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ARTICLE INFO ABSTRACT

Editor: Dr. G. Jianhua Chlorine disinfection is a key global public health strategy for the prevention and control of diseases, such as
COVID-19. However, little is known about effects of low levels of residual chlorine on freshwater microbial
communities and antibiotic resistomes. Here, we treated freshwater microcosms with continuous low concen-
trations of chlorine and quantified the effects on aquatic and zebrafish intestinal microbial communities and
antibiotic resistomes, using shotgun metagenome and 16S rRNA gene sequencing. Although chlorine rapidly
degraded, it altered the aquatic microbial community composition over time and disrupted interactions among
microbes, leading to decreases in community complexity and stability. However, community diversity was un-
affected. The majority of ecological functions, particularly metabolic capacities, recovered after treatment with
chlorine for 14 d, due to microbial community redundancy. There were also increased levels of antibiotic-
resistance gene dissemination by horizontal and vertical gene transfer under chlorine treatment. Although the
zebrafish intestinal microbial community recovered from temporary dysbiosis, growth and behavior of zebrafish
adults were negatively affected by chlorine. Overall, our findings demonstrate the negative effects of residual
chlorine on freshwater ecosystems and highlight a possible long-term risk to public health.
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into the environment, particularly to freshwater habitats (Lu and Guo,
2021). It has been reported that during February and March of 2020, the

1. Introduction

Following its outbreak at the end of 2019, COVID-19 spread rapidly
and was declared a global pandemic on 11 March 2020 (World Health
Organization, 2020a). Chlorine-containing disinfectants act as oxidizing
biocides and recommendations were made for their use in the decon-
tamination of surfaces for COVID-19 infection control (Wang et al.,
2020b). According to advice provided by the WHO (World Health Or-
ganization, 2020b), residual chlorine in drinking water distribution
systems must be maintained at > 0.5 mg/L for effective control of
COVID-19, while research indicated that effective concentrations of
residual chlorine for treatment of wastewater should be > 6.5 mg/L
(Wang et al., 2020a). However, this extensive use of chlorine-containing
disinfectants leads to releases of residual chlorine and other byproducts

beginning of COVID-19 epidemic, concentrations of residual chlorine in
some lakes of China remained mostly undetectable, however, it
increased up to 0.4 mg/L in parts of lakes in Wuhan (Chu et al., 2021),
the central city of epidemic with the heavy usage of chlorine-containing
disinfectants. Despite its rapid degradation, there is an urgent need to
quantify and assess the environmental impacts of these continual and
low dose discharges of chlorine to natural aquatic systems.

Residual chlorine derived from chlorine-containing disinfectants,
which comprise hypochlorite ions, hypochlorous acid, and chloride,
elicits a range of toxicological effects on nontarget organisms, such as
zebrafish (Ding et al., 2020), planaria (Rodrigues Macedo et al., 2019),
dinoflagellates (Ebenezer and Ki, 2014), and green algae (Vannoni et al.,
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2018). The development of omics biotechnology has enabled research to
focus on pollutant ecotoxicity to microbes at the more complex com-
munity level than the simple single organism level, that allows for more
comprehensive ecotoxicity assessment of anthropogenic disturbance (Lu
et al., 2019; Ma et al., 2019). Continuous chlorine disinfection has been
found to disrupt normal shifts in bacteria community composition that
occur in full-scale cooling water systems, by triggering the growth of
particular bacteria species (Pinel et al., 2020). Low concentrations
(approx. 0.25 mg/L) of residual chlorine dioxide disinfectants in irri-
gation water were shown to directly affect bacterial communities in
water, but not those in soil or spinach crops (Truchado et al., 2018).
Changes in microbial community structure and function potential were
recorded in drinking water distribution systems due to selective pres-
sures driven by chlorine disinfection (Dai et al., 2020). Besides, Lu et al.
Lu and Guo (2021) expounded the spreads of antimicrobial resistance
were accelerated by the increasing use of disinfectants in COVID-19.
However, there are environmental health uncertainties associated
with residual chlorine due to contrasting directional effects on the
dissemination of antibiotic resistance genes (ARGs) (Jia et al., 2020; Li
and Gu, 2019; Mantilla-Calderon et al., 2019). Given the negative effects
of ARGs on human health when they are incorporated into living
pathogenic bacteria (Chen et al., 2019), there is an urgent need to
evaluate the impacts of residual chlorine on the transfer of ARGs in
freshwater habitats.

A model was developed using unpolluted freshwater collected from a
pond and Zebrafish to study the effect of continuous chlorine treatment
on the structure and function of both the aquatic and fish intestinal
microbiomes using 16S rRNA gene sequencing and metagenomics. We
also quantified the abundance and transfer of ARGs during the study.
This systematic study aimed to confirm the environmental risks of re-
sidual chlorine to freshwater microbial communities, including impacts
on ARG transfer. Finally, we try to provide a theoretical basis for the
rational application of chlorine-containing disinfectants to minimize
environmental risks during disease control.

