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GRAPHIC ABSTRACT

* ARGs were detected in livestock manure, sludge,
food waste and fermentation dregs.

* The succession of microbial community is an
important factor affecting ARGs.

* Horizontal transfer mechanism of ARGs during
composting should be further studied.
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ABSTRACT

Antibiotic resistance genes (ARGs) have been diffusely detected in several kinds of organic solid
waste, such as livestock manure, sludge, antibiotic fermentation residues, and food waste, thus
attracting great attention. Aerobic composting, which is an effective, harmless treatment method for
organic solid waste to promote recycling, has been identified to also aid in ARG reduction. However,
the effect of composting in removing ARGs from organic solid waste has recently become
controversial. Thus, this article summarizes and reviews the research on ARGs in relation to
composting in the past 5 years. ARGs in organic solid waste could spread in different environmental
media, including soil and the atmosphere, which could widen environmental risks. However, the
conventional composting technology had limited effect on ARGs removal from organic solid waste.
Improved composting processes, such as hyperthermophilic temperature composting, could effectively
remove ARGs, and the HGT of ARGs and the microbial communities are identified as vital influencing
factors. Currently, during the composting process, ARGs were mainly affected by three response
pathways, (I) “Microenvironment-ARGs”; (II) “Microenvironment-microorganisms-ARGs”; (III)
“Microorganisms-horizontal gene transfer-ARGs”, respectively. Response pathway II had been
studied the most which was believed that microbial community was an important factor affecting
ARGs. In response pathway III, mainly believed that MGEs played an important role and paid less
attention to eARGs. Further research on the role and impact of eéARGs in ARGs may be considered in
the future. It aims to provide support for further research on environmental risk control of ARGs in
organic solid waste.

© The Author(s) 2021. This article is published with open access at link.springer.com and journal.hep.
com.cn 2021

1 Introduction

Antibiotic resistance genes (ARGs), as an emerging

contaminant, would enable microorganisms to acquire
drug resistance, which had attracted widespread attention
worldwide (Zhu et al., 2013; Manaia, 2017; Vikesland et
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al., 2017). ARGs have the characteristics of “easy to get,
hard to lose” and tend to accumulate continuously in the
environment (Mao et al., 2014; Dong et al., 2019). ARGs
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could transfer horizontally between microbial. If acquired
by pathogenic bacteria, the production of “superbugs”
would seriously threaten human health (Pruden et al.,
2006; Martinez, 2008). China is the world’s largest
producer and user of antibiotics. In 2013, China used
approximately 162000 tons of antibiotics, 52% of which
were veterinary antibiotics, and the surplus were medical
antibiotics (Zhang et al., 2015). Veterinary antibiotics
would eventually be residual in livestock feces, and
municipal sludge often accumulates residual medical
antibiotics (Karkman et al., 2018; Gurmessa et al., 2020).
This phenomenon brings arduous challenges to the
harmless treatment of organic solid waste.

Residual antibiotics, heavy metals, organic contami-
nants, and disinfectants in organic solid waste could also
induce ARG production (Jia et al., 2015; Sun et al., 2015;
Li et al., 2016; Yin et al., 2017). Although ARGs exist
naturally in the environment, human activities, such as
livestock and poultry breeding, pharmaceutical industry,
and urban sewage treatment plants, have been determined
to have greatly increased the spread of ARGs to the
environment (Li et al., 2015; Karkman et al., 2018). ARGs
in organic solid waste may especially diffuse into other
environmental media through a series of ways, creating
huge potential environmental health risks. Therefore, it is
necessary to control ARGs in solid waste.

To reduce the spread of ARGs in organic solid waste,
such as livestock manure and sludge, to the environment,
the role of biological treatment technology in reducing
ARGs has been emphasized. Aerobic composting is one of
the main ways of harmless treatment and resource
utilization of livestock manure and sludge (Chen et al.,
2019b; Zhu et al., 2019a). Existing studies have proven
that high-temperature aerobic composting can effectively
remove various organic contaminants, such as antibiotics,
and at the same time kill pathogenic bacteria (Zhang et al.,
2019; Zhu et al., 2019a). In recent years, the use of
composting technology to reduce ARGs in organic solid
waste has become a research hotspot. Although most
studies showed that composting can remove ARGs, some
studies have demonstrated that composting can not
effectively remove ARGs (Liao et al., 2018, 2019a; Tang
et al., 2020). The removing effect of ARGs in compost still
remains controversial. The changes in the abundance of
ARGs during aerobic composting are often based on the
combined results of multiple factors. The complicated
microenvironmental changes of composting may be the
important factors affecting ARGs. The changes in the
compost microenvironment can often directly or indirectly
affect ARGs as it also affects microorganisms. In addition,
under the action of microorganisms, ARGs could increase
abundance through horizontal gene transfer (HGT) or
vertical gene transfer (VGT).

