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ABSTRACT:

Antibiotic resistance and its wider implications present us with a growing healthcare crisis. Recent research points
to the environment as an important component for the transmission of resistant bacteria and in the emergence of
resistant pathogens. However, a deeper understanding of the evolutionary and ecological processes that lead to
clinical appearance of resistance genes is still lacking, as is knowledge of environmental dispersal barriers. This
calls for better models of how resistance genes evolve, are mobilized, transferred and disseminated in the
environment. Here, we attempt to define the ecological and evolutionary environmental factors that contribute to
resistance development and transmission. Although mobilization of resistance genes likely occurs continuously, the
great majority of such genetic events do not lead to the establishment of novel resistance factors in bacterial
populations, unless there is a selection pressure for maintaining them or their fitness costs are negligible. To
enable preventative measures it is therefore critical to investigate under what conditions and to what extent
environmental selection. for resistance takes place. In addition, understanding dispersal barriers is not only key to
evaluate risks, but also to prevent resistant pathogens, as well as novel resistance genes, from reachinghumans.

INTRODUCTION Keywords:
Antibiotic resistance genes in human pathogens such as Methicillin-Resistant Staphylococcus Antimicrobial
aureus! have become notorious because they confound the tools that are used to treat disease Resistance;
(FIG.1). In particular, resistance determinants in pathogens are commonly encountered after the Dissemination
introduction of an antibiotic to clinical use, and treating human pathogens with antibiotics ; Fitness
directly affects the frequency of resistance to those antibiotics in these pathogens. U1 The Costs;
presence of antibiotic resistance elements in pathogenic bacteria is made all the more Horizontal
problematic because of the prevalence of horizontal gene transfer, the process by which bacteria Gene
acquire genes from the environment. ! Many of the known antibiotic resistance genes are found Transfer,
on transposons, integronsor plasmids, which can be mobilized and transferred to other bacteria Human health
of the same or different species’”! There is evidence of the transfer of resistance elements to risks.

DOI:

known human commensal bacteria and pathogens, and gene transfer in the human intestinal
microbiome is extensive.’®! What are the sources and reservoirs of these transferable genes? Afull
understanding of the pressures and circumstances that lead to the evolution and dissemination of
antibiotic resistance genes in pathogens is impossible without a detailed examination of the
origin and role of resistance genes in natural environments. ! This Review discusses the
environmental sources of antibiotic resistance, the functions and roles of resistance genes in
microbial ecology and the ways by which those genes may be disseminated in response to human
antibiotic use. Antibiotics are essential for the treatment of bacterial infections in humans and
animals; it is therefore a top priority to preserve their efficacy.”'? For decades, clinicians and
scientists have called for the prudent use of antibiotics, in an effort to slow the development and
epidemic spread of resistance.” "
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Prudent use of antibiotics in humans demands that
physicians establish that a bacterial infection is
responsible for the patient's symptoms before an
antibiotic prescription is written.""! By contrast, in
agriculture antibiotics are used in the absence of
acute infection.['"! Some of the same antibiotics that
are used to treat human pathogens, such as
amoxicillin and erythromycin, are also used to treat
disease, promote growth and improve feed
efficiency in animals.!""! Just as in hospital settings,
the agricultural use of antibiotics selects for
antibiotic resistance, arguably in a more widely
disseminated fashion owing to the farm-wide
administration of prophylactic antibiotics in feed and
water.['  Antibiotics from both urban and
agricultural sources persist in soil and aquatic
environments, and the selective pressure imposed by
these compounds may affect the treatment of

prophylactic use of antibiotics in fish farms has led
to a rise in the number of resistant bacteria.l"
Strikingly, these resistant bacteria can transfer the
resistance genes to human pathogens.!'! The
selection pressure applied by the antibiotics that are
used in clinical and agricultural settings has
promoted the evolution and spread of genes that
confer resistance, regardless of their origins (FIG.
2).['1 Antibiotic resistance accounts for hundreds of
thousands of deaths annually and its projected
increase has made the WHO recognize it as a major
global health threat (WHO 2014).[""! Conventionally,
the  struggle against antibiotic  resistance
development has mainly taken place in clinical,
community, and in more recent years also
agricultural settings-aiming to reduce transmission
and prevent selectionof resistant bacteria during
antibiotic treatment.['™

