenophilus belongs to the class Betaproteobacteria, which is representa-
tive in oil reservoir samples and the members of this class were proven to be the carrier
of hydrocarbon degradation functional genes [70]. Schleiferia is a heat-resistant bacterium
(30–60 ◦C) that has not been well investigated at oil contamination sites [71], whereas Am-
phiplicatus is capable of reducing nitrates and biodegrading organic matter in wastewater.

In PWTP3, the top five genera in relative abundance were Roseovarius (19.34%), Para-
coccus (6.44%), Desulfovibrio (4.25%), Marinobacterium (4.15%), and Iodidimonas (2.97%).
Previous studies indicated that Roseovarius was involved in the degradation of crude oil
and PAH degradation in seawater [61,72,73]. The genus Paracoccus was previously found in
activated sludge from a petrochemical plant and was proven to be capable of simultaneous
nitrification and denitrification [54,74]. The study of Qian et al. [75] confirmed the sulfate-
reduction coupling PAH degradation of Desulfovibrio and Petrimonas. Dworkin et al. [76]
demonstrated that Marinobacterium could grow under various conditions, particularly in
the presence of petroleum hydrocarbons and in oil reservoirs at both mesophilic and high
temperatures and high concentrations of salts. In addition, Iodidimonas has been found
in PW/hydrocarbon-contaminated environments, which might have the potential for the
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degradation of hydrocarbon degradation [77]. The results indicated that different treat-
ment technologies could lead to different microbial community compositions, and the
mechanism for the microbial community assembly is discussed in Section 3.2.5.

3.2.4. Correlation Analysis of Environmental Factors and Microbial Community Structure

The possible correlations between the microbial community structure and environ-
mental factors were analyzed using canonical correspondence analysis (CCA) (Figure 2).
There were nine environmental factors (influent COD, effluent COD, influent NH4-N,
effluent NH4-N, influent petroleum, effluent petroleum, flow rate, temperature, and pH)
that showed significance on the basis of the permutation test analysis (p < 0.05). In the CCA
plot, the length of the arrows represents the degree to which each variable is related to
the community structure. As shown in Figure 2, the most significant environmental factor
was the temperature. This result was consistent with the results of previous studies, which
reported that temperature might have the strongest influence on the composition of the
bacterial community in bioreactors [78].
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3.2.5. Microbial Community Assembly in in Different PWTPs

The assembly mechanism of microbial community is one of the solid theoretical
foundations for the regulation of microbial community in WWTP systems [79]. Because
both deterministic and stochastic processes are considered to be important in the local
community assembly, determining the relative importance of different ecological processes
and the mechanisms of assembly is of great importance [26].

Previous studies acknowledged that homogeneous selection (HoS) and heterogeneous
selection (HeS) are deterministic processes, whereas dispersal limitation (DL), homogeniz-
ing dispersal (HD), and drift (DR) are stochastic processes [35]. According to the iCAMP
results, the relative importance of the deterministic process was 71.49%, 68.18%, and 74.62%
for PWTP1, PWTP2, and PWTP3, respectively (Figure 3a). The deterministic ratios showed
large effect sizes (Cohen’s d = 2.51, 1.69, and 0.83 for PWTP1, PWTP2, and PWTP3, re-
spectively), indicating that microbial community assembly was the most deterministic in
PWTP3, followed by PWTP2 and PWTP1. Furthermore, the relative importance of the
HoS, HeS, DL, HD, and DR was determined. As shown in Figure 3a, HoS, DR, and HD
were the three most dominant processes in the assembly of the microbial community in all
the groups, with an average importance of 68.17–74.59%, 14.53–20.69%, and 4.97–11.24%,
respectively. In different PWTPs, the relative importance of different processes was al-
tered with large or medium effect sizes (|Cohen’s d| = 0.79–9.94), implying the relative
importance of the deterministic process changed with the different treatment technologies
applied. This could be due to the constant imposed selective pressure by different treatment
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technologies. As different deterministic forces, they decreased stochasticity to varying
degrees, leading to the changes in deterministicity.
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In addition, the observed OTUs fell into 67 phylogenetic groups (termed “bins”), and
the corresponding assembly mechanisms were analyzed. The deterministic process, which
mainly consisted of HoS, dominated 21 bins (31.34% of the bin numbers), 24 bins (35.82% of
the bin numbers), and 27 bins (40.30% of the bin numbers) for PWTP1, PWTP2, and PWTP3,
respectively. The taxonomy of the bins was also demonstrated, and the ecological processes
of the bins containing the predominant genera were further investigated (Figure 3b). Inves-
tigations on these genera can help to better understand the effects of different treatment
technologies on microbial diversity, structure, functional gene composition, and activities.

