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Abstract: Bactericides, fungicides, and other pesticides play an important role in the management
of plant diseases. However, their use can result in residues on plants and in the environment, with
potentially detrimental consequences. The use of streptomycin, oxytetracycline, copper-based prod-
ucts, and some fungicides is correlated with increased resistance among plant pathogens to these
agents. Likewise, the recent rise in the incidence of environmental triazole fungicide-resistant As-
pergillus fumigatus, the cause of aspergillosis in humans, has caused concern, particularly in Europe.
Through horizontal gene transfer, genes can be exchanged among a variety of bacteria in the plant
production environment, including phytopathogens, soil bacteria, and zoonotic bacteria that are
occasionally present in that environment and in the food chain. Through mechanisms of horizontal
gene transfer, co-resistance, cross-resistance, and gene up-regulation, resistance to one compound
may confer resistance and multi-drug resistance to other similar, or even very dissimilar, com-
pounds. Given the global rise in antimicrobial-resistant (AMR) organisms, and their effects on plant,
animal, and human health, the prudent use of pesticides is required to maintain their effectiveness
for food security and sustainable production, and to minimize the emergence and transmission of
AMR organisms from horticultural sources.

Keywords: agriculture; horticulture; antimicrobial resistance (AMR); antimicrobial use (AMU);
plants; crops; One Health

1. The Problem of Antimicrobial Resistance (AMR)

Since the application of pesticides to plants and plant products exerts selective pres-
sure on both target and non-target species, one must consider all the impacts of pesticide
use on all the components of the plant production environment —direct and indirect, in-
tended and unintended. There are therefore two different resistances to be considered:

1. Resistance in plant pathogens to pesticides upon repeated exposure, which may be
avoided by utilizing different management approaches.
2. Resistance in human and animal microorganisms evolved through pesticide use.

In the United States alone, crop losses directly due to pesticide resistance are esti-
mated to be approximately 1.5 billion USD per year [1]. The potential direct toxic effects
of pesticide application on humans and non-target terrestrial and aquatic species, as well
as environmental contamination, are typically assessed prior to approval. However, the
impact of plant production chemicals on the ecology of the phytobiome, and particularly
on antimicrobial resistance development in zoonotic, saprophytic, and resident plant and
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soil microorganisms, has received less attention [2]. Specifically, the problem of antimi-
crobial resistance is further exacerbated because of similarities in resistance mechanisms
and genetic linkages. The use of one pesticide may select for the emergence of multiple
resistance phenotypes within a single organism [3,4]. Finally, some products may be ap-
plied to plants without any intent or expectation of effects on microbial communities, but
may nevertheless influence the microbial components of the phytobiome in unexpected
ways.

The use of pesticides is paradoxically associated with a loss in their effectiveness.
Resistance to specific active substances has required the retirement of certain pesticides,
prompted the search for new more effective products, and initiated a movement towards
more integrated pest management (IPM) approaches for pest and disease control [5]. The
problem of resistance and selection is exacerbated by the potential of co-selection and
cross-resistance. Co-selection is a result of genetic linkages between genes responsible for
resistance. In this scenario, multiple different genes responsible for separate resistance
phenotypes are unique, but because of their physical proximity to one another on DNA,
they are transmitted in tandem. Thus, environmental stress that selects for one gene auto-
matically carries with it the co-selection of the second gene. This is common in instances
in which resistance genes are encoded on multi-drug resistance plasmids; selection for
one gene results in the maintenance of the entire plasmid that encodes resistance to mul-
tiple drugs. Cross-resistance occurs when the genetic elements conferring resistance to
multiple antimicrobial agents are common among microorganisms, and a single molecu-
lar mechanism is responsible for resistance to multiple agents. For example, efflux pumps
in bacteria can confer resistance to many different classes of antibiotics and also to disin-
fectants and metals (see below).

Although the development of antimicrobial resistance is a natural process, the wide-
spread and sometimes indiscriminate use of antimicrobials in medicine, agriculture, and
industry has accelerated the process and propelled the emergence and spread of antimi-
crobial resistance, one of the world’s most pressing public health problems. Currently,
infections by AMR pathogens cause over 700,000 deaths annually. If left uncontrolled, by
2050 it is estimated that AMR infections will be responsible, globally, for 10 million deaths
each year, and a cumulative cost of at least 100 trillion USD to the world’s economy [6].
The drivers and dynamics of antimicrobial resistance emergence and dissemination are
complex [7], and the attributable contribution of specific actors and uses (medical, veteri-
nary, agricultural) of antimicrobials to the problem of AMR is uncertain and controversial.

In light of heightened global concern regarding antimicrobial resistance, all 193 mem-
ber states of the UN General Assembly passed a resolution in September 2016 to develop
multi-sectoral, One Health, national action plans to tackle the problem [8]. Agricultural
systems play key roles in the emergence of antimicrobial resistance and in its prevention.
This includes compliance with voluntary appropriate use guidelines, and the establish-
ment, strengthening, and enforcement of, and compliance with, regulatory frameworks to
better monitor and control the use of antimicrobials, and curb the rate of resistance devel-
opment in agriculture. A review of the evidence concerning the association between the
use of antimicrobials on crops and AMR microbes in foods and the environment fills a
critical initial step in developing science-based risk management guidelines, standards,
and advice for control.

2. Mechanisms of Resistance

The development of resistance is a natural process that is observed in numerous or-
ganisms, including viruses, bacteria, fungi, insects, and cancer cells [9]. Despite the cur-
rent heightened concern about the issue, resistance to antimicrobials is not a new phenom-
enon. The earliest evidence that anthropogenic activities have applied selective pressure
to drive resistance development comes from the discipline of anthropology: the analysis
of Nubian mummies documents the use of tetracyclines in humans as early as 350-550 CE
[10]. Two millennia later, after Alexander Fleming’s discovery of penicillin in 1928 [11],
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antibiotics rapidly became the wonder drugs of the 20th century [12], and they were mass
produced and used extensively to successfully treat a variety of human diseases. In his
acceptance speech for the Noble prize in 1945 [13], Fleming predicted the widespread
availability of penicillin, but also warned against the development of antimicrobial re-
sistance as a result of inappropriate use.

Resistance may be intrinsic or acquired. Among microorganisms, intrinsic resistance
is a result of the organisms not having the specific target for the antimicrobial. In contrast,
acquired resistance develops as a result of genetic changes or exchanges following ran-
dom mutation and horizontal gene transfer, respectively [14,15]. These genetic changes
result in modifications to the targets, such that the antimicrobial no longer interacts with
its target site, or in the acquisition, induction, or up-regulation of metabolic pathways that
increase the degradation or removal of the pesticide from the organism [16].

3. Use of Pesticides

Pesticides encompass a wide spectrum of chemical and biological compounds that
exhibit biostatic or biocidal activity used to control weeds, rodents, spiders, insects, nem-
atodes, mollusks, and microorganisms, notably fungi, bacteria, viruses, and protists. They
are used during various stages of plant production, including prior to planting, during
plant growth, and post- plant-based agricultural harvest for agronomic and horticultural
purposes, as well as in floriculture, forestry, recreational areas, and by home gardeners
[17]. The types and kinds of available pesticide formulations, including synthetic com-
pounds and biopesticides, are extensive and constantly growing. Typically, the active in-
gredient, the pesticide component responsible for biological activity, is formulated with a
number of different materials, including a variety of combinations of solvents, carriers,
surfactants, and buffers. For example, the European Union has approved approximately
500 different active substances in pesticides [18]. The International Organization for
Standardization (ISO) lists over 1700 different active ingredients in pesticides.

FAOQ estimates that between 20 and 40% of global crop production is lost to pests and
diseases, resulting in over 220 billion USD in losses to the global economy [19]. Thus, pes-
ticides are critical tools in controlling diseases in plants, especially in horticulture and or-
namental plant production. Their appropriate use can also improve quality, enhance
yield, extend shelf life, and increase profits. They include a variety of products used as
bactericides, including antibiotics, as well as fungicides, herbicides, insecticides, and plant
growth regulators, among others. As such, the net global use of these products is poorly
defined. Strict controls in some countries allow for the tracking of pesticide use in various
sectors, while in other countries, and on a global scale, some of the best estimates for use
can only be derived from proprietary sales data [20]. In 2016, the global plant protection
market was estimated to represent about 63 billion USD in annual sales, with an increase
predicted at 5% annually for the next 5 years, the largest portion of growth attributable to
the Asian Pacific region [20].

Given that fungal and bacterial diseases account for such large production and eco-
nomic losses in plant agriculture [21], antimicrobials (those agents that have biocidal or
biostatic effects on bacteria, fungi, viruses, and protists, including oomycetes), are among
the most commonly used classes of pesticides, second only to herbicides. Many bacterial
and fungal disease pressures are higher in tropical than temperate parts of the world, es-
pecially in low- and middle-income countries (LMICs).

For many high-income countries (HICs), approval for the sale and use of pesticides,
also called plant protection products, including fungicides and bactericides is regulated
based on efficacy evaluation and risk assessments for human health and the environment.
In contrast, regulations for pesticide use in LMICs may be less stringent or not fully en-
forced due to capacity reasons. The average number of staff working in the national pes-
ticide registration authorities in these countries is three, as opposed to 700 in the United
States or 150 in the United Kingdom (FAO survey 2013, 109 countries). In such countries,
lack of education regarding the proper use of plant protection products may cause crop
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producers to apply these materials in error with respect to the approved indication for
specific crop, dosage, timing, or specific pathogen.

For decades, antimicrobials (please refer to the Appendix A) have been the corner-
stone of the control and treatment of many diseases in humans, animals, and plants alike.
Bacterial and fungal plant pathogens rarely infect animals and humans, although a few,
including Burkholderia spp. and Pseudomonas aeruginosa, may cause disease in immune-
compromised people or animals. Several plant pathogenic fungi in the genera Fusarium,
Aspergillus, and Claviceps, among others, produce toxins that are harmful to humans and
animals. Although they are not considered to be major cause of plant disease, Aspergillus
species are responsible for several disorders in various plant and plant products. The most
common species are A. niger and A. flavus, followed by A. parasiticus, A. ochraceus, A. car-
bonarius, and A. alliaceus. They can contaminate agricultural products at different stages,
including pre-harvest, harvest, processing, and handling. Changes due to spoilage by As-
pergillus species can be of a sensorial, nutritional, and qualitative nature, such as pigmen-
tation, discoloration, rotting, and the development of off-odors and off-flavors. However,
the most notable consequence of their presence is mycotoxin contamination of foods and
feeds. As they are opportunistic pathogens, most are encountered as storage molds on
plant products. Saprophytic fungi, such as Aspergillus fumigatus, that decay plant tissues
can also be opportunistic pathogens [22].

Nevertheless, the increased recognition of contamination of fruits and vegetables
with zoonotic pathogens (such as Salmonella spp. and Shiga toxin-producing Escherichia
coli) and their role in foodborne disease outbreaks, as well as the emergence of resistance
in A. fumigatus (a species causing aspergillosis in humans) to azole fungicides structurally
similar (i.e., of proven chemical homology) to those used widely in crop production, has
prompted a growing interest in One Health; the concept that the actions and activities in
the plant, animal, and human health sectors, as well as the environment, interact and in-
fluence the health of the other sectors [23].

3.1. Antimicrobials in the Environment

The environment, especially soil, is considered to be a primary reservoir of microor-
ganisms that produce antimicrobials [24]. Antimicrobial production is believed to have
evolved 500 million years ago as a mechanism for fungi and bacteria to reduce the popu-
lation levels of surrounding microorganisms and, therefore, increase the availability of
nutrients and other resources in the immediate environment [25]. Consequently, to avoid
self-destruction, it was also critical that antimicrobial resistance, either intrinsic or ac-
quired, co-evolved with the production of antimicrobials. Antimicrobials produced by
saprophytic and soilborne organisms have been exploited for human, animal, industrial,
and agricultural purposes. They have also served as a model for the development of syn-
thetic antimicrobial agents. It is hypothesized that only a small fraction of soil-derived
antimicrobial agents of microbial origin have been identified [26]. New antimicrobials
continue to be identified from soil [27]. The presence of such a vast and diverse pool of
antimicrobial agents produced by soil microorganisms would indicate an equally large
pool of genes that encode resistance.

Point-source contamination of industrial waste from sources, such as pharmaceutical
manufacturing or hospitals, or wastewater discharge, may contribute antimicrobials di-
rectly into surface waters, in some cases at levels that approach therapeutic concentrations
[28]. Several non-point sources of antimicrobial (antibiotics and fungicides) contamination
have also been identified, notably from agriculture. For example, up to 80% of some anti-
microbials used in animal agriculture are excreted non-metabolized, and are thus present
in an active state in animal waste [29]. Run-off from livestock grazing areas, or from fields
where manure is applied as a soil amendment, may also contaminate waters with antimi-
crobials [30]. Water in the plant production environment can also serve as both a reservoir
and a vehicle of transmission of AMR organisms and genes, via the same routes noted
above [31].
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A large number of naturally occurring products from plants (extracts, oils, small mol-
ecules) have antimicrobial properties, and may be responsible for selecting the composi-
tion and diversity of the microflora of the phyllosphere and rhizosphere [32]. At one time,
the idea of producing antimicrobial peptides using genetically engineered plants, in a pro-
cess called biopharming, was promoted [33,34]. Moreover, naturally occurring organisms
in the phytobiome may both produce antimicrobials and/or serve as reservoirs of AMR
genes. For example, certain strains of the plant pathogen Erwinia carotovora (Pectobacterium
carotovorum subsp. carotovorum) produce carbapenem, a potent antibiotic considered a
high priority, critically important antimicrobial by WHO [35].

