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Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

Abstract

A literature research was done on the topic of ‘environmental risks of mixed antibiotic contaminations in
soils’. Overall aims were to identify antibiotics that are typically applied in veterinary and human medicine,
to evaluate reports on mixtures and contamination levels occurring in soils and in organic waste materials
such as manure that are applied to soil as fertilizer, to find information, which mixture effects result from
this for soils and soil (micro) organisms, and to identify major knowledge gaps and to propose further steps
for research and regulation.

Antibiotics are largely and increasingly consumed worldwide in human and veterinary medicine. It is well
known that many agricultural soils are contaminated with antibiotics. Even more, it must be expected that
contaminated soils not only contain one antibiotic but mixtures of several compounds. This has strong impli-
cations for the environmental relevance, since the ecotoxicity of a pharmaceutical mixture is typically higher
than the effects of each individual component. Mixed contaminations occur for instance because the use of
antibiotic combinations and/or of antibiotics mixed with other synergistic compounds is steadily increasing
in human as well as veterinary medicine. Even old pharmaceuticals, sorted out in the past, are revived in new
combinations. Comprehensive knowledge exists in pharmaceutical and medicinal literature, respectively, on
the effects of various combinations of antibiotics. However, much less is known on antibiotics in the environ-
ment. Mixed antibiotics’ contaminations in the environment may result from (i) the administration of com-
binations of antibiotics, (ii) the medication of different livestock animals and different live stages of the ani-
mals with different antibiotics and collection of all excreta in one manure tank and (iii) subsequent, repeated
spreading of contaminated manure, sewage sludge or other organic waste materials onto agricultural fields.
This results in contaminations of organic waste materials with mixtures of different antibiotics comprising up
to 20 or more individual compounds. Consequently, soils fertilized with these substrates contain mixtures of
different pharmaceutical antibiotics. This is supported by monitoring data of up to 13 antibiotics found in
soil.

Existing knowledge on adverse effects of antibiotics on soil organisms is largely restricted to studies with
individual compounds, which show clear dose-dependent adverse effects for example on microbial biomass,
or soil community structure and functions. Additionally, numerous resistance genes are found in contami-
nated soils at a significantly and substantially increased abundance level. Synergistic antibiotic combinations
can even lead to stronger and also faster resistance development. This applies not only for antibiotic mixtures
but also for mixtures of antibiotics with other chemicals, which are in an agricultural context especially cop-
per and zinc. Effects of antibiotic mixtures may be largely modulated by various influencing factors, i.e. the
investigated endpoint and/or subject of analysis, the concentrations of the mixed compounds, the time-de-
pendence of antibiotic effects, nutrients and nutrient substrates in soil. Furthermore, interactions exist with
all other boundary conditions that affect the fitness of biota such as heat or frost. Also the fate of antibiotics
may be altered in the presence of mixed contaminations, which is especially due to sorption competition in
mixtures. Despite the outlined findings it must be stated that mostly incomplete knowledge exists on the
various topics. More information from targeted, systematic research is needed. To this end, three successive
research projects are proposed, aiming to increase the systematic knowledge on effects of mixtures in soil.
The research would be ideally combined with scientific workshops. Not last, all these research efforts should
lead to or even be flanked by regulatory measures for an improved use and management of antibiotics.




Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

Kurzbeschreibung

Zu der Thematik ,,Umweltrisiken flir Boden aufgrund der Belastung mit Antibiotikagemischen” wurde eine
Literaturstudie durchgefiihrt. Die generelle Zielsetzung war dabei Antibiotika zu identifizieren, die tiblicher-
weise in der Veterinar- und Humanmedizin angewendet werden, Berichte (iber Gemische und Riickstands-
gehalte von Antibiotika in Béden und organischen Abfallsubstraten, die wie z.B. Giille als Diinger verwendet
werden, auszuwerten, und Informationen zu biindeln, welche Effekte der Mischungstoxizitat dies fir Boden
bzw. Boden(mikro)organismen bedeutet, und nicht zuletzt wesentliche Wissensliicken aufzudecken, um auf
dieser Basis Schritte fur weitere Forschung und Regulation vorzuschlagen.

Antibiotika werden weltweit in groBem Umfang und weiter zunehmend in der Human und Tiermedizin an-
gewendet. Es ist bekannt, dass viele landwirtschaftlich genutzte Béden mit Antibiotika kontaminiert sind.
Dariber hinaus muss davon ausgegangen werden, dass Boden nicht nur durch eine antibiotische Substanz,
sondern durch Gemische von Antibiotikawirkstoffen kontaminiert sind. Dies ist von wesentlicher Bedeutung
fiir die Umweltrelevanz, da die Okotoxizitdt von Pharmazeutikagemischen typischerweise gréRer ist als von
Einzelsubstanzen. Belastungen durch Stoffgemische entstehen unter anderem durch die Anwendung von
Kombinationen verschiedener Antibiotika bzw. von Gemischen von Antibiotika mit anderen, synergistisch
wirkenden Substanzen. Die Verwendung von Antibiotikagemischen nimmt in der Human- wie auch Veteri-
narmedizin stetig zu, wodurch sogar alte, friiher aussortierte Wirkstoffe wieder verwendet werden. Zu den
Effekten verschiedener Antibiotikagemische liegt eine breite Wissensbasis in der medizinischen und pharma-
zeutischen Literatur vor. Dagegen ist der Wissenstand iber Antibiotika in der Umwelt deutlich geringer. Be-
lastungen durch Antibiotikagemische in der Umwelt ergeben sich aufer (i) durch die Anwendung von Kom-
binationsprdparaten auch durch (ii) die Medikation unterschiedlicher Tierarten und Altersgruppen mit unter-
schiedlichen Antibiotika und anschlieRBender Sammlung aller Exkremente in einem Giilletank sowie (iii) durch
die nachfolgende, wiederholte Applikation kontaminierter Exkremente wie Giille oder Klarschlamm auf land-
wirtschaftliche Flachen. So ergeben sich Belastungen von organischen Abfallsubstraten mit Gemischen von
bis zu 20 oder mehr antibiotischen Einzelsubstanzen. Boden, die mit diesen Substraten gediingt werden,
weisen Gemische verschiedener, pharmazeutischer Antibiotika auf. Dies bestadtigen Monitoringergebnisse
mit bis zu 13 verschiedenen Antibiotika, die in Béden nachgewiesen wurden.

Das vorliegende Wissen tber Schadwirkungen von Antibiotika auf Bodenorganismen ist weitgehend auf Stu-
dien Uber Einzelsubstanzen beschrankt. Diese zeigen eindeutige, dosis-abhdngige, schadliche Wirkungen von
Antibiotika z.B. auf die mikrobielle Biomasse in Boden, die strukturelle Diversitat mikrobieller Gemeinschaf-
ten und mikrobielle Funktionen in Boden. Zudem wurden in belasteten Boden zahlreiche Resistenzgene mit
deutlich und signifikant erhéhter Abundanz nachgewiesen. Synergistische Kombinationen von Antibiotika
kénnen dariliber hinaus zu einer noch verstarkten und schnelleren Resistenzbildung fiihren. Dies ist nicht nur
fir Antibiotikagemische, sondern auch fiir Gemische von Antibiotika mit anderen Substanzen festzustellen;
im landwirtschaftlichen Kontext sind hier insbesondere Kupfer und Zink zu nennen. Die Effekte von Antibio-
tikagemischen kénnen durch unterschiedliche Einflussfaktoren erheblich verdndert werden. Dies sind unter
anderem der untersuchte Endpunkt, die Konzentrationen der im Gemisch enthaltenen Substanzen, die Zeit-
abhangigkeit der antibiotischen Wirkung, wie auch Nahrstoffe und Nahrsubstrate im Boden. AuBerdem be-
stehen Wechselwirkungen zu allen anderen duReren Randbedingungen, die die Fitness der Mikroorganismen
beeinflussen, wie z.B. Hitze oder Frost. Auch der Verbleib und das chemische Verhalten von Antibiotika wer-
den in Béden in Gegenwart von Schadstoffgemischen verandert. Hier ist insbesondere die Sorptionskonkur-
renz zwischen unterschiedlichen Antibiotika zu nennen. Die dargelegten Erkenntnisse sollten nicht dartber
hinwegtduschen, dass der Wissensstand Uber die verschiedenen Teilaspekte der Thematik meist noch sehr
unvollstdndig ist. Daher ist zielgerichtete, systematische Forschung notwendig, um weitere Informationen zu
erhalten. Dazu werden drei aufeinander aufbauende Forschungsprojekte vorgeschlagen, die darauf zielen,
das Systemverstandnis Gber Schadstoffgemische in Béden zu verbessern. Diese Projekte werden idealer-
weise mit wissenschaftlichen Workshops kombiniert. Nicht zuletzt sollten diese Forschungsaktivitaten dazu
flihren bzw. dadurch begleitet werden, dass regulatorische MalBnahmen getroffen werden, die darauf abzie-
len, den Einsatz und die planvolle Handhabung von Antibiotika zu verbessern.
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Summary
Background

The terrestrial environment is exposed to the input of contaminants from anthropogenic origin. Due to the
use and intended or unintended release of numerous pharmaceutical antibiotics onto soils, it must be ex-
pected that in most cases contaminated soils not only contain one antibiotic but mixtures of several com-
pounds.

Research on the occurrence and effects of mixed contaminations considerably increased in aquatic sciences

in the past two decades; anyhow, data on mixture toxicity effects on aquatic flora and fauna are still scarce.

Even considerably less knowledge exists for soils regarding mixture toxicity of pollutants in general and of

combinations of antibiotics in special. The set of bioassays available for the assessment and monitoring of

contaminant mixtures is solely based on aquatic toxicity tests. Concerned about the unwanted input into soil

and effects of pharmaceutical antibiotics, the board of experts for environment questions from the German

Federal Government recommended measures in a position paper (Sachverstandigenrat fir Umweltfragen,

2007), for example:

e An environmental risk assessment of priority pharmaceuticals, including old products, and grouping of
compounds for the integrated determination of possible consequences.

e Continuous documentation of the contamination of surface waters and soils.

e Assessment of the environmental risks of pharmaceuticals, taking into account all compounds that are
present at the same site and have similar effects.

The latter aspect clearly addresses mixed contaminations through pharmaceuticals. Based on previous stud-
ies it must be expected that environmental contamination with mixtures of pollutants (pharmaceuticals and
other chemicals) and not only with single compounds is rather the rule than the exemption. Analytical mon-
itoring surveys routinely confirm that organisms in the environment are exposed to complex multi-compo-
nent pharmaceutical mixtures. The dose dependent effects of mixtures cannot be explained by regarding
single compounds.

The ecotoxicity of a pharmaceutical mixture is typically higher than the effects of each individual component,
and, consequently, such mixtures supposedly have a considerable ecotoxicity, even if all individual contami-
nants are present only in low concentrations. Regulatory limits of chemicals and ecological risk assessment
are usually based on the effect of single compounds. Instead, considerable few knowledge exists regarding
the toxicity of pollutant mixtures in soils in general and of mixtures of antibiotics in special. Existing
knowledge gaps include, in particular, the need for more and better empirical data on the effects of pharma-
ceutical mixtures on soil organisms, and the exploration of the quantitative consequences of toxicokinetic,
toxicodynamic and ecological interactions. Increased focus should be put on investigating the ecotoxicology
of pharmaceutical mixtures in environmentally realistic settings. The substantial lack of knowledge leads to
strong deficits in assessment and decision-making.

Objective

A literature research was done on the topic of mixed antibiotic contaminations in soils. The aim was to collect

existing knowledge as well as to identify gaps. More specifically, the objectives of this literature study were

e to identify antibiotics that are typically applied in veterinary and human medicine, and thus are likely to
end up in the soil environment;

e to clarify, which antibiotics are regularly applied in combination with other active substances and which
effects of these combinations are described in medical literature;

e to evaluate existing reports on mixtures and contamination levels occurring in soils and in organic waste
materials such as manure that are applied to soil as fertilizer;

12
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e to find information, which mixture effects result from this for soils and soil (micro)organisms, their struc-
tural diversity and functional ecosystem services as well as the level of antibiotic resistance in soil;
e to identify major knowledge gaps and general research strategies to assess mixture toxicity in soil;

e to propose specific research projects in order to gain better knowledge on mixed contaminations with
antibiotics and effects of mixture toxicity in soil and how they can be assessed.

1. Introduction

Antibiotics are largely and worldwide consumed. More than 70 % of the substances used in veterinary med-
icine are antibiotic compounds, while antibiotics are the third-largest group among all pharmaceuticals used
in human medicine. Penicillins are most often used in both veterinary and human medicine, and macrolides,
tetracyclines and sulfonamides are also among the most often prescribed groups.

Why do mixtures of antibiotics end up in soil?

1. Combinations of antibiotics are frequently administered to livestock.

2. Different antibiotics are given to different livestock animals and to different live stages of the animals
because different pathogens typically occur and have to be treated.

3. Mixtures of antibiotics result, when excreta from different livestock are collected in the same manure
tank or lagoon.

4. The so collected mixtures of active agents are subsequently, and often repeatedly spread onto agricul-
tural fields, when they are recycled as fertilizer.

5. Mixtures of antibiotic parent compounds and their metabolites, some of which exert an (altered) anti-
biotic activity as well, develop in soil upon biotransformation of the compounds.

In addition to antibiotic pharmaceuticals, also non-antibiotic pharmaceuticals reach soils. This especially ap-
plies to analgesics and anti-inflammatories. Consequently, it was estimated that 10 to 20 different pharma-
ceutical compounds will end up within one year on a typical agricultural soil in Germany with respective
fertilization regime.

A similar scenario for the accumulation of antibiotics exists for antibiotics for human use:

1. Combinations of antibiotics are also often used for medication,

2. Mixtures accumulate over time in wastewater canals and wastewater treatment plants, and

3. Mixtures accumulate in soil with the use of wastewater for irrigation and sewage sludge for fertilization,
respectively.

In addition to the above mentioned routes, i.e. using livestock or human excrements as organic fertilizer and

wastewater for irrigation, antibiotics can reach the environment along the following pathways:

e Directly by grazing animals and animals held in confined animal feeding operations, respectively.

e Exhaust air from stables may contain contaminated dust and thus contaminate the surrounding area and
soils, which is especially relevant, when antibiotics are used as an admixture to dry live-stock fodder
(medicated feedstuffs).

e Dermal application as ointment, dipping and pouring agent can be washed off, e.g. by rain, or drip off
directly after treatment and may lead to contamination especially of in-field treatment sites.

e Surface waters and soils near shores and banks are directly affected by the use of antibiotics in aquacul-
ture, when these pharmaceuticals are poured into the water either directly or as admixture to fish food.

e Indirect contamination of surface waters results from eroded soil, surface run-off, drainage water, and
lateral flow originating from contaminated field and farm sites.

It is expected that the environmental effects of mixtures of antibiotics will differ from that of single com-
pounds, because antibiotics from different structural classes have different mode of action (independent
action) leading to synergistically increased or antagonistically decreased effects, while in other cases additive
effects (concentration additivity) are assumed.
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2. Use of antibiotics in pharmaceutical mixtures for medical application

Antibiotics are highly and increasingly used in human and veterinary medicine. The three countries with larg-
est consumption of antibiotics in 2010 were 1. India, 2. China and 3. the USA. Highest rates in the increase of
antibiotic consumption are yet found in developing countries, especially in BRICS countries (Brazil, Russia,
India, China, and South Africa) and French West Africa. The consumption of antibiotics for medicinal purposes
in industrialized countries such as Germany is stagnating. Yet, it stagnates on a high level, so that in 2014 the
total consumption of antibiotics in Germany was the third highest among 28 countries of the EU and Euro-
pean Economic Area (EEA) member states. Furthermore, there is a strong overlap in the classes of antibiotics
used in human and veterinary medicine. Penicillins, macrolides, tetracyclines and sulfonamides are most of-
ten used in both veterinary and human medicine. This means that environmental contamination with antibi-
otics resulting from use in human medicine or veterinary medicine is — related to antibiotic classes — not
largely different but will add up.

The use of antibiotic combinations and/or of antibiotics mixed with other synergistic compounds is steadily
increasing in human as well as veterinary medicine and even old pharmaceuticals, sorted out in the past due
to widespread resistance formation, are revived in new combinations. Concerning this, substantial
knowledge exists in pharmaceutical and medicinal literature, respectively, on the effects of various binary
combinations of antibiotics. Anyhow, the knowledge on the effects of mixtures containing antibiotics is in-
complete. Studies on mixtures of three and more compounds are scarce. Even more, most studies deal with
one or a few pathogens used as test organisms (e.g. Escherichia coli and Staphylococcus aureus) but antibiotic
effects and even more so effects of antibiotic mixtures can largely vary between species, tested properties
and endpoints.

Synergistic effects of binary mixtures are expected when (i) antibiotics with different target site are com-

bined, (ii) combinations of antibiotics have a different mode of action, and (iii) antibiotics are combined with

specific other bioactive chemicals. On the other hand, antibiotics with the same target site will have an an-

tagonistic effect. Synergistic effects of pharmaceutical combinations can be due to

a) an altered uptake, whereby the first pharmaceutical increases the permeability of the cell membrane for
the second pharmaceutical,

b) direct physical interaction, when pharmaceuticals reciprocally stabilize their binding to the target site,
and

c) sequential metabolic steps that are targeted by the mixture.

It is further assumed that pharmaceuticals having the same mode of action cause additive toxic effects. On
the other hand, it is reported that interactions between bactericidal and bacteriostatic antibiotics are largely
antagonistic; combinations of bacteriostatic antibiotics (within one or between different compound classes)
exert additive or synergistic effects, while combinations of bactericidal antibiotics are additive (within com-
pound class) or are antagonistic (between different compound classes). The few experimental findings on
soil toxicity, however, show deviating results, e.g. binary mixtures of antibiotics from the same chemical class
(sulfonamides) exhibit not only additive but also synergistic effects.

3. Mixed antibiotic contaminations in organic waste materials and soils

In order to identify the status of soil contamination with mixtures of pharmaceutical antibiotics, the literature
was researched for publications on contamination levels of organic waste materials used as fertilizer and of
soils. The number of studies, delivering detailed information on the mixed contamination of individual sam-
ples of (a) waste materials such as manure, used as soil fertilizer, and (b) of soils, is small, though. Irrespective
of that, the number of published datasets evaluated in this study consistently shows that not only contami-
nations with single antibiotics but mixed contaminations occur. However, irrespective of that coherent state
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of knowledge, the number of studies that can be used for further evaluation is still scarce. This is because
one or several of the following drawbacks apply:

e Data are not fully published but aggregated data (e.g. average values over series of samples) are pub-
lished (in some cases even with incomplete information which and how many samples have been aver-
aged).

e Data are not available in tables but are only shown in figures.

e Data are restricted to few, targeted chemicals.

e Dissimilar and only partly matching (sets of) antibiotics, respectively, are researched in different studies.
e Identification of investigated soils is insufficient or lacking.

e |nfew cases data on residual contamination levels of both waste material and of soil samples have been
published. However, in these publications it is seldom documented whether the analyzed soil was ferti-
lized with the analyzed waste material. Consequently, it is hardly possible to exactly follow the contami-
nation route and resulting contamination of soils based on information from the literature.

Unlike the controversial findings on antibiotic mixture toxicity in soil, existing studies on the supposed input
scenario (outlined in section 1) are consistently confirmed by the few existing studies on the topic. Mixed
contaminations with antibiotics in the environment result from the administration of combinations of anti-
biotics. On example of a specific study it was shown that almost 50% of all prescriptions to livestock comprise
mixtures of mostly two but up to five antibiotics and other pharmaceuticals. Reports further confirmed the
assumed input pathways. Antibiotic mixtures are formed when different antibiotics are given to different
livestock animals and to different live stages of the animals and when excreta from that different livestock
are subsequently collected in the same manure tank and/or are consecutively spread onto agricultural fields.
Furthermore, mixed contaminations result from (bio)degradation, in case parent compounds together with
antibiotic active metabolites are present in soil. Not last, repeated application of manure contaminated with
antibiotics leads to a mixed contamination and a regular replenishment of the antibiotics’ contents. Com-
bined with in part slow degradation kinetics of antibiotics in soil, this results in an apparently persistent con-
tamination level.

Contaminations with on average clearly more than two and up to seven different antibiotics are reported for
manure, digestate and compost. Substantially more antibiotics (up to >20) were found in sewage sludge sam-
ples. The contamination levels with antibiotics in organic waste material are in the range of mg/kg, in soil
they are in the range of pg/kg. Yet, it must be assumed that true soil contents of antibiotics in field soils are
substantially higher than reported, which is due to the strong and fast formation of non-extractable residues.
For example, extractable portions of different antibiotics decline within 1 h or less of soil contact to <90%
(sulfonamides), <80% (fenbendazole) and <70% (tetracyclines) and the recovery further declines with pro-
longed contact time with soil. It is assumed that residual contents of sulfonamides might be higher by a factor
of 2.5 than the extractable contents. This factor is supposedly even higher for much stronger adsorbing anti-
biotics such as tetracyclines, fluoroquinolones and R-lactams.

Corresponding to the contamination level in organic waste materials, existing reports show that not only
single antibiotic compounds but mixtures of several compounds frequently occur in soil. The combined con-
centrations clearly exceed natural background levels. Two and up to 13 different pharmaceutical antibiotics
were discovered in individual samples from agricultural topsoils. For pairs of samples, i.e. organic waste ma-
terial and the receiving soil, a significant correlation between the frequency of detection of antibiotics in
waste material and in the receiving soils was found.

Antibiotics in soil are not only due to anthropogenic contamination but also occur naturally, being formed by
the secondary metabolism of autochthonous soil microorganisms. For example, streptomycin and oxytetra-
cycline are well-known soil-borne antibiotics and are produced by Streptomyces actinobacteria. Among nu-
merous other soil microorganisms, 30 to 50 % of actinomycetes isolated from soil are able to synthesize

15




Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

antibiotics. Typical resulting soil contents are reported to be in the range of pg/kg and especially occur in the
soil rhizosphere. However, studies show that residual contents of single antibiotic pharmaceuticals may ex-
ceed the natural background level and in part even the trigger value of the European Medicines Agency of
100 pg/kg. Furthermore, not only single antibiotic compounds but mixtures of several compounds frequently
occur in soil, so that the combined concentrations clearly exceed natural background levels. The determined
antibiotics belong to different structural classes and exhibit different modes of action. Thereby, antibiotics
from some structural classes are more abundant (e.g. tetracyclines) while others have been determined in
much lower concentrations (e.g. sulfonamides). This is due to (i) a different usage and thus release into the
environment, and (ii) a different persistence and mobility in soil.

4. Toxicity of single antibiotic compounds and of contaminant mixtures with antibiotics on soil organisms

Existing knowledge on adverse effects of antibiotics on soil microorganisms is largely restricted to studies
with individual compounds but not with mixtures. Despite the largely increasing number of publications on
the topic, the knowledge on adverse effects even of individual antibiotics on soil organisms is still fragmented,
mostly related to different soil microbial properties and a few faunal indicator species, respectively. On top
of that, the vast majority of studies has been conducted on tetracylines and sulfonamides, while the
knowledge on other antibiotic classes is reduced to a few single studies or is completely missing (e.g. cepha-
losporins). Existing knowledge suggests that soil microbial properties and functions are affected, such as mi-
crobial biomass, structural diversity of microbial communities (biodiversity) and functional diversity. Espe-
cially the microbial N-cycling is impacted by antibiotics. Also tolerance related parameters are affected and
significant alterations in the microbial community structural composition have been determined as another
effect of antibiotics. This especially applies to decreases in the abundance of microbial groups related to the
two functions potential nitrification and denitrification, again underlining the obvious specific susceptibility
of organisms and functions related to the N cycle.

Effects of antibiotics and antibiotic mixtures vary, depending on influencing factors and boundary conditions.
For example, they may be largely modulated by the concentrations present. Antagonistic effects occurred
more often at low concentrations of the mixed chemicals while at higher concentrations even synergistic
effects occured, depending on the combined chemicals. On the other hand, in several cases low-dose activa-
tions by antibiotics or mixtures thereof occur that must not be misinterpreted as a positive effect on (soil)
organisms. In general, effects in the range from being only just significant to about 10 % inhibition can be
expected from typical contents of the single compounds in the environment. Yet, effects of mixed contami-
nations in the soil environment may clearly exceed that level. Regarding the indispensable relevance of mi-
croorganisms for soil ecosystem services and functioning this may have significant effects on soil fertility.
Additionally, effects and altered effects of antibiotic mixtures on soil faunal species and crop plants are re-
ported in the literature. When the earthworm Eisenia fetida was exposed to the individual antibiotics tetra-
cycline and chlortetracycline, a dose-dependent, significant DNA damage in earthworm coelomocytes was
observed. The combination of both antibiotics, however, resulted in slight antagonism at the maximum dose
of 300 mg/L.

A specific effect of antibiotics in the soil environment with particular relevance for human and animal health
is the increased formation of antibiotic resistance. The selection of resistant bacteria occurs especially at low
antibiotic concentrations, typically below the minimal inhibitory concentration (MIC). Such low concentra-
tions are regularly found in contaminated soils. Consequently numerous resistance genes are found in con-
taminated soils at a significantly and substantially increased abundance level. Synergistic antibiotic combina-
tions can even lead to stronger and also faster resistance development. On the other hand, antagonistic
pharmaceutical combinations lead to slower resistance evolution than synergistic ones. However, the deri-
vation of predicted no effect concentrations (PNEC) triggering increased abundance of microbial resistance
genes in the soil environment is actually not feasible. Not last, stronger effects of antibiotic mixtures on the
induction of an increased antibiotic resistance level in soil must be expected.
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Not only mixtures of antibiotics but also of antibiotics with other chemicals can exert different mixture tox-
icity. Contamination of agricultural soil with mixtures of antibiotics and other agrochemicals such as pesti-
cides, other non-antibiotic pharmaceuticals as well as heavy metals often occurs. Especially relevant appear
to be mixtures with heavy metals that enhance the effects of antibiotics on soil microorganisms. Copper (Cu)
and zinc (Zn) are often applied to livestock as feed additive and can also enter agricultural soils as contami-
nants in biosolids used as fertilizer and in untreated waste water used for irrigation. Also metals such as Cu,
Zn, Cd and Hg exert antimicrobial effects and contribute to the increased formation of antibiotic resistance,
making agricultural soils hot-spots of the formation of antibiotic resistance in the environment.

5. Properties and conditions influencing the effects of antibiotics and mixtures

Effects of antibiotic mixtures may be largely modulated by various influencing factors. First of all they depend
on the investigated subject of analysis and endpoint. Furthermore, effects of mixtures frequently change
with the concentrations of the mixed compounds and combinatory effects may shift from additive or even
antagonistic to synergistic effects at higher concentrations. All toxic effects are time-dependent and adverse
effects especially of bacteriostatic antibiotics increase over timescales of days and weeks. Additionally, syn-
ergistic combinations will have a prolonged effect duration while effects of antagonistic combinations will
have a reduced duration.

Also antibiotics and nutrients in soil may interact, which interaction can be understood as an antagonistic
mixed effect. This includes effects of organic waste materials with which pharmaceuticals are typically intro-
duced to soil. The nutrient rich, degradable substrates tend to increase adverse effects of biostatic acting
antibiotics. For example, antibiotic effects disproportionally increased with incremental liquid manure addi-
tion; impacts of manure even varied depending on whether fresh or stored manure was used.

Furthermore, interactions exist with all other boundary conditions that affect the fitness of biota such as heat
or frost, drought or excess of water combined with oxygen depletion, starvation or nutrient substrate supply,
and pathogens or predators. Such environmental stress mostly leads to a synergistically increased adverse
effect of chemicals. However, the effect of non-contaminant impacts such as nutrient status and environ-
mental stressors on the mixture toxicity of combined contaminations has hardly been tested and no such
publications related to mixed antibiotics have been found with this literature research. It is assumed that the
total effect of a contaminant mixture increases or decreases, yet, no change in the type of the interacting
effect (e.g. synergism, antagonism) of mixed chemicals is expected, unless the physicochemical properties
and bioavailability (effective concentration) of one chemical changes substantially, e.g. altered solubility
through a temperature increase.

