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» Continuous chlorine treatment have no disfectants
obvious effect on soil microbial community

structure and composition.

* Residual chlorine slightly affected soil
microbial functions.

» Daily use of chlorine-containing disinfec-
tants slightly threatened the soil ecosystem.

COvID-19

Rhizosphere soil

Bacteria

s -~
\
N Archaea

Eukaryote

Metagenomic analysis e ——

ARTICLE INFO

Article history: ABSTRACT
Received September 25, 2021
Revised November 17, 2021

Accepted November 25, 2021

Chlorine-containing disinfectants have been widely used around the world for the prevention and
control of the COVID-19 pandemic. However, at present, little is known about the impact of residual
chlorine on the soil micro-ecological environment. Herein, we treated an experimental soil-plant-
microbiome microcosm system by continuous irrigation with a low concentration of chlorine-
. containing water, and then analyzed the influence on the soil microbial community using
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metagenomics. After 14-d continuous chlorine treatment, there were no significant lasting effect

Soil microbes on soil microbial community diversity and composition either in the rhizosphere or in bulk soil.
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Although metabolic functions of the rhizosphere microbial community were affected slightly by
continuous chlorine treatment, it recovered to the original status. The abundance of several
resistance genes changed by 7 d and recovered by 14 d. According to our results, the chlorine
residue resulting from daily disinfection may present a slight long-term effect on plant growth (shoot
length and fresh weight) and soil micro-ecology. In general, our study assisted with environmental
risk assessments relating to the application of chlorine-containing disinfectants and minimization of
risks to the environment during disease control, such as COVID-19.
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1 Introduction

The COVID-19 epidemic is sweeping around the world and is
even considered a long-term war between viral disease and
humans (Duarte et al., 2020; WHO, 2020a). To establish a
healthy barrier and reduce the transmission of COVID-19, the
use of disinfectants is essential. Among them, chlorine-
containing disinfectants, mainly sodium hypochlorite are
commonly used products in emergency health events owing
to high disinfection efficiency and low cost. It has been
recommended that surface decontamination infected by
COVID-19 infection should be controlled (Wang et al., 2020;
Subpiramaniyam, 2021). The WHO has recommended that to
effectively control COVID-19 or other diseases, the residual
chlorine in the drinking water distribution system must be kept
>0.5 mg L' (WHO, 2020b). Meanwhile, numerous chlorine-
containing disinfectants were used for continuous public
disinfection, such as in areas with severe epidemics.
According to some sources, the usage of chlorine-containing
disinfectants reached 1963.58 tons in the first two months
during the COVID-19 epidemic in Wuhan, China (China
Huangiu Web, 2020). As a result, the continuous application
and overuse of chlorine-containing disinfectants inevitably led
to serious ecological pollution in the environment (Choi et al.,
2020; Chu et al., 2021; Zhang et al., 2021), especially in soil
ecosystems directly sprayed with chlorine-containing disin-
fectants (Mincarelli et al., 2016).

Soil microorganisms, especially those colonizing the plant
rhizosphere, play an important role in growth yield and
disease-resistance of plant (Lu et al., 2018; Qu et al., 2020;
Feng et al., 2021), but most soil ecotoxicology experiments
have usually focused on big-size model organisms for study
but have ignored the soil microbial ecology. The indiscriminate
spraying of a large amounts of chlorine-containing disinfec-
tants can directly destroy the community balance and
functional diversity of soil microbiome, which may further
perturb the health of plants and result in invasion by
pathogenic bacteria (Mendes et al., 2013; Qian et al., 2021).
Previous studies on the effects of chlorination in irrigation
water on plants and epiphytic microorganisms provided a
research basis for the risk assessment of chlorine-containing
disinfectants residual on the soil environment (Lonigro et al.,
2017; Truchado et al., 2019). For example, Hao et al. (2018)
found that long-term agricultural irrigation with chlorinated
water had a slight impact on soil enzyme activity but indicated
that it was safe for field crops with precipitation leaching.
Similarly, the CIO, treatment of irrigation water did not affect
the diversity of water, soil, or crop bacterial communities.
However, significant differences were observed in the relative
abundance of specific bacteria belong to Enterobacteriaceae
and Pseudomonas (Truchado et al., 2018). However, until
now, the impact of chlorine disinfectants on soil microbial
community has been mainly concentrated at the level of
community composition, and the change of functions often
cannot be determined accurately and comprehensively.
Fortunately, the development of metagenomics has enhanced

the understanding of the microbial community composition
and its specific ecological functions.