In some production systems, animal and human waste is intentionally applied to
fields or crops. These products may contain organisms with AMR determinants in their
genetic material and serve as reservoirs for genetic exchange among microorganisms in
the environment [36]. Fungicides are widely applied post-harvest to fruits and vegetables
to extend shelf life and reduce post-harvest losses [37]. Moreover, some researchers have
explored the use of antimicrobial washes and packaging, including the use of copper-con-
taining products, penicillins, tetracyclines, and ciprofloxacin, as methods to control post-
harvest losses in vegetables [38]. Although these studies were experimental, it is possible
that some processors are already including these approaches to control losses in the ab-
sence of cold chain control. Coating the inside of growing containers with copper com-
pounds is a common practice in landscape nurseries to prevent root circling of trees and
shrubs [39].

Following exposure, antimicrobials may persist on plants, resulting in food safety
risks associated with toxicological, immunological, or allergic reactions. Pesticide residues
have long been a toxicological food safety concern, and HICs have extensive monitoring
programs for their presence in the food chain, which is not necessarily the case in LMICs.

More recently, the use of pesticides and resulting residues have raised new concern
due to the impact of antimicrobials and antimicrobial resistance on human health. If used
improperly, antimicrobial residues may remain on fruits up to the time of consumption,
at levels that pose a threat to human health. Although rare, antimicrobial residues in food
can also cause life-threating allergic reactions among susceptible individuals [40,41]. Res-
idues of streptomycin have been reported from honey bee hives located near pear or-
chards sprayed with this antibiotic for disease treatment [42]. There is a single report of a
young child being rushed to the emergency room in anaphylactic shock [43] following the
consumption of a blueberry pie. The source of the allergic reaction was suspected to be
contaminated blueberries used in the pie. Several species of plants can take up and con-
centrate antimicrobials in the edible portions of their leaves, roots, fruits, and seeds/grain,
further exacerbating the problem [44-47].

Of ever-growing concern is the impact that the addition of antimicrobials in the plant
production environment can have on the selection of antimicrobial-resistant organisms in
the food supply. In some instances, concentrations of antimicrobials in environmental
niches may approach high levels [48,49]. There is also growing concern that exposure to
low concentrations, 10-500 times lower than clinical minimum inhibitory concentrations
(MICs), of disinfectants and antimicrobials may be strong drivers for acquired resistance,
both by increasing the rate of mutations and stimulating horizontal gene transfer [50]. This
raises the concern of selection occurring in foods and in the gastrointestinal tract following
consumption, and the possible need to re-evaluate the maximum residue levels (MRLs,
the highest level of a product residue that is legally tolerated in or on food or feed when
that product is applied correctly) for several antimicrobials.

3.2. Antibiotic-Resistant Organisms in the Plant Production Environment

AMR organisms and antimicrobial resistance genes are widespread in the environ-
ment, including plant production systems, for the reasons explained in Section 2. Indeed,
the vast majority of antimicrobial resistance genes present in pathogenic bacteria can be
traced to soil microorganisms [51]. AMR organisms can also be introduced and selected
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or amplified in pre- and post-harvest food production systems as a result of agricultural
practices.

One potential source of antimicrobial resistance genes in horticulture production that
received considerable attention in the early 1980s was the transfer of such genes from ge-
netically modified plants to endogenous bacterial flora. This literature has been exten-
sively reviewed [52]. Briefly, many antimicrobial resistance genes, notably aph(3°)-11a (also
known as nptll), conferring kanamycin and neomycin resistance, and ant(3”)-Ia (also
known as aadA), conferring streptomycin and spectinomycin resistance, have been used
as selectable markers in transgenic plants. These genes may remain intact for extended
periods in soil and decaying plant matter. In plant transformation, these genes are stably
integrated into the host genome, and are not on mobile genetic elements; as such, they are
unlikely to be exchanged into the genomes of endogenous soil bacteria because they do
not have the sequence homology flanking the resistance genes required to facilitate ho-
mologous recombination. Thus, although transfer is theoretically possible and reproduc-
ible under highly controlled laboratory conditions, it has not been observed in the field.

Despite the remarkably low likelihood of genetic transfer, taking into consideration
the potential impact on human health and the use and need of particular drugs in medi-
cine, the Scientific Panel on Genetically Modified Organisms recommended to the Euro-
pean Food Safety Authority that the use of antimicrobial resistance marker genes be clas-
sified into three categories (Table 1) [53]. These initial recommendations were upheld fol-
lowing a second review in 2009 [54]. As analytical methods improve and more data be-
come available, these recommendations should be revisited.

Table 1. European Food Safety Authority (EFSA)-approved uses of antimicrobial resistance genes
in genetically modified organisms (GMOs).

Group I II 111
Restriction None Field trials, not for market products Not to be used
Examples Kanamycin, Chloramphenicol, ampicillin, streptomycin, Amikacin,
hygromycin spectinomycin, tetracyclines

More recently, the focus has been on the contamination of plants with phytopatho-
gens, zoonotic agents, and organisms indicative of microbial contamination (e.g., E. coli).
Wildlife intrusion and defecation into fields and irrigation water, and the contamination
of crops by workers or contaminated equipment, are frequent routes of unintentional
foodborne contamination [55]. Biocontrol agents intentionally added to crops to control
diseases may harbor antimicrobial resistance genes and serve as a reservoir for transmis-
sion [56].The public health concern of fruits and vegetables contributing to the epidemi-
ology of antimicrobial-resistant infections in humans is supported by (1) the presence of
antimicrobial-resistant microorganisms from fresh fruits and vegetables consumed raw,
(2) the colonization of humans (and animals) with bacteria derived from food and feed,
and (3) foodborne outbreaks associated with antimicrobial-resistant bacteria linked to the
consumption of fresh fruits and vegetables.

Multiple cross-sectional studies from around the globe have reported a number of
different antimicrobial-resistant bacterial contaminants and zoonotic pathogens present
on fresh fruits and vegetables [57]. Epidemiological studies evaluating the carriage and
colonization of the gastrointestinal tract with antimicrobial-resistant organisms among in-
dividuals consuming vegetarian diets support the role of fruits and vegetables in contrib-
uting to the diversity of antimicrobial-resistant gastrointestinal microflora [58-62]. In an
experimental animal model study, nasal and fecal bacterial flora of sheep showed higher
prevalence of streptomycin-resistant and multi-drug-resistant E. coli in animals grazed on
pastures treated with streptomycin compared to animals grazing on untreated controls
[63]. Finally, foodborne disease outbreaks have been linked to mangos and cucumbers
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contaminated with salmonella resistant to streptomycin and tetracycline, respectively [64—
66].

The studies cited above provide evidence that antimicrobial resistance is a public
health concern of paramount importance, and that plant-based agriculture is one of the
many contributors to the complex ecology of the problem. To develop science-based One
Health approaches to control antimicrobial resistance, the extent that horticultural prac-
tices, specifically the use of antimicrobials in pre-harvest production, impact the global
emergence, survival, and transmission of antimicrobial resistance in human and animal
populations and the environment, requires additional definition. Likewise, gaining a bet-
ter understanding of how animal and environmental factors may impact the contamina-
tion of fruits, vegetables, nuts, legumes, pulses, and grains is critical.

4. Resistance to Pesticides Associated with Antimicrobials

Many important plant diseases of bacterial and fungal etiology are amenable to treat-
ment with bactericides/fungicides. On the global scale, the extent that fungicides are used
on crops is unknown. In the EU, bactericides, including antibiotics, are restricted to a few
agents, and non-bactericidal antibiotics are no longer approved [18]; however, fungicides
are widely used. In the United States, over 4000 different antimicrobial pesticide products
containing over 275 different active ingredients are available on the market [67]. This in-
cludes reagents with antifungal and bactericidal activity. Antibiotics represent the subset
of antimicrobial compounds with static or cidal activities against bacteria. This review will
include (1) classical antibiotic drugs used in plant production and medicine, (2) copper-
containing pesticides, because of the possibility of co-selection for AMR, and (3) fungi-
cides with structural homology to drugs used in human and veterinary medicine.

4.1. Antibiotics

There are three classes of antibiotics regularly used in plant production that are also
routinely used to treat animal and human diseases, known as: aminoglycosides, tetracy-
clines, and quinolones. In addition, other antibiotics are used occasionally, or on an ex-
perimental basis, to control plant diseases. Both the World Health Organization (WHO)
and the World Organization for Animal Health (OIE) have classified antibiotics (Table 2)
based on their importance for use in human and animal health, respectively [35,68].

Table 2. Classification of importance of antimicrobials by the World Health Organization (WHO)
and the World Organization for Animal Health (OIE).

Examples OIE WHO
Streptomycin, Very Critically
Aminoglycosides kasugamycin (in plant Important Antimicrobial Critically important
protection only) (VCIA)
Tetracyclines Oxytetracycline VCIA Highly important antimicrobial
Quinolones Oxolinic acid VCIA Highly important antimicrobial

4.2. Aminoglycosides

Aminoglycosides are a class of antimicrobials originally derived from bacteria in the
genera Streptomyces and Micromonospora. Several synthetic derivatives or modifications
are also now produced. Their bactericidal activities are mediated by binding to the 165
ribosomal subunit and inhibiting prokaryotic protein synthesis [69]. The spectrum of ac-
tivity of aminoglycosides includes both Gram-negative and Gram-positive bacteria. They
have been used in human and veterinary medicine since 1945 to treat a wide variety of
common diseases in humans and animals.
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4.2.1. Streptomycin

In 1943, the discovery of streptomycin was considered a hallmark event as it pro-
vided a treatment for tuberculosis. It gained popular use in human medicine, and by 1955
received approval for use in plant agriculture in the US. Today, it is probably the most
widely used antibiotic in horticultural production. Streptomycin use is approved in the
US, Canada, Israel, New Zealand, Mexico, and some Central and Latin American, as well
as Asian countries. As of June 2016, the Chinese certificate for streptomycin use in agri-
cultural production expired and has not been renewed [70]. Elsewhere, streptomycin is
used on a variety of crops for the treatment of bacterial diseases, primarily fire blight (Er-
winia amylovora) in fruit trees, but also in limited applications against species of Xanthomo-
nas, Pectobacterium, Erwinia, Agrobacterium, and Pseudomonas in other crops. In January
2021, the U.S. EPA approved a supplemental label, expiring in April 2023, for streptomy-
cin use on up to 100,000 acres of citrus in Florida to manage citrus greening (huanglong-
bing; Candidatus Liberibacter spp.). However, the EPA’s ruling has been challenged in the
courts by environmental and farm worker groups [71].

Resistance to streptomycin is well-documented [72]. The first reports of bacterial re-
sistance to streptomycin were published as early as 1945 [73]. Due to widespread antimi-
crobial resistance to streptomycin among Enterobacteriaceae, it has limited use in human
medicine [72]. There are several mechanisms of resistance to streptomycin, including al-
tered ribosomal binding, reduced uptake, and enzymatic degradation. High-level, spon-
taneously acquired resistance is typically mediated through mutations of the gene encod-
ing the ribosomal protein 512, known as rpsL [74,75]. In phytopathogens, this mutation is
almost exclusively found in codon 43 [76].

Transferable resistance to streptomycin and other aminoglycosides is mediated by
the following three distinct classes of aminoglycoside-modifying enzymes: N-Acetyl-
transferases (AAC), O-Adenyltransferases (ANT), and O-Phosphotransferases (APH)
[72]. Some of these enzymes are active against several different antibiotics within the ami-
noglycoside class, whereas others, such as StrA (APH(3')’-I) and StrB (APH(6)-1d), exhibit
activity only against streptomycin.

To date, either the point mutation in codon 43 or the presence of strA and strB, also
known as aph(3”)-Ib and aph(6)-1d, respectively, confer the majority of streptomycin re-
sistance described in phytopathogens [77,78]. The gene aadA2, encoding resistance to
streptomycin and spectinomycin, was identified in a Pseudomonas isolate obtained from a
Michigan apple orchard [79,80]. Over 50 different aminoglycoside resistance gene variants
can be found in soil bacteria, pathogens, and commensal organisms of human and animals
[81], suggesting the potential that other aminoglycoside-altering enzymes may be discov-
ered in bacteria isolated from the plant production environment. Many streptomycin-re-
sistant phytopathogens have been isolated for which the molecular mechanisms underly-
ing their resistance are yet to be characterized [82,83]. Other possible mechanisms of ami-
noglycoside resistance among plant pathogens may include the presence of efflux pumps
or ribosomal altering enzymes (e.g., methylases) [84]. The presence of the latter among
human clinical isolates is a growing concern.

In all the Erwinia amylovora isolates evaluated, aph3 and aph6 are located in tandem on
a few plasmids (pEa8.7, pEa34, pPEU30), or on the non-conjugative plasmid pEA29 that
is universally conserved within Erwinia amylovora [76]. Of note is that aminoglycoside re-
sistance genes are encoded on an integron within transposon Tn5393 that facilitates gene
transfer and integration at different locations within cells [78].

Streptomycin resistance has also been reported among other phytopathogens and
soil organisms in the plant production environment [85,86]. The strA-strB gene cassette
(probably involved in conferring high resistance levels to streptomycin) is carried on an
integron within the Tn3-family transposon Tn5393. The sulll gene, responsible for sulfon-
amide resistance, is often linked with strA-strB [87]. Genetically linked resistance genes
are susceptible to co-selection pressure by streptomycin exposure. Sundin and Bender [88]
described the genetic linkages between the genes responsible for streptomycin and copper
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resistance among phytopathogens, and how the use of one of these agents may co-select
for the other.

