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Background: The role of the crop environment as a conduit for antimicrobial resistance

(AMR) through soil, water, and plants has received less attention than other sectors.

Food crops may provide a link between the agro-environmental reservoir of AMR and

acquisition by humans, adding to existing food safety hazards associated with microbial

contamination of food crops.

Objectives: The objectives of this review were: (1) to use a systematic methodology to

characterize AMR in food crop value chains globally, and (2) to identify knowledge gaps

in understanding exposure risks to humans.

Methods: Four bibliographic databases were searched using synonyms of AMR in food

crop value chains. Following two-stage screening, phenotypic results were extracted

and categorized into primary and secondary combinations of acquired resistance in

microbes of concern based on established prioritization. Occurrence of these pathogen-

AMR phenotype combinations were summarized by sample group, value chain stage,

and world region. Sub-analyses on antimicrobial resistance genes (ARG) focused on

extended-spectrum beta-lactamase and tetracycline resistance genes.

Results: Screening of 4,455 citations yielded 196 studies originating from 49

countries, predominantly in Asia (89 studies) and Africa (38). Observations of pathogen-

phenotype combinations of interest were reported in a subset of 133 studies

(68%). Primary combinations, which include resistance to antimicrobials of critical

importance to human medicine varied from 3% (carbapenem resistance) to 13%

(fluoroquinolones), whereas secondary combinations, which include resistance to

antimicrobials also used in agriculture ranged from 14% (aminoglycoside resistance)

to 20% (aminopenicillins). Salad crops, vegetables, and culinary herbs were the most

sampled crops with almost twice as many studies testing post-harvest samples.

Sub-analysis of ARG found similar patterns corresponding to phenotypic results.
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Discussion: These results suggest that acquired AMR in opportunistic and obligate

human pathogens is disseminated throughout food crop value chains in multiple world

regions. However, few longitudinal studies exist and substantial heterogeneity in sampling

methods currently limit quantification of exposure risks to consumers. This review

highlights the need to include agriculturally-derived AMR in monitoring food safety risks

from plant-based foods, and the challenges facing its surveillance.

Keywords: food safety, antimicrobial resistance, food crops, Asia, Africa

INTRODUCTION

Recognition of waning antimicrobial efficacy and the rise of
untreatable bacterial infections in hospitals has driven the issue
of antimicrobial resistance (AMR) to the forefront of the global
health agenda. Initial efforts to address antimicrobial misuse
and overuse have prioritized human health care systems and
livestock production, however other sources of AMR, such
as discharges from wastewater treatment facilities, generate a
reservoir of antimicrobial resistant microbes in the environment
that may also be pertinent to human health (O’Neill, 2016;
Singer et al., 2016). Within the agricultural sector, particular
attention has been paid to food animal production due to large
volume use of antimicrobials and the risk of transmission of
zoonotic pathogens to humans through animal-source foods.
Antimicrobial use in livestock is estimated to comprise 73% of
total global consumption and is likely to rise with anticipated
growth in demand for animal protein and further intensification
of livestock production systems in low- and middle-income
countries (LMICs) (Van Boeckel et al., 2019). However, recent
modeling suggests reductions in antimicrobial use in animal
agriculture may have a limited impact on decreasing AMR
infections in human populations (Van Bunnik and Woolhouse,
2017; Van Boeckel et al., 2019; Booton et al., 2021). Thus, a focus
on AMR risks from livestock alone may be too narrow.

Comparatively little attention has been paid to the wider
agricultural environment as a starting point and a conduit for
AMR transmission to people through soil, water, and plants
(Chatterjee et al., 2018; FAO and WHO, 2019; Wellcome,
2020). Crops grown for human food and animal feed are of
particular interest as they may provide a direct link between the
agro-environmental reservoir of resistant microbes and humans
and animals. Antimicrobial resistant bacteria (ARB) harboring
antimicrobial resistance genes (ARG) can be introduced to the
crop environment through a range of inputs, including manure
used as a crop fertilizer, contaminated irrigation water, crop
field contaminated with raw sewage due to flooding or illegal
discharges, or residues from antimicrobials used to counter
crop pests. A consequence of antimicrobial drug metabolism
in livestock is the excretion of active drug compounds in
manure and urine, as well as ARB, which risk introduction
to crop fields after application (You and Silbergeld, 2014;
Lima et al., 2020). Similarly, open water sources used for crop
irrigation may be contaminated with antimicrobial residues
and ARB after pollution with industrial waste, hospital sewage,

or agricultural effluents, contaminating it with antimicrobial
chemicals and ARB (Fahrenfeld et al., 2013). Direct application
of antimicrobials for control of bacterial phytopathogens,
such as streptomycin use against Erwinia amylovora (fire
blight) in apple and pear orchards, may leave residues that
contaminate food crops and leach into local soil and water
environments (Stockwell and Duffy, 2012; McManus, 2014).
Other antimicrobial compounds such as biocides, heavy metals,
and disinfectants have been shown to co-select resistance in soil
bacteria in the crop environment (Seiler and Berendonk, 2012).
Given that edible components of many crops undergo minimal
or no processing prior to ingestion by humans or animals,
antimicrobial residues, ARB, and ARG in crops could represent
an emerging foodborne hazard.

The presence of active antimicrobial metabolites and residues
in crop environments generates selection pressure for the
emergence of AMR. At a sufficient concentration, susceptible
microbes adapt to the presence of these residues, either through
de novo mutations or by sharing mobile genetic elements
(MGE) through horizontal gene transfer (HGT) to gain a
survival advantage (You and Silbergeld, 2014; Martínez et al.,
2015). Microbial proliferation of resistant strains can occur
in the soil, on the plant surface, or within the plant tissue
itself and contributes to further spread of MGE to other
microbes within the local environment (Zhang H. et al.,
2017).

While various methods of transmission and emergence of
AMR on crops have been described, the human risk from
exposure associated with food crops remains unclear. Ingested
enteropathogenic bacteria harboring ARG are an obvious
concern, however, the ability of bacteria to share ARG through
HGT implies that even non-pathogenic species may be important
vectors in the spread of ARG to the human microbiome,
potentially raising the risk of future therapeutic failure (Manaia,
2017; Hölzel et al., 2018).

Human commensal bacteria might also acquire ARG from
environmental microbes and plant pathogens present in crops
(Sundin, 2000; Gołȩbiewski et al., 2007). In the human
gut, multiplication of these commensal bacterial “vectors”
could facilitate accumulation of ARG, with each exposure to
contaminated food potentially also increasing the diversity of
ARGs (Manaia, 2017). As such, acquisition of AMR determinants
through food consumption could compromise human health not
only through exposure to foodborne pathogens with acquired
resistance toward therapeutic antimicrobials, but also through
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ingestion of non-pathogenic microbial occupants of plant-based
foods carrying potentially hazardous ARG (Lammie and Hughes,
2016).

Within the food crop value chain, both pre-harvest and
post-harvest factors can contribute to ARB contamination
of plant-based foods. For example, cross-contamination by
equipment or value chain actors can occur during harvest
and processing (Richter et al., 2020); washing (O’Flaherty
et al., 2019); or handling in markets (Hiko et al., 2016). Since
contamination of food can occur at any point in the value
chain, identifying patterns of introduction and spread may
help to define critical control points where interventions could
be applied to improve production of safe plant-based foods,
particularly as the human health risks of foodborne AMR remain
underexplored. Until recently, risk analyses of foodborne AMR
(based on Codex Alimentarius Guidelines, FAO/WHO., 2015)
has focused almost exclusively on animal-sourced foods (Caffrey
et al., 2019; Collineau et al., 2019). Moreover, AMR surveillance
programs do not generally sample plant-based foods, thereby
constraining baseline data available for quantitative microbial
risk assessments.