human diseases.'”>"*]As another example, the
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Figure 1 | Mechanisms of antibiotic resistance in a gram-negative bacterium. a | Impermeable barriers. Some
bacteria are intrinsically resistant to certain antibiotics (blue squares) simply because they have an
impermeable membrane or lack the target of the antibiotic. b | Multidrug resistance efflux pumps. These
pumps secrete antibiotics from the cell. Some transporters, such as those of the resistance- nodulation-cell
division family (pink), can pump antibiotics directly outside the cell, whereas others, such as those of the
major facilitator superfamily (red), secrete them into the periplasm. c | Resistance mutations. These
mutations modify the target protein, for example by disabling the antibiotic-binding site but leaving the
cellular functionality of the protein intact. Specific examples include mutations in the gyrase (green), which
cause resistance to fluroquinolones, in RNA polymerase subunit B (orange), which cause resistance to and in
the 30S ribosomal subunit protein $12 (encoded by rpsL) (yellow), which cause resistance to streptomycin. d
| Inactivation of the to rifampicin. antibiotic. Inactivation can occur by covalent modification of the
antibiotic, such as that catalysed by acetyltransferases (purple) acting on aminoglycoside antibiotics, or by
degradation of the antibiotic, such as that catalysed by B-lactamases (brown) acting on B-lactam antibiotics.
Ac, acetyl group.

Over the past years, the role of the environment as
an important source and dissemination route of resistance genes in the environment.''® We have
resistance has been increasingly recognized.!" This tried to accommodate both ecological and
paper aims to conceptualize and define the factors evolutionary aspects, but without any attempt to
that influence the emergence, mobilization, fully cover the growing literature on the

dissemination and maintenance of antibiotic
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environmental dimensions of antibiotic resistance
(Fig. 3).I'"®"! In order to define those factors, we
must first spell out some basic definitions for which
ambiguous meanings exist in the literature. In this
paper, we follow the operational definition of
resistance, which postulates that a strain is resistant
against an antibiotic if its minimal inhibitory
concentration (MIC) is higher than for the
corresponding  parental  wild-type  strain.['”]
Accordingly, we define a gene as a resistance gene'
(or 'resistance factor’) when its presence allows a
bacterium to withstand a higher antibiotic
concentration or when its absence increases
susceptibility of the antibiotic, a definition that also
includes many non-mobile chromosomal resistance
genes. We furthermore define'novel' (or ‘new’)
resistance genes as genes that have not previously

been described to have a resistance function,

regardless of if they appear in pathogens or not, and
regardless of if they appear on the bacterial
chromosome or on a mobile genetic element.!"® It is
complicated to define ecological emergence and
depending on the viewpoint several definitions of
when resistance genes emerge are possible.['” In this
paper, we will consider the ‘emergence’ of a
resistance determinant as the event where it first
appears in a context where it provides operational
resistance.!?”! Further, we consider a gene to have
undergone ‘'mobilization’ when it appears on a mobile
genetic element, such as a plasmid, transposon or
integron.!"® As a consequence of these definitions,
most emergence and mobilization events will in this
view remain undetected at least before they result
in a clinical problem, which many will probably
never do. 2"
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Figure 2 | Sources and movement of antibiotic resistance genes in the environment. Resistance genes exist
naturally in the environment owing to a range of selective pressures in nature. Humans have applied
additional selective pressure for antibiotic resistance genes because of the large quantities of antibiotics that
we produce, consume and apply in medicine and agriculture. Physical and biological forces also cause
widespread dissemination of resistance genes throughout many environments.
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Figure 3. An overview of the main roles of the external environment in antibiotic resistance development and
dissemination. Note that none of these processes requires a selection pressure for resistance to operate,
although such a selection pressure would facilitate both maintenance and recruitment of resistance genes.
Antibiotic exposure may select for resistant bacteria during dispersal if those bacteria are able to grow also in
the external environment, which is the case for many opportunistic pathogens. Furthermore, the
environment also serves as a source of opportunistic pathogens that are already resistant, or may acquire
resistance genes from other human- associated bacteria in or on the human body and then cause resistant
infections at a later stage. While both known and novel resistance genes may be recruited from the
environmental resistance, the most severe long-term health consequences of such acquisitions are likely
when genes not currently present in pathogens are added to their resistance repertoire.