2. Materials and methods
2.1. Establishment of freshwater microcosms

Samples of water were collected from a depth of 0.5 m from an un-
polluted pond, where active chlorine content was undetectable, at
Zhejiang University of Technology, Hangzhou, China (30° 17'45.11” N,
120° 09’ 50.07" E), transported immediately to the laboratory. Water
samples were placed under cool-white fluorescent light (46 pmol pho-
tons/(m> s)) with a 12-h light:12-h dark photoperiod at 25 + 0.5 °C for 3
d to allow for adaptation and settling. As determined by a multipa-
rameter water quality detector (Lohand Biological, Zhejiang, China),
active chlorine was undetected in these water samples. Six-month-old
adult zebrafish (Danio rerio) were purchased from the China Zebrafish
Resource Center (Hubei, China) and allowed to adapt for 7 d under the
same conditions as the water samples. After adaptation, we created nine
microcosms each contained 2 L of pond water in a glass beaker, plus
three healthy adult zebrafish.

Sodium hypochlorite (Blue Moon, Guangzhou, China) used in this
study was purchased from a local supermarket during the outbreak of
COVID-19 and contained 8-10.5 g/L active chlorine as described in the
product label. During 14 d treatment, we measured the actual active
chlorine of the sodium hypochlorite in Blue Moon every day and added
sodium hypochlorite once a day to microcosms at the final concentra-
tions of 0 (control), 0.01 and 0.1 mg/L of active chlorine. The actual
active chlorine in the sodium hypochlorite was 8.05 g/L as we measured
at the first day and there was no significant degradation of active
chlorine in the Blue Moon during 14 d treatment. Each group had three
biological replicates. For well dissolution of sodium hypochlorite in
microcosm and reducing the impacts of dissolution on zebrafish as far as
possible, about two-thirds of water in microcosm, without zebrafish,

Journal of Hazardous Materials 423 (2022) 127152

were pour into a new glass beaker and added sodium hypochlorite. After
dissolved by a glass rod, this water was poured back to the microcosm
sightly. The microcosms were sightly shook for further dissolution. The
experimental concentrations of active chlorine were similar to those of
residual chlorine recorded from in some rivers in China during the
COVID-19 epidemic (up to 0.4 mg/L) (Chu et al., 2021). The microcosms
were cultured under the adaptation conditions described above.

2.2. Determination of rate of active chlorine degradation

The levels of active chlorine content in microcosms were measured
daily, using a multiparameter water quality detector (Lohand Biological,
Zhejiang, China). However, the concentration of active chlorine in mi-
crocosms is too low to be detected after one day treatment. So, we
carried out another experiment to determine the rate of active chlorine
degradation in freshwater. We added sodium hypochlorite disinfectant
at initial concentrations of 1.0, 2.0. 3.75, and 5.0 mg/L of active chlorine
to three replicate samples of the pond water to ensure adequate levels of
detection. And we continuously measured the levels of active chlorine
content until it completely degraded (Fig. S1).

2.3. Measurement of microcosm physicochemical properties

Microcosm pH was measured using a pH meter (FE20, Mettler
Toledo, Switzerland). Three samples of the microbiome were collected
every 2 d from 50 mL of water filtered through a 0.45-pm membrane.
Levels of total dissolved nitrogen (TDN) and total dissolved phosphorus
(TDP) in the filtered water were measured using the methods described
in a previous study (Zhang et al., 2021).

2.4. Microcosm metagenome sample preparation and sequencing

About 200 mL of water in each microcosm was filtered through 0.45-
pm polycarbonate filters, as one sample, to collect aquatic microor-
ganisms at 0, 7 and 14 d after treatment. Each treatment (control, 0.01
mg/L and 0.1 mg/L) had three biological replicates for metagenome. At
the 0 day, we collected the samples immediately after establishment of
freshwater microcosms. Therefore, microbial communities were similar
in each microcosm, and only one replicated sample from each treatment
was randomly chosen as 0 d samples for metagenome analysis. Samples
were stored at — 80 °C immediately after collection. Total genomic DNA
was extracted directly from the filter membranes using a DNA extraction
kit (ALFA-SEQ Advanced Water DNA Kit, Guangdong Magigene
Biotechnology Co., Ltd., Guangzhou, China) according to the manufac-
turer’s instructions, and DNA concentration and purity were measured
using a fluorometer (Qubit 2.0, Thermo Fisher Scientific, Waltham,
USA) and spectrophotometer (NanoDrop One, Thermo Fisher Scientific,
Waltham, USA) after DNA integrity and purity had been checked on 1%
agarose gels. Sequence libraries were generated using a DNA library
preparation kit (NEB Next Ultra DNA Library Prep Kit, New England
Biolabs, MA, USA) following the manufacturer’s instructions. The li-
brary quality was assessed by electrophoresis (Agilent 4200, Agilent,
Santa Clara, CA) using a fluorometer (Qubit 3.0 Fluorometer, Life
Technologies, Grand Island, NY). And sequencing was performed on an
[llumina Novaseq platform (Illumina, CA, USA) at Guangdong Magigene
Biotechnology Co., Ltd. (Guangzhou, China). Absolute abundance of
bacteria was determined using real time qPCR analysis of total genomic
DNA, as described by Zhang et al. (2020), based on the reasonable as-
sumptions that the capture efficiency and extraction efficiency were
equal between samples, because we used the same methods and mate-
rials for all samples.

