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The environmental spread of antibiotic resistance genes (ARGs) from the direct application of traditional bio
logical treatment systems for antibiotics in water is a potential public health threat. UV photolysis has been
proved to be an efficient pretreatment method for antibacterial activity elimination, but the fate of antibiotic
resistome in subsequent bioreactors fed with pretreated florfenicol (FLO) in synthetic wastewater is still un
known. Antibacterial activity in synthetic wastewater was effectively eliminated by UV irradiation pretreatment,
and the diversity and abundance of detected ARGs in both aerobic and anaerobic bioreactors were significantly
lower than those without pretreatment. Meanwhile, UV irradiation pretreatment shaped the structure and
composition of sludge microbial communities in the subsequent bioreactors closer to those of the FLO-free
groups. The relative abundances of Pseudomonas and Escherichia-Shigella working as the potential hosts of
ARGs were significantly reduced in aerobic and anaerobic bioreactors, respectively. The significantly positive
correlation between floR and intI1 and the decrease of intI1 abundance in UV photolytic pretreatment groups
indicated that the horizontal transfer of floR was decreased. The study provides new insights into the effect of
preferential UV photolysis as a pretreatment method on the source control of antibiotic resistome in subsequent
biological treatment process.
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1. Introduction
In recent decades, the overuse and misuse of antibiotics in human
therapy, animal breeding and aquaculture have resulted in a sufficiently
high antibiotic selection pressure on our surrounding environment,
which gives pathogenic bacteria a chance to develop and spread anti
biotic resistance genes (ARGs) that pose a serious threat to the public
and environmental health at global scale (Gonzalez-Plaza et al., 2019;
Hu et al., 2016; Martinez et al., 2015; Zarei-Baygi et al., 2019; Davies
and Davies, 2010; Qiao et al., 2018; Li et al., 2021). Antibiotic residues
at concentration levels ranging from μg L–1 to mg L–1 are ultimately

discharged into wastewater treatment plants (WWTPs) from hospitals,
livestock farms or pharmaceutical industries (Oberoi et al., 2019; Luo
et al., 2014; Deng et al., 2018, 2012; Cheng et al., 2018; Vikesland et al.,
2017). Because of the densely populated activated sludge bacteria exist
in engineered biological treatment systems, WWTPs have become the
hot spots for the release, exchange and spread of ARGs (Zarei-Baygi
et al., 2019; Garner et al., 2018; Rizzo et al., 2013; Michael et al., 2013;
Calero-Caceres et al., 2014; Mao et al., 2015; Pruden, 2014). As reported
in various literatures, most of the final effluent that contain multiple
ARGs and antibiotic resistant bacteria (ARB) from traditional WWTPs
have been reintroduced to human life via the subsequent water reuse
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process, especially in arid and semi-arid regions facing severe water
shortages (Garner et al., 2018; Pruden, 2014; LaPara et al., 2011; Hu
et al., 2019; Christou et al., 2017). Therefore, an adequate strategy is
needed to mitigate the antibiotic resistance contamination burden by
reducing the doses of ARGs that are discharged into the surrounding
environment during the improvement of wastewater treatment
processes.
Since the high antibiotic selective pressure originating from direct
exposure is not negligible, biological treatment processes based on the
control of microbial proliferation and metabolism cannot prevent the
formation and spread of ARGs from the source but inevitably aggravate
the contamination of ARGs (Zarei-Baygi et al., 2019; Zhang et al., 2011).
Currently, adsorption, membrane filtration, disinfection and advanced
oxidation processes (AOPs) are the mainstream advanced treatment
technologies used to remove ARGs and genetic materials from the final
effluent before disposal or reuse (Rizzo et al., 2013). Adsorption and
membrane filtration for ARGs removal are only the process of trans
ferring ARGs from one carrier to another in the aquatic environment, but
the absolute abundance of ARGs does not change qualitatively (Oberoi
et al., 2019; Slipko et al., 2019). These collected or concentrated nucleic
acids still have the potential of transfer and spread, and thus they must
be completely degraded to eliminate the potential ecological risks after
discharge into the receiving aquatic environment (Krzeminski et al.,
2020). To enhance the removal and deactivation of ARGs (extracellular
and intracellular forms) by destroying nucleic acids, recent studies have
extensively demonstrated that UV254 irradiation, chlorination, ozona
tion, and more efficient AOPs including Fenton oxidation, UV/H2O2,
photocatalysis, and even the photocatalytic reactive membrane func
tionalized with TiO2 nanoparticles, acted as the effective treatment
methods in wastewater effluents (Krzeminski et al., 2020; Chang et al.,
2017; McKinney and Pruden, 2012; Zhang et al., 2019a, 2019b, 2016,
Czekalski et al., 2016; Zheng et al., 2017; Gao et al., 2017; Moreira et al.,
2018, 2016; Ren et al., 2018; Hu et al., 2019). Furthermore, the bio
logical and physicochemical combined treatment processes (e.g.,
up-flow anaerobic sludge bed combined with Fenton/UV oxidation
process) were frequently chosen to meet multiple elimination targets
simultaneously (Hou et al., 2019). However, these existing approaches is
confined in the concept of ARGs removal, which has always occurred
based on quantitatively removing ARGs rather than minimizing the
possibility of ARGs emergence. Therefore, the focus of ARGs control
needs to be advanced to the original reduction of ARGs production,
which is equivalent to the elimination of high antibiotic selective pres
sure before antibiotic induction of ARGs emergence (Guo et al., 2018;
Zhai et al., 2016).
Abiotic pretreatment should be used to eliminate the antibacterial
activity of antibiotics prior to biological treatment for the residual
antibiotic removal (Yi et al., 2016, 2017). For instance, the relative
abundance of quinolone resistance genes in a sequencing batch reactor
decreased significantly after a 30–min electro-peroxone pretreatment,
and the ARGs continued to decrease with prolonged pretreatment time
(Zheng et al., 2018). This study strongly indicated that effective abiotic
pretreatment could improve the stability and efficiency of the subse
quent biological process by eliminating the antibacterial activity of
antibiotics at the source, which could further weaken the proliferation of
ARGs and minimize the ecological risk of the final effluent. Our recent
study has also strongly proved that UV photolysis is able to efficiently
eliminate the antibacterial activity of frequently consumed antibiotics
(e.g., florfenicol (FLO), cefalexin, amoxicillin, tetracycline, sulfadiazine
and ofloxacin) without the interference of coexisting organic com
pounds (Ding et al., 2020). However, the reduction of antibacterial ac
tivity of antibiotics only decreased its inhibitory effect on microbial
metabolism, which did not mean that the pretreated antibiotic con
taminants had lost their potential to induce ARGs in sludge microor
ganisms from the subsequent bioreactors. Moreover, a single indicator
strain used in our study could not represent the complex microbial
community in WWTPs. Importantly, it was also reported that UV