Meanwhile, the development of biotechnology has enabled
the assessment of the ecotoxicity of pollutants the level of the
more complex microbial community rather than that of a single
organism, allowing for comprehensive ecotoxicity assess-
ment resulting from human interference. Herein, we selected
the model plant wheat (Triticum aestivum L.) to construct the
soil-plant-microbiome microcosm system and simulated con-
tinuous exposure to chlorine-containing disinfectants. We
aimed to comprehensively assess the ecological risk of
disinfectant in soil during the COVID-19 pandemic using
metagenome.

2 Materials and methods

2.1 Establishment of soil-plant-microbiome microcosms

Wheat (Triticum aestivum L., Yannong 19) seeds were soaked
in 0.6% nitric acid solution for 10 min to release them from
dormancy and make them germinate effectively. The seeds
were then disinfected with 75% ethanol and 2.5% calcium
hypochlorite for 1 min and 15 min, respectively, and rinsed
with sterile water 67 times. The surface-sterilized seeds were
left in a dark environment at 30°C for 7 d to germinate,
transferred to a plastic pot containing about 230 g of soil
(including 30 g of sterilized water), and a soil suspension
made of vegetable garden soil (from 30°17'45.11" N,
120°09'50.07" E) was then added as the source of rhizo-
sphere microorganisms (vegetable garden soil:sterile water =
30:200). The obtained soil-plant-microbiome microcosms
were placed at 25°C, and 80% relative humidity, with 12 h
light/12 h dark cycle at a light intensity of 300 ymol photons
m2 s~ for a week.

2.2 Chlorine treatment of soil-plant-microbiome microcosms

The sodium hypochlorite disinfectant (Bluemoon, Guangz-
hou, China) used in this study was purchased from a local
supermarket during the COVID-19 epidemic, and its active
chlorine content was 8000 mg L' detected by multi-
parameter water quality detector (LH-M900, Hangzhou
LuHeng Biological Technology Co.). The stock solution was
diluted with deionized water to the different final concentra-
tions of active chlorine (0.05 and 1 mg L™') and added to the
soil-plant-microbiome microcosms in three replicates daily for
14 d. 20 mL of different concentrations mentioned above of
chlorine solution were added into each treated group per day.
The same amount of deionized water was added in the control

group.
2.3 Soil sample collection

The bulk and rhizosphere soil of wheat were collected 7 d and
14 d after seedling transplantation (the vegetable garden soll
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used to make the soil suspension having been sampled on
day 0). The soil sample was collected as described by
Bulgarelli et al. (2012). In detail, the upper soil was gently
collected with a spoon as a bulk soil to explore the direct
effects of chlorine treatment on the composition and functions
of the soil microbial community. Then, the rhizosphere was
gently shaken to remove loose and large pieces of soil from
the roots, and the soil samples attached to the root surface
were collected as rhizosphere soil for further study. All
samples were stored at —80°C immediately after collection.

2.4 Measurement of soil enzyme activity

Parts of bulk and rhizosphere soil sample were dried at 37°C,
then ground and screened (60-mesh). Next, acid phospha-
tase (ACP), urease, and sucrase activities in the microcosm
soil were determined using enzyme activity kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing) according to the
manufacturer’s instructions. The concentration of enzymes in
samples was measured using a visible spectrophotometer
(Shanghai INESA Analytical Instrument Co., Ltd., Shanghai);
the measurement wavelengths of ACP, urease, and sucrase
were 405, 578, and 540 nm, respectively. The hydrolysis of p-
nitrophenyl phosphate (pNPP) per hour per gram of soil
sample producing 1 nmol p-nitrophenol (PNP) (37°C) was
defined as a unit of ACP activity. The production of 1 yg NH3-N
per gram of soil sample per day was set as a unit of urease
activity, whereas the production of 1 mg reducing sugar per
gram of soil sample per day was considered as a unit of
sucrase activity.

