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Antibiotics are widely used in animal husbandry, and various types of antibiotic resistance genes (ARGs) are frequently detected in
livestock waste around the world. Conventional livestock waste treatment processes do not completely remove ARGs, resulting in
their release to soil and water environments. Various exposure routes of these ARGs to humans, including inhalation and ingestion
of antibiotic-resistant bacteria (ARB) that harbor them, may be contributing to the rise in resistant clinical infections that are
increasingly difficult to treat with antibiotics. In this review, we assess the occurrence and variability of ARGs in livestock wastes and
their potential propagation pathways to human pathogens. We also review the mechanisms and environmental factors that
influence the dissemination of ARGs through these pathways, and evaluate the ARG removal efficiency of common livestock waste
management approaches. Challenges and research needs for assessing and mitigating the risk of antibiotic resistance

dissemination from livestock waste are also presented.
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INTRODUCTION

Annual global deaths from antibiotic-resistant infections are
projected to increase from 700,000 in 2014 to 10 million by
2050, with cumulative costs in healthcare and reduced productiv-
ity reaching $100 trillion USD." Even countries that have made
substantial efforts to reduce antibiotic use®® still observe
increasing rates of clinical antibiotic resistance,” highlighting the
complex global nature of this problem.

Globally, animal husbandry accounts for over one-half of all
antibiotic use (Fig. 1), which was estimated at 131,109 tons in 2013
and is projected to reach over 200,000 tons by 2030.° However,
only 10% of publications on antibiotic resistance consider the
potential contribution from animal husbandry (Fig. 1).

Most of the antibiotics used in animal husbandry are for non-
therapeutic purposes, such as growth promotion and disease
prevention, and are consistently detected in livestock gastro-
intestinal environments at low and sub-lethal concentrations that
slow down the growth of susceptible bacterial populations.®” This
exerts selective pressure for bacteria in livestock digestive systems
to acquire and maintain antibiotic resistance genes (ARGs) and
fosters an increase in the relative abundance of resistant
populations.® When these ARGs propagate to surrounding
environments, antibiotic resistance becomes an environmental
pollution problem, with ARGs as contaminants of emerging
concern.’ For example, when antibiotic-resistant bacteria (ARB)
in livestock gastrointestinal environments are excreted,'® ARGs are
disseminated into receiving environments (e.g. soil, water).
Subsequent ARG replication and propagation would increase the
likelihood of human exposure, particularly for agricultural workers
and those living in neighboring areas.

A clear etiology between ARG propagation from animal
husbandry and ARG acquisition by human gut microbiomes has
yet to be established,"’ which underscores the need for an
updated and more holistic perspective of how ARGs released from
animal husbandry affect environmental and human resistomes.
Furthermore, selective pressure for ARGs in animal husbandry

settings is a major operational concern as it may limit the number
of antibiotics that are effective for therapeutic treatments, which is
conducive to higher incidence of disease and rising production
costs.”

In this review, we examine the research progress on the
occurrence and release of ARGs from animal husbandry, their
propagation into receiving environments, and their potential
exposure pathways to human pathogens. Furthermore, we
evaluate the removal efficacy of ARGs by different livestock waste
treatment processes. Finally, we highlight critical knowledge gaps
and research needs, and provide suggestions to mitigate the risk
of ARGs from livestock waste.