irradiation changed the microbial community and composition, the di
versity and abundance of ARGs or mobile genetic elements (MGEs) in
biological treatment systems (Zhao et al., 2019). For example, Hu et al.
(2016) found that the total abundance of ARGs in biological treated
wastewater increased with the proliferation of hosts carrying multidrug
resistance genes by UV irradiation at 500 mJ cm–2. Therefore, additional
efforts are needed to explore the microbial mechanism of antibiotic
resistome in the subsequent bioreactor fed with UV photolytic pre
treated antibiotics, especially the specific ARGs associated with the
target antibiotic and MGEs as well as the response of microbial
communities.
Because of the photodegradability and wide consumption in animal
and aquatic production, FLO was selected as the model predominant
veterinary antibiotic (Ding et al., 2020; Jiang et al., 2018; Zhang et al.,
2015). This study aimed to investigate the effect of UV254 photolysis as a
pretreatment technology on the fate of antibiotic resistome in the sub
sequent aerobic and anaerobic biological treatment processes by
reducing antibacterial activity of FLO. These two biotreatment processes
were selected to represent the two basic components of WWTPs, which
play an irreplaceably important role. The specific objectives were to (i)
demonstrate the effects of pretreatment with different doses of UV
irradiation on the removal performance of organics and FLO in the
biological treatment systems, (ii) investigate the effects of UV254 irra
diation pretreated antibiotic wastewater on the fate of antibiotic resis
tome and the shift of microbial community in both aerobic and
anaerobic bioreactors, and (iii) reveal the linkage between the microbial
community and antibiotic resistome in bioreactors. The findings of this
study would highlight the feasibility and microbial mechanism of UV
photolysis as an efficient pretreatment method for the source control of
ARGs in the subsequent biological treatment process.
2. Materials and methods
2.1. UV photolysis combined with biotreatment experiment
The UV photolytic experiment was conducted in a 200 mL cylindrical
glass reactor (6 cm in diameter) and the details of the photolytic reactor
construction and operation were shown in the Supporting Information
(SI). The synthetic antibiotic-containing wastewater consisted of
glucose, NH4Cl, KH2PO4, NaHCO3, trace elements and FLO (50 mg L1).
The concentration of FLO was based on the upper limit level detected in
the surrounding environments of its production or consumption in
dustries (Sai et al., 2008). In the photolytic pretreatment experiment, a
suitable amount of the antibiotic-containing wastewater was continu
ously irradiated for 1, 2 and 3 h, with the corresponding UV fluences at
20.16, 40.32 and 60.48 J cm–2, respectively (the groups were named UV
1 h, UV 2 h and UV 3 h, respectively). The irradiated wastewater (100
mL) was subsequently transferred into a 200 mL serum bottle with 50
mL aerobic and anaerobic sludge (MLSS = 10 g L–1, MLVSS = 3.76 g L–1)
(Fig. S1), and then cultured in a shaker incubator at a constant tem
perature (30 ℃) and mixing speed (130 rpm). The antibiotic-containing
wastewater without UV irradiation and the synthetic wastewater
without FLO were also considered as the influent of the positive (UV 0 h)
and negative (CK) controls for the biotreatment bottles, respectively.
The influent and effluent samples were collected every week and filtered
(0.22 µm) before measurement.
2.2. Water chemistry
Chemical oxygen demand (COD) was measured by a digestion in
strument and a UV-Vis spectrophotometer (HACH, DRB200 and
DR6000, U.S.), according to the manufacturer’s instructions. FLO was
quantified by a high performance liquid chromatograph (HPLC) fitted
with a reversed-phase C18 analytical column (5 µm d, 4.6 × 250 mm,
Waters, Ireland) maintained at 35 ℃. The mobile phases consisted of
water and methanol (50:50, v/v), and the detection wavelength was 223
2
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nm. The detailed measurement of volatile fatty acids (VFAs) and CH4
were presented in the SI.