The main bin was categorized as Tepidiphilus (bin 32, 8.60% of all bins), the dominant
genus in PWTP2 with the ability to degrade petroleum compounds, and it was dominated
by HD (67.29%), HoS (100.00%), and HoS (64.19%) in PWTP1, PWTP2, and PWTP3 [68].
In contrast, the predominant genus in PWTP1, Novosphingobium (bin 14, 7.60% of all bins),
was mainly regulated by stochastic processes in PWTP1 (HD: 100.00%) and PWTP2 (HD:
100.00%), while it was regulated by deterministic processes in PWTP3 (100.00%). Bin 25
(6.58%), which was mainly ascribed to Roseovarius, the most abundant genus in PWTP3, was
controlled by HoS in all three plants (88.05% in PWTP1, 100.00% in PWTP2, and 100.00%
in PWTP3). Bin 23 (assigned to norank_f_Rhodobacteraceae) was totally HD-dominant in
PWTP1, whereas it was totally HoS-dominant in PWTP2 and PWTP3. Belonging to the
Alphaproteobacteria class, this family was found in soils extracted from oil wells and may be
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associated with the metabolism of the anaerobically activated aromatic hydrocarbons [80].
These results suggested that different treatment technologies might result in different
genera being driven deterministically, particularly those associated with the removal of
petroleum hydrocarbons. It was speculated that different treatment technologies might
provide persistent environmental conditions, which had persistent selective pressures on
specific genera.

3.3. Analysis of Petroleum Hydrocarbon Degradation-Related Genes in Different PWTPs

To further compare the potential of petroleum hydrocarbon degradation in different
PWTPs, the related genes of samples from PWTP1, PWTP2, and PWTP3 were annotated,
and the KEGG entry number and the description of genes are listed in Table S1.

A previous study reported that alkane hydroxylase, alcohol dehydrogenase, alde-
hyde dehydrogenase, and acetyl-CoA synthetase are involved in the alkane degradation
pathway [81]. Therefore, the corresponding genes were investigated (Figure 4a). alkB is
the gene encoding alkane 1-monooxygenase, which oxidizes the methyl end of an alkane
to a hydroxyl group. The abundance of alkB was the highest in PWTP3 (227.27 TPM),
followed by PWTP1 (82.56 TPM) and PWTP2 (73.97 TPM). The primary alcohol generated
is then catalyzed by alcohol dehydrogenase to form the corresponding aldehydes. The
total abundance of the related genes (adhA, adhC, and adh1) was similar to the results of
alkB, increasing by 4.38% and 2.27% in PWTP3 and PWTP1, respectively, compared with
that in PWTP2. The aldehyde dehydrogenase genes (ALDH, ALDH7A1, ALDH9A1, and
adhE) participate in the process of catalytic oxidation of aldehydes to fatty acids, and the
sum of their abundances was also greater in PWTP3 and PWTP1, which were 1.56 and
1.50 times of that in PWTP2. The gene alkK is associated with acyl-CoA synthetase, which
is involved in the conversion of fatty acids into acyl-CoA. The abundance of this gene
was remarkably higher in PWTP3 (46.25%) and PWTP1 (39.64%) than that in PWTP2. The
results could be attributed to the robust microbial community in PWTP3. According to a
previous report, attached biofilms with extracellular polymeric substances (EPS) can protect
microorganisms from environmental and chemical stresses [82]. Therefore, the genera with
alkane-degrading genes could have better stress tolerance in PWTP3, which was applied
with biological contact oxidation. In addition, the oily substances could stimulate the
growth of oil-degrading microbes [83]. According to Table 1, the petroleum concentration
in the influent of PWTP2 was the lowest, which indicated the lowest relative abundance of
alkane-degrading genera. This might explain the lowest abundance of alkane-degrading
genes in PWTP2.

Water 2024, 16, x FOR PEER REVIEW 10 of 18 
 

 

  
(a) (b) 

Figure 4. The Circos plots of petroleum hydrocarbon degradation-related genes in different PWTPs. 
The abundance of genes involved in the degradation of alkane (a) and aromatic hydrocarbons (b). 