2.5. Microcosm metagenome assembly and analysis

For each metagenome dataset, raw reads were filtered to remove
those containing low-quality bases using Trimmomatic v0.36 (Bolger
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et al, 2014) and to acquire clean data for subsequent analysis.
MEGAHIT v1.0.6 (Li et al., 2015) was used for the de novo assembly of
the clean data and to interrupt the assembled scaffold at N positions to
leave scaftigs with unknown N bases. The reads that were not used in
this step of all samples were combined and assembled in MEGAHIT.
Open reading frames (ORFs) were predicted for each assembled scaftig
(>500 bp) using MetaGeneMark v3.38 (Zhu et al., 2010), with default
parameters. CD-HIT v4.7 (Fu et al., 2012) was used to remove redundant
ORFs and obtain unique initial gene (unigene) clusters (95% identity
with 90% coverage). Clean data for each sample were mapped to
unigenes using BBMap (http://jgi.doe.gov/data-and-tools/bbtools/) to
obtain the number of mapped reads, and calculation of gene abundance
per sample, based on the number of mapped reads and length of the
gene. We used a BLAST search of unigenes against the nonredundant
(NR) database of NCBI and Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.kegg.jp/kegg/) databases for taxonomic and
functional annotations, respectively, using DIAMOND  software
v0.8.17.79 (https://github.com/bbuchfink/diamond/). NR results of
which the e-value < 1e-10 were chosen to take the LCA algorithm for
system classification in MEGAN v6 (Huson et al., 2007), to ensure the
correction of species annotation information of unigenes. Abundance
information at each taxonomic level (kingdom, phylum, class, order,
family, genus, species) was obtained based on the taxonomic classifi-
cation and the abundance of unigenes. For KEGG results, the best BLAST
hit (lowest e-value) was used for subsequent analysis. Relative abun-
dance at each functional hierarchy (from KEGG Orthology (KO) to KEGG
level 1) was equal to the sum of the relative abundance of unigenes
annotated to that functional level. Unigenes were also BLAST searched
against the Comprehensive Antibiotic Resistance Database (CARD)
using DIAMOND software v0.8.17.79 (https://github.com/bbuchfink/
diamond/) to identify the ARGs. Opportunistic human pathogens were
detected by comparison between species table and an online database
(https://www.bode-science-center.com/center/relevant-pathoge
ns-from-a-z.html). The taxonomic annotation of each ARGs-carrying
unigene were determined by comparison between species table and
the ARG table. To reveal the HGT potential of ARGs, ARG-carrying
contigs were also determined by BLAST searching against CARD, and
then plasmid sequences for all ARG-carrying contigs were predicted
using PlasFlow (Krawczyk et al., 2018). Abundance of
chromosome-carried and plasmid-carried ARGs was calculated, respec-
tively, as the sum of the abundance of contigs annotated to this ARG. The
more details of microcosm metagenome assembly and analysis were
provided in the Supplementary methods and Table S1.

2.6. Zebrafish intestinal microbe gene sampling and sequencing

At 0, 7, and 14 d after treatment, the entire intestines of one single
zebrafish from each microcosm were aseptically dissected and collected.
Samples from each group were separated into four subsamples and
immediately frozen on dry ice and stored at — 80 °C prior to analysis.
Each group had four biological replicates for 16S rRNA gene sequencing.
Genomic DNA was extracted from the frozen samples using a DNA
extraction kit (ALFA-SEQ Advanced Stool DNA Kit, Guangdong Magi-
gene Biotechnology Co., Ltd., Guangzhou, China), following the manu-
facturer’s instructions, and DNA concentration and purity were
measured using a spectrophotometer (NanoDrop One, Thermo Fisher
Scientific, MA, USA). We used the primers 338 F (5'-ACTCCTACGG-
GAGGCAGCAG-3') and 806 R (5-GGACTACHVGGGTWTCTAAT-3') to
amplify the V3-V4 region of the 16 S rRNA gene via thermocycler PCR
(Bio-Rad Laboratory, CA, USA). The purified amplicons were sequenced
(Ilumina Nova6000, Illumina, CA, USA) at Guangdong Magigene
Biotechnology Co., Ltd. (Guangzhou, China).