Although there had been numerous studies on ARGs in
composting, due to different environmental conditions
such as composting technology and materials, some

opinions and conclusions were still relatively controver-
sial, which hinders how to use composting technology to
control the environmental risk of ARGs in organic solid
waste. Based on this, this article summarizes the research
on the removal of ARGs from organic solid waste
composting in the past five years, trying to explain the
potential environmental risks of ARGs in organic solid
waste and their transmission routes across environmental
media; discuss the three main response pathways of ARGs
abundance changes during composting; summarize the
improved composting process used to remove ARGs.
Finally, existing research problems and future research are
put forward as the focus. This article aims to provide a
reference for the subsequent reduction and control of
ARGs in organic solid waste.

2 Environmental risks of ARGs in organic
solid waste

There was a global concern about the spread of ARGs, and
their acquisition by clinically relevant microorganisms
increases the hospitalization and mortality rate of patients,
which poses a serious problem for the health and welfare of
humans (Zhu et al., 2017). At least 700000 people die
annually from antimicrobial-resistance infections (Li et al.,
2018), and scientists predicted this number would
mushrooming to 10 million by 2050 when antimicrobial-
resistance infections would become a more dangerous
killer than cancer (O’Neill, 2014). Therefore, the ARGs
and antimicrobial-resistance had been recognized by the
world health organization as one of the biggest challenges
of 21st century.

The generation and increased diffusion of ARGs in the
environment mainly give rise to three influencing
mechanisms, including HGT, genetic mutation and
recombination, and selective pressure of antimicrobial
compounds or other contaminants, such as antibiotics,
heavy metals, and subinhibitory concentrations of disin-
fectants (Berendonk et al., 2015). The dissemination of
ARGs is mainly attributed to the ability of bacteria,
including clinically relevant pathogens, to acquire genes
through HGT. The three basic HGT mechanisms are
transduction, conjugation, and transformation. Mobile
genetic elements (MGEs), such as plasmids, integrons, or
transposons, play a considerable role in HGT. ARGs can
multiply with their hosts’ amplification, and VGT can
make ARGs persist in the environment.

ARGs are widely present in natural environments,
including aerosols, soil, surface water, sewage, and
oligotrophic Antarctic (Li et al., 2015; Zhang et al.,
2015; Wang et al., 2016a; Li et al., 2020b; Zammit et al.,
2020). However, the release of ARGs from anthropogenic
sources has exacerbated ARG accumulation in the
environment (Li et al., 2015). Since the widespread use
of antibiotics in 1940, ARGs have increased significantly
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(Charles et al., 2010). Antibiotics are divided into
veterinary and medical antibiotics. Although the objects
of use are different, they would eventually affect ARGs in
organic solid waste. Parts of unused and expired medicines
are usually discarded in municipal solid waste, and other
human antibiotics eventually end up in the sewage
(Karkman et al., 2018). In wastewater treatment plants,
these residual antibiotics and subinhibitory concentrations
of disinfectants would induce the generation of ARGs
through selective pressure (Zhang et al., 2017b). Waste-
water treatment plants have become an important reservoir
of resistance genes (Karkman et al., 2018). In wastewater
treatment plants, antibiotic resistance bacteria (ARB) and
ARGs would enter the sludge as the treatment progresses.
Veterinary antibiotics are commonly used in the livestock
and poultry industry and animal husbandry. However,
50%—-80% of antibiotics are excreted in the form of
original or metabolites with feces and urine, resulting in
large amounts of antibiotic residues in livestock and
poultry feces (Jjemba, 2006). Residual antibiotics in
animal manure would induce many ARGs (Zhang et al.,
2017a). In addition, the residual antibiotic fermentation
residues in the pharmaceutical industry also have also been
identified to have a high abundance of ARGs (Liao et al.,
2019b). These factors make organic solid waste a “hotbed”
for pathogenic bacteria to obtain ARGs and provide a
prerequisite for producing “superbugs”. Therefore, ARGs
in organic solid waste have potential environmental health
risks.

