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Impact of synthetic antibiotics on biogeochemical processes
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Abstract Antibiotic use in the early 1900 vastly improved
human health but at the same time started an arms race of
antibiotic resistance. The widespread use of antibiotics has
resulted in ubiquitous trace concentrations of many antibiotics
in most environments. Little is known about the impact of
these antibiotics on microbial processes or “non-target” or-
ganisms. This mini-review summarizes our knowledge of
the effect of synthetically produced antibiotics on microorgan-
isms involved in biogeochemical cycling. We found only 31
articles that dealt with the effects of antibiotics on such pro-
cesses in soil, sediment, or freshwater. We compare the pro-
cesses, antibiotics, concentration range, source, environment,
and experimental approach of these studies. Examining the
effects of antibiotics on biogeochemical processes should in-
volve environmentally relevant concentrations (instead of
therapeutic), chronic exposure (versus acute), and monitoring
of the administered antibiotics. Furthermore, the lack of stan-
dardized tests hinders generalizations regarding the effects of
antibiotics on biogeochemical processes. We investigated the
effects of antibiotics on biogeochemical N cycling, specifical-
ly nitrification, denitrification, and anammox. We found that
environmentally relevant concentrations of fluoroquinolones
and sulfonamides could partially inhibit denitrification. So far,
the only documented effects of antibiotic inhibitions were at
therapeutic doses on anammox activities. The most studied
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and inhibited was nitrification (25—100 %) mainly at therapeu-
tic doses and rarely environmentally relevant. We recommend
that firm conclusions regarding inhibition of antibiotics at en-
vironmentally relevant concentrations remain difficult due to
the lack of studies testing low concentrations at chronic expo-
sure. There is thus a need to test the effects of these environ-
mental concentrations on biogeochemical processes to further
establish the possible effects on ecosystem functioning.

Keywords Antibiotic - Biogeochemical processes -
Environmentally relevant concentration - Microbial
ecotoxicology

Background and purposes

Since their discovery in the 1930s, antibiotics have consider-
ably improved human and animal health and agricultural
yields. However, their overuse soon caused problems such
as ineffectiveness on pathogenic bacteria (Finley et al. 2013)
due to the accelerated development of antibiotic resistant bac-
teria. Moreover, most antibiotics are not metabolized and are
released into the environment via urine and feces. Concentra-
tions of antibiotics can reach several mg/kg of sediment, es-
pecially in aquatic ecosystems downstream of manufacturing
plants (see review in Larsson 2014) or aquaculture farms (e.g.,
Rico et al. 2014). Even in other environments such as river
water or sediment, antibiotics often occur at concentrations
from ng/L to ng/L or ng/kg. These environmental concentra-
tions are generally too low to inhibit bacterial activity. On the
contrary, inhibitory concentrations (see definition in Nordberg
et al. 2009) are often referred to as therapeutic concentrations
(>1 mg/L). The effects of environmentally relevant concentra-
tions of antibiotics can fundamentally differ from therapeutic
concentrations, enhancing bacterial communication or
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transcription regulation (Andersson and Hughes 2014; Davies
and Ryan 2012). While many unknowns concerning chronic
exposure to low doses remain, there is concern that low doses
may favor and sustain genes for antibiotic resistance in the
environment (Allen et al. 2010; Kiimmerer 2009b).