confidence threshold of 70% (Hu et al., 2016; Wang et al., 2007).
2.6. Statistical analysis

2.3. DNA extraction and ARG quantification by qPCR

In all cases, statistical significance and Pearson correlation were
determined at a 95% confidence level using SPSS 17.0. The relative
abundance of the target gene was determined by normalizing the target
gene copies against its 16 S rRNA gene amount. Procrustes analysis was
used to reveal the entire correlations between antibiotic resistome and
microbial community, and between antibiotic resistome and MGEs
(integrons) (Luo et al., 2017; Zhang et al., 2020). Redundancy analysis
(RDA) analysis was conducted to reveal the relationships among the
relative abundance of floR and intI1, and the predominant genera in the
sludge microbial communities (Zhang et al., 2020). Species and func
tional contribution analysis was used to explore the relative contribution
of the identified ARGs to the predominant species at phylum and genus
levels. Error bars represent the standard deviation of the results obtained
from three replicate reactors.

The sludge samples for quantification of the 16S rRNA gene, repre
sentative ARG conferring resistance to FLO (i.e. floR) and class 1
integron-integrase gene (intI1) were collected every two weeks. The
centrifuged sludge was collected for genomic and plasmid DNA extrac
tion using the FastDNA@ Spin Kit for Soil (MP Biomedicals, CA, U.S.)
and the TIANpure Mini Plasmid Kit (TIANGEN Biotech Co., Ltd., Beijing,
China), respectively, according to the manufacturers’ instructions. DNA
concentration was measured by microspectrophotometer (Nanodrop
2000, Thermo Scientific, U.S.). Finally, the extracted DNA was pre
served at ‒20 ℃ for further analysis.
Quantitative PCR (qPCR) was performed to determine the absolute
abundances of 16S rRNA, floR and intI1 genes using a QuantStudio 6 Flex
System (Thermo, U.S.). A series of 10-fold dilutions of plasmid standards
ranging from 4.7 × 103 to 4.7 × 107 gene copies μL− 1 were conducted to
generate the target gene standard curves. The detailed preparation of
plasmid standards was presented in the SI. The qPCR was conducted in a
384-well plate containing either 1 μL of plasmid or genomic DNA tem
plate, 5 μL of SYBR ® Green qPCR Mix, 0.2 μL of forward and reverse
primers, and 3.6 μL of DNA-free water. All samples were run in triplicate
in the qPCR reactions. The concentration of the genomic DNA template
was uniformly diluted to 5 ng μL− 1 from the DNA extracts. Details of the
qPCR measurements, including the primer sequences and standard
curves, were presented in the SI (Tables S1 and S2). Gene copy number
was calculated from the corresponding standard curve (Ren et al., 2018;
Huang et al., 2021). The relative abundances of floR and intI1 were
obtained by normalizing their copies against copies of the 16 S rRNA
gene, respectively.

3. Results and discussion
3.1. Biotreatment performance of UV photolysis coupled biological
process
FLO in synthetic wastewater was decomposed rather rapidly under
UV irradiation, particularly its removal efficiencies were close to 100%
in the UV 2 h and UV 3 h pretreatment groups (Fig. S2). For the UV 1 h
group, the average removal efficiency was also greater than 96%, of
which the residual FLO concentration was less than 2 mg L–1. The pre
treated wastewater containing the residual FLO parent compound or its
photoproducts was fed to aerobic and anaerobic bioreactors as influent
for the subsequent biotreatment process. After aerobic and anaerobic
biological processes within an HRT of 7 d, the FLO concentrations in the
effluent from the UV 1 h group were in the range of 0.6–1.5 mg L–1 and
0.1–2.5 mg L–1, respectively, which were much higher than the
threshold concentration (0.3 mg L–1) of FLO antibacterial activity re
ported in our previous study (Ding et al., 2020). For the positive control
(UV 0 h), a relatively lower FLO removal efficiency (5.2–44.6%) was
observed with the concentration dropped from 40.3 to 58.7 mg L–1 in the
influent to 25.9–46.4 mg L–1 in the effluent (Fig. 1a and b). This rela
tively lower removal efficiency of FLO in UV 0 h group demonstrated
that the refractory property of FLO in a single biological process and
further proved the technical necessity of UV photolytic pretreatment for
the efficient removal of FLO.
Because of the negligible COD removal in UV photolytic process, the
organic matter in synthetic wastewater was entirely consumed and
utilized by microorganisms in the bioreactors. Thus, the synthetic
wastewater after UV photolytic pretreatment and bioreactor process
were regarded as the influent and effluent for the UV-Biological coupled
process, respectively. Except for the positive control (UV 0 h), the COD
removal efficiencies in aerobic bioreactors were close to 100%
throughout the entire operation (Fig. 1c). Obviously, the relatively
higher residual effluent COD concentration (73 ± 8 mg L–1) observed in
the group without UV pretreatment was mainly contributed by the FLO
parent compound (Fig. 1a). In contrast, the COD removal efficiencies in
anaerobic bioreactors were obviously lower (10–50%) than those in
aerobic bioreactors (p < 0.01), except for the negative anaerobic control
(100%) (Fig. 1d). The high residual COD concentration detected in
anaerobic bioreactors mainly consisted of several types of VFAs (data
not shown). Specifically, acetic acid and propionic acid were the two
main acids, whereas n-valeric acid was only found in the positive con
trol, and its concentration was remarkably higher than the other two
VFAs. The presence of a high concentration of FLO inhibited the activity
of methanogens in the sludge, for which the average biogas and CH4
production were only 37% and 2% of the negative control group (CK),
respectively (Table S3). While the proportion of CH4 content in the