2.7. Intestinal sample 16S rRNA gene sequencing analysis

After quality of the raw data was confirmed by Fastp v0.14.1 (http
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s://github.com/OpenGene/fastp), the primers were removed by using
Cutadapt v2.10 (https://github.com/marcelm/cutadapt/). Paired-end
clean reads were merged by using Usearch v10 (http://www.drive5.
com/usearch/). Operational taxonomic unit (OTU) clustering was per-
formed using Uparse v7.0.1090 (https://www.drive5.com/uparse/).
Chimera sequences and singleton OTUs were simultaneously removed
during clustering. Taxonomic annotation of each OTU was performed
using the SILVA Database (https://www.arb-silva.de/) by Usearch v10
(http://www.drive5.com/usearch/) with the confidence threshold >
0.8. OTUs and their tags that were annotated as chloroplasts or mito-
chondria and could not be annotated at the kingdom level were
removed. OTU taxonomic information tables were generated and sub-
sampled for relative abundance calculation and subsequent analysis.
The more details of 16S rRNA gene sequencing analysis were provided in
the Supplementary methods and Table S2.

2.8. Liver transcriptome analysis of zebrafish

The liver of one single zebrafish from each microcosm was asepti-
cally dissected at 7 d of the experiment, immediately frozen on dry ice,
and stored at — 80 °C prior to analysis. Each group had three biological
replicates for transcriptome then. Total RNA was extracted using an
RNA extraction kit (HiPure Universal RNA Midi Kit, Magen, Guangzhou,
China), according to the manufacturer’s instructions, while RNA quan-
tity was determined using a fluorometer (Qubit 2.0, Thermo Fisher
Scientific, MA, USA) and spectrophotometer (NanoDrop One, Thermo
Fisher Scientific, MA, USA) simultaneously and RNA integrity was
detected using electrophoresis (Agilent 2100, Agilent Technologies,
Waldbron, Germany). Whole mRNAseq libraries were generated using
an RNA library preparation kit (Next Ultra Nondirectional RNA Library
Prep Kit for Illumina, New England Biolabs, MA, USA), following the
manufacturer’s instructions. Transcriptomes were sequenced on a
sequencing platform (Illumina HiSeq Xten, Ilumina, CA, USA) at
Guangdong Magigene Biotechnology Co., Ltd. (Guangzhou, China). Raw
data quality was trimmed and quality controlled using Trimmomatic
v0.36 (Bolger et al., 2014) and the rRNA sequences were removed using
Bowtie2 v2.33 (Langmead and Salzberg, 2012). The read counts and
functional information of each gene were obtained using HTSeq-count
v0.9.1 (Anders et al., 2015), after mapping the remaining mRNA se-
quences to the reference zebrafish genome using HISAT2 v2.1.0 (https
://github.com/infphilo/hisat2). The expression level of each gene was
determined as RPKM (Eq. S1), and differential expression analysis were
carried out using edgeR v3.16.5 (Robinson et al., 2010). KEGG enrich-
ment analysis of differentially expressed genes was implemented using
clusterProfiler v3.4.4 (Yu et al., 2012). The more details of liver tran-
scriptome analysis were provided in the Supplementary methods and
Table S3.

2.9. Determination of zebrafish swimming behavior

Measurement of impacts of chlorine treatment on adult zebrafish
swimming behavior in artificial microcosms does not represent realistic
field conditions, so we investigated impacts on swimming in zebrafish
larvae to evaluate the neurotoxicity of chlorine on the zebrafish (Jijie
et al., 2020; Fraz et al., 2019; Zhao et al., 2021). Zebrafish larvae were
cultured in the same conditions as the adult zebrafish in microcosms. At
120 hpf of chlorine treatment, 36 zebrafish larvae were selected for each
group and gently placed into 96-well cell culture plates after removal of
malformed or dead individuals. We changed the light conditions to
evaluate the effects of chlorine on the behavior of zebrafish, which is
sensitive to the light. After an initial acclimation period of 20 min, we
recorded free swimming distance and time every 60 s under continuous
light for 20 min, followed by 2 cycles of 10-min light:10-min dark;
swimming behavior was recorded and analyzed using Zebralab
Video-Track (ViewPoint Life Sciences, France).
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2.10. Statistics and visualization

Diversity (Shannon index) and richness of the aquatic and intestinal
microbial communities were calculated at the genus level using the
vegan package in R (Dixon, 2003). Principal coordinate analysis (PCoA)
and permutational analysis of variance were performed based on
Bray-Curtis dissimilarities of microbial community composition (genus
level) and the functional potential (KO level) to determine differences
between groups using the vegan package, and the results were visualized
using the ggplot2 package in R. To determine treatment differences in
genera and function, we applied moderated t-tests between groups using
the limma package in R, as described by Carrién et al. Carrion et al.
(2019). Genera and functions that differed were identified when
FDR-adjusted p-values were < 0.05. Volcano plots of genera were
generated using the ggplot2 package in R and functions were plotted
using Maptree in the ggraph and tidyverse packages in R. A random
forest classification analysis was conducted to detect family level
changes in microbial community composition using the randomForest
package in R. Interactions between aquatic microbes in the microcosms
were estimated using co-occurrence network analysis, based on the 292
genera with a relative abundance > 0.01% in at least one sample. We
analyzed the correlations between the genera using pairwise Spearman’s
rank correlations (r) in the psych package in R. We used strong (r > 0.8
or r < —0.8) and significant (p < 0.05) correlations in the network
analysis, using Gephi v0.9.2. Modular analysis and average clustering
coefficient calculations were run in Gephi v0.9.2, while normalized
degree and betweenness centrality (providing information on how
critical an OTU in the network) of each node were determined using the
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igraph package in R. Bubble plots of normalized degree and betweenness
centrality were visualized using the ggplot2 package in R. Boxplots,
histograms, and scatter plots were visualized using GraphPad Prism
v7.00, heatmaps were constructed using the pheatmap package in R, and
Venn diagram analysis was performed using the online website “jvenn”
(Bardou et al.,, 2014). Two-tailed Welch’s t-test was performed to
analyze the significant differences between the control and treatments in
Analysis Tools of Excel (Microsoft Corporation, Redmond, WA, USA).