ARGs in organic solid waste are transferred to other
environmental media, such as aerosols, soil, and surface
water, through a series of processes, causing the spread of
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ARG environmental risks (Fig. 1). Antibiotic resistance
bacteria (ARB) and ARGs are transferred with the disposal
of organic solid waste, such as landfill, aerobic compost-
ing, anaerobic digestion, and incineration, consequently
posing a threat to public health (Fang et al., 2015; Wu et
al., 2017; Chen et al., 2019a; Li et al., 2020b). A typical
transmission pathway of ARGs in organic solid waste is to
enter the soil environment and then invade the food chain
through soil organisms and crops, posing threats to human
health. Organic solid waste is processed through aerobic
composting to produce high-quality compost products.
With the application of composting products, the nutrients,
ARB, and ARGs are carried into the soil environment
(Fang et al., 2015). Notably, compared to the application of
manure into the soil after composting, the direct applica-
tion of manure without composting might increase the
abundance of ARGs in the soil environment (Chen et al.,
2019a). Biogas residues may return directly to the field or
enter the soil environment after further treatment by
aerobic composting and also carrying ARB and ARGs in
the biogas residue. ARGs in the soil environment then
enter the food chain through the predation behavior of soil
organisms and absorption of plants (Zhu et al., 2018; Zhu
et al.,, 2019b). In addition, landfill treatment of organic
solid waste normally produces plenty of leachates. With
years of increasing landfill, the ARG abundance in
leachates increases, which can be attributed to the heavy
metals remaining in old leachates (Wu et al., 2017). In
some simple landfills, leachates could contaminate the
groundwater and transfer the environmental risks of ARGs
to the groundwater environment. In addition, livestock and
poultry farming, one of the sources of organic solid waste,
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Fig. 1 Transmission of antibiotics resistant bacteria and antibiotics resistant genes in organic solid waste across environmental media.



4 Front. Environ. Sci. Eng. 2021, 15(6): 127

causes the input of ARGs to the soil and groundwater in
livestock and poultry farms (Gao et al., 2020). Further-
more, landfill and incineration facilities promote ARGs in
organic solid waste to diffuse into ambient air (Li et al.,
2020b). Recent studies have found that ARGs in compost
also interact with ARGs in the surrounding atmosphere
(Cui et al., 2020).

In organic solid waste, ARGs would be transferred out
through a series of diffusion pathway in addition to their
existing environmental risks, thus threatening the public
health. Therefore, it is necessary to control ARGs in
organic solid waste through an appropriate means.

3 Removal mechanism and response path-
way of ARGs in aerobic composting

Aerobic composting, an important harmless treatment and
resource utilization, promotes the conversion of organic
matter into humic substances under the action of micro-
organisms and at the same time produces high-quality
organic fertilizers (Xi et al., 2016; Yu et al., 2018). In
composting, the main force of the microorganisms
interacts with the compost microenvironment. Due to the
high bacterial load in composting, residual organic
contaminants, such as tylosin and other antibiotics, in
organic solid waste are degraded and transformed through
a series of biochemical reactions (Liao et al., 2019b).
Furthermore, in aerobic conditions, the bacteria’s enzyme
system is thriving and active, which only accelerates
contaminant degradation. Whether this harmless function
could also be used to remove ARGs is yet unknown.

Recently, the removal of ARGs in organic solid waste
through composting has become a research hotspot. This
current research examining the effect of composting
treatment on the removal of ARGs has both positive and
opposing views, but the composting process certainly
affects the ARG abundance changes (Zhang et al., 2017a;
Liao et al., 2018; Chen et al., 2019a; Li et al., 2020a). In
different composting studies, the abundance trend of
ARGs is also different. Liao et al. (2019a) found that the
absolute abundance of ARGs in composting increases with
the composting process, and it cannot effectively reduce
ARGs. However, Wang et al. (2016b) showed that the
abundance of ARGs continues to decrease as composting
progresses. This might be because ARGs are affected by
many factors during the composting process. The com-
posting system’s environment in different studies has also
been found to vary, presenting different trends on the
abundance of ARGs during the composting process.