2.4. Metagenomic sequencing and antibiotic resistome analysis
The samples for metagenomics were collected after an 8–week bio
treatment operation, and the extracted DNA was analyzed through li
brary construction, metagenomics sequencing, sequence quality control,
genome assembly and prediction. The above detailed preparations were
presented in the SI. ARG annotations were applied using BLASTP search
(Version 2.2.28+) against the Antibiotic Resistance Genes Database
(ARDB, http://ardb.cbcb.umd.edu/) and Comprehensive Antibiotic
Resistance Database (CARD, http://arpcard.Mcmaster.ca/, Version
1.1.3) with an e-value cutoff of 1e-5 (Garner et al., 2018). Then, the
abundance of ARGs was calculated by the summation of gene abundance
corresponding to antibiotic resistance function.
2.5. 16S rRNA gene Illumina MiSeq sequencing and microbial community
analysis
The extracted DNA samples for microbial community analysis were
also collected after an 8–week biotreatment operation. The V4-V5 re
gion of the 16S rRNA gene was amplified by PCR (95 ℃ for 3 min,
followed by 27 cycles at 95 ℃ for 30 s, 55 ℃ for 30 s, and 72 ℃ for 45 s,
and a final extension at 72 ℃ for 10 min) using the primers 515F (5’GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACVSGGGTATC
TAAT-3’) (Zhao et al., 2019). The amplicons were extracted, purified,
quantified and pooled at an equimolar ratio. Sequencing was performed
on an Illumina MiSeq platform according to the standard protocols. The
raw sequences were quality-filtered using QIME (version 1.17) with the
standard criteria. Operational taxonomic units (OTUs) were clustered
with 97% similarity cutoff using UPARSE (http://drive5.com/uparse/,
version 7.1), and the chimeric sequences were identified and removed.
The taxonomic annotation of each 16 S rRNA gene sequences was
analyzed by the Ribosomal Database Project (RDP) Classifier (http://rdp
.cme.msu.edu/) against the Silva (SSU115) 16 S rRNA database with a
3
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Fig. 1. FLO and COD removal efficiencies in aerobic (a, c) and anaerobic (b, d) bioreactors fed with pretreated influent irradiated by different UV doses. CK rep
resents the wastewater without antibiotic and pretreatment, and 0 h, 1 h, 2 h and 3 h indicate the wastewater subjected to UV irradiation at 0, 1, 2 and 3 h,
respectively. The pretreated wastewater was fed into the subsequent bioreactors as the influent.

generated biogas has been found steadily improved with the increase of
UV irradiation dose to the influent of the anaerobic bioreactors
(Table S3). This suggests that the presence of FLO restricted the meth
anogenic activity in anaerobic digestion system (Mitchell et al., 2013).

3.2. Antibiotic resistome differentiation with UV photolytic pretreatment
Comparing against the database of ARDB, 114 ARG subtypes
belonging to 13 antibiotic types were identified in the sludge microbial
communities (Fig. S3). Specifically, the total number of detectable ARG
subtypes in aerobic and anaerobic bioreactors displayed a significantly