THE ORIGINS OF RESISTANCE GENES

Novel antibiotic resistance factors could potentially
emerge anywhere, at any time. The astounding
number of bacterial cells on Earth, estimated to
around 1030-a thousand billion billion billions,
provide an immense genetic variability, and
opportunities for mutations, rearrangements and
horizontal gene transfer.””? Thus, new resistance
factors likely appear regularly, although we never
detect the vast majority of these events.?’! As will
be outlined below, there are nevertheless several
reasons to why pathogens are not flooded by novel
resistance genes.!”! For a start, resistance factors
are generally associated with some fitness cost.
This cost may be particularly large for genes
providing novel resistance functions for a bacterium,
as their expression may not be sufficiently fine-
tuned and their products may interfere with other
cellular functions.!?®! Thus, novel resistance genes
will be selected against unless there is a relatively
strong selection pressure to maintain them.?]
Furthermore, even if such a resistance factor would
have a low or negligible fitness cost.?® It would still
be rare, and may therefore not become permanently
established in the bacterial population unless there
is a positive selection pressure for it.”*! This
selection pressure may be weak, but unless it is
present the only way by which a novel resistance
factor would be retained is through genetic drift.

MOBILIZATION OF RESISTANCE FACTORS

Similar to the emergence of novel resistance factors,
resistance genes could be mobilized anywhere but
need-unless their fitness costs are negligible-a
selection pressure to be kept on a mobile genetic
element until they have evolved to present smaller
fitness costs to the host. [ The subsequent question
therefore becomes: where are selection pressures
strong enough to promote mobilization of
chromosomal resistance genes and maintenance of
already mobile resistance genes? Resistance factors
that have recently been mobilized onto a mobile
genetic element are likely to often be associated
with increased fitness costs, associated with the
burden of keeping multiple copies of the same gene
and the difficulty to maintain expression control of
the gene on a mobile element.!"”! This means that
environments allowing sustained longevity of a
resistance gene regardless of its cost would be of
particular importance for the mobilization of
resistance determinants.!"® It is then reasonable to
assume that once a mobile resistance gene has
gained a foothold in a bacterial community, it can
subsequently evolve towards diminished fitness
cost.["Resistance genes with considerably lower
fitness costs may of course be recruited to mobile
genetic elements, and sub-inhibitory concentrations
of an antibiotic could then suffice to select for
carriage of them.'"! It is important to consider that
resistance genes have evolved in a context of
competition and interaction between different
species, some of which may use antibiotics as
warfare agents.?" Thus, both known and novel
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resistance determinants can be selected for
naturally, if they confer a competitive advantage
against antibiotics producers, or allow host bacteria
to survive higher concentrations of an antibiotic that
they themselves produce. Such natural selection
processes contribute to preserving an environmental
pool of resistance genes, but only indirectly to
further establishment of resistance genes in
pathogens, as they are unlikely to drive mobilization
of resistance factors. 2%

HORIZONTAL TRANSFER OF RESISTANCE FACTORS
Horizontal gene transfer is central for the spread of
novel (and known) resistance genes, as it allows
resistance to expand beyond specific clones.!?! This
way, gene transfer makes resistance genes available
to a much larger part of the bacterial community in
a particular environment, often beyond species
boundaries.!?%!As for the mobilization of resistance
factors, transfer of genes between bacteria can in
theory occur anywhere.”?"! However, for resistance
genes to be horizontally transferred from
environmental to pathogenic bacteria they need to,
at least temporarily, share the same habitat.?"]
Furthermore, horizontal gene transfer is much more
likely to occur between phylogenetically closely
related bacterial.?? Finally, transfer of genetic
material between bacterial cells is induced by
stressors such as antibiotics and potentially also
metals and biocides subsequently, antibiotic
selection also contributes to establishment of
transferred resistance genes in their new host.!*
Thus, resistance transfer to pathogens could be
expected to be relatively frequent between human-
associated  bacterial®™!,  particularly  during
treatment with antibiotics.?¥In contrast, transfer of
resistance genes to pathogens from environmental
bacteria, which occupy other habitats and are often
less phylogenetically related, would likely be less
common, although environmental stressors may
induce horizontal gene transfer to and from
(opportunistic) human pathogens in environmental
settings.!” This means that once a resistance factor
has entered a human pathogen, it is more likely to
further spread between commensals and pathogens
than being transferred again into another pathogen
from environmental bacteria, and in any case the
consequences/contribution from the latter type of
event would be expected to be small.?>!Moreover,
avoiding transfer of resistance between pathogens
(as well as evolutionary close commensals) is likely
impossible, since they share habitats, often are
phylogenetically related, and carriage of mobile
resistance factors generally seem to be associated
with low fitness costs in pathogens. Somewhat
surprisingly, the human microbiome harbors a fairly
large number of resistance genes that have not (yet)
been transferred to human pathogens as far aswe
know. %]