Food crop production in LMICs may be particularly
susceptible to AMR contamination arising from close integration
of crop and livestock production, agricultural and industrial
contamination of irrigation water resources, insufficient local
sanitation and hygiene measures alongside wastewater re-
use, dependency on antimicrobials to compensate for poor
animal husbandry, and inadequate biosecurity practices with
limited surveillance and enforcement of animal health and
phytosanitary regulations (Van Boeckel et al., 2015; FAO,
2016; Berthe et al., 2019). In addition, poor regulation in
the antimicrobial supply chain and fewer barriers to over-
the-counter purchase of antimicrobials by farmers, combined
with limited access to agricultural extension services, facilitate
opportunities for misapplication of antimicrobials (Rodríguez
et al., 2006; McCubbin et al., 2021). For these reasons, crop
production systems in LMICs may be an underestimated source
of ARB to humans in those regions, and potentially other regions,
through international trade in plant foods.

In this scoping review, we employed a systematic approach
to explore broad patterns of AMR characteristics in crops
grown for human consumption and to consolidate the current
state of knowledge, identifying critical knowledge gaps while
minimizing potential bias. The objectives of this review were: (1)
to summarize and compare baseline descriptive data on AMR
detected in crops and crop inputs globally, and (2) to identify
knowledge gaps and opportunities to improve the understanding
of potential human exposure risks. We had a particular interest
in examining the literature from LMICs, where research in
foodborne hazards is still limited.

METHODS

The review was conducted from May 2020 to July 2021 using
the guidelines from the published extension to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis

for scoping reviews (Tricco et al., 2018). An advisory group
made up of experts specializing in AMR-related aspects of
veterinary medicine, plant pathology, microbiology, agronomy,
water management, and anthropology were invited to provide
insight on the researchmethods, descriptive results synthesis, and
summaries of evidence.

Protocol and Eligibility Criteria
An a priori protocol was written, setting out the objectives and
methods of the review using the “Population, Concept, and
Context” framework (Peters et al., 2015) to identify four initial
research questions: (1) In pre- and post-harvest production
stages, what is the current evidence that ARB and ARG
contamination in human opportunistic or obligate pathogenic
microbes and selected phytopathogens (plant pathogenic
bacteria) occurs in food crops?; (2) What is the evidence that
contamination of food crops with antimicrobial residues leads
to emergence of ARB important to human health?; (3) What
is currently understood about transmission dynamics of ARB-
and ARG-contaminated food crops to consumers?; (4) What is
known about the human health risks of AMR in the food crop
value chain with particular regard to LMICs?

Inclusion criteria comprised studies from all geographic
origins. Where imported produce was sampled and the country
of sample origin was given, this was cited as the source
of the sample rather than where the authors were based.
Given the diversity of microbes in the agro-environment
and the broad range of antimicrobials available for study,
we selected a subset of microbes of particular interest to
human and plant health and chose antimicrobial classes
categorized by the World Health Organization (WHO)
as Highest Priority—Critically Important Antimicrobials
(Glycopeptides; Polymixins; Cephalosporins; Quinolones), High
Priority—Critically Important Antimicrobials (Carbapenems;
Aminoglycosides; Aminopenicillins), and Highly Important
Antimicrobials (Amphenicols; Tetracyclines) (WHO, 2019). The
microbes considered are listed in Table 1 and include human
opportunistic and obligate pathogens, and zoonotic species, as
well as two representative bacterial phytopathogens common
to crops (Erwinia amylovora, Xanthomonas species). Since
treatment for these phytopathogens with clinical antimicrobials
is approved in some countries and reported in the literature
(Stockwell and Duffy, 2012; McManus, 2014; Zhang T. et al.,
2017), they were included in this review to capture reports on the
presence of clinically relevant ARG which might be transferable
to human microbes. Additionally, we were interested in
understanding if transferable resistance traits were reported
from antimicrobials exclusively used in food crops, such as
kasugamycin and zhongshenmycin (Zhang T. et al., 2017), and
from agricultural azole use on Aspergillus fumigatus (Gisi, 2014).
A full list of antimicrobials selected and their prioritization in
medical, veterinary and plant sectors (reported use) is included
in Supplementary Table 1.

Information Sources and Search Strategy
Piloting of search terms was carried out in the MEDLINE
database and validated against a selection of ten studies
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TABLE 1 | Eligibility criteria.

Variable Inclusion criteria Exclusion criteria

Research question

Population Food crops (any edible component) Studies on animals

Concept Occurrence of ARB and ARG or

antimicrobial residues in food crops

or the food crop value chain and

relevance to human health

Studies focused on animal feed crops or transmission

of ARB and ARG through non-plant food sources (e.g.,

dairy) or medicinal plants (e.g., Calendula)

Context Studies conducted at any stage of

the food crop value chain (pre- to

post-harvest) and in all geographic

areas

Studies on plant-based foods mixed with non-plant

foods, or food crops that were cooked, baked,

fermented, or canned

Study characteristics

Study design All primary research study designs

Systematic reviews, economic

analysis, and quantitative microbial

risk assessments

Opinion articles and narrative reviews

Study type Journal publications Technical

reports Conference abstracts

Editorials

Protocols

Publication year 2000–July 2020

Language English

Microbes Opportunistic and Obligate

Human Pathogens: Escherichia coli,

Klebsiella pneumoniae, Salmonella

enterica, Shigella spp.,

Staphylococcus aureus, Listeria

monocytogenes, Enterococcus

faecium and E. faecalis,

Acinetobacter baumanii

Environmental

Opportunistic Pathogens: Bacillus

spp., Aspergillus fumigatus Plant

Pathogens: Erwinia amylovora,

Xanthomonas spp.

Studies where microbes were not identified to the

genus level

Antimicrobials Aminoglycosides (gentamycin,

streptomycin), Carbapenems

(imipenem), Cephalosporins

(ceftazidime, ceftriaxone),

Fluoroquinolones (ciprofloxacin),

Glycopeptides (vancomycin),

Aminopenicillins (ampicillin and

amoxicillin), Polypeptides (colistin),

Tetracyclines, Demethylation

inhibitors (azole antifungals),

Aminoglycosides not approved for

clinical use (kasugamycin,

zhongshenmycin)

Anti-parasiticides, anti-protozoals, anti-virals

that had been gathered during the initial question-forming
process. The search string in MEDLINE used Medical
Subject Headings and keywords and all other databases
were searched with database-specific variations on this string:
((antimicrobial or antibacterial or antibiotic or antifungal)
adj3 (resistant or resistance)) AND ((fruit∗ or citrus or
vegetable∗ or salad∗ or grain∗ or cereal∗) OR (cultivar∗

or orchard∗)) AND ((human∗ or patient∗ or “community
acquired” or “public health” or “one health”)); the exact search
string in MEDLINE is available as Supplementary Figure 1.
The full set of eligibility criteria are summarized in
Table 1.