Fig. 2. Numbers (a) and abundance (b) of ARGs classified by antibiotic type compared against ARDB database. AE0, AE1, AE2 and AN0, AN1, AN2 denote the
antibiotic resistome in aerobic and anaerobic bioreactor fed with pretreated influent after 0 h, 1 h and 2 h UV irradiation, respectively.
4
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gradual decline with the increase of UV irradiation dose in the pre
treatment process. For instance, the numbers of ARGs were decreased
from 92 in AE0 to 58 in AE2 under aerobic condition and 102 in AN0 to
67 in AN2 under anaerobic condition (Fig. 2a). Additionally, the total
abundance of gene numbers showed a similar gradual downward trend
with the increase of UV irradiation dose. FLO, as a type of chloram
phenicols (CAPs), was degraded by the effective UV photolysis, which
reduced its antibacterial activity pressure and resulted in a significant
decrease in the absolute abundance of total ARGs and the diversity of
ARG types, especially the ARGs belonging to the CAP class (Fig. 2a and
b). Specifically, under aerobic condition, the absolute abundance of CAP
resistance genes (CRGs) in AE2 and AE1 were found to be as low as 126
and 2264 gene numbers, which only accounted for 2% and 36.9% of the
corresponding ARGs in the positive control group (AE0), respectively.
These results were consistent with the distribution of floR (belonging to
the class of CRGs) under the same conditions. In addition, the absolute
abundance of the other main antibiotic classes, including multidrug,
sulfonamide (SM) and tetracycline (TC) resistance genes, had a tendency
similar to that of CRGs among the three pretreatment groups. In other
words, the longer UV pretreatment time for the influent antibiotic, the
lower abundance of the total and main classes of ARGs was detected in
aerobic bioreactors. However, there was no difference noted in the
abundances of polypeptide resistance genes among the above pretreat
ment groups, which was an exception for this study that will be a topic
requires further study. For anaerobic bioreactors, the abundances of the
main classes of ARGs (i.e., CAP, SM, TC and multidrug) in AN2 were
significantly lower than that of the 1 h UV pretreatment and untreated
groups. Interestingly, unlike the obvious difference of abundance in
aerobic condition, the absolute abundance of the above ARG classes in
AN1 was close to or even slightly higher than that in AN0, whereas the
total abundance and diversity of ARGs in AN1 were still lower than those
in the untreated group. Therefore, the above results indicated that the
effective UV photolytic pretreatment could obviously eliminate the
amplification risk of the predominant ARGs in numbers and abundances
during the subsequent biological treatment process, especially in aero
bic biotreatment system. Compared with anaerobic condition, the
higher abundance of total ARGs in aerobic condition was consistent with
its relatively higher COD removal efficiency, due to its more vigorous
metabolism and frequent proliferation of ARB.
According to the resistance mechanisms of ARGs based on the
database of CARD, the efflux pump was the predominant mechanism
(47.7–57.1% of total ARGs) in all the samples, followed by gene variant/
mutant (16.8–25.6%) (Fig. S4). More than half of the top 20 most
abundant ARGs were related to the resistance mechanism of the efflux
pump, and five of them belonged to multidrug ARGs (Garner et al.,
2018; Zhang et al., 2020; Su et al., 2015), which was the main antibiotic
class in the overall groups. It undoubtedly increased the spread risk of
the corresponding ARGs. Fortunately, the absolute abundance and
proportion of ARGs responsible for the efflux pump had a markedly
negative correlation with the UV irradiation dose on the influent of
aerobic bioreactors (p < 0.05), whereas the proportion of the corre
sponding ARGs in anaerobic bioreactors after 2 h UV irradiation was
close to that of the untreated group. Moreover, the absolute abundance
of ARGs with other resistance mechanisms did not remarkably decrease
among the above pretreatment groups. Therefore, as a pretreatment
process for antibiotics in water, UV photolysis for the elimination of
antibacterial activity has a better reduction effect of ARGs (mainly
associated with the efflux pump genes) in aerobic bioreactor than that in
anaerobic condition.
Among the detected ARGs, the efflux pump mechanism appeared to
be the most popular resistance mechanism in the biological treatment
systems fed with pretreated synthetic wastewater, whereas the other
resistance mechanisms associated with antibiotic degradation or inac
tivation have rarely been discovered. This might be the reason why FLO
could not be easily degraded or inactivated through traditional biolog
ical treatment processes, which was consistent with the above findings

that the bioreactors without prior UV irradiation had almost no potential
to degrade FLO (Fig. 1a and b). This observation also coincided with the
observation that minimal FLO degradation/inactivation gene was
identified except for an amide hydrolase gene associated with its hy
drolytic inactivation (Tao et al., 2012).
3.3. Decrease of target gene abundances after UV photolytic pretreatment
The qPCR results were used to further precisely quantify the selected
key ARGs. As an important representative of CRG located both in
plasmid and genomic DNA, floR is sensitive to environmental pressure
fluctuation from FLO and encodes the drug efflux pump (Tao et al.,
2012; Braibant et al., 2005; Guo et al., 2018; Liang et al., 2019). After
8–week operation, significant differences were noted in the relative
abundance of floR among the bioreactors fed with pretreated influent
after different UV irradiation doses (Fig. 3). In the genome, the relative
abundances of floR in the positive control (UV 0 h) were as high as
2.40 ± 0.40 × 10–1 and 1.47 ± 0.10 × 10–1 copies per 16S rRNA gene
copy in aerobic and anaerobic bioreactors, which was 98 and 215 times
higher than those of the negative controls (CK) during an 8–week bio
treatment process, respectively (Fig. 3a). However, a remarkable
reduction of the relative abundance of floR was observed in 1 h UV
pretreatment group in both aerobic and anaerobic bioreactors, ac
counting for only 20.1% and 24.9% of those of the targeted ARGs in the
0 h UV pretreatment group, but these values were still 20 and 54 times
higher than those of the negative controls, respectively. After prolonging
the pretreatment time on the elimination of antibacterial activity, the
relative abundance levels of floR in the 2 and 3 h UV pretreatment
groups were close to that of CK (10–3 copies per 16S rRNA gene copy),
although the relative abundance of floR in the 2 h UV pretreatment
group was slightly higher than that of CK. These results strongly showed
that the UV photolytic pretreatment can effectively control the prolif
eration of floR by eliminating the antibacterial activity of FLO in both
aerobic and anaerobic bioreactors. Specifically, 2 h or longer UV irra
diation led to a 2 log reduction and reached the <1% level of the relative
abundance of floR in the positive control.
For the same distribution with floR in the genome, its relative
abundance in plasmid DNA obviously decreased with the increase of UV
irradiation dose among the different pretreatment groups in both aero
bic and anaerobic bioreactors (p < 0.05), except for the relative abun
dance of floR in the positive control and the 1 h UV pretreatment groups,
which showed no significant difference with each other in anaerobic
bioreactor. Moreover, in aerobic condition, a consistently higher rela
tive abundance level of floR in both the genome and plasmid was noted
in the positive control compared with that of anaerobic condition
(p < 0.05), which might result from the higher effective reproduction of
ARB in activated sludge and the stronger selectivity of microbial com
munity under a high concentration of FLO and their subsequent ARGs
and plasmids proliferation (Hou et al., 2019). Although no significant
difference was noted in the relative abundance of floR between aerobic
and anaerobic conditions in the 1 h and 2 h UV pretreatment groups,
even their abundances in the genome and plasmid were at the same
level. As a subtype of CRGs encoding efflux pump, the quantification
results of floR were consistent with the analysis of metagenomes and
showed a substantial decrease in the relative abundance for both
genomic and plasmid DNA with the increase of UV irradiation dose on
antibiotic in water. The Pearson correlation coefficients between floR
abundance and FLO concentration in both aerobic and anaerobic bio
reactors were greater than 0.97 (p < 0.01) for genomic and plasmid
DNA, except for floR related to plasmid DNA in anaerobic condition.
These results confirmed that although the relative abundance of floR
induced by high FLO selective pressure in aerobic bioreactor was higher
than that in anaerobic condition, the abundances in the above condi
tions both decreased to a similar level near that of the negative control
after an effective dose of UV irradiation as a pretreatment process.
Hence, the similar pretreatment effects on the control of floR abundance
5
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Fig. 3. Relative abundance of floR (a) and intI1 (b) located on genome and plasmid in aerobic and anaerobic bioreactors fed with pretreated influent after different
UV irradiation doses. The relative abundances of floR and intI1 were determined using qPCR by normalizing their copies against copies of the 16S rRNA gene,
respectively. G-AE and P-AE indicate the ARGs or intI1 extracted from the genomic and plasmid DNA in aerobic bioreactors, respectively, and G-AN and P-AN denote
the ARGs or intI1 extracted from the genomic and plasmid DNA in anaerobic bioreactors, respectively. See Fig. 1 legend for the sample names.