6. Effects of mixtures of antibiotics and other pollutants on the fate in soil

Also the fate of antibiotics may be altered in the presence of mixed contaminations. Sorption and degrada-
tion can be significantly different, which will feed back on their effects. A strongly reduced retardation of
antibiotics in soil can be observed, when sorption competition increases with increasing concentrations.
Sorption competition will especially occur with mixtures of antibiotics from the same compound class, com-
peting for the same sorption sites in soil. For compounds from different antibiotic classes, however, compet-
itive sorption is largely restricted to the high concentration range. In addition, also sorption competition be-
tween antibiotics and non-antibiotic substances from different compound classes occurs. This also encom-
passes natural organic matter as it is added to soil with manure and similar waste materials. Not last, the
dissipation and degradation, respectively, of antibiotics in soil can be altered in the presence of mixed con-
taminations.
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7. Conclusions on consequences for soil functioning and for further research

Knowledge gaps

Especially in the past 20 years, the knowledge on the input, fate and effects of antibiotics in soil, excreta and
organic fertilizers largely expanded. However, the work is still very much focused on specific structural classes
of antibiotics, i.e. tetracyclines and sulfonamides, while the level of knowledge is still fragmentary for classes
such as benzimidazoles, lincosamides and cephalosporins. For example, penicillins are most used in human
and veterinary medicine, 3™ generation cephalosporins are of particular significance as reserve antibiotics
for human medicine, yet research on their input, fate and effects in soil are largely missing. So again, it must
be stated that still many knowledge gaps exist, which are summarized as follows.

Reports on the occurrence of antibiotics in environmental substrates such as manure, sewage sludge and
soils are largely limited to compounds from the structural classes of tetracyclines and sulfonamides and
a minor number of reports on fluoroquinolones, macrolides and lincosamides.

The knowledge on the environmental inputs, fate and effects of antibiotics of other structural classes is
fragmented and incomplete or fully missing.

Even less information is available on the occurrence, composition and concentrations of mixed antibiotic
contaminations as well as their fate in soil.

Soils are heterogeneous with different soil horizons as macrostructure and aggregates, rhizosphere etc.
as microstructure. The distribution of antibiotics and antibiotic mixtures within soils is largely unknown.

There are too few data on toxic effects of pharmaceuticals in soil and even less in particular on effects of
mixtures.

The underlying processes of mixture effects such as antagonism and synergism are only rudimentary
understood. It should be aimed to overcome empirical description but identify (and further model) prin-
ciples. This especially applies to the lacking understanding of the ecological roles of antibiotics in nature
and possible adverse effects of environmental pollution arising from that. A long-term goal will be to
develop a systematic approach for unraveling the underlying causes of any given pharmaceutical inter-
action.

The existing knowledge on toxic effects of pharmaceuticals in soil (not to speak of mixtures) is based on
a rather broad, non-systematic number of different test methods and endpoints that hinders the inte-
gration of the existing knowledge. It must be expected that effects and effect concentrations largely vary
between different tested subjects and endpoints.

In this regard it is further necessary to investigate the factors that influence mixture toxicity such as
number of contaminants, their (relative) concentrations, and environmental conditions such as soil mois-
ture and temperature, chemical and physical soil properties, status and composition of soil (microbial)
community.

A specific aspect is the time dependence of antibiotic effects; especially from mixtures, long-term expo-
sure and chronic effects are expected.

Hormesis, which is a seemingly positive increase of the investigated parameter at low doses of the tested
chemical, can be part of a toxicity response. It occurs in the presence of various pharmaceuticals and
their mixtures. It remains unclear how to valuate a hormetic increase and even more so in the presence
of mixtures with single compounds having different effects in this regard.

Lastly, viable concepts for cumulative exposure assessment strategies need to be developed.

All this is flanked by the need for uniform and at best standardized methods to determine total contents
and bioavailable fractions of antibiotics in soil and to reliably determine antibiotic effects on soil organ-
isms. It is assumed that a bioavailable fraction will best represent effect concentrations.
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Additionally, many of the findings reported in the previous sections are based on one or a few studies, dealing
with a limited number of compounds or even other chemicals than antibiotics, and many are not dealing with
soil but with other environmental compartments and medicine, respectively. Hence, more information from
targeted, systematic research is needed, (i) to quantify and assess the hazard and risk that a given pharma-
ceutical mixture poses for the environment; (ii) to predict which pharmaceutical mixtures, in terms of com-
position and concentration, can be tolerated at a given site or in a given environmental compartment; (iii) to
identify which compounds are the ecotoxicological drivers at a given site. Three successive research projects
are proposed to further elucidate the complex situation and effects of mixed antibiotic contaminations.

Proposal of successive research projects their use in regulation

1. Contamination status and effects of mixtures of pharmaceutical antibiotics in the terrestrial environment
— a meta-analysis

A meta-analysis of existing quantitative data on the dissemination of antibiotics as well as their occurrence
in waste materials and soils shall be carried out. From this, predicted and measured environmental concen-
trations (PEC, MEC) of antibiotics should be derived and related to effect concentrations (EC) or no-effect
concentrations in order to identify risks from mixture toxicity of antibiotics in soils and b) to refine and im-
prove the state-of-knowledge about soil contamination with antibiotic mixtures and their ecotoxicological
significance and consequences. First recommendations for action could be given to stakeholders and regula-
tory authorities based on this approach and further experimental work could be designed.

2. A general suite of methods for testing adverse effects of mixtures of pharmaceutical antibiotics in soil

In a second, subsequent (mid-term) project, experimental work based on the previous findings should be
carried out. The proposed aim should be i) to identify suitable methods to indicate adverse effects of phar-
maceutical antibiotics on soil microbial abundance and functioning. Testing of existing standardized methods
and eventually of further methods aimed to determine relevant functions of soil microorganisms could be
done in a dose-response approach with a suite of soils and a set of selected, representative antibiotics from
the structural classes most often used in veterinary and human medicine, i.e. penicillins, tetracyclines, poly-
peptide antibiotics, sulfonamides, macrolides, aminoglycosides, lincosamides, pleuromutilines, fluoroquin-
olones, folic acid antagonists, fenicols, cephalosporines. ii) A test battery should be arranged with a subset
of the identified, suitable methods. This set should at best comprise methods and endpoints representing
parameters of microbial abundance and indicators of relevant functions.

3. Mixture toxicity of mixed contaminations with pharmaceutical antibiotics and other pollutants in agricul-
tural soils

A third study (executed on a longer-term) should be aimed to investigate effects of mixtures of antibiotics by
using the test battery. Typical mixtures should be tested, starting from binary mixtures and proceed with
ternary and more complex mixtures in order to identify and categorize mixture toxicity of antibiotics from
similar as well as different structural classes and modes of action, respectively. The overall aim would be to
identify underlying principles of antibiotic action of mixtures in soil to enable further modelling and progno-
sis, which knowledge would better enable to define regulatory standards and thresholds.

This research would be ideally combined with scientific workshops in order to define the latest state-of-the-
art on the topic. All this should lead to or even be flanked by regulatory measures for an improved use and
management of antibiotics for medicinal purposes that include environmental issues.
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Conclusions

The proposed research activities are aimed to scientifically support regulation. In general, the overall aim
should be to reduce and minimize the dissemination of pharmaceutical antibiotics and related heavy metals
(Cu, Zn) in the environment in order to prevent adverse effects on soil function and fertility and to impede
the increase and spread of antibiotic resistance in the environment with its increasing health risks for animals
(livestock) and humans. Regulatory measures could cover the analytical determination of antibiotic contam-
ination of waste materials such as manure used as soil fertilizer and/or the determination of the resulting
contamination level in soils. This could be especially relevant for manure exports and imports between farms
and countries. Acceptable contamination levels (regulatory limit values) could be oriented to no-effect con-
centrations determined in soil toxicity studies and concentration levels inducing increased antibiotic re-
sistance. Knowledge about and the consideration of environmental issues would enable to better plan and
organize the use of pharmaceutical antibiotics on the farm level. With no doubt, the priority should still be
the curing of infectious diseases of humans and animals. This, however, requires much more than before the
consideration of environmental issues, especially to avoid the increasing ineffectiveness of antibiotics due to
the formation of antibiotic resistance in the environment. There is strong conviction that this will also con-
tribute to an improved sustainable soil use and protection of water resources.
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Zusammenfassung
Hintergrund

Die terrestrische Umwelt ist dem Eintrag von Schadstoffen anthropogenen Ursprungs ausgesetzt. Aufgrund
der Verwendung und dem gewollten oder ungewollten Eintrag in Boden von zahlreichen pharmazeutischen
Antibiotika, muss davon ausgegangen werden, dass kontaminierte Béden in den meisten Fallen nicht nur ein
Antibiotikum, sondern Mischungen mehrerer Substanzen enthalten.

Untersuchungen zum Auftreten und den Effekten gemischter Kontaminationen haben in den letzten zwei
Jahrzehnten in der Gewasserforschung erheblich zugenommen. Dennoch liegen nur wenige Ergebnisse zu
Effekten durch Mischungstoxizitat auf die aquatische Flora und Fauna vor. Noch deutlich geringer ist der
Wissensstand Uber die Mischungstoxizitat von Schadstoffen in Béden sowohl im Generellen wie auch insbe-
sondere liber Gemische von Antibiotika im Speziellen. Die existierende Auswahl an Biotests zur Bewertung
und Uberwachung von Schadstoffgemischen basiert allein auf aquatischen Toxizitatstest. In Besorgnis um die
unerwiinschten Eintrdage von antibiotischen Pharmazeutika in Bdéden hat der Sachverstandigenrat fir
Umweltfragen der Bundesregierung in einem Positionspapier im Jahr 2007 MaRnahmen vorgeschlagen wie
zum Beispiel:

e Eine Umweltbewertung prioritdarer Pharmazeutika, einschlieflich Altwirkstoffen, und eine Gruppierung
von Substanzen fir die integrierte Ermittlung moglicher Konsequenzen.

e Eine fortlaufende Dokumentation der Kontamination von Oberflachengewassern und Boéden.

e Die Bewertung der Umweltrisiken durch Pharmazeutika unter Beriicksichtigung aller Substanzen, die am
selben Ort vorliegen und dhnliche Wirkungen haben.

Gerade der letzte Punkt adressiert eindeutig gemischte Kontaminationen durch Pharmazeutika. Auf der Basis
vorliegender Studien muss davon ausgegangen werden, dass Umweltkontaminationen mit Gemischen von
Schadstoffen (Pharmazeutika und andere Chemikalien) eher die Regel sind, wahrend Kontaminationen durch
nur einen Stoff die Ausnahme darstellen. Analytische Monitoringstudien bestatigen immer wieder, dass die
Umwelt komplexen Multi-Komponentengemischen von Pharmazeutika ausgesetzt ist. Dabei kdnnen die do-
sis-abhangigen Wirkungen von Gemischen nicht durch die Betrachtung der Einzelwirkstoffe und ihrer Effekte
erklart werden.

Die Okotoxizitat eines Pharmazeutikagemisches ist typischerweise groRer als die Wirkung der Einzelsubstan-
zen. Folglich haben solche Gemische eine erhebliche 6kotoxikologische Relevanz, selbst wenn die Einzelstoffe
in nur geringer Konzentration vorliegen. Regulatorische Grenz- oder Mallnahmewerte fiir Chemikalien und
die Umweltrisikobewertung basieren tiblicherweise auf der Wirkung von einzelnen Stoffen. Dagegen gibt es
deutlich weniger Wissen Uber die Toxizitdt von Schadstoff- bzw. Wirkstoffgemischen in Béden und insbeson-
dere Uber Gemische von Antibiotika. Die vorliegenden Wissensliicken umfassen insbesondere den Bedarf
nach mehr und besseren empirischen Daten {iber die Wirkungen von Pharmazeutikagemischen auf Boden-
organismen und die quantitative Bestimmung der Folgen toxikokinetischer, toxikodynamischer und 6kologi-
scher Wechselwirkungen. Ein verstarkter Fokus sollte auf die Untersuchung der Okotoxikologie von Pharma-
zeutikagemischen in realistischen Umweltsituationen gerichtet werden. Die vorliegenden, erheblichen Wis-
sensliicken bedeuten wesentliche Defiziten bei der Bewertung und Ableitung von MalBnahmen.
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Zielsetzung

Mit dieser Studie wurde eine Literaturrecherche Uber Antibiotikagemische und deren Toxizitdt in Boden
durchgefiihrt. Ziel war es, vorhandenes Wissen zu sammeln und Wissensliicken zu identifizieren. Dabei wur-
den folgende Fragestellungen naher betrachtet:

o |dentifikation von Antibiotika , die typischerweise in der Human- und Veterindarmedizin angewendet

werden und damit vermutlich auch in die Umwelt und Boden gelangen;

e Klarung, welche Antibiotika regelmaRig in Kombination mit anderen Wirkstoffen verabreicht werden und
welche Effekte dieser Kombination in der medizinischen Literatur beschrieben werden;

e Berichte Uber das Vorkommen von Antibiotikagemischen in Béden und organischen Abfallstoffen wie
Glille, die als Bodendiinger verwendet werden, auszuwerten, und Informationen tiber Riickstandsgehalte
Zu entnehmen;

e Informationen zu finden, welche Effekte von Gemischen daraus fiir Béden und Boden(mikro)organismen
resultieren, insbesondere deren strukturelle Diversitit und funktionelle Okosystemdienstleistungen so-
wie das Ausmal’ von Antibiotikaresistenz in Boden;

e wesentliche Wissensliicken und generelle Forschungsstrategien zur Bewertung von Mischungstoxizitat
in Boden zu identifizieren sowie

e spezifische Forschungsprojekte vorzuschlagen, um gezielt einen besseren Wissenstand tGber Belastungen
durch Antibiotikagemische und Folgen der Mischungstoxizitdt in Boden und deren Bewertung zu erlan-
gen.

1. Einleitung

Antibiotika werden weltweit und in groRem Umfang verbraucht. Mehr als 70 % der in der Veterindrmedizin
verwendeten Substanzen sind Antibiotika; in der Humanmedizin stellen sie die drittgroRte Gruppe der ver-
wendeten Pharmazeutika. Dabei werden in der Human- wie auch Veterindrmedizin am haufigsten Antibiotika
aus der Gruppe der Penicilline verabreicht, gefolgt von Makroliden, Tetrazyklinen und Sulfonamiden.

Wieso gelangen uberhaupt Mischungen von Antibiotika in Béden?
1. Haufig werden Kombinationen verschiedener Antibiotika an Nutztiere verabreicht.

2. Unterschiedliche Nutztierarten und Tieraltersstufen werden mit unterschiedlichen Antibiotika behandelt,
weil unterschiedliche Krankheitserreger auftreten und behandelt werden mussen.

3. Daraus entstehen Gemische von Antibiotika, wenn Exkremente unterschiedlicher Nutztierarten bzw. —
gruppen in demselben Giillekeller, Giilletank oder derselben Giillelagune gesammelt werden.

4. Die auf diese Weise gesammelten Mischungen von Wirkstoffen werden als Wirtschaftsdiinger,haufig zu-
dem wiederholt auf landwirtschaftliche Béden ausgebracht.

5. Nachfolgend kénnen durch biologischen Abbau im Boden Mischungen von antibiotischen Substanzen und
ihrer Metabolite, von denen einige eine (veranderte) antibiotische Aktivitat aufweisen, gebildet werden.

Zusatzlich zu antibiotischen Pharmazeutika gelangen auch nicht-antibiotische Pharmazeutika in Boden. Dies
trifft insbesondere fiir Schmerzmittel (Analgetika) und Entziindungshemmer (Antiphlogistika) zu. Demzufolge
wurde geschatzt, dass bei einem entsprechenden Diingungsregime innerhalb eines Jahres 10 bis 20 unter-
schiedliche pharmazeutische Substanzen auf typische landwirtschaftliche Béden in Deutschland gelangen.

Ein dhnliches Szenario fir die Eintrdge und Anreicherung von Antibiotika gilt flir Antibiotika, die in der Hu-
manmedizin angewendet werden:

1. Haufig werden Kombinationen von Antibiotika bei der Medikation eingesetzt,

2. Gemische akkumulieren Gber die Zeit in Abwassersystemen und Kldranlagen, und
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3. akkumulieren in Boden infolge der Verwendung von Abwasser fiir die Bewadsserung bzw. von Klarschlamm

fir die Dlngung.Zusatzlich zu den oben genannten Eintragspfaden, d.h. die Nutzung von menschlichen oder

Nutztier-Exkrementen als Diinger und von Abwasser zur Bewasserung, kdnnen Antibiotika Gber die folgen-

den Pfade in die Umwelt gelangen:

e Direkter Eintrag erfolgt durch Weidevieh und Tiere, die im Freiland gehalten werden (sog. , confined ani-
mal feeding operations®).

e Stallabluft kann belasteten Staub enthalten und dadurch die Umgebung und Béden kontaminieren, was
insbesondere relevant ist, wenn Antibiotika als Zusatz zu trockenem Tierfutter verabreicht werden (Fiit-
terungsarzneimittel).

e Dermale Anwendung der Antibiotika als Salbe, Tauchbad oder GieRBmittel, die z.B. durch Regen abgewa-
schen werden kénnen oder zum Teil unmittelbar abtropfen und dadurch zu einer Kontamination, insbe-
sondere der Behandlungsbereiche im Gelande fihren.

e Oberflaichengewasser und ufernahe Boden werden direkt durch den Einsatz von Antibiotika in der Aqua-
kultur beeinflusst, wenn Antibiotika allein oder mit dem Fischfutter unmittelbar in das Gewéasser gegeben
werden.

e Indirekte Kontaminationen von Oberflachengewdssern resultieren aus dem erosiven Abtrag von Boden
sowie Oberflachenabfluss, Drainagewasser und lateralem Fluss aus kontaminierten landwirtschaftlichen
Flachen in die Gewdsser hinein.

Es ist zu erwarten, dass die Umwelteffekte von Antibiotikagemischen von denen der Einzelwirkstoffe abwei-
chen. Dies liegt daran, dass Antibiotika unterschiedlicher Strukturklassen unterschiedliche Wirkmechanismen
haben (unabhangige Wirkung), was zu synergistisch verstarkten oder antagonistisch verminderten Effekten
fihrt, wahrend fiir Wirkstoffe derselben Strukturklasse additive Effekte (Konzentrationsadditivitat) zu ver-
muten sind.

2. Verbrauch von Antibiotika und ihre medizinische Verwendung als Antibiotikagemische

Antibiotika werden stark und weiter zunehmend sowohl in der Human- als auch in der Veterinarmedizin an-
gewendet. Die drei Lander mit dem hochsten Antibiotikaverbrauch in 2010 waren 1. Indien, 2. China und 3.
die USA. Die hochsten Zuwachsraten beim Verbrauch von Antibiotika sind hingegen in Schwellen- und Ent-
wicklungslandern zu finden, insbesondere in den BRICS-Staaten (Brasilien, Russland, Indien, China und Std-
afrika) sowie Franzdsisch-Westafrika. Der Verbrauch an Antibiotika fir medizinische Zwecke stagniert in In-
dustrielandern wie Deutschland. Dies allerdings auf einem hohen Niveau; so war der Gesamtverbrauch an
Antibiotika in Deutschland in 2014 der dritthdchste unter den 28 Mitgliedsstaaten der EU und der Europai-
schen Wirtschaftszone. Zudem ist anzumerken, dass es eine groRe Schnittmenge der in der Human- und Ve-
terindrmedizin am starksten angewendeten Antibiotikaklassen gibt. Penicilline, Makrolide, Tetrazykline und
Sulfonamide werden am haufigsten in der Human- und Veterindarmedizin verabreicht. Das bedeutet, dass
Umweltkontaminationen durch Antibiotika, die aus der Anwendung in der Human- bzw. Veterindrmedizin
resultieren — bezogen auf Antibiotikaklassen — nicht wesentlich unterschiedlich sind, sondern sich aufaddie-
ren.

Die Verwendung von Antibiotikagemischen und /oder Gemischen von Antibiotika mit anderen synergisti-
schen Stoffen nimmt in der Human- wie auch Veterindarmedizin stetig zu und sogar wegen zu starker Resis-
tenzentwicklung friiher aussortierte Substanzen werden in solchen Gemischen wieder eingesetzt. Diesbeziig-
lich besteht ein umfangliches Wissen in der pharmazeutischen und medizinischen Literatur Gber die Wirkun-
gen von verschiedenen, binaren Antibiotikakombinationen. Demgegentber ist das Wissen tber die Wirkun-
gen von komplexeren Gemischen unvollsténdig. Es liegen nur wenige Studien (iber Gemische mit drei oder
mehr Antibiotika vor. Zudem befassen sich die meisten Studien nur mit einzelnen oder wenigen Pathogenen
als Testorganismen (z.B. Escherichia coli und Staphylococcus aureus), wohingegen antibiotische Wirkungen
und noch mehr die Effekte von Antibiotikagemischen erheblich zwischen Testspezies, getesteten Eigenschaf-
ten und Endpunkten variieren kénnen.
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Synergistische Wirkungen binarer Mischungen werden erwartet, wenn (i) Antibiotika mit unterschiedlichem

Wirkort kombiniert werden, (ii) die kombinierten Antibiotika einen unterschiedlichen Wirkmechanismus ha-

ben, und (iii) wenn Antibiotika mit spezifischen anderen bioaktiven Chemikalien kombiniert werden. Ande-

rerseits ist bei Antibiotika mit dem gleichen Wirkort eine antagonistische Wirkung zu erwarten. Synergisti-

sche Effekte von Pharmazeutika-Gemischen kénnen darauf beruhen, dass

a) die Aufnahme zum Wirkort verdandert wird, wobei das eine Pharmazeutikum die Permeabilitat der Zell-
membran fir die zweite Substanz erhoht,

b) direkte, physikalische Wechselwirkungen bestehen, indem Arzneistoffe gegenseitig die Bindung am Wir-
kort stabilisieren, und

c) aufeinanderfolgende, metabolische Schritte durch das Gemisch beeinflusst werden.

Dagegen Giben Gemische von Antibiotika mit demselben Wirkmechanismus additive toxische Wirkungen aus.
Berichte weisen darauf hin, dass Wechselwirkungen zwischen bakterizid und bakteriostatisch wirkenden An-
tibiotika hingegen zumeist antagonistisch sind. Kombinationen bakteriostatischer Antibiotika (innerhalb ei-
ner oder zwischen verschiedenen Verbindungsklassen) Gben additive oder synergistische Wirkungen aus,
wohingegen Gemische von bakterizid wirkenden Antibiotika additive (innerhalb einer Verbindungsklasse) o-
der antagonistische (zwischen verschiedenen Verbindungsklassen) Effekte aufweisen. Die wenigen experi-
mentellen Befunde lber toxische Effekte von Gemischen in Boden zeigen jedoch zum Teil von diesen Regeln
abweichende Ergebnisse, z.B. weisen bindre Mischungen von Antibiotika der gleichen Verbindungsklasse
(Sulfonamide) nicht nur additive, sondern auch synergistische Wirkungen auf.

3. Kontamination von organischen Abfillen und B6den mit Antibiotikagemischen

Um den Status der Kontamination von Béden durch Gemische pharmazeutischer Antibiotika zu identifizieren,
wurde eine Literaturrecherche bezlglich Publikationen tber Belastungen von Wirtschaftsdiingern (organi-
sche Abfallsubstrate) und Béden durchgefiihrt. Die Anzahl an Studien ist jedoch gering, die detaillierte Infor-
mationen Uber gemischte Kontaminationen (a) von organischen Abfallsubstraten wie Giille, die als Boden-
diinger verwendet werden, und (b) von Boden liefern. Unabhangig davon zeigen die in dieser Literaturrecher-
che ausgewerteten Publikationen bzw. die darin enthaltenen Datensatze einvernehmlich, dass Kontaminati-
onen durch Antibiotikagemische und nicht allein durch Einzelsubstanzen auftreten und auch in anderen Fal-
len lblicherweise erwartet werden miissen. Trotz dieses konsistenten Erkenntnisstandes ist dennoch zu be-
tonen, dass die Zahl der Studien, die ausgewertet werden kénnen, gering ist. Dies liegt daran, dass bei ande-
ren Studien einer oder mehrere der im Folgenden aufgefiihrten Nachteile vorliegen:

e Daten wurden nicht vollstdndig publiziert, sondern aggregierte Daten (z.B. Mittelwerte tber Probens-
dtze) werden prasentiert (in einigen Fallen auch ohne oder mit nur unzureichender Information wie viele
bzw. welche Daten gemittelt wurden).

e Quantitative Daten sind nicht in Tabellen verfiigbar, sondern werden nur in Form von Abbildungen pra-
sentiert.

e Daten sind beschrankt auf nur wenige, ausgewahlte Chemikalien.

e Uneinheitliche und nur zum Teil Gbereinstimmende Auswahlen an antibiotischen Stoffen wurden in den
Studien untersucht.

e Die Kennzeichnung und/oder Zuordnung der untersuchten Béden ist unvollsténdig oder fehlend.

e Nur in wenigen Fallen werden Daten von Riickstandsgehalten in beiden, Wirtschaftsdiinger und Béden
prasentiert. Liegen solche Publikationen vor, wird wiederum selten dokumentiert ob bzw. welche Boden
mit den entsprechenden Wirtschaftsdiingern beaufschlagt wurden. Folglich ist es auf Basis von Informa-
tionen aus der Literatur kaum moglich, Kontaminationspfade eindeutig zu verfolgen und resultierende
Bodenbelastungen nachzuvollziehen.
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Im Gegensatz zu den widerspriichlichen Funden zur Toxizitat von Antibiotikagemischen, zeigen die wenigen
vorliegenden Studien zum vermuteten Eintragsszenario in Béden (kurz dargestellt in Abschnitt 1) ein konsis-
tentes Bild. Die in der Umwelt auftretenden Kontaminationen durch Antibiotikagemische resultieren unter
anderem aus der medizinischen Anwendung von Kombinationen von Antibiotika. Am Beispiel einer spezifi-
schen Studie konnte gezeigt werden, dass nahezu 50% aller Antibiotika-Verschreibungen an Nutztiere Kom-
binationen aus zumeist zwei aber auch bis zu fiinf unterschiedlichen Antibiotika wie auch weiterer Pharma-
zeutika enthielten. Zudem bestatigen vorliegende Publikationen die vermuteten Eintragspfade. Mischungen
von Antibiotika entstehen dadurch, dass unterschiedliche Antibiotika an unterschiedliche Tierarten und Tier-
altersstufen verabreicht werden. Werden die Exkremente dieser unterschiedlichen Tiergruppen an einem
Ort gesammelt und anschlieBende auf Boden ausgebracht, ergibt sich die Kontamination durch Antibiotika-
gemische. Dies ergibt sich auch durch (biologische) Abbauprozesse, wobei zumindest teilweise antibiotisch
aktive Metabolite entstehen kénnen. Nicht zuletzt fihrt eine wiederholte Gilleapplikation auf landwirt-
schaftliche Flachen zur Entstehung von Gemischen und Auffiillung des Kontaminationsniveaus, so dass in
Kombination mit der teilweise stark verlangsamten Abbaukinetik von Antibiotika in Béden eine quasi kon-
stante Belastungshohe erreicht wird.

Die Berichte zeigen Belastungen durch Gemische mit im Durchschnitt mehr als zwei und bis zu sieben ver-
schiedenen Antibiotika in Giille, Biogasschlamm und Kompost auf. Noch deutlich mehr verschiedene Antibi-
otika (bis zu >20) wurden in Klarschlammproben gefunden. Die Rickstandsgehalte von Antibiotika in diesen
organischen Abfallsubstraten liegen in der GroRenordnung von mg/kg; in Béden liegen diese hingegen im
Bereich von pg/kg. Allerdings ist zu vermuten, dass die wahren Rickstandsgehalte in Boden deutlich héher
liegen. Dies kommt dadurch, dass viele Antibiotika rasch und in erheblichem AusmaR nicht-extrahierbare
Rickstande in Boden bilden. Zum Beispiel nehmen die extrahierbaren Anteile verschiedener Antibiotika be-
reits durch kurzzeitigen Bodenkontakt von 1 Stunde und weniger auf <90% (Sulfonamide), <80% (Fenbenda-
zol) und £70% (Tetrazykline) ab und die Wiederfindung nimmt mit weiterer Kontaktzeit weiter ab. Es wird
vermutet, dass gealterte Riickstandsgehalte von Sulfonamiden in Béden um den Faktor 2,5 hoher sind als die
extrahierbaren Gehalte. Dieser Faktor ist fiir die stark sorbierenden Antibiotika wie Tetrazykline, Fluorchino-
lone und B-Lactame vermutlich noch gréRer.

