
Opinion

Subsistence and complexity of antimicrobial resistance
on a community-wide level

Riccardo Perri, Boris A. Kolvenbach * and
Philippe F. X. Corvini
Institute for Ecopreneurship, School of Life Sciences,
University of Applied Sciences and Arts Northwestern
Switzerland, Muttenz, Switzerland.

Summary

There are a multitude of resistance strategies that
microbes can apply to avoid inhibition by antimicrobials.
One of these strategies is the enzymatic modification of
the antibiotic, in a process generally termed inactivation.
Furthermore, some microorganisms may not be limited
to themere inactivation of the antimicrobial compounds.
They can continue by further enzymatic degradation of
the compounds’ carbon backbone, taking nutritional and
energetic advantage of the former antibiotic. This driving
force to harness an additional food source in a complex
environment adds another level of complexity to the rea-
sonablywell-understoodprocessof antibiotic resistance
proliferation on a single cell level: It brings bioprotection
into play at the level of microbial community. Despite the
possible implications of a resistant community in a host
and a lurking antibiotic failure, knowledge of degradation
pathways of antibiotics and their connections is scarce.
Currently, it is limited to only a few families of antibiotics
(e.g. β-lactams and sulfonamides). In this article, we dis-
cuss the fluctuating nature of the relationship between
antibiotic resistance and the biodegradation of antibi-
otics. This distinction mainly depends on the genetic
background of the microbe, as general resistance
genes can be recruited to function in a biodegradation
pathway.

Introduction

In the 21st century, antibiotics provide an ambivalent feel-
ing of safety. On one hand, they constitute an effective

weapon against many infectious diseases in human and
veterinary medicine; on the other hand, there is the
seemingly insurmountable problem of an onset of patho-
genic microorganisms resistant to most antibiotics
(Davies and Davies, 2010). This onset triggered
increased efforts to investigate the determinants of antibi-
otic resistance development and propagation as well as
the complex mechanisms involved in these processes
(Vaz-Moreira et al., 2014; Berendonk et al., 2015; Blair
et al., 2015; Crofts et al., 2017). An antibiotic resistance
gene (ARG) has been defined as a determinant, which
gives a microbe the ability to resist certain antibiotics and
which results in increased vulnerability when this specific
gene is missing (Martínez et al., 2015). ARGs can pro-
vide resistance by a number of mechanisms. Antibiotics
can be transported out of the cell via efflux pump sys-
tems, as with fluoroquinolone resistance mechanisms
(Munita and Arias, 2016). Moreover, resistance genes
can encode for isozymes, which are insensitive to inhibi-
tion, as in the case of sulfonamides (Wise Jr. and Abou-
Donia, 1975), while they are also able to overexpress tar-
gets that saturate the free antibiotic molecules, as it has
been observed for cases resistant against the tandem
use of sulfonamides-trimethoprim. Yet another aspect is
the modification of the antibiotic itself by enzymes, which
change its structure to the extent that it is no longer
active, for example chloramphenicol and β-lactams
(Munita and Arias, 2016). In addition to protection from
antimicrobials via ARGs, decreased susceptibility may
also be conferred by preventing the antimicrobial com-
pound from entering the cell by changes in cell wall per-
meability as the result of a genetic mutation, which has
been reported for β-lactams (Munita and Arias, 2016).

There is an urgent need better to understand how new
antibiotic resistances can be developed and dissemi-
nated. To this end, it is necessary to consider that there
are two distinct milieus in which new antibiotic-resistant
bacteria can be generated: the environment and the vari-
ous human microbiota (skin, gut, etc.). In fact, antibiotic
treatments can lead to an alteration of the resistome with
new prevalent ARGs becoming accessible to potentially

Received 9 April, 2020; accepted 10 April, 2020. *For correspon-
dence. E-mail boris.kolvenbach@fhnw.ch; Tel. +41 61 228 5676.

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

Environmental Microbiology (2020) 22(7), 2463–2468 doi:10.1111/1462-2920.15018

https://orcid.org/0000-0003-3491-9026
mailto:boris.kolvenbach@fhnw.ch
http://creativecommons.org/licenses/by-nc/4.0/


pathogenic microorganisms (Sommer and Dantas, 2011).
As the human microbiota are not hermetically closed sys-
tems, there is a possibility to exchange genetic informa-
tion with other environments, making them potential
reservoirs of ARGs (Pal et al., 2016). Nevertheless, dis-
tinctly different strategies have been found to resist the
same antibiotic in different environments. Indeed,
resistomes from different compartments (human gut, soil)
can contain unrelated strategies to counteract the same
antimicrobial. This has been shown in the case of tetracy-
cline resistance, where soil bacteria mainly resist through
efflux pumps while in the human gut, almost the only
mechanisms found are the ribosomal protection (Gibson
et al., 2015).
The mechanisms encompassed by the enzymatic inac-

