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Abstract The use of antibiotics in human medicine and
animal husbandry has resulted in the continuous release of
antibiotics into the environment, which imposes high
selection pressure on bacteria to develop antibiotic
resistance. The spread and aggregation of antibiotic
resistance genes (ARGs) in multidrug-resistant pathogens
is one of the most intractable clinical challenges.
Numerous studies have been conducted to proﬁle the
patterns of ARGs in agricultural ecosystems, as this is
closely related to human health and wellbeing. This paper
provides an overview of the transmission of ARGs in
agricultural ecosystems resulting from the application of
animal manures and other organic amendments. The future
need to control and mitigate the spread of antibiotic
resistance in agricultural ecosystems is also discussed,
particularly from a holistic perspective, and requires
multiple sector efforts to translate fundamental knowledge
into effective strategies.
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1 Increasing prevalence of antibiotic
resistance in the environment
Antibiotics are medications that kill bacteria or slow down
bacterial growth. Antibiotics have become central to
modern healthcare since their introduction in the 1940s.
From the 1950s, antibiotics have been approved by the
U.S. Food and Drug Administration for use as growth
promoters in food animals and to prevent and treat
infections. The use or abuse of antibiotics for disease
control or growth promotion in livestock husbandry, which
comprises over 70% of the global consumption of
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antibiotics, has been widely reported to select and enrich
for antibiotic resistant bacteria (ARB) in the gastrointestinal tracts of animals. Animal manures are therefore
recognized as profuse sources of antibiotic residues, ARB
and antibiotic resistance genes (ARGs)[1]. The emerging
prevalence of antimicrobial resistance has put the advances
of antibiotic usage at risk. The spread of ARB and ARGs
represents a major threat to public health and may have
potential risks for agricultural production and food
security[2,3] in the face of an almost complete absence of
new antibiotics in development. The World Health
Organization reports that the magnitude of antibiotic
resistance has reached alarming levels in many countries,
and calls on nations to develop a global action plan to
combat antibiotic resistance. There is now compelling
evidence that the environment constitutes a vast reservoir
and important dissemination route of antibiotic resistance[4]. The majority of ARGs able to be acquired by
human pathogens may have an environmental origin[5].
ARGs have therefore been recognized as a new type of
environmental contaminant and the spread of antibiotic
resistance in environmental settings is becoming one of
the most intractable clinical challenges in the 21st
century[2].
Increasing levels of ARGs have been reported at
unprecedented rates in various environment settings, of
which the spread of antibiotic resistance in agricultural
ecosystems is a major concern because ARGs in
agriculture are closely related to food safety and human
health as illustrated in Fig. 1. There is a developing concern
about the transmission of ARB and ARGs from agricultural settings to human pathogens through the food
chain[6]. Increasing awareness and understanding of the
pathways and mechanisms of ARG transmission across
agricultural ecosystems is imperative for combating the
looming public health threats posed by antibiotic
resistance. Such knowledge is essential to the development
of appropriate strategies and frameworks for tracking
and management of the propagation of ARGs in the
environment[7].
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Fig. 1 Schematic diagram of the transmission of antibiotic resistance genes (ARGs) in agricultural ecosystems. Antibiotics can enter the
soil through manure and sewage sludge application, and wastewater irrigation from wastewater treatment plants (WWTPs). The antibiotic
residues can impose selection pressure on soil microbes and facilitate the dissemination of antibiotic resistance to vegetables. The plantassociated ARGs may represent a potential risk to human health, given the possibility of transfer between non-pathogenic antibiotic
resistant bacteria (ARB) and human pathogens.

2

Transmission of ARGs in agricultural soils

Application of animal manures is a common practice for
promoting crop production that represents a major pathway
for environmental entry of considerable amounts of ARGs
into agricultural soils and the dissemination of antibiotic
resistance[8]. Increasing amounts of antibiotics are being
used for disease treatment and growth promotion in animal
husbandry, creating strong selection pressure on gut
microbes which may lead to the proliferation of ARGs[9].
A substantial proportion (30%–90%) of antibiotics fed to
farm animals are released into the environment through
defecation and urination because the antibiotics are poorly
metabolized[10]. Manures are not only a profuse source of
ARGs but can also promote the growth of potential ARGcarrying bacteria by providing nutrients[11]. Recent studies
indicate that soils receiving animal manures are associated
with high abundances of ARGs conferring resistance to
some commonly used antibiotics, aminoglycosides, βlactams and ﬂuoroquinolones[12,13]. Processes such as
using biochar for soil remediation and manure composting