2.5 Microcosm metagenome sample preparation and
sequencing

The metagenomic analysis of bulk and rhizosphere soil
microbiomes at 0, 7 and 14 d after treatment were performed
in three replicates. The total genomic DNA of these samples
was isolated using a DNA extraction kit (ALFA-SEQ Advanced
Water DNA Kit, Guangdong Magigene Biotechnology Co.,
Ltd., Guangzhou, China) according to the manufacturer’s
instructions. The concentration and purity of the extracted soil
DNA were determined using Qubit 2.0 (Thermo Fisher
Scientific, Waltham, USA) and NanoDrop One (Thermo Fisher
Scientific, Waltham, USA). A DNA library preparation kit was
used to generate the sequence libraries (NEB Next Ultra DNA
Library Prep Kit, New England Biolabs, MA, USA) following
the manufacturer’s instructions, and the library quality was
verified using Qubit 3.0 fluorometer (Life Technologies, Grand
Island, NY). Next, the DNA sequencing was performed on an
lllumina Novaseq platform (lllumina, CA, USA).

2.6 Microcosm metagenome assembly and analysis

After filtering the detected low-quality bases in each meta-
genome data set (Trimmomatic v0.36), the obtained clean

data were used for subsequent analysis (Bolger et al., 2014).
Next, the de novo assembly of clean data was performed on
MEGAHIT v1.0.6 (Li et al., 2015), and each assembled scaftig
(>500 bp) was predicted to open reading frames (ORFs) using
Prodigal (https://github.com/hyattpd/Prodigal). Meanwhile,
the redundant ORFs were removed using CD-HIT v4.7 (Fu
et al., 2012) to obtain the unique initial gene (unigene) clusters
(95% identity with 90% coverage), and the longest sequences
were selected as representative of each cluster. In addition,
clean data of each sample were mapped to unigenes using
BBMap to obtain the number of reads to which unigenes
mapped in each sample. Based on the number of mapped
reads and the length of unigene, the abundance of unigene jin
sample S was calculated as:
Xi
L;(kb) X X (millions)

where RPKM; (Reads Per Kilobase Million) was the abun-
dance of unigene i in the sample S, x; was the number of
mapped reads for unigene i in sample S, Xo1a Was the total
number of all mapped reads in the sample S and L; was the
length of unigene i.

The nonredundant (NR) database of NCBI and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://www.
kegg.jp/kegg/) databases were employed to perform a BLAST
search for taxonomic and functional annotations, respectively,
using the DIAMOND software (https://github.com/bbuchfink/
diamond/). The LCA algorithm in MEGAN (Huson et al., 2007)
was utilized to calculate the abundance and each taxonomic
classification (kingdom, phylum, class, order, family, genus,
species) based on the alignment of NR unigenes with an e-
value< 1e-10. With regards to the functional analysis, the
functional hierarchy level and relative abundance were
determined using the best BLAST hit (lowest e-value).

RPKM, = ™

2.7 Statistics and visualization

The mean values and standard errors in each group were
determined using Microsoft Excel 365 (Microsoft Corporation,
Redmond, WA, USA). The alpha diversities (Shannon index
and richness) of rhizosphere and bulk soil microbial commu-
nity were calculated at the genus level using the vegan
package in R (Dixon, 2003) and visualized by GraphPad
Prism 8.0.2. Principal coordinate analysis (PCoA) was
performed based on the Bray-Curtis dissimilarity at the
genus level using the vegan and ggplot2 packages in R.
The heatmaps showing the difference in soil microbiome and
associated function abundance (KEGG database), were
drawn by TBtools (Toolbox Biologists v0.655). The signifi-
cance of differences between treatment and control was
calculated with a two-tailed T.TEST in Microsoft Excel 365,
where a p-value<0.05 was defined as significant. The
relationships between 103 significantly changed genera and
30 significantly changed functions were analyzed and
visualized as co-occurrence network. The correlations
between genera and functions were analyzed using pairwise
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Spearman’s rank correlations (r) in the psych package of R.
We picked out strong (|r>0.8) and significant (p<0.05)
correlations and visualized the data using Cytoscape (version
3.8.0).