OCCURRENCE AND VARIABILITY OF ARGS IN LIVESTOCK
WASTE

Through three fundamental resistance mechanisms (antibiotic
deactivation, extrusion through efflux pumps, and protection of
targets—such as ribosomes—by specific proteins'?), ARGs can
confer resistance to nine major classes of antibiotics: tetracyclines
(tet), sulfonamides (sul), B-lactams (bla), macrolide-lincosamid-
streptogramin B (MLSB) (erm), aminoglycosides (aac), FCA
(fluoroquinolone, quinolone, florfenicol, chloramphenicol, and
amphenicol) (fca), colistin (mcr), vancomycin (van) and multidrug
(mdr) (Table S1). The mostly frequently detected ARG classes in
livestock waste include tet, sul, erm, fca, and bla (Fig. 2 and Table
$2),"*7'® which match the major classes of antibiotics used in
animal husbandry (Table S3). Of these five ARG classes, tet and sul
are generally the most abundant ARGs appearing in nearly all
surveyed livestock waste (Fig. 2 and Table S2). Note that antibiotic
usage varies considerably across livestock farm types and
locations,'® and residual antibiotics are frequently detected in
livestock wastes at widely varying concentrations (ug/kg to mg/kg
in manure solids and ng/L to pg/L in wastewater) (Table S4), which
leads to considerable differences in the selective pressure for
ARGs."” Here, we discuss the variability in the occurrence and
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Fig. 1 Publication trends in antibiotic resistance in the context of
environmental pollution versus animal husbandry. Web of
Science results (from 2000 to 2018) show an exponential increase
in the number of annual publications related to resistance
propagation in the environment. However, the number of
publications related to antibiotic resistance in animal husbandry
is not commensurate with the dominant use of antibiotics in this
sector. Inset shows antibiotic consumption by humans and animals
in three major countries/regions.”®">*,
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Fig. 2 Abundance of selected ARGs in livestock waste versus in
other ARG reservoirs. This figure summarizes the data presented
in Tables S2 and S5. ARGs abundance in livestock waste from swine
and chicken farms are higher (by three to five orders of magnitude)
than in hospital and municipal waste, whereas the abundance of
ARGs on cattle waste and fish ponds is similar to hospital and
municipal waste. Some ARGs abundance data from solid waste (for
livestock waste) or biosolids (for hospital and municipal wastewater)
are still used in this figure because the density of solid wastes and
wastewater are on the same magnitude (e.g.,, 1.02-1.06 g/cm® for
biosolids'>® and 0.9-1.1 g/cm? for livestock waste'>®), which can
facilitate the comparison of ARG concentrations.

abundance of ARGs in livestock waste, and the underlying factors
that influence this variability.

The abundance of ARGs in livestock waste is higher than in other
reservoirs

ARGs are frequently detected in livestock wastes (including solids
used for manure, wastewater, and lagoon slurry and sediments'®2°)
at much higher levels (up to 28,000 times?") than in background soil
or upstream water. The abundance of total ARGs in untreated
livestock waste (combined solid waste and wastewater) varies from
10° to 10'" copies/g dry weight or 10° to 10'? copies/mL (absolute
abundance), and 107 to 10" copies/16S ribosomal RNA (rRNA;
relative abundance) (Table S2). Wastewater from swine and chicken
farms harbors three to five orders of magnitude more ARGs than
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that of hospital and municipal wastewaters, while the abundance of
ARGs in cattle and fish wastewaters is comparable to those in
hospital and municipal wastewaters (Fig. 2 and Tables S2 and S5).
The higher ARG concentrations in livestock wastes than human
waste may be due to higher levels of residual antibiotics**?* (and
thus higher selective pressure for ARB) from the consistent use of
antibiotics for animal growth promotion and disease prevention. In
contrast, residual antibiotic concentrations (and their corresponding
ARGs) in wastes from hospitals and municipal settings would likely
fluctuate around lower values in accordance to the lower human
therapeutic usage of antibiotics.??

The abundance of ARGs in livestock waste varies amongst
livestock farm types

Considerable differences in the abundances of ARGs in livestock
waste amongst livestock types have been observed, which may be
due to varying antibiotic usage and dosing patterns. Generally,
swine and chicken waste show higher ARG abundances than cow
and fish waste (Fig. 2), with absolute abundance of ARGs in swine
farm wastewater being around three orders of magnitude higher
than that in fish ponds.” Chicken and swine manure also exhibit
greater ARG diversity than cow manure.'* These differences may
be due to the more intensive use of antibiotics for therapeutic,
prophylactic, and metaphylactic purposes on swine and chicken
farms (at 172 mg/population correction unit (PCU) for swine and
148 mg/PCU for chickens'®) in comparison to fish and cattle farms
(at 45 mg/PCU for cattle).'®

Antibiotic dosing pattern as a function of animal life stage may
be another driving factor. Swine receive higher antibiotic dosages
early in their life stage and are gradually given lower concentra-
tions over their lifetime.?*® This is reflected in the livestock waste
from finisher swine farms, which shows lower ARG abundances
and diversity relative to that of sow and nursery farms.2%%’
Although >50% of broiler chicken production in the USA does not
use antibiotics,?® those that do administer antibiotics from about
two months after hatching until slaughter, which may contribute
to higher levels of ARG in chicken waste than other livestock types
(Fig. 2). The reason for the relatively low levels of ARGs found in
cattle waste is unclear, although we cannot rule out that this
observation might reflect later-in-life exposure to antibiotic feed
additives than poultry and swine. Similar to most livestock, cattle
for meat and dairy production are provided antibiotics for
therapeutic purposes as needed, and generally also receive
antibiotics in their feed for disease prevention (mostly to prevent
liver abscesses). However, this non-therapeutic use occurs later in
life for cattle, when they reach the feedlot.***°