Although antibiotics have been detected in many environ-
ments, their ecological effects have been poorly investigated,
particularly concerning non-target bacteria and their related
ecological functions. Antibiotics target bacteria by preventing
their growth (bacteriostatic) or killing them (bactericidal). An-
tibiotics can be natural (i.e., produced by microorganisms in
their own habitat) or of synthetic origin. Most antibiotics tar-
get one of three bacterial functions: cell wall biosynthesis,
protein synthesis, or DNA replication and repair. Some anti-
biotics affect a wide range of pathogens (broad spectrum)
while others specifically target a group of bacteria (e.g.,
Gram-positive bacteria). At the level of an individual bacteri-
um, antibiotic resistance can develop by (1) pumping out the
antibiotic, (2) destroying the active compounds of the antibi-
otic, or (3) reprogramming (or camouflaging) the target struc-
ture (Schmieder and Edwards 2012). At the ecosystem level
(i.e., soil, sediment, or water), the microbial community and
physical habitat can respond to antibiotic exposure or modu-
late its effects, with large physicochemical differences be-
tween ecosystems and consequently strong differences in re-
sponse to antibiotic exposure. Ecosystems such as soils are
extremely physicochemically complex and dynamic,
supporting high microbial diversity. Abiotic inactivation of
the antibacterial molecules can occur before ever reaching
bacteria by interactions with soil organo-mineral compounds
(e.g., clays), organic matter (Conkle and White 2012), or re-
actions such as photodegradation or hydrolysis (Thiele-Bruhn
2003). A lack of antibiotic effect can be due to antibiotic
physicochemical properties such as a strong sequestration
and low bioavailability (Rosendahl et al. 2012) and thus de-
pends on the type of environmental matrix (solid or liquid).
The antibiotic tolerance of a bacterial community, or more
specifically of a bacterial function, may involve a shift in the
community structure (composition, richness, density) or de-
pend on the spatial distribution of members of the community.
Bacterial biofilms, made up of an aggregation of microbes of
different species surrounded by extracellular polymers, are
more tolerant than planktonic bacteria because polymers are
resistant to penetration of toxic compounds (Campos et al.
2001; Stewart 2002). Furthermore, the more tolerant bacteria
in the biofilm benefit from the exposure and become the dom-
inant members of the community (Knapp et al. 2008), or tol-
erant bacteria may develop on the dead remains of the biofilm
(Kotzerke et al. 2011; Demoling et al. 2009; Kleineidam et al.
2010; Reichel et al. 2013; Yergeau et al. 2012).

Natural microbial communities are characterized by a
large functional redundancy, with multiple species able to
carry out the same process. Functional redundancy can

allow a process to continue during antibiotic exposure
despite modifications in community structure. Bacterial
communities can also adapt quickly on hourly or monthly
time frames. Only a few studies have considered both the
effects on antibiotic exposure on community structure and
ecosystem functioning via process rates (Néaslund et al.
2008; Roose-Amsaleg et al. 2013; Underwood et al.
2011; Wunder et al. 2013; Yamamura et al. 2014).

Biogeochemical functioning of ecosystems relies largely
on microbial activity, with ecosystem services such as nutrient
cycling, organic matter production, and turnover or degrada-
tion of pollutants regulated by microbial metabolism
(Ducklow 2008). In this mini-review, we investigated how
environmentally relevant antibiotic concentrations affect bio-
geochemical functioning and thus disturb ecosystem process-
es. We were interested to know if antibiotics have environ-
mental side-effects in addition to inducing and sustaining an-
tibiotic resistance. Studies exploring effects of antibiotics on
the microbial community structure and biomass will not be
discussed here, only those investigating the side-effect on a
biogeochemical process. We first briefly described the fate of
antibiotics in the environment and the known microbiological
effects of antibiotics and then provide an overview of the
impact of antibiotics on biogeochemical processes. In the last
section, we assessed the effects of antibiotics on the three
major processes of the nitrogen cycle: nitrification, denitrifi-
cation, and anammox. We discussed both acute and chronic
antibiotic exposures, though we focused on the latter since it is
more environmentally representative. We did not include tests
directly conducted on purified enzymes, as the effect on en-
zyme activity is distinct from the effect of antibiotics on bac-
terial growth or life. We concluded that future studies should
include both community analysis and process rate measure-
ments, in order to establish a mechanistic relationship and
explain the effects on biochemical processes mediated by an-
tibiotic exposure.

Antibiotics in the environment

In the last 20 years, improved analytical capabilities have
allowed the detection of antibiotic residues in virtually all
natural habitats (Bell et al. 2013; Kiimmerer 2009a;
Thiele-Bruhn 2003). At least 1500 publications have ad-
dressed antibiotic molecules in the environment. Similar-
ly, the spread of antibiotic resistance in hospitals and in
the environment has been extensively discussed and stud-
ied with over 850 publications. Many of the studies report
an inventory of antibiotic resistance genes (Nesme et al.
2014) and many address bacteria in aquatic environments
(for review see Kiimmerer 2009b) or soils (Gatica and
Cytryn 2013). The resistance of bacterial species used as
fecal indicators was also often investigated (Luczkiewicz
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et al. 2013; Servais and Passerat 2009). However, despite
the proliferation of environmental antibiotic studies in
general, relatively few have considered the impact of an-
tibiotics on “ecosystem health” (Gu 2014).