in genomic and plasmid DNA further verified the broad applicability of
UV photolytic pretreatment. Moreover, the relatively high level of floR
abundance in plasmid DNA without UV photolytic pretreatment indi
cated that the significant quantity of cell-free ARGs should also be
seriously valued and effectively treated, which could be a potential
source of ARGs dissemination (Chang et al., 2017; Zhang et al., 2018).
Due to their important role in the dissemination of ARGs among
bacterial species and multidrug resistance in environmental and path
ogenic bacteria, integrons have always been investigated in wastewater
treatment systems and considered as an indicator of the potential for
horizontal transfer of ARGs (Gao et al., 2017; Chen and Zhang, 2013; Hu
et al., 2017). Particularly intI1, belonging to class 1 integrons, has been
frequently detected at a relatively higher abundance than other types of
integrons (Garner et al., 2018; Ren et al., 2018). Thus, the investigation
of the abundance of intI1 in wastewater treatment systems and its
elimination strategies has attracted considerable attention (Gillings
et al., 2015). In genomic DNA, the relative abundances of intI1 in the 1, 2
or 3 h UV pretreatment groups were close to the level of the negative
control in both aerobic and anaerobic bioreactors (nearly below
1.0 × 10–1 copies per 16S rRNA gene copy), although the abundances of
intI1 from anaerobic bioreactors were obviously higher than those from
aerobic bioreactors at the same experimental condition (p < 0.05)
(Fig. 3b). In contrast, the relative abundance levels of intI1 in the posi
tive control increased to 3.55 ± 0.68 × 10–1 and 3.79 ± 0.40 × 10–1
copies per 16 S rRNA gene copy in aerobic and anaerobic bioreactors,
which were 7.1 and 6.4 times higher than that of the CK group after an
8–week biotreatment process, respectively. Different from the distribu
tion of floR under the same condition, the relative abundances of intI1,
with no significant difference among the different treatment groups,
revealed that the 1 h UV irradiation dose was sufficient to achieve the
goal of controlling integrons proliferation. For the relative abundance of
intI1 in plasmid DNA, a distribution and relative abundance similar to
those in genomic DNA was found among the above five treatment
groups, except for the higher abundance of intI1 in plasmid DNA from
aerobic bioreactor processing with 0 h and 1 h UV irradiation than from
anaerobic bioreactor (p < 0.05). Indeed, the higher abundance of intI1
in plasmid DNA during aerobic biotreatment enhanced the potential for
horizontal transfer of ARGs by more frequent interactions with the
coexisting ARB (Hu et al., 2017). Finally, the quantification results of the
target genes were matched with the analysis of metagenomes and
showed a substantial decrease in the relative abundance of intI1 from
pretreatment groups in both aerobic and anaerobic bioreactors
compared with the untreated group which had a high FLO selective
pressure. Therefore, as a class of major integrons, the relative abundance
of intI1 was significantly associated with that of floR in both genomic