Genes associated with aromatic hydrocarbon degradation were also investigated. 
tmoA and tmoD genes are the genes encoding the enzymes (toluene monooxygenases) in-
volved in the degradation of toluene to benzyl alcohol. The abundances of these two genes 
in PWTP3 were 15.23% and 74.41% higher than those in PWTP2, whereas they were 
13.32% and 5.66% higher than those in PWTP1, respectively. The enzyme benzoate 1,2-
dioxygenase, which contributes to the transformation of benzoate to catechol, is encoded 
by benA, benB, and benC. The abundance of these genes was all highest in PWTP1, and the 
sum abundance was PWTP3 (184.29 TPM) > PWTP1 (39.05 TPM) > PWTP2 (36.23 TPM). 
The genes catA and catB encode catechol 1,2-dioxygenase and muconate cycloisomerase, 
respectively, which are the key enzymes involved in the catalytic oxidation of catechol 
and 4-methyl catechol. In the aromatic hydrocarbon degradation pathway, catechol is the 
intermediate product of toluene degradation, and catechol 1,2-dioxygenase is the key en-
zyme for cleaving the benzene ring during toluene degradation. As shown in Figure 4b, 
the abundance of catA and catB was the highest in PWTP3, compared with PWTP2 and 
PWTP1. In addition, mhpE is an enzyme-coding gene that catalyzes the oxidation of 4-
hydroxy 2-oxovalerate to acetaldehyde and pyruvic acid, which is the intermediate link 
of the synthesis of acetyl-CoA. This gene showed a similar changing trend to catA and catB 
genes. These results showed that PWTP3 might degrade petroleum hydrocarbon more 
effectively than PWTP1 and PWTP2, indicating that different treatment technologies 
could lead to different treatment efficiencies. The relationships between the petroleum 
hydrocarbon degradation-related genes and the environmental factors/dominant genera 
were assessed on the basis of the Mantel test to investigate the driving factors. As shown 
in Figure S3a, both alkane and aromatic hydrocarbon-degrading genes had significant 
positive correlations with influent COD (rp = 0.35, p < 0.01; rp = 0.44, p < 0.01), effluent COD 
(rp = 0.21, p < 0.01; rp = 0.28, p < 0.01), influent NH4-N (rp = 0.82, p < 0.01; rp = 0.94, p < 0.01), 
effluent NH4-N (rp = 0.93, p < 0.01; rp = 0.97, p < 0.01), influent petroleum (rp = 0.36, p < 0.01; 
rp = 0.15, p < 0.05), flow rate (rp = 0.97, p < 0.01; rp = 0.84, p < 0.01), T (rp = 0.75, p < 0.01; rp = 
0.56, p < 0.01), and DO (rp = 0.45, p < 0.01; rp = 0.24, p < 0.01). Figure S3b showed that the 
top five genera in PWTP1 (Hyphomicrobium, Novosphingobium, Hydrogenophaga, Pedomicro-
bium, and Methylocystis), PWTP2 (Tepidiphilus, Thermus, Hydrogenophilus, Schleiferia, and 
Amphiplicatus), and PWTP3 (Roseovarius, Paracoccus, Desulfovibrio, Marinobacterium, and Io-
didimonas) were all significantly positively correlated with both alkane and aromatic hy-
drocarbon-degrading genes (p < 0.05). These results indicated that the difference between 
alkane and aromatic hydrocarbon-degrading genes was caused by multiple factors, in-
cluding abiotic driving factors and biotic driving factors.  

Figure 4. The Circos plots of petroleum hydrocarbon degradation-related genes in different PWTPs.
The abundance of genes involved in the degradation of alkane (a) and aromatic hydrocarbons (b).