Microbiological effects of antibiotics
in the environment

Regarding the effects of antibiotics in the environment, two
aspects have to be considered: (1) the type of bacteria exposed
to antibiotics in the environment and (2) the range of antibiotic
concentrations to which these bacteria are exposed. While
antibiotics can be lethal for pathogenic bacteria, little is known
regarding their toxicity on microorganisms that are not the
intended targets of a particular antibiotic (Nordberg et al.
2009). These non-target organisms comprise the majority of
bacteria inhabiting natural environments. The vulnerability of
bacteria to antibiotics is evaluated by measuring the minimum
inhibitory concentration (MIC) (Andersson and Hughes
2014). A list of antibiotic MIC exists for bacteria and antibi-
otics of medical interest (European Committee on Antimicro-
bial Susceptibility Testing, data from the EUCAST MIC dis-
tribution website, last accessed 24 March 2015. http:/www.
eucast.org). Because more than 99 % of environmental
bacteria are not able to be cultured (Amann et al. 1995),
their MIC cannot be measured. Furthermore, MIC measures
the acute lethal toxicity (Nordberg et al. 2009), the effect of
high levels over short-term periods as revealed by mortality
(Crane et al. 2000), of a single strain of a particular species.
This strongly contrasts natural environments where chronic
exposure occurs over long periods, sometimes representing a
substantial portion of a microbial community’s life-span, and
toxicity is measured by observing mortality, growth, or repro-
duction (Nordberg et al. 2009).

Exposure to therapeutic levels of antibiotics can favor re-
sistant phenotypes, representing a serious public health haz-
ard. However, in environmentally relevant concentrations,
vulnerable strains can continue to grow, though sometimes
at a reduced rate (Andersson and Hughes 2014). Though some
studies have extrapolated the effects of acute, high doses of
antibiotics, there are likely non-linear thresholds and emergent
behavior of sub-inhibitory doses in the environment. Sub-
inhibitory doses of antibiotics can select for bacterial resis-
tance in vitro originating from both enrichment of pre-
existing antibiotic resistant bacteria and from selection of de
novo resistant bacteria (Andersson and Hughes 2014). These
doses further cause the acceleration and spread of resistance in
bacteria affecting humans and animals. Sub-inhibitory levels
of antibiotic on bacterial physiology can cause mutagenesis,
virulence, biofilm formation, and horizontal gene transfer re-
combination, at least in vitro. Furthermore, environmentally
relevant concentrations of antibiotics ranging from ng to pg/L
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or /kg could act as signaling molecules involved in quorum-
sensing biofilm formation and virulence (Andersson and
Hughes 2014).

Effects on biogeochemical processes

The consequences of antibiotics on biogeochemical processes
are still not well-documented. To the present date (2015,
March), we found 31 articles (Table 1) exploring effects of
antibiotics on these processes. Identifying general patterns
was complicated by the fact that there is no single standard-
ized method to study the effect on biogeochemical processes.
Nevertheless, a common way to study antibiotic effects on
biogeochemical processes is to reproduce in the laboratory a
simple system and then controlling several parameters, nota-
bly the antibiotic exposure. Depending on the nature of the
environmental sample, different laboratory tests are used, such
as batches (homogenization of the sample) or microcosms
(intact soil or sediment incubation; Underwood et al. 2011;
Yan et al. 2013). Mesocosms and field trials are less often
used due to the complexity of their setup (Rosendahl et al.
2012) even though they tend to better reflect chronic exposure
conditions in the environment. We found 12 studies from nat-
ural aquatic environments, 6 from wastewater treatment plants
(WWTP), 8 from soils, and 5 on bacterial enrichments. Of
these studies, 77 % included processes involved in the nitro-
gen cycle. The non-nitrogen-related studies involved sulfate-
reduction (Hansen et al. 1992; Ingvorsen et al. 2003; Liu et al.
2014), pyrene degradation (Naslund et al. 2008), iron reduc-
tion (Thiele-Bruhn and Beck 2005; Toth et al. 2011), arsenic
oxidation and reduction (Yamamura et al. 2014),
methanogenesis (Conkle and White 2012; Fountoulakis
et al. 2004; Liu et al. 2014), and acetate biodegradation kinet-
ics (Wunder et al. 2013). We only found a few studies that
examined the effect of antibiotics on several biogeochemical
processes (Conkle and White 2012; Kotzerke et al. 2008;
Kotzerke et al. 2011; Liu et al. 2014; Rosendahl et al. 2012;
Toth et al. 2011).