4.2.2. Gentamicin

Gentamicin, another aminoglycoside antibiotic used in plant agriculture, differs from
streptomycin regarding the structure of the heterocyclic ring, and the hydroxyl substitu-
tions that are linked to the amino sugars. As such, gentamicin has a slightly different
mechanism of action, spectrum of activity, and clinical use than streptomycin. Gentamicin
was discovered in 1963, and by 1967, plasmid-associated resistance was reported among
human isolates [72,89]. It was approved for the treatment of blight in apples and pears,
and of some diseases in vegetables in parts of South and Central America and in Mexico.

Unlike for streptomycin, ribosomal mutations are seldom responsible for resistance
to gentamicin [84]. The enzymes that confer gentamicin resistance are different from those
responsible for the inactivation of streptomycin, most of which are encoded on mobile
genetic elements, such as plasmids, integrons, and transposons [90]. Albeit, that gentami-
cin resistance is usually included on human and animal diagnostic screening panels and
in national surveillance programs (AGISAR) [91], there are limited reports of gentamicin
resistance prevalence among bacteria of plant origin [84]. One identified survey on this
topic reported the presence six genes (aac(3)-1, aac(3)-1I/V]L, aac(3)-1II/IV, aac(6')-11/Ib,
ant(2")-1, aph(2")-I) frequently responsible for gentamicin resistance in orchard soil and
the rhizosphere of several different kinds of plants [36]. Collectively, all of the tested
genes, except aac(3)-1II/IV, were identified in at least one or more of the samples collected.

4.2.3. Kasugamycin

Kasugamycin, another aminoglycoside antibiotic used in plant agriculture, was first
described in 1965 [92]. It is used mainly in rice and some vegetable and fruit production.
Its molecular structure, and hence its spectrum of activity, differs considerably from the
other aminoglycosides. Unlike the other aminoglycosides, kasugamycin is bacteriostatic,
not bactericidal. Since it does not exhibit strong antibiotic activity against pathogens of
clinical importance to humans and animals, it is not used in veterinary or human medicine
[93]. In contrast, possibly due to differences in transmembrane transport present in phy-
topathogens, it is used in crop protection for the treatment of seedling and grain rot in rice
caused by Burkholderia glumae; bacterial diseases of certain vegetable crops, kiwifruit, cit-
rus, coffee, and tea; and as an alternative treatment to streptomycin and gentamicin for
fire blight in pome fruits [94]. It is sold in over 20 countries; in the US its labeled use is
limited to the management of fire blight, bacterial spot (Xanthomonas spp.) and bacterial
canker (Clavibacter michiganensis subsp. michiganensis) in tomatoes and peppers, and wal-
nut blight (Xanthomonas campestris pv. juglandis).

Resistance to kasugamycin is mediated directly through mutations in the 16sRNA
gene, the site of binding, or indirectly through mutations in ksgA, a dimethyltransferase
that targets the 16sRNA at the site of binding [94]. Kasugamycin resistance can result in
low-level cross-resistance to gentamicin and kanamycin [95]. Therefore, ribosomal muta-
tions that contribute to kasugamycin resistance may indirectly lead to gentamicin- and
kanamycin-resistant bacteria in the environment [95]. In addition, mutations in other
genes (ksgB, ksgC, and ksgD) also result in decreased sensitivity to this drug. The mecha-
nism of ksgD mutational resistance is not determined [96]. However, it is known that ksgC
alters the level of ribosomal protein expression [97], whereas ksgB encodes a Multidrug
and Toxic compound Extrusion (MATE) efflux pump (GenBank: KU884609), and muta-
tions in this gene result in resistance. In addition, mutations in the ABC-importer locus
also result in resistance [98]. These former mechanisms of resistance are not considered
mobile.

In contrast, the gene aac(2’)-Ila that encodes acetyltransferase AAC(2')-Ila has been
described in kasugamycin-resistant isolates of B. glumae and Acidovorax avenae. Although
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preliminary experiments did not demonstrate the transmission of this gene under labora-
tory conditions, identical surrounding nucleotide sequences have been found in temper-
ate bacteriophages, plasmids, and other genomic elements associated with horizontal
gene transfer, indicating the potential for the transmission of this resistance gene [94].

4.3. Tetracyclines

The molecular structure of tetracyclines, as the name would imply, is composed of
four fused cyclical rings with attached functional groups [99]. These naturally derived and
semisynthetic molecules bind to ribosomes, preventing the attachment of aminoacyl-
tRNA to the ribosomal acceptor and thereby inhibiting protein synthesis in both Gram-
positive and Gram-negative bacteria. Since the late 1940s, these drugs have been used to
treat a wide range of infections in animals and in people. In plants, in addition to foliar
application, it may also be injected into the trunks of trees to treat yellowing diseases and
phytoplasma [100]. Oxytetracycline is approved for horticultural use in Mexico, Central
America, and at least eight other countries. Presently, in the United States, it is registered
for use on pears and apples for fire blight and peaches and nectarines for bacterial spot
(X. campestris pv. pruni) management, as well as for limited use to combat huanglongbing
and bacterial canker (X. campestris pv. citri) in citrus.

Resistance to tetracyclines is a recent phenomenon associated with their widespread
use. For example, although resistance to tetracycline is common among Enterobacteri-
aceae today, this was not always the case. Analysis of over 400 isolates collected prior to
1950 identified a resistance prevalence of <2% among clinical isolates [101]. Resistance, as
for other antibiotics, may be mediated via several mechanisms. In theory, changes in the
ribosomal binding sites or alterations in membrane permeability or efflux capacity, as a
result of spontaneous mutation, will reduce sensitivity to tetracycline compounds. How-
ever, the best-studied and most common mechanisms of resistance are a result of the ac-
quisition and regulation of tet genes, most of which are found in a broad range of mobile
genetic elements (MGE) that encode the proteins responsible for ribosomal protection, en-
zymatic degradation, or efflux. The association of tet genes with MGE explains their wide-
spread distribution and frequent exchange. Due to their presence within mobile genetic
elements, tet genes are often clustered with other antimicrobial resistance genes.

Despite its use in plant production, only a few tetracycline-resistant (Tcr) plant phy-
topathogens have been reported [102]. When present, tetracycline resistance among
Gram-negative bacteria isolated from the phyllosphere of apples was typically encoded
on plasmids co-encoding Tn5393 elements [79]. Field surveys conducted in United States
orchards in 1984, 1991, and 1999 all failed to identify tetracycline-resistant bacteria. The
reasons for the absence of Tcr in plant pathogens are not known. In contrast, Tcr and tet-
racycline resistance genes are frequently found in the phylloplane, as well as soil, human
waste, and animal manure [103].

4.4. Quinolones

Oxolinic acid is a first generation quinolone antibiotic that works by inhibiting DNA
gyrase. Its spectrum of activity is primarily against Gram-negative bacteria. Its use is in
human and veterinary medicine, especially for the treatment of diseases of finfish in aq-
uaculture production. For horticultural purposes, it is considered an alternative to strep-
tomycin and oxytetracycline for the treatment of bacterial diseases, reportedly used in
Israel and Japan. Its use for plant production in other countries is unknown. Isolates of B.
glumae with reduced sensitivity to oxolinic acid have been reported from Japan [104] and
Israel [105]. Typically, resistance to quinolones is due to mutations in the gyrA gene, and
these mutations are not transferable. However, in vitro transferable resistance and cross-
resistance with other quinolones, including ciprofloxacin, was reported in an oxolinic
acid-resistant B. glumae strain in Japan [106].
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4.5. The Misuse of Antibiotics

Given the burden of bacterial plant pathogens and the development of resistance to
currently used antibiotics, there is a constant search for new treatments for plant diseases.
For example, there is renewed interest in the use of penicillin for the treatment of citrus
greening [107]. Other antibiotics that are not approved for horticultural use may also be
applied by producers, generally in parts of the world in which antimicrobial sale and use
is not highly regulated. In some regions, antimicrobials are readily available without gov-
ernmental or professional oversight, and used in the self-treatment of human illnesses and
infections, as well as unauthorized and uncontrolled use in livestock, poultry, and aqua-
culture production for disease treatment, control, and growth promotion [108]. The extent
of intentional, but unauthorized, application of antibiotics on crops is unknown. The pres-
ence of antibiotic residues on plants could be a result of intentional application, or, more
likely, the uptake of the antimicrobial from soil amended with manure from antibiotic-
treated animals. In the latter case, the types of antimicrobials applied to the fields are de-
pendent upon the species of animal from which the manure is derived, and the treatment
time and dosage prior to manure collection and application, emphasizing the need for
good management practices.

4.6. Antimicrobial Use Selecting for Resistance

The extent to which the use of streptomycin and other antimicrobials in horticulture
contributes to the emergence of AMR in plant pathogens and other microorganisms in the
environment, including zoonotic pathogens, is not well understood. Clearly, the genes for
transmissible resistance to the above-mentioned agents are frequently present in the en-
vironment (waste, soil, and water), including on farms where antimicrobials have, and
have not, been used. The results of several scientific reports on the subject are listed in
Table 3.

The heterogeneity of the methods used, for example, in the measurement of different
outcome variables (resistance in phytopathogens, resistance in culturable environmental
organisms, presence of resistance genes, changes in microbial structure, etc.), the differ-
ences in timing of sample collection following antimicrobial application, and the limited
number of controlled studies, preclude the possibility of a robust, formal meta-analysis of
the subject. However, the data collectively indicate a transient selection of resistant organ-
isms in the plant production environment following antimicrobial application. The factors
that govern the selection and persistence of AMR organisms in the plant production en-
vironment are poorly understood, but may be similar to those observed in animals. A
short-term burst, or transient environmental peak, in antimicrobial resistance following
antimicrobial exposure is consistent with that observed in animals undergoing treatment
and upon treatment cessation, wherein the reversion to antimicrobial sensitivity among
the background intestinal flora occurs in a predictable fashion shortly after treatment is
stopped [109]. There is poor evidence of the cumulative effects of selection of antimicro-
bial resistance following long-term, repeated application of antimicrobials.

Table 3. Impacts of antimicrobial use in horticulture on antimicrobial resistance.

First Author Key Findings Reference
J High StrR in agricultural site without str treatment history
Decreased diversity in str-treated soil
Tolba . Y [110]
Horizontal strA and strB transfer regardless of str treatment
o Time since last str treatment not reported
o Gentamicin resistance prevalence more frequent in treated plots and plants than
Heuer untreated [36]

van Overbeek e

ant(6)-1 and aph(6)-1c recovered from str-treated soil but not control [111]
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aph(3”) -1, ant(3”)-1 and ant(6)-1 recovered from Cu-treated soil, but not

controls
. ant(3”)-1 recovered from control, but not str-treated soil
Manulis e Decreased use of str associated with decreased prevalence str-resistance [105]
Popowska e aad(A) only detected in orchard soil among other several different types tested [112]
o More str-resistant bacteria from non-sprayed orchards (6 weeks after str
Yashiro  application) [113]
. No effect of long-term treatment on microbial community structure
. Occasional increases in strA, strB, IS1133, and tetB, tetW in treated vs untreated
Dufty [114]
orchards
Shade o Phylogenetic diversity lower on trees treated with streptomycin [115]
. No effect of str treatment on abundance and diversity of bacterial species when
Walsh [116]
measured 2 weeks after treatment
Shade . No detectable effect of str on community structure when measured 8-9 days [117]

after str treatment.

Resistant strains may be outcompeted in the environment due to fitness costs associ-
ated with resistance. Isolates of Erwinia transformed with large plasmids conferring tetra-
cycline resistance were less stable than wild-type tetracycline-sensitive strains [118,119].
Likewise, oxolinic acid-resistant strains of E. amylovora and B. glumae were also less fit
[104,120]. Furthermore, it has been suggested that antimicrobial pesticide use in horticul-
ture can result in limited selection for AMR organisms because of rapid photodegradation,
soil adsorption/deactivation, and considerable dilution, depending on the compound ap-
plied [80].

4.7. Metals

A number of metals, notably copper and zinc, and arsenic, a metalloid, contaminate
the environment from their past use as biocides in agriculture, irrigation from deep wells,
wood preservation, and warfare. For example, copper, in the form of CuSOs, is intention-
ally applied to grapes and many other crops to control various fungal and bacterial infec-
tions. CuSOs and zinc oxide are frequently added to animal feeds to control disease and
improve growth, especially in young animals. Other elements, such as cadmium, chro-
mium, molybdenum, nickel, tin, and vanadium are added to livestock and poultry diets
as micronutrients, and unabsorbed metals are excreted in the feces. As such, these metals
accumulate in the soil amended with manure from the animals fed these products. In ad-
dition, chemical fertilizers intentionally added to the soil may be contaminated with small
amounts of lead and cadmium. Recently, the associations between heavy metal use and
antimicrobial resistance have been reviewed [45].

4.8. Copper, Zinc, and Arsenic

Copper is among the most widely used antimicrobials for treating plant diseases,
even in organic production systems (Figure 1). At the same time, there are a number of
more important inputs of copper (and zinc) into horticultural systems. Nicholson et al.
calculated inputs from agricultural lands in England and Wales for the year 2000 [121].
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Figure 1. Sources of Cu and Zn on agriculture lands. Industrial waste includes food waste, compost,
and waste from paper and textile industries.

Notably, non-atmospheric sources contributed more than 50% and 60% of all depo-
sitions of zinc and copper, respectively. It is important to note that in countries where
agrochemicals or inorganic fertilizers are more widely used, this attributable fraction may
increase. For example, in Italy, on average, viticulturists apply 14 kg of copper fungicides
per hectare per year on vineyards [122]. Likewise, in regions where livestock manure and
sludge are more commonly used, or where the concentration of these metals is higher in
manure and sludge, the intentional addition on zinc and copper may also increase.