Four bibliographic databases were searched on July 21st,
2020: MEDLINE; CAB Direct, Embase, and Scopus and
citations transferred to Microsoft Excel (Version 2102, Microsoft
Corporation, Redmond, WA, USA) for removal of duplicates.
Citations then underwent screening at the title and abstract
level, in which three questions answered in the affirmative
permitted a study to undergo full text screening: (1) Is the
study a primary research article or systematic review about
ARB, ARG or antibiotic or antifungal residues? (2) Does the
research discuss or describe AMR emergence, contamination
and/or transmission of antimicrobial residues, ARB or ARG
relevant to human health through the food crop value chain?
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(3) Does the study include Escherichia coli, Staphylococcus
aureus, Salmonella enterica, Klebsiella pneumonia, Shigella spp.,
Acinetobacter baumannii, Listeria monocytogenes, Enterococcus
faecium, Enterococcus faecalis, Bacillus spp., Erwinia amylovora,
Xanthomonas spp. or Aspergillus fumigatus?

If any one of the questions did not apply to the citation, it
was excluded from the review. A second reviewer (JW) screened
100 of the excluded studies using the same questions to validate
the primary screening process; disagreements were discussed and
resolved by consensus with the primary reviewer (AB). Hand-
searching reference lists from 22 narrative reviews added 12
additional citations to the literature search.

Data Extraction and Data Charting
A data extraction template in Microsoft Excel was developed
with input from members of the advisory group. Each
study underwent data extraction by a single person and
was validated using a cross-over method to identify missed
information or disagreements, which were subsequently resolved
by consensus or a third person (AB). The data extraction
table contained data points including study characteristics,
study methods and samples, antimicrobial susceptibility test
results and antimicrobial resistance genes through the food crop
value chain. Data extraction results were stratified according to
sample type, microbial species, and phenotypic antimicrobial
resistance results.

Data Synthesis
The initial descriptive analysis of the literature includes all
studies that underwent data extraction as one of the objectives
was to characterize the body of published works on the topic;
subsequent analysis however focused on a subset of studies that
reported phenotypic and/or genotypic results in the following
microbes, selected for their relevance to human health: E. coli, K.
pneumonia, S. enterica, Shigella spp., S. aureus, L. monocytogenes,
E. faecium, E. faecalis, and A. baumanii. Studies on the
impact of antimicrobial residues on the microbes of interest
were few and primarily focused on environmental and human
toxicity rather than AMR. As these outcomes were deemed
too broad to be included in this review, they are summarized
in a separate report available from the authors. No studies in
the data set isolated E. amylovora or contained information
on antibiotics used exclusively in crops, namely kasugamycin
or zhongshenmycin, so no analyses were undertaken on
these variables.

Pathogen-AMR Phenotype Combinations
To date, there is no recognized standard of qualifying the human
risk of exposure to microbes with AMR traits occurring in
plant-based foods, though some authors have recently proposed
broad frameworks to conceptualize environmental AMR risks
(Martínez et al., 2015; EFSA BIOHAZ Panel et al., 2021).
To facilitate our analysis on AMR risks from food crops, we
grouped human pathogens with acquired AMR phenotypes
(Table 2). These pathogen-AMR phenotype combinations were
adapted from the WHO Global Priority Pathogens List (PPL)

TABLE 2 | Pathogen-AMR phenotype combinations.

Primary pathogen-phenotypesa Secondary

pathogen-phenotypesb

Carbapenem resistant (IMI-R) A.

baumanii, E. coli, K. pneumoniae, S.

enterica and Shigella spp.

Aminopenicillin resistant (AMP-R and

AMO-R) E. coli, K. pneumoniae, S.

enterica, Shigella spp., L.

monocytogenes, E. faecium and E.

faecalis

Third-Generation Cephalosporin

Resistant (CAZ-R and CTX-R) E. coli, K.

pneumoniae, S. enterica and Shigella

spp.

Aminoglycoside resistant (GEN-R

and STR-R) E. coli, K. pneumoniae

and S. aureus

Fluoroquinolone resistant (CIP-R) S.

enterica, E. coli and K. pneumoniae

Amphenicol resistant (CHL-R) E. coli,

K. pneumoniae, S. enterica, Shigella

spp., S. aureus, E. faecium and E.

faecalis

Polymixin resistant (CST-R) E. coli, K.

pneumoniae, S. enterica and Shigella

spp. b

Tetracycline resistant (TET-R) E. coli,

K. pneumoniae, S. enterica, Shigella

spp., S. aureus and L.

monocytogenes

Glycopeptide resistant (VAN-R) E.

faecium, E. faecalis, and S. aureus

Azole resistant Aspergillus fumigatus

aAdapted from Tacconelli et al. (2018).
bAdded by authors.

(Tacconelli et al., 2018) and termed primary pathogen-phenotype
combinations. They combine opportunistic and obligate human
pathogens of Critical, High, and Medium importance on the
PPL with phenotypic resistance to antimicrobials that have
a narrow spectrum of activity and to which there are fewer
alternatives should resistance develop. Our categorization largely
corresponds to a recently published ranking of highest priority
ARB occurring in the food value chain by the European Food
Safety Authority (EFSA BIOHAZ Panel et al., 2021).

Given the global scope of our review, we were also interested
in an additional category of pathogen-AMR phenotype
combinations (termed secondary pathogen-phenotype
combinations) focused on phenotypic resistance toward
antimicrobials that are frequently used in veterinary medicine
and crop protection but may not rank as high risk in a
public health context. These secondary pathogen-phenotype
combinations were included because these antimicrobials are
used by crop producers and may become dispersed in the
environment after agricultural application (EFSA BIOHAZ
Panel et al., 2021). Secondary pathogen-phenotype combinations
comprised PPL pathogens as well as Listeria monocytogenes
and Aspergillus fumigatus, the former a contaminant of
food processing establishments and the latter a common
soil inhabitant in the crop environment. Resistance to
chloramphenicol, which is no longer authorized for use in
livestock production in many countries due to the risk of aplastic
anemia in humans from residue exposure, was included due to
its historical use and as an indirect indicator of unregulated use
of antimicrobials in agriculture (Li et al., 2013; Lu et al., 2020;
McCubbin et al., 2021). A full list of the primary and secondary
pathogen-phenotype combinations is provided in Table 2.
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Sample Groups
Samples were categorized into ten groups comprising seven
different kinds of crops and three groups from the crop
environment: soils, irrigation water and manure fertilizer. Crops
were grouped according to whether the edible component
is grown above or below ground and whether crops are
consumed fresh (salad crops, fruit), consumed either cooked
or fresh (vegetables, culinary herbs), or require cooking (root
crops, pulses and grains). Ready-to-eat (RTE) plant-based
foods (defined as value-added foods intended to be consumed
immediately with no further preparation or cooking needed, such
as a prepared salad) were also included. Full categorization of
sample groups can be found in Supplementary Table 2. Food
samples were characterized as pre-harvest if they were collected
in the field prior to harvest, or post-harvest if they were collected
at harvest, during processing, or in retail markets. Among sample
groups, irrigation water, manure fertilizer, and soil inputs to crop
production were always categorized as pre-harvest samples and
RTE plant-based foods were always categorized as post-harvest
samples. Patterns and trends were explored in the subset of
studies (n = 133) that provided phenotypic results according
to sample group, stage of value chain sampling, and country
of origin.