Ubereinstimmend mit den Berichten liber die Kontamination von organischen Abfallsubstraten, zeigen die
vorliegenden Studien liber Boden, dass nicht nur einzelne Antibiotika, sondern Gemische verschiedener An-
tibiotika und Strukturklassen tblicherweise in Boden auftreten. Die Gesamtkonzentrationen der Antibiotika-
gemische Uiberschreiten eindeutig natiirliche Hintergrundgehalte. Zwei und bis zu 13 verschiedene pharma-
zeutische Antibiotika wurden in verschiedenen Oberbodenproben von landwirtschaftlichen Flachen nachge-
wiesen. Anhand von Probenpaaren, d.h. organisches Abfallsubstrat und damit beaufschlagter Boden, konnte
eine signifikante Korrelation zwischen der Haufigkeit mit der Antibiotika im Abfallsubstrat und im Boden auf-
treten gefunden wurden.

Antibiotika in Béden werden nicht nur durch anthropogene Kontamination verursacht, sondern treten auch
natirlich auf; sie werden durch den Sekundarstoffwechsel natiirlich vorkommender Bodenmikroorganismen
gebildet. Zum Beispiel sind Streptomycin und Oxytetrazyklin weithin bekannte, im Boden gebildete Antibio-
tika und werden durch Streptomyces Actinobakterien gebildet. Unter vielen anderen Bodenmikroorganismen
sind 30 bis 50 % der aus Béden isolierbaren Actinomyceten in der Lage Antibiotika zu synthetisieren. In Be-
richten werden typische, resultierende Bodengehalte in der GréRenordnung von pg/kg angegeben, die ins-
besondere in der Rhizosphare in Boden zu finden sind. Demgegentiber kénnen die Riickstandsgehalte bereits
einzelner pharmazeutischer Antibiotika die natiirlichen Hintergrundgehalte deutlich {iberschreiten und lie-
gen mitunter sogar oberhalb des von der Européischen Arzneimittelagentur (EMA) festgelegten Ausloser-
wertes von 100 pg/kg. Zudem treten haufig nicht nur Einzelwirkstoffe, sondern Gemische mehrerer Antibio-
tika in Boden auf, so dass die kombinierten Konzentrationen klar oberhalb der natiirlichen Hintergrundgeh-
alte liegen. Die festgestellten Antibiotika gehdren zu unterschiedlichen Wirkstoffklassen und weisen dem-
entsprechend unterschiedliche Wirkmechanismen auf. Dabei treten Antibiotika einiger Strukturklassen deut-
lich haufiger auf (z.B. Tetrazykline), wahrend andere mit geringeren Konzentrationen nachgewiesen wurden
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(z.B. Sulfonamide). Dies liegt an (i) einer unterschiedlichen Anwendung und damit Freisetzung in die Umwelt
und (ii) einer unterschiedlichen Persistenz und Mobilitdt in Boden.

4. Toxische Effekte von Antibiotika als Einzelwirkstoff und in Gemischen von Umweltkontaminanten auf
Bodenorgansimen

Das vorliegende Wissen Ulber negative Wirkungen von Antibiotika auf Bodenmikroorganismen bezieht sich
fast ausnahmslos auf Studien liber Einzelwirkstoffe und adressiert nicht Antibiotikagemische. Zudem ist fest-
zuhalten, dass, obwohl die Anzahl an Publikationen lGber Wirkungen einzelner Antibiotika auf Bodenmikro-
organismen in den vergangenen Jahren ganz erheblich zugenommen hat, das Wissen nach wie vor liickenhaft
und sehr fragmentarisch ist. Zumeist finden sich Bezlige zu unterschiedlichen bodenmikrobiellen Parametern
und auch einigen wenigen faunistischen Indikatorspezies. Zudem wurde die grol’e Mehrzahl der Studien mit
Vertretern der Tetrazykline und Sulfonamide durchgefiihrt, wohingegen das Wissen (iber andere Antibiotik-
aklassen auf wenige Einzelstudien begrenzt ist oder (iberhaupt keine Erkenntnisse vorliegen (z.B. Cephalo
sporine). Bisherige Studien zeigen, dass mikrobielle Eigenschaften und Funktionen wie die mikrobielle Bio-
masse, strukturelle Diversitdt von mikrobiellen Gemeinschaften (Biodiversitat) und funktionelle Diversitat,
gestort werden. Insbesondere die mikrobielle Steuerung des N-Kreislaufs wird durch Antibiotika beeinflusst.
Auch Parameter der mikrobiellen Toleranz werden deutlich verandert und Verdanderungen der strukturellen
Diversitat mikrobieller Gemeinschaften sind haufige Folge der Wirkung von Antibiotika in Boden. Letzteres
scheint insbesondere mikrobielle Gruppen zu betreffen, die in die Prozesse der Nitrifikation und Denitrifika-
tion eingebunden sind, was noch einmal die besondere Empfindlichkeit von Organismen unterstreicht, die in
Funktionen im N-Kreislauf ausiiben.

Effekte von Antibiotika und Antibiotikagemischen variieren in Abhangigkeit von Einflussfaktoren und Rand-
bedingungen. Zum Beispiel konnen sie erheblich durch die vorliegenden Konzentrationen verandert werden.
Antagonistische Wirkungen treten haufiger bei niedrigen Konzentrationen der Wirkstoffe im Gemisch auf,
wahrend gleiche Gemische bei hohen Konzentrationen sogar synergistische Effekte hervorrufen kénnen, was
von den jeweils kombinierten Antibiotika abhdngt. Andererseits kommt es in verschiedenen Fallen zur Akti-
vierung mikrobieller Aktivitaten durch gering dosierte Antibiotika bzw. Gemische von Antibiotika. Diese Stei-
gerungen dirfen aber keinesfalls als positive Wirkung auf Bodenorganismen fehlinterpretiert werden. Im
Allgemeinen werden durch einzelne Antibiotika in Konzentrationen, wie sie auch typischerweise in der Um-
welt vorzufinden sind, Wirkungen hervorgerufen, die Gber einen Bereich gehen, der von gerade signifikanten
Effekten bis zu ungefahr 10 % Hemmung reichen. Demgegeniiber werden Wirkungen von Antibiotikagemi-
schen in Boden diesen Effektbereich deutlich iberschreiten. Unter Berlicksichtigung der erheblichen und un-
ersetzlichen Bedeutung, die Mikroorganismen fiir die Funktionen und Okosystemdienstleistungen von Béden
haben, werden auch die genannten Effekte bereits signifikante Auswirkungen auf die Bodenfruchtbarkeit
haben. Darliber hinaus werden Effekte von Antibiotika und veranderte Effekte durch Antibiotikagemische
auf Spezies der Bodenfauna wie auch auf Nutzpflanzen in der Literatur beschrieben. Wenn Regenwiirmer der
Art Eisenia fetida den Einzelwirkstoffen Tetrazyklin bzw. Chlortetrazyklin ausgesetzt wurden, traten dosis-
abhangige, signifikante DNS-Schaden in den Coelomocyten der Regenwiirmer auf. Dagegen verursachte die
Kombination beider Antibiotika bei der maximalen getesteten Konzentration von 300 mg/L eine leicht anta-
gonistische Wirkung.

Eine spezifische Wirkung von Antibiotika in Béden, die von besonderer Relevanz fiir die Gesundheit von Men-
schen und (Nutz)Tieren ist, ist eine Verstarkung des Resistenzniveaus gegen Antibiotika. Die Selektion resis-
tenter Bakterien tritt insbesondere bei geringen Antibiotikakonzentrationen auf, typischerweise unterhalb
der minimalen Hemmkonzentration (minimal inhibitory concentration; MIC). Solche geringen Konzentratio-
nen sind Ublicherweise in belasteten Béden zu finden. In der Folge sind in belasteten Boden zahlreiche Resis-
tenzgene mit signifikant erhéhter Abundanz enthalten. Synergistisch wirkende Antibiotikagemische fiihren
sogar zu einer starkeren und beschleunigten Resistenzentwicklung. Andererseits weisen antagonistisch wir-
kende Kombinationen von Pharmazeutika eine gegeniber synergistischen Gemischen verlangsamte Resis-
tenzentwicklung auf. Die Ableitung vorhergesagter Konzentrationen, die keinen Effekt auslosen (predicted
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no-effect concentration, PNEC) und die die Schwelle markieren, oberhalb der eine erhéhte Abundanz von
mikrobiellen Resistenzgenen in Boden auftritt, ist dagegen derzeit noch nicht moéglich. Nicht zuletzt miissen
starkere Effekte durch Antibiotikagemische als durch Einzelsubstanzen auf die Ausldsung eines erhdhten Re-
sistenzniveaus in Béden erwartet werden.

Nicht nur Gemische von Antibiotika, sondern auch Mischungen von Antibiotika mit anderen Stoffen kdnnen
Effekte der Mischungstoxizitat auslosen. Belastungen landwirtschaftlicher Béden mit Gemischen von Antibi-
otika und anderen Agrochemikalien wie Pflanzenschutzmittel, andere nicht-antibiotische Pharmazeutika so-
wie Schwermetalle treten haufig auf. Besonders relevant sind dabei Mischungen mit Schwermetallen, die die
Wirkung der Antibiotika auf Mikroorganismen verstarken. Kupfer (Cu) und Zink (Zn) werden haufig als Fut-
terzusatzstoff an Nutztiere verabreicht und gelangen in landwirtschaftliche Béden als Kontaminanten in Wirt-
schaftsdiingern (z.B. Giille und Klarschlamm) und in unbehandeltem Abwasser, dass zur Beregnung verwen-
det wird. Auch Metalle wie Cu, Zn, Cd und Hg haben antimikrobielle Wirkungen und kdénnen zur verstarkten
Bildung von Antibiotikaresistenzen beitragen. Dadurch werden gerade landwirtschaftliche Béden zu ,hot-
spots” der Bildung von Antibiotikaresistenzen in der Umwelt.

5. Einfluss von Faktoren und Umweltbedingungen auf Effekte von Antibiotikamischungen

Effekte von Antibiotikagemischen kdnnen durch verschiedenen Einflussfaktoren ganz erheblich verandert
werden. Zu allererst hangt das AusmalR der Wirkung vom untersuchten biotischen Parameter und Endpunkt
ab. Zudem verandern sich Wirkungen von Gemischen haufig mit der Konzentration der Einzelsubstanzen und
kénnen sich von additiver Wirkung oder sogar antagonistischer Wirkung zu einer synergistischen Wirkung
bei hoheren Konzentrationen verschieben. Alle toxischen Effekte sind zeitabhangig und schadliche Wirkun-
gen, insbesondere von bakteriostatischen Antibiotika nehmen liber Zeitrdume von Tagen und Wochen zu.

Diesbezlglich ist zu erwarten, dass die Wirkungsdauer von Antibiotika in synergistischen Gemischen verlan-
gert, in antagonistischen hingegen verkiirzt ist.

Ebenso kdnnen Antibiotika und Nahrstoffe bzw. Ndhrsubstrate in Boden interagieren, was als antagonisti-
scher Mischungseffekt aufgefasst werden kann. Das schlief3t die Wirkung von organischen Abfallsubstraten
ein, mit denen zusammen Pharmazeutika typischerweise in Boden gelangen. Die ndhrstoffreichen, abbauba-
ren Substrate erhéhen tendenziell schadliche Effekte von biostatisch wirkenden Antibiotika. Beispielsweise
nehmen antibiotische Effekte mit gesteigerter Giillezugabe disproportional zu; die Einfllisse von Giille variie-
ren sogar in Abhangigkeit von der Verwendung frischer oder gelagerter Giille.

AulRerdem bestehen Wechselwirkungen mit allen anderen Randbedingungen, die die Leistungsfahigkeit von
Organismen beeinflussen, wie Hitze oder Frost, Diirre oder Wasseriiberschuss verbunden mit Sauerstoffman-
gel, Nahrsubstratmangel oder Angebot durch Nahrsubstratzugabe, sowie Pathogene oder Pradatoren. Der-
artiger Umweltstress fiihrt meist zu einer synergistisch verstarkten, schadlichen Wirkung von Chemikalien.
Allerdings liegen kaum Untersuchungen zum Einfluss von GroRRen, die keine Schadstoffe darstellen, wie der
Nahrstoffstatus und Umweltstressoren, auf die Toxizitdat von Gemischen vor; entsprechende Publikationen
mit Bezug zu Antibiotikagemischen wurden in dieser Literaturrecherche nicht gefunden. Es wird vermutet,
dass der Gesamteffekt von Schadstoffgemischen durch diese Nicht-Schadstoffeinfliisse zu- oder abnimmt
(Synergismus oder Antagonismus), es jedoch nicht zu einer Veranderung des Wirkungstyps kommt, solange
nicht physikochemische Eigenschaften oder die Bioverfligbarkeit (effektive Konzentration) einer Substanz
entscheidend verandert werden, z.B. die Loslichkeit durch einen Temperaturanstieg.

6. Verdnderung des Schicksals von Antibiotika in Boden durch Antibiotikagemische und andere Kontami-
nanten

Auch das Schicksal und der Verbleib von Antibiotika in Béden kdnnen bei Vorliegen von gemischten Belas-
tungen verandert sein. Sorption und Abbau bzw. Abnahme nachweisbarer Gehalte kdnnen signifikant veran-
dert sein, was Riickkopplungen auf die Wirkungen hat. Eine wesentlich verminderte Immobilisierung von
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Antibiotika im Boden ist zu beobachten, wenn Sorptionskonkurrenz mit steigenden Konzentrationen zu-
nimmt. Sorptionskonkurrenz tritt insbesondere bei Gemischen von Antibiotika derselben Strukturklasse auf;
die Einzelverbindungen konkurrieren um dieselben Sorptionsplatze im Boden. Bei Antibiotika unterschiedli-
cher Strukturklassen ist die Sorptionskonkurrenz hingegen weitgehend auf hohere Konzentrationsbereiche
beschrankt. Zusatzlich kann Sorptionskonkurrenz auch zwischen Antibiotika und nicht-antibiotischen Kom-
ponenten anderer Verbindungsklassen auftreten. Dies betrifft auch Verbindungen natirlicher, organischer
Substanz, die z.B. mit Gille in die Boden gelangen. Nicht zuletzt werden die Abnahme bzw. der Abbau von
Antibiotika in Boden in Gegenwart von gemischten Kontaminationen verdandert.

7. Schlussfolgerungen und Konsequenzen fiir die Bodenfunktionen und zukiinftige Forschung
Wissensliicken

Insbesondere in den letzten 20 Jahren wurde das Wissen Uiber die Eintrdge, das Verhalten und die Wirkungen
von Antibiotika in Boden, Exkrementen und Wirtschaftsdlingern ganz erheblich erweitert. Allerdings sind die
meisten Forschungsarbeiten, die die Umwelt betreffen, auf Antibiotika von nur wenigen Strukturklassen fo-
kussiert, insbesondere Tetrazykline und Sulfonamide, wahrend der Wissensstand iber andere Strukturklas-
sen wie die Benzimidazole, Lincosamide und Cephalosporine nach wie vor fragmentarisch ist. Zum Beispiel
werden in der Human- und Veterindarmedizin am haufigsten Penicilline verwendet, Cephalosporine der drit-
ten Generation sind als Reserveantibiotika von besonderer Bedeutung fir die Humanmedizin; Studien lGber
deren Eintrage, Verbleib und Wirkung in Boden fehlen dagegen. Noch einmal ist daher zu betonen, dass wei-
terhin viele Wissensliicken bestehen, die wie folgt zusammengefasst werden kdnnen.

e Berichte iber das Vorkommen von Antibiotika in Umweltsubstraten wie Gille, Klarschlamm und Béden
sind im Wesentlichen auf Antibiotika weniger Strukturklassen, wie die Tetrazykline und Sulfonamide be-
schrankt, eine geringere Anzahl von Studien befasst sich mit Fluorchinolonen, Makroliden und Lincosa-
miden.

e Erkenntnisse lber Eintrage in die Umwelt, das Verhalten und Effekte von Antibiotika anderer Struktur-
klassen sind fragmentarisch und unvollstandig oder fehlen sogar vollig.

e Noch schlechter ist der Kenntnisstand tGiber das Vorkommen, die Zusammensetzung und Konzentrationen
von Antibiotikagemischen und deren Wirkungen in Béden.

e Bdden sind duBerst heterogen infolge ihres Aufbaus aus unterschiedlichen Horizonten als Makrostruktu-
ren und die Aggregierung und andere Bereiche wie die Rhizosphare usw. als Mikrostrukturen. Die Ver-
teilung von Antibiotika und Antibiotikagemischen in strukturierten Béden ist weitgehend unbekannt.

e Esliegen zu wenige Daten liber toxische Effekte von Antibiotika und insbesondere von Antibiotika-Gemi-
schen in Béden vor.

e Die zugrundeliegenden Mechanismen von Gemischeffekten wie Antagonismus und Synergismus sind nur
unvollstdndig bekannt. Es ist darauf abzuzielen tiber die experimentelle Erfassung hinaus die grundlegen-
den Prinzipien zu identifizieren (und zu modellieren). Dies gilt insbesondere fiir das fehlende Verstandnis
der 6kologischen Bedeutung von Antibiotika in der Natur und daraus folgende, mégliche unerwiinschte
Effekte einer Umweltbelastung. Es wird ein langfristiges Ziel sein, einen systematischen Ansatz zu erar-
beiten, um die zugrundeliegenden Ursachen fiir eine auftretende Wechselwirkung zwischen Pharmazeu-
tika zu ermitteln.

e Das vorliegende Wissen (iber toxische Wirkungen von Pharmazeutika in B6den (von Gemischen ganz zu
schweigen) basiert auf einer vergleichsweise breiten, unsystematischen Vielfalt unterschiedlicher Test-
methoden und Endpunkte. Dies behindert die Zusammenfiihrung des vorliegenden Wissens. Es ist zu
erwarten, dass Effekte und Effektkonzentrationen erheblich zwischen verschiedenen Testmethoden und
Endpunkten variieren.
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e |n diesem Zusammenhang erscheint es auflerdem notwendig, die Faktoren, die die Mischungstoxizitat
beeinflussen, wie z.B. die Anzahl der Schadstoffe im Gemisch, deren (relative) Konzentrationen und Um-
weltbedingungen wie die Bodenfeuchte und Temperatur, chemische und physikalische Bodeneigen-
schaften, Status und Zusammensetzung der (mikrobiellen) Organismengemeinschaft im Boden.

e Ein spezifischer Aspekt ist die Zeitabhangigkeit der Wirkungen von Antibiotika. Insbesondere von Gemi-
schen, und bei Langzeit-Exposition werden chronische Effekte erwartet.

e Hormesis, die durch eine geringe Schadstoffdosis hervorgerufene, scheinbar positive Zunahme eines un-
tersuchten Parameters, kann Teil eines toxischen Effektes sein. Sie tritt in Gegenwart verschiedener Phar-
mazeutika und deren Gemischen auf. Es ist nach wie vor unklar wie eine hormetische Zunahme zu be-
werten ist, was insbesondere auf Gemische zutrifft, deren Einzelkomponenten in dieser Hinsicht unter-
schiedliche Effekte ausiiben.

e Nicht zuletzt sind tragfahige Konzepte fiir Strategien zur Bewertung kumulativer Belastungen zu entwi-
ckeln.

e All dies wird flankiert durch den Bedarf nach einheitlichen, im besten Fall standardisierten Methoden zur
Bestimmung von Gesamtgehalten und verfligbaren Fraktionen der Antibiotika in Boden, und zur zuver-
lassigen Bestimmung von Effekten durch Antibiotika auf Bodenorganismen. Es wird erwartet, dass Ef-
fektkonzentrationen am besten durch eine bioverfligbare Fraktion reprasentiert werden.

Zudem ist zu betonen, dass viele der in den vorangegangenen Abschnitten dargestellten Befunde auf einzel-
nen oder nur wenigen Studien basieren, die oft nur wenige, einzelne Antibiotika oder sogar andere Chemi-
kalien als Antibiotika untersucht haben. Zudem behandeln viele der Studien nicht Béden, sondern andere
Umweltkompartimente bzw. stammen aus der Medizinforschung. Deshalb ist weitere, zielgerichtete und sys-
tematische Forschung notwendig, (i) um die Schadwirkungen und Risiken die Antibiotikagemische fir die
Umwelt und insbesondere Béden bedeuten zu quantifizieren und zu bewerten; (ii) um vorherzusagen, wel-
che Antibiotikagemische in Bezug auf Zusammensetzung und Konzentrationen an einem bestimmten Ort o-
der in einem bestimmten Umweltkompartiment toleriert werden kénnen; (iii) um herauszufinden, welche
Verbindungen die 6kotoxikologischen Treiber an einem bestimmten Ort sind. Dazu werden drei aufeinander
aufbauende Forschungsprojekte vorgeschlagen, um die komplexe Situation und Wirkungen von Antibiotika-
gemischen in Boden zu identifizieren.
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Empfohlene Forschungsprojekte und ihr Nutzen in der Regulatorik

1. Belastungsstatus und Effekte von Gemischen pharmazeutischer Antibiotika in der terrestrischen Umwelt —
eine Meta-Analyse

Eine Meta-Analyse vorliegender, quantitativer Daten (iber die Abgabe von Antibiotika wie auch UGber deren
Vorliegen in organischen Abfallsubstraten und Béden. Davon ausgehend sind vorhergesagte und gemessene
Umweltkonzentrationen (predicted and measured environmental concentrations, PEC, MEC) von Antibiotika
abzuleiten und gegen Wirkungskonzentrationen (effect concentrations; EC) oder Konzentrationen ohne Wir-
kung (no-effect concentrations; NOEC) abzugleichen, um Risiken von Antibiotikagemischen in Béden zu er-
kennen und b) den Wissensstand beziiglich der Kontamination von Boden mit Antibiotika und Antibiotikage-
mischen und deren 6kotoxikologischer Relevanz und Folgen weiter zu prazisieren und zu verbessern. Erste
Empfehlungen fiir MaBnahmen sollen auf dieser Basis an regulatorische Behérden und Interessenvertreter
gegeben werden sowie nachfolgende experimentelle Arbeiten geplant werden.

2. Ein allgemein verwendbarer Methodensatz zur Bestimmung von unerwiinschten Wirkungen von Gemischen
pharmazeutischer Antibiotika in Béden

In einem zweiten, nachfolgenden Projekt mittlerer Zeitdauer, soll experimentelle Forschung basierend auf
den bisherigen Erkenntnissen erfolgen. Die Zielstellung sollte sein i) geeignete Methoden zu identifizieren,
mit deren Hilfe unerwiinschte Effekte von pharmazeutischen Antibiotika auf die Abundanz und Funktionen
von Bodenmikroorganismen bestimmt werden kdnnen. Die Uberpriifung vorhandener, standardisierter Me-
thoden und eventuell weiterer Methoden, die relevante Funktionen von Bodenmikroorganismen erfassen,
kénnte mit einem Dosis-Wirkungs-Ansatz mit einer Auswahl von Bdden erfolgen. Dazu sind reprasentative
Antibiotika verschiedener Strukturklassen auszuwahlen, die am haufigsten in der Veterinar- und Humanme-
dizin angewendet werden, z.B. Penicilline, Tetrazykline, Polypeptidantibiotika, Sulfonamide, Makrolide, Ami-
noglykoside, Lincosamide, Pleuromutiline, Fluorchinolone, Folsdureantagonisten, Fenicole und Cephalospo-
rine. ii) Eine Testbatterie sollte entwickelt werden als Auswahl der als geeignet identifizierten Untersuchungs-
methoden. Dieses Set sollte idealerweise Methoden und Endpunkte umfassen, die Parameter der mikrobiel-
len Abundanz reprasentieren und Indikatoren relevanter, mikrobieller Funktionen sind.

3. Mischungstoxizitét von Schadstoffgemischen pharmazeutischer Antibiotika und anderen Kontaminanten in
landwirtschaftlichen Béden

Ein drittes Projekt (mit langfristigerer Ausfiihrungsperspektive) sollte zum Ziel haben, die Wirkungen von An-
tibiotikagemischen unter Verwendung der Testbatterie zu bestimmen. Typische Gemische sind dabei zu un-
tersuchen, anfangend von binaren Gemischen bis hin zu ausgewahlten terndren und noch komplexeren Ge-
mischen, um die Mischungstoxizitdt von Antibiotika gleicher wie auch unterschiedlicher Strukturklassen bzw.
Wirkmechanismen zu bestimmen und zu kategorisieren. Das Uibergeordnete Ziel wird es sein, die zugrunde-
liegende Wirkprinzipien von Antibiotikagemischen in Boden zu identifizieren, um darauf aufbauend weiter-
gehende Modellierungen und Prognosen zu erméglichen. Mit diesem Wissen ware es besser moglich, regu-
latorische Standards und Grenzwerte zu definieren.

Diese Forschungsarbeiten sollten idealerweise mit wissenschaftlichen Workshops kombiniert werden, um
den aktuellen Stand des Wissens zum Thema zu definieren. All dies soll dazu fiihren oder bereits dadurch
begleitet werden, dass durch regulatorische MaBnahmen eine Verbesserung der Nutzung und des Umgangs
mit fir medizinische Zwecke eingesetzten Antibiotika erreicht wird, zu welchem Zweck auch Umweltaspekte
sachgerecht beriicksichtigt werden.
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Schlussfolgerungen

Die vorgeschlagenen Forschungsarbeiten zielen darauf Regulierungsinitiativen und Regulierungsinstitutio-
nen wissenschaftliche Unterstiitzung zu liefern. Das ibergeordnete Ziel sollte es sein, die Verbreitung von
pharmazeutischen Antibiotika und entsprechenden Schwermetallen (Cu, Zn) in der Umwelt zu minimieren,
um unerwiinschte, nachteilige Effekte auf Bodenfunktionen und -fruchtbarkeit zu vermeiden und die Zu-
nahme und Verbreitung antibiotischer Resistenzen in der Umwelt mit ihren Gesundheitsrisiken fiir Menschen
und (Nutz-)Tiere zu verhindern. Regulatorische MaBnahmen kdonnten die analytische Bestimmung der Anti-
biotikabelastungen von Abfallsubstraten bzw. Wirtschaftsdiingern wie z.B. Giille und die Bestimmung resul-
tierender Rickstandsgehalte in Boden festlegen. Dies kdnnte besonders relevant sein fiir Wirtschaftsdiinge-
rexporte und —importe zwischen Landwirtschaftsbetrieben und Staaten. Akzeptable Kontaminationsbereiche
(gesetzliche Grenzwerte) konnten sich an Konzentrationen orientieren, unterhalb derer kein Effekt auf Bo-
denorganismen oder das Resistenzniveau erwartet wird (no-effect concentration) und die in bodentoxikolo-
gischen Untersuchungen ermittelt wurden. Ein fundiertes Wissen lber diese Umweltbelange und deren Be-
riicksichtigung wirde es ermoglichen, die Nutzung von pharmazeutischen Antibiotika auf landwirtschaftli-
chen Betrieben besser zu planen und zu organisieren. Ohne Zweifel muss die Heilung von Infektionskrank-
heiten bei Mensch und Tier weiterhin erste Prioritdat haben. Dies schliel3t aber ein, viel mehr als zuvor Um-
weltbelange zu beriicksichtigen, insbesondere die zunehmende Unwirksamkeit von Antibiotika aufgrund der
anwachsenden Bildung von Antibiotikaresistenzen in der Umwelt. Es besteht die feste Uberzeugung, dass
dies auch zu einer verbesserten und nachhaltigen Bodennutzung und Schutz von Wasserressourcen beitragt.
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1 Introduction

The terrestrial environment is exposed to the input of contaminants from anthropogenic origin. Especially
agricultural and urban soils are characterized by ubiquitous and ongoing input of pollutants. Due to the use
and intended or unintended release of numerous chemicals onto soils, it must be expected that contami-
nated soils not only contain one contaminant but mixtures of several pollutants (Backhaus, 2014; Jahnke et
al., 2016; Posthuma et al., 2008). It is expected that this also applies to pharmaceutical antibiotics that have
been recognized as widespread soil pollutants (Boxall et al., 2004; Sarmah et al., 2006; Thiele-Bruhn, 2003b).