3. Results

3.1. Degradation of active chlorine and dynamic changes in microcosm
physicochemical properties

We determined degradation rates of active chlorine in pond water
treated with different concentrations of sodium hypochlorite and found
that rates were more rapid at lower chlorine concentrations, where full
degradation occurred within 30 min of treatment with 1.0 and 2.0 mg/L
of active chlorine (Fig. S1). Based on this result, we speculated that
active chlorine with the initial concentrations of 0.01 and 0.1 mg/L was
degraded more quickly within 30 min, although we could not accurately
plot the degradation curve by amplifying the chlorine dose. Content of
the TDN and TDP of pond water + zebrafish microcosms maintained at
0, 0.01, and 0.1 mg/L of active chlorine did not change over the 14-
d experimental period, while levels of pH significantly decreased
under chlorine treatment (p < 0.05; Fig. S2).
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3.2. Effects of chlorine on microbial community diversity and composition

Neither concentration of active chlorine (0.01 and 0.1 mg/L)
affected the diversity of the microbial community during the 14-d expo-
sure time (Fig. 1a). Species richness was lower in microcosms treated
with 0.1 mg/L of active chlorine than the control after 7 d of exposure
(two-tailed Welch’s t-test, p = 0.007) but recovered after 14 d (Fig. 1b).
Although there was little impact of chlorine treatment on microbial
community diversity and richness, PCoA with Bray-Curtis dissimilarity
showed that both concentrations of chlorine significantly changed the
community composition at 7 (p = 0.006) and 14 d (p = 0.004; Fig. 1cand
Fig. S3).

Compared with the control, 676 and 755 genera were significantly
affected under the 0.1 mg/L of chlorine treatment after 7 and 14 d,
respectively. And 286 and 306 genera were significantly affected under
the 0.01 mg/L of chlorine treatment after 7 and 14 d, respectively
(Fig. S4). The abundance of the bacteria significantly decreased after 7
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d, but increased after 14 d under chlorine treatment, compared to the
control (Figs. S5, S6). Analysis of effects of chlorine on abundance of
bacteria phyla showed decrease in Proteobacteria and increase in Ver-
rucomicrobia, Chloroflexi, and Firmicutes after 7 d in the 0.01 mg/L
chlorine treatment, with opposite effects on these phyla recorded after
14 d (Fig. 1d and Fig. S7). A random forest machine learning algorithm,
which was used to detect changes in microbial community composition
at the family level, selected 43 families with a mean decrease accuracy of
> 2.0 as the most sensitive to chlorine. Most of these families belonged
to the Proteobacteria (n = 20), Actinobacteria (n = 7), and Firmicutes
(n = 5) and were present a low relative abundance (relative abundance
of only 10 families was >0.1%) (Fig. S8). Specifically, chlorine treat-
ment promoted the growth of bacteria belonging to families that con-
tains the pathogenic genus, such as the Mycobacteriaceae.

The eukaryotes and archaea were recorded at much lower levels of
relative abundance than bacteria. Other than increases in abundance of
eukaryotes in the 0.1 mg/L of chlorine treatment after 7 d, there were no
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clear consistent effects of chlorine treatment on their abundance
(Fig. S5). The Euryarchaeota dominated the Archaea, with increases in
the 0.01 mg/L of chlorine treatment after 7 d and decreases under the
two levels of chlorine concentration after 14 d. Changes in other
abundant Archaea phyla were similar to those of the Euryarchaeota
(Fig. 1d and Fig. S9). Eukaryota was the second most abundant domain
but most of its phyla were unidentified. Chlorine treatment affected the
abundance of all Eukaryotal phyla (Fig. 1d).

Co-occurrence networks, which based on Spearman’s rank correla-
tion coefficients between genera, showed marked differences for mi-
crocosms with or without chlorine treatments (Fig. 2a—c). There were
decreases in modularity and average clustering coefficient indexes of
microbial communities under chlorine treatment, compared to the
control (Fig. 2d). The number of interactions of aquatic microbes
decreased with increasing chlorine concentration, particularly the
negative interactions (Fig. 2e). With increasing chlorine concentration,
the number of genera with high levels of connectedness (which defined
as the normalized degree in this study) and low levels of betweenness
centrality decreased, where abundance of most of these genera was low
(Fig. 2.