Arsenic can also be present in soil and water used for horticulture. In the past, arse-
nic-containing pesticides and herbicides were extensively used. Dimethylarsenic acid,
“Agent Blue”, was sprayed over crops and forests by United States military forces in Viet
Nam as a defoliant at rates 10-fold higher than used domestically. Other arsenic-contain-
ing insecticides and herbicides were approved for use in many countries for horticultural
purposes, and, although their approval has been discontinued in many countries, they
still may be used in some LMICs [123,124]. Irrigation water may be a source of arsenic
contamination in many parts of the world, notably South and Southeast Asia [125]. As
with copper and zinc, animal manure may also be a source of arsenic. Arsenic-containing
medications are routinely fed to chickens to control disease and promote growth, with
most of the product being excreted unchanged in the feces [126].

Aside from the toxic effects of these elements on plants, animals, and people, there is
growing concern that these metals have the potential to co-select for resistance in bacteria.
The co-selection of resistance in bacteria to metals and antibiotics has been documented
[4,127]. A large number of genes have been confirmed to confer resistance to metals
among a wide spectrum of bacterial species [128]. As with antimicrobial resistance genes,
metal resistance genes may be either chromosomal or plasmid-encoded. Copper re-
sistance in X. campestris and Pseudomonas syringae is encoded on large conjugative plas-
mids [129]. Resistance to copper in Xanthomonas spp. causing bacterial spot in tomatoes
and peppers is common, although the prevalence in resistant populations may be species-
dependent [130].

Of concern is the possibility of selection of AMR bacteria through the processes of co-
resistance, cross-resistance, and co-regulation with metals [4]. Pal and coworkers [131]
conducted an extensive analysis of the associations between antimicrobial and metal re-
sistance genes. Bacteria harboring metal and biocide resistance genes were more likely to
also encode antimicrobial resistance genes than those without. Bacteria resistant to both
metals and antimicrobials were commonly present in diverse environments, with bacteria
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of plant origin having the highest relative abundance of resistance genes per genome com-
pared to bacteria from other sources, such as domestic or wild animals, and humans. Co-
resistance can occur when the genes for resistance to antimicrobials and metals are both
present in a bacterium, as found in only approximately 5% of bacterial isolates recovered
from plants and soil. No bacterial isolates of plant or soil origin harbored genes for these
two distinct resistance elements on the same plasmid, thus limiting the current role of co-
selection by metal for the horizontal gene transfer of resistance genes. Nevertheless, plas-
mids co-encoding for metal and antimicrobial resistance have been identified in humans
and animals. For example, in Enterococcus faecium, copper resistance (tcr), macrolide re-
sistance (erm(B)), and glycopeptide resistance (vanA) are all encoded on a common plas-
mid. The feeding of copper sulfate to pigs, as is routinely done for health and growth
promotion purposes, was found to increase E. faecium populations resistant to macrolides
and glycopeptides [132]. In a separate example, an emerging clinically important clone of
Salmonella enterica 4,5,12:i:- with co-resistance to copper and multiple antibiotics, is circu-
lating throughout Spain and Southern Europe [133], a region where copper is used exten-
sively in both horticulture and animal agriculture. Since manure and sludge are used in
horticulture as a fertilizer, the use of copper for plant protection could select for antimi-
crobial resistance among the bacteria present in these untreated biological soil amend-
ments.

4.9. Other Fungicides

A large number of important, production-limiting plant diseases, toxin-producing
infections, and post-harvest spoilage, are caused by yeasts and molds. In the EU, several
hundred substances, containing over 150 different active ingredients, have been approved
as fungicides to treat and control these diseases.

In addition, fungicides are also used for non-agricultural purposes, notably as treatments
in home gardening, as a biocide in paints, and as a wood preservative. The total amount of
fungicides used globally is difficult to calculate because of the absence of mandatory report-
ing. Among the 43 countries reporting to FAO in 2014 on fungicide use, inorganic compounds,
including copper, represented the single largest class (43%) of fungicides used, followed by
the dithiocarbamates (17%), and the triazoles/diazoles (11%) [134] (Figure 2). Nystatin and
pimaricin (also called natamycin) and tetramycin, another polyene macrolide, have been pro-
posed for use in preventing post-harvest losses in crops [135].

Global Fungicide Use

\ Diazines,

Morpholines
2%

All Other

Fungicides

27%

Figure 2. Frequency of use of fungicides globally (created from data in ref [135]).
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In contrast, although fungi can cause a spectrum of infections in humans, ranging
from superficial dermatoses and urogenital infections to systemic life-threatening illness,
the fungicides available for use systemically in human and veterinary medicine are lim-
ited. Only seven different classes of fungicides are routinely used to treat fungal infections
in animals and humans [136]. These are azoles, including both imidazole and triazoles;
polyene macrolides (amphotericin B, nystatin, and pimaricin); flucytosine; echinocandins;
and, less frequently, griseofulvin, allylamines, and iodides. Analogs of flucytosine, echi-
nocandins, griseofulvin, allylamines, and iodides —other human and animal drugs used
to treat fungal infections —are not used in crop production as fungicides. Although possi-
ble, and observed occasionally, resistance to polyene macrolides is unstable and non-
transmissible [137].

49.1. Azoles

Azoles, notably triazole compounds, are among the most common fungicides used
in veterinary and human medicine. A number of triazole-based compounds are approved
for use as pesticides around the world. They are also used for wood preservation [138].
These products are heavily used in agriculture in European countries (Figure 3).

All other
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Figure 3. Reported use of azole fungicides in different countries.

All azoles work to inhibit fungal growth via the same mechanism, i.e., inhibition of a
component (14a-demethylase) of cytochrome P450 that leads to the disruption of the bio-
synthesis of ergosterol, a critical component of all cell membranes in phyto-, human-, and
animal-pathogenic fungi alike [139]. Azole resistance is due, in part, to the overexpression
of the sterol demethylase gene cyp51A, resulting from a 34 bp tandem repeat (TRs4) in the
promotor region, as well as a substitution of leucine to histidine (TRs4/L98H). Other mu-
tations in cyp51A have been observed, as have clinical and environmental azole-resistant
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isolates lacking any mutations in cyp51A [140]. The environmental stability and persis-
tence of azoles make them effective treatments for many fungal infections. At the same
time, these characteristics also present problems for resistance development [141]. Re-
sistance to azoles is documented in fungi causing disease in humans (clinical isolates),
including species of Aspergillus, Fusarium, and Candida, among others [142].

Several different azole compounds and formulations are used to control fungal dis-
eases in plants. The widespread and long-term use of azoles on crops has resulted in the
selection of fungal phytopathogens (environmental isolates) that are resistant to them
[143]. Although the exact same active ingredients are not employed for medical purposes,
the structural similarities between many of these compounds (propiconazole, bromucon-
azole, tebuconazole, epoxiconazole, and difenoconazole) result in cross-resistance with
azoles reserved for use in human medicine [144,145]. Molecular evidence points to the
emergence of triazole-resistant environmental isolates of A. fumigatus causing aspergillo-
sis in humans [144,146].

As is the case with several bactericides, e.g., antibiotics, some fungicides without
structural homology to drugs used in medicine may impact antimicrobial resistance
among animal and human pathogens. For example, 2-phenylphenol, which is used on
fruits and vegetables to reduce spoilage by bacteria and yeast, selects for E. coli that con-
stitutively hyper-express efflux pumps, resulting in an increase in bacteria that are quin-
olone-resistant [147]. In a similar fashion, geraniol, a terpenoid natural plant extract, is
used as a fungicide, especially on grapes. Strains of E. coli grown in the presence of gera-
niol are also selected for marA over-expression [148]. MarA is a global regulator that in-
creases efflux pump activity, including efflux pumps that export antimicrobials out of the
cell, thus rendering the bacteria resistant to many drugs. In contrast, other researchers
have found that geraniol can inhibit some efflux pumps and decrease antimicrobial re-
sistance in some bacteria [148].

4.9.2. Dithiocarbamates

This class of fungicides has been used in horticulture since the 1940s [149]. Their
mechanism of action involves the inhibition of the metal-dependent and sulfhydryl en-
zyme systems common to both fungi and bacteria [150]. As a xenobiotic substance that
impacts bacterial metabolism, it is logical to assume that evolution has or will select for
bacteria capable of degrading, inactivating, or removing the compound from the cell;
however, this has not been described in the literature. Curiously, one study found that the
overexpression of an ABC transporter in Aspergillus nidulans that mediated resistance to
most major classes of fungicides paradoxically resulted in increased sensitivity to dithio-
carbamate fungicides [151]. The upregulation of ABC transporters is a common mecha-
nism of resistance to antibiotics among bacteria.

4.9.3. Others

In addition to azoles, dithiocarbamates (and the copper- and arsenic-containing fun-
gicides discussed above), there are many other active ingredients included in fungicide
formulations. These compounds, such as dicloran (an aromatic hydrocarbon) and iprodi-
one (a dicarboximide), have mutational effects on Salmonella sp. or exhibit inhibitory ac-
tivity on nitrogen and carbon cycling activities, signal transduction, and growth in soil
bacteria [152,153]. Under laboratory conditions, the antimicrobial resistance pattern of
Staphylococcus aureus was increased in the presence of captan, a commonly used
phthalimide fungicide [154,155].

4.10. Fungicide Resistance Action Committee (FRAC)

FRAC (www.frac.info, accessed on: 10 February 2022) is a technical group within
CropLife International (https://croplife.org, accessed on: 10 February 2022), an association
of crop protection industry members, the purpose of which is to provide guidelines for
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fungicide resistance management and to prolong the efficacy of fungicides at risk of re-
sistance development in crop agriculture. FRAC also provides information on the mode
of action of most active ingredients used for crop protection, as well as the risk of fungi-
cide resistance development within fungal populations.

4.11. Herbicides

Herbicides are the most commonly used pesticides, especially with the advent of
herbicide-resistant genetically modified crops. In 2014, over 574,000 metric tonnes of herb-
icide active ingredients were used globally [135]. For the same year, it is estimated that,
worldwide, 860,000 metric tonnes of glyphosate (Roundup), a non-selective weed killer,
were applied in agricultural and non-agricultural use (railroads, right-of-way) settings
[156,157].

Although bacteria are not the intended target of herbicides, these chemicals can be
toxic to bacteria. As with other toxic compounds, bacteria may develop resistance by re-
ducing membrane permeability, metabolism, or efflux. For glyphosate, resistance has
been described as a result of efflux via a membrane transporter and metabolism mediated
by an enzyme with a single base pair mutation in the gene aroA, that is typically respon-
sible for the synthesis of aromatic amino acids [158]. Of concern is that laboratory experi-
ments have demonstrated that the exposure of Salmonella enterica Typhimurium and E.
coli to several commonly used herbicides (dicamba, 2,4,-dichlorophenoxyacetic acid, and
glyphosate) changes the antimicrobial susceptibility of these organisms [159]. Moreover,
bacteria recovered from field trials where penicillin was being evaluated for the treatment
of citrus greening showed linkages between penicillin resistance and glyphosate-resistant
bacteria under conditions of protracted glyphosate usage [107].

5. Data Needs, Recommendations and Conclusions

Despite the body of literature available on antimicrobial resistance, there remain sig-
nificant gaps in our knowledge related to the use of fungicides associated with antimicro-
bials in worldwide horticulture, and the effects of such uses on the evolution and selection
of resistance to human and animal pathogens. Relatively few antibiotics (streptomycin,
oxytetracycline) are used in both horticulture and in human and animal medicine, and in
developed economies, these are highly regulated. Although it represents a small fraction
of total antimicrobial use in the United States, the US Department of Agriculture reported
that 27.9 metric tonnes of streptomycin and oxytetracycline, and 0.7 metric tonnes of ka-
sugamycin, were applied directly to crops in the United States in 2015
(www.nass.usda.gov, accessed on: 10 February 2022). On the other hand, fungicide use in
plant agriculture far outstrips its use in humans and animals. Of particular concern is the
azole class of fungicides, which are widely used to treat mycoses in humans, and for which
resistance is well documented. Currently azoles constitute 11% of global fungicide use.
There is less information on the role of herbicides and insecticides in AMR development
in human and animal pathogens, than that regarding bactericides and fungicides. This is
also a knowledge gap that should be addressed, particularly as it relates to the potential
effects of these products on insect-bacteria symbionts and environmental bacterial and
fungal communities.

5.1. Data Needs— Accessible, Reliable Estimates of Pesticides Associated with Antimicrobial Use
(AMU) Worldwide

Additional information, tools, and activities are urgently needed to better under-
stand AMU globally. While in HICs, pesticides are highly regulated and regulations are
generally well enforced, and appropriate use is backed up by educational programs in the
public and private sectors, this is not the case in most LMICs. Government regulations
often exist, but enforcement is lax and plant protection product users rarely have access
to continuing education on pesticide efficacy, safety and appropriateness, or assistance
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with crop diagnostics. In many of these countries, pesticides are distributed by minimally
trained local dealers. Further, the quality of the pesticides, most of which are imported, is
neither monitored nor enforced, and instructions (labels) are rarely written in the local or
national language of the user. These factors, in addition to the unregulated distribution of
antibiotics, lead to the widespread misuse of plant protection products, subsequent envi-
ronmental contamination, and potential AMR development. In addition, due to poor or
completely absent surveillance on AMU in LMICs, direct data regarding usage is not
available. Using a database of over 400,000 PlantWise (https://plantwise.org, accessed on:
10 February 2022) crop advisor recommendations in 32 LMICs between 2012 and 2018,
Taylor and Reeder [160] found that fewer than 0.4% recommended antibiotics for crop
disease management. The majority of antibiotic recommendations were made in South-
east Asia, while none were made in the 12 African countries with records in the database.