AMR Phenotype and Genotype
Observations
The data synthesis process enumerated observations of acquired
phenotypic resistance of interest reported in sample groups
within each study as presence or absence, for example a study
reporting ampicillin resistance detected in retail carrots of any
quantity was counted as one observation of ampicillin resistance
in root vegetables. This descriptive method was used on
account of substantial heterogeneity among both study sampling
and study data reporting methods. The full list of citations
reporting phenotypic and sample observations are found in
Supplementary Table 3.

Studies providing ARG results were analyzed separately
and stratified by antimicrobial class and sample group. Two
families of ARG, extended-spectrum beta-lactamase (ESBL)
and tetracycline resistance genes, were selected for further
study because they have known functional resistance genes
that correspond to phenotypic resistance with a high degree
of sensitivity (Neuert et al., 2018; Collineau et al., 2019)
and represent resistance to antimicrobials of critical medical
application and extensive agricultural usage, respectively.

RESULTS

Keyword searches in four bibliographic databases yielded
4,455 studies after duplicates removal (Figure 1). Studies that
measured antimicrobial residues in the crop environment are
reviewed in another report (n= 17). The study set after relevance
screening of full texts yielded 196 studies for the final review.
Reasons for exclusion of 70 studies were as follows: six studies
represented an opinion or narrative review; nine studies sampled
plant-foods that were cooked or fermented; seven studies focused

on non-eligible animal or environmental samples; 25 studies
investigated non-AMR aspects of microbial contamination such
as virulence traits or focused on microbe species not included
in this review, and 23 studies reported AMR results of food
crop samples aggregated with non-crop samples, such as meat or
wildlife feces.

Study Characteristics
One hundred and ninety-six studies analyzed samples from the
food crop value chains in 49 countries, 63% (n= 31) of which are
classed as LMICs (World Bank, 2020). Sample observations from
LMICs comprised 69% of studies evaluated (n = 136). While
most studies investigated AMR in domestic samples, five studies
explicitly collected imported plant foods (Veldman et al., 2014;
Zurfuh et al., 2016; Chanseyha et al., 2018; Jans et al., 2018; Jung
and Rubin, 2020). Studies from Asia were highly represented
(46%, 90/196), with half of these being conducted in China (45).
Other regions were also represented to a lesser extent: Africa (38),
the Americas (33), Europe (33) and Oceania (2).

Publications on the topic have increased recently, with almost
two-thirds of studies published after 2016 (128/196).Most studies
were observational studies (n= 158, 80.6%), in which researchers
surveyed crop samples for the presence of AMR. Relatively few
studies involved an experimental field trial (n = 33; 16.9%), in
which researchers investigated the effects of an exposure, usually
contaminated agricultural inputs, on AMR transmission to crops.
Of the experimental trials, 14 studies examined exposure of crops
or crop soil to manure and nine studies did the same with
irrigation water, to measure transfer of ARB and ARG to crops.

Studies conducted in LMICs were somewhat more
likely to use an observational study design (85% of LMIC
studies) than in high income countries (HICs, 70% of
HIC studies). Observational study designs consisted of
147 cross-sectional; 2 case control; and 9 descriptive
reports; probability sampling techniques were rarely used
or reported in observational studies (n = 26; 13.3%).
One systematic review and four quantitative studies were
also included, two of which were quantitative human
exposure assessments.

Sample Characteristics
Most studies collected and tested multiple sample types
such that the data set comprised 1,008 sample observations
from the food crop value chain. Almost half of all samples
were from crops in which the consumed part is grown
above ground (479 observations) including: salad crops (232);
vegetables (136); culinary herbs (59); fruit crops (29); and
pulses and grains (23). Root crops and RTE plant-based foods
comprised 86 and 32 records, respectively. Some samples
were only reported as an aggregate of mixed vegetables
or fruit and these were classified as “mixed produce” in
our review (n = 68). Several studies also collected samples
of crop-related agricultural inputs, including field soil (n
= 196); irrigation water (n = 83); and manure fertilizer
(n= 64).
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FIGURE 1 | PRISMA flow chart of study selection process for scoping review. Studies published between January 1st, 2000, to July 21st, 2020, were included.

Microbial Isolation
Figure 2 shows the number of observations of microbial
isolates recovered summarized by sample group. The four most
frequently recorded species of interest to this review were E.
coli (35% of isolate observations), S. enterica (19%), and E.
faecium or E. faecalis (15%). When observations from these
four species were combined, they comprised over two-thirds of
culture-positive sample records in vegetables (72% of positive
samples), salad crops (71%), as well as most of the microbial
observations in irrigation water and manure samples (94 and
90%, respectively). The most reported species in studies that
identified culture-positive root crop observations were E. faecium
and E. faecalis (52% of observations); whereas L. monocytogenes
were the most frequently reported microbe isolated in positive
samples of pulses and grains (45%). Other microbes were rarely
reported in the study set, together comprising <10% of total

microbial observations across all sample groups, these were A.
baumanii, Bacillus spp., Shigella spp., and Xanthomonas spp.

Methods for Antimicrobial Susceptibility
Testing
Studies employed a range of methods for detecting AMR. Most
common were culture-based methods using broth dilution (n
= 29) or agar diffusion (such as disk diffusion and e-tests)
(n = 106) in comparison to non-culture-based methods (n =

105), which included six metagenomic studies. Culture-based
methods mainly relied on interpretive criteria of the Clinical
and Laboratory Standards Institute (CLSI, including NCCLS, n
= 108), followed by the European Committee of Antimicrobial
Susceptibility Testing (EUCAST, n = 25), standards of the
Deutsches Institut für Normung (DIN, n = 2), and the Comité
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FIGURE 2 | Microbial isolates of sample groups reported in studies published between 2000 and 2020. In this heat map, shaded cells indicate the distribution of

microbes of interest isolated from sample groups reported in 196 studies, with the number of observations of microbe isolates per sample group indicated in the cell.

Studies could report multiple isolates from multiple sample groups, so the number of observations is not equal to the number of studies.

Antibiogramme - Société Française de Microbiologie (CA-FSM,
n= 3).

Pathogen-Phenotype Combinations in the
Value Chain
Studies with samples containing positive microbial isolates were
stratified by phenotypic resistance observations and selected
if they met definitions for primary and secondary pathogen-
phenotype combinations (see Table 2). These observations
formed a subset of 133 studies conducted in 38 countries that
underwent further analysis by sample group as illustrated in
Figure 3. More than twice as many resistance observations and
just over 50% more sample observations were recorded for
secondary than for primary pathogen-phenotype combinations.
Observations of each primary pathogen-phenotype combination
as a proportion of total resistance observations rose from
3% (carbapenem resistance: IMI-R microbes) to 10 and
13% (third generation cephalosporin resistance: CAZ-R
and CTX-R microbes; fluoroquinolone resistance: CIP-R
microbes, respectively), whereas the proportion of detected
secondary combinations were greater overall, ranging from 14%
(aminoglycoside resistance: GEN-R and STR-R microbes) to
20% (aminopenicillin resistance: AMP-R and AMO-R microbes)

of resistance observations. Observations of secondary pathogen-
phenotype combinations were detected in every sample group
other than RTE foods and fruit crops, where results were
variable, whereas observations of primary pathogen-phenotype
combinations were not reported at all in RTE foods and pulses
and grains (and inconsistently in fruit crops). Certain sample
groups had resistance observed in <50% of sample observations,
these included pulses and grains, RTE foods, and fruit crops;
these three sample groups had the fewest sample observations
overall. Resistance to vancomycin in S. aureus, E. faecium and
E. faecalis and resistance to azoles in Aspergillus fumigatus
were rarely observed and not included in Figure 3; vancomycin
resistance in enterococci was reported in two studies on vegetable
samples, and azole resistance in A. fumigatus was reported in
four studies that tested soil samples.