DISSEMINATION OF RESISTANT BACTERIA

The main route of exposure for humans to resistant
pathogens is from other people, either in clinics or
through the community setting.?® Typical dispersal
routes here are through body contact or indirect
contact transmission, aerosols, and food prepared by
persons carrying the pathogen These are also the
typical transmission routes for infectious bacteria in
general, and interventions preventing circulation of
resistant pathogens among humans are essentially
the same as those applied to prevent the spread of
any bacterial pathogen, most importantly, proper
hygiene routines constitute the principal dispersal
barrier for resistant pathogens, and the significance
of sanitation for preventing the spread of resistant
bacteria between humans cannot be overstated. A
part from  transmission between  humans,
environmental dissemination routes for resistant
bacteria have also been pointed out as potentially
important for the spread of antibiotic resistance
Again, environments facilitating dissemination of
resistant bacteria also enable spread of non-resistant
human pathogens, and generally also opportunistic
pathogens Thus, sewage, wastewater treatment
plants, water bodies and travel, but also air-borne
aerosols, dust, and food colonized by bacteria, are
important vectors enabling bacterial transmission
between hosts through the environment.?’! STPs
generally discharge their effluent (which has
repeatedly been shown to contain resistance genes;
see into water bodies.*® Water contaminated by STP
effluents is often used for irrigation of farmland, for
recreational swimming and as drinking water supply
(after further treatment).B3" Domestic animals often
drink such surface water untreated and may
subsequently spread resistant bacteria to humans.??
However, for the dissemination of resistant bacteria,
untreated sewage released into water bodies poses a
considerably larger risk than STP effluents, as STPs
often reduce the relative abundance of the vast
majority of resistance genes, and also lower the
total bacterial abundance from ten up to thousand-
fold.B”

EVOLUTIONARY PROCESSES INFLUENCING
ENVIRONMENTAL ANTIBIOTIC RESISTANCE

For the long-term maintenance of antibiotic
resistance genes in bacterial communities, two
parallel evolutionary forces are at play: selection
promoting resistance phenotypes, and selection
leading to reduction of the fitness costs associated
with carrying resistance genes.’ZAs  discussed
earlier, gain and establishment of resistance genes
in a bacterial population are largely dependent on a
direct antibiotic selection pressure.’®* The selective
forces towards maintenance of resistance genes do
not only include direct antibiotic selection pressure,
however.*4 Even in the absence of a direct selection
pressure from an antibiotic, mobile resistance genes
may be favored by co-selection by other substances
present, such as metals and biocides, as the
resistance determinants for some of these
compounds can be co-localized to the same mobile
genetic elements as antibiotic resistance genes.”

' Journal of Complementary Medicine Research | Volume 14 | Issue 6 | 2023




Munish Rastogi et al: A Prospective study on Environmental Factors Influencing the Development and Spread of Antibiotics
Resistance Northern India