Water 2024, 16, 195 10 of 17

Genes associated with aromatic hydrocarbon degradation were also investigated. tmoA
and tmoD genes are the genes encoding the enzymes (toluene monooxygenases) involved in
the degradation of toluene to benzyl alcohol. The abundances of these two genes in PWTP3
were 15.23% and 74.41% higher than those in PWTP2, whereas they were 13.32% and 5.66%
higher than those in PWTP1, respectively. The enzyme benzoate 1,2-dioxygenase, which
contributes to the transformation of benzoate to catechol, is encoded by benA, benB, and
benC. The abundance of these genes was all highest in PWTP1, and the sum abundance was
PWTP3 (184.29 TPM) > PWTP1 (39.05 TPM) > PWTP2 (36.23 TPM). The genes catA and
catB encode catechol 1,2-dioxygenase and muconate cycloisomerase, respectively, which
are the key enzymes involved in the catalytic oxidation of catechol and 4-methyl catechol.
In the aromatic hydrocarbon degradation pathway, catechol is the intermediate product
of toluene degradation, and catechol 1,2-dioxygenase is the key enzyme for cleaving the
benzene ring during toluene degradation. As shown in Figure 4b, the abundance of catA
and catB was the highest in PWTP3, compared with PWTP2 and PWTP1. In addition,
mhpE is an enzyme-coding gene that catalyzes the oxidation of 4-hydroxy 2-oxovalerate to
acetaldehyde and pyruvic acid, which is the intermediate link of the synthesis of acetyl-CoA.
This gene showed a similar changing trend to catA and catB genes. These results showed
that PWTP3 might degrade petroleum hydrocarbon more effectively than PWTP1 and
PWTP2, indicating that different treatment technologies could lead to different treatment
efficiencies. The relationships between the petroleum hydrocarbon degradation-related
genes and the environmental factors/dominant genera were assessed on the basis of the
Mantel test to investigate the driving factors. As shown in Figure S3a, both alkane and
aromatic hydrocarbon-degrading genes had significant positive correlations with influent
COD (rp = 0.35, p < 0.01; rp = 0.44, p < 0.01), effluent COD (rp = 0.21, p < 0.01; rp = 0.28,
p < 0.01), influent NH4-N (rp = 0.82, p < 0.01; rp = 0.94, p < 0.01), effluent NH4-N (rp = 0.93,
p < 0.01; rp = 0.97, p < 0.01), influent petroleum (rp = 0.36, p < 0.01; rp = 0.15, p < 0.05),
flow rate (rp = 0.97, p < 0.01; rp = 0.84, p < 0.01), T (rp = 0.75, p < 0.01; rp = 0.56, p < 0.01),
and DO (rp = 0.45, p < 0.01; rp = 0.24, p < 0.01). Figure S3b showed that the top five
genera in PWTP1 (Hyphomicrobium, Novosphingobium, Hydrogenophaga, Pedomicrobium, and
Methylocystis), PWTP2 (Tepidiphilus, Thermus, Hydrogenophilus, Schleiferia, and Amphiplicatus),
and PWTP3 (Roseovarius, Paracoccus, Desulfovibrio, Marinobacterium, and Iodidimonas) were
all significantly positively correlated with both alkane and aromatic hydrocarbon-degrading
genes (p < 0.05). These results indicated that the difference between alkane and aromatic
hydrocarbon-degrading genes was caused by multiple factors, including abiotic driving
factors and biotic driving factors.

3.4. Abundance and Diversity of ARGs in Different PWTPs

The abundance of ARGs in the samples was calculated to analyze the impact of differ-
ent biological processes on the spread of ARGs. Eighteen ARG types in total were identified
(Figure 5a). In general, the total abundances of the detected ARGs were significantly higher
in PWTP1 and PWTP2 than in PWTP3 (ANOVA, p < 0.05). Among all the ARG types,
Bacitracin-resistant genes predominated in PWTP1, with an abundance of 68.18 ± 2.81 TPM.
Multidrug-resistant genes were the most abundant in PWTP2 and PWTP3, the abundances
of which was 209.69 ± 32.06 and 64.99 ± 1.64 TPM. Consistent with previous studies,
genes that can resist Bacitracin and Multidrug were found to be relatively abundant in the
WWTPs [84–86]. As for ARG subtypes, a total of 147 were identified in all samples, with
87 subtypes in PWTP1, 114 subtypes in PWTP2, and 87 subtypes in PWTP3. The diversity
of ARG subtypes in PWTP2 samples was significantly higher than that in PWTP1 and
PWTP3 samples (ANOVA, p < 0.01), indicating that the subtypes of ARGs varied among
PWTPs with different treatment technologies (Figure 5b).
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The fracturing flowback fluid treated in PWTP3 was supplemented with 0.05% formalde-
hyde, 0.05% quaternary ammonium surfactant, and 0.05% alkyl polyamines before injection
into the well, whereas the steam injection-produced liquid treated in PWTP1 and PWTP2
was not supplemented with bactericide after hardness removal in the steam-injection boiler.
Thus, ARG dissemination was expected to be the greatest in PWTP3. However, in this
study, the ARG sum abundance was PWTP1 > PWTP2 > PWTP3. This unexpected re-
sult might be associated with the different wastewater treatment processes applied in
three different PWTPs (PWTP1: activated sludge process; PWTP2: biological aerated filter;
PWTP3: biological contact oxidation process). Firstly, Section 3.2 indicated that the different
wastewater treatment processes led to the variation in the microbial community. It could
be speculated that this result might be related to the shift of ARG hosts with the different
wastewater treatment processes applied, which caused the corresponding changes in ARG
abundance. Additionally, a previous study has reported that in the integrated fixed film
activated sludge system of one municipal WWTP, the ARGs detected in activated sludge
were more abundant than those in attached biofilms [82]. ARGs have been shown to vary
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with the distance from the substrate in the biofilm, which showed higher abundance near
the interfaces of the fluid and biofilm than the parts near the substratum [87]. As a kind of
suspended biofilm, the fluid–biofilm interface of activated sludge is large, which may be
conducive to the development of ARGs [82]. Studies have shown that more ARG donors
and receptors were distributed in the top layer of the attached biofilm, where the bacteria
have better access to oxygen and nutrients, which could affect drug resistance plasmids
transfer [88–91]. This might be the reason for the most abundant ARGs being present in
PWTP1, in which the activated sludge process is applied.