The 12 studies tested a total of 14 antibiotic families with
31 compounds displaying extremely different physicochemi-
cal properties that cause differences in target species and an-
tibiotic mechanisms. In the following sections, we give a brief
overview of the experimental procedure of exposure concen-
trations and experimental design to compare and review the
effects of antibiotics on biogeochemical processes.

Across studies, the fate of the antibiotic substance during
the experiment was often unconsidered, and only 40 % of the
studies quantified the antibiotic concentration in the experi-
mental medium to determine the effect on a certain process
(Ahmad et al. 2014; Campos et al. 2001; Hansen et al. 1992;
Hou et al. 2015; Kotzerke et al. 2008; Kotzerke et al. 2011;
Liu et al. 2014; Rico et al. 2014; Roose-Amsaleg et al. 2013;
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Rosendahl et al. 2012; Thiele-Bruhn and Beck 2005; Yan et al.
2013). Regardless the antibiotic family, these studies revealed
considerable loss of antibiotics over the experiment. In the
environment, antibiotic degradation includes diverse process-
es such as biodegradation, evaporation, and sorption to organ-
ic matter. For studies where it was reported, antibiotic concen-
trations decreased by 62 to 100 % during the experiments: 66—
100 % in soil (Kotzerke et al. 2008), 62-93 % in sediment
(Yan et al. 2013), and 64-98 % in water (Rico et al. 2014).
Although antibiotics have low volatilities and do not tend to
bioaccumulate, they show variable adsorption capacities and
decay rates (half-lives from hours to months and even to years
in a solid matrix). Sorption coefficients of the 14 antibiotics
ranged from high (oxolinic acid) to low (sulfamethoxazole) in
the 12 studies. Continuous addition of antibiotic could com-
pensate for the antibiotic degradation observed in all studies.
Otherwise, studies should consider both nominal and mea-
sured antibiotic concentrations to determine whether the deg-
radation rates observed in the laboratory and semi-field exper-
iments provide sufficient antibiotic exposure.

We assessed whether acute or chronic toxicity was studied
though it was rarely explicitly mentioned (see Table 1). We
considered the duration of the experiment, the type of antibi-
otic supply, and the antibiotic concentration of the exposure.

Duration of the experiments: short-term versus long-term
effects

One of the first studies investigating the effect of antibi-
otics on a functional trait (denitrification) was short-term,
on the scale of hours (Costanzo et al. 2005). Short expo-
sure time is problematic for slow-growing bacteria. Gen-
eration times of known cultivated ammonia-oxidizing
bacteria vary from 8 to 138 h with a common value of
20 h (Prosser 1989) and the doubling time of anammox
bacteria is 9 days (Strous et al. 1999). Under optimal
conditions, the doubling time for denitrifiers varies be-
tween 1.5 and 1.9 h (Paracoccus denitrificans and Pseu-
domonas Stutzeri; Carlson and Ingraham, 1983). Howev-
er, the doubling time of heterotrophic microorganisms in
soils is~9 days (Baath et al. 1988). Acute toxicity tests
regularly last hours rather than days or weeks. The dura-
tion of the exposure of colistin used by Bressan et al.
(2013) on ammonia-oxidizing bacteria was 5 h. Schmidt
et al. (2012) already stated that “inhibition of cell division
or protein biosynthesis may be observed only after test
duration of several days.” The importance of incubation
time was also shown in the “Substrate Induced Respira-
tion (SIR)” test of Thiele-Bruhn and Beck (2005); no
effect was observed after 4 h, whereas respiration was
inhibited by both oxytetracycline and sulfapyridine after
24 h. Short-term experiments that are shorter than the
growth rate of the targeted bacteria, therefore, explore