The abundance of ARGs in livestock waste varies among and
within countries

Of the 96 countries for which ARG abundance data have been
reported, livestock waste in China, which is the largest producer
and consumer of antibiotics,'® generally harbored the highest
absolute abundance of ARGs (Fig. 3 and Table S6). Although there
is not yet a clear linkage between global antibiotic usage and ARG
abundance on a per country basis, it is informative to compare
countries in this way. For instance, when comparing tet in swine
wastewater in Shandong (China) and in Colorado (USA), ARG
abundances in Shandong are 10%fold higher than in Colorado,
even though antibiotic usage is relatively similar on a country
wide basis (at 23% and 19% of the global consumption (2010),
respectively).’®®' ARG abundances also depend on site-specific
conditions within the countries. For example, the reported
absolute abundance of ARGs in the cattle manure from Shandong,
China are about 100-fold higher than that in Shaanxi, China (at
10" copies/g).'®3? Variations in ARG abundance on this scale is
also observed amongst various dairy farms in the Midwestern and
Northeastern United States.”'” These examples illustrate that for
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Fig. 3 Occurrence of selected ARGs in livestock waste in different countries. ARGs have been detected in livestock farms in 95 countries/
regions (coral-colored; data presented in Table S6). China, the United States, and the European Union are three most frequently studied
countries/regions. The size (diameter) of filled pies represent the total ARGs absolute abundance (with different solid colors representing
different ARGs classes) while hollow pies represent the ARGs relative abundance. China, which has a relatively high use of antibiotics for
animal farming, exhibits a relatively high abundance of ARGs in livestock waste.

some countries ARG abundances may correlate with antibiotic use
intensity and resulting residual antibiotic concentrations (Table
S7), but wide variability may occur as a result of site-specific
physical/chemical conditions that influence ARB growth and ARG
propagation and attenuation dynamics.

PATHWAYS FOR ARG TRANSFER FROM LIVESTOCK WASTE TO
HUMAN PATHOGENS

Considerable research has been conducted on the behavior and
fate of ARB and ARGs discharged from animal husbandry to soil
(e.g., through land application of manure and wastewater
irrigation) and aquatic environments (e.g., through wastewater
discharge and runoff), although the impact of discharging ARGs in
treated livestock wastewater to aquatic systems (and associated
ARG amplification and attenuation dynamics) has received less
attention in the literature. Intracellular and free ARGs in surface
and ground water, soil, and air'®**7** can propagate through
horizontal gene transfer (HGT) to indigenous bacteria.*®*” These
ARB may eventually reach and colonize humans®®*?*° through
multiple pathways (Fig. 4),">*' causing acute infections or long-
term silent colonization that can eventually evolve into an
infection."" Thus, it is important to consider ARG dissemination
and attenuation mechanisms (and associated dynamics) in soil,
water, air, and human gut environments.

Application of manure containing ARGs is the predominant
initial propagation pathway in the environment,** as it increases
the diversity and abundance of ARGs in soil by up to 10°-fold.'?**
ARG abundances in manured soils have been observed at up to
28,000 times more than those in un-manured soil, at 10° to 10'°
copies/g soil (absolute abundance) and 10™* to 10~ copies/165S
rRNA (relative abundance) (Table S8). Post one-time manure
application, ARGs can persist in soil for >120 days'®** and can
take from three to six months to attenuate to levels less than or
equal to background.***® However, variations in manure types
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and land application methods can significantly influence these
outcomes and will be discussed as control strategies in section
“ARGs removal by conventional livestock waste treatment”.

ARGs can also propagate through receiving water and air
environments, although on a smaller scale. Generally, ARG
abundances in receiving surface water environments range from
not detected (ND) to 10® copies/L, which is up to 100-fold higher
than upstream waters (Table S8). Once in receiving waterbodies,
ARGs can accumulate in sediments through sedimentation and
adsorption,® and can be acquired by bacteria colonizing the
intestinal mucus of fishes (at concentrations up to 10" copies
/16S rRNA).*” ARGs have been frequently detected (frequency:
67%-100%, n = 124) in ground water near swine farms®> and as
far as 250 m downstream from treatment lagoons.*® ARGs are also
found in aerosols downwind of animal husbandry operations up
to four orders of magnitude greater than at the source.*>*°