tivation of antimicrobials represent a crucial link between
the mere ability to circumvent growth inhibition and the
capacity to acquire a nutritional and energy advantage
from the antibiotic. These mechanisms can further be dis-
tinguished based on the microorganism’s genetic
resources to chemically modify, cleave or mineralize the
antibiotics. A mechanism would be categorized as bio-
transformation or primary biodegradation when the modi-
fication or the partial degradation of the antibiotic target
finally result in the accumulation of biotransformation
products by the resistant organism. Conversely, ultimate
biodegradation pertains to the degradation process into
simple inorganic molecules, with which the degrading
organism can valorize the parent compound as a source
of nutrition and energy. Thus, to settle the categorization
of an antibiotic-degrading gene, it is necessary to extend
the definition of an ARG to include the capability of the
gene product to proceed with the primary or ultimate deg-
radation of the antibiotic. Unfortunately, the literature on
the degradation of antimicrobials is scarce compared with
that on antibiotic resistance and is limited to a few publi-
cations (Wright, 2005; Barra Caracciolo et al., 2015). Two
recent and exhaustive reviews summarize the current
knowledge regarding the degradation of antibiotics for the
most important and most widely used classes of antibi-
otics (Reis et al., 2020a; Reis et al., 2020b). In summary,
for almost all the antibiotic classes reported, primary or
ultimate biodegradation processes have been identified
at least on the level of the bacterial community. However,
in few classes (sulfonamides, β-lactams) the degradation
pathways have been linked to corresponding genes and
enzymes. These articles also emphasized how knowl-
edge of the degradation mechanisms, as well as of the
genes and enzymes engaged, can help elucidate the role
of antibiotic biodegradation in the development of novel
antibiotic resistance mechanisms and its possible contri-
bution to the dissemination of known resistance mecha-
nisms. Thoroughly understanding the interplay of
antibiotic degradation and resistance could ultimately

help to evaluate whether new strategies can help slow
down the pace at which new antibiotic resistances are
formed and propagated. An example for this would be
the design of antibiotics with a shorter half-life, in order to
avoid long-term exposition of microbes to this antimicro-
bial agent.

Antibiotic biodegradation: an opportunity for the
degrading bacteria to access nutrients and a chance
for sensitive microorganisms to survive

The evolution of antibiotic resistance started long before
antimicrobials were applied in medicine to fight infections
(D’Costa et al., 2011). Presumably, at an early stage in
evolution, some microbes acquired means to produce
antimicrobial compounds to inhibit the proliferation of
others competing with them for resources. Additionally,
the antibiotic-producing microbe may have developed
resistance mechanisms for their own protection and this
feature may have been acquired later by other microbes.
This could even be turned into an enormous advantage,
if an antimicrobial compound synthetized by a competitor
could actually be recruited as a source of nutrients and
energy. After all, antibiotics are organic molecules princi-
pally composed of carbon, oxygen, nitrogen, hydrogen
and sulfur. Hence, it is not difficult to imagine that
microbes do not discriminate between antibiotics and
other substrate molecules, provided they carry a genetic
makeup encoding for enzymes able to digest these anti-
microbial molecules. First indications for bacteria able to
use antibiotics as nutritional resources were presented in
the 1970s, where different strains of the genus Pseudo-
monas were found to be able to utilize benzylpenicillin
and streptomycin as sources of carbon and nitrogen
(Fenton et al., 1973; Johnsen, 1977). Another more
recent study screened for the ability of bacteria isolated
from different soils to grow on a set of antibiotics as the
sole carbon source (Dantas et al., 2018). This work
emphasized the phylogenetic distance between the dif-
ferent isolates subsisting on antibiotics, suggesting an
intrinsic microbial capability to acquire degradative mech-
anisms. Genes coding for degradative enzymes that tar-
get antibiotics, such as β-lactamases, have even been
found in ancient permafrost sediment (D’Costa et al.,
2011). Thus, antibiotic degradation can be seen as part
of an intrinsic repertoire of microbes in their competition
for nutrients. Heterotrophic microbes are involved in the
turnover of various kinds of organic matter encountered
in nature, including those with complex chemical struc-
ture. This may easily explain the ability of bacteria to
degrade natural antibiotics. In addition, there are also
numerous accounts of a similar ability to degrade antibi-
otics of synthetic origin, i.e. ‘new’ compounds in an evolu-
tionary sense. Many microbes can metabolize a broad
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variety of compounds as carbon source and in some
cases are also able to act on ‘natural’ moieties present in
synthetic antibiotics and catabolize them (Dantas and
Sommer, 2012). Hence, the presence and evolution of
promiscuous enzymes, which are unspecific and capable
of catalysing reactions on substrates structurally related
to the native target, represent the keystone in the devel-
opment of new antibiotic degradation mechanisms
(Kolvenbach et al., 2014). Driving forces for the evolution
of a novel machinery to degrade antibiotics to gain nutri-
ents and energy may be bolstered in environments where
the competition for nutrients is strong. As the natural
environment is experiencing increasing levels of pollution
with antibiotics due to anthropogenic activities, this could
also exert a dual selective pressure in terms of selection
for resistance and providing potential nutrients, war-
ranting further discussion. Conversely, the pressure for
evolution/recruitment of catabolic determinants might pre-
sumably be less intense in environments where carbon
sources are abundant, as in the human body. Here, the
mechanisms of mere resistance probably play a more rel-
evant role (Dantas et al., 2018). The development of abili-
ties in human microbiota to degrade antibiotics can be
related to the phenomenon of bioprotection (Erb et al.,
1997), which has also been referred to as indirect resis-
tance (Nicoloff and Andersson, 2016). This phenomenon
occurs when antibiotic-degrading bacteria protect part of
the population that is susceptible to antibiotics by remov-
ing/modifying the inhibiting compounds. Eventually, the
degradation of the antibiotic will result in a decreased
concentration. If this concentration is below the minimum
inhibitory concentration for susceptible pathogens, it may
result in antibiotic failure and subsequent microbial infec-
tion. However, bioprotection via primary biodegradation is