Regulatory limits of chemicals and ecological risk assessment are usually based on the effect of single com-
pounds, but not taking into account mixture effects (Natal-da-Luz et al., 2011). Two characteristics, in partic-
ular, make the joint toxic effect of a pharmaceutical mixture a major issue for hazard and risk assessment: (i)
the ecotoxicity of a pharmaceutical mixture is typically higher than the effects of each individual component,
and, consequently, (ii) such a mixture can have a considerable ecotoxicity, even if all individual contaminants
are present only in low concentrations that do not provoke significant toxic effects if acting singly on the
exposed organisms (Backhaus, 2014).

This is shown on an example from Backhaus et al. (2000). In that study, a mixture of pharmaceuticals was
used consisting of ten individual compounds at concentrations that cause low effects on a certain subjects of
analysis below regulatory values when tested individually (Figure 1). However, the summed effect of the
whole mixture is clearly larger, showing strong environmental impact and relevance.

Figure 1: Dose dependent effects of single compounds and of the mixture of these compounds as
well as modelling of the mixture effect with the concepts of independent action (IA) and
concentration additivity (CA).
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Source: Figure modified from Backhaus et al. (2000)

Since the last two decades, effects of contaminant mixtures have been increasingly investigated in aquatic
environments (e.g., Grimme et al., 2000; Vasquez et al., 2014); anyhow, data on mixture toxicity effects on
marine flora and fauna are still scarce (Backhaus, 2014). Even considerably less knowledge exists for soils
regarding mixture toxicity of pollutants in general and of combinations of antibiotics in special. The set of
bioassays available for the assessment and monitoring of contaminant mixtures is solely based on aquatic

32




Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

test methods (Jahnke et al., 2016). Related to the unwanted input into soil and effects of pharmaceutical
antibiotics in soil, the board of experts for environment questions from the German Federal Government
recommended measures in a position paper (Sachverstandigenrat fiir Umweltfragen, 2007), for example:

e An environmental risk assessment of priority pharmaceuticals, including old products, and grouping of
compounds for the integrated determination of possible consequences.

e Continuous documentation of the contamination of surface waters and soils.

e Assessment of the environmental risk of pharmaceuticals, taking into account all compounds that are
present at the same site and have similar effects.

The latter aspect clearly addresses mixed contaminations through pharmaceuticals. Previous studies showed
that environmental contamination with mixtures of pollutants (pharmaceuticals and other chemicals) and
not only with single compounds is rather the rule than the exemption. Analytical monitoring surveys routinely
confirm that organisms in the environment are exposed to complex multi-component pharmaceutical mix-
tures (Backhaus, 2014). The dose dependent effects of mixtures cannot be explained by regarding the single
compounds (see Figure 1) and the modelling of mixture toxicity, e.g. by using the classical concepts of con-
centration addition (CA) and independent action (IA; response addition). Existing knowledge gaps include, in
particular, the need for more and better empirical data on the effects of pharmaceutical mixtures on soil
organisms, and the exploration of the quantitative consequences of toxicokinetic, toxicodynamic and eco-
logical interactions. Increased focus should be put on investigating the ecotoxicology of pharmaceutical mix-
tures in environmentally realistic settings (Backhaus, 2014).

Also for pharmaceutical antibiotics it is a realistic and very likely scenario that mixed contaminations occur
in soil, yet there is a substantial lack of knowledge about possible adverse effects, and thus strong decision-
making deficits. Why do mixtures of antibiotics end up in soil? This is shown for veterinary antibiotics in Figure
2. First, combinations of antibiotics are frequently administered to livestock. For example, existing studies
show that mixtures of pharmaceuticals (two and more active compounds) are used in about 50 % of all vet-
erinary medications. Second, different antibiotics are given to different livestock animals and to different live
stages of the animals because different pathogens typically occur and have to be treated. Subsequently, mix-
tures of antibiotics will result, when excreta from different livestock are collected in the same manure tank
or lagoon. The resulting mixtures of active agents are subsequently, and often repeatedly spread onto agri-
cultural fields, when they are recycled as fertilizer. Not least, mixtures of antibiotic parent compounds and
their metabolites, some of which exert an (altered) antibiotic activity as well, develop in soil upon biotrans-
formation of the compounds (Pollard and Morra, 2018; Schwarz et al., 2010). In addition to antibiotic phar-
maceuticals, also non-antibiotic pharmaceuticals reach soils. This especially applies to analgesics and anti-
inflammatories (Gildemeister et al., 2011). Consequently, Gildemeister et al. (2011) estimated that 10 to 20
different pharmaceutical compounds will end up within one year on a typical agricultural soil with respective
fertilization regime.

A similar scenario for the accumulation of antibiotics exists for antibiotics for human use. There, also (i) com-
binations of antibiotics are often used for medication, (ii) mixtures accumulate over time in wastewater ca-
nals and wastewater treatment plants, and (iii) accumulate in soil with the use of wastewater for irrigation
and sewage sludge for fertilization, respectively (Monteiro and Boxall, 2010; Verlicchi et al., 2012; Verlicchi
and Zambello, 2015).
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Figure 2: Formation of mixed contamination in the environment through a) medication by using
combinations of pharmaceuticals, b) on the farm by collecting wastes from different live-
stock animals and live stages, c) by input and accumulation of residual contaminations
from repeated manure application.
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Source: Own figure from S. Thiele-Bruhn (Univ. Trier). Single photographs with permission from M. Arenz-Leufen, |. Ronnefahrt, and
UBA and from Christoph-Schulz et al. (2018) doi: 10.1007/s00003-017-1144-7, open access.

The assumed accumulation of antibiotics after spreading to soil with organic fertilizer was previously con-
firmed in various studies (Aust et al., 2008a; Hamscher, 2007; Hamscher et al., 2002; Hoper et al., 2002) and
is exemplarily shown in Figure 3. Numerous studies showed that pharmaceutical antibiotics degrade rather
slowly in soil, which even applies to penicillins whose lactam ring is very unstable and susceptible to degra-
dation (Kotzerke et al., 2010). Consequently, repeated application of manure contaminated with antibiotics
will lead to a replenishment and apparently continuous contamination level (Figure 3) that is termed as ap-
parent persistence (Hamscher, 2007; Hamscher et al., 2005) or pseudo-persistence (Bottoni and Caroli,
2018). Furthermore, biodegradation of antibiotics in soil very much depends on soil moisture and pH and
degradation half live times can increase under unfavorable conditions (acidic pH, dry soil) by factors up to
1000 (Braschi et al., 2013).

It is expected that the environmental fate and effects of mixtures of antibiotics will differ from that of single
compounds, because antibiotics from different structural classes have different modes of action (independ-
ent action) leading to synergistically increased or antagonistically decreased effects, while in other cases ad-
ditive effects (concentration additivity) are assumed. However, the impact of antibiotic mixtures on biological
effects and chemical fate in the soil environment are largely unknown. Boxall et al. (2012) ranked the ques-
tion “How can effects from long-term exposure to low concentrations of PPCP [pharmaceuticals and personal
care products] mixtures on non-target organisms be assessed?” among the top 20 priority questions on phar-
maceuticals in the environment.
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Figure 3: Accumulation of sulfadiazine (SDZ) in arable field soil in the course of three times re-
peated soil fertilization using SDZ-contaminated manure.
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In this study, a literature research was done using the Scopus literature database (Table 1). It confirmed that
only very limited knowledge exists on the occurrence and effects of mixed soil contamination with antibiotics.
In April 2018 a number of 7670 publications was found with the search terms “soil” and “antibiotic”. Com-
pared to this the number of hits largely declined, when combining the search term “soil” and search terms
related to mixture toxicity (see Table 1). Only 17 publications were found with the additional search terms
“antibiotic” and “pharmaceutical”. Out of these 17 publications, one single publication truly dealt with soil
and a binary mixture of antibiotics, i.e. tetracycline and chlortetracycline (Dong et al., 2011). In another studly,
the effect of a binary mixture, flubendazole and fenbendazole, on the water organism Daphnia magna was
tested (Puckowski et al., 2017), while four studies investigated the fate and/or effects of binary mixtures of
one antibiotic (chloramphenicol, oxytetracycline, sulfamonomethoxine, sulfadioxine) with a heavy metal (Hg,
Pb, Cd, Cu) (Chenetal., 2011; Gao et al., 2014; Jin et al., 2010; Xu et al., 2017b). The other 12 studies — despite
the search terms — dealt not with antibiotics.

Table 1: Numbers of references found by a literature research for the listed combinations of two, three
and four search terms, respectively.

Use of the Scopus literature database on April 16, 2018.

Search term AND soil AND antibiotic AND pharmaceutical
mixture toxicity 79 11 10

joint toxicity 49 7 6

joint effects 247 5 3

binary mixture 294 6 2

ternary mixture 44 3 3

toxic interactions 9 0 0

Sum w/o duplicates 17

The lack of studies and consequently of knowledge on mixture toxicity in soil is due to three facts. First,
toxicity testing doing dose-response experiments is laborious work and especially time-consuming since the
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number of samples to be tested exponentially increases for binary and even more for n-fold combinations.
Second, antibiotics often exert time-delayed effects so that short acute test methods often are not applica-
ble, but incubation times of days and even longer must be realized (Backhaus et al., 1997; Thiele-Bruhn and
Beck, 2005). Third, studies with soil require, much more than with water, the testing of several soils with
different composition and properties because the fate of the compounds may vary between soils and might
be differentin combinations compared to the single compounds (see chapter 7). Even more, the composition,
fitness and resilience of the community of soil organisms will interact with both soil properties and pollutants.

Consequently, it must be the aim to fill knowledge gaps in so far that possible risks can at least be reliably
estimated, so that decision guidance for policy consultation is available. Hence, the aims of this literature
study are

e to clarify, which antibiotics are regularly applied in combination with other active substances and

e which mixture effects result from this for soils and soil (micro)organisms, their structural diversity and
functional ecosystem services as well as the level of antibiotic resistance in soil;

e toidentify combinations of antibiotics that are typically applied in agricultural practice, and thus are likely
to end up as mixed contaminants in soil;

e tocollectinformation on knowledge gaps and further research that is needed concerning the topic, which
combinatory effects and mixture toxicity, respectively, may occur in contaminated soil with special em-
phasis on effects on soil microorganisms, their functions and antibiotic resistance level;

e to derive conclusions in which way mixed contaminations with antibiotics and effects of mixture toxicity
may occur in soil and how they can be assessed.

1.1 Use of pharmaceutical antibiotics and properties of antibiotics

Pharmaceutical antibiotics reach the environment — strictly speaking — already with their application to an
organism, since they will be inevitably transferred from the medicated organism to other compartments of
the environment. Soils become particularly contaminated by the use of antibiotics in veterinary medicine for
the treatment of companion animals (e.g., dogs, cats, horses) but even more for the use in livestock animals
(e.g., pigs, poultry, cattle, sheep), when large herds are medicated.

Environmental contamination happens through

e intracorporal application of antibiotics (oral, intrauterine, intramuscular, intravenous), after which the
substances are - mostly renal - excreted (Schadewinkel-Scherkl and Scherkl, 1995) and

e reach agricultural soils either directly by grazing animals and animals held in confined animal feeding
operations, respectively, or indirectly through the use of excrements as organic fertilizer (Boxall et al.,
2004; Halling-Sgrensen et al., 1998; Kemper, 2008; Meyer et al., 2000).

e Additionally, exhaust air from stables may contain contaminated dust and thus contaminate the sur-
rounding area and soils, which may especially be relevant when antibiotics are used as an admixture to
dry livestock fodder (medicated feedstuffs) (Hamscher, 2008; Hamscher et al., 2003; Thiele-Bruhn et al.,
2003).

e Dermal application as ointment, dipping and pouring agent can be washed off, e.g. by rain, or drip off
directly after treatment and may lead to contamination especially of in-field treatment sites (Armstrong
and Philips, 1998).

e Surface waters are directly affected by the use of antibiotics in aquaculture, when these pharmaceuticals
are poured into the water either directly or as admixture to fish food (Hektoen et al., 1995; Kimmerer,
2009).
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e Indirect contamination of surface waters results from eroded soil, surface run-off, drainage water, and
lateral flow originating from contaminated field and farm sites (Burkhardt et al., 2005; Kay et al., 2004;
Kay et al., 2005b; Kreuzig et al., 2005; Lapen et al., 2008; Topp et al., 2008).

e Pharmaceuticals from human medicine first of all reach the aquatic environment and may subsequently
reach soils especially with the use of wastewater for irrigation and of sewage sludge for fertilization
(Borgman and Chefetz, 2013; Chefetz et al., 2008; Garcia-Galan et al., 2013; Rahube et al., 2014); see
following paragraph.

Pharmaceuticals and antibiotics from human medicine are especially released to the environment via
wastewater after they have been excreted mostly in its active form from the treated patient or are improp-
erly disposed via the toilet (Daughton and Ternes, 1999; Paut Kusturica et al., 2017; Sattelberger, 1999).
Because many pharmaceuticals are incompletely eliminated upon mechanical and biological cleaning stages
of wastewater treatment plants, they are transferred into surface waters (Kimmerer, 2003). Additionally,
leakages in sewer systems may contribute to the contamination of the subsurface (Ternes, 2000). The pollu-
tion of the environment through the production, transport and deposition of pharmaceuticals and pharma-
ceutical wastes is also possible (Holm et al., 1995; Reddersen et al., 2002) and may lead to a substantial
contamination level (Velagaleti et al., 2002) at local sites, while with regard to the contaminated surface area
this might be of less relevance. On the contrary, the use of antibiotic pesticides, e.g. aminoglycosides and
nucleosides used as bactericides and fungicides in orcharding, is of high relevance in various countries
(McManus et al., 2002). The restricted use of pesticides containing streptomycin is allowed in Germany in
the course of the strategy to fight fire blight of fruit trees (Erwinia amylovora) and according to § 11(2) sen-
tence 1 point 2 of the plant protection law (PfISchG) only when there is , danger ahead” (BMELV, 2008).
Interestingly, Misato et al. (1977) favored the use of antibiotics as pesticides, because “it is expected that the
use of agricultural antibiotics will not generate environmental pollution”. Further possible discharge routes
and paths of antibiotics into soils and groundwater and surface water have been summarized by Boxall et al.
(2004).

In summary, especially the application of organic fertilizers, i.e. slurry, manure, sewage sludge (Sarmah et al.,
2006), and in various countries also the increasing use of (treated) wastewater for irrigation of agricultural
land (Siemens et al., 2010; Tamtam et al., 2011) are discharge routes of antibiotic contaminants into the
terrestrial environment and especially onto agricultural soils. Being highly effective agents, produced to af-
fect microorganisms, they cause adverse effects on soil microorganisms, their biodiversity and related soil
ecosystem functions even at low environmental concentrations (Ding and He, 2010; Grenni et al., 2018). Even
more, a continuing low environmental contamination level will particularly trigger antibiotic resistance that
may lead to a long-term increased antibiotic resistance level in contaminated soil (Agga et al., 2015; Martinez-
Carballo et al., 2007). The exchange of resistance genes among soil bacteria and human and animal patho-
gens has been confirmed (Forsberg et al., 2012). Furthermore, it was shown that food plants grown in fields
that had been amended with contaminated organic fertilizer carried more and additional resistance genes
compared to plants grown on soil without such amendment (Rahube et al., 2014). Although the risk level
arising from an increased antibiotic resistance of soil microorganisms might be low, it is assumed that this
may have a substantial impact on human health status that is even higher than the risk of hospital transmis-
sion because of the widespread distribution of pharmaceutical antibiotics and of the associated risk in the
environment (Smith et al., 2005).

The pharmaceutical compound classes most often used in human and veterinary medicine, respectively, are
listed in Table 2. More than 70 % of the substances used in veterinary medicine are antibiotic compounds
(Halling-S@rensen et al. 1998), while antibiotics are the third-largest group among all pharmaceuticals used
in human medicine making up a portion of 6 % (Schwabe und Paffrath 2001). These numbers were largely
constant over the past years, although the consumption of antibiotics slightly declined in human medicine
(Versorgungsatlas, 2016). Since the non-therapeutic use of antibiotics as ergotropics in livestock breeding
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was more and more restricted in the EU and finally fully banned in 2006, the consumption of antibiotics for
that purpose largely declined during that time (see also chapter 2). Especially farm animals, primarily pigs
and poultry, are medicated with antibiotics, while only about 1 % of all veterinary prescriptions were for the
remaining animal groups (Ungemach 2000). Due to the relevance and quantitatively substantial use of anti-
biotics, this literature study is focused on this group of pharmaceuticals.

Table 2: Most relevant indication groups of pharmaceuticals used in human and veterinary medicine.

Order according to the declining share of medical prescriptions.

Human medicine Veterinary medicine
Compound class Compound (examples) Compound class Compound (examples)
Analgesics / acetylsalicylic acid, para- Antibiotics amoxycillin, chlortetracy-
Antirheumatics cetamol / diclofenac cline, sulfadiazine, tylosin
Beta blockers / atenolol / verapamil / cap- Ergotropics ® salinomycin, flavophos-
Ca-antagonists / topril pholipol
ACE inhibitors
Antibiotics / phenoxymethylpenicillin, Mineral nutrients, Zinc oxide, calcium phos-
Antiinfectives amoxicillin, tetracycline, Trace elements phate

sulfamethoxazole
Antitussives / codeine / acetylcysteine, Coccidiostatics avoparcin, lasalocid
Expectorants bromhexine
Gastro-intestinal prep- | Al(OH)3z Mg(OH)2, Antiparasitics ivermectin, fenbendazole
arations ranitidine
Psychotropic pharm. bromazepam, diazepam Analgesics acetylsalicylic acid
Dermatics prednicarbat, mometason Vitamins retinol, a-tocopherol
Bronchospasmolytics; fenoterol, budenosid Expectorants bromhexinhydrochloride

Antiasthmatics

Hormones estradiol, tibolon Hormones estradiol, trenbolon
a Banned in the EU since 2006

Data sources: Halling-Sgrensen et al. (1998); Rombke et al. (1996); Schwabe and Paffrath (2001); Schwabe et al. (2017); Thiele-
Bruhn (2003b).

In Germany alone there are more than 250 different antibiotic agents authorized (Kimmerer, 2001). In hu-
man medicine B-lactams, tetracyclines and macrolides are among the most relevant structural classes
(Schwabe et al., 2017), while in veterinary medicine especially antibiotics of the classes R-lactams, tetracy-
clines, sulfonamides, aminoglycosides and macrolides are prescribed. Structural formulas of representative
compounds from selected structural classes are shown in Figure 4. Already from the very different molecular
structures it becomes obvious that ,,antibiotics” is an umbrella term for a huge group of very heterogeneous
compound classes, each with a multitude of different individual compounds.

Antibiotics are characterized by specific properties that distinguish them from numerous other compound
groups. (i) Most antibiotics are amphoteric and polar substances. Hence, they are fundamentally distinct in
their physicochemical properties from hydrophobic organic compounds (e.g., polycyclic aromatic hydrocar-
bons and polychlorinated biphenyls). Consequently, knowledge on the environmental fate of hydrophobic
substances (many of which are well known and well investigated environmental pollutants) cannot be trans-
ferred to antibiotics. (ii) Antibiotics exert a specific biological effect against target and numerous non-target
organisms, i.e. antibiosis, while the microorganisms in return can develop antibiotic resistance. (iii) Antibiot-
ics reach the environment mostly together with organic waste material, and thus in complex heterogeneous
organic substrates that substantially affect the composition, properties and biological status of soils (Halling-
Sgrensen et al., 1998; Thiele-Bruhn and Aust, 2004; Xing et al., 2015; Zhou et al., 2016).
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Figure 4: Molecular structures of selected antibiotic compounds from often prescribed structural
classes.
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The following brief information on major compound classes of pharmaceutical antibiotics has been compiled
from Gréafe (1992), Thiele-Bruhn (2003b) and Riviere (2011), if not indicated otherwise.

B-Lactams

The R-lactams comprise the penicillins and the cephalosporins.

Mode of action: Bactericidal. The bacterial peptidoglycan cell wall synthesis is inhibited through competitive
inhibition of the bacterial transpeptidase. While penicillins and first generation cephalosporins act against
gram-positive bacteria, second and third generation cephalosporins have also increasing activity against
gram-negative bacteria.

Molecular structure: A R-lactam ring, a thiazolidine ring (five-membered heterocycle; penicillins) or a dihy-
drothiazine ring (six-membered heterocycle; cephalosporins) and variable side chains are making up the
structure. The antibiotic effect of penicillins is directly connected to the B-lactam ring. Cephalosporins are
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derivatives of 7-amino-cephalosporanic acid, condensed with a six-membered heterocycle in contrast to the
five-membered heterocycle of penicillins.

Properties: The lactam ring is easily cleaved in acidic and basic media and by bacterial beta lactamases.
Examples: Penicillin G, amoxicillin, ampicillin (penicillins); cephapirin, cephalothin, cefotoxime (cephalospor-
ins).

Tetracyclines

Mode of action: Bacteriostatic. Broad spectrum antibiotics against gram-positive and gram-negative bacteria
as well as actinomycetes and protozoa. The bacterial protein synthesis is inhibited by binding to the 30S
ribosomal subunit, blocking the binding of aminoacyl-transfer RNA to the ribosome-messenger RNA complex.
Second generation tetracyclines doxycycline and minocycline also show greater activity against anaerobic
bacteria.

Molecular structure: Tetracyclines are polyketides and comprise of a naphthacene ring structure.
Properties: The tetracyclines are amphoteric (zwitterionic) compounds, exhibiting three pK, values. The
strongest antibiotic effect occurs at pH around the isoelectric point. They are relatively stable in acids, but
not in bases, and form salts in both media (Halling-Sgrensen et al., 2002b; Riviere, 2011). The tetracyclines
form chelate complexes with di- and trivalent metal ions and diketones and strongly bind to proteins and
silanolic groups. Most tetracyclines are sparingly water soluble, while the solubility of the corresponding hy-
drochlorides is much higher. The tetracyclines strongly absorb light and thus, are susceptible to photodegra-
dation (Mitscher, 1978).

Examples: Tetracycline, chlortetracycline, oxytetracycline, doxycycline.

Sulfonamides

Mode of action: Bacteriostatic. Sulfonamides interfere with the folic acid metabolism of bacteria. Competing
with p-aminobenzoic acid, they hinder the formation of tetrahydrofolic acid. This inhibits bacterial DNA-syn-
thesis. For more efficient antibiotic activity, they are typically combined with trimethoprim.

Molecular structure: All sulfonamides are derived from sulfanilamide. They have all a benzenesulfonamide
basic structure with different substituents. The substituent at the N1-nitrogen atom is in most cases a hete-
rocyclic five- or six membered ring.

Properties: Sulfonamides are relatively insoluble in water. They are characterized by two pK, values indicat-
ing protonation of the amino group at a pH of 2 to 3 and deprotonation of the RISO2NHR2 moiety at a pH of
5to 11 (Ingerslev and Halling-S@grensen, 2000). In general, the amphoteric sulfonamides behave as weak acids
and form salts in strongly acidic or basic solutions. Mostly, sulfonamides, substituted at the amino-N, have
greatly reduced antibacterial activity.

Examples: Short acting — sulfathiazole, sulfaisoxazole; intermediate acting — sulfapyridine, sulfamethazine,
sulfadiazine; long acting — sulfadimethoxine.

Aminoglycosides

Mode of action: Bactericidal. Bacterial protein synthesis is interrupted through aminoglycosides binding to
the 30s ribosomal sub-unit, causing a misreading of the genetic code. Antibiotic activity is substantially re-
duced in environments with low oxygen partial pressure, acidic pH, and in the presence of divalent cations.
Molecular structure: The molecular structure is made up by two or more amino sugars that have glycosidic
linkage to aminocyclitol.

Properties: All aminoglycosides are basic, strongly polar polycationic compounds. They are water soluble,
mostly hydrophilic, and susceptible to photodegradation.

Examples: Streptomycin, kanamycin, gentamicin, amikacin, neomycin.
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Macrolides

Mode of action: Bacteriostatic. Inhibition of translocation through binding to the ribosomal 50S subunit. Act-
ing primarily against gram-positive bacteria including many penicillin-resistant microorganisms.

Molecular structure: Macrolides comprise a lactone ring with one or several deoxy sugars attached.
Properties: Many macrolides are weak bases and are unstable in acids. Their water solubility varies consid-
erably between the different derivatives. Highest effectiveness in the neutral form at alkaline pH.
Examples: Tylosin, erythromycin.

Fluoroquinolones

Mode of action: Bactericidal. Interactions with both DNA gyrase and topoisomerase 1V, a related type Il topo-
isomerase. Typically DNA gyrase is more sensitive in gram-negative bacteria and topoisomerase IV more sen-
sitive in gram-positive bacteria.

Molecular structure: Common are a 4-quinolone nucleus and various substituents such as carboxylate, fluo-
rine, and alkanes (Wolfson and Hooper, 1985).

Properties: Most fluoroquinolones, also known as quinolones, exhibit large chemical stability. They are in-
sensitive to hydrolysis and increased temperatures, but are degraded by UV-light. Their antibiotic potency
depends mostly on the aromatic fluorene substituent at the C-6 position (Wetzstein, 2001).

Examples: Norfloxacin, ofloxacin, ciprofloxacin.

An overview on the antibiotic mode of action of different antibiotic classes is given in Table 3.

Table 3: Target sites of pharmaceutical antibiotics from different structural classes.

Single compounds named in brackets and specific mode of action in bold letters.

Antibiotic target site Antibiotic class
Cell wall synthesis Penicillins Monobactams (Aztreonam)
Cephalosporins Oxazolidinones (Cycloserine)
Vancomycin Bacitracin
Carbapenems
Cytoplasmic membrane structure Polymyxins Daptomycin
Protein synthesis Inhibition of 30s ribosomal subunit Inhibition of 50s ribosomal subunit
Aminoglycosides Macrolides (erythromycin, clarithro-
Tetracyclines mycin)
Nitrofurans Chloramphenicol
Clindamycin
Lincomycin
Linezolid

Oxazolidinones
Streptogramins

DNA synthesis Fluoroquinolones Metronidazole

RNA synthesis Rifamycines (Rifampin) Streptovaricins

Mycolic acid synthesis Isoniazid

Folic acid synthesis Inhibition of dihydropteroate syn- Inhibition of dihydrofolate reductase
thase Trimethoprim

Sulfonamides

The antibiotic target sites at the bacterial cell are further depicted in Figure 5. As the other side of the coin,
formation of antibiotic resistance is the natural reaction of targeted organisms. The mechanisms of resistance
are the activation of membrane based protein efflux pumps, transporting the antibiotic compound out of the

41




Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

bacterial cell (Blair et al., 2015; Grafe, 1992). The antibiotic binding to the target is inhibited by the resistance
mechanism of immunity, whereby antibiotics or their targets are bound by proteins. Similarly, molecular
modifications of the target may occur through mutation of the targets themselves (Wright, 2010). All these
mechanisms leave the antibiotic molecule unaltered, while inactivating enzymes as resistance mechanism
catalyze the modification of molecular characteristics of the antibiotic relevant for the interaction with the
targets.

Figure 5: Antibiotic targets and mechanisms of resistance at the bacterial cell.
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Source: Figure and text from Wright (2010) doi: 10.1186/1741-7007-8-123, open access.

1.2 Fate of pharmaceutical antibiotics in soil

Pharmaceutical antibiotics are subject to various processes in soil. More in-depth information on the topic
can be found in several reviews (Boxall, 2010; Chee-Sanford et al., 2009; Halling-Sgrensen et al., 1998;
Inyinbor et al., 2018; Pan and Chu, 2017; Pollard and Morra, 2018; Riaz et al., 2018). Relevant processes as
well as biotic effects that are triggered by antibiotics are schematically depicted in Figure 6 and marked in
bold print in the text outlined below. In Germany as well as in many other countries worldwide soil contam-
ination with pharmaceuticals first of all results from their use in farm animal treatment, and thus especially
antibiotics (1.) end up on agricultural soils. In semiarid and arid countries with a higher reuse of wastewater
for soil irrigation this might be pharmaceuticals from human medicine instead (Borgman and Chefetz, 2013;
Inyinbor et al., 2018). Anyhow, the input of antibiotics into soil happens first of all through contaminated
excrements (2.). Consequently, mixtures of antibiotics and excreta and eventually mixtures of several antibi-
otics are introduced into soil. After penetration into the soil, the antibiotics reach the soil solution (3.) where
they are exposed to various processes.