3.3. Effects of chlorine on microbial community function potential

As we expected, microbial community function potential was per-
turbed by chlorine treatment (Fig. 3 and Fig. S10), due to the shift in
taxonomic composition (Fig. S3). Almost every function pathway was
affected after 7 d of treatment with 0.1 mg/L of chlorine (FDR-adjusted
D < 0.05), albeit with low degree (|log2(fold change) | < 1) (Fig. 3a and
Fig. S11). Unlike the changes in microbial community composition
(increases in the number of significantly different genera with time),
most regulated pathways had recovered after 14 d (Fig. 3b).

To understand these effects of 0.1 mg/L of chlorine on the function
potential in greater detail, we analyzed pathways that were significantly
(FDR-adjusted p < 0.05) and sharply (|log2(fold change) | > 1) affected
(Fig. S12). After 7 d, most functions associated with metabolism, such as
flavone and flavonol biosynthesis, geraniol degradation, and xenobiotic
biodegradation and metabolism, had decreased, whereas functions
associated with environmental information processing, cellular

a Cellular PmcessesEmlronmental Information Processing

mation Processing

Metabolism

7 days
@ Increased in T0.1
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processes, and genetic information processing had been enriched by
chlorine. In contrast, most functions associated with metabolism had
become enriched by chlorine after 14 d, whereas nine functions asso-
ciated with environmental information processing decreased (Fig. S12).
By this time, some cellular processes, such as biofilm formation-Pseu-
domonas aeruginosa (ko02025), had also become enriched by chlorine
treatment (Fig. S12).

3.4. Chlorine impacts on opportunistic human pathogens and ARGs

Continuous inputs of chlorine elicited changes in the structure of the
microbial community, including the prevalence of opportunistic human
pathogens that are injurious to human health. Seventy-three human
pathogen species were detected both in the control and chlorine-treated
microcosms (Fig. S13). Annotation of taxonomic information of ARGs
also detected five potential antibiotic-resistant pathogens (ARPs)
(Streptococcus pneumoniae, Enterobacter cloacae, Acinetobacter baumannii,
Escherichia coli, Pseudomonas aeruginosa). While most pathogens and
some ARPs were inhibited after 14 d (Fig. 4a—c), a part of pathogens
remained present at high levels of abundance, such as P. aeruginosa and
species belonging to the Mycobacteriaceae (Mycobacterium leprae,
Mycobacterium chimaera, and Mycobacterium tuberculosis) (Fig. 4a).

In total, 805 ARGs were detected from the control and chlorine mi-
crocosms, and we found that chlorine affected their transfer and prev-
alence. Horizontal gene transfer (HGT) and vertical gene transfer (VGT)
potentials of ARGs were further determined: 560 ARGs were carried by
plasmid, whereas only 232 ARGs were carried on the chromosome.
Besides, 145 ARGs were carried by both plasmid and chromosome and
158 ARGs could not be clearly assigned to either group (Fig. S14). We
also determined the composition of ARGs and found that ARGs carried
by chromosomes tended to confer multidrug resistance (Fig. 4d),
whereas those carried by plasmids tended to confer tetracycline resis-
tance (Fig. 4e). Total abundance of ARGs on chromosomes was linked to
abundance of bacteria that had decreased sharply by 7 d of chlorine
treatment and subsequently increased by 14 d (Fig. 4d, f). After 7 d, total
abundance of ARGs on plasmids decreased following daily addition of
0.01 mg/L of chlorine but was unaffected by 0.1 mg/L of chlorine. After
14 days, total abundance of ARGs on plasmids increased in the two

b Cellular PrOcessesEnvu"onmental Information Processing

Metabolism

14 days

@ Decreased in T0.1 () Increased in T0.01 () Decreased in T0.01 () Non-differential

Fig. 3. Effects of chlorine on microbial community functional potential. a Functional potential of microbial community changed under chlorine treatment after 7 d. b
Functional potential of microbial community changed under chlorine treatment after 14 d. The outermost circles represent the pathways at the KEGG level 1, while
the deepest circles represent pathways at KEGG level 3. Pathways that significantly differed (FDR-adjusted p < 0.05) between the control and chlorine treatments are
colored as the legends showed. Circle size represents the average relative abundance of pathways in all samples.
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chlorine treatments (Fig. 4e). Unlike the ARGs carried by chromosomes,
abundance of plasmid-carried ARGs was not linked to the relative
abundance of bacteria (Fig. 4g).