Significant efforts are needed on the ground in LMICs to identify products with the
potential to be associated with antimicrobials (and their quantity being sold, the areas in
which they are applied, crops uses and quantities), and to conduct studies on the relation-
ship between antimicrobial-associated pesticides and development of AMR. In the United
States, for instance, statistics on pesticide use are generated from self-reporting by farmers
responding to surveys or specific census requests (www.nass.usda.gov, accessed on: 10
February 2022). Few LMICs have the resources to collect, process, and report data on this
scale; however, targeted surveys in selected countries, with alternative funding sources,
should be conducted to understand the depth of the problem and the risks locally, region-
ally, and worldwide of AMR development as influenced by the use of antibiotics and
other antimicrobials on crops. Additionally, there are other challenges to be addressed in
developing these surveillance programs that are consistent across national borders, in-
cluding the need to determine the most appropriate denominator to express trends in use;
for example, the kilograms of oxytetracycline used per tonne of dates or apples produced.
Further, the consistency of data reporting and accessibility to data across platforms and
programs must be improved. Advances in surveillance, good practices, awareness, and
strengthened government regulation and oversight for antimicrobial use and surveillance
will contribute to a more effective One Health approach to combat AMR.

5.2. Data Needs— Surveillance of AMR Organisms in Horticulture and the Environment

Particularly in LMICs, systems to record AMR organisms and/or the genes associated
with fruits and vegetables at the national level are virtually non-existent. This scarcity of
resources demands the prioritization of the following steps. Surveillance systems should
be developed in such a way that they can be integrated and harmonized with other sec-
tors, such as antimicrobial resistance programs in humans, animals, and foods of animal
origin. They should include the monitoring of produce as well as of environmental
sources, e.g., run-off from fields and surface waters, and the contributions from field-ap-
plied manure—all of these should help to clarify the dynamic of the antimicrobials in
plants and the environment.

In addition to antimicrobial resistance among plant pathogens, it is important to
monitor animal, human, and zoonotic pathogens on plants, as well as the resistomes (the
collection of all the antimicrobial resistance genes and their precursors in both pathogenic
and non-pathogenic microorganisms) of other organisms in the plant production environ-
ment that may contribute resistance genes to the food chain. While the focus of concern
for antimicrobial resistance has been on specific antibiotics used on a small number of
horticultural crops, a broader range of plant protection products must be considered to
define their roles. These should include active ingredients and potential additives with
significant crop and environmental presence due to their widespread use and persistence
and movement in the environment; additionally, these should be prioritized based on
their mode of action/risk of resistance development in target and non-target organisms,
and their use of similar or related activities in human and animal therapies. For example,
understanding the risks of antimicrobial resistance development in human pathogens,
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such as Aspergillus spp., exposed in the environment and on treated crops to azoles world-
wide should be a high priority. The lack of controlled quantitative studies and absence of
a consensus on what the appropriate assessment measures should be (e.g., resistance in
plant pathogens or specific microbial species, resistance among cultural bacteria, specific
gene copy number, timing of application, samples collected, which genes to monitor, the
laboratory methods used to collect this data, etc.), are critical gaps. Ideally, these issues
should be considered on a global scale within the antimicrobial resistance research com-
munity, including the active input of government, the plant protection products industry,
and crop farming community stakeholders. Beyond consensus on the “what” and “how”
of AMR organism surveillance, new, rapid, and inexpensive tests and tools to identify
plant pathogens and characterize the resistome of the plant production environment are
sorely needed to establish more appropriate AMU guidelines and surveillance strategies.

5.3. Approaches to Support Judicious Pesticide Use

Biological control organisms suppress plant diseases by direct antagonism, antibio-
sis, competition, hyperparasitism of pathogens, or via the induction of host plant re-
sistance. Biorational products, such as plant extracts, can suppress plant disease develop-
ment through antibiosis, induction of disease resistance, and other mechanisms. Both are
alternatives to synthetic pesticides, and are considered as antimicrobials to prevent and
treat plant diseases. These products are considered to be of low risk to the environment
and human health. Recent studies indicate a role for biological or biorational products in
reducing AMU by applying them in alternation with antimicrobials, without reducing
disease suppression. As more is learned about the phytobiome functions in food crop sys-
tems, more effective pre- and probiotic agents against plant pathogens may be developed,
and thus reduce the need for conventional antibacterial and antifungal agents.

By far the best approach to limiting the use of antimicrobials in conventional plant
production systems while maintaining their effectiveness is through the adoption of the
well-established measures of “Integrated Pest Management” (IPM), a system approach
designed to minimize economic losses to crops, as well as the risks to people, animals, and
the environment. The main components of IPM for plant diseases are (1) accurate diagno-
sis and monitoring, which can also include disease modeling and predictive systems to
guide the timing of pesticide applications; (2) use of disease-resistant crop varieties, in-
cluding disease-resistant rootstocks in both fruit and vegetable systems; (3) exclusionary
practices that prevent the introduction of pathogens into a crop, such as using pathogen-
free true seed and vegetative planting material, clean irrigation water, and sanitation prac-
tices that prevent the movement of pathogens from plant-to-plant and field-to-field; (4)
site selection and soil improvement to maximize plant health and minimize environmen-
tal factors that favor pathogens; (5) crop rotation and other cultural practices to prevent
pathogen buildup; (6) use of biological and biorational products; and (7) judicious use of
pesticides, including both antibiotics and fungicides.

While growers in HICs are aware of, and practice, integrated disease management
strategies, increasing the adoption of these practices, especially in LMICs, will greatly de-
crease the need for antimicrobials. IPM should continue to be emphasized in grower and
gardener education in high-income economies, and should be widely encouraged through
governmental and non-governmental programmes in LMICs. The importance of IPM in
mitigating antimicrobial resistance, and promoting food security and human and animal
health, cannot be overstated.

5.4. Sustainable Production, and Its Contribution in Preventing AMR Development

Few methods are available to reduce or eliminate bacteria or antimicrobial resistance
genes from fruits and vegetables consumed raw or with minimal processing. As such, the
prevention of contamination, at all stages of production and processing, is of paramount
importance to reduce the introduction of AMR organisms into the plant-based food chain.
The development, validation, and application of additional contamination prevention
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strategies along the entire food chain could greatly reduce antimicrobial resistance devel-
opment in foods of plant origin.

Due to the limited number of products available to effectively treat plant diseases,
additional strategies to prevent and manage them should be developed, especially inter-
ventions and products with systemic effects. Valuable innovations may include the fol-
lowing: selective breeding to decrease host plant susceptibility to diseases or to degrade
antimicrobials; research into fungicides and bactericides with modes of action not shared
with drugs used in human medicine; use of effective biologicals (probiotics, prebiotics,
bacteriophages) and biorational compounds; exploitation of the microbiome and soil
health to control plant diseases; and more effective integrated disease and pest manage-
ment strategies. Additional information is specifically needed to quantify the relationship
between the use of pesticides and other influences on the selection, transmission, and per-
sistence of antimicrobial resistance among organisms on plants and in the surrounding
food production environment.

5.5. Improved Regulation on Pesticides Associated with Antimicrobials

At the heart of the matter, a paradigm shift in behavior and management is needed
to reduce AMU. Awareness is key for both recognizing the severity of the problem and
promoting the adoption of sustainable solution pathways. Antimicrobial resistance is a
problem that affects everyone. Not only can AMR organisms reduce plant yields and eco-
nomic success at all scales of production, they can also cause serious health impacts on
workers who apply antimicrobials and on their families, and on customers who consume
products contaminated with antimicrobial residues and AMR bacteria or fungi. In some
countries, buyers are demanding commodities produced with strong antimicrobial stew-
ardship practices, such as treating only after a correct diagnosis, appropriate application
and dosing, respecting pre-harvest intervals, and incorporating IPM practices. However,
knowing and applying the best approaches to reach producers and promote change re-
mains an obstacle to the adoption of the best practices to mitigate antimicrobial resistance.
The problem regarding lack of awareness is further complicated by misinformation and
the availability of products on the market that are fraudulent, substandard, or otherwise
without evidence of effectiveness.

5.6. Conclusions

Genes conferring resistance to antimicrobials, including most drugs used for human
and animal health purposes, are found among bacteria isolated from foods of plant origin
and from fungi in the environment, plants, humans, and animals. Soil, water, insects, an-
imal intrusion, manure as fertilizer, and human handling are probable contamination
sources. The extent to which antimicrobial-associated pesticide use in plant production
selects for the emergence and maintenance of AMR organisms in the plant production
environment is not fully understood. Additional data, including surveillance and testing,
are needed to complete comprehensive risk assessments and identify sustainable plant
health practices that are less dependent upon pesticide use. The real relationship between
pesticide use and AMR development should be studied and clarified. The dynamics of
both antimicrobials and AMR in plants and the environment should be studied and well
understood to prevent the risks of AMR in horticulture. Risk assessment of pesticides on
AMR development and proper action regarding the management of antimicrobial-associ-
ated pesticides should be considered. Integrated pest management practices also help re-
duce the reliance on pesticides (including antimicrobials) in horticultural cropping sys-
tems. There is increasing recognition that everyone has a role to play in protecting human
and animal health, as well as the environment, against antimicrobial resistance develop-
ment. Raising awareness of the negative consequences of overuse of antimicrobial-associ-
ated pesticides, including antibiotics and fungicides across all sectors —pesticide users,
the food industry, regulators, and the general public—helps to promote more responsible
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Appendix A

Glossary
Antibiotic An antimicrobial with a spectrum of activity limited to bacteria.
The inherited or acquired characteristic of microorganisms to survive or
Antibiotic resistance  proliferate in concentrations of an antibiotic that would otherwise kill or
inhibit them.
Any substance of natural, semi-synthetic, or synthetic origin that at in vivo
concentrations kills or inhibits the growth of viruses and species of the
kingdoms Archaebacteria, Chromista, Eubacteria, Protista, and Fungi. For
Antimicrobial the purpose of this publication, we consider antimicrobials to include
antibiotics (bactericides) and fungicides, and not nematicides, herbicides,
plant growth regulators, insecticides, botanicals, or biological control
agents.

The inherited or acquired characteristic of microorganisms to survive or
proliferate in concentrations of an antimicrobial that would otherwise kill
or inhibit them.

The ability of a microorganism to multiply or persist in the presence of

Cross-resistance other members of a particular class of antimicrobial agent or across
different classes due to shared mechanisms of resistance.
The ability of a microorganism to multiply or persist in the presence of
Co-resistance different classes of antimicrobial agents due to possession of various

Antimicrobial
resistance

resistance mechanisms.
A substance that “prevents, destroys, or controls a harmful organism
(“pest’) or disease, or protects plants or plant products during production,
Pesticide storage and transport”. The term includes, amongst others: herbicides,
fungicides, insecticides, acaricides, nematicides, molluscicides,
rodenticides, growth regulators, repellents, and biocides.

1.  Pimentel, D.; Burgess, M. Environmental and economic costs of the application of pesticides primarily in the United States. In
Integrated Pest Management; Pimentel, R., Peshin, R., Eds.; Springer: New York, NY, USA, 2014.

2.  Levy, S.B. Factors impacting on the problem of antibiotic resistance. ]. Antimicrob. Chemother. 2002, 49, 25-30.
https://doi.org/10.1093/jac/49.1.25.

3. Hayashi, S.; Abe, M.; Kimoto, M.; Furukawa, S.; Nakazawa, T. The DsbA-DsbB disulfide bond formation system of Burkholderia
cepacia is involved in the production of protease and alkaline phosphatase, motility, metal resistance, and multi-drug resistance.
Microbiol. Immunol. 2000, 44, 41-50.

4. Yu, Z,;Gunn, L.; Wall, P.; Fanning, S. Antimicrobial resistance and its association with tolerance to heavy metals in agriculture
production. Food Microbiol. 2017, 64, 23-32. https://doi.org/10.1016/j.fm.2016.12.009.



Agriculture 2022, 12, 289 22 of 27

10.

11.

12.
13.

14.
15.
16.
17.
18.
19.

20.

21.

22.

23.
24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.

35.

36.

Delp, C.J. Coping with resistance to plant disease control agents. Plant Dis. 1980, 64, 652—-657. https://doi.org/10.1094/pd-64-652.
O'Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Available online:
https://apo.org.au/sites/default/files/resource-files/2016-05/apo-nid63983.pdf (accessed on: 10 February 2022).

FAO. Drivers, Dynamics and Epidemiology of Antimicrobial Resistance in Animal Production; Food and Agriculture Organi-
zation of the United Nations: Rome, Italy, 2016.

WHO. Global Action Plan on Antimicrobial Resistance. 2016. Available online: https://www.who.int/publica-
tions/i/item/9789241509763 / (accessed on: 10 February 2022).

Greene, S.; Reid, A. Moving targets: Fighting resistance in infections, cancers, pest. Microbe 2013, 8, 279-285.

Nelson, M.L.; Dinardo, A.; Hochberg, J.; Armelagos, G.J. Brief communication: Mass spectroscopic characterization of tetracy-
cline in the skeletal remains of an ancient population from Sudanese Nubia 350-550 CE. Am. |. Phys. Anthropol. 2010, 143, 151-
154.

Fleming, A. On the antibacterial action of cultures of a Penicillium, with special reference to their use in the isolation of B. influ-
enzae. Br. J. Exp. Pathol. 1929, 10, 226-236.

Bud, R. Antibiotics: The epitome of a wonder drug. BM] 2007, 334, s6. https://doi.org/10.1136/bmj.39021.640255.94.

Fleming, A. Penicillin. Sir Alexander Fleming — Nobel Lecture. NobelPrize.org., 1945. https://www .nobelprize.org/prizes/med-
icine/1945/fleming/lecture/ (accessed on 11 February 2022).