During the composting process, the generation and
degradation of ARGs control the ARG abundance
changes. The effects of these two behaviors are classified
into three main factors: microenvironment, microorgan-
isms, and HGT. These factors could affect ARGs directly
through biochemical reactions or indirect response path-
ways. ARG abundance changes are the result of the
combined effects of these factors. The three response
pathways are divided into (I) “microenvironment-ARGs”,
(II) “microenvironment-microorganisms-ARGs”, and (III)
“microorganisms-HGT-ARGs” (Fig. 2). In pathway I,
microenvironmental factors directly affect ARGs. Tem-
perature is an important influencing factor in composting,
and it can significantly vary during the composting
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process. The temperature range of the traditional compost-
ing process in the thermophilic phase is from 50°C to
75°C, but the compost pile temperature increases to above
90°C in hyperthermophilic composting processes (Liao
et al., 2018). Extracellular DNA or plasmids derived from
microbial cell lysis at high temperatures also contain ARGs
and/or MGEs (Nielsen et al., 2007a; Liao et al., 2019a),
and these extracellular DNAs can survive even at 70°C
(Zhang and Wu, 2005). However, at higher temperatures,
such as above 85°C, DNA is degraded into much smaller
pieces (Zhang and Wu, 2005). In addition, other micro-
environments, such as material particle size and dissolved
organic matter (DOM), directly affect ARGs. In compost,
there are few studies on the material particle size and DOM
directly affecting ARGs. However, in other environmental
media, related studies have been reported (Zhang et al.,
2019b; Lian et al., 2020). For example, Lian et al. found
that both bulk-biochar and nano-biochar can adsorb ARGs,
whereas nano-biochar can degrade ARGs by generating
persistent free radicals (Lian et al., 2020). DOM produces
hydroxyl radicals through photosensitization, which could
degrade extracellular ARGs (eARGs; Zhang et al., 2019b).
These studies in different environmental media might
provide a reference for further research on the impact of the
compost microenvironment on ARGs.

The interaction between the microenvironment and
microorganisms is an important driving force for compost
maturation, and this process affects the ARG abundance
changes. The “microenvironment-microorganisms-ARGs”
pathway is currently gaining huge attention in the
composting process. In this response pathway, the
microenvironment affects the microbial properties and
community structure (Wang et al., 2016b; Guo et al.,
2019b; Liao et al., 2019b). The microenvironment directly
affects the microbial properties, such as microbial activity,
cellular SOS response, and microbial community change,
which then affects ARGs. Moisture content is one of the
important environmental parameters of composting, as
microbial activity is closely related to it. Therefore,
changes in moisture content affect the abundance of
ARGs by altering the activity of host microorganisms (Guo
et al., 2017; Cheng et al., 2019; Liao et al., 2019a). Higher
pH also causes SOS response, promotes ARG transfer, and
increases ARG abundance (Ren et al., 2019). The result
that the microenvironment affects the microbial properties
and changes ARG abundance is more of a speculation.
High-throughput sequencing and statistical analysis
revealed that, with a change of the microenvironment,
the microbial community structure is also different, as the
abundance of ARGs shows varying trends in different
stages of composting. Composting is a dynamic process
dependent on the combined activities of a wide variety of
microbial populations and linked to the microenvironment.
According to previous studies, these microenvironmental
parameters include moisture content, temperature, pH,
total nitrogen, organic matter, NH;"-N, and NO3;-N (Su

et al., 2015; Yin et al., 2017; Qian et al., 2018; Cao et al.,
2020; Chang et al., 2020; Fan et al., 2020; Li et al., 2020a).
For example, in co-composting of swine manure and spent
mushroom substrate, environmental parameters explained
37.66% of ARG profiles, and the water-soluble carbon,
NH4"-N, and NO5™-N had significant positive correlations
in the top 35 genera (Hu et al., 2019). Hu et al. suggested
that the contributions of environmental parameters to ARG
profiles are mainly due to their effects on potential hosts.
Similarly, during co-composting of swine manure and
cotton stalks, environmental parameters, such as moisture
content, temperature, pH, NH;*-N, and NO5™-N, explained
42.6% and 78.4% variation in ARG profiles and changes in
the potential host bacteria, respectively (Zhang et al.,
2018b). These results showed that the variations in ARGs
were determined more by the dynamics of the potential
host bacteria during composting (Zhang et al., 2016b,
2017a, 2018a). However, in some other studies, different
set of physicochemical parameters that mainly contribute
to the change of ARGs were identified (Guo et al., 2019a;
Peng et al., 2020). This might be due to the growth and
incubation of potential host microorganisms carrying
ARGs affected by multiple physicochemical parameters
(Wang et al., 2020b). With the changes in the composting
system and original materials, the environmental factors
that might have strongly influenced ARGs in compost
were different. Subsequent research might need to find out
the strong influencing factors for a certain type of
composting original materials or system to realize the
regulation mechanism of “microenvironment-microorgan-
isms-ARGs”.