3 Results

3.1 Effect of chlorine on activity of microcosm soil enzymes

Before the formal experiment, wheat plants were exposed to
five different concentrations (0, 1, 3, 10, and 30 mg L") of
chlorine treatment. The shoot length and fresh weight of
plants were determined, and the results indicated that even
high concentration of chlorine treatment had little effect on
wheat growth (Fig. S1). Besides, since soil enzymatic activity
can roughly reflect the ecological functions of soil microbial
communities (Cui et al., 2021), two concentrations of chlorine
treatment (1 and 10 mg L") were selected for the determina-
tion of enzymatic activity. The activities of solid-acid phos-
phatase (ACP), urease, and sucrase in rhizosphere and bulk
soil after 7-d and 14-d treatment are shown in Fig. 1. Neither
concentration of chlorine (1 and 10 mg L") had a significant
effect on the three enzymatic activities in bulk soil during the
14-d treatment period. However, in rhizosphere soil, the
urease activity significantly increased (two-tailed T.TEST,
p<0.05) under 10 mg L' chlorine treatment by 7 d, and
ACP activity also significantly elevated (two-tailed T.TEST,
p<0.05) under 1 mg L' chlorine treatment by 14 d. In
rhizosphere soil, high-concentration chlorine treatment
(10 mg L") presented a short-term influence on N utilization,
while low-concentration chlorine treatment (1 mg L") had a
long-term influence on P utilization; the bulk soil microbiome
was barely affected by chlorine treatment. Additionally, the
physiological indicators (shoot height and fresh weight) of
wheat presented a slight response to continuous chlorine
treatment (Fig. S2; two-tailed T.TEST, p>0.05).

3.2 Effect of chlorine on diversity and structure of soil microbial
community

To more directly reflect the disturbance of a soil microbial
community caused by chlorine treatment, the metagenome
was used to characterize the soil microbial community
diversity and composition. Based on the results of enzymatic
activity and actual soil environmental chlorine concentrations,
the 0.05 and 1 mg L' chlorine treatment were selected for
exposure and subsequent metagenomic analysis. PCoA with
Bray-Curtis dissimilarity of the genera abundance indicated
that both concentrations of chlorine treatment have a slight
impact on the rhizosphere microbial community composition
by 14 d (Adonis analysis, R? = 0.3880, p = 0.034) (Fig. 2).
Consistently with the result of enzymatic activity, no significant
differences were observed in bulk microbial community
composition (Adonis analysis, R? = 0.2469, p>0.05)
(Fig. S3A, B). Similarly, the Shannon and richness indices,

calculated based on genus level data, showed that there was
no significant difference between rhizosphere and bulk
microbial diversity with or without chlorine treatment
(Fig. S3C, D). Consequently, chlorine had little effect on the
microbial community diversity and composition.

3.3 Effect of chlorine on microbial community composition

To further investigate the effects of chlorine on microbial
community composition, the composition of microbial phyla
and genera was analyzed. The results of microbial composi-
tion at phylum level showed that Proteobacteria, Euryarch-
aeota, and Ascomycota were the dominated bacteria,
archaea, and eukaryotes, respectively (Fig. 3A). Among the
bacterial phyla, Proteobacteria, Acidobacteria, Actinobac-
teria, Chloroflexi, and Bacteroidetes were the top five most
abundant groups. There was no significant difference in the
bacterial abundance after chlorine treatment.