Cloeckaert, A.; Zygmunt, M.; Doublet, B. Editorial: Genetics of acquired antimicrobial resistance in animal and zoonotic path-
ogens. Front. Microbiol. 2017, 8, 2428. https://doi.org/10.3389/fmicb.2017.02428.

MacLean, R.C.; Millan, A.S. The evolution of antibiotic resistance. Science 2019, 365, 1082-1083.

Walsh, C. Antibiotics: Actions, Origins, Resistance; American Society for Microbiology (ASM): Washington, DC, USA, 2003.
European Commission. Pesticides. 2017. Available online: https://ec.europa.eu/food/plant/pesticides_en (accessed on 17 July
2017).

Euopean Commission. EU Pesticide Database. 2017. Available online: https://ec.europa.eu/food/plants/pesticides/eu-pesticides-
database_en (accessed on: 10 February 2022).

FAO. New standards to curb the global spread of plant pests and diseases. 2019. Available online:
http://www .fao.org/news/story/en/item/1187738/icode/ (accessed on: 10 February 2022).

Researchandmarkets.com. Global Crop Protection Market—By Type, Crop Type, Regions and Vendors —Market Size, Demand
Forecasts, Industry Trends and Updates (2016-2022). 2017. Available online: http://www.researchandmarkets.com/re-
ports/4176102/global-crop-protection-market-by-type-crop#pos-9 (accessed on: 10 February 2022).

Strange, R.N.; Scott, P.R. Plant Disease: A Threat to Global Food Security. Annu. Rev. Phytopathol. 2005, 43, 83-116.
https://doi.org/10.1146/annurev.phyto.43.113004.133839.

Latgé, ].-P.; Chamilos, G. Aspergillus fumigatus and Aspergillosis in 2019. Clin. Microbiol. Rev. 2019, 33, e00140-18.
https://doi.org/10.1128/cmr.00140-18.

Shenge, K.; LeJeune, J. One Health: A focus on interdisciplinary collaboration. Adv. Plants Agric. Res. 2014, 1, 00018.

Tyrrell, C.; Burgess, C.M.; Brennan, F.P.; Walsh, F. Antibiotic resistance in grass and soil. Biochem. Soc. Trans. 2019, 47, 477-486.
https://doi.org/10.1042/bst20180552.

Baltz, R.H. Renaissance in antibacterial discovery from actinomycetes. Curr. Opin. Pharmacol. 2008, 8, 557-563.
https://doi.org/10.1016/j.coph.2008.04.008.

Steen, A.D.; Crits-Christoph, A.; Carini, P.; DeAngelis, KM.; Fierer, N.; Lloyd, K.G.; Thrash, J.C. High proportions of bacteria
and archaea across most biomes remain uncultured. ISME ]. 2019, 13, 3126-3130. https://doi.org/10.1038/s41396-019-0484-y.
Katz, M.; Hover, B.M.; Brady, S.F. Culture-independent discovery of natural products from soil metagenomes. J. Ind. Microbiol.
Biotechnol. 2016, 43, 129-141. https://doi.org/10.1007/s10295-015-1706-6.

Larsson, D.G. Antibiotics in the environment. Ups. . Med. Sci. 2014, 119, 108-112.

Kim, K.-R.; Owens, G.; Kwon, S.-L; So, K.-H.; Lee, D.-B.; Ok, Y.S. Occurrence and Environmental Fate of Veterinary Antibiotics
in the Terrestrial Environment. Water Air Soil Pollut. 2011, 214, 163-174. https://doi.org/10.1007/s11270-010-0412-2.

Dolliver, H.; Gupta, S. Antibiotic Losses in Leaching and Surface Runoff from Manure-Amended Agricultural Land. J. Environ.
Qual. 2008, 37, 1227-1237. https://doi.org/10.2134/jeq2007.0392.

Holvoet, K.; Sampers, L; Callens, B.; Dewulf, ].; Uyttendaele, M. Moderate Prevalence of Antimicrobial Resistance in Escherichia
coli Isolates from Lettuce, Irrigation Water, and Soil. Appl. Environ. Microbiol. 2013, 79, 6677-6683.
https://doi.org/10.1128/aem.01995-13.

Hammer, K.A.; Carson, C.F.; Riley, T.V. Antimicrobial activity of essential oils and other plant extracts. ]. Appl. Microbiol. 1999,
86, 985-990. https://doi.org/10.1046/j.1365-2672.1999.00780.x.

Elbehri, A. Biopharming and the food system: Examining the potential benefits and risks. AgBioForum 2005, 8, 18-25.

MOoRST. Biotechnologies to 2025. Available online: https://www.mcguinnessinstitute.org/wp-content/uploads/2021/04/MoRST-
Biotechnology-Roadmap.pdf (accessed on: 10 February 2022).

WHO. Critically important antimicrobials for human medicine —5th rev. 2017. Available online: https://apps.who.int/iris/bit-
stream/handle/10665/255027/9789241512220-eng.pdf (accessed on: 10 February 2022).

Heuer, H.; Krogerrecklenfort, E.; Wellington, E.M.H.; Egan, S.; Van Elsas, ].D.; Van Overbeek, L.; Collard, J.-M.; Guillaume, G.;
Karagouni, A.D.; Nikolakopoulou T.L.; et al. Gentamicin resistance genes in environmental bacteria: Prevalence and transfer.
FEMS Microbiol. Ecol. 2002, 42, 289-302.



Agriculture 2022, 12, 289 23 of 27

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mtui, H. et al. Effect of mulch and different pre-harvest fungicide spray regimes on shelf life of tomato (Solanum lycopersicum
L.) in Tanzania. Asian J. Plant Sci. Res. 2014, 4, 9-13.

Bhat, K.A.; Bhat, N.A.; Mohiddin, F.A.; Mir, S.A.; Mir, M.R. Management of post-harvest Pectobacterium soft rot of cabbage
(Brassica oleracea var capitata L.) by biocides and packing material. Afr. ]. Agric. Res. 2012, 7, 4066-4074.
https://doi.org/10.5897/ajar12.1197.

Mathers, H.; Lowe, S.; Scagel, C.; Struve, D.; Case, L. Abiotic Factors Influencing Root Growth of Woody Nursery Plants in
Containers. HortTechnology 2007, 17, 151-162. https://doi.org/10.21273/horttech.17.2.151.

Dayan, A. Allergy to antimicrobial residues in food: Assessment of the risk to man. Veter. Microbiol. 1993, 35, 213-226.
https://doi.org/10.1016/0378-1135(93)90146-x.

Tinkelman, D.G.; Bock, S.A. Anaphylaxis presumed to be caused by beef containing streptomycin. Ann. Allergy 1984, 53, 243~
244,

Brasse, D. Stellunghname der BBA zum Streptomycin-Problem. ADIZ 2001, 6, 24-25.

Graham, F.; Paradis, L.; Bégin, P.; Paradis, J.; Babin, Y.; Roches, A.D. Risk of allergic reaction and sensitization to antibiotics in
foods. Ann. Allergy Asthma Immunol. 2014, 113, 329-330. https://doi.org/10.1016/j.anai.2014.06.029.

Kumar, K.; Gupta, S.C.; Baidoo, S.K,; Chander, Y.; Rosen, C.J. Antibiotic Uptake by Plants from Soil Fertilized with Animal
Manure. ]. Environ. Qual. 2005, 34, 2082-2085. https://doi.org/10.2134/jeq2005.0026.

Wang, Y.; Chan, K.K.]J.; Chan, W. Plant Uptake and Metabolism of Nitrofuran Antibiotics in Spring Onion Grown in Nitrofuran-
Contaminated Soil. J. Agric. Food Chem. 2017, 65, 4255-4261. https://doi.org/10.1021/acs.jafc.7b01050.

Boxall, A.B.A.; Johnson, P.; Smith, E.J.; Sinclair, C.J.; Stutt, A.E.; Levy, L.S. Uptake of Veterinary Medicines from Soils into Plants.
J. Agric. Food Chem. 2006, 54, 2288-2297. https://doi.org/10.1021/jf053041t.

Tasho, R.P.; Cho, ].Y. Veterinary antibiotics in animal waste, its distribution in soil and uptake by plants: A review. Sci. Total
Environ. 2016, 563-564, 366-376. https://doi.org/10.1016/j.scitotenv.2016.04.140.

Huang, R,; Ding, P.; Huang, D.; Yang, F. Antibiotic pollution threatens public health in China. Lancet 2015, 385, 773-774.
https://doi.org/10.1016/s0140-6736(15)60437-8.

Laxminarayan, R.; Chaudhury, R.R. Antibiotic Resistance in India: Drivers and Opportunities for Action. PLoS Med. 2016, 13,
€1001974. https://doi.org/10.1371/journal.pmed.1001974.

Gullberg, E.; Cao, S.; Berg, O.G.; Ilback, C.; Sandegren, L.; Hughes, D.; Andersson, D.I. Selection of Resistant Bacteria at Very
Low Antibiotic Concentrations. PLoS Pathog. 2011, 7, e1002158. https://doi.org/10.1371/journal.ppat.1002158.

Forsberg, K.J.; Reyes, A.; Wang, B.; Selleck, E.M.; Sommer, M.O.A.; Dantas, G. The Shared Antibiotic Resistome of Soil Bacteria
and Human Pathogens. Sci. 2012, 337, 1107-1111. https://doi.org/10.1126/science.1220761.

Goldstein, D.; Tinland, B.; Gilbertson, L.; Staub, J.; Bannon, G.; Goodman, R.; McCoy, R.; Silvanovich, A. Human safety and
genetically modified plants: A review of antibiotic resistance markers and future transformation selection technologies. |. Appl.
Microbiol. 2005, 99, 7-23. https://doi.org/10.1111/j.1365-2672.2005.02595.x.

EFSA. Opinion of the Scientific Panel on Genetically Modified Organisms on the use of antibiotic resistance genes as marker
genes in genetically modified plantsl (Question N° EFSA-Q-2003-109). EFSA ]. 2004, 48, 1-18.

EFSA. EFSA-Q-2009-00589 and EFSA-Q-2009-00593. Consolidated presentation of the joint Scientific Opinion of the GMO and
BIOHAZ Panels on the “Use of Antibiotic Resistance Genes as Marker Genes in Genetically Modified Plants” and the Scientific
Opinion of the GMO Panel on “Consequences of the Opinion on the Use of Antibiotic Resistance Genes as Marker Genes in
Genetically Modified Plants on Previous EFSA Assessments of Individual GM Plants”. EFSA 2009. Available online:
https://www .efsa.europa.eu/en/efsajournal/pub/1108 (accessed on: 10 February 2022).

Beuchat, L.R. Vectors and conditions for preharvest contamination of fruits and vegetables with pathogens capable of causing
enteric diseases. Br. Food ]. 2006, 108, 38-53. https://doi.org/10.1108/00070700610637625.

Kang, Y.; Shen, M.; Xia, D.; Ye, K;; Zhao, Q.; Hu, J. Caution of intensified spread of antibiotic resistance genes by inadvertent
introduction of beneficial bacteria into soil. Acta Agric. Scand. Sect. B—Soil Plant Sci. 2017, 108, 1-7.
https://doi.org/10.1080/09064710.2017.1314548.

Holzel, C.S,; Tetens, ].L.; Schwaiger, K. Unraveling the Role of Vegetables in Spreading Antimicrobial-Resistant Bacteria: A
Need for Quantitative Risk Assessment. Foodborne Pathog. Dis. 2018, 15, 671-688. https://doi.org/10.1089/fpd.2018.2501.
Guinée, P.; Ugueto, N.; van Leeuwen, N. Escherichia coli with resistance factors in vegetarians, babies, and nonvegetarians. Appl.
Microbiol. 1970, 20, 531-535.

Sannes, M.R.; Belongia, E.A ; Kieke, B.; Smith, K.; Kieke, A.; Vandermause, M.; Bender, J.; Clabots, C.; Winokur, P.; Johnson, J.R.
Predictors of antimicrobial-resistant Escherichia coli in the feces of vegetarians and newly hospitalized adults in Minnesota and
Wisconsin. J. Infect. Dis. 2008, 197, 430-434.

Braak, N.V.D.; Van Belkum, A.; Kreft, D.; Verbrugh, H.; Endtz, H. Dietary habits and gastrointestinal colonization by antibiotic
resistant microorganisms. J. Antimicrob. Chemother. 2001, 47, 498-500. https://doi.org/10.1093/jac/47.4.498.

Losasso, C.; Di Cesare, A.; Mastrorilli, E.; Patuzzi, I.; Cibin, V.; Eckert, EM.; Fontaneto, D.; Vanzo, A.; Ricci, A.; Corno, G. As-
sessing antimicrobial resistance gene load in vegan, vegetarian and omnivore human gut microbiota. Int. ]. Antimicrob. Agents
2018, 52, 702-705. https://doi.org/10.1016/j.ijantimicag.2018.07.023.

Furuya-Kanamori, L.; Stone, J.; Yakob, L.; Kirk, M.; Collignon, P.; Mills, D.J.; Lau, C.L. Risk factors for acquisition of multidrug-
resistant Enterobacterales among international travellers: A synthesis of cumulative evidence. ]. Travel Med. 2019, 271-10.
https://doi.org/10.1093/jtm/taz083.



Agriculture 2022, 12, 289 24 of 27

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Scherer, A.; Vogt, HR,; Vilei, EIM.; Frey, ].; Perreten, V. Enhanced antibiotic multi-resistance in nasal and faecal bacteria after
agricultural use of streptomycin. Environ. Microbiol. 2013, 15, 297.

CDC. Multistate Outbreak of Salmonella Poona infections linked to imported cucumbers (Final Update). Available online:
https://www.cdc.gov/salmonella/poona-09-15/index.html (accessed on: 10 February 2022).