3.5. Co-Occurrence between ARGs and MGEs

Horizontal gene transfer (HGT)-mediated process contributes to antibiotic resistance
dissemination. Therefore, MGEs, which play an important role in the HGT of ARGs, were
investigated. Five types of MGEs were detected in the samples: insertion_sequence, inte-
grase, ist, plasmid, and transposase. Among them, MGEs associated with transposase were
the most abundant in all three PWTPs (Figure S4). PWTP2 samples contained up to 34 MGE
subtypes, whereas PWTP1 and PWTP3 contained 27 and 28 MGE subtypes, respectively.
Based on these results, it could be inferred that the different treatment technologies might
lead to differences in the abundance of ARGs and MGEs, although the diversity of ARGs
and MGEs varies slightly among different samples.

Network analysis could provide a deeper understanding of the symbiotic patterns
between ARGs and MGEs. This study used network inference based on strong (R2 > 0.8)
and significant (p < 0.01) correlations to explore the co-occurrence patterns of ARGs and
MGEs (Figure 6). The sul1 gene played an important role in conferring resistance to sul-
fonamide and was the main subtype of ARGs in the sample. The sul1 gene was positively
correlated with intI1. Therefore, this might indicate that the horizontal transfer of sul-
fonamide resistance genes in this experiment was mainly mediated by intI1. The most
significant MGE subtype in the sample was tnpA-3, which connected 51 ARG subtypes. The
tnpA-3 gene belongs to the tnp family and is an enzyme capable of performing transposable
functions [92]. Studies have shown that there is a strong correlation between multiple ARGs
encoding transposable enzymes, indicating the co-selection of horizontal gene transfer
and ARGs [93]. Transposable enzymes are involved in the migration of DNA within and
possibly between genomes, suggesting that these genes could serve as agents for analyzing
the potential of HGT [94]. Therefore, the results indicated that the dissemination of ARGs
in the PWTPs might be transposase-mediated.
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4. Conclusions

This study compared three PWTPs with different treatment technologies. Different
biological treatment technologies caused the changes in the diversity and composition of
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microbial communities. The iCAMP results indicated that the assembly of the microbial
community by different treatment technologies was deterministic, especially for petroleum
hydrocarbon-degrading genera. The abundance of alkane and aromatic hydrocarbon-
degrading genes was the highest in PWTP3, suggesting the effectiveness of PWTP3 for
petroleum removal. In addition, the sum of ARGs was the most abundant in PWTP1, which
implied that the activated sludge system might facilitate the spread of ARGs compared
to the attached biofilm systems. According to the co-occurrence network of ARGs and
MGEs, the HGT-mediated ARGs transfer in PWTPs was in connection with transposase.
This study firstly compared the water quality indexes of PWTPs with different treatment
technologies, and focused on the effects of different biological processes on microbial
community structure and assembly, functional gene abundance, and ARG dissemination.
This work extents our understanding about the effect of PWTPs with different treatment
technologies and sheds light on its potential application in treating PW water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16020195/s1, Table S1: KEGG entry number and the description
of genes; Figure S1: Alpha diversity indices including Chao1, ACE, and Shannon of microbial
community in different PWTPs; Figure S2: Bacterial community composition at the phylum level in
different PWTPs; Figure S3: The correlation between petroleum hydrocarbon degradation related
genes and the environmental factors (a) or dominant genera (b). The color of the edges corresponds
to the r value obtained from the Mantel test, and the width of the edges denotes the statistical
significance. The pairwise correlation is indicated by the color gradient that denotes Pearson’s
correlation coefficient; Figure S4: The abundance of MGEs subtypes in different PWTPs.
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