The implications of co-selection of antibiotic
resistance by metals were recently thoroughly
reviewed. Similarly, exposure to other stressors
than antibiotics may select for increased expression
of genes encoding efflux pumps, which in turn may
render bacteria less susceptible to antibiotics as
well.B%Although  this may not immediately
contribute to the spread of resistance factors, it
could contribute to the development of more
efficient resistance genes by enabling bacteria to
withstand low-level antibiotic exposure for longer
times, enabling a recently acquired resistance gene
to evolve to be more efficient and less costly within
the new host.”lIn addition, resistance genes may be
maintained because they confer advantages to the
cell even in theabsence of a selection pressure, in
essence allowing bacteria to perform intrinsic
functions more efficiently when they carry the
resistance  gene.’”  However, carriage and
maintenance of resistance genes usually come with a
cost in terms of reduced fitness, although the cost is
sometimes small.8 This cost is (apart from random
reduction by genetic drift) the sole factor that acts
to reduce the frequency of resistance genes in
bacterial populations.® Random losses of resistance
genes from bacterial cells happen all the time, but
seldom result in complete elimination of the gene
from the community, which means that once a
selection pressure for resistance re-emerges (such as
during antibiotic treatment), resistance
development of bacterial populations previously
subjected to resistance selection can be quick.B”
Selection pressure acting specifically against the
carriage of resistance genes is therefore crucial for
complete eradication of resistance factors from a
community.® The fitness costs associated with
carrying and expressing genes providing antibiotic
resistance are largely dictated by the nature of the
resistance mechanism. % Bacteria typically become
resistant to antibiotics via-

. Upregulation of efflux pumps exporting the
substance from the cell,
. Modifications to the cell wall or outer

membrane, reducing permeability for the
antibiotic substance,

o Expression of degradation enzymes that
can render the substance harmless,

. Protection of the molecular target of the
antibiotic,

. Alternative means to perform inhibited

functions.”

Resistance mechanisms associated with efflux
pumps and cell wall modifications are often caused
by mutations in chromosomal DNA, although many
efflux pumps are transferable between bacteria on
plasmids. ¥ Degradation enzymes, target
protection proteins, and enzymes allowing
utilization of alternative enzymatic pathways are
more likely to be transmissible on mobile genetic
elements as they add functions to their carrier

rather than modify existing ones. In general, fitness
costs associated with the latter three mechanisms
are primarily associated with the cost of carrying
the resistance plasmid and expressing its. [3%

THE ECOLOGY OF ANTIBIOTIC RESISTANCE
DEVELOPMENT

Based on the above reasoning, we propose that four
steps are central on the route to clinically important
antibiotic resistance: emergence of novel resistance
factors, mobilization, transfer to human pathogens,
and dissemination. ! Notably, these steps need not
to happen in this particular order; transfer to human
pathogens may occur before or after dissemination
to the human microbiome, and certain steps in the
process may repeat (Fig. 2).I'"! The arsenal of
resistance factors currently present in pathogens and
opportunistic pathogens constitute a set of genes
that are at the later stages of this route.!"A crucial
factor for a resistance gene to reach human
pathogens is that it is maintained throughout all
these steps. Resistance genes with high fitness costs
are more likely to be lost in the absence of a
selection pressure, particularly if located on a
mobile genetic element. ') Furthermore, a scenario
with a constant selection pressure by antibiotics-
from the environmental emergence of a resistance
gene to its transfer to a human pathogen seems
improbable, although one could argue that there are
places in the world where this may be possible.!"
Taken together, it seems reasonable that
successfully maintained resistance genes have either
evolved towards low fitness cost in a mobile context
(a sort of evolutionary rescue 35 on the individual
gene level), or were associated with low fitness
costs from the beginning . ?2 Since losses of
resistance genes are likely as long as they bestow
their carrier with a significant fitness cost, recently
mobilized genes that do not provide an obvious
fitness advantage are undoubtedly sorted out early
from mobile genetic elements such as plasmids. !
This highlights the importance of environments in
which resistance genes provide a strong selective
advantage, for example milieus subjected to
industrial pollution with antibiotics.*”? Since these
environments would also present bacteria with
conditions thatfavor increased mutation frequency,
one consequence may be that resistance genes could
be present in several slightly different variants, all
selected for detoxification efficiency, of which only
those with a low fitness cost are maintained when
the selection pressure is removed (for example,
after dispersal of the carrier to a non-polluted
environment). 281

Given how long the dispersal route from initial
mobilization to human pathogens generally is for a
novel resistance gene, it is not surprising that mobile
resistance factors found in pathogens today are
terribly hard to eliminate from bacterial
populations. 3! This suggests that once a resistance
gene is widely spread among human pathogens (or
even among human commensals), part of the game is
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lost and we are restricted to manage its spread. "

Mitigation of the spread of resistance factors to
human pathogens should therefore ideally take place
before they get a foothold in the human
microbiome. Thus, detection of resistance
determinants in the environment those are not yet
widespread among clinical bacteria should be an
important component in risk assessment and
management of antibiotic resistance. [**

WHICH ENVIRONMENTS POSE THE MOST PERTINENT
RISKS TO HUMAN HEALTH?