In response pathway III, ARGs carried by microorgan-
isms diffuse through HGT, affecting the abundance of
ARGs. MGEs, such as integrons, plasmids, and transpo-
sons, play critical roles in transferring ARGs among
bacteria. At present, MGEs associated with ARGs in
compost are more concerned about integrons (intl1, intl2,
and ISCRI), transposons (Tn916/1545, Tn914/1545,
IS613, and tnpA), and plasmids (IncQ and oriV; Zhang et
al., 2016a; Liu et al., 2018b; Qian et al., 2018; Cao et al.,
2020). The relationship among ARGs, MGEs, and
microorganisms in compost is generally based on the
following assumptions: ARGs might have been integrated
into integrons; afterward, integrons with ARGs are further
configured into transposons or plasmids, and then, the
microorganisms accept ARGs by conjugation and trans-
formation with transposons or plasmids. In previous
studies on MGEs and ARGs in compost, an MGE might
affect the abundance changes of multiple ARGs. Wang
et al. (2019) found that the abundance of int/! is positively
correlated with tetW, tetO, sull, and sul2, which may be
due to the integration of these ARGs into /n#// and HGT
among different microorganisms during composting.
Similarly, Liu et al. (2018b) showed that the five resistance
genes of aminoglycosides are significantly related to
MGESs, and they believed that some aminoglycosides
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might have undergone HGT through the action of MGEs.
The HGT of ARGs with MGEs might also enable some
pathogenic bacteria to obtain ARGs, increasing environ-
mental risks. Studies have shown that class 1 integrons
(Intll) in MGEs could carry a gene cassette, including
multiple ARGs for HGT (Ma et al., 2017). In addition, the
contribution of eARGs in the HGT process should also be
considered. At present, research on eARGs mainly focuses
on livestock and poultry breeding wastewater treatment
(Zhang et al., 2013), urban lake sediments (Dong et al.,
2019), and urban domestic sewage treatment, among other
aspects (Liu et al., 2018a; Zhang et al., 2018c; Che et al.,
2019; Zhou et al., 2019). Recently, studies on eARGs in
anaerobic fermentation have also been reported, and
eARGs accounted for 1.5%—-86.5% of the total ARGs
(Zou et al., 2020). The sources of eARGs include the lysis
of dead cells and the secretion of live cells. Studies have
shown that a high microbial abundance environment is like
a dynamic gene pool of eARGs, and bacteria could
naturally transform from this gene pool (Cai et al., 2006).
This implies that eARGs with a stronger HGT capacity
have greater potential environmental risks because patho-
genic bacteria may more likely come into contact with
eARGs. In composting, due to the fierce succession of the
microbial community, the rapid death of bacteria may
accelerate the accumulation of eARGs, which is an
important factor in the composting process. Therefore,
whether the release of eARGs would be accelerated in the
biotransformation process of organic solid waste with
more frequent and complex microbial community succes-
sion remains to be unknown, and how to promote the HGT
process of ARGs is yet to be determined. Further research
on these issues would help in understanding the removal of
ARGs in compost.

4 Improving conventional composting
enhances degradation efficiency of ARGs

The traditional organic solid waste treatment process
seems to be difficult in terms of coping with the
environmental risks of ARGs (Su et al., 2015; Youngquist
et al., 2016). More and more studies have tried to enhance
the removal efficiency of ARGs by improving the
traditional organic solid waste treatment process. In
terms of composting technology, some studies have
promoted the reduction of ARGs by regulating the
composting temperature, adjusting composting additives,
and using semi-permeable membrane-covered thermophi-
lic aerobic composting system.

4.1 Hyperthermophilic composting

Temperature is considered as one of the most vital
environmental parameters in composting. In the thermo-

philic phase of composting, the temperature range is
usually from 50°C to 70°C. In this composting phase,
ARGs generally also have higher removal efficiency
(Wang et al., 2015). Based on this feature, Liao et al.
used hyperthermophilic composting technology to
improve the ARG removal effect in compost (Liao et al.,
2018). The hyperthermophilic composting technology was
first developed by Oshima (Oshima and Moriya, 2008).
This composting technology can raise the maximum
temperature of composting to about 90°C without external
heating, which is 20°C-30°C higher than traditional
composting. Liao et al. selected extreme thermophilic
bacteria from environmental samples, such as the mountain
pass (Tengchong crater in Yunnan, China) and hot springs
(hot springs in Zengcheng, Guangdong, China), and used
them in the composting process (Moriya et al., 2011; Yu
et al., 2015).