According to composition of microbial genera, we found
that Sphingomonas (Phylum: Proteobacteria), Nocardioides
(Phylum: Actinobacteria), and Chryseolinea (Phylum: Bacter-
oidetes) were abundant both in rhizosphere and bulk soil
during the 14-d chlorine treatment period (Fig. 3B). In
comparison with the control, the rhizosphere soil had 361
and 289 genera changed in abundance in the 0.05 mg L™ of
chlorine treatment at 7 d and 14 d, respectively; 360 and 210
genera changed in the 1 mg L™ of chlorine treatment at 7 d
and 14 d, respectively; a total of 123 and 305 genera in bulk
soil changed in the 0.05 mg L™ of chlorine treatment at 7 d
and 14 d, respectively; a total of 288 and 221 genera changed
in the 1 mg L' of chlorine treatment at 7 d and 14 d,
respectively (Fig. 3C). Overall, in both concentrations of
chlorine treatment (0.05 and 1 mg L™"), 70 genera showed
significant changes (two-tailed T.TEST, p<0.05) in abun-
dance at 7 d, and 39 genera at 14 d (Fig. S4). For example,
Novosphingobium, Porphyrobacter, Croceicoccus, and Metal-
libacterium were significantly decreased (two-tailed T.TEST,
p<0.05) under both concentrations of chlorine treatment at
both 7 d and 14 d (Fig. 3D). Thus, the composition analysis of
microbial species showed that chlorine impacted the abun-
dance of certain microbe species slightly.

3.4 Effect of chlorine on microbial functions

Based on the above results, the rhizosphere microbiota
exhibited more significant changes under chlorine treatment
than bulk soil, therefore, the KEGG function analysis helped
us to further explore the impact of chlorine on rhizosphere
microbiota functions. The functions of the rhizosphere
microbial community were significantly (two-tailed T.TEST,
p<0.05) changed by chlorine treatment at 7 d and 14 d, as
shown in Figs. 4 and S5. Overall, the number of significantly
different pathways at 7 d was slightly higher than that at 14 d
(Fig. S5). Interestingly, 8 and 24 functions under 0.05 mg L™
chlorine treatment significantly differed from the control at
7 d and 14 d, respectively, while 23 and 6 functions under
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Fig. 1 The activity of solid-acid phosphatase (ACP), urease, and sucrase of rhizosphere and bulk soil after 7-d and 14-d treatment. Every
column represents the mean+SE with four replicates. Different letters indicate a significant difference (two-tailed T.TEST, p<0.05).

1 mg L' chlorine treatment significantly differed from the
control at 7 d and 14 d, respectively (Fig. 4).

Plenty of functions associated with metabolism enriched
sharply after 7-d treatment with 1 mg L' chlorine and
decreased notably after 14-d treatment with 0.05 mg L
chlorine (Fig. 4). Meanwhile, functions associated with cellular
processes, oocyte meiosis (ko04114) and focal adhesion
(ko04510), as well as tight junction (ko04530), had decreased
after 7 d of 1 mg L™ chlorine treatment. Furthermore, basal
transcription factors (ko03022), the function associated with
genetic information processing, was strongly affected by
chlorine. The trend of three functions, ko02010, ko04371 and
ko04150, associated with environmental information proces-
sing performed similarly to metabolism, cellular processes,

and genetic information processing mentioned above, respec-
tively. Therefore, we speculated that a high concentration of
chlorine might represent a short-term influence while a low
concentration of chlorine might constitute a long-term influ-
ence, and both concentrations of chlorine disturbed mainly
metabolism.