Once ARGs reach new environments, propagation relies on the
survival and proliferation of the original host (which differ in their
ability to maintain, replicate, and transfer ARGs) and the likelihood
of ARG acquisition by new hosts through HGT. Several studies
have investigated the relative importance of the three HGT
mechanisms for ARGs from livestock waste,>' >’ which include
conjugation, transformation and transduction. Conjugation is
generally thought to be the most prevalent HGT mechanism
(with a frequency ranging from 10° to 10 %)% while
transduction shows the lowest potential (at a frequency of 107°
to 107°)°"°® (Fig. 4). Note that these frequency estimations are
based on laboratory results (e.g., culture-based experiments), and
the transfer of ARGs in natural environments can be greatly
influenced by many other factors, including selective pressure by
residual antibiotics for ARG maintenance and replication,59 the
relative abundance of mobile genetic elements (MGEs) and
recipients, nutrient availability,>> and DNA form and availability
(e.g., intracellular, free or adsorbed),?° which are further discussed
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Fig. 4 Potential transfer pathways of ARGs from livestock waste to human pathogens. Bacteria containing ARGs are discharged through
drainage, treated wastewater, and solid waste from livestock farms into various receiving environments. HGT may occur between
antibiotic-resistant bacteria (ARB) and indigenous bacteria by three main mechanisms: conjugation, transformation, and transduction,
with the indicated frequencies based on literature.’’ % Some opportunistic pathogens harboring ARGs may be directly discharged into
receiving environments. ARB may enter humans through ingestion (food/water) although such risks remain to be accurately quantified
due to insufficient transport and public exposure data (indicated by dashed arrow). ARB can also directly enter humans through
occupational exposure (e.g., water ingestion, food ingestion, and inhalation). Then ARB may reproduce in the human body (especially gut)

and cause endogenous or exogenous infections.

below. For example, antibiotics have been found to increase
bacterial competence, promoting HGT via transformation.®’

MGEs, such as plasmids, integrons, and transposases, which are
indispensable for conjugative HGT,°> have been frequently
detected in livestock waste and show strong positive correlations
with ARGs.'??°%® A large body of evidence supports the
transmission of ARGs via HGT in animal production environ-
ments.3%*%" Note that many of these studies lacked the
resolution of genomic data to appropriately type strains, and
were unable to determine transmission directionality due to
methodological limitations.°® Nevertheless, detection of ARGs in
extracellular DNA (eDNA) and bacteriophages from livestock waste
further supports a potential route for ARGs transfer via transfor-
mation and transduction,>®®° and several antibiotics used in the
livestock industry are known to enhance HGT via the promotion of
DNA damage and induction of the SOS response.”®

In addition to available ARG hosts in receiving environments,
the attenuation and propagation of ARGs depends on environ-
mental conditions such as levels of residual antibiotics and
heavy metals, substrate availability, oxygen, light/ultraiolet (UV)
intensity and temperature.®*”"’? Accordingly, spatial and
temporal variability in such conditions likely contributes to
considerable variation in ARG abundances from one system to
another (Table S8).

Positive correlations between ARGs and heavy metal concen-
trations have been reported.”>”* Heavy metals, which are usually
present at concentrations two to three orders of magnitude
higher than residual antibiotics in receiving environments,”>”°
could exert significant selective pressure for ARGs that code for
efflux pumps that excrete both heavy metals and antibiotics
(Table $9).”° The co-transfer of ARGs and metal resistance genes
via MGEs, has been observed in various environments, such as soil,
sediment, and the human gut,””’® and may also be a driving
factor for the maintenance of ARGs.
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ARB growth rates, which are a function of variables such as
substrate concentrations and the presence of toxic compounds,
and physical/chemical factors such as temperature, can also
impact the abundance of ARGs in a given environment. Both
positive and negative correlations between ARG concentrations
and substrate availability>"**’° have been observed, which may
be due to differences in the ability of ARBs to utilize available
substrates in the receiving environment. Anaerobic (and fermen-
tative) conditions are thermodynamically less favorable to harvest
metabolic energy for ARG maintenance and replication, which
may result in greater metabolic burden and faster resistance
plasmid curing in the absence of antibiotics.”* The presence of UV
(about 5%)%° in visible light can remarkably remove ARGs®' and
the production of highly cytotoxic reactive oxygen species can
promote the attenuation of ARGs.2? High sub-lethal temperatures
may enhance ARB metabolism, which would help alleviate the
metabolic burden of ARG maintenance®® and could induce
prophages containing ARGs. Conversely, higher temperatures
(e.g., 55°C in an aerobic digester) would significantly eliminate
mesophilic ARB.2*