3.5. Chlorine-mediated changes in zebrafish intestinal microbial
communities

The diversity and structure of zebrafish intestinal microbial com-
munities with or without chlorine treatment were determined using 16S
rRNA gene sequencing. Microbial community richness and diversity
(Shannon index) decreased after 7 d of treatment with 0.1 mg/L of
chlorine and then recovered by 14 d, and there were no effects of
0.01 mg/L of chlorine. PCoA with Bray-Curtis dissimilarity also showed
that intestinal microbial communities changed significantly in 7d but
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recovered in 14d under chlorine treatment, compared to the control
(Fig. 5a—c; Table S4). Chlorine affected the composition of the majority
of genera by 7 d of treatment. However, these effects had been reverted
by 14 d (Fig. 5d). The transcriptome of zebrafish livers was analyzed to
quantify changes in host status following dysbiosis of the intestinal
microbial community by 0.1 mg/L of chlorine after 7 d. We found that
genes regulated by chlorine tended to be related to the endocrine system
and fundamental metabolism of zebrafish (Fig. 5e). We also assessed
effects of chlorine on zebrafish larvae swimming behavior to and found
that swim speeds were reduced (Fig. 5f).

4. Discussion

While the utility of chlorine-containing disinfectant in disease
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Fig. 5. Effects of chlorine on zebrafish intestinal microbial communities. a Richness (upper panel) and Shannon index (below panel) of the intestinal microbial
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control and water safety is widely accepted (World Health Organization,
2020b), it is essential that the associated environmental risks to fresh-
water ecosystems are adequately evaluated. In this study, we developed
a freshwater microcosm and demonstrated impacts of continuous chlo-
rine treatment on microbial communities and antibiotic resistomes
using shotgun metagenome and 16S rRNA gene sequencing.

Although chlorine is rapidly degraded quickly in freshwater, active
chlorine disrupted the structure and function of the microbial commu-
nity. In this study, we found that microbe diversity and richness were not
reduced by chlorine at concentrations less than those suggested by WHO
(World Health Organization, 2020b) for the effective disinfection of
drinking water distribution systems. Under environmental perturbation,
microbial community diversity and function may be maintained by
shifts in community structure and effects of redundancy (Allison and
Martiny, 2008; De Vrieze et al., 2017; Louca et al., 2018). Similarly, our
results showed that even though microbial community composition
shifted under continuous chlorine treatment, diversity was maintained
throughout the experiment and the basic metabolic potential was
recovered after 14 d.

Rather than inhibition of bacteria, continuous treatment with a low
concentration of chlorine increased bacteria abundance after 14 d.
Similar to soils (Qian et al., 2020), freshwater acts as a pool for human
pathogens and the increase in bacteria reported here may represent a
negative effect of chlorine inputs on freshwater ecosystems and human
health. For example, after 14 d of continual treatment with chlorine,
there was an increase in abundance of the pathogens M. leprae,
M. chimaera, and M. tuberculosis that are closely related to human dis-
eases (De Benedictis et al., 2020; Furin et al., 2019; Steinmann et al.,
2017). Some species of bacteria are known to be highly resistant to
chlorination and their abundance has been shown to increase under
treatment with chlorine-containing disinfectants (Pinel et al., 2020;
Macauley et al., 2006). Residual chlorine kills bacteria or inhibits their
growth, principally through the overproduction of reactive oxygen
species (ROS) (Guo et al., 2015). However, this process may also protect
some bacteria and even promote growth of them, depending on levels of
ROS (Van Acker and Coenye, 2017; Nguyen et al., 2011; Shatalin et al.,
2011). Our results indicate that continuous low concentrations of
chlorine may induce subinhibitory concentrations of ROS in most
chlorine-resistant bacteria and promote cell growth, rather than mor-
tality. Increased bacterial biomass under chlorination may also be a
result of biofilm formation that provides bacteria with nutrients and
offers protection against disinfectants (Paranjape et al., 2020). Although
we recorded no evidence of the formation of biofilm in the microcosms,
abundance of the biofilm forming-Pseudomonas aeruginosa was enriched,
along with the recovery in growth of P. aeruginosa, after 14 d of daily
treatment with 0.1 mg/L of chlorine treatment.

Interactions among microorganisms are complex and can be deter-
mined by co-occurrence networks (De Vries et al., 2018; Faust and Raes,
2012; Liu et al., 2020). These interactions play a critical role in microbial
community assembly, as dominant drivers of population structure and
dynamics (Cordero and Datta, 2016; Hansen et al., 2007). The changes
in microbial community composition, as a result of chlorine treatment,
also disrupted interactions among microorganisms. Although the
co-occurrence networks showed the modular structure of the microbial
community was maintained, its modularity, average clustering coeffi-
cient, and number of interactions decreased. The chlorine-mediated
decrease in complexity, defined as the total number of both negative
and positive interactions of aquatic microbes, of the freshwater micro-
bial community possibly disrupted its assembly and dynamic changes.
This result may be related to increases in selective pressures (Dai et al.,
2020). It has been reported that interactions buffer against disturbance
(Konopka et al., 2015; Ziegler et al., 2018) and the presence of negative
interactions increases the stability of perturbed communities (Coyte
et al., 2015; Stouffer and Bascompte, 2011). The loss of interactions
among microorganisms in chlorine-treated microcosms, particularly the
negative one, may decrease microbial community stability. Keystone
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taxa are characterized by high levels of connectedness and low levels of
betweenness-centrality that support community stability (Berry and
Widder, 2014; Xue et al., 2018). The decline in potential keystone taxa
by chlorine treatment in our study may also cause lower stability. While
the machine learning analysis based on the random forest showed
families with low levels of abundance were sensitive to chlorine treat-
ment, we also found that the majority of potential keystone taxa in the
chlorine treatments were low-abundance taxa, indicating that rare taxa
may play an important role in maintaining the stability of microbial
communities under chlorine treatment.