Compared to traditional thermophilic aerobic compost-
ing (the control group), hyperthermophilic temperature
composting had a higher ARG removal rate (89%).
Especially in the hyperthermophilic temperature phase of
composting, the removal rate was even as high as 91%.
Although the abundance of ARGs increased slightly
during the maturity stage of composting, it was still
lower than the abundance of ARGs in traditional
composting. It is worth noting that the removal rate of
MGESs by hyperthermophilic temperature composting was
49%, which is considered lower than the removal rate of
ARGs but higher than traditional composting. Further-
more, the half-life of ARGs and MGEs in hyperthermo-
philic temperature composting was 1.3 days, much lower
than the 4.0 days of traditional composting. Based on the
partial least-squares path model analysis results, the
reduction of ARGs had different response mechanisms in
hyperthermophilic temperature composting and traditional
composting. In hyperthermophilic temperature compost-
ing, the change in the abundance of MGEs is a strong
influencing factor of ARGs. The reduction of ARG
abundance may be due to the reduction of MGEs, which
inhibits the HGT process of ARGs, (response pathway I11:
“microorganisms-HGT-ARGs”). In traditional compost-
ing, the changes in the main microbial communities can
affect the abundance of ARGs (response pathway II). In
general, hyperthermophilic temperature composting has
proven to be an effective technique in reducing ARGs.

4.2 Adjustment composting additives

Composting materials include organic solid waste, such as
livestock manure, sludge, and municipal solid waste, and
composting additives, such as straw and wood chips.
Composting additives often adjust the moisture content
and carbon/nitrogen ratio and improve the aeration
conditions and other effects, thereby promoting compost
maturity. Therefore, some studies have tried to promote the
reduction of ARGs by regulating composting additives. As



Caihong Huang et al. Environmental effects and risk control of ARGs in organic solid waste composting

*OSBAIJAP AY) SuLdW (J puL ISLAIdUI Y} suedwW | ‘e (SAION

Ie3oulA ooquieq

Ie3ouIA 00q

q610T “Te 10 onD %0y 86-%SL ¥6 a SOV [BI0L w %0 + [ROIIRYD 0OqUIB] %€ K103RI0qRT QINUBW QUIMS -uIeq pue [BOOIEYD OOquIeq
0207 “Te 10 oed  %py 66-%11 ¥ a SOV 19318} [ej0], 0¢ %G1 Pue %6 A10jeI0qET QINUBW dUIMS ursax uonydiospe snozodooej
£L10T “Te 19 onn %06< a AD-Q1-(,9)DD Y WA ) YLD M1 S¢ /8w g1 pue g K10ye10qR] InuewW dUIMS s1owAjod jusqiosqeradng
0T0T “[B 0@ 0D %YT EL~%I1Y'1T a SDYV [e10} 144 %S Aroyeroqet SInuewt usyd1yyH SPUIO[YO JLLS
810T “[e @ N - a SOUV 11/¢ 0€ SDO %01 pue %S Aroyeroqet SINUEW SUIMg Se[s uoneoyIses [e0)
S[eLI9)eUI MBI }/ UI 9Jej[ns dej[ns
810C “Te 10 Suog %07 L a SOYV 10318} [B10} 1€ Sno1Idy 33 ()] 7 pue N[0z 3 (OS¢E g InuLRwWw UdOIY)) SNOLIDY pue JI[0d7
S[eLIO)EW MeET )/ Ul
810C “Ie 12 Suog %0989 a SOYV 10318 [B10} 1€ eydsoydiodns winiofed 3y o5¢ g InuewWw UdOIY) areydsoydiadng
SoNpISaI
Teqloy
®/10C “Ie 30 Sueyz s30] 787810 a SOYV Pa323ie) 2y Jo Isowr o siseq 1yS1om AIp 9,/9° 1 K101e10qR] InuewW dUIMS [euroIpaw Jsaury)
q910C “Te 10 Sueyz - a SOVV €1 97 %S1°0 K1ojeIoqe aImuewr ussoIy) SjuejoBLINg
SPEI/9IGHUL ‘Cpul
q020T “Te 10 SuBM %1€ 66-%9T €€ a YLD “Julid /pafp ‘7Ins [ns 0€ 38w 001 K1oye10qR] InueW dUIMS UOII JUS[BAOIIZ-OUBN
- a 121 ‘Ins ‘[put - (/M) %01 K10ye10qR] Inuew dUIMS
- a Aub pup uLia pns pu - (m/m) %01 K1oyeroqe| dInuewW uddIY) jsnpmes
- a Aub - (m/m) %01 K1oyeroqe| AINUBW JUIMS
- a Aub pup uLia ‘jns - (m/m) %01 K10jRI0QRT amuew uddIIyD ysny o1y
— 1 Aub “uid 12y —
- a ns - (/M) %01 K1oye10qR] dInuew SUIMS
- 1 Aub -
B610T T8 30 Sueyz - a ms ‘[pun - (m/m) %01 K103RI0qRT amuew uddIIyD SONPISAI WOOIYSNIA
910T “Te 19 IO 301 98°0 a SOV 19318 [£10) w %S K103RI0qRT amuew uddIIyD sIeyorg
a ot %S K1oye10qe| QINUBW dUIMS yse A1
a quiio oy %01 K1o0je10qe] QINUEBW dUIMS Teyoorg
610C “Ie1 uel)  s30[ 60'1-€2°0 a ovp ‘Wi2) X121 0121°D121° )11 or %G K1o0ye10q8B] QINULBW JUIMS JN[037
810C “e 10 Suag %0598 a SOYV 10518} [010} Ie S[ELIOJEW MBI )/ UT 9)I[09Z 8 0G¢ g SInuewr usyd1ys AN0Z
(10-qI-(,9)ore “Vyour
301 €'1-€°0 I X191 ‘D) “Z[ns “I[ns ‘Juito €81
M1d1
910z “[e 0 Sueyz  s30[ z—¢0 a ‘Yoo ‘quiid NaLpjqgIN-XLOpq €81 WS1oM oM 9] K10je10qe] 93pn|s 9)1]09Z TeINjEN
ERlIENE) £ 3yl Buiseaiouf 2d&y oSue S S 0318 pouad unowe dANT so[eo! S[RLIOJRUW ME S[eLIJRW ATRIIXn
Jod TeAoway v o HOW/SDYYV 1001e] Sunsodwoy) 1 nppy LN [e110) N [BLI0) Ixny