In case of application onto the soil surface it is possible that antibiotics are photodegraded by sunlight (4.1),
which process can be, depending on the substance and substrate properties, quantitatively significant
(Boreen et al., 2005; Thiele-Bruhn and Peters, 2007; Wolters and Steffens, 2005). Yet, photodegradation is
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fully inhibited as soon as the antibiotics are translocated into soil depths deeper than 0.5 mm (Miller and
Donaldson, 1994). In contrast, volatilization from the soil into the atmosphere (4.2) is negligible because all
these polar chemicals are characterized by very low vapor pressure and Henry coefficients (Thiele-Bruhn,
2003a). Transport of antibiotics by erosion and surface run-off (4.3) occur on sloping surfaces, especially of
grassland, and are further accelerated by manure (Kreuzig et al., 2005; Midiller et al., 2003). Thereby, run-off
from grassland is increased due to the temporary surface sealing and hydrophobic effect of manure crusts
(Burkhardt et al., 2005; Stamm et al., 2003). These transport processes are relevant especially in areas with
dynamic relief. Yet, they are not specific for antibiotics but affect all chemicals and pollutants that have been
introduced into soil by manure or other excreta.

Uptake into plants (5.) was confirmed for several plant types and antibiotics from different structural classes
(Boxall et al., 2006; Dolliver et al., 2007; Liu et al., 2009a). On one hand, the portions taken up rarely exceed
a few percent of the total amount of antibiotics in soil (Freitag et al., 2008; Grote et al., 2007; Langhammer
et al., 1990), on the other hand, adverse effects on plant growth and yield (Michelini, 2012; Michelini et al.,
2013; Michelini et al., 2012), as well as on endophytes (Michelini et al., 2015) have been determined.
Transport and leaching into larger soil depths and groundwater (6.), respectively, occur (Hoper et al., 2007;
Kay et al., 2004; Kay et al., 2005a; Weil et al., 2007). Yet, only smaller portions of the antibiotic contamination
are dislocated (Aust et al., 2008b; Aust et al., 2010), while large fractions will remain in soil (Férster et al.,
2009; Rosendahl et al., 2011). The transport is largely bound to cotransport with particles and colloids or fast
preferential flow (Hamscher, 2007; Hoper et al., 2007; Xing et al., 2015; Zhou et al., 2016). Concentrations in
groundwater of antibiotics that have been leached from manure treatment of soil are typically below 0.1
pg/L for each single compound (Hamscher, 2007; Hannappel et al., 2017), although also higher concentra-
tions have been determined. Yet, analyses of groundwater samples showed that mixtures of several antibi-
otics frequently occur so that the summed concentration might even exceed 0.1 pg/L, a concentration that
has been proposed as threshold value by the German UBA (Aust et al., 2010; Hannappel et al., 2017).

Figure 6: Input, distribution, degradation and effects of pharmaceutical antibiotics in in soil follow-
ing application of contaminated excrements as fertilizer.
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Sorption (7.) to the soil exchange sites, i.e. soil organic matter but also clay minerals and pedogenic oxides
(Figueroa et al., 2004; Figueroa and Mackay, 2005; Gao and Pedersen, 2005; Schwarz et al., 2012), governs
the mobility and bioavailability of antibiotics. Amphoteric and polar antibiotics are sorbed to soil components
by specific and unspecific mechanisms (Thiele-Bruhn et al., 2004; Tolls, 2001). Sorption varies depending on
the physicochemical properties of the antibiotics, content and composition of soil organic matter as well as
soil minerals, pH, and also soil moisture (ter Laak et al., 2006a; ter Laak et al., 2006b; Thiele, 2000). Further-
more, sorption and mobility, respectively, of antibiotics is significantly altered in the presence of organic
waste material such as manure (Bourdat-Deschamps et al., 2017; Kahle and Stamm, 2007; Thiele-Bruhn and
Aust, 2004). Comprehensive review articles on soil sorption of antibiotics were published by Wang and Wang
(2015) and Wegst-Uhrich et al. (2014).

Antibiotics exert specific effects on biota even at very low dosage, hence, adverse effects on soil organisms
(8.1) and especially on microorganisms must be expected. In response, microorganisms react to contamina-
tion with the biological transformation (8.2) of organic compounds, and in this case of the antibiotics (Girardi
et al., 2011; Grossberger et al., 2014; Schwarz et al., 2010). However, this as well as immobilization in soil
does not necessarily has a direct and/or immediate feedback on the — once initiated — negative effects of
antibiotics on soil biota. It was shown that even soil bound antibiotics can exert adverse effects and that
effects can proceed even beyond the dissipation of the antibiotics (Chander et al., 2002; Chander et al., 2005;
Hammesfahr, 2011; Peng et al., 2015). Effects on and reactions of microorganisms lead to an altered and
increased resistance (8.3) as a natural reaction (Heuer and Smalla, 2007; Heuer et al., 2011b; Marti et al.,
2013; Schmitt et al., 2006), which is triggered by the specific action of the antibiotics or through the input of
resistant microorganisms with contaminated excrements. A reduction in the spread of resistance and in the
resistance level subsequently occurs after the addition of an antibiotic to soil ended (Heuer and Smalla, 2007;
Sengelgv et al., 2003). However, it is supposed that the restoration of a total population to its former status,
including antibiotic sensitivity, is unlikely. Both types of pollution the addition of antibiotics and of antibiotic
resistant microorganisms to soil can affect the structure and function of environmental microbial popula-
tions. Regarding resistance genes, the situation is more complex, since genes are not “degradable pollutants”
but auto-replicating elements (Grenni et al., 2018). Comprehensive information on the effect of antibiotics
on resistance levels in the environment can be found in a literature study by Schmitt et al. (2017).

Furthermore, abiotic degradation and fixation/sequestration processes (9.) contribute to the reduction of
antibiotic contents in soil (Hurtado et al., 2017; Schwarz et al., 2015). Thereby it is assumed that the subse-
quent release of previously sequestered antibiotics is low (Rosendahl et al., 2011).

The knowledge on the fate and effects of pharmaceutical antibiotics in soil increased very much in the past
years. However, until now most studies on the exact fate and/or effects of antibiotics in soil are largely re-
stricted to a few structural classes, i.e. tetracyclines, sulfonamides, macrolides, aminoglycosides and quin-
olones (see Table 17, pg. 89). The mentioned deficits contrast with the legal obligation to assess the environ-
mental fate of pharmaceuticals in the course of the authorization procedure (EMEA, 1997; FDA, 1987). For
example, the existing trigger value of 100 pg/kg of soil is the same for all antibiotic compounds and classes
(EMEA, 1997; Straub, 2002), and not scientifically justified, while limit values are lacking.
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2 Use of antibiotics in pharmaceutical mixtures for medical application

The worldwide consumption of pharmaceutical antibiotics in human and veterinary medicine is steadily in-
creasing. Between 2000 and 2010, the usage of antibiotic pharmaceuticals for human medicine increased by
35% (Van Boeckel et al., 2014): Cephalosporins and broad-spectrum penicillins accounted for 55% of the total
standard units consumed in 2010. The largest absolute increases in consumption between 2000 and 2010
were observed for cephalosporins, broad-spectrum penicillins, and fluoroquinolones. The most substantial
relative increases from 2010 were observed for monobactams (2031%), glycopeptides (232%), cephalospor-
ins (94%), and fluoroquinolones (65%). Also increases in consumption rates of two last-resort classes of anti-
biotics were significant, i.e. carbapenems (45%) and polymyxins (13%). The three countries with largest con-
sumption of antibiotics in 2010 were 1. India, 2. China and 3. the USA. Antibiotic consumption was stable or
had moderately decreased between 2000 and 2010 in Germany and other high-income countries. On the
contrary, antibiotic consumption increased substantially in developing countries, with the highest rates
found in BRICS countries (Brazil, Russia, India, China, and South Africa) and French West Africa; 76% of the
overall increase in global antibiotic consumption between 2000 and 2010 was attributable to BRICS countries
(Van Boeckel et al., 2014). Penicillins, macrolides and fluoroquinolones were the highest selling classes in
human medicine, when expressed in mg/kg of estimated biomass.

Table 4: Consumption of antimicrobials’ active substance in humans and food-producing animals.

Estimated biomass of the corresponding populations in 1,000 t and consumption expressed in mg/kg biomass® in 28 EU
and European Economic Area (EEA) member states, 2014°.

Country Including Consumption of Estimated biomass Consumption
2014 con- active substance (t) (1,000 t)° (mg/kg biomass)
sumption at
hospitals
Hu- Ani- Total Hu- Ani- Total Hu- Ani-
mans mals mans¢ mals mans mals
Austria No 38 53 91 532 948 1,480 70.9 56.3
Belgium Yes 107 266 373 700 1,678 2,378 153.4 158.3
Bulgaria Yes 53 33 85 453 393 846 116.0 82.9
Croatia Yes 34 31 65 265 273 539 128.4 114.8
Cyprus Yes 7 42 48 54 107 160 124.7 391.5
Czech Republic No 65 56 121 657 703 1,360 99.4 79.5
Denmark Yes 50 107 157 352 2,415 2,767 143.5 44.2
Estonia Yes 6 10 16 82 127 210 71.7 77.1
Finland Yes 47 11 59 341 509 850 139.2 223
France Yes 717 761 1,479 4,118 7,120 11,238 | 174.2 107.0
Germany No 287 1,306 1,593 5,048 8,749 13,797 | 56.9 149.3
Hungary Yes 53 150 203 617 779 1,396 86.6 193.1
Iceland No 2 1 3 20 116 136 101.7 5.2
Ireland Yes 45 90 134 288 1,866 2,154 155.6 48.0
Italy Yes 634 1,432 2,064 3,799 3,977 7,776 166.9 359.9
Latvia Yes 10 6 17 125 173 298 81.6 36.7
Lithuania Yes 19 12 31 184 335 519 102.5 355
Luxembourg Yes 4 2 7 34 52 86 130.2 40.9
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Country Including Consumption of Estimated biomass Consumption
2014 con- active substance (t) (1,000 t)° (mg/kg biomass)
sumption at
hospitals
Hu- Ani- Total Hu- Ani- Total Hu- Ani-
mans mals mans? | mals mans mals
Netherlands Yes 52 214 264 1,052 3,135 4,187 49.9 68.4
Norway Yes 45 6 50 319 1,866 2,185 140.1 31
Poland Yes 263 578 829 2,376 4,109 6,485 110.7 140.8
Portugal Yes 76 190 266 652 942 1,594 116.1 201.6
Romania Yes 226 98 323 1,247 2,502 3,749 181.7 39.1
Slovakia Yes 47 16 64 338 248 587 140.2 65.9
Slovenia Yes 14 6 19 129 171 300 105.5 334
Spain No 327 2,964 3,291 2,907 7,077 9,984 112.6 418.8
Sweden Yes 72 9 82 603 811 1,414 119.8 11.5
United Kingdom Yes 518 430 939 4,022 6,915 10,937 | 128.7 62.1
All @ 3,821 8,927 12,720 | 31,314 | 58,914 | 90,228 | 123.7¢ | 1515

a Calculated from the exact figures (not rounded as shown). P The estimates presented are crude and must be inter-
preted with caution. Countries with less than 95% data coverage for community consumption in humans were Germany
(85%) and the Netherlands (92%). In those countries, the consumption expressed in tons (t), without correction for
population or biomass, will be an underestimate. For further limitations that may hamper the comparison of the con-
sumptions of antimicrobials in humans and in animals, please see chapter 14 of ECDC et al. (2017). ¢ Information on
the estimation of human and animal biomass is given in chapter 4.3 of ECDC et al. (2017). ¢ Population covered by data
in ESAC-Net. ©Population weighted mean.

Source: ECDC et al. (2017), modified.

It was reported by ECDC et al. (2017) that from a total of 12,748 t of antibiotic pharmaceuticals consumed
within the EU and associated countries in 2014, 30% were used in human medicine and 70% were used in
veterinary medicine (Table 4). It is further documented in Table 4 that the consumption of antibiotics in hu-
man as well as in veterinary medicine is even larger in some other EU countries (e.g. Spain, Ireland) compared
to Germany.

2.1 Veterinary medicine

Antibiotics typically used in veterinary medicine

Reports from 2011 estimated an annual production of pharmaceutical antibiotics of 20,000 t (Li et al., 2011).
It is expected that the amount produced will further increase with the increasing global livestock production,
especially in emerging and developing countries (Lukaszewicz et al., 2017; Rehman et al., 2015; Steinfeld,
2004). The antibiotics that were dispensed most often in Germany in the years 2011- 2015 are listed in Table
5. For 2015 a total amount of 805 t antibiotics were used as veterinary medicine. These were penicillins (299
t), tetracyclines (221 t), polypeptide antibiotics (82 t), sulfonamides (73 t), macrolides (52 t), and fenicols (5
t) (BVL, 2016a). Even 3™ and 4™ generation cephalosporins were administered to food-producing animals at
a dosage of 0.2 mg/kg of estimated biomass, compared to 3.8 mg/kg of estimated biomass administered to
humans (ECDC et al., 2017). The amounts of the ‘Highest Priority Critically Important Antimicrobials’ with
highest relevance for the medication of humans, i.e. fluoroquinolones and cephalosporins (Cephalosporins
of 3" and 4™ generation), slightly declined in 2015 to 10.6 t and 3.6 t after increases in the previous years.
The usage of antibiotics in mixtures or combinations of antibiotics was not researched by ECDC et al. (2017),
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though. Yet, it can be assumed that the most often consumed antibiotics will also contribute most to a mixed
environmental contamination.

Table 5: Comparison of delivery quantities of antibiotic compound classes from 2011 to 2015 °.

Compound class 2011 2012 2013 2014 2015 Difference 2011-
[t] [t] [t] [t] [t] 2015[t]
Aminoglycosides 47 40 39 38 25 -22
Cephalosp., 1*t gen. 2 2 2 2.1 1.9 -0.1
Cephalosp., 3" gen. 2.1 2.5 2.3 2.3 2.3 0.2
Cephalosp., 4™ gen. 1.5 1.5 1.5 1.4 13 -0.2
Fenicols 6.1 5.7 5.2 5.3 5.0 -1.1
Fluoroquinolones 8.2 10.4 12.1 12.3 10.6 2.8
Folic acid antagonists 30 26 24 19 10 -20

Fusidic acid ®
lonophores ®
Lincosamides 17 15 17 15 11 -6
Macrolides 173 145 126 109 52 -121
Nitrofuranes ®
Nitroimidazoles ®

Penicillins 528 501 473 450 299 -229
Pleuromutilines 14 18 15 13 11 -3

Polypeptide antibiotics 127 124 125 107 82 -45
Sulfonamides 185 162 152 121 73 -112
Tetracyclines 564 566 454 342 221 -343
Sum 1,706 1,619 1,452 1,238 805 -901

2 Apparent inaccuracies or deviations in the quantities are due to round-off errors. ® Data are not publicly
available due to commercial and industrial confidentiality

Source: BVL (2016a).

The reported amounts of active ingredients cannot be assigned to individual animal species, because the
majority of active ingredients is approved for the use with different animal species. Yet, the report of the
LAVES (2012) documents exemplarily for the state of Lower Saxony, Germany, by average numbers for the
years 2009 to 2010 the usage of antibiotics in livestock production, thus largely confirming previous EU wide
studies (Ungemach, 2000). According to that report, 76% of broilers and between 84% and 100% of turkey
(fattening and/or breeding) were treated with antibiotics in Lower Saxony. Furthermore, 68% of fattening
pigs, 100 % of the fattening calves and 92% of animals in grazer breeding received antibiotics (Hannappel et
al., 2017).
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Figure 7: Regional allocation of delivered quantities of veterinary antibiotics in Germany in 2015.

Data in tons (t = Mg).
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Source: Copyright Bundesamt fiir Verbraucherschutz und Lebensmittelsicherheit (BVL).

The use of veterinary antibiotics in Germany in the year 2015 was evaluated and geographically allocated by
the BVL (2016a) using postal code regions (Figure 7). The highest delivered quantity was found in the postal
code region 49. For this region as well as for the regions 16, 26, 27, 33, 47, 48, 49, 59 und 95 a decline in the
delivered quantity was determined of 198 t (region 49) and of more than 10 t (the other above listed regions),
respectively, from the year 2011 to 2015. On the other hand, the largest increase of about 1.2 t was found
for the postal code region 70 (BVL, 2016a).

Antibiotic mixtures typically used in veterinary medicine

Often, not single compounds but combinations of different pharmaceutical antibiotics and/or further phar-
maceuticals and components such as metals (e.g. silver Ag, copper Cu, zinc Zn) are administered in mixtures
(Haeili et al., 2014; Poole, 2017; Russell and Hugo, 1994; Takahashi et al., 1987). Recommendations for anti-
biotic mixtures can be found in pertinent literature, (e.g. Bundestierdrztekammer, 2015; Loscher et al., 2010;
Schadewinkel-Scherkl and Scherkl, 1995). Combinations of antibiotics and other pharmaceuticals are meant
to synergistically increase the antibiotic effect and/or to reduce the formation of resistance (Bollenbach,
2015). For example, well known and often applied is the combination of sulfonamides and trimethoprim.
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While sulfonamides as structural analogues to p-aminobenzoic acid inhibit the formation of folic acid, trime-
thoprim blocks the dihydrofolate reductase enzyme so that both antibiotics synergistically interfere with the
folic acid metabolism (Riviere, 2011). Remarkably, the mechanisms of pharmaceutical interactions are in
most other cases unknown (Bollenbach, 2015).

The use of antibiotic combinations and/or of antibiotics mixed with other synergistic compounds is steadily
increasing and will supposedly further increase in future (Caminero et al., 2010; Keith et al., 2005). Various
studies showed that even old pharmaceuticals, sorted out in the past due to widespread resistance for-
mation, can be revived in new combinations (Baym et al., 2016; Malik et al., 2014). However, not all combi-
nations are meaningful or recommended because the joint effect can be synergistic on one hand but can also
be antagonistic on the other (Bollenbach, 2015; Wood et al., 2012). Hence, specific combinations are recom-
mended or should be avoided. Typical combinations of antibiotics and antibiotic classes, respectively, are
shown in Figure 8 by the different lines.

Figure 8: Options for mixtures of veterinary antibiotic pharmaceuticals.

Typical combinations in one box, favorable combinations as thick arrows, useful combinations as solid lines and
possible combinations as dotted lines.
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Source: Modified from Schadewinkel-Scherkl and Scherkl (1995), Riviere (2011) and Bundestierdrztekammer (2015).

Again, the knowledge on the effects of mixtures containing antibiotics is incomplete. Studies on binary com-
binations of two veterinary pharmaceuticals are quite numerous, while studies on mixtures of three and
more compounds are scarce (Wood et al., 2012). Even more, most studies deal with one or a few pathogens
used as test organisms (e.g. Escherichia coli and Staphylococcus aureus) but antibiotic effects and even more
so effects of antibiotic mixtures can largely vary between species and endpoints (Bollenbach, 2015; Gonzalez-
Pleiter et al., 2013; Yan et al., 2011).

The frequent use of mixtures of antibiotics in livestock production is exemplarily shown on veterinary pre-
scriptions for medicated feedstuff during a one-year period on data from Mecklenburg-Western Pomerania
(Table 6). It is shown that in 47% of all prescriptions mostly two but up to five antibiotics and other pharma-
ceuticals had been mixed (Thiele-Bruhn et al., 2003).
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Table 6: Number of antibiotic compounds used and mixed in medicated feedstuff; data base: 2097 veteri-
nary manufacturing orders for pharmaceuticals’ admixture to feedstuff in the state of

Mecklenburg-Western Pomerania.

Period October 2000 until September 2001.

Number of components 5

4

3

including non-antibiotic compounds 2.

Number of prescriptions 3 92 346 546 1110
% of prescriptions 0.1 4.4 16.5 26.0 52.9
only antibiotic pharmaceuticals
Number of prescriptions 2 54 246 504 1290 1b
% of prescriptions 0.1 2.6 11.7 24.0 61.5 0.05

2 non-antibiotic compounds: Zn oxide, bromhexine hydrochloride, citric acid, vitamins A and D3, Mn car-
bonate; ° feed contained only a vitamin mix.

Source: Thiele-Bruhn et al. (2003)

Table 7: Antibiotic compounds combined in 43 mixtures that were most often prescribed for use in medi-
cated feedstuff; data base.

Data base: 2097 veterinary prescriptions of pharmaceuticals in the state of Mecklenburg-Western Pomerania,; period

October 2000 until September 2001

Tetracy- |Sulfona- |Trime- |Amino- |Benzimi- |Macro- |Llincosa- |B-Lac- Polymyx- | Diter-
clines mides thoprim | glyco- dazoles |lides mides tams ines penes
sides
No.? 26 18 7 13 11 10 10 7 7 6
Mix of 5 |CTC® SDM Flu Pen Col
CTC SDM Tyl Pen
Mix of 4 |CTC Spec Flu Lin
TC Spec Flu Lin
CTC Sbz Tri
CTC SDM Flu
CTC SDM Pen
CTC SDM Tyl
oTC Sbz Tri
Mix of 3 oTC SDM+SMZ
TC SDZ Tri
CTC Strep Pen
SDz Tri Fen
SDZ Tri Col
SDM Tyl AMX
Spec Ilver Lin
CTC+TC
CTC SDM
CTC Apr
Mix of 2 |CTC Flu
CTC Ilver
CTC Lin
CTC Col
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Tetracy- |Sulfona- |Trime- |Amino- |[Benzimi- |Macro- |Lincosa- |B-Lac- Polymyx- | Diter-
clines mides thoprim | glyco- dazoles |lides mides tams ines penes
sides
CTC Tia
TC Flu
TC Col
TC Tia
SDz Tri
SDM Tyl
Neo Fen
Neo Lin
Spec Lin
Apr Lin
Neo AMX
Neo Col
Neo Tia
Flu Tyl
Flu Lin
Mix of 2 Fen Tia
Ilver Lin
Iver Col
Ilver Tia
AMX Col

a Number of mentions. ? For abbreviations of antibiotics’ names see list of abbreviations

Source: Thiele-Bruhn et al. (2003)

The antibiotic mixtures that were most often prescribed in the above mentioned study are listed in Table 7.
It becomes clear that tetracyclines were the most dominant antibiotic class, followed by sulfonamides and
aminoglycosides. Consequently, mixtures of antibiotics from these structural classes were most often pre-
scribed. But also combinations with and of other antibiotics were used. Interestingly only in two mixtures
antibiotics from the same structural class were combined, i.e. chlortetracycline combined with tetracycline
and sulfadimidine with sulfamerazine (Table 7).

As was described in chapter 1 (Figure 2), mixtures of antibiotics might not only derive from the medical ap-
plication of combination products but also from the consecutive use of different antibiotics and collection of
all the compounds after excretion in one manure tank or lagoon. This is documented in Table 8 on example
of the information of a veterinarian (Arenz-Leufen, 2012). The data listed in Table 8 show that different anti-
biotics from different antibiotic classes were used at the different life stages of the animals. At large farm
units, animals of different life stages are typically reared in parallel. Consequently, the parallel use of different
antibiotics will yield manure with mixed contamination.
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Table 8: Administration of veterinary antibiotics in each pig production unit.

Written communication from anonymous veterinarian.

Pig unit Antibiotic compound Compound | Therapeutic dose ? Application
class period
Sows + farrows Enrofloxacin FQs® 15-5 1-5 days
Marbofloxacin FQs 2-5 3 -5days
Amoxicillin BLs 20 24 hours
Weaners Amoxicillin BLs 20 24 hours
Tulathromycin MLs 2.5 1 injection
Ceftiofur CPs 3-5 3 -5days
Tetracycline TCs 1 injection
Fattening pigs Amoxicillin BLs 20 24 hours
(30-50kg Sulfadiazine/Trimethoprim SAs 40/8 n.i.
bodyweight) Tylosin MLs 2-10 12 hours
Fattening pigs Tylosin MLs 2-10 12 hours
(>50-110 kg Doxycycline TCs 10-13 8 days
bodyweight)
Sows — mating Amoxicillin BLs 20 24 hours
Oxytetracycline TCs 6-20 n.i.
Sows — finishing Amoxicillin BLs 20 24 hours
Oxytetracycline TCs 6-20 n.i.
Unspecified, Sulfamethoxypyridazine + SAs 30 3 -5days
application in Trimethoprim (5:1)
all units Tulathromycin MLs 2.5 1 injection
Amoxicillin BLs 15 1-2 injections

2 [mg/kg body weight]; ® For abbreviations of the names of antibiotic classes see list of abbreviations; n.i. = no infor-
mation

Source: Arenz-Leufen (2012)

2.2 Human medicine
Antibiotics typically used in human medicine

In many countries, more antibiotics are consumed in veterinary medicine compared to human medicine
(ECDCetal., 2017) (see Table 4, pg. 45). In order to avoid overlaps, it is attempted to use different compounds
in the two different fields of application. However, Table 9 shows that there is at least a strong overlap in the
classes of antibiotics used for the two different purposes. Penicillins are most often used in both veterinary
and human medicine, and macrolides, tetracyclines and sulfonamides are also among the most often pre-
scribed groups. This means that environmental contamination with antibiotics resulting from use in human
medicine or veterinary medicine is — related to antibiotic classes — not largely different but will add up.

The picture looks somewhat different when not only data on Germany but on 28 EU and European Economic
Area (EEA) member states are combined (ECDC et al., 2017). However, it must be stated that only data on
selected antibiotic classes where compiled in Table 10.
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Table 9: Prescribed doses® of selected antibiotics and chemotherapeutics in Germany in recent years.

@ In million defined daily doses — DDD.

Antibiotic groups 2012 2014 2016
1 Penicillins and Aminopenicillins 114 116.4 121.9
2 Cephalosporins 72 75.6 78.3
3 Macrolides and Clindamycin 68 63.2 59.1
4 Tetracyclines 57 52.4 48.9
5 Fluoroquinolones 37 334 31.8
6 Sulfonamides and combinations 13 12.5 11.6

with trimethoprim

Source: Data from Schwabe et al. (2017).

Table 10: Range, median and population-weighted average of the consumption of the antimicrobial clas-
ses selected for analysis in humans and food-producing animals in 28 EU/EEA member
states in 2014.

Data expressed in mg/kg estimated body weight and results of Spearman’s rank correlation analysis of consumption in
animals and humans within country.

Antimicrobial class Humans Animals p? (p-value)
range median  average? range Median average
Cephalosporins, <0.01-12.1 2.0 3.8 <0.01-0.8 0.2 0.2 0.22 (0.251)
39 and 4t genera-
tion
Fluoroquinolones and  3.1-17.4 6.2 8.1 0-11.6 1.7 3.5 0.56 (0.002)
quinolones
Polymyxins 0-0.1 0.01 0.03 0-36.1 1.3 10.0 0.30(0.122)
Macrolides 1.5-19.8 6.5 7.8 0-27.5 4.9 11.4 0.32(0.100)
Tetracyclines 0.3-13.5 1.8 3.6 0.1-151.5 25.1 50.6  -0.035 (0.058)

2 Population weighted mean.
b Spearman’s rank correlation coefficient.

Source: ECDC et al. (2017).

Table 11: Share of the strongest consumed antibiotics of the total antibiotics consumption in German
hospitals in the year 2013-2014.

Antibiotic Share of total con- Antibiotic class
sumption* (%)
1 Cefuroxime 15.3 Cephalosporin 2™ generation
2  Piperacillin-Tazobactam ? 9.3 Penicillins
3 Ciprofloxacin 8.2 Fluoroquinolone
4 Ceftriaxon 7.8 Cephalosporin 3" generation
5 Metronidazole 6.5 Nitroimidazoles

@ Tazobactam is a B-lactamase inhibitor

Data from BVL (2016b).
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The individual antibiotic compounds that were most often prescribed in German hospitals in human medicine
are listed in Table 11. It shows that especially B-lactams and from this antibiotic class especially 2" and 3™
generation cephalosporins are used that are reserved for human medicine only. So, on the level of individual
compounds the overlap between antibiotics used for human and veterinary purposes is clearly less.