3.5 Correlation analysis of significant different bacteria and
functions

The correlation between significantly changed KEGG func-
tions and bacteria abundance was calculated based on
Spearman’s rank correlation coefficients (Fig. 5 and Fig.
S6). A total of 8 phyla and 10 functions were strongly
correlated (Spearman’s |>0.8, p<0.05), of which were 14
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positive and 59 were negative correlations. For example,
Mobiluncus (Phylum: Actinobacteria) and Soehngenia (Phy-
lum: Firmicutes) were positively correlated (Spearman’s |r
>0.8, p<0.05) with cell growth and death (ko04114);
Acidovorax (Phylum: Proteobacteria) was positively corre-
lated (Spearman’s |[>0.8, p<0.05) with ABC transporters
(ko02010). Moreover, Haloactinobacterium (Phylum: Actino-
bacteria) was notable positively correlated (Spearman’s |r
>0.8, p<0.05) with all of: metabolism (ko00230: purine
metabolism, ko00310: lysine degradation, ko00340: histidine
metabolism, ko00400: phenylalanine, tyrosine and tryptophan
biosynthesis, and ko00750: vitamin B6 metabolism), genetic
information processing (ko03022: basal transcription factors),
and environmental information processing (ko02010: ABC
transporters). In a similar manner, Brevibacterium (Phylum:
Actinobacteria) was strongly positively correlated (Spear-
man’s |r]>0.8, p<0.05) with metabolism (ko00340: histidine
metabolism and ko00400: phenylalanine, tyrosine and trypto-
phan biosynthesis), environmental information processing
(ko02010: ABC transporters), and cellular processing
(ko04114: oocyte meiosis).

3.6 Effect of chlorine on abundance of resistance genes (RGs)

RGs were annotated using raw sequence data based on the
BacMet database, including antibacterial biocides and metal
resistance genes. In rhizosphere soil, among the top 50 high
abundant genes, a total of 10 and 9 RGs were significantly
affected by chlorine at 7 d and 14 d, respectively (Fig. 6).
Principal coordinates analysis (PCoA) of rhizosphere soil at
7 d showed that the abundance of RGs in the control were
clustered and separated from those in the 1 mg L ™" chlorine
treatment along the PCo1 axis (explaining 93.49% of the
variation; Fig. S7). Besides, the result of Adonis test indicated
that the abundance of RGs in control was significantly
different from that in chlorine treatment (p<0.05; Fig. S7).

Meanwhile, in bulk soil, among the top 50 most abundant
genes, there were only 8 and 2 genes significantly different at
7 d and 14 d respectively (Fig. 6). However, PCoA based on
Bray-Curtis distances and Adonis test showed that there was
no significant alteration in the abundance of RGs of bulk soil
after chlorine treatment (p > 0.05; Fig. S7).

4 Discussion

Due to the wide application of sprayed chlorine-containing
disinfectants within short time periods, chlorine can directly
contact the soil and soil microorganisms, especially those of
the rhizosphere. Rhizosphere microbiota plays a crucial role in
the growth and disease resistance of plants (Mendes et al.,
2013; Qu et al., 2020). Therefore, it is essential to assess the
potential risks presented by disinfectants to the soil ecological
environment. In this study, we established soil-plant-micro-
biome microcosms and demonstrated the effects of contin-
uous chlorine treatment on the microbial communities of wheat
rhizosphere and bulk soil using metagenomics analysis.

Soil acid phosphatase (ACP) could decompose organic
phosphorus compounds to produce phosphate that was used
by plants and microorganisms, and thus plays a key role in the
soil phosphorus cycle (Olander and Vitousek, 2000; Qian et
al., 2007). The level of urease, which could degrade urea (an
important nitrogen fertilizer) to CO, and NHj3, reflected the soil
nitrogen content, and has been shown to be highly sensitive to
soil pollution (Hu et al., 2013; Hao et al., 2018). In this study,
the effect of chlorine on soil enzyme activity was related to the
type of soil enzyme, the concentration of chlorine treatment,
and the treatment time. Our results showed that high-
concentration (10 mg L") chlorine treatment caused urease
activity to increase first and then decline, while low-concen-
tration (1 mg L™") chlorine treatment made ACP higher than in
the control group at 14 d, even though these two effects were
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Fig. 3 Effect of chlorine treatment on microbial composition at the phylum and genus level. (A) Composition of bacteria (top 10 in
abundance), archaea (top 5 in abundance), and eukaryotes (top 5 in abundance) at phylum level. (B) Composition of soil microbiome at

genus level (top 20 in abundance). (C) The number of enhanced and

decreased genera which were significantly affected by chlorine (two-

tailed T.TEST, p<0.05). (D) Four genera significantly decreased in abundance (two-tailed T.TEST, p <0.05) as a result of chlorine treatment.
Different letters indicate a significant difference (two-tailed T.TEST, p<0.05).

only slight. Studies have also shown that soil properties, such
as in saline soil, fluvo-aquic soil, and red soil, affected the
response of enzyme activity to pollutants (Hu et al., 2013).
However, the change of soil enzyme activity cannot accurately
reflect the alteration of soil microbiome in response to chlorine
treatment.