ssao01d Funsodwod ay) JuLmnp sHYY dAowal Juiaoxdwl 10 SARIPPE JUIIJ

I d1qeL



8 Front. Environ. Sci. Eng. 2021, 15(6): 127

shown in Table 1, the additives include zeolite, biochar,
and nano-zerovalent iron, and composting materials
mainly include sludge and livestock manure. The addition
of auxiliary materials has achieved effective results in the
removal of ARGs. Most of the research on the addition and
removal of ARGs in composting additives concentrated on
the laboratory scale. Experiments on the industrial scale
include the addition of zeolite, ferrous sulfate, and
superphosphate, and the removal efficiency of ARGs
reached 68.6%—86.5%. This shows that adding auxiliary
materials to promote the removal of ARGs has certain
industrial feasibility. However, it is worth noting that the
addition of some auxiliary composting materials can bring
in varying effects, depending on the type of ARGs. In the
sludge compost, with the addition of 1% natural zeolite,
the abundance of total ARGs decreased by 1.5%; a further
classification into ARG types found that the abundance of
seven ARGs increased, and only five ARGs decreased
(Zhang et al., 2016a). Similarly, Lu et al. (2018) found that
in pig manure compost with fly ash, only 5 of the 11 target
ARGs were reduced in terms of abundance. This means
that the removal efficiency of different ARG types varies
depending on the auxiliary materials added. This might be
due to the different response mechanisms of different
additives to ARGs in composting. For example, Wang et
al. (2020a) found that the tetracycline adsorbed by biochar
through the H-bonding of oxygen-containing functional
groups on the surface still had high bioavailability, which
caused selective pressure on Escherichia coli and led tetM
to be expressed in large quantities.

The addition of auxiliary materials in the compost would
change the microenvironmental parameters, such as
porosity, moisture content, nutrient level, and pH value.
These changes in the microenvironment could indirectly
affect the changes in ARGs as it affects microorganisms
and MGEs. Qian et al. (2019) added biochar, fly ash, and
zeolite to promote ARG removal in pig manure compost.
In this study, changes in the bacterial community
determined the changes in the abundances of ARGs as
demonstrated by redundancy analysis. Moreover, the
inconsistent effects of the additives, such as biochar, fly
ash, and zeolite on ARGs, can be attributed to their varying
influence on bacterial composition. The addition of biochar
significantly decreased the hosts of sul2; thus, biochar was
more effective in reducing the abundance of sul/2 than
zeolite and fly ash. Biochar may be beneficial to the
colonization of microorganisms because its particle size
scale is suitable for spores, bacteria, and other microbial
communities (Ngo et al., 2013). However, some studies
believed that zeolite’s porous structure could reduce the
contact rate between microorganisms; thus, HGT through
conjugation was reduced (Zhang et al., 2016a). Some
studies also reported that the addition of auxiliary
materials, such as bamboo charcoal and bamboo vinegar,
reduces MGEs, thereby controlling ARG abundance (Guo