As discussed above, the metabolic potential of the microbial com-
munity exposed to chlorine recovered after 14 d, due to functional
redundancy (Louca et al., 2018). And it is likely that some functional
capacities were altered to buffer against impacts of chlorine. After the
first week of chlorine treatment, functions of signal transduction and
signaling molecules, and their interaction were enriched. Microbe
signaling response tends to be induced under biotic and abiotic stress to
trigger detoxification processes (Liu et al., 2020; Bickerton et al., 2016;
Dufrene and Persat, 2020), such as an increase in xenobiotic degrada-
tion. Therefore, in addition to functional redundancy, microbe signaling
response and xenobiotic biodegradation may be alternative strategies
for the alleviation of abiotic stress induced under long-term exposure to
chlorine.

The risk assessment of impacts of residual chlorine on the abundance
and transfer of ARGs and pathogens harmful to human health in fresh-
water is urgently required (Lu and Guo, 2021). Unlike ultraviolet
disinfection, which kills bacteria mainly through DNA deactivation,
chlorination inactivates bacteria through oxidative damage (Guo et al.,
2015). The subinhibitory concentrations of chlorine and its analogs
could induce the SOS response, increase cell permeability, and alter the
expression of conjugation-relevant genes that consequently promote the
horizontal transfer of ARGs (Mantilla-Calderon et al., 2019; Guo et al.,
2015; Jin et al., 2020; Liu et al., 2018; Zhang et al., 2017). ARGs were
categorized as chromosome- or plasmid-carried in this study. ARGs
located on chromosomes cannot be horizontally transferred between
bacteria cells, unless integrated into plasmids (Che et al., 2019).
Chromosome-carried ARGs increased abundance directly dependent on
the promotion of growth in bacteria when exposed to continuous inputs
of chlorine. ARGs located on plasmids are more threatening to human
health than those located on chromosomes, because they may be
transferred from antibiotic-resistant bacteria (ARB) to non-ARB, along
with plasmids (Jin et al., 2020; Che et al., 2019). Our study showed that
the abundance of plasmid-carried ARGs increased when exposed to the
chlorine treatments and were not strongly correlated with abundance of
bacteria. This result confirms that plasmids are a more stable and
transferable carrier than bacteria and was difficult to remove by reduced
abundances of bacteria. These results reveal that chlorine treatment
could promote the ARG dissemination in freshwater habitats by either
VGT through bacteria reproduction, or HGT through plasmid transfer
between bacteria, where the latter occurred more frequently and rep-
resents a greater threat to human health.

In contrast to the aquatic microbial community, that of zebrafish was
more conserved and highly resilient to continuous inputs of chlorine. A
robust intestinal microbial community is of vital to host health (Duvallet
etal., 2017; Sommer et al., 2017). Thus, recovery of intestinal microbial
communities from dysbiosis may represent an effective strategy to
alleviate toxicity of residual chlorine. Nevertheless, we found that
exposure to chlorine negatively impacted the growth of zebrafish
through effects on the endocrine system and fundamental metabolism.
Besides, chlorine depressed larvae swimming mobility of the zebrafish.
The abnormal swimming behaviors, either increased or decreased, could
be recognized as the neurotoxicity of pollutants on the zebrafish (Jijie
et al., 2020; Fraz et al., 2019; Zhao et al., 2021). These results verified
the negative effects of chlorine on the fish in freshwater.

In conclusion, our study concentrated on the effects of continuous
inputs of chlorine-containing disinfectants on microbial communities
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and ARG dissemination in freshwater habitats, in contrast to previous
studies that have tended to focus on effects on wastewater treatment
plants, drinking water distribution systems, and other anthropogenic
water systems. Our results showed that even low concentration of
chlorine with continuous input could disrupt and destabilize the mi-
crobial community structure, decrease the metabolic capability of
aquatic microbial communities temporarily, promote some potential
pathogens growth and accelerate the transfer of ARGs in freshwater.
Besides, low concentration of chlorine with continuous input disrupted
the intestinal microbial community structure of zebrafish, which resul-
ted in the negative effects of zebrafish growth and behavior. These
findings highlight the ecological and human health risks of the wide-
spread use of chlorine-containing disinfectants for disease control.
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