Antibiotic mixtures typically used in human medicine

The combination of pharmaceutical antibiotics for the treatment of infectious diseases is a usual measure in

human medicine. Several positive effects can be reached (Fissle, 2011):

e Broadening of the spectrum of activity, e.g. by combining antibiotics against gram positive and gram
negative pathogens,

e synergistic effect enhancement, e.g. by combining R-lactams and aminoglycosides,

e retardation of resistance development, e.g. of pseudomonads,

e inhibition of degrading enzymes, e.g. B-lactams and -lactamase inhibitor, by combinations of antibiotics
and the respective enzyme inhibitors,

e inhibition of the synthesis of bacterial toxins (antibiotic effects on bacteria can trigger the production of
bacterial toxins as reaction, which is called toxic-shock syndrome, leading to further deterioration of the
human health status). For example, combinations of antibiotics with clindamycin inhibit toxic-shock with
staphylococcus and streptococcus bacteria.

Combinations of antibiotics should follow some general rules (Fissle, 2011):

e Antibiotics with different target site should be combined, e.g. B-lactams (cell wall) and aminoglycosides
(ribosomes) or quinolones (DNA),

e combinations of antibiotics should have a different mode of action,

e even more, antibiotics with the same target site could hinder each other, so that antagonistic effects
result, e.g. clindamycin and macrolides both targeting the 50S subunit of ribosomes,

e carbapenems induce -lactamase enzymes, degrading R-lactams, and should thus not be combined with
R-lactams,

o therule that bacteriostatic antibiotics should not be combined with antibiotics acting in the growth phase
of bacteria (e.g. B-lactams), however, is not always valid.

Transferring these rules to a soil contamination means, that a desirable effect enhancement in human ther-
apy will lead to unwanted effect amplification on non-target soil organisms.

Some typical combinations of pharmaceutical antibiotics and other pharmaceuticals that are used in human
medicine are listed in Table 12.

Not only combinations of antibiotic pharmaceuticals but also combinations of antibiotics with other bioac-
tive chemicals can synergistically enhance the antibiotic effect. Ejim et al. (2011) screened bioactive com-
pounds for possible combinations with antibiotics to yield mixtures with stronger antibiotic activity against
human pathogens. Among the 156 compounds identified by a first data screen were numerous pharmaceu-
ticals that were used for other purposes than antibiosis, and also vitamins and even pesticides such as DDT.
Tests with the antibiotic minocycline showed that some of these combinations did not only synergistically
enhance the antibiotic effect but in some cases antibiosis even against microorganisms with known re-
sistance against minocycline was determined, including selected methicillin-resistant Staphylococcus aureus
(MRSA) strains (Ejim et al., 2011). Antineoplastic agents such as 5-fluorouracil were shown to be bioactive as
well, and some combinations with B-lactams resulted in synergistic enhancement of the antibiotic effect,
while other (methotrexate and cefotiam) resulted in an antagonistic mixture effect (Gieringer et al., 1986).
Apitoxin, known as honey bee venom, is a protein-containing liquid with anti-inflammatory activity. Combi-
nations of apitoxin with ampicillin, penicillin (both B-lactams), gentamicin (aminoglycoside) or vancomycin
(peptidoglycan) were tested for their effect on growth of MRSA strains (Han et al., 2016). Apitoxin exhibited
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antibacterial activity and in combination with the four tested antibiotics at least partial, synergistic, antibi-

otic-enhancing effects against MRSA strains.

Table 12: Typical mixtures of antibiotic and other pharmaceuticals used or tested in human medicine to

reach an effect amplification.

Color code: green = synergism; red = antagonism; yellow = none of both.

Compounds mixed Effect

B-Lactams with cytostatic 5-fluorouracil
(amoxicillin, cefazolin, cefuroxim, piperacillin) + (5-fluor-
ouracil)

5FU : mix of amoxicillin + cefazolin + cefuroxim + piperacillin

B-Lactams with antineoplastic agents

(cefoperazone, piperacillin, cefazolin, carbenicillin) +
(mitomycin C, bleomycin, adriamycin, 5-fluorouracil, car-
boquone)

Most combinations neither synergistic
nor antagonistic

Most combinations neither synergistic
nor antagonistic

Most combinations neither synergistic
nor antagonistic

Most combinations neither synergistic
nor antagonistic

Test

organisms

Ps. Putida,
E. faecalis

E. coli

K. pneumoniae

P. vulgaris

P. aeruginosa

Refer-
ence

(Alexy et
al., 2006)

(Ueda et
al., 1983)
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Compounds mixed Effect Test
organisms

4 Antineoplastic agents and 5 antimicrobial pharm. Escherichia coli,
(ceftriaxone, ceftazidime, cefotiam, netilmicin, piperacillin) Klebsiella pneu-

+ (5-fluorouracil, mitoxantrone, methotrexate, vincristine) moniae,
Enterobacter cloa-
cae,

Serratia arcescens,
Pseudomonas aeru-
ginosa,
Staphylococcus au-
reus,
Staphylococcus epi-
dermidis

5-Fluorouracil : netilmicin predominantly
Mitoxantrone : ceftriaxone indifferent
Mitoxantrone : ceftazidime (>55% of species
Mitoxantrone : cefotiam strains)

Mitoxantrone : netilmicin
Mitoxantrone : piperacillin
Vincristine : ceftriaxone
Vincristine : ceftazidime
Vincristine : cefotiam
Vincristine : netilmicin
Vincristine : piperacillin
Methotrexate : ceftriaxone
Methotrexate : ceftazidime
Methotrexate : cefotiam
Methotrexate : netilmicin
Methotrexate : piperacillin

Refer-

ence

(Gieringer et

al., 1986)
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3 Mixed antibiotic contaminations in organic waste materials and soils

The number of studies and publications, respectively, on the input to and residual contents of pharmaceutical
antibiotics in the soil environment is steadily increasing. In all that studies several different antibiotics have
been investigated and results show consistently that not only single antibiotics but mixed contaminations
must be expected (e.g. Awad et al., 2014; Karci and Balcioglu, 2009; Kuppusamy et al., 2018; tukaszewicz et
al.,, 2017; Ok et al., 2011; Sun et al., 2017; Watanabe et al., 2010). However, irrespective of that coherent
state of knowledge, the number of studies that can be used for further evaluation is still scarce. This is be-
cause one or several of the following drawbacks apply:

e Data are not fully published but aggregated data (e.g. average values over series of samples) are pub-
lished (in some cases even with incomplete information which and how many samples have been aver-
aged). In case results from several individual samples, e.g. samples taken from different sites, are com-
bined in one table or figure, it remains unclear, whether and which combinations of antibiotics existed
in individual samples.

e Data are not available in tables but are only shown in figures.

e Data are restricted to few, targeted chemicals while studies analyzing larger numbers of antibiotics from
various structural classes are scarce.

e Dissimilar and only partly matching (sets of) antibiotics, respectively, are researched in different studies.

e Methodical aspects of the trace level analysis of pharmaceutical antibiotics in waste materials and soils,
respectively, are the real issue of the publication.

o |dentification of investigated soils is insufficient or lacking.

e Infew cases data on residual contamination levels of both waste material and of soil samples have been
published. However, in these publications it is seldom documented whether the analyzed soil was ferti-
lized with the analyzed waste material. Consequently, it is hardly possible to exactly follow the contami-
nation route and resulting contamination of soils based on information from the literature.

In order to identify the status of soil contamination with mixtures of pharmaceutical antibiotics, the literature
was researched for publications on contamination levels of organic waste materials used as fertilizer (chapter
3.1) and of soils (chapter 3.2).

3.1 Occurrence and residual contents of mixed contaminations with antibiotics
and other pharmaceutical compounds and elements in organic waste materi-
als

From pharmacokinetics it is well known that large amounts of antibiotics are released from the medicated
body within time periods of hours and up to not more than several days (Riviere, 2011). The percentage of
excreted parent compounds and antibiotic active metabolites, respectively, (Kimmerer, 2008 ) or of conju-
gates that can be reconverted to the parent compound in the environment (Lamshoft et al., 2007; Lamshoft
et al., 2010; Langhammer, 1989) varies. It depends on the administration route, e.g. orally or by injection,
the animal species and life stage of the animal as well as on boundary conditions affecting the physical con-
dition of the medicated organism. Typically, between around 50% and up to >90% of the administered parent
compound are quickly excreted (Kuppusamy et al., 2018; Riviere, 2011).

In any case, substantial amounts of antibiotics as well as of other pharmaceuticals and elements with antibi-
otic properties such as copper are excreted by medicated organisms and end up in waste material (Du and
Liu, 2012; Sarmah et al., 2006). Manure is especially contaminated when antibiotics are (prophylactically)
applied to complete herds so that large total quantities are dispensed (Cleary et al., 2016). Because the waste
materials are often used as organic fertilizer and spread onto agricultural soils, environmental samples are
frequently found to be contaminated with pharmaceuticals and antibiotics in special (Li et al., 2013;
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tukaszewicz et al., 2017; Monteiro and Boxall, 2010). Published studies cover excreta and manure,
wastewater and sewage sludge. In all these publications mixed contaminations with numerous antibiotics
and with other pharmaceuticals are reported. Hence, it must be concluded that the occurrence of mixed
contaminations is the rule rather than the exemption.

A typical example for the use of various pharmaceutical antibiotics in livestock husbandry and their accumu-
lation in manure is given in Table 13. From the antibiotic compounds analyzed in 24 manure samples, nine
different antibiotics were detected in the samples alone or in mixtures with each other. None of the manure
samples was free from antibiotics or contained only one compound, yet, at least two and up to six antibiotics
were determined in concentrations above the detection limit.

Table 13: Antibiotic concentration in unprocessed pig manure from different stable sections housing pigs
of different life stages.

Average of three replicates, standard deviation in brackets; for abbreviations of antibiotics’ names see the list of
abbreviations.

Sulfonamides Tetracyclines Fluoroquinolones
spz2 | smMp | cTc | pox | oTc | TC Cipro | Enro | Marbo
in ug/kg dry manure

Sample

Sows + farrows

1| AP n.d. n.d. n.d. 138 1820 39.2 121 148 1520
(£19.9) (£395) (£7.52) (£18.8) (£12.4) (£58.4)
2| A n.d. n.d. n.d. 90.7 n.d. n.d. 567 629 2930
(+14.6) (#17.5) | (¥11.1) | (+126)
3|8 n.d. n.d. n.d. n.d. 5055 96.8 n.d. 47.4 256
(£635) (£7.53) (£5.7) (£33.8)
4| B n.d. n.d. n.d. n.d. 2180 n.d. n.d. 47.1 138
(x470) (£7.06) (£13.3)
Weaners
1A n.d. n.d. n.d. 202 46.3 n.d. 17.6 62.7 3.92
(£15.9) (£9.91) (£4.13) (£4.90) (£0.11)
2 A 6.58 n.d. n.d. 41.1 n.d. n.d. 31.3 75.1 8.36
(£1.85) (£13.7) (£10.7) (£25.7) (£2.29)
3| B 3.25 n.d. n.d. n.d. 150 n.d. n.d. n.d. 33.2
(£0.13) (£8.96) (£2.13)
4| B 14.0 n.d. n.d. n.d. 541 n.d. n.d. n.d. 26.6
(£1.72) (£38.4) (£4.84)
5|B 2.49 n.d. n.d. n.d. 266 n.d. n.d. n.d. 19.7
(£2.17) (£2.42) (£1.91)
Fattening pigs
1A 10.7 n.d. n.d. 86.3 61.0 47.6 n.d. 2.75 53.4
(£1.40) (£8.91) (£23.6) (£5.41) (£0.47) (£0.38)
2 A 4.76 n.d. n.d. 1890 45.2 7.34 n.d. 3.31 26.9
(£0.77) (£290) (+4.36) (£0.74) (£0.56) (£3.41)
3| A n.d. n.d. n.d. 75.3 n.d. n.d. n.d. n.d. 75.8
(+19.2) (£27.4)
4 | A n.d. n.d. n.d. 41.6 n.d. n.d. n.d. n.d. 35.0
(£7.19) (£7.84)
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Sulfonamides Tetracyclines Fluoroquinolones
spz: | sMP | CTC | Dox | oTc | TC Cipro | Enro | Marbo
in ug/kg dry manure

Sample

Sows — mating

1 A 25.5 n.d. n.d. 40.1 1445 19.0 n.d. n.d. 37.2
(+6.45) (£3.97 (x262) (x4.57) (£4.94)
2 B 2.07 11.4 9.45 n.d. 3295 254 n.d. n.d. 3.39
(x0.37)  (%1.05) (x0.32) (x407) (x24.6) (£0.27)
3 B n.d. 5.11 49.4 n.d. 45150 286 n.d. n.d. 2.48
(£0.82) (£3.49) (£1775) (£31.4) (£0.49)
4 B n.d. n.d. n.d. n.d. 1475 31.9 n.d. n.d. n.d.
(x250) (£7.93)
5 B n.d. n.d. 39.5 n.d. 1990 32.3 n.d. n.d. n.d.
(x4.34) (x177) (£5.74)
6 B 11.3 8.44 498 n.d. 5330 123 n.d. n.d. 10.0
(¥0.95)  (+0.95) (£60.4) (£503) (£7.07) (£1.58)
Young sows
1 B n.d. n.d. n.d. n.d. 111150 472 n.d. n.d. n.d.
(£3285) (£29.5)
2 B 1.78 n.d. 7.94 n.d. 5995 63.1 n.d. n.d. n.d.
(x0.03) (x2.06) (x319) (x12.5)
3 B 1.23 n.d. n.d. n.d. 85.7 n.d. n.d. n.d. n.d.
(x0.09) (£9.76)
Digested lagoon manure
1 B 3.13 n.d. n.d. n.d. 949 27.1 n.d. n.d. n.d.
(£0.53) (+129) (+1.79)
2 B 24.4 n.d. n.d. n.d. 6085 74.7 n.d. n.d. n.d.
(£1.99) (£819) (£3.52)

@ SDZ = sulfadiazine, SMPD = sulfamethoxypyridazine, CTC = chlortetracycline, DOX = doxycycline, OTC =
oxytetracycline, TC =tetracycline, Cipro = ciprofloxacin, Enro = enrofloxacin, Marbo = marbofloxacin.
® The letters A and B represent the origin of the manure samples from two different farms.

Source: Table from Arenz-Leufen (2012), modified.

Out of the 20 individual antibiotics investigated in the study of Arenz-Leufen (2012) nine were identified in
the different samples. In more detail that were two out of 12 sulfonamides plus trimethoprim, four out of
four tetracyclines, three out of four fluoroquinolones. The antibiotics recovered in the lagoon samples even
resisted anaerobic digestion for biogas production and further storage time that was estimated to range
between 8 and 12 weeks (Arenz-Leufen, 2012). This study exemplarily shows that mixtures of antibiotic com-
pounds emerge from the consecutive collection and storage of manure. This happens because (i) antibiotics
are administered as a mixed medical preparation, (ii) excreta are collected over time periods covering differ-
ent medications, and (iii) excreta are collected from different animal groups and life stages, receiving differ-
ent medication (see Figure 2, page 34).

Data from nine studies on the occurrence and concentrations of four to 22 different pharmaceutical antibi-
otics in organic waste materials are compiled in Table 14. The studies cover in total 42 antibiotics from dif-
ferent structural classes and 649 samples from manure, digestate and mixtures of manure and digestate,
sewage sludge and compost. The studies were selected because data were fully available (e.g. through ap-
pendices and supporting information, respectively) or at least clearly assignable. They show that the majority
of the antibiotics that had been analyzed could be recovered in determinable concentrations in the investi-
gated samples.
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Table 14: Contamination level of organic waste materials used for soil fertilization with pharmaceutical antibiotics and metals (Cu, Zn).

Compounds that were analyzed in the evaluated studies are highlighted in blue. Numbers of samples (# sample), numbers of antibiotics analyzed in the study (# antib), average numbers
of antibiotics detected in each individual sample (mean #) and highest numbers of antibiotics detected in one individual sample (max #) are indicated. (For abbreviations of antibiotics’
names see the list of abbreviations).

Study | Sattelberger | Arenz-Leufen | Winckleretal. | Anetal. Ratsak et al. |Hannappelet| Ratsak et al. Clara et al. Li et al. An et al. McClellan and Clara et al.
(1999) (2012) (2004) (2015) (2013) al. (2017) (2013) (2013) (2013) (2015) Halden (2010) (2013)
Manure (especially pig slurry) Man./Digest.2 Digestate Sewage Sludge Compost
# sample |61 19 176 51 34 83 35 6 45 18 110 11
#antib [11 13 Cu/ZnP*j6 4 11 20 11 20 7 9 Cu/Zn 22 8 20 7 9 Cu/Zn
mean# |2 4 Cu/Zzn |2 1 >3 >2 2 >3 3 47Cu/ZzZn (18 >3 >15 2  3.3Cu/Zn
max# [5 7 Cu/Zn |4 4 >5 >3 7 >5 5 7 Cu/Zn 18 >5 >20 3 5 Cu/Zn
iHe avd :“ax i av.  max [# av.  max [# av.  max f# avf  max av.  max f# avf max  # av.  max # av max [# av.  max f# av max i av max
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg me/kg mg/kg me/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
TC 17 457 23 4 0.48 0.97 87 9.7343.1 |41 4.6957.012 Pf 245 Pf 17.0 18 1.55 7.37 110 1914 2790
OTC 21 6.95 29 (15 459451 Q9 215136 @48 1854737 3.60 18 1.01 2.17 110 87.5 114
CTC 20 8.46 46 @4 149 498 |18 6.22 25.7 49 451144 |5 1.49 18 0.853.84 66 23.4 435
DOX 32 1.74 6.50 10 0.75 2.10 110 966 1780
Tri 11 3.37 17 1 0.05 |15 0.19 0.59 |0 2 0.03 0.03 66 260 605 |5 0.03 0.03
SAcA 0 0.12
SCP 0 13 0.06 0.10 |1 0.03
SDz 10 161 91 9 0.090.26 86 4.89353 [28 0.80 4.98 5 0.65 41 0.56 13.0 |14 6.25 0 48 0.01 0.02 |14 0.02 0.06 0
SDMX 34 0.25 2.10 0
SDM 16 2.73 20 18 0.33 1956 7.04 11 0.88 |0 41 0 0.02 8 0.02 0.03 0
SDX 0
SIA
SMrz 14 1.17 4.59 0 12 0.03 0.06 |1 0.07 9 0.01 0.04
SMT 0 2 0.23
SMX 0 21 1.14 18.0[0 1 0.030.033 0.16 6 0.01 001 45 0.01 0.02 10 0.03 0.67 22 O 3.3 5 0.003 0.01
SMP 4 0.02 1 0.05
SMM 13 0.04 0.17 45 0.0010.004
SAA 44 0 87.3
SPY 1 0.03 0.03 47 0.01 0.02
SQoO 3 0.67 0
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Study | Sattelberger | Arenz-Leufen | Winckleretal. | Anetal. Ratsak et al. |Hannappelet| Ratsak et al. Clara et al. Li et al. An et al. McClellan and Clara et al.
(1999) (2012) (2004) (2015) (2013) al. (2017 ) (2013) (2013) (2013) (2015) Halden (2010) (2013)
Manure (especially pig slurry) Man./Digest.2 Digestate Sewage Sludge Compost
#c avd inax av  max av max # av max l# avf max # av max {# avf max # av  max l# av. max |# av.  max l# av max [H# av = max
mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg mg/ kg
STZ 2  0.36 0.61 0 53 0  0.001
Cipro [14 0.67 0.67 1.84 5.67 3 0.07 15 1.62 39 1.46 4.87 110 6858 10800
Dano 1 0.05 7 0.97
Diflox 0 6 3.40
Enro 16  1.45 8.30 1.27 6.29 5 0.55 20 1.09 0 66 0 28.6
Flero 55 1.46 4.87
Lome 44 1.46 4.87 44 0 16.1
Marbo 3 0.05 0 35 1.43 4.76
Nor 41 1.54 4.98 110 289 418
Oflox 46  1.50 4.98 110 5446 8140
Orbi 1 0.02 0
Sara 1 0.06 0.02 43 0.10 0.33
Azithro 110 838 1220
Clary 4 0.15 0.38 110 66.2 94.6 (5 0.02 0.04
Ery 0.01 0.02 B9 0.03 0.14 110 81.5 183 |5 0.02 0.05
Josa 32 0.0030.02
Mino 88 1884 2630
Roxy 3 0.010.02 33 0.03 0.14 ]
Spira 42 0.02 0.09
Tylosin 28 0.0020.01
Thiaben 110 110 370
Triclo 110 12640 19700
Cu 61 172 580 5 234 270 8 144 180
Zn 61 524 1300 5 876 1100 8 421 670

2 Manure, digestate and mixtures thereof. ® Cu/Zn = numbers including the detection of Cu and/or Zn in the samples. ©# = number of samples in which the specific antibiotic was
detected. ¢ av = average concentration in all samples. Average was calculated only for data above the limit of detection, and thus without considering zero values. ¢ max = highest

concentration determined in one of the investigated samples. f no data on average concentrations were given in the study of Ratsak et al. (2013).
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The studies consistently show that the waste materials are typically contaminated with more than one com-
pound. In the study of Winckler et al. (2004), though, only one antibiotic was detected on average, yet out
of a total of only four antibiotics investigated. In most studies contaminations with on average 22 and up to
7 different antibiotics are reported for manure (Table 14). Substantially more antibiotics (up to >20) were
found in sewage sludge samples, while the reports on digestate and compost showed a similar picture as for
manure. However, it must be noted that the intensity of investigation differed among studies and substrates.
While in manure samples around 10 antibiotics were analyzed, it were around 15 antibiotics in sewage sludge
samples. Additionally, the antibiotics investigated vary somewhat between studies. While tetracyclines and
sulfonamides as typical pharmaceuticals in veterinary medicine were most of all investigated in manure sam-
ples, the spectrum of analytes was clearly broader for sewage sludge samples, including fluoroquinolones
and macrolide antibiotics. It shows that the level of knowledge on the full bandwidth of contamination of
organic waste material is still largely incomplete; data on other antibiotic classes such as R-lactams were fully
missing in the evaluated studies.

The contamination status of wastewater was not explicitly evaluated in this study. However, the existing
literature clearly points out that wastewater and treated wastewater, after passing through a treatment
plant, is typically contaminated with complex mixtures of pharmaceuticals, including pharmaceutical antibi-
otics (Kostich et al., 2014). Concentration levels of single compounds are in the range of ng/L up to the lower
pg/L range (Clara et al., 2013; Hannappel et al., 2017).

Because organic waste materials are recycled as soil fertilizer, also the unwanted contaminants end up on
agricultural soils. Hence, it can be expected that the contamination of soil is linked to that of organic waste
material. This is shown in Figure 9 for which data of five studies were evaluated that had investigated both
organic waste materials and soils.

Figure 9: Correlation between the frequency (f) of detection of different pharmaceutical antibiotics
in organic waste materials (manure, sewage sludge) and in soils that had been fertilized
with these materials.

The correlation line (solid) and the 1:1 line (dashed) are shown.
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Although it is not fully clear from the studies whether the soils were in fact fertilized with the investigated
waste materials and in which quantities and time periods before soil sampling this had happened, the relation
between both is clear. The frequencies of detection of a specific antibiotic in a set of samples of organic waste
materials and of soils are positively and significantly correlated (r = 0.7). This again emphasizes that pharma-
ceutical antibiotics that are contained in waste material used as soil fertilizer will end up in soil. Mixed con-
taminations in organic waste materials result in mixed contaminations in soil. Due to the dilution in soil (for
example typical amounts of manure applied to soil are 30 t/ha and 1 ha of agricultural topsoil amounts to
about 3000 t of soil) and the in part fast and strong immobilization in soil, it may not be possible to recover
all these antibiotics in soil as is shown by the correlation line that deviates from the 1:1 line and by the typi-
cally lower contamination level determined in soil samples (see chapter 4). While contaminations with anti-
biotics in organic waste material are in the range of mg/kg, in soil they are in the range of ug/kg.

3.2 Occurrence and residual contents of mixed contaminations with antibiotics
and other pharmaceutical compounds and elements in soil

Natural background level

Antibiotics naturally occur in soil and are formed by the secondary metabolism of autochthonous soil micro-
organisms (Raaijmakers and Mazzola, 2012; Scott Wells et al., 1982; Thomashow et al., 1997). For example,
streptomycin and oxytetracycline are well-known soil-borne antibiotics and are produced by Streptomyces
actinobacteria (Nkanga and Hagedorn, 1978; Schatz et al., 1944). Among numerous other soil microorgan-
isms, 30 to 50 % of actinomycetes isolated from soil are able to synthesize antibiotics (Topp, 1981). Typical
resulting soil contents are reported to be in the range of pug/kg and especially occur in the soil rhizosphere
(Lumsden et al., 1992; Soulides, 1965). As an extreme, Shanahan et al. (1992) reported soil contents of up to
5 mg/kg for the lipopeptide iturin A. However, no such natural background exists for antibiotics that are
exclusively produced by pharmaceutical industry and especially for fully synthetic antibiotics, i.e. chemother-
apeutics such as the sulfonamides. In publications working with artificially spiked soils, background concen-
trations of antibiotics in the unamended control samples are consistently reported to be below the detection
limit (e.g. Thiele-Bruhn, 2005).

Contamination status

Appropriate fertilization of soil using manure and other organic waste materials or even unwanted inputs,
e.g. with stable dust (see chapter 1.1), can result in detectable residue contents of veterinary antibiotics in
soils (Table 15). The significant correlation between the frequency of detection of antibiotics in waste mate-
rial used as fertilizer and in the receiving soils is shown in Figure 9 (pg. 62). Gildemeister et al. (2011) showed
that through these pathways also non-antibiotic pharmaceuticals are introduced into agricultural soils, which
are especially analgesics and anti-inflammatory pharmaceuticals. Antibiotics from human medicine reach
soils with sewage sludge, used as fertilizer, and by irrigation of soil using wastewater, which is especially
relevant in semiarid countries (Christou et al., 2017; Khalid et al., 2018).

Typical soil contents of antibiotics are in the order of pg/kg (Table 15). Thus, residual contents of single anti-
biotic compounds may exceed the natural background level and in part even the trigger value of the Euro-
pean Medicines Agency of 100 pg/kg (EMEA, 1997). The studies in Table 15 show that not only single antibi-
otic compounds but mixtures of several compounds frequently occur in soil, so that the combined concen-
trations clearly exceed natural background levels. The determined antibiotics belong to different structural
classes and exhibit different modes of action (Hu et al., 2008; Karci and Balcioglu, 2009; Ok et al., 2011).
Thereby, antibiotics from some structural classes are more abundant (e.g. tetracyclines) while others have
been determined in much lower concentrations (e.g. sulfonamides) (Hamscher and Mohring, 2012;
Hembrock-Heger et al., 2011; Thiele-Bruhn, 2003b). This is due to (i) a different usage and thus release into
the environment, (ii) a different persistence and mobility in soil.
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Table 15: Contamination level of soils with pharmaceutical antibiotics, some other pharmaceuticals and metals (Cu, Zn).

Compounds that were analyzed in the evaluated studies are highlighted in blue. Numbers of samples (# sample), numbers of antibiotics analyzed in the study (# antib), average
numbers of antibiotics detected in each individual sample (mean #) and highest numbers of antibiotics detected in one individual sample (max #) are indicated. (For abbreviations
of antibiotics’ names see the list of abbreviations).

Study Sattelberger Hamscher et al. | Kues et al. (2002) | Clara et al. (2013) | An et al. (2015) |Gildemeister et al.| Hannappel et al. | Zhou et al. (2012)
(1999) (2000), Hamscher (2011) (2017)
et al. (2002)

# sample 61 14 42 8 70 2 104 5
# antibiotics 11 4 2 7 8 9 11 14 +pha.| 13
mean # antib 0.2 1.9 1.5 1.0 3 Zn/Cu| >2 6.5 0.02 0.04 +pha.| 8.4
max # antib i} 2 2 2 4 Zn/Cu| >4 7 2 4 +pha.| 14

#°  av.® max®| #° av.® max®| #® av.® max®| #° av.® max®| #* av.’ max®| #° av.® max¢| #* av.® maxc| #* av.® max

ugkg palkg Hgkg Hglkg Hg/kg Hglkg Hgkg Hglkg Hgkg Hglkg Hg/kg Hglkg Hg/kg Hglkg Hg/kg  Hglkg

Tetracycline 0 14 31.7 191.3] 30 21.5 85.0 27 241 976, 2 168 332 3 350 1010
Oxytetracycline 0 0 34 609 1399 2 0.1 0.2 4 368 1410
Chlortetracycline| 3 87 160 14 61.2 747.5 32 10.2 38.2 45 718 1590 4 340 12900
Doxycycline 19 120 871 2 259 499
Trimethoprim 2 50 100 2 6.2 6.5 1 118 118 1 70 7.0 2 1.60 3.20
Sulfadimidine 2 50 100 0 4 3.5 11.5 589 589 O 2 1.85 3.69
Sulfadiazine 0 0 20 715 760 0 1 4.95 4.95
Sulfadoxine 0 0
Sulfathiazole 0 0
Sulfamethoxaz. 2 50 100 1 3.0 3.0 13 19.4 672 1 20 20
Sulfamerazine 12 65.8 311 0
Sulfamethoxypy. 0
Sulfachloropy. 0 1 511 5.11
Sulfadimethox. 0
Sulfaethoxypy. 0
Sulfaguanidine 1 <LOQ <LOQ
Sulfa- 2 2.69 5.37
Sulfaquinoxaline 1 2.02 2.02
Ciprofloxacin 5 200 370 2 2.6 3.4 3 8.10 14.0
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Study

Sattelberger

Hamscher et al.