et al., 2019b). In summary, although adding different
auxiliary materials could effectively reduce the abundance
of ARGs, the response mechanisms of additives to ARGs
are still mainly response pathways II and III.

4.3 Other improved composting processes and ARGs
control prospects

Traditional thermophilic aerobic composting is usually run
in an open system, with a huge impact on the surrounding
environment via the production of particulate matter and
odor emissions (Gaviria-Figueroa et al., 2019). ARGs
could exist on aerosol particles and spread in the air.
Studies have shown that the composting plant interacts
with ARGs in atmospheric particles around the plant (Gao
et al., 2017). Based on this, Cui et al. (2020) adopted the
new composting system, the semi-permeable membrane-
covered thermophilic aerobic composting system, which
uses a semi-permeable membrane to cover and seal the
compost material. The system would reduce the impact on
the surrounding atmosphere and, at the same time, prevent
particulate matter, such as bioaerosols, in the atmosphere
from being transferred to the compost product. Through
this semi-permeable membrane-covered composting sys-
tem, ARGs and MGEs were reduced by 42.1% and 38.1%.
The abundance and diversity of ARB in the samples at the
maturity stage of the composting system were also lower
than that of the traditional thermophilic aerobic compost-
ing. This new type of composting process prevents the
transfer of ARGs between aerosols and organic solid
waste, thereby controlling the risk of ARGs in compost
products.

The current research on the reduction mechanism of
ARGs in compost was mainly based on the change of the
microbial community and the removal of MGEs, which
then affects the abundance of ARGs. In the process of
microbial community changes, the change of host micro-
organisms is the key to removing ARGs. After the host
microorganisms die, the cells are lysed, and the carried
ARGs would flow out of the cell. Some of these eARGs
would be degraded, whereas other ARGs can still exist in
the environment for some time (Nielsen et al., 2007b). As
for the response to the removal of ARGs by controlling the
HGT, the main concern is the impact of changes in MGEs
on ARGs. eARGs also play an important role in the HGT
process, but the current research on removing ARGs from
organic solid waste through composting has rarely
discussed the role of eARGs. There are related studies on
eARGs in other environmental media, such as livestock
and poultry farm wastewater, domestic wastewater, and
pharmaceutical factory wastewater (Dong et al., 2019; Sui
et al., 2019; Yuan et al., 2019). The study of eARGs in
compost can refer to related studies in other environmental
media, providing new ideas for controlling ARGs by
inhibiting the HGT pathway.



Caihong Huang et al. Environmental effects and risk control of ARGs in organic solid waste composting 9

5 Conclusions and areas of focus for further
research

Compared to the traditional composting process, the
improved composting process has been determined to
effectively remove ARGs. The ARG removal mechanism
in the composting process was mainly through three
different response pathways, among which the HGT of
microbial communities and ARGs were the main factors
that directly affected ARGs. To further control the
environmental risks of ARGs in organic solid waste, the
following research can be considered: 1) source control —
reduce the generation and accumulation of ARGs from the
source of organic solid waste, such as strengthening the
control of the use of antibiotics in livestock and poultry
breeding and controlling the risk at the front end; 2)
controlling the transmission route — expand the spread of
ARGs from organic solid waste to other environmental
media, such as water, soil, air, and other environmental
media, and control technology research and control the risk
of ARGs in organic solid waste from spreading through
other channels; 3) control mechanism in composting—
carry out research on the ARG concentration level and the
relationship between antibiotics-ARGs dose and effect and
further elaborate the abundance change mechanism of
ARGs during composting; 4) transfer mechanism of
ARGs —the current research on resistance genes found
in compost mainly focuses on the analysis of influencing
factors, whereas the mechanism of ARG transfer among
different microorganisms has been given less attention; and
5) ARG environmental risk assessment— with the pro-
gress of garbage classification and the construction of
“zero-waste cities”, the risk assessment index system of
ARGs in organic solid waste needs to be improved.
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