Metagenomic analysis helped us better understand the
impact of chlorine treatment on the soil microbial community.
According to the results of pre-experiments, we selected two
representative concentrations (0.05 and 1 mg L") of irrigation
water with chlorine to treat wheat, based on the actual amount
of residual chlorine in the soil and the concentration of
disinfectant in contact with the soil, which were within
reasonable residual chlorine range (Truchado et al., 2018;
Subpiramaniyam, 2021). In this study, after continuous

chlorine treatment for 14 d, the composition of the rhizosphere
microbial community significantly differed from control group,
while the bulk soil microbial community did not, which was
consistent with the results of soil enzyme activity mentioned
above. For example, the Novosphingobium (Phylum: Proteo-
bacteria) became abundantly enriched in chlorine-treated
rhizosphere and could utilize abscisic acid (ABA) as a carbon
and energy source (Olenska et al., 2020). Novosphingobium
were considered as nitrogen-fixing plant-promoting endo-
phytic bacteria (Zhang et al., 2016) that could effectively fix
nitrogen in the soil (Rangjaroen et al., 2017) and promoted the
growth of rice (Krishnan et al., 2017). Some rhizosphere
bacteria with low abundance after chlorine treatment, such as
Porphyrobacter (Phylum: Proteobacteria), Croceicoccus
(Phylum: Proteobacteria), and Metallibacterium (Eosinophilic
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Fig. 4 Heatmaps show the significantly changed (p <0.05) KEGG pathways of rhizosphere microbiota under different concentrations of
chlorine treatment. Each section represents the value of log, (change fold) between control and treatment group. The log, (change fold) value
of pathways without significant difference was adjusted to 0. And every log, (change fold) was transformed to a Z-score.

iron metabolizing bacteria, Phylum: Proteobacteria), were
also plant probiotic (Yurkov et al., 1994; Ziegler et al., 2013;
Huang et al., 2015). Similarly, the abundance of Novo-
sphingobium decreased significantly after 7 d and 14 d of
continuous chlorine treatment. This finding demonstrated that
continuous chlorine treatment perturbed the rhizosphere
microbial community, especially the bacteria promoting plant
growth. In contrast, compared with the control group, the
abundance of rhizosphere bacteria Gilvimarinus and Luteimi-
crobium with much lower initial abundance was increased
after continuous chlorine treatment. Previous study found that
Gilvimarinus could produce certain hydrolases (such as
polysaccharide hydrolase and agarase) to degrade macro-
molecular substances (such as cellulose and agar) (Shousei
and Katsuhiko, 2018; Lee et al., 2018), and Luteimicrobium
(Phylum: Actinobacteria) could colonize the termite intestine
and produce protein substrate hydrolase (Murphy et al., 2016;
Miwa et al., 2019). Thus, we speculated that plant roots might
recruit and accumulate beneficial microbes to resist the stress
caused by chlorine (Qu et al., 2020).

However, although the abundance of some microbes
changed under chlorine stress, the microbial community
diversity and composition did not change significantly after
14 d of continuous chlorine treatment. Therefore, we
speculated that because the abundance of bacteria was far
more than that of archaea and eukaryotes, and the
abundance of soil dominant bacteria was affected little by
chlorine treatment, so the overall effect of chlorine treatment
on microbial community composition was not significant
(Fig. 3B). Meanwhile, archaea and eukaryotes were not
significantly affected by chlorine treatment (Fig. S8).

The above results indicated that the bulk microbial
community was barely affected by chorine treatment, thus
only the alteration of rhizosphere microbial community was
considered in further analysis. Results related to the rhizo-
sphere microbiome showed that the number of functions
changed significantly under chlorine treatment at 7 d, and
slightly higher at 14 d, of which reasons were that the chlorine
treatment stimulated the rhizosphere microbial community in a
short period of time, and the rhizosphere microbial community
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gradually recovered to a level similar to the control (Qian et al.,
2007). Similar to the microbial community, RGs abundance in
rhizosphere experienced significant change at 7 d. In addition,
many previous studies have shown that RGs abundance can
easily change due to the input of various xenobiotics (Chen
et al., 2016; Zhu et al., 2016; Wang et al., 2021).