Pathogen-Phenotype Combinations
Occurrence in World Regions
Figure 4 shows the distribution of studies reporting primary
and secondary pathogen-phenotype combinations across world
regions, sub-grouped by whether they involved pre- or post-
harvest samples. More than twice as many studies reporting
primary pathogen-phenotype combinations were conducted in
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FIGURE 3 | Selected pathogen-AMR phenotype combinations detected in sample groups reported in studies published between 2000 and 2020. The number of

AMR observations of primary and secondary pathogen-phenotype combinations are shown. IMI-R microbes: A. baumanii, E. coli, K. pneumoniae, Salmonella and

Shigella spp.; CST-R microbes: E. coli, K. pneumoniae, Salmonella and Shigella spp.; CAZ-R and CTX-R microbes: E. coli, K. pneumoniae, Salmonella and Shigella

spp.; CIP-R microbes: Salmonella spp., E. coli and K. pneumoniae; GEN-R and STR-R microbes: E. coli, K. pneumoniae and S. aureus; CHL-R microbes: E. coli, K.

pneumoniae, Salmonella spp., Shigella spp., S. aureus, E. faecium and E. faecalis; TET-R microbes: E. coli, K. pneumoniae, Salmonella spp., Shigella spp., S. aureus

and L. monocytogenes; AMP-R and AMO-R microbes: E. coli, K. pneumoniae, Salmonella spp., Shigella spp., L. monocytogenes, E. faecium and E. faecalis. Circle

size and central number indicate the aggregate number of observations corresponding to each pathogen-phenotype combination distributed across sample groups

per study. The uppermost row indicates the relative proportion of all AMR observations represented by each pathogen-phenotype category in the column directly

beneath. The right-most column (uncoloured) represents the relative distribution of sample groups, irrespective of susceptibility testing result.

Asia and Africa (n = 57) than in other regions combined (n
= 22), and studies from Asia were also three times more likely
to collect samples at the post-harvest stage of the food value
chain. Of the AMR phenotype combinations, the distribution of
reported chloramphenicol resistance in food value chain samples
favored LMICs in Asia and Africa. In contrast, vancomycin
resistance (including intermediate susceptibility) in enterococci
was exclusively reported in food crops from HICs (Johnston and
Jaykus, 2004; Kim and Woo, 2017).

ARG in the Food Crop Value Chain
Over half of all studies used genotypic methods solely or in
addition to phenotypic methods to characterize AMR (105
studies). Aminority of these studies (21/105) employed advanced
sequencing methods such as whole genome and metagenomic
sequencing to characterize resistant isolates and to evaluate
related clones for source attribution analysis. ARG conferring
resistance to all antimicrobial classes of interest were observed.

Figure 5 shows the distribution of ARG belonging to two of these
antimicrobial classes, ESBLs (A) and tetracycline resistance genes
(B), reported per sample group. ESBL genes, including CTX-M,
SHV, OXA, and TEM beta-lactamases, were reported in a range
of sample groups with both SHV and CTX-M genes (and its
variants) reported in every group, from soil and salad crops to
fruit crops. However, these ESBLs were most frequently detected
in vegetables, irrigation water, salad crops, and culinary herb
samples and mirrored patterns of phenotypic third-generation
cephalosporin resistance. In studies that identified CTX-M
variants, one of the most globally disseminated variants of the
CTX-M beta-lactamase family, CTX-M-15 (Bevan et al., 2017),
was more frequently reported than other variants and detected in
food crops often eaten raw, including culinary herbs, salad, and
fruit crops, as well as in vegetables and root crops.

Tetracycline resistance genes, particularly tetA, tetB, and tetM,
were observed to occur in a diversity of sample groups with
a greater frequency than ESBLs. Sample groups most highly
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FIGURE 4 | Analysis of the world region origin of occurrence of pathogen-phenotype combinations in studies conducted on the food crop value chain. Selected

studies published between 2000 and 2020 are grouped by the stage of sampling at the pre- or post-harvest level of the value chain and by priority level of the

pathogen-phenotype combination.

represented included salad crops, soil, and manure samples. This
pattern was partly reflected in the corresponding phenotypic
profile in which salad crops, vegetables, irrigation water and soil
were most common. Soil and manure samples were more likely
to contain observations of tetA, tetM, and tetW genes, while tetA,
tetB, and tetG were particularly frequent in salad crops.

DISCUSSION

Numerous studies have been published recently on AMR
in food crop value chains worldwide. This review confirms
the widespread reporting of resistance to antimicrobials of
medical importance in human pathogenic microbes isolated
from crops, both in the field and marketplace. We applied
a systematic approach to evaluate studies reporting both
phenotypic and genotypic results and from this we describe
characteristics of AMR in the food crop value chain. We stress
that firm conclusions cannot be drawn on the prevalence and
relative importance of different kinds of resistance and AMR
transmission pathways because of the substantial heterogeneity
between studymethods and conditions, nonetheless, some broad,
indicative patterns emerge from our analysis.

ARB in Human Pathogens and
Phytopathogens
We report observations of resistance to antimicrobials,
particularly aminopenicillins, and tetracyclines, in microbes

on food crops including those routinely eaten raw or with
minimal preparation primarily in Asia and Africa, with the
fewest studies from the Americas. This pattern is similar to
results from recent mapping of AMR surveys on meat samples
from LMICs which identified “hotspots” of resistance in several
locations in Asia and certain areas in Africa and found the
highest rates of resistance included tetracyclines and penicillins
(Van Boeckel et al., 2019). Tetracyclines and penicillins have also
been identified as the two most frequently used antimicrobials
in livestock production (OIE, 2020) suggesting that AMR trends
in crops may partly reflect those occurring in other agricultural
sectors with substantial antimicrobial usage. Of great concern,
however, are multiple reports of resistance to antimicrobials
considered critically important to medical therapy detected
on samples taken throughout the food crop value chain. This
includes resistance to third generation cephalosporins in
Gram negative enteropathogenic bacteria, which comprised
10% of phenotypic resistance observations detected in crops
and associated inputs, particularly vegetables, salad crops and
irrigation water. This pattern was largely replicated in the
analysis of ESBL genes. Resistance to imipenem, a carbapenem
antimicrobial used for the treatment of infections resistant to
third and fourth generation cephalosporins and multi-drug
resistant Gram-negative infections (Zemelman et al., 1993;
Park, 2014), was also observed. Despite its classification as a
High Priority Critically Important Antimicrobial (WHO, 2020),
imipenem resistance was detected in samples from vegetables,
salad crops, root crops, culinary herbs, irrigation water,
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FIGURE 5 | (A,B) Distribution of extended-spectrum beta-lactamase (A) and tetracycline resistance (B) genes across sample groups. Each filled circle corresponds

to observations of specific ARG (x-axis) recorded in each sample group (y-axis). The size of the circle is proportional to the number of observations recorded from the