The human gut deserves special attention as it serves as the
main reservoir for ARGs in the human body and harbors the
highest relative abundance and richness of ARGs that are
common to both human and non-human environments.> The
exact pathways by which ARB and ARGs reach human gut
environments have not been comprehensively determined, but
include oral ingestion of contaminated materials (food, waste,
residual waste from occupational exposure or contaminated
environments) and inhalation of airborne ARB.3>°%#587 The fate
of ingested bacteria, including ARB, is highly species- and strain-
dependent and influenced by numerous factors, including pre-
existing microbiome structure, medication status, host age and
dietary context®®¥°' Under normal dietary and physiological
conditions, gut microbiome diversity and abundance typically
represents a substantial barrier towards integration of ingested
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sul (1), erm (2), aac (2), bla (1)

aac, bla, fca, erm, mdr, sul,
tet, other

Poultry manure

tet, fca, sul,van, bla, aac

Swine wastewater BIO tet (2), sul (2), bla (1)

tet (1), sul (1), erm (1), fca (1),
mcr (1)

tet (18), sul (2)
tet (4), sul (2)

Table 1. ARGs removal efficiency by different treatment strategies.
Samples Treatment® ARGs® Abundance after treatment Removal efficiency References
Swine manure AD tet, erm 1.0x 1074 x 102 copies/ 0.30 log decrease 1o
16S rRNA
sul, fca, aac 9.07 x 10" copies/16S rRNA 1.4-52 times increase 1o
tet (5), sul (5), erm (3), fca (1) 10%-10° copies/g 1.45 times increase 150
tet (5), erm (4), sul (2) ~3x 1072 copies/165 rRNA 1.03-4.23 log decrease 109
Cattle manure fca 1.69 x 10° copies/g 1.77 times decrease 32
Swine manure coOM tet (9), aac (4), mdr (2) sul (1), 5x10°° (percentage of iTags)  0.74-1.9 log decrease 34
bla (2)
Cattle manure tet, sul, aac, erm, bla, mdr, ~ 3x 10 2 copies/165 rRNA 0.70 log decrease 44
fea, van

4.6 x 10°-5.01 x 10° copies/g

8% 10 %-4x 10 'copies/
165 rRNA

2.6 x 10* copies/g
10-10° copies/mL

3.1 x10-7.1 x 10° copies/mL

2.6 x 10°-1.1 x 10 copies/mL
1.0x 10°-1.5x 10" copies/mL

Swine wastewater CWs tet (5) 103-10"" copies/16S rRNA 0.26-3.0 log decrease 122
tet 3%x103-1x 102 copies/ 0.18-2.0 log decrease 106

16S rRNA
tet (3) 1.0x 10°-1.5x 10" copies/L 0.5-1.0 log decrease 107

1.0-2.0 log decrease

0.92-1.4 log decrease
1.2 log decrease 152
0.09-2.7 (tet), 0.17-1.7 105
(sul) 0.11-2.0 (bla) log decrease

0.3-3.1 log decrease 20

0.57-0.94 log decrease 3

0.1-3.3 log decrease 153

@AD anaerobic digestion, COM composting, BIO biological treatment process, CWs constructed wetlands.
PThe abbreviation is shown in Table S1. The number in the bracket indicates the number of ARGs investigated. For the genes without numbers, their
abundances were obtained by high-throughput sequencing and the numbers are not provided.

bacteria,”® and most ingested bacteria only transiently colonize
the human body."" However, antibiotic treatment or ingestion of
antibiotic residues may substantially disrupt gut microbiome
structure, facilitate the integration of ARBs by removing
competition, and promote ARG proliferation. For example,
selective pressure from residual antibiotics (e.g., >60ng/kg in
meat products®®), has been shown to alter the type and increase
the abundance of ARGs in the human gut®* Furthermore,
antibiotic-mediated perturbations to the gut microbiome have
also been found to persist for years®>® in some cases. Note that
long-term colonization by ARB may also accelerate HGT in the
human gut due to a favorable environment (e.g., high
concentrations and proximity of ARG donors and recipients,
stable temperature, physiochemical conditions, and nutrient
availability)®” and contribute to the emergence of multidrug
resistance genes by pathogens such as methicillin-resistant
Staphylococcus aureus (MRSA).”®

Most ARGs in the human gut are harbored by strictly anaerobic
commensal bacteria and can be transferred to gut-dwelling
opportunistic pathogens, though with a relatively low frequency.”
The impact of ARB colonizing human gastrointestinal environ-
ments is dependent on their virulence properties. Differences in
virulence properties have been found between livestock-
associated MRSA (LA-MRSA) isolates, and hospital-acquired (HA)
or community-associated (CA) MRSA isolates. For example, LA-
MRSA CC398 adheres to human cells less efficiently than CA- or
HA-MRSA isolates, and has a lower disease burden. Nevertheless,
LA-MRSA retains strong cytotoxic potential and certain subtypes
have increased invasive potential. Moreover, LA-MRSA coloniza-
tion of farm workers is believed to have led to introduction to
hospitals and communities where HA- and CA-MRSA devel-
oped.'® On the other hand, several ARB harbored by livestock
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may not infect humans due to maladaptation,'’ infection
barriers'®" and immune response.'® For example, a study of LA-
MRSA showed that while its presence in farm workers was highly
correlated with duration of animal contact, it did not persist long
once animal contact had ceased.'® This suggests that LA-MRSA is
a poorly persistent human colonizer. However, such risks remain
to be accurately quantified due to insufficient transport and public
exposure data, and the lack of a clear etiology between resistance
observed in livestock waste versus clinical resistance.