Kues et al. (2002)

Clara et al. (2013)

An et al. (2015)

Gildemeister et al.

Hannappel et al.

Zhou et al. (2012)

(1999) (2000), Hamscher (2011) (2017)
et al. (2002)
Enrofloxacin 4 103 200 4 284 95.8
#°  av.® max®| #° av.® max®| #° av.® max®| #* av.® max®| #° av.® max®| #* av.® max®| #* av.® max¢| #* av.® max°©
ug/kg pg/kg Hg/kg pe/kg ug/kg pe/kg ug/kg pg/kg ug/kg ug/ke He/kg ug/kg pg/kg ng/kg ug/k pg/kg
Norfloxacin 4 25.4 58.8
Ofloxacin 3 74.3 113
Pefloxacin 2 20.5 31.0
Difloxacin 1 401 4.01
Tylosin 0 0
Erythromycin 5 23.6 35.0 1 0.3 0.3 1 <LO0Q <LOQ
Roxythromycin 0
Clarythromycin 0
Lincomycin 1 92.3 92.3
Polypeptide 1 33.1 33.1
Carbamazepine 1 05 0.5
Caffeine 1 160 160
Acesulfam K 0
Cu [mg/kg] 8 45.3 52.0
Zn [mg/kg] 8 139 150
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In Table 15, data from eight studies were combined, presenting concentrations of two and up to 13 different
pharmaceutical antibiotics in soils. In these studies a total of 30 antibiotics from different structural classes
as well as three other pharmaceuticals and two metals (Cu, Zn) were analyzed in 306 soil samples. The studies
were selected because data were fully available (e.g. through appendices and supporting information, re-
spectively) or at least clearly assignable to individual samples. They show that many of the antibiotics that
had been analyzed could be recovered in determinable concentrations in the investigated samples. However,
this was clearly less than the recovery of antibiotics in organic waste samples (Table 14, pg. 60).

It is important to consider that in the different studies field soil samples were taken at different and often
unknown time periods after the last addition to soil of antibiotics together with contaminated waste material.
Yet, the extractability and thus detectability of most antibiotics substantially declines within a short contact
time of hours in a way that they are no more extractable from soil even by harsh extraction techniques such
as microwave extraction and pressurized liquid extraction (Forster et al., 2008; Rosendahl et al., 2011; Stoob
et al., 2006). For example, extractable portions of different antibiotics decline within 30 to 60 min of soil
contact to <90% (sulfonamides), <80% (fenbendazole) and <70% (tetracyclines) (Mdiller et al., 2012; Thiele-
Bruhn and Peters, 2007) and the recovery further declines with prolonged contact time with soil. Conse-
qguently, it must be assumed for many studies that the true soil contents of antibiotics in field soils are sub-
stantially higher than reported, especially when rather mild extraction methods have been used. This is
shown in Figure 10 on example of the sulfonamide sulfadiazine that was spiked to soil together with manure.
The extractable contents, using rather mild aqueous and organic extractants, strongly declined to <70% al-
ready within the first day after addition to soil (Hammesfahr, 2011). So it must be assumed that the contents
of antibiotics are somewhat higher than indicated by the extractable contents. Forster et al. (2008) assumed
that residual contents of sulfonamides might be higher by a factor of 2.5 than the extractable contents. It is
supposed that this factor is even higher for much stronger adsorbing antibiotics such as tetracyclines, fluo-
roquinolones and R-lactams. In the technical regulations, the DWA-AG GB-7.4 (2017) recommended to mul-
tiply by two the detectable concentrations of organic contaminants that persisted in soil for 1 year or more.

Figure 10: Time related decline of the extractable (detectable) concentration of sulfadiazine (SDZ) in
Luvisol topsoil.

Determined after application with manure (M) to the soil sample at contents of 10 and 100 mg/kg, respectively Sequential
extraction using 0.01 M CaCl2 and methanol (MeOH).
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Source: Own figure from S. Thiele-Bruhn (Univ. Trier) with data from Hammesfahr (2011).
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4 Toxicity of single antibiotic compounds and of contaminant mixtures
with antibiotics on soil organisms

4.1 Effects on functions and structural diversity of soil biota
Effects of single compounds

More and more studies on effects of single antibiotic compounds on soil organisms have been published in
the past years so that the level of knowledge largely increased. It was lastly summarized in different reviews
(Ding and He, 2010; Grenni et al., 2018; Nesme and Simonet, 2015; Qiao et al., 2018). An overview on tested
compounds, species or groups of biota and endpoints is given in Table 16. The different studies show that
adverse effects on many different test subjects must be expected. Many of the test concentrations used are
rather high, though, and are not expected in the environment, where typical contents are in the order of
ug/kg (see chapter 4). However, in general effects in the range of significant and about 10 % inhibition can
be expected from typical, environmental contents of the single compounds (Thiele-Bruhn, 2005).

It is generally recognized that biostatic antibiotics such as tetracyclines and sulfonamides only act on growing
microorganisms (Thiele-Bruhn and Beck, 2005). This on one hand requires in most cases the addition of a
nutrient substrate (Gutiérrez et al., 2010) together with the antibiotics, in order to initiate growth of the soil
microorganisms that are largely resting (Joergensen and Wichern, 2018). On the other hand it explains why
tests such as soil basal respiration, working without a nutrient substrate, often show no effect of antibiotics
(Table 16). Effects are often observed with tests including nutrient substrate addition to soil such as the sub-
strate induced respiration (SIR) and the Fe(lll) reduction or that directly use microbial growth as tested sub-
ject (e.g. leucine incorporation) (Demoling and Baath, 2008; Thiele-Bruhn and Beck, 2005). In this context it
should be noted that in a field situation antibiotics typically reach soils together with manure, sludge,
wastewater etc., and thus together with a nutrient substrate. To continue the previous statement, activities
within the N cycle, tolerance related parameters and properties of structural diversity are further sensitive
indicators of antibiotic effects in soil (Table 16).

Despite the largely increasing number of publications on the topic, the knowledge on adverse effects of an-
tibiotics on soil organisms is still fragmented, mostly related to diverse soil microbial properties and a few
faunal indicator species, respectively. Additionally, existing research largely focused on only a few antibiotic
structural classes and individual compounds from that classes. Although the list of studies compiled in Table
16 is not complete, it clearly shows that the vast majority of studies has been conducted on tetracylines and
sulfonamides, while the knowledge on other antibiotic classes is reduced to a few single studies or is com-
pletely missing (e.g. cephalosporins). Hence, still numerous uncertainties and open questions remain. Con-
sequently, it was stated that the number of data on toxic effects of pharmaceuticals in soil are still too few
(Boxall et al., 2012; Brandt et al., 2015).

Table 16: Effects of single pharmaceutical antibiotics on soil microorganisms (soil microorg.), other micro-
organisms and faunal species.

For abbreviations used for effects and endpoints see the list of abbreviations.

Antibiotic Substrate Organism @ Effect Endpoint Concen  Unit Reference
tration
Tetracyclines
Chlortetracy-  Orthic Luvisol,  soil microorg.  soil basal respiration no effect 1-50 mg/kg  (Zielezny et al., 2006)
cline sand
Paddy Soil, silt  soil microorg.  soil basal respiration no effect 1-300 mg/kg  (Liu et al., 2009b)
loam
Typic Hapludalf, soil microorg. nitrification, no effect 0.0003- mg/kg (Tothetal, 2011)
silt loam Fe(lll)reduction, soil 0.03
basal respiration
green algae / ECso 0.05/31 mglL (Halling-Sgrensen,
cyanobacteria 2000)
Sewage sludge aerobic sludge ECso 0.03 mg/L (Halling-Sgrensen et
bacteria al., 2002b)
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Antibiotic Substrate Organism @ Effect Endpoint Concen  Unit Reference
tration
Oxytetracy-  Silty sand / soil microorg. ~ SIR ED1o 0.81/0.93 mg/kg (Thiele-Bruhn and
cline loamy sand Beck, 2005)
Silty sand / soil microorg.  SIR EDso 19.1/31.2 mglkg (Thiele-Bruhn and
loamy sand Beck, 2005)
Sandy loam soil microorg.  Fe(lll) reduction complete inhibi-  >10 mg/kg  (Molaei et al., 2017)
tion
Alfisol, silt soil microorg.  microbial biomass ~ decrease 1-30 mg/kg (Maetal., 2016)
carbon
Alfisol, silt soil microorg. nitrification decrease 1-30 mg/kg (Maetal., 2016)
Entic Cryum-  fungi length and activity ~ decrease to 48% 10 mg/kg  (Colinas et al., 1994)
brept, sand of hyphae
Entic Cryum-  soil microorg.  cultivable bacterial ~reduction to 71% 10 mg/kg  (Colinas et al., 1994)
brept, sand number
sand /sandy  springtail lethality LC10/EC1o >5.000/ mglkg (Baguer et al., 2000)
loam F. fimetaria >5.000
sand/sandy  earthworm lethality LC10/EC10 >5.000/ mgl/kg (Baguer et al., 2000)
loam A. caliginosa 1.954
sand/sandy  enchytraeid lethality LC10/EC10 >5.000/ mglkg (Baguer et al., 2000)
loam E. crypticus 3.000
green algae / ECso 0.207 /4.5 mg/L (Holten Liitzheft et al.,
cyanobacteria /1.6 1999)
sewage sludge sludge bacteria ECso 0.4 mg/L (Halling-Sarensen,
2001)
sewage sludge aerobic sludge ECso 0.08 mg/L (Halling-Serensen et
bacteria al., 2002b)
Tetracycline  Paddy Soil, soil microorg.  soil basal respiration 122 /110 % of 100 mg/kg (Maetal., 2014)
loam control (7/20d)
Paddy Soil, silt  soil microorg.  soil basal respiration no effect 1-300 mg/kg  (Liu et al., 2009a)
loam
Loam soil microorg.  CLPP using Biolog altered physiolog- 0-100 mg/kg  (Liuetal., 2014)
ical profile
13 soil microbial minimum inhibitory MIC <1-1,000 pg/lL (Van Dijck and van de
strains concentration Voorde, 1976)
8 soil microbial minimum inhibitory MIC 10 Mg/l (van Gool, 1993)
strains concentration
green algae / ECso 0.09/22 mglL (Halling-Sgrensen,
cyanobacteria 2000)
sewage sludge sludge bacteria ECso 22 mg/L  (Halling-Sarensen,
2001)
sewage sludge aerobic sludge ECso 0.08 mg/L (Halling-Sgrensen et
bacteria al., 2002b)
Sulfonamides
Sulfanilamide diverse soils soil microorg.  Fe(lll)reduction EDso / ECso >5,800  pmolkkg (Thiele-Bruhn, 2005)
Sulfadiazine  diverse soils soil microorg.  Fe(lll)reduction EDso / ECso 195/10.3  pmol/kg (Thiele-Bruhn, 2005)
sandy loam soil microorg.  bacterial growth LOEC 0.001 mg/kg (Brandt et al., 2009)
(leucin incorpora-
tion)
Sulfadiazine  Gleyic Cambi-  soil microorg.  potential nitrification Cambi/Luvi®: 9% 100 (32d)c mg/kg  (Kotzerke et al., 2008)
sol, loamy sand 125%
/ Orthic Luvisol,
silt loam
Gleyic Cambi-  soil microorg.  potential denitrifica- Cambi/Luvi b: 100 (4d)c mglkg  (Kotzerke et al., 2008)
sol, loamy sand tion 1%/ 15%
/ Orthic Luvisol,
silt loam
Gleyic Cambi-  soil microorg.  resistance: log(su/f Cambi/Luvi ®: 100 mg/kg  (Heuer etal., 2011b)
sol, loamy sand [ rrn) ¢ +38%/+56%
/ Orthic Luvisol,
silt loam
Gleyic Cambi-  soil microorg.  resistance: log(su/2 Cambi/Luvi ®: 100 mg/kg  (Heueretal., 2011b)
sol, loamy sand [ rrn) d +42%/+102%
/ Orthic Luvisol,
silt loam
Luvisol, loamy  soil microorg. ~ FDA hydrolysis significant inhibi- 10/100 mg/kg  (Xuetal., 2016)
sand tion (28d)
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Antibiotic Substrate Organism @ Effect Endpoint Concen  Unit Reference
tration
Sulfadiazine  Luvisol, loamy  soil microorg.  dehydrogenase ac- significant inhibi- 10/100 mg/kg (Xuetal., 2016)
sand tivity tion: 10 14d, 100
28d
Luvisol, loamy  soil microorg.  soil basal respiration significant inhibi- 10/100 mg/kg  (Xuetal., 2016)
sand tion: 10 7d, 100
28d
Luvisol, loamy  soil microorg.  total PLFA significant reduc- 10/100 mg/kg  (Xuetal., 2016)
sand tion (28d)
Gleyic Cambisol soil microorg. ~ SIR no effect 15.8/23.2 pmollkg (Hammesfahr et al.,
2011b)
Gleyic Cambisol soil microorg. nitrification / N min- decrease /de-  15.8/23.3 umol/kg (Hammesfahr et al.,
eralization / ammon- crease / increase 2011b)
ification
sewage sludge sludge bacteria NOEC 60 mg/L (Halling-Sgrensen,
2001)
sewage sludge sludge bacteria ECs0 0110 h 15.9/16.8 mg/L (Halling-Sarensen,
2001)
Sulfa- Paddy Soail, soil microorg.  soil basal respiration 406 / 231 % of 100 mg/kg  (Maetal., 2014)
monomethox- loam control (7 / 20d)
ine
Sulfadi- diverse soils soil microorg.  Fe(lll)reduction EDso/ 58.3/2.65 pmollkg  (Thiele-Bruhn, 2005)
ECso
methoxine Typic Hapludalf, soil microorg.  Fe(lll)reduction 1.5 %; 1 0.025 mg/kg  (Tothetal., 2011)
silt loam d
Typic Hapludalf, soil microorg.  Fe(lll)reduction 11.5 %; 0.025 mg/kg  (Toth etal., 2011)
silt loam 50d
Sulfadimidine Typic Hapludalf, soil microorg.  soil basal respiration no effect 0.025- mg/kg  (Tothetal., 2011)
silt loam 0.200
Typic Hapludalf, soil microorg.  Fe(lll)reduction complete inhibi-  >0.1 mg/kg  (Tothetal., 2011)
silt loam tion
Sulfame- diverse soils soil microorg.  Fe(lll)reduction EDso / ECso 270/16.3 pmol/kg  (Thiele-Bruhn, 2005)
thazine silt loam soil microorg.  soil basal respiration Increase 20/100 mgkg (Awad etal., 2016)
Paddy Soil, silt  soil microorg.  soil basal respira-  EC1o, 2 d 20 mg/kg  (Liu et al., 2009a)
loam tion.
Sulfamethoxa- Paddy Soil, silt  soil microorg.  soil basal respiration EC1o, 2 d 7 mg/kg  (Liu et al., 2009a)
zole loam
loamy sand soil microorg. ~ PICT (leucine incor- increase by factor 20/500 mg/kg (Demoling et al., 2009)
poration) of 2
sandy loam soil microorg.  Fe(lll)reduction complete inhibi- 10 mg/kg  (Molaei et al., 2017)
tion
Sulfapyridine  diverse soils soil microorg.  Fe(lll)reduction EDso / ECso 432 /374 pmolkg (Thiele-Bruhn, 2005)
silty sand soil microorg.  SIR 24h EDso / ECso 6.2/0.89 mg/kg (Thiele-Bruhn and
Beck, 2005)
loamy sand soil microorg.  SIR 48h EDso / ECso 11.5/0.55 mg/kg (Thiele-Bruhn and
Beck, 2005)
Sulfachloro-  loamy sand soil microorg.  pollution induced  tolerance +10% 7.3 mg/kg  (Schmitt et al., 2005)
pyridazine community toler-
ance - Biolog
Trimethoprim  Paddy Soil, silt ~ soil microorg.  soil basal respiration Decrease 1-300 mg/kg  (Liu et al., 2009a)
loam
sewage sludge sludge bacteria ECso 17.8 mg/L (Halling-Sgrensen,
2001)
Macrolides
Tylosin Paddy Soil, silt  soil microorg.  soil basal resp. no effect 1-300 mg/kg  (Liu et al., 2009a)
loam
Humic Podzol, soil microorg.  soil basal resp. no effect 2,000 mg/kg  (Mller et al., 2002)
sand
sandy loam soil microorg.  bacterial growth EC50 960 mglkg  (Demoling and Baath,
2008)
sandy loam soil microorg.  PICT (bacterial increase by factor 1500 mglkg  (Demoling and Baath,
growth) of 11 preexpo- 2008)
sure
sand /sandy  springtail lethality LC10/EC1o >5,000/ mglkg (Baguer etal., 2000)
loam F. fimetaria 149
sand/sandy  earthworm lethality LC10/EC1o >5,000/ mglkg (Baguer etal., 2000)
loam A. caliginosa 3,306
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Antibiotic Substrate Organism @ Effect Endpoint Concen  Unit Reference
tration
Tylosin sand/sandy  enchytraeid lethality LC10/EC10 2501/632 mg/kg  (Baguer et al., 2000)
loam E. crypticus
sewage sludge sludge bacteria ECso 54.7 mg/L (Halling-Sgrensen,
2001)
Quinolones
Ciprofloxacin  Paddy Soil, soil microorg.  soil basal resp. 156 /115 % of 100 mg/kg  (Maetal., 2014)
loam control (7 / 20d)
Ustic Cambisol  soil microorg.  soil basal resp. increase 1/5/50 mglkg (Cuietal, 2014)
Ustic Cambisol  soil microorg. nitrification 1:increase; 50:  1/5/50 mglkg (Cuietal., 2014)
inhibited
Haplic Cherno-  soil microorg.  soil basal resp. decrease to 70% 0.2/2/20 mglkg (Girardietal., 2011)
zem (2d)and 35% (77
d)
sewage sludge sludge bacteria ECso 0.61 mg/L (Halling-Sgrensen,
2001)
Oxolinic acid  sewage sludge sludge bacteria ECso 0.1 mg/L (Halling-Sarensen,
2001)
Difloxacin Gleyic Cambi-  soil microorg.  soil basal resp. increase 10/100 mglkg (Kotzerke etal., 2010)
sol,
loamy sand
Norfloxacin  acidic soil soil microorg.  soil basal resp./ni-  no effect/slight 5/10/30 mglkg (Yangetal., 2012)
trogen transfor- effect
mation
Aminoglycosides
Cycloheximid  Ustollic fungi/bacte- number of cultivable no effect 1 a/kg (Ingham and Coleman,
Haplargid ria/protozoa organisms 1984)
Streptomycin  Ustollic fungi/bacte- number of cultivable no effect 1 alkg (Ingham and Coleman,
Haplargid ria/protozoa organisms 1984)
sewage sludge sludge bacteria ECso 047 mg/L  (Halling-Sgrensen,
2001)
Pleuromutilins
Tiamulin sewage sludge sludge bacteria ECso 14.3 mg/L (Halling-Sgrensen,
2001)
Quinoxalines
Olaquindox ~ sewage sludge sludge bacteria ECso 95.7 mg/L (Halling-Sgrensen,
2001)
R-Lactams
Amoxicillin Orthic Luvisol,  soil microorg.  microbial community altered commu-  10-100 mg/kg  (Binh et al., 2007)
silt / Gleyic composition nity composition
Cambisol, loamy (DGGE)
sand
Penicilin G sewage sludge sludge bacteria ECso 84.6 mg/L  (Halling-Sagrensen,
2001)
Imidazoles, Anthelmintics
Fenbendazole diverse soils soil microorg.  Fe(lll)reduction no effect &3 pmol/kg (Thiele-Bruhn, 2005)
Fenbendazole Dystric Cambi- nematode number of cycsts  decrease 10 mg/kg  (Thiele-Bruhn et al.,
sol, sand G. rostochiensis 2006)
Dystric Cambi-  redworm lethality NOEC 100 mg/kg  (Thiele-Bruhn et al.,
sol, sand E. fetida 2006)
Dystric Cambi-  redworm reproduction / bio- LOEC 18 /56 mg/kg  (Thiele-Bruhn et al.,
sol, sand E. fetida mass 2006)
agar plate soil nematode EDso 9 mg/kg  (Grenvold et al., 2004)
P. maupasi
Ivermectin Luvisol, silty SIR no effect 11 mg/kg  (Pfeiffer et al., 1998)
loam
springtails lethality LDso 10 mg/kg  (Jensen and Scott-
Fordsmand, 2012)
topsoil, agricul-  soil inverte- feeding activity (Bait NOEC commu-  0.25/0.05 mg/kg  (Jensen and Scott-
tural soil brates Lamina) nity/ EC10 indi- Fordsmand, 2012)
viduals
agar culture soil nematode EDso 45 mg/kg  (Grenvold et al., 2004)
P. maupasi
Metronidazol sewage sludge sludge bacteria NOEC 100 mg/L (Halling-Sgrensen,

2001)
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Antibiotic Substrate Organism @ Effect Endpoint Concen  Unit Reference
tration

Polyether

Monensin Luvisol, silty soil microorg.  soil basal resp. ECso 176 mg/kg  (Pfeiffer et al., 1998)
loam
Luvisol, silty soil microorg.  SIR increase 176 mg/kg  (Pfeiffer et al., 1998)
loam
Typic Hapludalf, soil microorg.  soil basal resp. no effect 0.01-0.100 mg/kg  (Toth et al., 2011)
silt loam
Typic Hapludalf, soil microorg.  Fe(lll) reduction transient inhibi-  0.01-0.100 mg/kg  (Toth et al., 2011)
silt loam tion
Typic Hapludalf, soil microorg.  nitrogen transfor-  ECso ca.150  upglkg (Tothetal., 2011)
silt loam mation

Lincosamides

Lincomycin ~ Cambisol, silt  soil microorg. ~ 16S rRNA gene, significant shift ~ 0.05-500 mg/kg (Cermak et al., 2008)

loam / Podzol, bact. Diversity

sand i

Cambisol, silt  soil microorg. ~ CFU total bacteria ~ significant, dose 0.05-500 mg/kg  (Cermak et al., 2008)
loam / Podzol, and actinomycetes dependent de-

sand cline

2 Soil microbial community, if not indicated otherwise.

® Cambisol (loamy sand) and Luvisol (silty loam), respectively.

¢ Determination after 32 d (pot. nitrification) and after 4 d (pot. denitrification) following addition of 100
mg/kg sulfadiazine with manure to soil.

4 Increase in the abundance of sul resistance genes relative to the abundance of ribosomal rrn genes two
months after addition of sulfadiazine with manure to soil (comparison to control with addition of manure
only).

Effects of mixtures of antibiotics and/or other compounds on community activities and composition

Still a substantial lack of knowledge on the adverse effects of single antibiotics in the soil environment exists.
In regard to this, there is an even stronger need for research on effects of pollutant mixtures and in particular
on joint effects of mixtures of antibiotics in the environment, where large knowledge gaps still exist
(Backhaus, 2014). Furthermore, most of the existing research on mixture toxicity has been done on aqueous
environments and species (Vasquez et al., 2014), respectively, while studies on soils are scarce.

From clinical and pharmacological research, several interactions between antibiotics and further pharmaceu-

ticals are known and similar mixture effects are expected on non-target organisms in the (soil) environment.

Interactions of antibiotic pharmaceutical were reviewed by Bollenbach (2015). Synergistic effects of pharma-

ceutical combinations can be due to

e uptake effects: the first pharmaceutical increases the permeability of the cell membrane for the second
pharmaceutical,

e direct physical interaction: pharmaceuticals reciprocally stabilize their binding to the target site,

e targeting sequential metabolic steps: e.g., sulfonamides and trimethoprim both affect the folic acid bio-
synthesis pathway with different mode of action (inhibit dihydrofolate reductase and dihydropteroate
synthetase, respectively).

Typically, it is assumed that pharmaceuticals having the same mode of action cause additive toxic effects,
when they are combined (Vasquez et al., 2014). However, experimental findings show that binary mixtures
of antibiotics from the same chemical class exhibit additive (sulfonamides) but also synergistic effects (mac-
rolides, tetracyclines, fluoroquinolones) (Yang et al., 2008). Thiele-Bruhn (2015) reported synergistic effects
also for a binary mixture of sulfonamides. On the other hand, interactions between bactericidal and bacte-
riostatic antibiotics are largely antagonistic (Ocampo et al., 2014) as was shown by a study on the effects of
binary mixtures of 21 antibiotics on E. coli as test organism (Figure 11). Results from Yang et al. (2008) point
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to the fact that combinations of bacteriostatic antibiotics (within one or between different compound clas-
ses) exert additive or synergistic effects, while combinations of bactericidal antibiotics are additive (within
compound class) or are antagonistic (between different compound classes). Mixtures of antibiotics, exhibit-
ing an antagonistic effect, are not recommended for combination products (Loscher et al., 2010;
Schadewinkel-Scherkl and Scherkl, 1995). It is expected that such an antagonistic effect reduction will also
occur in soil.

Figure 11: Heatmap showing pairwise interactions between 21 antibiotics measured systematically
in E. coli.

Antibiotics are grouped according to their modes of action, and colors reflect interaction scores. Negative and positive
scores correspond to antagonism (blue) and synergism (red), respectively, according to Loewe additivity criteria. White,
missing data.
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1.5 AMP  Ampicillin bact.cidal
g PIP  Piperacillin cidal
2 FOX Cefoxitin cidal
= 1 FOS Fosfomycin cidal
3 LOM Lomefloxacin cidal
CPR  Ciprofloxacin cidal

0.5 NAL  Nalidixic acid static-cidal
FSM  Fosmidomycin cidal

NIT  Nitrofurantoin static-cidal
I " AMK  Amikacin cidal
= h GEN  Gentamicin cidal
b I KAN  Kanamycin static
5 - s TOB Tobramycin cidal
E STR  Streptomycin cidal
[l TET  Tetracycline static
B DOX Doxycycline static
CHL Chloramphenicol static
ERY  Erythromycin static
i FUS  Fusidic acid static
Antagonism SLF  Sulfamonomethoxine  static
TRM  Trimethoprim static

Source: Figure and text from Ocampo et al. (2014). Added table explaining abbreviations and with information on bacteriostatic

(static) or bactericidal (cidal) mode of action of the antibiotics.