the effect of the antibiotic on enzyme activity. Studies
regarding short-term effects (Bressan et al. 2013;
Costanzo et al. 2005; Hou et al. 2015; Katipoglu-Yazan
et al. 2013) can be contrasted to long-term effect studies:
from days (Ahmad et al. 2014; Alighardashi et al. 2009;
Conkle and White 2012; Fountoulakis et al. 2004; Hou
et al. 2015; Ingvorsen et al. 2003; Thiele-Bruhn and Beck
2005; Yamamura et al. 2014), weeks (Campos et al. 2001;
Cui et al. 2014; Klaver and Matthews 1994; Kotzerke
et al. 2008; Kotzerke et al. 2011; Lotti et al. 2012; Rico
et al. 2014; Roose-Amsaleg et al. 2013; Toth et al. 2011;
Underwood et al. 2011; Wunder et al. 2013; Yan et al.
2013), months (Fernandez et al. 2009; Hansen et al.
1992; Nislund et al. 2008; Rosendahl et al. 2012), to a
year (442 days by Schmidt et al. 2012). Conducting ex-
periments for extended time periods is difficult because
degradable antibiotics, as well as nutrients, can be quickly
consumed unless continuously added (Alighardashi et al.
2009).

Supply of antibiotic

In most studies (25 out of 31), the antibiotic was added once or
several times (Campos et al. 2001; Fernandez et al. 2009; Rico
et al. 2014; Schmidt et al. 2012). Only three studies continu-
ously supplied the antibiotic (Wunder et al. 2013, Yan et al.
2013; Roose-Amsaleg et al. 2013). With a single antibiotic
addition, the exposure might be insufficient and a lack of
effect can be confounded with a lack of exposure of the anti-
biotic due to degradation. Among the 24 studies using a single
addition of the antibiotic, 8 quantified the antibiotic. The
chronic exposure cannot be ascertained in the other cases. In
order to be sure of the exposed and effective antibiotic levels,
these should be measured over the course of the experiment.

Level of exposure

Most studies investigating the effect on biogeochemical pro-
cess used an antibiotic exposure which is therapeutic (mg/L or
mg/kg), thus higher than those found in polluted environ-
ments. These high concentrations of antibiotic could be used
as a positive control in the experiments, but a larger range of
antibiotic concentrations, including environmentally relevant
ones, should be tested. However, over half of the studies (17
of 31) exclusively tested those therapeutic levels which do not
reflect environmental exposures. Inhibitive effects were al-
most always observed in those studies but were sometimes
reversible (Hansen et al. 1992) or temporary (Kotzerke et al.
2011). Among the five antibiotics tested at 1 mg/L by
Costanzo et al. (2005), three inhibited (erythromycin,
clarithromycin, amoxicillin), whereas two (ciprofloxacin and
the mixture amoxicillin and clavulanic acid) did not inhibit
denitrification. Similarly, Campos et al. (2001) did not observe
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any inhibition for one among two antibiotics
(chloramphenicol) on nitrification even when applied at 10—
250 mg/L. However, as explained by Alighardashi et al.
(2009), the use of high levels of antibiotic is appropriate when
batch experiments are carried out, notably on wastewater.

As a conclusion given by Alighardashi et al. (2009),
long-term “laboratory-scale” studies using low antibiotic
concentrations should be complemented by short-term
“batch” experiments that use large doses. Researchers
should be aware of what level of antibiotic exposure best
suits their research question: acute or chronic in order to
give relevant results. Effects of environmentally relevant
concentrations on processes need further study, with par-
ticular attention to incubation period, the antibiotic of in-
terest, and the environmental matrix.

Studies on the effects of cocktails or mixtures of anti-
biotics on biogeochemical processes are even scarcer but
of growing concern (Ingvorsen et al. 2003; Schmidt et al.
2012; Wunder et al. 2013). The positive synergistic effect
of an antibiotic mixture on the model organism Vibrio
Fischeri has been demonstrated by Backhaus et al.
(2000). Although the low doses of each antibiotic were
not toxic individually, the mixture was strongly toxic. A
study carried out with a combination of environmentally
relevant concentrations (pg/L) showed that the simulta-
neous exposure to three antibiotics (sulfamethoxazole,
ciprofloxacin, and erythromycin) had no effect on the
degradation of acetate (Wunder et al. 2013). The two oth-
er studies tested therapeutic concentrations of antibiotic
mixtures and observed expected inhibition. Schmidt
et al. (2012) explored the effect of a mixture of ciproflox-
acin, gentamycin, sulfamethoxazole, trimethoprim, and
vancomycin (0.1-40 mg/L) on chemical oxygen demand
and nitrification. The chosen experimental setup for their
study simulated conditions of a wastewater treatment
plant; nitrification was completely inhibited at 40 mg/L.
They concluded that typical conditions in a treatment
plant would not result in suppression of nitrogen
removal. Similarly, Ingvorsen et al. (2003) showed a
strong inhibition (90 %) of sulfate reduction after a high
dose of chloramphenicol and streptomycin, 20 and
100 mg/L, respectively.