and plasmid DNA (r > 0.9, p < 0.05) (Fig. 3), suggesting that high
abundance of intI1 contributed to horizontal transfer of ARGs among
bacterial species by capturing and recombining the exogenous gene
cassettes (Ren et al., 2018; Hu et al., 2017; Mao et al., 2014).
3.4. Response of microbial communities to different UV irradiation doses
The microbial community richness and alpha diversity indices
(Chao1, Shannon and Simpson) in aerobic and anaerobic bioreactors
tended to increase together with the increased UV irradiation dose on
the elimination of antibacterial activity, especially in anaerobic condi
tion (Table S4) (Tong et al., 2019). To compare the difference in mi
crobial community structure (beta diversity) after exposure to different
UV irradiation doses, principal coordinate analysis (PCoA) was per
formed on the Bary-Curis distances of the sludge communities. This
result showed that the microbial community structure in aerobic sludge
after exposure to UV irradiation for 2 and 3 h was clustered separately
from that exposed to adverse environmental pressure from a high con
centration of FLO (UV 0 h and 1 h groups), but overlapped with that of
the negative control (Fig. 4a). The corresponding microbial commu
nities from anaerobic bioreactors were significantly distinguishable
from the remaining groups after 2 and 3 h UV irradiation treatment
(r = 0.9748, p = 0.001 for all treatment groups based on the ANOSIM
test) (Fig. 4b). These results indicated that an adequate UV irradiation
dose is able to efficiently eliminate the directional selective pressure
from FLO on both aerobic and anaerobic sludge microbial communities
via a preferential photodegradation process.
To better understand the detailed shifts in microbial community
composition induced by the elimination of antibacterial activity under
different UV irradiation doses, we calculated the relative abundances of
the dominant phyla, classes and genera in sludge communities (Figs. S5
and 4c). At the phylum level, seven major phyla (Proteobacteria,
Patescibacteria, Bacteroidetes, Firmicutes, Actinobacteria, Chloroflexi
and Acidobacteria) were identified (abundance > 1%) after 8–week
operation in both aerobic and anaerobic bioreactors (Fig. S5a). In the UV
0 h groups, Proteobacteria was the most abundant phylum (> 50%),
with major composition of Gammaproteobacteria (Pseudomonas in AE0
and Escherichia-Shigella in AN0) and Alphaproteobacteria in both aero
bic and anaerobic sludge communities (Figs. S5 and 4c). With the in
crease of UV irradiation dose, the relative abundance of Proteobacteria
decreased, while Firmicutes (mainly Trichococcus belonging to Bacilli)
was the most dominant one in the AE1 and AN1 groups, with pro
portions increasing to nearly 50% and 30%, respectively. Indeed, the
abnormally high abundance of Trichococcus occurring under low in
tensity FLO pressure (1–2 mg L–1) indicated its potential role in
6
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Fig. 4. Microbial community structure (a, b) and composition (c) of the sludge communities in different UV irradiation doses. Principal coordinate analysis (PCoA)
plots show the microbial structure differences of the identified OTUs among the different treatment groups in aerobic (a) and anaerobic (b) bioreactors. These groups
are indicated by colored circles showing the 95% confidence intervals. Relative abundance of the different genera in the sludge samples in aerobic and anaerobic
bioreactors with different UV photolytic doses (c). Minor genera with abundance <1% in every sample are not shown. AECK and ANCK denote the sludge com
munities without antibiotic and pretreatment in aerobic and anaerobic bioreactors. AE3 and AN3 denote the sludge communities in aerobic and anaerobic bioreactors
fed with pretreated influent after 3 h UV irradiation. See Fig. 1 legend for the other sample names. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

stabilizing the sludge system, which also occurred in conventional
activated sludge treatment systems upon the introduction of organic
micropollutants (Harb et al., 2016). However, the higher dose of UV
irradiation reshaped the microbial community composition in the AE2
and AE3 groups, making it closer to that of the negative control, and
Patescibacteria (mainly Saccharimonadia) increased to become the most
abundant phylum (≥ 40%). With increased relative abundance, Sac
charimonadia gradually became the dominant genus with the reduction
of FLO selective pressure on aerobic microorganisms, which was a
sensitive indicator bacterium for FLO contamination. In anaerobic
condition, the relative abundances of Patescibacteria were as low as
20% or less in the AN2 and AN3 groups, whereas Bacteroidates_vadi
nHA17, a dominant member belonging to Bacteroidetes, took its place as
the main phylum and contributed to the improvement of COD removal
efficiency and CH4 production in anaerobic digestion process, accom
panied by the increasing dose of UV irradiation (Fig. 1d and Table S3)
(Meng et al., 2020). According to a comparison of the 15 most abundant
genera composition, the microbial community composition of the
negative control group was close to that in the UV 2 h and 3 h groups in
aerobic bioreactor, whereas the number of significantly different genera
between the negative control and UV 0 h or 1 h groups was much higher
than that of the above groups pretreated with the increased UV irradi
ation dose (Table S5). However, the compositions of the 15 most
abundant genera in the AN2 and AN3 groups were significantly different
from those of the other 3 treatment groups in anaerobic condition

(Table S6). In conclusion, a sufficient dose of UV irradiation pretreat
ment effectively maintained the microbial diversity and structural sta
bility in subsequent aerobic and anaerobic biological processes, which
significantly decreased the effect of residual antibiotic in the pretreat
ment groups and shaped them to become more similar to the microbial
community composition without antibiotic stress.
3.5. Association between microbial community and antibiotic resistome
To identify the potential hosts carrying frequently detected ARGs,
the relative contribution of bacterial species to ARGs functional contri
butions was analyzed in different pretreatment groups. According to the
association result of the top 5 phyla and top 10 ARG types, Proteobac
teria was the main ARG carrier, which contained the most comprehen
sive ARG types. Moreover, Firmicutes and Bacteroidetes followed as the
major hosts of common ARGs. As the most primary genera belonging to
this phylum, Pseudomonas carried multiple ARGs, e.g., ARGs against
CAP, SM and TC, which increased the potential risk of ARGs spread
(Fig. 5) (Su et al., 2018). It was exactly explained the reason that the
decrease of the absolute abundance of other ARG classes followed with
the decrease of CRGs (Fig. 2b). Redundancy analysis (RDA) confirmed
that Pseudomonas was positively correlated with the relative abundance
of floR in aerobic sludge communities (r = 0.817, p < 0.01) (Fig. S7a
and Table S7). As a major genus in anaerobic condition, Escherichia-
Shigella had a significantly positive correlation with floR content
7
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Fig. 5. Relative contribution of the identified ARGs to the predominant genera (top 10) functional contributions in different samples. The 10 most abundant ARG
types classified by antibiotic type are annotated against the ARDB database. See Fig. 1 legend for the sample names.