Ultimately, the most urgent reason to study
antibiotic resistance in the environment is to gain
further insights into health risks for humans and
domestic animals that often are dependent on
effective antibiotics.® This knowledge can then
ideally be used to design interventions that could
prevent or delay the recruitment of resistance
factors to pathogens from environmental bacteria

and reduce environmental dissemination of resistant
pathogens.’®! To identify suitable mitigation
strategies, we first need to define what
environments and scenarios constitute the most
severe risks. 8 This, however, is not completely
straightforward. !'"! Some have argued that the most
severe risk scenarios involve known resistance genes
that have previously been reported to reside on
mobile genetic elements hosted by human bacterial
pathogens. ['?! This is a valid argument when such
genes are encountered in the human microbiome,
but while they are clearly of importance, finding
them in environmental bacterial communities is not
necessarily indicative of a high-risk situation. [
Well-known resistance genes present on mobile
genetic elements easily spread with human feces,
and detection of them in the external environment
[r;})z]ay be an indication of human fecal contamination.

Table 1. Human health risks associated with environmental antibiotic resistance and examples of risk environments
and appropriate mitigations

Risk Scenario

Environments of particularconcern

Possible Mitigations

Emergence and fixation of | Human and animal microbiome Intensive | Reduce and optimize antibiotics

novel resistance genes

aquaculture polluted by

usage Restrict antibiotics usage

Mobilization and transfer of | Environments discharges from antibiotic | Incentivize  better control of

resistance genes to human | manufacturing
pathogens

Human-to-human

husbandry

Contact  environmental
pathogens, directly or through food Animal | Hygiene

Poorly treated sewage

discharges

Environments polluted by discharges from | Incentivize better control of
Dissemination of resistant | antibiotic manufacturing Sewage
bacteria Human and animal microbiome

discharges
Disinfection of treated sewage and
sludge

contacts, hospitals | Reduce antibiotics usage, limit

opportunistic | transmission of pathogens

Hygiene, proper handling of fresh
produce

Reduce antibiotics usage, create
transmission barriers between
animals, humans and the external
environment

Improved infrastructure for sewage
treatment

CONCLUSION

In this paper, we have attempted to define and
formalize relevant ecological and environmental
factors for antibiotic resistance development and
transmission. [ We propose that although
emergence of novel resistance factors and
mobilization of existing ones probably happen
continuously, only few of these determinants are
selected for and permanently established among
bacterial populations.””? As a consequence, those
that do make it to pathogenic species are likely to
be evolved towards conveying very little fitness cost
to their hosts, and will thus be hard to eliminate
from pathogen populations.?®! Successful mitigation
strategies for environmental resistance development
are therefore in principle limited to-Avoiding

Downloaded from creation of settings that select
for, mobilize and allow persistence of resistance
genes in bacterial communities,Reducing dispersal
routes for resistant bacteria to the human
microbiome, and Limiting the selection pressure for
resistant pathogens (i.e.) prudent use of antibiotics
for humans and animals). B4 The diversity of
resistance genes present in the environment suggests
that there are still many more resistance genes
available for pathogens to recruit. 1*®! Resistance
genes common among the bacterial populations in
the human microbiome are not likely to be
eradicated, even in the absence of antibiotics
selection.®® Thus, the mobile resistance genes that
are already circulating among human pathogens may
easily re-emerge during antibiotics treatment. [
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Recruitment of additional novel resistance genes
into pathogens, on the other hand, has the potential
to cause devastating consequences for human

health,

asmobile resistance genes against new

antibiotics, ormore efficient resistance mechanisms
against the ones that already face resistance, would
further reduce treatment options. B
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