In the natural environment, multiple antibiotics are
present as mixtures. Individual antibiotic applications re-
veal potential mechanisms of inhibition, whereas to deter-
mine realistic effects on processes, mixtures should be
investigated. In the future, studies regarding this mixture
and possible synergistic effect should be considered (no-
tably using existing concepts for the prediction of mixture
toxicities; Backhaus et al. 2000). Studying multiple anti-
biotics at environmentally relevant concentrations as well
as the possible role of other contaminants (e.g., metals or
pesticide) should be tested.

@ Springer

Effect of antibiotics on nitrogen cycle

The following sections specifically examine the three most
studied biogeochemical processes in the nitrogen cycle: nitri-
fication, anammox, and denitrification. They represent distinct
processes in regard to metabolism and microbes. Bacterial
denitrification is almost always facultative (Zumft 1997) in
contrast to anammox and denitrification. Although denitrifiers
form a phylogenetically diverse group (Philippot and Hallin
2005) spread among three kingdoms, microorganisms in-
volved in nitrification or anammox have much lower phylo-
genetic diversity. This difference might affect their vulnerabil-
ity to antibiotic exposure, with multi-species communities
showing higher resilience to antibiotics (Néslund et al.
2008). Furthermore, both nitrifiers and anammox bacteria
have single cellular organizations entailing different responses
to antibiotic exposure. Nitrification is carried out in two steps
by both Gram-negative bacteria (Kowalchuk and Stephen
2001) and Archaea (Treusch et al. 2005) during ammonia
oxidation and only by Gram-negative bacteria during nitrite
oxidation (Spieck and Lipski 2011). Archaea are less sensitive
to antibiotics than bacteria due to differences in cell envelopes
and metabolic processes (Shen et al. 2013). For example, the
ammonia oxidizing archaea Nitrososphaera viennensis is re-
sistant to streptomycin, kanamycin, ampicillin, and
carbenicillin (Tourna et al. 2011). Similarly, the anammox
bacteria, all members of the order Planctomycetales (Strous
et al. 1999), are known for their unique membrane lipids.
Furthermore, planctomycetes do not have murein in their cell
walls, a target of several antibiotics, and are thus resistant
towards these compounds (Claus et al. 2000). Furthermore,
the anammox process is carried out within an internal organel,
the anammoxosome, which may protect the activity from the
effects of antibiotics. Among the studies testing antibiotics on
N transformations, 13 publications studied the effect of anti-
biotics on nitrification, 12 on denitrification, and 2 on
anammox.

Nitrification (13 studies—16 antibiotics)

Nitrifiers have been used to determine the effect of antibiotics
on nitrification. The ISO 9509 norm tests toxicity by assessing
the inhibition of nitrification of activated sludge microorgan-
isms (Juliastuti et al. 2003). Nitrifiers are highly sensitive to
inhibitory compounds (including antibiotics) in aerobic envi-
ronments. Furthermore, nitrifiers are used as biosensors to
detect the toxicity of molecules present in wastewater treat-
ment plants (Alighardashi et al. 2009; Carucci et al. 2006).
Out of the 13 studies, 9 showed an effect of antibiotics out
of which only four (four antibiotics) did not inhibit nitrifica-
tion, confirming the high sensitivity of nitrifiers at therapeutic
antibiotic concentrations. There was no measured inhibition
(1) of soil nitrifiers in the studies involving antibiotic-spiked
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manure added to soil (Toth et al. 2011; Rosendahl et al. 2012)
with monensin and difloxacin, respectively; (2) of mixed ni-
trifying cultures by chloramphenicol (Campos et al. 2001);
and (3) of ammonia oxidizers from a mixed culture of nitrify-
ing bacteria by colistin (Bressan et al. 2013). The latter study
observed that nitrite-oxidizing bacteria were more susceptible
to colistin than ammonia oxidizers. Except for the physico-
chemical behavior of the antibiotic, Campos et al. (2001) ex-
plained the lack of inhibition by a shift in ammonia-oxidizing
bacteria (AOB) versus ammonia-oxidizing archaca (AOA).
This is in agreement with Schauss et al. (2009) who calculated
via modeling an EC50 strongly higher for AOA compared to
AOB for sulfadiazine.