study set (studies published between 2000 and 2020). Dark blue shading corresponds to major ARG.
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manure fertilizer, and soil. These results concur with findings
from a recent review summarizing carbapenem resistance in
environmental reservoirs that confirmed presence of plasmid-
mediated carbapenemase genes in environmental water sources
and agricultural settings and suggested wastewater treatment
plant effluents as a primary contaminating source (Mills and Lee,
2019). Furthermore, colistin resistance in Enterobacteriaceae was
reported in multiple crops including fruit, salad, root, culinary
herbs, and vegetables. Colistin (polymyxin E) is an antimicrobial
primarily used in veterinary medicine that has in recent decades
been re-embraced by the medical community as a last-resort
option to combat carbapenem-resistant Enterobactericeae and
Acinetobacter spp. infections, including K. pneumoniae (Skov
and Monnet, 2016; Pragasam et al., 2017). Although in this
review colistin resistance was primarily described in E. coli, two
reports described resistance in K. pneumoniae in post-harvest
fruit and vegetable crops from China and India, respectively
(Ghafur et al., 2019; Yang et al., 2019). Since colistin resistance
in Klebsiella has previously been reported primarily in clinical
isolates from hospitals (Liu et al., 2016; Li et al., 2018), this
may imply a human, rather than animal, origin and indicates
the complexity of intersecting transmission pathways for AMR
in crops.

The subset of studies reporting culture results showed that
of the bacterial species of interest to this review, E. coli
and S. enterica species were the most studied in food crop
samples. Although virulence characteristics were not consistently
identified among authors, the association of these microbes
causing foodborne illness originating from food crops is well-
documented. Source attribution analysis by Sivapalasingam
et al. (2004) found that Salmonella-contaminated spinach and
lettuce were the largest contributors to produce-associated
gastrointestinal illness in the USA. Similarly, one of the largest
outbreaks of enterohemorrhagic E. coli O104:H4 to occur in
Germany caused 3,801 cases and 46 deaths and was linked to
contaminated sprouts (Mellmann et al., 2011). A more recent
meta-analyses of pathogen contamination of retail produce
in Europe reported higher pooled prevalence estimates of
Salmonella (1.7%) and of Shiga toxin-producing E. coli (1.4%)
in leafy greens, with slightly lower estimates in lettuce (1.2 and
0.7%, respectively) (Silva et al., 2017). While our review appears
to support findings that S. enterica and E. coli are important
food crop contaminants, the frequency of their isolation may
reflect selective sampling at the expense of other bacterial genera,
particularly those that are of less consequence to human health
or that are more difficult to isolate in the laboratory.

In our review, we found two studies that reported resistance
in bacterial pathogens of plants, specifically Xanthomonas spp.
Rodríguez et al. (2006) reported phenotypic and genotypic
resistance, with evidence of plasmid carriage, to gentamycin
and oxytetracycline in lettuce. A second study in our review
reported a prevalence of 0.75% of streptomycin resistance in
leaf blight (Xanthomonas oryzae pv. oryzae) and bacterial blight
(Xanthomonas oryzae pv. oryzicola) of rice crops (Xu et al., 2010).
The authors of this study suggested that other control methods
such as use of resistant cultivars and alternating antibacterial
chemicals may have reduced selection pressure for resistance

development, contributing to the low prevalence (Xu et al.,
2010). Plasmid-borne AMR in phytopathogens could nonetheless
constitute a risk of AMR dissemination to human commensal
or pathogenic bacteria through horizontal gene transfer. Earlier
reports have demonstrated transferability of plasmid-borne
antimicrobial resistant genes from the plant pathogen Erwinia
amylovora to human pathogens Corynebacterium striatum,
Pseudomonas aeruginosa, and Pasteurella multocida (Sundin,
2000; Tauch et al., 2000).

Research on antifungal resistance in Aspergillus fumigatus
in crops was also uncommon in the studies included in this
review. While A. fumigatus is not a plant pathogen, it is a
regular inhabitant of soils and decaying vegetations, and an
opportunistic pathogen of immunosuppressed patients (Gisi,
2014). Since the vast majority of phytopathogens are fungal
(Berger et al., 2017), A. fumigatus represent a good sentinel for
monitoring azole resistance due to fungicide application in the
agricultural environment. Two studies included in our review
linked the use of triazole fungicides in crops to azole-resistant A.
fumigatus collected from vegetable crop soils (Ren et al., 2017;
Alvarez-Moreno et al., 2019). However, two studies from Italy
suggested that although resistance occurs in crop environments,
fungal clonal expansion is unlikely due to presence of genetically
distinct strains (Prigitano et al., 2014, 2019) further supporting
the hypothesis that wind-driven dispersal may be an important
mechanism of spread (Fisher et al., 2018). Taken together, these
studies suggest that direct application of fungicides for crop
protection purposes may result in antifungal resistance that
could theoretically constitute a threat to food safety especially in
exposed immunocompromised individuals. While A. fumigatus
is rarely implicated in fungal foodborne disease outbreaks, there
have been reported cases of gastrointestinal aspergillosis due to
ingestion of the pathogen in humans (CDC, 2014; Dias et al.,
2018). Nevertheless, the paucity of studies and low prevalence
reported are insufficient to confirm this use as an important
threat to consumers.

ARG in Food Crop Value Chains
Fewer studies used genotypic methods than phenotypic methods
and advanced genomic analysis was uncommon in studies
included in this review. Despite this, ARG associated with all
antimicrobial classes of interest were observed in food crops and
their value chains. Our data synthesis focused on the distribution
of two types of ARG, ESBLs and tetracycline resistance genes,
reported in agricultural environments (Bevan et al., 2017; Ye
et al., 2018). Both types were detected in a diversity of sample
groups, however a greater number of tetracycline resistance genes
observations were reported than ESBLs. The ESBL variant, CTX-
M-15, dominates human, animal, and environmental settings
globally (Cantón et al., 2012; Bevan et al., 2017) and was observed
along with other ESBL genes including SHV, OXA, and TEM,
in vegetables, salad crops, culinary herbs and irrigation water
samples, similar to phenotypic findings (Figure 3).

A recent literature review of ARG distribution patterns
suggested that tetracycline ARG are overrepresented in non-
clinical settings such as farms, in comparison to hospitals
(Zhuang et al., 2021). In food crop environments, tetracycline
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resistance genes are highly associated with agricultural
determinants (Lugo-Melchor et al., 2010; Campos et al.,
2013; Jones-Dias et al., 2017; Blau et al., 2019; Xiong et al., 2019;
Gao et al., 2020) and we observed a predominance of tetA,
tetB, tetG, tetM, and tetW in soil and manure samples. The
accumulation of tetracycline resistance genes in agricultural soil
is influenced by a strong sorption affinity of tetracycline residues
to soil (Pan and Chu, 2016) and tetracycline antimicrobial use
in livestock production and possibly crop protection. Moreover,
the diversity of microbes and nutrient density of manure and
sewage-sludge fertilized soils, may amplify HGT to human
and zoonotic pathogens (Lima et al., 2020) and contribute to
uptake and contamination of surface grown food crops, such
as vegetables and lettuce (Holvoet et al., 2013; Rahube et al.,
2014; Ye et al., 2018). ESBL and tetracycline resistance gene
accumulation in food crops may be linked to contaminated
irrigation water, manure, and fertilized soils (Huang et al., 2021;
Zhuang et al., 2021), however the risk to human health after
exposure remains unclear (Martínez et al., 2015; Collineau et al.,
2019).