CDC. Multistate Outbreak of Salmonella Urbana infections linked to imported Maradol papayas (Final Update). Available
online: https://www.cdc.gov/salmonella/urbana-09-17/index.html (accessed on: 10 February 2022).

Hassan, R.; Whitney, B.; Williams, D.L.; Holloman, K.; Grady, D.; Thomas, D.; Omoregie, E.; Lamba, K.; Leeper, M.; Gieral-
towski, L.; et al., Multistate outbreaks of Salmonella infections linked to imported Maradol papayas-United States, December
2016-September 2017. Epidemiol. Infect. 2019, 147, e265.

USEPA. What Are Antimicrobial Pesticides? 2017. Available online: https://www.epa.gov/pesticide-registration/what-are-anti-
microbial-pesticides (accessed on: 10 February 2022).

OIE. OIE List of Antimicrobial Agents of Veterinary Importance. 2019. Available online: https://www.oie.int/filead-
min/Home/eng/Our_scientific_expertise/docs/pdf/AMR/A_OIE_List_antimicrobials_July2019.pdf (accessed on: 10 February
2022).

Davis, B.D. Mechanism of bactericidal action of aminoglycosides. Microbiol. Rev. 1987, 51, 341-350.

Registration Certificate of the Last Streptomycin for Agriculture Use Expires in China. 2016. Available online:
http://www.cnchemicals.com/Detail/Readonline.aspx?id=5887&type=n&cid=20879621633&site=online (accessed on 18 July
2017).

Erickson, B.E. Groups challenge EPA approval of streptomycin use on citrus. Chem. Eng. News 2021, 14.
https://doi.org/10.47287/cen-09912-polcon2.

Davies, J.; Wright, G. Bacterial resistance to aminoglycoside antibiotics. Trends Microbiol. 1997, 5, 234-240.
https://doi.org/10.1016/s0966-842x(97)01033-0.

Waksman, S.; Reilly, H.C.; Schatz, A. Strain Specificity and Production of Antibiotic Substances. Proc Nat Acad Sci. 1945, 31, 157-
164. https://doi.org/10.1073/pnas.31.6.157..

van Duijkeren, E.; Schink, A.-K.; Roberts, M.C.; Wang, Y.; Schwarz, S. Mechanisms of bacterial resistance to antimicrobial agents.
Microbiol. Spectr. 2018, 6.2, 6-2.

Springer, B.; Kidan,Y.G.; Prammananan, T.; Ellrott, K.; Bottger, E.C.; Sander, P. Mechanisms of streptomycin resistance: Selec-
tion of mutations in the 16S rRNA gene conferring resistance. Antimicrob. Agents Chemother. 2001, 45, 2877-2884.

Forster, H.; McGhee, G.C.; Sundin, G.W.; Adaskaveg, J.E. Characterization of Streptomycin Resistance in Isolates of Erwinia
amylovora in California. Phytopathology 2015, 105, 1302-1310. https://doi.org/10.1094/phyto-03-15-0078-r.

Sundin, G.W.; Bender, C.L. Expression of the strA-strB streptomycin resistance genes in Pseudomonas syringae and Xanthomonas
campestris and characterization of 1S6100 in X. campestris. Appl. Env. Microbiol. 1995, 61, 2891.

Xu, Y.; Zhu, X.-F.; Zhou, M.-G,; Kuang, ].; Zhang, Y.; Shang, Y.; Wang, J.-X. Status of streptomycin resistance development in
Xanthomonas oryzae pv. oryzae and Xanthomonas oryzae pv. oryzicola in China and their resistance characters. J. Phytopathol. 2010,
158, 601.

Schnabel, E.L.; Jones, A.L. Distribution of Tetracycline Resistance Genes and Transposons among Phylloplane Bacteria in Mich-
igan Apple Orchards. Appl. Environ. Microbiol. 1999, 65, 4898—4907. https://doi.org/10.1128/aem.65.11.4898-4907.1999.
McManus, P.S. Does a drop in the bucket make a splash? Assessing the impact of antibiotic use on plants. Curr. Opin. Microbiol.
2014, 19, 76-82. https://doi.org/10.1016/j.mib.2014.05.013.

Shaw, K.J.; Rather, P.N.; Hare, R.S.; Miller, G.H. Molecular genetics of aminoglycoside resistance genes and familial relation-
ships of the aminoglycoside-modifying enzymes. Microbiol. Rev. 1993, 57, 138-163.

McManus, P.S.; Jones, A.L. Epidemiology and genetic analysis of streptomycin-resistant Erwinia amylovora from Michigan and
evaluation of oxytetracycline for control. Phytopathology 1994, 84, 627.

Chiou, C.S.; Jones, A.L. The analysis of plasmid-mediated streptomycin resistance in Erwinia amylovora. Phytopathology 1991, 81,
710.

Serio, A.W.; Magalhaes, M.L.; Blanchard, ].S.; Connolly, L.E. Aminoglycosides: Mechanisms of Action and Resistance. In Anti-
microbial Drug Resistance: Mechanisms of Drug Resistance; Mayers, D.L., Ed.; Springer International Publishing: Cham, 2017; Vol-
ume 1, pp. 213-229.

Sobiczewski, P.; Jones, A.L.; Chiou, C.S. Streptomycin-resistant epiphytic bacteria with homologous DNA for streptomycin
resistance in Michigan apple orchards. Plant Dis. 1991, 75, 1110.

Huang, T.-C.; Burr, T.J. Characterization of plasmids that encode streptomycin-resistance in bacterial epiphytes of apple. ]. Appl.
Microbiol. 1999, 86, 741-751. https://doi.org/10.1046/j.1365-2672.1999.00719.x.

Sundin, G.W.; Bender, C.L. Dissemination of the strA-strB streptomycin-resistance genes among commensal and pathogenic
bacteria from humans, animals, and plants. Mol. Ecol. 1996, 5, 133-143. https://doi.org/10.1111/j.1365-294x.1996.tb00299.x.
Sundin, G.W.; Bender, C.L. Ecological and genetic analysis of copper and streptomycin resistance in Pseudomonas syringae pv.
syringae. Appl. Environ. Microbiol. 1993, 59, 1018-24.

Weinstein, M.].; Luedemann, G.M.; Oden, E.M.; Wagman, G.H.; Rosselet, ].P.; Marquez, J.A.; Coniglio, C.T.; Charney, W.; Her-
zog, H.L.; Black, J. Gentamicin, a new antibiotic complex from micromonospora. |. Med. Chem. 1963, 6, 463-464.

Ramirez, M.S.; Tolmasky, M.E. Aminoglycoside modifying enzymes. Drug Resist. Updates 2010, 13, 151-171.



Agriculture 2022, 12, 289 25 of 27

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

WHO. Integrated Surveillance of Antimicrobial Resistance in Foodborne Bacteria: Application of a One Health Approach: Guid-
ance from the WHO Advisory Group on Integrated Surveillanec of Antimicrobial Resistance (AGISAR); World Health Organ-
ization: Geneva, Switzerland, 2017.

Umezawa, H.; Hamada, M.; Suhara, Y.; Hashimoto, T.; Ikekawa, T. Kasugamycin, a new antibiotic. Antimicrob. Agents
Chemother. 1965, 5, 753-7.

Levitan, A.A. In vitro antibacterial activity of kasugamycin. Appl. Microbiol. 1967, 15, 750-753.

Yoshii, A.; Moriyama, H.; Fukuhara, T. The novel kasugamycin 2'-N-acetyltransferase gene aac (2')-Ila, carried by the IncP
island, confers kasugamycin resistance to rice-pathogenic bacteria. Appl. Environ. Microbiol. 2012, 78, 5555-5564.

Tominaga, A.; Kobayashi, Y. Kasugamycin-resistant mutants of Bacillus subtilis. ]. Bacteriol. 1978, 135, 1149-1150.

Fouts, E.K.; Barbour, S.D. Transductional mapping of ksgB and a new Tn5-induced kasugamycin resistance gene, ksgD, in
Escherichia coli K-12. J. Bacteriol. 1981, 145, 914-919. https://doi.org/10.1128/jb.145.2.914-919.1981.

Yoshikawa, M.; Okuyama, A.; Tanaka, N. A Third Kasugamycin Resistance Locus, ksgC , Affecting Ribosomal Protein S2 in
Escherichia coli K-12. J. Bacteriol. 1975, 122, 796-797. https://doi.org/10.1128/jb.122.2.796-797.1975.

Shiver, A.L.; Osadnik, H.; Kritikos, G.; Li, B.; Krogan, N.; Typas, A.; Gross, C.A. A Chemical-Genomic Screen of Neglected
Antibiotics Reveals Illicit Transport of Kasugamycin and Blasticidin S. PLoS Genet. 2016, 12, e1006124.
https://doi.org/10.1371/journal.pgen.1006124.

Chopra, I; Roberts, M. Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacte-
rial Resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232-260. https://doi.org/10.1128/mmbr.65.2.232-260.2001.

Stockwell, V.; Duffy, B. Use of antibiotics in plant agriculture. Rev. Sci. et Tech. de I’'OIE 2012, 31, 199-210.
https://doi.org/10.20506/rst.31.1.2104.

Hughes, V.M.; Datta, N. Conjugative plasmids in bacteria of the "pre-antibiotic’ era. Nature 1983, 302, 725-726.

Sundin, G.W.; Wang, N. Antibiotic Resistance in Plant-Pathogenic Bacteria. Annu. Rev. Phytopathol. 2018, 56, 161-180.
https://doi.org/10.1146/annurev-phyto-080417-045946.

Hu, X.; Zhou, Q.; Luo, Y. Occurrence and source analysis of typical veterinary antibiotics in manure, soil, vegetables and
groundwater from organic vegetable bases, northern China. Environ. Pollut. 2010, 158, 2992-2998. https://doi.org/10.1016/j.en-
vpol.2010.05.023.

Hikichi, Y.; Egami, H.; Oguri, Y.; Okuno, T. Fitness for Survival of Burkholderia glumae Resistant to Oxolinic Acid in Rice Plants.
Jpn. |. Phytopathol. 1998, 64, 147-152. https://doi.org/10.3186/jjphytopath.64.147.

Manulis, S.; Kleitman, F.; Shtienberg, D.; Shwartz, H.; Oppenheim, D.; Zilberstaine, M.; Shabi, E. Changes in the Sensitivity of
Erwinia amylovora Populations to Streptomycin and Oxolinic Acid in Israel. Plant Dis. 2003, 87, 650-654.
https://doi.org/10.1094/pdis.2003.87.6.650.

Hikichi, Y.; Tsujiguchi, K.; Maeda, Y.; Okuno, T. Development of Increased Oxolinic Acid-resistance in Burkholderia glumae. ].
Gen. Plant Pathol. 2001, 67, 58—-62. https://doi.org/10.1007/pl00012988.

Shin, K.; Ascunce, M.S.; Narouei-Khandan, H.A.; Sun, X.; Jones, D.; Kolawole, O.O.; Goss, E.M.; van Bruggen, A.H.C. Effects
and side effects of penicillin injection in huanglongbing affected grapefruit trees. Crop Prot. 2016, 90, 106-116.

Ayukekbong, ].A.; Ntemgwa, M.; Atabe, A.N. The threat of antimicrobial resistance in developing countries: Causes and control
strategies. Antimicrob. Resist. Infect. Control 2017, 6, 1-8. https://doi.org/10.1186/s13756-017-0208-x.

Volkova, V.V.; KuKanich, B.; Riviere, ].E. Exploring Post-Treatment Reversion of Antimicrobial Resistance in Enteric Bacteria
of Food Animals as a Resistance Mitigation Strategy. Foodborne Pathog. Dis. 2016, 13, 610-617.
https://doi.org/10.1089/fpd.2016.2152.

Tolba, S.; Egan, S.; Kallifidas, D.; Wellington, Elizabeth, M.H. Distribution of streptomycin resistance and biosynthesis genes in
streptomycetes recovered from different soil sites. FEMS Microbiol. Ecol. 2002, 42, 269-276.

Overbeek, L.S.; Wellington, E.M.; Egan, S.; Smalla, K.; Heuer, H.; Collard, J.-M.; Guillaume, G.; Karagouni, A.D.; Nikolakopou-
lou, T.L.; Elsas, J.D. Prevalence of streptomycin-resistance genes in bacterial populations in European habitats. FEMS Microbiol.
Ecol. 2002, 42, 277-288. https://doi.org/10.1111/j.1574-6941.2002.tb01018.x.

Popowska, M.; Rzeczycka, M.; Miernik, A.; Krawczyk-Balska, A.; Walsh, F.; Duffy, B. Influence of Soil Use on Prevalence of
Tetracycline, Streptomycin, and Erythromycin Resistance and Associated Resistance Genes. Antimicrob. Agents Chemother. 2011,
56, 1434-1443. https://doi.org/10.1128/aac.05766-11.

Yashiro, E.; McManus, P.S. Effect of Streptomycin Treatment on Bacterial Community Structure in the Apple Phyllosphere.
PLoS ONE 2012, 7, 37131. https://doi.org/10.1371/journal.pone.0037131.

Dufty, B.; Holliger, E.; Walsh, F. Streptomycin use in apple orchards did not increase abundance of mobile resistance genes.
FEMS Microbiol. Lett. 2014, 350, 180-189. https://doi.org/10.1111/1574-6968.12313.

Shade, A.; McManus, P.S.; Handelsman, J. Unexpected Diversity during Community Succession in the Apple Flower Microbi-
ome. mBio 2013, 4 , e00602-12. https://doi.org/10.1128/mBio.00602-12.