Among the studies showing an effect, only three tested
both environmentally relevant and therapeutic concentrations
(Rico et al. 2014; Toth et al. 2011; Schmidt et al. 2012). Rico
et al. (2014) carried out a chronic exposure of tropical fresh-
water to a fluoroquinolone (enrofloxacin) in a microcosm. An
inhibitive effect of this antibiotic above 100 pg/L. was dem-
onstrated whereas they measured no observed effect concen-
tration (NOEC see Nordberg et al. 2009 for definition) of 10
and 1 pug/L from bacterial and archacal ammonia-oxidizer
abundance, respectively. They actually observed a relation
between nitrification activity and an antibiotic exposure at
1000 png/L, which is above environmentally relevant concen-
tration. They explained this by the “high resilience of the
whole water—sediment microbial community and a fast recov-
ery from antibiotic exposure.” Toth et al. (2011) measuring
only the production of NO, on soil chronically exposed to
manure spiked with a sulfonamide (sulfadimethoxin) ob-
served inhibition of ammonia oxidation until 200 pg/kg.

To conclude, 14 out of the 16 tested antibiotics inhibited
nitrification in the environment at therapeutic levels: sulfadi-
azine, oxytetracycline, ofloxacin, sulfamethoxazole, erythro-
mycin, ciprofloxacin, gentamicin, colistin, trimethoprim, van-
comycin, sulfadimethoxin, enrofloxacin, difloxacin, and tetra-
cycline. The inhibition of such therapeutic antibiotic concen-
trations could entail severe efficiency loss from 25 %
(sulfadiazine, in soils at 100 mg/kg; Kotzerke et al. 2008) to
the complete inhibition of nitrification (all in WWTP, see the
antibiotic mixture of Schmidt et al. 2012; tetracycline or eryth-
romycin see in Katipoglu-Yazan et al. 2013). Overall, envi-
ronmental relevant concentrations of fluoroquinolones alone
or in mixtures were able to inhibit nitrification rates in envi-
ronmental samples, but the majority of the studies tested ther-
apeutic levels.

Denitrification (12 studies—14 antibiotics)

Denitrification comprises four enzymatic steps involving
heterotrophic, facultatively anaerobic microorganisms.
However, the effect of antibiotics on the first step (i.e.,
nitrate reduction and nitrite production) was primarily

studied while nitrous oxide production was rarely mea-
sured (Hou et al. 2015 and Roose-Amsaleg et al. 2013).
Acute or chronic effects of several antibiotics on denitri-
fication were studied using therapeutic levels (Costanzo
et al. 2005; Murray and Knowles 1999; Kotzerke et al.
2008, 2011). Recently, environmentally relevant antibiotic
concentrations have been tested in eight studies. Denitri-
fication rates were inhibited at environmentally relevant
doses of sulfamethoxazole (sulfonamide) in soils (Conkle
and White 2012; 500 pg/kg) and groundwater (Under-
wood et al. 2011; 1.2 pg/L), whereas nitrate reduction
rates were not affected in river sediments (Yan et al.
2013; 10 pg/L). An accumulation of nitrite was observed
at low concentrations of sulfamethoxazole in the sediment
(Yan et al. 2013), suggesting a negative effect of this
antibiotic on the microbial community reducing nitrite to
nitrous oxide and nitrogen gas. This supports the theory
that a less diverse community is more vulnerable than a
diverse one. The reduction of oxidized nitrogen species
further to gaseous from is carried out by fewer organisms
than nitrate reduction (Zumft 1997). Among the other an-
tibiotics tested at environmentally relevant concentrations,
only sulfamethazine was able to inhibit denitrification at
environmentally relevant concentrations (Ahmad et al.
2014, groundwater, 10 pg/L; Hou et al. 2015, sediment,
50 ng/L). All this suggests that sulfonamides (sulfameth-
oxazole and sulfamethazine) could represent a risk for the
ecosystem health at levels detected in natural habitats as a
widespread, broad-spectrum antibiotic with a low sorption
potential (Conkle and White 2012). The denitrification
inhibitions measured ranged from 17 to 82 % but never
completely blocked the denitrification process.