Transmission of ARB and ARG to Crops
We were interested in understanding transmission and
dissemination of AMR through the food value chain and
concomitant food safety risks. Experimental trials are a useful
method to explore AMR exposure and transmission, and of
the 33 studies using this design and included in our review, 14
focused on exposure to manure and nine studies on irrigation
water exposure. Soil fertilization with manure remains a
common and cost-effective source of nutrient recycling for crop
production and is a useful method to manage rising volumes
of manure production due to increasing demand for animal
protein. However, manure can have a high concentration of
active antimicrobial metabolites, ARB, and ARG as a result of
veterinary antimicrobial usage in livestock (Zhang H. et al.,
2017; Lima et al., 2020). Few countries set drug residue limits or
monitor other contaminants prior to use of manure as fertilizer,
and our study indicated a clear interest in crop contamination
from manure sources, with more experimental field trials
studying this transmission pathway than any other routes of
pre-harvest exposure. Mitigation of AMR exposure in animal
and human waste may be feasible. For example, a series of
longitudinal studies conducted in Canada found that increasing
the number of months between soil application of sewage sludge
and crop planting lessens ARG subsequently detected in crops
(Rahube et al., 2014; Tien et al., 2017).

Unlike manure, irrigation water may have multiple sources
of contamination: industrial, livestock and human sewage
(Gekenidis et al., 2018). This may explain the higher number
of observations of primary and secondary pathogen-phenotype
combinations reported in irrigation water samples in our data
synthesis. Both the irrigation delivery method and the level of
microbial pollution of irrigation water sources can affect crop
contamination and consumer risk (Carey et al., 2016; Jongman
and Korsten, 2016; Guzman-Otazo et al., 2019). For example,
sprinkle irrigation, which applies drops of water from an
overhead sprinkler, poses a greater risk of microbial adulteration

of edible plant components that are grown above ground due
to direct surface exposure, than subsurface irrigation methods
do (Jung et al., 2014). Contamination of water sources is also a
problem where there is little oversight of disposal of untreated
animal and human wastes, as illustrated in a recent study in rural
eastern China that investigated E. coli harboring CTX-M genes
isolated from environmental and agricultural samples. In this
study, genetic relatedness analysis of isolates suggested vegetable
contamination was attributable to irrigation water polluted with
effluents from nearby swine farms (Zou et al., 2019).

Over half of reported food crop samples in studies included
in this review were foods consumed raw or with minimal
preparation (salad crops, culinary herbs, and fruit). Unlike
animal-based foods, there is no required cooking process
for these foods that would destroy potential pathogens and
ARG. Reducing microbial contamination of such fresh produce
remains an important food safety challenge (Murray et al., 2017).
While washing and peeling may reduce the risk of surface
contamination, resistance determinants can also be internalized
from the surrounding soil through the roots of the plant via
microbiota associated with plant tissues (endophytes) or enter
plant tissues through the stem or open wounds (Yang et al., 2016;
Zhang H. et al., 2017; Wei et al., 2020). In some cases, water
used for washing may contribute to surface contamination when
untreated or re-used wash water is applied to produce in the
post-harvest stage (Richter et al., 2020). Understanding the effect
of processing and preparation on ARB and ARG in plant-based
foods would be valuable given indications that antimicrobial use
may be greater than expected in certain crops such as rice (Taylor
and Reeder, 2020).

Quantitative microbial risk assessment measures human
exposure to microbial hazards and estimates risks associated
with consumption of such hazards using dose-response
data (FAO/WHO., 2015). Two quantitative human exposure
assessments were included in the study set. Both studies
evaluated consumer exposure to resistant E. coli through lettuce
consumption and the influence of irrigation and post-harvest
washing and processing measures on exposure risk (Njage
and Buys, 2017; O’Flaherty et al., 2019). In both studies,
consumer exposure was most influenced by microbial loads in
irrigation water. This might be influenced by the limited effective
post-harvest processing methods available to reduce microbial
contamination of produce, particularly when contamination
occurs as biofilms or through internalization of microbes in plant
cells (Frankel et al., 2009). In addition, certain post-harvest steps
in the value chain such as non-refrigerated storage conditions
and unhygienic handling by value chain actors may lead to
colony expansion of pre-harvest microbial contaminants and
cross-contamination (Njage and Buys, 2017). Although data
on dose-response is still missing, these exposure assessment
models are a first step toward conducting quantitative microbial
risk assessment.

AMR Risks in Food Crops in LMICs
In this review, 70% (136/196) of studies were conducted in
LMICs. This greater degree of research intensity could reflect
concerns that human health risks from AMR in the food crop
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value chain may be greatest in LMICs (Berthe et al., 2019; FAO
and WHO, 2019). Most studies occurred in Asia and Africa
and more than twice as many of these studies detected primary
pathogen-phenotype combinations in food crop value chains
relative to studies in other regions combined. Seven of the ten
countries that contributed the largest number of studies to this
review were LMICs. Notably, four of these – China, India,
Nigeria, and Mexico are among the top ten most populous
countries (UN, 2019), necessitating huge production of food
crops. It is evident that China has invested in research on this
topic with almost one quarter of all included studies conducted
there. Overall, a greater number of studies sampled food crops
in the post-harvest, or retail stages of the value chain, and this
trend was particularly clear in studies from Asia. As suggested in
a review on consumer perceptions of food safety in LMICs, this
may be due to increasing consumer concern for retail food quality
as well as interest in control options to reduce exposure applied
post-harvest (Grace, 2015). In countries where environmental
regulations and WASH standards are less enforced, mitigating
consumer risks through post-exposure interventions may be an
easier task than pre-harvest measures.

Studies in LMICs were five times more likely to
report resistance to chloramphenicol than those in HICs.
Chloramphenicol is an antimicrobial banned from food
production in most countries due to non-dose related and
potentially fatal adverse effects from residue exposure (EFSA
CONTAM Panel, 2018). While resistance to this antimicrobial
may result from use of other phenicol antimicrobials in animal
agriculture or be caused by co-selection due to the presence
of chloramphenicol resistance genes in transferable genetic
elements carrying other resistance genes (Lu et al., 2020),
some evidence also exists of continuing veterinary use of
chloramphenicol in LMICs (McCubbin et al., 2021).

Knowledge Gaps and Future Research
The evidence in this review points to contamination of food
crops with medically important AMR and an attendant risk of
exposure for consumers. However, a full understanding of the
magnitude and impact of this risk is hampered by the lack
of source attribution studies and an incomplete picture of the
health consequences of single and continuous exposure events
to resistance determinants through food crop consumption. In
addition, there is limited and inconsistent data on practices that
influence local exposure to ARBs, ranging from crop irrigation
methods and regional veterinary antimicrobial usage in livestock
and crops, through to food type, consumption quantities, and
preparation preferences (e.g., raw or cooked). Nonetheless,
recently shifting ideological and nutritional preferences globally
have raised the profile of food crops and plant-food diets as a
contributor to human AMR exposures. We identified four key
knowledge gaps related for future research: (1) understanding
the prevalence of AMR on food crops; (2) untangling the
web of transmission of AMR determinants through the agro-
environment; (3) defining and quantifying antimicrobial usage
in the agro-environment; and (4) quantifying the burden of

AMR infections in humans due to exposure to contaminated
food crops.