ARGS REMOVAL BY CONVENTIONAL LIVESTOCK WASTE
TREATMENT

Although current livestock waste treatment technologies are not
designed to remove ARGs and ARB specifically, the possible
removal of ARGs during waste treatment from concentrated
animal feeding operations (CAFO) is an area of interest (Table 1).
Typically, in regions where there is a demand for manure,
livestock waste treatment processes are more advanced (e.g.,
anaerobic digestion). On the other hand, some regions may lack
sufficient farmland to assimilate or reuse the treated livestock
waste (such as Southern China?>'%%), and the treated wastewater
effluent is discharged directly to waterbodies. The general
treatment process starts by storing livestock waste in lagoons.
The waste is then treated through anaerobic digestion (AD) or
composting, where it is separated into solid and liquid waste
streams.*? The solids are then usually used as manure to fertilize
agriculture soils, while the wastewater is next treated in a
bioreactor (usually sequential treatment through an anaerobic
reactor and aerobic activated sludge)**'®®, through a con-
structed wetland (CW),'°%"%” or is discharged directly to

npj Clean Water (2020) 4
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Fig. 5 Critical research needs to mitigate public health risks of ARGs from livestock waste. Efforts should focus on reducing in-farm ARG
proliferation, mitigating ARG discharge and enhancing ARG attenuation and mitigating human exposure.

waterbodies without treatment. Note that on free-range farms,
livestock waste drains directly without treatment.'®

AD has been shown to remove ARGs up to 4.23 log,'® but is not
a panacea as it can increase the abundance of certain types of
ARGs (e.g., sul, fca) up to 52 times''® (Table 1). This may be due to
differences in operating temperature,''° abilities of potential hosts
to maintain and transfer ARGs,'"" and properties of the manure
itself.'"® Mesophilic or ambient-temperature AD are less efficient
than thermophilic AD in removing antibiotics (e.g., tetracyclines
and sulfonamides) and some mesophilic ARB (e.g., Bacteroidetes
and Proteobacteria''"). In addition, higher total volatile solids
concentrations (>15%) in AD are conducive to more efficient
removal of ARB and associated ARGs.''? Practices that generally
mitigate ARG propagation in soil include manure stabilization with
lime before application,'"® vegetating soil with appropriate plants
such as pasture that harbor (in their rhizosphere) indigenous
microorganisms that compete with ARB,''* and using land
application methods such as incorporation or injection (rather
than broadcast, which involves manure distribution on the soil
surface) to minimize ARG runoff.'"® Furthermore, the addition of
an adsorbent (e.g., biochar and wheat straw) can decrease the
dissolved concentration of inhibitory residual antibiotics and
heavy metals,**'"® and thus improve the digestion process and
the associated removal of ARGs.

Composting can significantly decrease the diversity and
abundance of ARGs in livestock manure (Table 1). Similar with
AD, thermophilic composting has a higher ARG removal efficiency
than mesophilic composting.?*'"" Additives can further improve
ARG removal during composting by reducing the bioavailability of
heavy metals (thereby removing not only their inhibitory effect
but also their co-selective pressure)''”'"® and by decreasing the
amount of available carbon (thereby reducing residual antibiotics
and placing a metabolic burden on ARBs), resulting in a decreased
abundance of ARGs.''*"%°

Biological processes have demonstrated 3.1 log ARG removal,
but removal efficiencies vary among different ARG types (Table 1).
Differences in operating conditions and removal rates of ARBs
during treatment are probably a factor in this variabilty.'®>'2" CWs
generally have higher ARGs removal efficiencies than bioreactors
(Table 1), which may be due to the multiple removal mechanisms
(e.g., filtration, physical and chemical adsorption, biodegradation)
that take place during treatment.'”> Optimizing operating
conditions, such as using subsurface flow (instead of surface
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flow), > applying proper fillings (e.g., bricks) and vegetation,
and decreasing the hydraulic loading rate (10 cm/day),'** are
essential for effective ARG removal by CWs.