Anammox (two studies—four antibiotics)

Bacteria responsible for the anammox process express several
typical cellular traits such as (1) single- or double-membrane-
bounded compartments separating their chromosome from the
remainder of the cytoplasm and (2) peptidoglycan-free cell
walls (Strous et al. 1999) able to adapt to antibiotics. We
would expect anammox bacteria to be more resistant to anti-
biotics due to their different cell structure, though this depends
on the mode of action of the antibiotic (e.g., they are insensi-
tive to ampicillin; Strous et al. 1999).

Two studies (Fernandez et al. 2009; Lotti et al. 2012) in-
vestigated the effect of antibiotics on the anammox process
exploring both acute and chronic effects of four different an-
tibiotics (oxytetracycline, tetracycline hydrochloride, sulfathi-
azole, and chloramphenicol). Only therapeutic concentrations
(100-1000 mg/L) were tested in WWTP sludges. The
anammox process was inhibited in all the assays regardless
of the duration of exposure.
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Anammox plays an important role in WWTPs as well as in
natural environments (e.g., Dalsgaard et al. 2005). Further
study should therefore focus on high-risk areas such as recip-
ients of animal farm wastewater or runoff, aquaculture facili-
ties using antibiotics, WWTP receiving hospital wastewater,
and antibiotic synthesis facilities.

Conclusions and perspectives

Data on the sources, fate, and effects of antibiotics in the
environment indicate that antibiotics may alter several biogeo-
chemical cycles. In addition to being a threat to public health,
antibiotics represent a threat to ecosystem functioning and
health, even if their toxic effect could often be buffered in
complex and diverse ecosystems. Regarding the existing bib-
liography, antibiotics such as fluoroquinolones or sulfon-
amides appear as the most noxious compounds among all
families of antibiotics. However, these molecules were also
the most tested, biasing this preliminary conclusion. Further-
more, among the different microbial processes in nitrogen
cycling, nitrification and anammox appear to be less sensitive
to antibiotic exposure (sensitivity at therapeutic concentra-
tions) than denitrification.

In addition to “ecosystem health,” there is a concern re-
garding the impact of antibiotics on ecosystem services deliv-
ered by environmental bacteria. Though the data gathered in
this mini-review do not allow identifying certain molecules to
inform usage recommendations, they clearly demonstrate the
importance of further investigation of the effects of antibiotics
on biogeochemical processes at environmentally relevant con-
centrations. It should be noted that from a regulatory perspec-
tive, environmental effects of pharmaceuticals are not consid-
ered in any way in practice. It is crucial to consider the anti-
biotic impacts on environments such as the accumulation of
nitrite in aquatic environments or of nitrous oxide (a strong
greenhouse effect gas) due to a possible inhibition of nitrifi-
cation or denitrification. In watersheds, wetlands, or wastewa-
ter treatment plants with clear management priorities regard-
ing nitrogen pollution, small effects of antibiotics on nitrogen
removal might be very important. So far, establishing the ef-
fect of environmentally relevant antibiotic concentrations on
processes is not standardized and results are contradictory (see
Table 1).

A more standardized approach testing the effect of environ-
mentally relevant concentrations of antibiotic at chronic levels
(simulating in situ conditions) on more or less sensitive bio-
geochemical functions is needed to allow comparison be-
tween studies. We propose that future studies investigating
the exposure of antibiotics on biogeochemical processes in-
clude chronic exposure, either via continuous supply of anti-
biotics or repeated additions. Furthermore, experimental de-
sign in aquatic systems can involve a mixed-batch setup

@ Springer

mimicking environmental conditions. The effect of antibiotics
in soil or sediments should preferably be carried out in micro-
cosm, mesocosm, or field studies. In the latter, a survey of the
administered compounds is recommended to rank antibiotics
regarding their increasing ecological impact to allow the pri-
oritization of regulation depending on different usages. Be-
sides the type of antibiotic, other biogeochemical processes
should be considered, in addition to N cycling processes, such
as those involved in metal transformation or degradation of
pollutants. Furthermore, case studies investigating the effect
of antibiotics on biogeochemical processes should determine
the effect of these pharmaceuticals at a larger scale, involving
a comprehensive interdisciplinary approach, including hydrol-
ogy (transport), chemistry (nutrients, pollutants, and pharma-
ceuticals), and biology (process rates and involved
organisms).
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