(r = 0.817, p < 0.01) (Fig. S7b and Table S8). Particularly, the relative
contribution of Pseudomonas to certain detected primary ARG types
tended to be the lowest one in the pretreatment groups with 2 h UV
irradiation, which could weaken the dissemination risk of ARGs.
Nevertheless, the most frequently detected ARG was bacitracin (a main
type of polypeptide), which was distributed in the top 10 genera (Figs. 5
and S6). The integrase gene intI1 in aerobic and anaerobic bioreactors
was also significantly correlated with the relative abundance of Pseu
domonas and Escherichia-Shigella, respectively (r = 0.845–0.898,
p < 0.01) (Fig. S7, Tables S7 and S8). Furthermore, certain other pre
dominant genera also had positive correlation with the relative abun
dance of intI1, which were significantly correlated with the relative
abundance of floR, simultaneously (Tables S7 and S8). Hence, intI1 in
sludge communities increased the potential for horizontal transfer of
floR by sharing multiple potential hosts with floR, and the significant
positive correlation between the two genes further strengthened the
dissemination of ARGs (Su et al., 2015; Hu et al., 2017). The abundance
of intI1 in the bioreactors was controlled at a relatively low level by UV
photolytic pretreatment, which was comparable to that of the negative
group and contributed to minimizing the spread of floR. A Mantel test
showed that the abundances of floR and intI1 in genomic and plasmid
DNA from both aerobic and anaerobic sludge communities were
significantly correlated to microbial composition and structure (the
identified OTUs data) based on the Bray–Curtis distance (r = 0.58,
p < 0.001). Procrustes analysis also indicated that the qPCR data of
ARGs and the identified OTUs of aerobic and anaerobic sludge com
munities clustered by different UV irradiation doses, exhibiting a
goodness-of-fit test (sum of squares M2 = 0.314 and 0.331, p < 0.0001)

based on the Bray–Curtis dissimilarity metrics. Therefore, the increase of
UV irradiation dose nudged the composition of microbial community
closer to that of the negative control group by eliminating the antibac
terial activity of the pretreated wastewater on both aerobic and anaer
obic bioreactors, which could decrease the relative abundance of
potential hosts of ARGs, contributing to a reduction in the emergence
and dissemination risk of ARGs. Additionally, the relatively low level of
intI1 abundance in both genomic and plasmid DNA from the bioreactors
fed with UV irradiated wastewater further limited the spread of ARGs by
horizontal transfer (Mao et al., 2014), which properly explained the
obvious decrease of the dominant ARGs associated with CAPs, SMs and
TCs.
4. Conclusions
Overall, this study investigated the effect of preferential UV
photolysis on the fate of antibiotic resistome and the shift of microbial
community during subsequent aerobic and anaerobic biological treat
ment of FLO in synthetic wastewater. The UV irradiation pretreatment
with a sufficient dose could effectively reduce the diversity and abun
dance of the detected ARGs and shape the structure and composition of
sludge microbial communities closer to those of FLO-free groups in both
aerobic and anaerobic bioreactors by minimizing the antibiotic selective
pressure. Based on the lower abundance of total ARGs, anaerobic bio
logical process was regarded as a better treatment unit than that of
aerobic condition for the antibiotic-containing wastewater after pref
erential UV photolysis. The significant correlation between the domi
nant genera and ARGs revealed that the markedly reduced abundance of
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Pseudomonas in aerobic condition and Escherichia-Shigella in anaerobic
condition might partially explain the decrease of the predominant ARGs
proliferation in bioreactors with the eliminated antibacterial activity of
the pretreated antibiotic wastewater by the increased dose of UV irra
diation. Furthermore, the positive correlation between the relative
abundance of the representative floR and intI1 in both genomic and
plasmid DNA was a result of sharing potential hosts. Therefore, the low
level of intI1 abundance controlled by UV photolytic pretreatment
further weakened the spread of floR through horizontal gene transfer.
These results demonstrated that the UV photolysis of antibiotic in water
could be adopted as an efficient and promising pretreatment method for
the source control of ARGs in the subsequent biological treatment pro
cess, which does not introduce any secondary pollutants. Collectively,
this study also provides a potential technical selection for the source
prevention of ARGs emergence via an abiotic pretreatment method for
the precise elimination of antibiotic antibacterial activity. Furthermore,
because of the general applicability of UV irradiation on most of anti
biotics degradation, exploration of the ARGs elimination associated with
multiple antibiotics by UV photolytic pretreatment during subsequent
microbial treatment process is also expected to be a frontier issue in
environmental and public health research in the future.
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