CRITICAL RESEARCH NEEDS

The global prevalence of ARGs in livestock waste and their
apparent potential to disseminate to receiving environments and
eventually transfer to humans underscore the need for a better
understanding of how to reduce in-farm ARG proliferation
(source), mitigate ARG discharge (elimination) and attenuate
dissemination (fate and transport) (Fig. 5). The development of
validated models to quantitatively assess the impact of ARG
dissemination from livestock agriculture on human health, and a
bridge in the communication gap between environmental and
clinical microbiologists, are needed to mitigate the potential
health risks of ARGs. Selected research opportunities to address
these knowledge gaps are discussed below.

Reduce in-farm ARG proliferation

One of the most pressing needs is to control ARG levels at the
source by improving livestock management strategies to reduce
the abundance and diversity of ARGs in livestock waste. Modifying
farm management approaches can suppress ARG proliferation and
reduce the need for prophylactic antibiotic use. Management
changes could include adjusting animal diets to minimize disease
occurrence (e.g., dysentery in swine,'** rumen acidosis in cattle),
decreasing human-to-animal contact, optimizing waste collection
methods (e.g., scrape versus flush), increasing the frequency of
waste collection, and creating containment areas for sick livestock
to reduce the spread of disease.

A better understanding of the mechanisms underlying the
maintenance and spread of antibiotic resistance is necessary to
understand how antibiotic usage will impact ARG abundances in
livestock waste and the environment and lay the foundations for
appropriate policy. Although curtailing antibiotic usage in animal
husbandry may decrease the abundance of some ARB in animals
and multidrug-resistant bacteria by about 15% and 24%-32%,
respectively,' reducing antibiotic use may not necessarily
decrease ARG abundances. For example, vancomycin-resistant
Enterococci persisted for a long time after avoparcin was
banned."”® Frequent conjugation of plasmids carrying ARGs can

Published in partnership with King Fahd University of Petroleum & Minerals



result in plasmid maintenance in a microbial community in the
absence of antibiotics, even if the plasmid incurs a fitness cost.'*’
Thus, strategies to prevent conjugation and promote resistance
plasmid loss may be needed in addition to halting antibiotic use
to reduce ARG abundances.

Antibiotic alternatives, such as antimicrobial peptides (effector
molecules that can kill pathogens), probiotics (live bacteria and
yeasts) and prebiotics (a type of dietary fiber for probiotics),'?®
represent a promising strategy for selective microbial control.
Some of these alternatives have been reported to embody most or
all of the essential antibiotics functions (e.g., direct antibacterial
activity, immunomodulation, nutrient adsorption), while also
being less likely to induce bacterial resistance.'”® For example,
prebiotics have been reported to modify livestock gut microbial
communities and promote growth by regulating metabolism,
modulating immune systems, inhibiting pathogens, and establish-
ing a favorable gut microbiome composition.**'*" Design of
better drug delivery systems, such as nanomaterials'*® or gel
vaccine delivery systems'? and in ovo injection,'*® have also been
proposed to increase therapeutic efficacy. Improved understand-
ing of the dynamics and interactions of microbes in response to
the above alternatives should accelerate appropriate innovations.

Mitigate ARG discharge

Enhancing the ARG removal efficiency of current livestock waste
treatments can minimize the abundance of ARGs discharged into
receiving environments. For solid waste treatment, reasonable and
feasible regulations and policy changes to guide manure storage
and disposal practices and training of skilled workers to correctly
operate treatment facilities (e.g., anaerobic digestion and com-
posting) should be established. Additionally, further studies on the
effects of additives (e.g., biochar, clay, surfactant) and optimization
of operating conditions (e.g., temperature, solids, and hydraulic
retention time) should be carried out to improve ARG removal
efficiency through conventional waste treatment. More specifi-
cally, CWs design and operation should be optimized for contact
time, dissolved oxygen levels, and vegetation selection to improve
ARG removal efficiency. In addition, disinfection processes (e.g.,
chlorination and UV disinfection), which remove ARGs from
drinking water and municipal wastewater to varying degrees of
success,*>13* should be considered when treating wastewater
from animal husbandry.

To do so, it is pertinent to first understand the role of HGT in
ARG dissemination in receiving environments and quantify the
specific transfer frequencies of conjugation, transformation, and
transduction under different conditions (informed by lab experi-
ments and bioinformatic tools). This would help elucidate and
control the dissemination of ARGs into receiving environments.
Additionally, by identifying the dominant hosts of ARGs and the
taxa that are involved in the HGT of ARGs, it would be possible to
discern ARG vectors that could be targeted (e.g., using bacter-
iophages'®”) to efficiently hinder ARG replication and propagation
in livestock waste and receiving environments, including the
human gut. Methods that link ARGs directly with their hosts,
including long-read shotgun metagenomic sequencing,'*® single
cell fusion-PCR-based methods,'*” and genomic crosslinking
methods,'*® may be used to advance the fundamental under-
standing of host-ARG-MGE relationships. Furthermore, the fate
and transport of ARGs should be quantitatively assessed through
direct measurements or mathematical modeling that considers
ARG replication and HGT propagation dynamics, as well as natural
attenuation mechanisms (e.g., ARG sedimentation, hydrolysis, and
photolysis).