still a poorly understood process and has yet only been
linked to β-lactamase producers (Yurtsev et al., 2013;
Medaney et al., 2016; Murray et al., 2018). No similar
examples for bioprotection from other antibiotic families
have been reported so far (Nicoloff and Andersson,
2016). Taking this concept of indirect resistance into
account increases the complexity of antibiotic resistance
scenarios and adds a concept of ‘community-based
resistance’ to the aspects and forms of individual resis-
tance. Even more so, following the Black Queen Hypoth-
esis, the principle of bioprotection could even drive the
loss of ARGs. This would be the case when enzymes
rendering antimicrobials harmless would be excreted into
the environment. Here, this ‘leaky function’ benefitting the
whole community would relieve the pressure to keep indi-
vidual copies of genes serving the same function and
make them dispensable for other individuals (Morris
et al., 2012).

The genes of the resistome might be either resistant
or degradative and their role is influenced by the
genetics of the host

The resistome is defined as the collection of all genes
related to antimicrobial resistance within a given compart-
ment (being either a single organism or even a commu-
nity or ecosystem) (Wright, 2007). Genes related to
antibiotic resistance and those related to antibiotic degra-
dation are clustered heterogeneously inside the res-
istome. Likewise, one could define a sub-category in the
resistome (labelled ‘subsistome’), comprising genes that
allow the degrading of antibiotic molecules and their use
as a source of nutrients and energy. The subsistome
classification would therefore exclude the other antibiotic
resistance and degrading genes, which are not directly
involved in the valorization of the antimicrobial pathways
(Fig. 1). Here however, the possible role of a specific
gene is strongly affected by its genomic context.
β-lactamase, for example, cleaves the lactam rings of
penicillin derivatives and can be placed among the ARGs
(Walsh et al., 2013). Yet, if it is present as a part of a
larger degradation pathway to utilize the carbon back-
bone of the antibiotic, as in the case of the β-lactamase
bla with the concomitant presence of put operon and paa
catabolon (Crofts et al., 2018), it will clearly fall into the
subsistome category, as it can then serve to provide
nutrients from its substrate. In fact, this genomic setup is
capable of further processing and catabolizing the
phenylacetamide moiety of the cleaved penicillin. In this
way, a gene would behave as a resistance gene or
antibiotic-subsisting gene, depending on its wider genetic
context. Furthermore, genes coding for the resistance
and mineralization of the same antibiotic can be carried
independently in a bacterial strain, as in the case of