Walsh, F.; Smith, D.P.; Owens, S.M.; Duffy, B.; Frey, J.E. Restricted streptomycin use in apple orchards did not adversely alter
the soil bacteria communities. Front. Microbiol. 2014, 4, 383. https://doi.org/10.3389/fmicb.2013.00383.

Shade, A.; Klimowicz, A.K,; Spear, R.N.; Linske, M.; Donato, J.J.; Hogan, C.S.; McManus, P.S.; Handelsman, J. Streptomycin
Application Has No Detectable Effect on Bacterial Community Structure in Apple Orchard Soil. Appl. Environ. Microbiol. 2013,
79, 6617-6625. https://doi.org/10.1128/aem.02017-13.



Agriculture 2022, 12, 289 26 of 27

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Lobanok, T.E.; Pesniakevich, A.G.; Fomichev, LK. Characteristics of the conjugation transfer of the R plasmids in bacteria of the
intestinal group to Erwinia cells. I'enemuxa 1978, 14, 2119.

Llama-Palacios, A.; Lopez-SolanillaE.; Rodriguez-PalenzuelaP. The ybiT Gene of Erwinia chrysanthemi Codes for a Putative ABC
Transporter and Is Involved in Competitiveness against Endophytic Bacteria during Infection. Appl. Environ. Microbiol. 2002, 68,
1624-1630. https://doi.org/10.1128/aem.68.4.1624-1630.2002.

Kleitman, F.; Shtienberg, D.; Blachinsky, D.; Oppenheim, D.; Zilberstaine, M.; Dror, O.; Manulis, S. Erwinia amylovora popula-
tions resistant to oxolinic acid in Israel: Prevalence, persistence and fitness. Plant Pathol. 2005, 54, 108-115.
https://doi.org/10.1111/j.1365-3059.2005.01146.x.

Nicholson, F.A_; Smith, S.R.; Alloway, B.J.; Carlton-Smith, C.; Chambers, B.]. An inventory of heavy metals inputs to agricultural
soils in England and Wales. Sci. Total Environ. 2003, 311, 205-219.

AROMIS. Assessment and Reduction of Heavy Metal Input into Agro-Ecosystems. Available online: https://www.aramis.ad-
min.ch/Texte/?Project]D=12813&Sprache=fr-CH (accessed on 18 July 2017).

Punshon, T.; Jackson, B.P.; Meharg, A.A.; Warczack, T.; Scheckel, K.; Guerinot, M.L. Understanding arsenic dynamics in agro-
nomic systems to predict and prevent uptake by crop plants. Sci. Total Environ. 2017, 581-582, 209-220.
https://doi.org/10.1016/j.scitotenv.2016.12.111.

Bencko, V.; Foong, F.Y.L. The history of arsenical pesticides and health risks related to the use of Agent Blue. Ann. Agric. Environ.
Med. 2017, 24, 312-316. https://doi.org/10.26444/aaem/74715.

Brammer, H.; Ravenscroft, P. Arsenic in groundwater: A threat to sustainable agriculture in South and South-east Asia. Environ.
Int. 2009, 35, 647-654. https://doi.org/10.1016/j.envint.2008.10.004.

Rutherford, D.W.; Bednar, A.].; Garbarino, J.R.; Needham, R.; Staver, KW.; Wershaw, R.L. Environmental Fate of Roxarsone in
Poultry Litter. Part II. Mobility of Arsenic in Soils Amended with Poultry Litter. Environ. Sci. Technol. 2003, 37, 1515-1520.
https://doi.org/10.1021/es026222+.

Baker-Austin, C.; Wright, M.S; Stepanauskas, R.; McArthur, J. Co-selection of antibiotic and metal resistance. Trends Microbiol.
2006, 14, 176-182. https://doi.org/10.1016/j.tim.2006.02.006.

Pal, C.; Bengtsson-Palme, J.; Rensing, C.; Kristiansson, E.; Larsson, D.G.]. BacMet: Antibacterial biocide and metal resistance
genes database. Nucleic Acids Res. 2014, 42, D737-D743. https://doi.org/10.1093/nar/gkt1252.

Voloudakis, A.E.; Bender, C.L.; Cooksey, D.A. Similarity between Copper Resistance Genes from Xanthomonas campestris and
Pseudomonas syringae. Appl. Environ. Microbiol. 1993, 59, 1627-34.

Aratjo, E.; Pereira, R.; Ferreira, M.; Quezado-Duval, A.; Café-Filho, A. Sensitivity Of Xanthomonads Causing Tomato Bacterial
Spot to Copper and Streptomycin and in vivo Infra-Specific Competitive Ability in Xanthomonas perforans Resistant and Sensi-
tive to Copper. J. Plant Pathol. 2012, 94, 79-87.

Pal, C.; Bengtsson-Palme, J.; Kristiansson, E.; Larsson, D.G.]. Co-occurrence of resistance genes to antibiotics, biocides and met-
als reveals novel insights into their co-selection potential. BMC Genom. 2015, 16, 1-14. https://doi.org/10.1186/s12864-015-2153-
5.

Hasman, H.; Kempf, I.; Chidaine, B.; Cariolet, R.; Ersbell, A.K.; Houe, H.; Bruun Hansen, H.C.; Aarestrup, F.M. Copper Re-
sistance in Enterococcus faecium, Mediated by the tcrB Gene, Is Selected by Supplementation of Pig Feed with Copper Sulfate.
Appl. Environ. Microbiol. 2006, 72, 5784-5789. https://doi.org/10.1128/aem.02979-05.

Mourao, J.; Novais, C.; Machado, J.; Peixe, L.; Antunes, P. Metal tolerance in emerging clinically relevant multidrug-resistant
Salmonella enterica serotype 4,512:i:— clones circulating in Europe. Int. ]. Antimicrob. Agents 2015, 45, 610-616.
https://doi.org/10.1016/j.ijjantimicag.2015.01.013.

FAOSTAT. Food and Agriculture Organization of the United Nations. 2020. Available online: http://www.fao.org/fao-
stat/en/#data/QC (accessed on 11 June 2021).

Jiang, A.-L.; Hu, W.-Z; Tian, M.; Fan, S.-D. Study on utilization of natamycin in storage of strawberry fruit). Food Sci. 2007, 28,
515-520.

Boothe, D. Antifungal Agents. 2017. Available online: http://www.merckvetmanual.com/pharmacology/antifungal-agents (ac-
cessed on: 10 February 2022).

Ahmed, M.Z.; Rao, T.; Saeed, A.; Mutahir, Z.; Hameed, S.; Inayat, S.; Shahzad, H.; Ullah, N.; Abaid-Ullah, M.; Ibrahim, M.; et
al. Antifungal Drugs: Mechanism of Action and Resistance. In Biochemistry of Drug Resistance; Ahmed, S., Chandra Ojha, S.,
Najam-ul-Haq, M., Younus, M., Hashmi, M.Z. Eds.; Springer: Cham, Switzerland, 2021; pp. 143-165.

Palanti, S.; Susco, D. A new wood preservative based on heated oil treatment combined with triazole fungicides developed for
above-ground conditions. Int. Biodeterior. Biodegrad. 2004, 54, 337-342. https://doi.org/10.1016/j.ibiod.2004.04.003.

Hof, H. Critical Annotations to the Use of Azole Antifungals for Plant Protection. Antimicrob. Agents Chemother. 2001, 45, 2987
2990. https://doi.org/10.1128/aac.45.11.2987-2990.2001.

Sharma, C.; Nelson-Sathi, S.; Singh, A.; Pillai, M.R.; Chowdhary, A. Genomic perspective of triazole resistance in clinical and
environmental Aspergillus fumigatus isolates without cyp51A mutations. Fungal Genet. Biol. 2019, 132, 103265.
https://doi.org/10.1016/j.fgb.2019.103265.

Hamey, P.Y.; Harris, C.A. The variation of pesticide residues in fruits and vegetables and the associated assessment of risk.
Regul. Toxicol. Pharmacol. 1999, 30, S34-541.

Ribes e Ribes, A.D.; Spolti, P.; Del Ponte, E.M.; Donato, K.Z.; Schrekker, H.; Fuentefria, A.M.; Is the emergence of fungal re-
sistance to medical triazoles related to their use in the agroecosystems? A mini review. Braz. . Microbiol. 2016, 47, 793-799.



Agriculture 2022, 12, 289 27 of 27

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Snelders, E.; Van Der Lee, H.A.L.; Kuijpers, J.; Rijs, AJ.M.M.; Varga, J.; Samson, R.A.; Mellado, E.; Donders, A.R.T.; Melchers,
W.; Verweij, P.E. Emergence of Azole Resistance in Aspergillus fumigatus and Spread of a Single Resistance Mechanism. PLoS
Med. 2008, 5, €219. https://doi.org/10.1371/journal.pmed.0050219.

Snelders, E.; Camps, S.M.T.; Karawajczyk, A.; Schaftenaar, G.; Kema, G.H.; Van Der Lee, H.A.; Klaassen, C.H.; Melchers, W.].,G,;
Verweij, P.E. Triazole Fungicides Can Induce Cross-Resistance to Medical Triazoles in Aspergillus fumigatus. PLoS ONE 2012, 7,
e31801. https://doi.org/10.1371/journal.pone.0031801.

Vermeulen, E. LAGROU, K.; VERWEI]J, P.E. Azole resistance in Aspergillus fumigatus: A growing public health concern. Curr.
Opin. Infect. Dis. 2013, 26, 493-500.

Thorrold, C.; Letsoalo, M.; Dusé, A.; Marais, E. Efflux pump activity in fluoroquinolone and tetracycline resistant Salmonella
and E. coli implicated in reduced susceptibility to household antimicrobial cleaning agents. Int. J. Food Microbiol. 2007, 113, 315—
320. https://doi.org/10.1016/j.ijfoodmicro.2006.08.008.

Shah, A.A.; Wang, C.; Chung, Y.-R.; Kim, J.-Y.; Choi, E.-S.; Kim, S.-W. Enhancement of geraniol resistance of Escherichia coli by
MarA overexpression. J. Biosci. Bioeng. 2013, 115, 253-258. https://doi.org/10.1016/j.jbiosc.2012.10.009.

Lorenzi, V.; Muselli, A.; Bernardini, A.F.; Berti, L.; Pages].-M.; Amaral, L.; Bolla, J.-M. Geraniol Restores Antibiotic Activities
against Multidrug-Resistant Isolates from Gram-Negative Species. Antimicrob. Agents Chemother. 2009, 53, 2209-2211.
https://doi.org/10.1128/aac.00919-08.

Morton, V.; Staub, T. A short history of fungicides. Available online: http://davidmoore.org.uk/21st_Century_Guide-
book_to_Fungi PLATINUM)/Assets/Printed_documents/MortonStaub_History_of_Fungicides.pdf (accessed on: 10 February
2022).

Miller, D.B. Neurotoxicity of the pesticidal carbamates. Neurobehav. Toxicol. Teratol. 1982, 4, 779-787.

Andrade, A.C.; Del Sorbo, G.; Van Nistelrooy, ].G.M.; De Waard, M.A. The ABC transporter AtrB from Aspergillus nidulans
mediates resistance to all major classes of fungicides and some natural toxic compounds. Microbiology 2000, 146, 1987-1997.
https://doi.org/10.1099/00221287-146-8-1987.

Yang, C.; Hamel, C.; Vujanovic, V.; Gan, Y. Fungicide: Modes of Action and Possible Impact on Nontarget Microorganisms.
ISRN Ecol. 2011, 2011, 1-8. https://doi.org/10.5402/2011/130289.

Zeiger, E.; Anderson, B.; Haworth, S.; Lawlor, T.; Mortelmans, K. Salmonella mutagenicity tests: V. Results from the testing of
311 chemicals. Environ. Mol. Mutagen. 1992, 19, 2-141. https://doi.org/10.1002/em.2850190603.

Bordas, A.C.; Brady, M.S.; Siewierski, M.; Katz, S.E. In Vitro Enhancement of Antibiotic Resistance Development —Interaction
of Residue Levels of Pesticides and Antibioticst. J. Food Prot. 1997, 60, 531-536. https://doi.org/10.4315/0362-028x-60.5.531.
Kleiner, D.K,; Katz, S.E.; Ward, P.-M.L. Development of in vitro Antimicrobial Resistance in Bacteria Exposed to Residue Level
Exposures of Antimicrobial Drugs, Pesticides and Veterinary Drugs. Chemotherapy 2007, 53, 132-136.
https://doi.org/10.1159/000100012.

Benbrook, C.M. Trends in glyphosate herbicide use in the United States and globally. Environ. Sci. Eur. 2016, 28, 3.

Woodburn, A.T. Glyphosate: Production, pricing and use worldwide. Pest Manag. Sci. 2000, 56, 309-312.

Hertel, R.; Gibhardt, ]J.; Martienssen, M.; Kuhn, R.; Commichau, F.M. Molecular mechanisms underlying glyphosate resistance
in bacteria. Environ. Microbiol. 2021, 23, 2891-2905. https://doi.org/10.1111/1462-2920.15534.

Kurenbach, B.; Marjoshi, D.; Amabile-Cuevas, C.F.; Ferguson, G.C.; Godsoe, W.; Gibson, P.; Heinemann, J.A. Sublethal Expo-
sure to Commercial Formulations of the Herbicides Dicamba, 2,4-Dichlorophenoxyacetic Acid, and Glyphosate Cause Changes
in Antibiotic Susceptibility in Escherichia coli and Salmonella enterica serovar Typhimurium. mBio 2015, 6, e00009-15.
https://doi.org/10.1128/mbio.00009-15.

Taylor, P.; Reeder, R. Antibiotic use on crops in low and middle-income countries based on recommendations made by agricul-
tural advisors. CABI Agric. Biosci. 2020, 1, 1-14. https://doi.org/10.1186/543170-020-00001-y.