Understanding the characteristics and prevalence of AMR
in food crops is an important first step toward defining
risk factors that bring the agro-environmental reservoir of
AMR into contact with the human microbiome. While
independently conducted cross-sectional studies can provide
point prevalence estimates, various methodological biases may
overrepresent the risk (discussed further in section Limitations)
and surveys provide little information on temporal patterns. The
Global Antimicrobial Resistance Surveillance System (GLASS)
introduced in 2015 is an example of a cooperative global
surveillance program for AMR in hospital infections (WHO,
2020), however, no such program for standardized data collection
on AMR in food crop value chains yet exist, despite an
increasingly interconnected global food industry. While recent
revisions to the Codex Alimentarius Guidelines on Integrated
Monitoring and Surveillance of Foodborne Antimicrobial
Resistance recommend a risk-based approach to crop sampling at
all levels of the production, detailed guidelines from international
plant regulatory bodies such as the International Plant Protection
Convention (IPPC) with respect to crop types, processing stage,
and reporting of antimicrobial use and resistance data are still
lacking (FAO/WHO, 2021).

Unexpected pathogen-AMR phenotype combinations in food
crops such as colistin resistant K. pneumoniae suggest a
need for a clearer understanding of sources and transmission
pathways of AMR in human pathogens through food crop value
chains. However, few studies used methods that permit source
attribution analysis in the food crop value chain. Studies using
advanced sequencing methods remained rare (n = 21) and
just over half of all studies included in the study set (n =

105) used any genotypic methods (either solely or in addition
to reporting phenotypic results). Whole Genome Sequencing
(WGS) is increasingly being employed in food safety studies
and as part of surveillance programs for foodborne diseases
as it provides a highly discriminating method of identifying
sequence characteristics of pathogens to enable their origins to
be traced in the food value chain. For data on AMR occurrence
in microbe populations, metagenomic sequencing provides a
higher degree of confidence than conventional phenotypic and
PCR-based genotypic methods and can be applied to monitor
population changes through the food value chain, which may
be useful for human exposure assessments (Oniciuc et al., 2018).
For these reasons, various authors have proposed applying WGS
and metagenomic sequencing into quantitative microbial risk
assessments (Greig et al., 2015; Oniciuc et al., 2018; Collineau
et al., 2019). Quantifying the burden of AMR in food crops
may be a more achievable objective with a concerted effort to
incorporate advanced sequencing into AMR studies on foods,
however many LMICs lack the laboratory capacity and in-
country expertise to implement these methods.

This review sought evidence of AMR through the food
crop value chain to better understand the exposure hazard
to consumers. Very few studies investigated or reported
AMR development as a result of antimicrobial use against
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phytopathogens. Antimicrobial stewardship programs aimed at
human and animal sectors may be less effective if indiscriminate
use in crops is left unaddressed. There is limited data on use
of antimicrobials in the crop sector and new approaches to
gathering this information are needed as existing regulatory
programs may be difficult and time-consuming to set up,
particularly in LMICs. In this regard, an informal extension
database called PlantWise provided a recent example of how data
from an advisory program for crop producers in LMICs might be
obtained and used as an indirect record of antimicrobial usage in
this sector (Taylor and Reeder, 2020).

Finally, quantifying the burden of AMR infections in
humans due to exposure to contaminated crops is a nascent
field of research with just two quantitative microbial risk
assessments included in the search results of this scoping review
of the published literature. Challenges of risk modeling of
AMR exposure through crops include various assumptions
about survival of microbes harboring AMR on food crops;
preparation and consumption habits in individuals and
populations; and production methods for different crops in
different regions (Njage and Buys, 2017). The knowledge gaps
listed here include suggestions for improved data capture to
underpin and refine assumptions currently used in exposure
assessment and hazard characterization to improve quantitative
microbial risk assessments and inform population-level
mitigation options.

Limitations
This review used a systematic approach to assess the published
literature on ARB and ARG in food crops. Nevertheless, the
methods of this review preclude us from validating specific
transmission pathways of AMR from the crop environment to
humans or comparing the levels of resistance present in different
sources. For this reason, it is not possible to identify key risks
of exposure of humans to AMR from food crops or to identify
practices that could best mitigate these risks. Previous reviews on
environmental sources of AMR concluded that research on the
topic was predisposed to problematic study design, substantial
bias, and a lack of standardization in methods, which challenges
comparability and understanding (Greig et al., 2015; Bueno et al.,
2017).

Some studies included in this review measured the proportion
of samples in which resistance was found. However, we have
been cautious not to present prevalence of AMR in our analysis
because of evident selection bias, reporting bias, and potential
publication bias. While most studies were observational in
design, fewer than 15% of studies reported the use of probability-
based sampling methods, which would enable proportions to
be extrapolated beyond the sample population. Where random
sampling methods were employed, prevalence estimates of
resistant organisms in samples were rarely reported, with most
authors preferring to report prevalence of resistance among
isolates instead. Aggregation of phenotypic results in mixed
groups of samples (e.g., meat and vegetables) excluded 23
studies from this review and several studies did not include
information on the total amount of samples tested or provided
full susceptibility results meaning that our analysis could only

report on the presence of resistance, rather than prevalence.
In addition, we cannot exclude the effect of publication bias,
in which studies with resistance results are prioritized for
publication and lead to overstated conclusions of presence of
resistant organisms.

Finally, attention to AMR in crops as a risk to human
health has focused on antibiotics and resistant bacteria, but
fungal pathogens present a larger burden of disease to plants
and the crop sector. Widespread control efforts make use of
fungicides, contributing to selective pressure and resistance
development to available antifungal therapy for plant protection,
and also reducing the efficacy of antifungal drugs used in
the treatment of human fungal infections, called the medical
azoles (Gisi, 2014; Fisher et al., 2018). The low number of
studies included in this review on antifungal resistance related
to crop application of fungicides may be a result of search
terms that focused on human health risks, which tend to favor
bacterial pathogens.

CONCLUSIONS

This review contributes to the growing understanding on AMR
of medical significance occurring in food crop value chains
posing a potential food safety risk to consumers. Our results
indicate that human pathogenic microbes on food crops harbor
resistance traits that appear to reflect antimicrobial usage trends
in animal agriculture and are particularly evident on food crops
that are consumed raw or with minimal preparation. In contrast,
bacteria resistant to antimicrobials of critical importance in
humanmedicine, such as carbapenems and glycopeptides, appear
more rarely in food crops in the published literature but
point to the complexity of contamination pathways involving
human and agricultural sources. The results from this review
support the biological plausibility of medically important AMR
exposure risks for consumers and workers from the food crop
value chain and highlight the need to include food crops in
national and global food safety surveillance programs related
to AMR. However, as we have shown, incorporating AMR
surveillance on food crops represents a considerable challenge
because of the lack of standardized microbial indicators and
types of AMR, inconsistent methods of measuring resistance
and resistance determinants, diverse agricultural production
systems with variable inputs and complex value chains with
differing processing and distributionmethods, and a vast number
of edible crops produced and provided to consumers around
the world. Finding comparable indicators to monitor AMR in
food crops will require considerable and sustained input from
various stakeholders but it is a necessary step for antimicrobial
stewardship efforts.
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