In this study, many metabolism functions of rhizosphere soil
microbiome significantly changed after continuous chlorine

treatment. Besides, some functions were significantly upre-
gulated by day 7 under 1 mg L™ chlorine treatment, and
recovered to no influence by day 14, compared to the control
group, such as caprolactam degradation (ko00930) and
vitamin Bg metabolism (ko00750).

Caprolactam degradation was related to xenobiotics
biodegradation and metabolism and affected ecologically
important soil bacteria (Bogatcheva et al., 2011); vitamin Bg
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Fig. 6 Heatmap of top 50 abundant resistance genes (RGs) in rhizosphere or bulk soil after 14 d chlorine treatment. The bar graphs show
the number of significantly changed in abundance genes under each treatment at 7 d and 14 d (the color of blue and red indicate the down

and upregulated genes, respectively).

was an important coenzyme in life processes such as amino
acid metabolism (ko09105), fatty acid metabolism (ko00071),
and oxidative stress reaction (Rueschhoff, 2009). Conse-
quently, rhizosphere microbes might be stimulated by chlorine
treatment, and upregulated caprolactam degradation and
vitamin Bg metabolism pathways to protect themselves from
damage until they adapted and recovered to the same level as
control group. At the same time, several functions were
significantly downregulated after 14-d 0.05 mg L™ chlorine
treatment, indicating that these functions were damaged by
chlorine. We assumed that the microbial community could
drop into a “chlorine fertilizer trap,” because chlorine benefits
the growth of several plants (such as tobacco) to some extent
(Podlena, 2009; Sun et al., 2017). Therefore, chlorine at low
concentrations might be considered as a nutrient that was

absorbed and transformed by the rhizosphere microbial
community. Meanwhile, chlorine treatments damaged the
microbial community structure with a delay, which means that
continuous chlorine treatment promotes plants while it
damages and perturbs the rhizosphere microbial community.

Co-occurrence network analysis was used to decipher the
correlations between rhizosphere microbial genera and
functions. The results showed that most of these correlations
were negative, and a few were positive, of which Actinobac-
teria were significantly positively correlated with many
metabolic functions. In this study, the abundance of neither
of the above mentioned bacterial genera changed significantly
in the rhizosphere soil after continuous chlorine treatment.
Additionally, microbial function analysis indicated that the
metabolic function of the microbial community was first
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upregulated by continuous chlorine treatment, and then
recovered without any effect. Consequently, the co-occur-
rence network analysis of microbes and their functions
supports the above conclusions about changes in the
microbial community.

5 Conclusions

In summary, our study focused on the impact of continuous
chlorine treatment on soil microbial community diversity,
composition, and functions. Our results indicated that
continuous chlorine treatment have no significant effect on
the growth of wheat and soil microbiome neither in rhizo-
sphere or in bulk soil over a period of time. Although enzyme
activities, metabolism functions, and RGs abundance of
rhizosphere microbiota might be affected slightly, the micro-
bial community possesses capacity to adapt to the change of
soil environment and recover to the level of control. In
addition, the final chlorine concentrations were below detec-
tion limit. Therefore, it is considered that the continuous and
wide application of sprayed chlorine-containing disinfectants
only slightly threatens the soil ecosystem, mainly because of
the quick degradation of chlorine in soil. However, the
increasing usage of chlorine-containing disinfectants may
further require research focused on its ecological risk in the
long-term and in other ecosystems. For example, it is
important to find out the limit of concentration of chlorine
when applied to soil and when determining the suitable
chlorine concentration interval of irrigation water. This work
provided a comprehensive and systematic metagenomic
method and ecological perspective for future studies on the
ecological risk of chlorine-containing disinfectants or other
pollutants.
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