Attenuate ARG exposure to humans

A quantitative understanding of the likelihood of ARG transfer
from ARBs in livestock waste to human pathogens is a critical
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knowledge gap for assessing the risks of ARGs from animal
agriculture. Preventive measures, such as not applying livestock
waste amended manure to soils used for human food crops,
should be taken to reduce direct exposure routes of ARGs to
human pathogens. Without a proper understanding of the
mechanisms behind exposure and attenuation of ARGs in the
human gut environment, only individual level preventative
measures, such as proper hygiene and early treatment of bacterial
infections, can be justified to reduce the spread of ARGs. Once
quantitative models of exposure and risk are developed,
monitoring efforts can be established in parallel to those, which
already exist via the national antimicrobial resistance monitoring
system.'*?

In order to develop quantitative models, which can inform risk,
it is pertinent to address the communication gap between clinical
and environmental microbiologists. Clinical investigations are
largely focused on characterizing the risk of a specific ARB strain
within a geopolitical region,'**'*' and primarily rely on culture-
based methods.'*>'* In contrast, environmental risk assessments
generally characterize ARG, ARB, and residual antibiotic concen-
trations on an ecosystem-wide basis, and thus mainly rely on
culture-independent tools such as metagenomic sequencing and
PCR?®*” to assess unculturable and low-prevalence species. This
difference in approaches to risk assessment hinders data
comparison and integration of environmental and clinical risk
frameworks. Although environmental microbiologists use correla-
tion studies to synthesize and interpret research efforts from the
two groups,**'* a unifying approach for comparison would be
an ARB-based risk framework that facilitates collaboration and
enhances integration of environmental and clinical risk assess-
ment. Collaboration on this front would facilitate a more holistic
etiological perspective to disambiguate the link between clinical
and environmental antibiotic resistance.'*>'

Compounding this communications gap, there exists contrast-
ing findings in the comparison of clinically relevant isolates in
clinical samples to those in environmental samples, which
suggests that there is no consistent and direct association
between human exposure to ARGs from the environment and
clinical antibiotic-resistant infections.'*~'* Therefore, environ-
mental and clinical microbiology communities should strengthen
communications (e.g., through specialized conferences) about
future research directions and tools to tackle problems of shared
concern (e.g., ARGs vectors, etiology of infections) and collabora-
tively develop a risk framework to improve data exchange. In
doing so, a consensus can be reached to more effectively
understand and combat the potential human health risks from
environmental ARGs.

CONCLUSIONS

Animal husbandry is a major source of environmental ARGs as
reflected by the relatively high concentrations found in various
compartments impacted by livestock waste (i.e., air, water, soil).
ARGs are prevalent in livestock farms worldwide with varying
diversity and abundance; however, data on their absolute and
relative abundance are scarce. Thus, augmenting the quantitative
ARG database is critical to enhance risk assessment and to
develop and validate models that help discern the relationship
between antibiotic usage (or lack thereof) in animal husbandry
and ARG abundance in receiving environments and clinical
settings. Research is also needed to elucidate mechanisms driving
in-farm ARG maintenance and transfer. Doing so would aid in
understanding how ARGs propagate to new environments and
hosts, which is critical to develop a clear etiology between
resistance observed in animal husbandry and antibiotic-resistant
human infections.

There is an imminent need for collaborative and cross-
disciplinary research on ARG pathways from animal wastes to

npj Clean Water (2020) 4

np)j



np)

Y. He et al.

human gastrointestinal environments. Environmental and clinical
microbiologists should work in tandem to understand how
antibiotic usage drives (or slows) the abundance of ARGs in
environmental and human gastrointestinal environments and
define favorable environmental conditions and mechanisms for
ARG propagation. Research is also needed to enhance source
control, including higher ARG removal efficiency during livestock
waste treatment (e.g., use of additives and optimization of
operating conditions) and improved livestock and waste manage-
ment strategies. By doing so, policy and operational adjustments
can be implemented to mitigate the spread of ARGs from livestock
waste while improving animal welfare, ensuring livestock profit-
ability and protecting human health.
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