Fig. 1. The subsistome as a junction between the resistome and the
catabolic section of the proteome. Genes involved in the inactivation
of antibiotics that belong to the resistome can cross the classification
border and become part of the subsistome. This may occur if they
are colocalized with other genes allowing the further valorization of
the antibiotic as a source of nutrition and energy. This case demon-
strates that the classifications are somewhat fuzzy and that, in cer-
tain cases, the antibiotic resistance and degradation functions are
partially overlapping. [Color figure can be viewed at
wileyonlinelibrary.com]
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Microbacterium BR1 sp. On the one hand, this strain
contains a modified dihydropteroate synthase sul1, a
well-characterized sulfonamide resistance gene (Wise
Jr. and Abou-Donia, 1975). On the other hand, it also
bears the sad cluster, encoding for two monooxygenases
(sadA and sadB) and a flavin reductase (sadC) respec-
tively, which are responsible for the partial mineralization
of sulfonamides (Ricken et al., 2017). This strain was
actually the first bacterium for which the genes and
enzymes involved in the use of an antibiotic as a carbon
and energy source had been characterized. The sad
cluster is flanked by sequences encoding for mobile
genetic elements (Ricken et al., 2017), as was also the
case for Candidatus Leucobacter sulfamidivorax, where
multiple copies of sadA were found to be flanked by sin-
gle IS1380 family transposases (Reis et al., 2019). More-
over, the sulfonamide-resistant gene sul1 is commonly
found in class 1 integrons and therefore known to be eas-
ily disseminated (Gillings, 2014). It is interesting to note
the presence of distinct genomic islands distributed on
separate regions of the genomes of different
actinobacteria (Kim et al., 2019), previously identified as
sulfonamide degraders (Tappe et al., 2013; Topp et al.,
2013; Deng et al., 2016). These islands carry the sulfon-
amide resistance and the determinants for degradation.
This strongly suggests the potential mobility of the

degradative genes and the resistome determinants. It
may also explain how the sulfonamide degrading machin-
ery could have been acquired with the resistance deter-
minants. In general, the resistance of a specific antibiotic
could be a mandatory first step for bacteria to develop
antimicrobial degrading mechanisms, in order to relieve
stress during the evolving stage towards degradation (Kim
et al., 2019). This is the case in Pseudomonas strain
ABC07, which carries the resistance gene β-lactamase,
which is also an integral part of a wider framework
(in collaboration with the put operon and the paa cat-
abolon), enabling the strain to grow on penicillin, cephalo-
sporins and carbapenems (Crofts et al., 2018).

Conclusions and perspectives

In order to propose efficient solutions for the problem of
antibiotic resistance, it may not be sufficient to compile
and identify antibiotic resistance determinants and find
out how these can be disseminated among microbes. As
discussed in the previous section, there are wider impli-
cations if we expand the focus from the isolated genes to
their context within a genome or even in a microbiome or
any other ecosystem. Antibiotic resistances may mislead-
ingly be classified as degradative pathways and resis-
tance genes can even coincide with a part of the

Fig. 2. Schematic representation of the vicious cycle, which depicts the possible interplay between antibiotic resistance and degradation during
the development of new degradation mechanisms and the dissemination of antibiotic resistances. The release of new antibiotics into the environ-
ment may apply selective pressure on the community, selecting for new antibiotic resistances in sensitive strains. After establishing this basal
resistance, promiscuous enzymes can play a key role in the evolution of novel pathways to valorize the antibiotics as nutrition source. Valoriza-
tion will result in the ability to grow on the antimicrobials and propagate the classic ARG. Moreover, the reduction of the antibiotic concentration
will enable susceptible strains to survive and adapt under non-lethal stress conditions. Finally, novel antibiotics have to be developed and pre-
scribed. [Color figure can be viewed at wileyonlinelibrary.com]
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‘subsistome’, resulting in bacterial machineries capable
of more than mere resistance. Microbial degradation of
antibiotics is strongly related to indirect resistance,
encountered when antibiotic concentrations in a microbial
environment fall below the inhibitory threshold due to the
action of microbes capable of degrading antibiotics (com-
pare Fig. 2). This development from resistance via degra-
dation to indirect resistance, creating a need for novel,
effective antibiotics, represents a vicious cycle.

Both from a medical and economic perspective, there
is a desire to design antibiotics intended to be effective
for longer periods without the risk of imminent onset of
antibiotic-resistant microbes and subsequent antibiotic
failure. In order to provide improved antibiotics, we
believe that a deeper knowledge of the (micro)biological
fate of antibiotics is essential. This comprises information
on possible biotransformation/biodegradation products,
the genes and the enzymes that are involved, but also
information on the environmental fate of the parent
compound. For instance, the precise knowledge of sadA-
catalysed biodegradation of sulfonamides can be valo-
rized to design sulfonamides, which cannot be degraded
via the ipso-substitution degradation mechanism. In that
case, sulfonamides lacking chemical groups on the
heteroatom-bearing moiety that usually enable the delo-
calization of one free electron pair would be recalcitrant
to bacterial degradation. Finally, in order to keep future
drugs effective as long as possible, efforts to design new
antibiotics should also include the study of potential resis-
tance hot spots, such as the presence of silent- and
proto-resistance genes (Perry et al., 2014) in potential
application environments, e.g. the patients’ microbiomes.
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