can greatly reduce the level and potential spread of ARGs
but the risks of resistome transmission associated with
manure application cannot be fully excluded[14].
Reclaimed water irrigation and sewage sludge application represent another major pathway of the spread of
ARGs to agricultural soils[15]. Municipal wastewaters are
an important source of ARGs but current wastewater
treatment processes cannot effectively remove antibiotics
or ARGs, with the result that wastewater treatment plants
(WWTPs) are major disseminators of antibiotic resistance.
ARGs have been detected throughout the wastewater
treatment process. Reclaimed water irrigation in urban
environments is becoming more common due to rapid
urbanization and water shortages. Irrigation with treated
wastewater has been reported to lead to an enrichment of
ARGs to thousands of times higher than in control soil[15].
In addition, the vast majority of wastewater-associated
ARGs remain until the end of the treatment processes
and are discharged in the form of sewage sludge[16].
Land application of processed sewage sludges (e.g.,
organic fertilizers made from WWTP biosolids) as soil
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amendments is a key management approach for recycling
plant nutrients from sewage but this represents a major
pathway of ARG entry into agricultural ecosystems. The
role of sewage sludge application in accelerating the
dissemination of ARGs to soils through horizontal gene
transfer has been shown in both a microcosm incubation
experiment and a long-term ﬁeld study[17]. More importantly, sewage sludge has been shown to have an
abundance of bacteria carrying both ARGs and mobile
genetic elements[18]. Sewage sludge application may
therefore enhance the spread of ARGs by horizontal
transfer of mobile elements in soils and this may represent
a potential risk to public health.

3 Transmission of ARGs in the soil-plant
system
The enrichment of ARGs in agricultural soils has raised
concerns because soil ARGs can be disseminated to plant
microbiomes and lead to the potential spread of ARGs
from farms to consumers[19]. Food consumption represents
a major route for human exposure to ARGs in environmental microbiomes[20]. Some studies indicate that consumption of raw fruit and vegetable is a potential pathway
for the dissemination of ARGs to human microbiomes[21,22].
It has been suggested that the long-term use of organic
fertilizers causes ARG enrichment not only of soils but
also of plant phyllosphere microbiomes[23]. Zhu et al.[24]
report that the abundance of ARGs in organically produced
lettuce was about eight times higher than when chemical
fertilizers were used, and Zhang et al.[6] show that
application of animal manure increased lettuce ARGs in
both root endophytes and in the phyllosphere. A considerable proportion of ARGs in plant microbiomes overlapped
with those in surrounding soil, indicating that soil might be
a major source of plant ARGs[25]. There are many potential
pathways by which soil-associated ARGs and ARB can
transfer to plant microbiomes. ARG-carrying bacteria can
(1) attach to the leaf surface through airborne particulates
and survive as phyllosphere microorganisms, (2) colonize
leaf tissue as endophytes, and/or (3) colonize roots as
endophytes. In addition, plants can take up antibiotic
residues from soils amended with manures and this may
produce long-term selection pressure on the plant microbiome contributing to the emergence and spread of plant
resistomes to the human food chain[20]. Furthermore, some
ARGs have been detected in plant microbiomes but were
not detectable in the surrounding environment, including
soils, indicating an intrinsic ARG proﬁle in plant
microbiomes, which is important for establishing a baseline of the plant-associated antibiotic resistance before
evaluating ARG transmission in the soil-plant system.
Fortunately, most ARG-carrying bacteria in plant microbiomes are not pathogenic[21].
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4 Future options to minimize the risks of
antibiotic resistance
It is now well recognized that the spread of antibiotic
resistance is an increasing risk to public health. It is
important to note that ARGs are a group of genes in a wide
range of bacteria in the environment that are ancient and
not harmful to humans unless they are transferred to human
pathogens. Uncertainties therefore remain regarding the
links between environmental ARGs and human health and
further studies are required. It is imperative to understand
the transmission pathways and mechanisms of ARGs in
agricultural ecosystems. In addition, practical approaches
should be taken to alleviate the spread of antibiotic
resistance in the environment. First, the overuse or misuse
of antibiotics in clinics and agriculture should be
prevented, reducing antibiotic consumption. Second,
organic manures and other organic amendments which
are useful for replacing chemical fertilizers and provide
biological beneﬁts in controlling soilborne diseases and
improving soil resilience should be pretreated to eliminate
antibiotics and ARB. Third, the transmission of ARGs and
ARB in agriculture should be monitored to assess their risk
to food security and human health. In addition, guidelines
for the application of organic amendments (organic
fertilizers) and animal manures and sewage sludges should
be developed. Using these approaches, control and
mitigation of the spread of antibiotic resistance in
agricultural ecosystems may be achieved together with
the safe application of organic wastes to agricultural soils
with a holistic perspective.
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