However, the general conclusion by Ocampo et al. (2014) was somewhat disproved by the findings of
Christensen et al. (2006). They tested effects of binary mixtures of the antibiotics oxytetracycline,
erythromycin, florfenicol (bacteriostatic), and oxolinic acid and flumequine (bactericidal) on freshwater algae
(Pseudokirchneriella subcapitata) and activated sludge microorganisms. The finding that combinations of
bactericidal and bacteriostatic antibiotics are mostly antagonistic was largely confirmed with the alga as test
organism. However, in the presence of sludge bacteria numerous synergistic effects and in less cases con-
centration additivity was found even for combinations of bacteriostatic and bactericidal antibiotics
(Christensen et al., 2006). Christensen et al. (2006) found synergistic effects or concentration additivity for
combinations of bactericidal fluoroquinolones and benzimidazoles and bacteriostatic tetracyclines. Also com-
binations of bacteriostatic trimethoprim or sulfamonomethoxine with bactericidal aminoglycosides and a
few more combinations resulted in synergistic effect enhancement (Ocampo et al., 2014). This even more
emphasizes the possible and largely unknown higher risk of antibiotic mixtures compared to single com-
pounds in the environment.
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Effects of antibiotic mixtures may be largely modulated by the concentrations present. Vasquez et al.
(2014) evaluated in a review 57 mixture toxicity studies from aqueous environments and human toxicology.
The results largely confirm the before mentioned findings. Antagonistic effects occurred more often at low
concentrations of the mixed chemicals while at higher concentrations even synergistic effects could occur,
depending on the combined chemicals (Gonzalez-Pleiter et al., 2013; Liu et al., 2012). In more detail, the joint
effects of mixtures of two, four and five antibiotics, i.e. levofloxacin, norfloxacin (fluoroquinolones), tetracy-
cline (tetracyclines), amoxicillin (8-lactams), and erythromycin (macrolides), were tested using the biolumi-
nescence and algal growth inhibition with the two aquatic test species cyanobacterium Anabaena CPB4337
and green alga Pseudokirchneriella subcapitata, respectively (Gonzdlez-Pleiter et al.,, 2013). The study
showed that synergism largely predominates as joint effect. However, effects of mixtures frequently change
with the concentrations of the mixed compounds and combinatory effects may shift, e.g. from antagonism
at a low concentration level to concentration additivity at a medium level and to a synergistic effect at high
concentrations as was reported for the effect of a combination of levofloxacin and norfloxacin on cyanobac-
teria (Gonzalez-Pleiter et al., 2013).

Additionally, combinatory effects and their concentration related patterns very much depend on the investi-
gated subject. For example, the same combination of levofloxacin and norfloxacin exhibited a clearly syner-
gistic effect on green algae, while the effect on cyanobacteria was largely additive (Gonzéalez-Pleiter et al.,
2013).

As it was shown by some of the before mentioned examples, it is not uncommon that combinations of anti-
biotics exert synergistic effects at higher concentrations but antagonistic effects at low doses. Such findings
might be partly due to the fact that low-doses of antibiotics can cause increases of tested parameters, e.g.
activities, exceeding the original homeostatic set point (Thiele-Bruhn, 2005). This effect can be attributed to
hormesis or cryptic growth. Hormesis is defined as a biphasic dose—response phenomenon with low-dose
stimulation and high-dose inhibition and results from a reparative process that slightly overshoots the origi-
nal homeostatic set point, leading to the low-dose stimulatory response (Calabrese, 2008). It replaces the
previous interpretation by the Arndt-Schulz effect that largely related such impact to homeopathic activities
of compounds (Henschler, 2006). Cryptic growth occurs when parts of a mixed population are affected by a
toxic impact and others can profit from it indirectly or even directly by utilizing lytic products as carbon,
energy, or other nutrient sources (Chapman and Gray, 1986). Independent from the specific cause, low-dose
activations by compounds or mixtures thereof with known adverse mode of action should not be misinter-
preted as a positive effect on (soil) organisms (Malkomes, 1988).

Compared to clinical research and studies on aquatic environments, much less research was done on toxic
effects of antibiotic mixtures on soil organisms. Studies found in the literature are reported in the following:
A binary combination of chlortetracycline and sulfadiazine resulted in a synergistically increased effect on
soil microbial Fe(lll) reduction (Figure 12). The isolines deviate to the left from the 1:1 line, which is described
as Loewe superadditivity. A synergistically increased effect was expected because tetracyclines and sulfona-
mides both are bacteriostatic but have different modes of action. The lowest combined EC50 concentrations
of chlortetracycline and sulfadiazine were 8 umol/kg soil, while of the single compounds 10 and 97 umol/kg
were necessary to cause the same effect (Thiele-Bruhn, 2005; Thiele-Bruhn, 2015). It might be additionally
noted that the bending of the curves of ECso and less at low contents of chlortetracycline and of the EC10
curve also at low contents of sulfadiazine are ascribed to an increase of the measured parameter at low-
doses and was interpreted as hormesis and cryptic growth (Thiele-Bruhn, 2005; Thiele-Bruhn, 2015).
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Figure 12: Isobologram of the effect of binary mixtures of chlortetracycline (CTC) and sulfadiazine
(SDZ) on the microbial Fe(lll) reduction in the Ap horizon of a Retisol.

Lines show concentration combinations causing the indicated effect level.
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Source: Thiele-Bruhn (2015).

Cleary et al. (2016) added annually a mixture of the veterinary antibiotics tylosin, sulfamethazine and chlor-
tetracycline to soil and after 10 years they investigated the effect on the soil bacterial composition by 16S
rRNA gene sequencing. Significant alterations in the microbial community structural composition were iden-
tified. From 19 significantly (p< 0.05) affected operational taxonomic units (OTUs) identified, 16 were of the
class Proteobacteria and their abundance was decreased compared to the control soils. Only one OTU, of the
class Cyanobacteria, was shown to increase in abundance significantly; which is a bit surprising because this
bacterial class is known for its susceptibility against antibiotics. Additionally, an increase in integron preva-
lence was determined. The authors conclude that these changes may represent a strong selective pressure
on these taxa (Cleary et al., 2016).

Effects on microbial functions were demonstrated by David et al. (2016). Impacts of single compounds and
mixtures of antibiotics from the four classes tetracyclines, sulfonamides, macrolides and fluoroquinolones
on potential nitrification and denitrification of soil microbial communities were tested. Many mixtures of
antibiotics from different classes, and thus with different modes of action, showed effects that deviated from
those of the single compounds and were best predicted by the independent action concept. This went along
with decreases in the abundance of several microbial groups related to the two functions potential nitrifica-
tion and denitrification (David et al., 2016).

A combined contamination of soil with tetracycline, ciprofloxacin and sulfamonomethoxine yielded a sub-
stantially higher increase of the community level physiological profile (increase to 512% of control) compared
to the samples that were contaminated with the single compounds (increase to 110 to 231%) (Ma et al.,
2014). It must be noted, however, that the mixture contained 3x100 mg/kg while single antibiotics were
added to soil at 1x100 mg/kg (Table 16). The mixture resulted in stronger accumulation of NO3-N compared
to soil contaminated with the single compounds, which was interpreted as an impact on the microbial N-
cycling (Ma et al., 2014). This was further confirmed by stronger effects of the mixture on six functional genes
covering the whole soil nitrogen turnover, i.e. chiA (ammonification), amoA (nitrification), nifH (N,-fixation),
nirK and nirS (denitrification) as well as narG (nitrite formation) (Ma et al., 2014).

Equal mass mixtures of three sulfonamide antibiotics, i.e. sulfadimethoxine, sulfamethoxazole, and sulfame-
thazine were tested at total concentrations of all three antibiotics of 0.9 to 900 mg/kg. Activities of urease
and dehydrogenase enzymes as well as of the microbial biomass were reduced and a relative community
shift towards gram-negative bacteria and towards fungi was determined (Gutiérrez et al., 2010).
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When the earthworm Eisenia fetida was exposed to the individual tetracycline antibiotics tetracycline and
chlortetracycline a dose-dependent, significant DNA damage in earthworm coelomocytes was observed
(Dong et al., 2011). The combination of both antibiotics, however, resulted in slight antagonism at the maxi-
mum dose of 300 mg/L.

Not only combinations of several antibiotic compounds but also mixtures of antibiotics and other chemicals
can exert different mixture toxicity. A contamination of agricultural soil with mixtures of antibiotics and other
agrochemicals is rather the rule than the exemption (see sections 3 and 4). Pesticides, other non-antibiotic
pharmaceuticals as well as heavy metals such as Cu and Zn enter agricultural soils through their use as agro-
chemicals or as contaminants in biosolids used as fertilizer and in untreated waste water used for irrigation
(Blume et al., 2011; Jensen et al., 2016)

Various clinical and environmental studies found that copper (Cu) as well as other metals enhance the effects
of antibiotics on soil microorganisms. An increased antibiotic effect on soil microorganisms (Biolog method)
in the presence of Cu was reported for oxytetracycline (Kong et al., 2006). In another study, the interaction
of the veterinary antibiotic sulfamethoxazole and Cu on soil microbial community composition and functions
was investigated in a short-term microcosm experiment (Liu et al., 2016). Clear dose-dependent effects of
sulfamethoxazole on microbial biomass and basal respiration were determined, and it was found that the
interaction of sulfamethoxazole and Cu synergistically amplified adverse effects of sulfamethoxazole. This
applied to the reduction of the soil microbial and especially bacterial biomass, structural composition as iden-
tified by phospholipid fatty acids analysis, and enzymatic functions (e.g., B-glucosidase, urease, protease) (Liu
et al., 2016). The same applies to the antibiotics chloramphenicol, nalidixic acid, sulfanilamide, and tetracy-
cline whose effective concentrations of 50% inhibition (ECso) of bacterial growth increased up two fourfold
in Cu contaminated soil compared to control soil (Berg et al., 2010). Yet, no such effect was found for ampi-
cillin, olaquindox, and streptomycin.

Also altered effects on soil faunal species arise from the mixture of Cu and other heavy metals with antibiot-
ics. The mixture effect of a combination of Cu and carbendazim on the soil nematode Caenorhabditis elegans
was best described by the independent action model as well as by the additive reference model, despite the
different modes of action (Jonker et al., 2004). This emphasizes the vagueness when conclusions with respect
to modes of action are drawn from a model fit (Jonker et al., 2004). It is noted that carbendazim is used as a
fungicide and not as an antibiotic, but due to molecular similarities to benzimidazoles, it has potential anti-
mitotic (impeding the process of cell division) and antineoplastic (tumor inhibiting) activities. Combined con-
tamination of soil with oxytetracycline and lead (Pb) affects lysosomal membrane stability and coelomocyte
apoptosis of earthworm (Gao et al., 2014). The mixture of both exerted a combined effect that was synergis-
tic at lower concentrations but antagonistic at higher concentrations of oxytetracycline and Pb. Furthermore,
the joint toxicity of OTC and Pb decreased significantly with increasing OTC concentration (Gao et al., 2014),
which again emphasizes the strong influence of the concentration of the individual compounds on the overall
effect of the contaminant mixture, which substantially hinders a prognosis of effects.

Not only soil organisms but also plants are differently affected by mixtures compared to individual contami-
nants. A mixture of sulfamonomethoxine and cadmium (Cd) synergistically increased the effect on seed ger-
mination rate and especially shoot/root elongation of wheat (Triticum aestivum) and tomato (Solanum lyco-
persicum); again, the combined effect of the mixture varied with the (relative) concentrations of the two
individual compounds (Jin et al., 2010). In contrast, a mixture of sulfadiazine and Cu showed an antagonisti-
cally reduced toxicity to wheat seedlings (growth, hydrogen peroxide, malondialdehyde, antioxidant enzyme
activities) compared to the individual sulfadiazine and Cu alone (Xu et al., 2017b).

Chen et al. (2011) investigated single and joint toxicity of chloramphenicol and Hg acting on wheat (Triticum
aestivum L.), Chinese cabbage (Brassica campestris L.) and corn (Zea mays L.). The results showed positive
correlations between root elongation inhibition of three plants and concentrations of pollutants added to
soil (p<0.01) in the test concentration range. In terms of root elongation, wheat was the most sensitive to
toxicity of chloramphenicol with an IC50 (concentration when 50% plants show inhibition) value as high as
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26.8 mg/kg and also was the most sensitive one to the toxicity of Hg with the IC50 value as high as
300.8 mg/kg. The toxicity of chloramphenicol to the plants is stronger than that of Hg. Chloramphenicol and
Hg had an antagonistic effect on the inhibition of root elongation of the three plants when the concentration
of added Hg reached 30 mg/kg. Chloramphenicol and Hg had significantly synergistic effects on the inhibition
of root elongation when Hg concentration was up to 200 mg/kg.

Also mixtures of pharmaceutical antibiotics with other organic contaminants lead to mixture toxicity. Com-
binations of the fungicide carbendazim and the antibiotic chloramphenicol (i) increased the inhibitory effect
of carbendazim on the fungal:bacterial ratio, (ii) amplified the inhibitory effect of chloramphenicol on neutral
phosphatase, and (iii) chloramphenicol partially diminished the increasing effect of carbendazim on soil cat-
alase and urease activities (Yan et al., 2011). Also a combination of carbendazim and the antibiotic chlortet-
racycline had a stronger inhibitory effect on the average well color development (AWCD) in the Biolog ECO
microplate test for community level physiological profiling (Fang et al., 2016).

Furthermore, the toxicity of microcystins, which toxins are produced by aquatic cyanobacteria, was investi-
gated in combination with the antibiotics spiramycin and amoxicillin, using the bacterial luminescence test
(Liu et al., 2012). After seven-day exposure to mixtures of microcycstins and the antibiotics, spiramycin-
treated algal media and amoxicillin-treated algal media showed significantly (p<0.05) lower and higher inhi-
bition on the luminescence of Photobacterium phosphoreum, respectively, compared with the untreated al-
gal medium. It was concluded that the toxicity of microcystins was alleviated by spiramycin but enhanced by
amoxicillin (Liu et al., 2012).

A complex mixture of the antibiotic sulfamethoxazole with other pharmaceuticals (propranolol, carbamaze-
pine, ibuprofen, diclofenac) yielded an effect on luminescent bacteria (Vibrio fischeri) that was best decribed
by the concentration additivity model (von Kanel, 2002). Yet, the slope of the experimental dose response
curve was clearly steeper than reflected by the model.

The uptake of antibiotics by higher organisms can vary, when different chemicals interact with each other.
Examples given by Calabrese (1991) are the reduced uptake of the aminoglycoside neomycin in the presence
of the antibiotic penicillin V as well as of the cardiac pharmaceutical digoxin, while uptake of tetracycline and
pivamicillin is increased in the presence of the antiemetic pharmaceutical metoclopramine. However, these
reports are not specific for soil organisms so that it remains unclear in how far they can be applied to soil.

Combinatory effects of antibiotic and pollutant mixtures might be further modulated by the addition of or-
ganic fertilizer such as manure, slurry or sludge (Thiele-Bruhn, 2003b). As is documented in chapter 3, these
organic substrates may contain various contaminants such as pharmaceuticals, agrochemicals and heavy
metals and are the typical entry pathway for antibiotics into the soil environment. The content and quality
of the organic waste material added to soil that serves at the same time as a nutrient substrate for soil biota
may also significantly modify the antibiotic effect (Hammesfahr et al., 2011a; Hammesfahr et al., 2011b).
However, no respective studies have been published regarding the effects of mixtures of antibiotics.

In total, this overview on published findings on mixture toxicity of antibiotics in soil clearly shows that the
level of knowledge is rather fragmentary and far from a systematic understanding of the processes and fac-
tors of mixture toxicity. Anyhow, it makes clear that effects of antibiotic mixtures occur and are different
from those of single contaminants. They can be varied by basic factors such as concentrations and other
influences such as soil organic matter or additional contaminants. This strong variation may explain why in
part even contradicting results are found in reports, e.g. antagonistic effects of a mixture in one and syner-
gistic effects in another publication.
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4.2 Effects of mixtures of antibiotics and/or other compounds on antibiotic re-
sistance of microorganisms

The formation and mid-term establishment of increased resistance levels measured as higher abundance of
antibiotic resistance genes in soils after application of antibiotics has been frequently determined (Agga et
al., 2015; Binh et al., 2007; Byrne-Bailey et al., 2009; Chee-Sanford et al., 2001; Qiao et al., 2018; Williams-
Nguyen et al., 2016). This is due to the survival and transfer with manure to soil of intestinal bacteria with
increased resistance level and/or the building up of a higher resistance level in environmental bacteria under
the impact of antibiotic contamination (Schmitt et al., 2017). Clear relations with the antibiotic load in soil
have been found (Heuer et al., 2011a; Heuer et al., 2011b; Wang et al., 2016). The multiple effects of mixed
contaminations are of specific relevance for the development of resistance in the environment. Cross re-
sistance and multiple resistance are well known and especially a problem for the use of antibiotics in human
and veterinary medicine (see chapter 1.1).

Figure 13: Schematic representation of growth rates as a function of antibiotic concentration.

Green area indicates a concentration interval where the susceptible strain (blue line) will outcompete the resistant
strain (red line). Orange (sub-MIC selective window) and red (traditional mutant selective window) indicate
concentration intervals where the resistant strain will outcompete the susceptible strain. MICsusc = minimal inhibitory
concentration of the susceptible strain, MICres = minimal inhibitory concentration of the resistant strain and MSC =
minimal selective concentration.
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Source: Figure and text from Gullberg et al. (2011) doi: 10.1371/journal.ppat.1002158.g001, open access.

The selection of resistant bacteria occurs especially at low antibiotic concentrations, typically below the min-
imal inhibitory concentration (MIC) (Gullberg et al., 2011). This is depicted in Figure 13 as the ‘Sub-MIC se-
lective window’. It was shown on example of three clinically important antibiotics that pharmaceutical con-
centrations up to several hundred-fold below the MIC of susceptible bacteria could enrich resistant bacteria.
De novo mutants can be selected at sub-MIC concentrations of antibiotics. This suggests that the low antibi-
otic concentrations found in many natural environments are important for enrichment and maintenance of
resistance in bacterial populations (Gullberg et al., 2011).

Synergistic combinations can even lead to stronger and also faster resistance development compared to
that in the presence of single antibiotics (Hegreness et al., 2008). A combination of tetracycline, sulfa-
monomethoxine and ciprofloxacin added to soil led within 7 and 20 d to 1.7 to 11fold higher abundance of
sulfamonomethoxine and ciprofloxacin resistant bacteria but not to increased tetracycline resistant bacteria
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compared to control soils contaminated with the single compounds (Ma et al., 2014). In contrast, antagonistic
pharmaceutical combinations lead to slower resistance evolution than synergistic ones (Hegreness et al.,
2008; Singh and Yeh, 2017). However, this does not mean that resistance formation is fully inhibited by an-
tagonistic pharmaceutical mixtures.

Also metals such as Cu, Zn, Cd and Hg exert antimicrobial effects and can promote a co-selection for anti-
biotic resistance (Baker-Austin et al., 2006; Seiler and Berendonk, 2012). The release of such metals and of
pharmaceutical antibiotics into the (soil) environment in the course of agricultural activities may result in a
combined selection and co-selection of antimicrobial resistant bacteria, which even makes agricultural soils
hot-spots of the formation of antibiotic resistance in the environment (Seiler and Berendonk, 2012). This is
confirmed by other studies. High exposure of soil bacteria to Cu selects for Cu-tolerant bacterial communities
and at the same time co-selects for an increased community-level tolerance to tetracycline and vancomycin
(Berg et al., 2010). Furthermore, the frequency of resistance to the antibiotics ampicillin, chloramphenicol,
nalidixic acid, olaquindox, streptomycin, sulfanilamide, and tetracycline was up to twofold and for most com-
pounds significantly increased in Cu contaminated soil compared to control soil (Berg et al., 2010). Such co-
selection of antibiotic resistance or co-tolerance against antibiotics in the presence of Cu contamination of
soil was also reported for other antibiotics such as tylosin and triclosan (Gielen et al., 2016; Liu et al., 2017a).
The abundance of individual antibiotic resistance genes and heavy metal resistance genes was found to be
positively correlated (Xu et al., 2017a). Yet, again, also these interactions among compounds are modulated
by the soil properties and co-selection of resistance might be absent in fine-textured soil as was found for
Cu/triclosan and Zn/triclosan mixtures (Gielen et al., 2016), while in other studies an increased susceptibility
to antibiotics (here vancomycin) in the presence of Cu in soil was reported (Wakelin et al., 2014).

It is not surprising that, together with the occurrence of mixed contaminations including antibiotics in agri-
cultural soils, also different antibiotic resistance genes are abundant in these soils. Resistance genes against
different classes of antibiotics and encoding different modes of action, e.g. ribosomal protection proteins,
efflux pump proteins, antibiotic deactivation, are frequently found altogether in contaminated soils (Herrick
et al., 2014; Wang et al., 2016; Zhu et al., 2013). All field studies targeting antibiotic resistance levels and
diversity in soils consistently show that soil contamination with pharmaceutical antibiotics (and excreta such
as manure or sewage sludge) significantly increases at least on a mid-term the abundance of genes encoding
for resistance against classes of antibiotics such as R-lactams, tetracyclines, erythromycin, aminoglycoside,
macrolides, and sulfonamides (Agga et al., 2015; Heuer et al., 2011a; Knapp et al., 2010; Marti et al., 2013).
Between 20 and more than 90 individual antibiotic resistance genes were discovered in single Chinese field
sites (Zhu et al., 2013). The emergence of such numerous resistance genes results among others from mixed
contaminations with antibiotics and heavy metals such as Cu, both can also co-select for resistance against
other classes of antibiotics (Dang et al., 2006; Seiler and Berendonk, 2012).

Especially the altered and mostly increased formation of antibiotic resistance in contaminated soils and the
risk that this large scale environmental contamination will directly or indirectly affect human and animal
health via different routes are overriding problems (Westphal-Settele et al., 2018). This is further aggravated
by the widespread contamination of the environment not only with single compounds but with mixtures of
antibiotics as well as other chemicals. However, the state of knowledge is still incomplete and inconsistent
so that the derivation of predicted no effect concentrations (PNEC) triggering increased abundance of micro-
bial resistance genes in the soil environment is actually not feasible (Schonfeld et al., 2017).
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5 Properties and conditions influencing the effects of antibiotics and
mixtures

All toxic effects are time-dependent. This especially applies to bacteriostatic antibiotics that affect microbial
growth. Hardly any acute effects can be expected (Schmitt et al., 2005; Thiele-Bruhn and Beck, 2005) but
adverse effects increase over timescales of days and weeks before they decline again towards the original
status (Chessa et al., 2016; Hammesfahr, 2011; Zielezny et al., 2006). Time dependence can be described by
the empirically measured time dependence of toxic effects (TDT) (Dawson et al., 2014) and is calculated as:
TDT = ECxt1 — ECx12 / (ECt1 X fr1t2)

with ECyt, being the contaminant concentration, causing a reduction of the tested parameter by x% deter-
mined after a time y (e.g. days), and the time factor fu1.1», representing the quotient of different times t1/t2
(d/d) after which toxic effects have been measured (Dawson et al., 2014). This was tested for single (yet non-
antibiotic) organic compounds and 25 sham (mix of compounds with similar mode of action) and 125 true
combinations. Mixture TDT was well-predicted simply by averaging the TDT values of the individual compo-
nents of binary mixtures (Dawson et al., 2014). Yet, this finding requires further confirmation, especially be-
cause it was only determined for acute (short-term) toxicity in aquatic test systems. Antibiotic effects in the
soil environment much more result in mid- to long-term effects well beyond the life span of generations of
soil microorganisms and small soil faunal species. Anyhow, TDT derived from single compounds might be
used as a first estimate of the time-dependent effects of mixture toxicity. Based on the existing studies (see
chapter 5.1) it can be assumed that synergistic combinations will have a prolonged effect duration (smaller
TDT) while antagonistic combinations will have a reduced duration of effect (larger TDT).

In studies with aquatic microcosms, mixtures of antibiotics differently affected the pH of the solution (Guo
et al., 2016). Shifts in pH can alter the speciation of antibiotics, depending on their acid dissociation constant
(pKa), and thus their fate in the environment and uptake into organisms (Tappe et al., 2008; Thiele-Bruhn,
2004; Zarfl et al., 2007). However, measurable changes in pH of typically well-buffered soils due to a contam-
ination with micropollutants are unlikely.

Especially for tetracycline antibiotics it is known that they interact with divalent ions, forming chelate com-
plexes (Oka et al., 2000). This may even lead to nutrient (Ca) deficiency of specific plants when they grow in
heavily tetracycline contaminated soil as was shown by Batchelder (1981) and Batchelder (1982) in experi-
ments with Phaseolus vulgaris plants. It is assumed that this indirect adverse effect of tetracyclines can be
overcome by fertilization of the respective nutrient. The interaction of antibiotic and nutrient can be under-
stood as an antagonistic mixed effect.

Not only interactions among different toxic chemicals but also interactions with other boundary conditions
may add to a mixed effect in the environment. These are parameters that affect the fitness of the biota or -
in other words — that cause additional stress for the organisms, such as heat or frost, drought or excess of
water combined with oxygen depletion, starvation or nutrient substrate supply, and pathogens or predators.
Holmstrup et al. (2010) reviewed 150 studies on the topic many of which dealing also with terrestrial, faunal
species including soil organisms, i.e. earthworms, springtails and various insects. However, the researched
studies did not cover (i) microorganisms, (ii) antibiotics (but heavy metals, polycyclic aromatic hydrocarbons,
surfactants and pesticides), and (iii) mixtures of chemicals. Anyway, this review and a second study clearly
showed that environmental stress mostly leads to an increased adverse effect of chemicals which the authors
termed as synergism (Holmstrup et al., 2010; Laskowski et al., 2010). In 59.3 to 79.5% of all cases, an in-
creased toxic effect of the regarded pollutant was determined under additional environmental stress (Figure
14). Synergism especially occurred in the case of heat stress. In contrast, only few cases were reported that
showed a reduced toxic effect of the pollutant (antagonism) in the case of heat, cold and O, depletion.
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Figure 14: Interacting influence (antagonistic, none, synergistic) of boundary conditions on the toxic
effects of chemicals (heavy metals, polycyclic aromatic hydrocarbons, surfactants and
pesticides) on faunal species.

Data compiled from 150 published studies.
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Source: Figure redrawn from Holmstrup et al. (2010), modified.

The impact of organic nutrient substrates such as manure on the effects of pharmaceuticals on soil micro-
organisms was reported by Hammesfahr et al. (2008). It was shown that antibiotic effects of sulfadiazine
disproportionally increased with incremental liquid manure addition (Hammesfahr et al., 2011a). Impacts of
manure even varied depending on whether fresh or stored (6 months) manure was used (Hammesfahr et al.,
2011b) and occurred although extractable amounts of sulfadiazine declined with increasing liquid manure
application. It must be stated that other combinations of manure and antibiotics increased the mobility of
the antibiotics (Thiele-Bruhn and Aust, 2004; Zhou et al., 2016), which will most likely contribute to an in-
creased effect as available (effective) concentrations increase.

However, the effect of non-contaminant impacts such as nutrient status and environmental stressors on the
mixture toxicity of combined contaminations has hardly been tested and no such publications related to
mixed antibiotics have been found with this literature research. It is assumed that the total effect of a con-
taminant mixture increases or decreases, as it was reported for single contaminants interacting with envi-
ronmental stressors. Yet, no change in the type of the interacting effect (e.g. synergism, antagonism) of mixed
chemicals is expected, unless the physicochemical properties and bioavailability (effective concentration) of
one chemical changes substantially, e.g. through temperature increase. For example, the combined, syner-
gistic effect of Cu and cyanobacterium Microcystis aeruginosa on Daphnia magna was not affected by tem-
perature and total food concentration (Hochmuth et al., 2016).
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6 Effects of mixtures of antibiotics and other pollutants on the fate in
soil

Mixtures of chemicals in soil may not only exert effects on biota that are different to those of single sub-
stances, but also the fate of chemicals may be different in mixtures. This applies for the ad- and desorption
as well as for the dissipation encompassing the sub-processes of immobilization and degradation. Sorption
and degradation are two processes that largely define the fate of chemicals in soil. Significantly altered sorp-
tion and/or degradation of a compound in a mixture compared to the single substance will feed back on the
effects. Consequently, determining overall rules of joint toxicity of a given antibiotic mixture is even more
complicated for soils than for aquatic environments, where the dissolved phase largely dominates while the
solid phase and sorption to it are less prominent.

Effects on sorption and immobilization

Antibiotics are differently retarded in soils, which can be read from sorption coefficients. Differences largely
depend on the structural class with smaller variation among individual compounds within an antibiotic class
(Wang and Wang, 2015; Wegst-Uhrich et al., 2014). Examples are given in Table 19 in the Appendix. Averaged
sorption coefficients (Kq; L/kg), taken from the review of Thiele-Bruhn (2003b) decline in the sequence FQs
(7000) > TCs (850) > lipoglycosides (90) = macrolides (80) = polypeptides (80) > SAs (4) > quinoxaline deriva-
tives (1). The sequence shows that antibiotics from some structural classes exhibit rather low sorption coef-
ficients. Consequently, there is a higher risk that these antibiotics are translocated in soil and may contami-
nate groundwater (Aust et al., 2010; Balzer et al., 2016; Hamscher, 2007; Hoper et al., 2007). Sorption further
varies with the pH-dependent speciation of the antibiotics. Compared to the sorption of the neutral species,
it typically increases with the proportion of cationic species. On the other hand, sorption slightly declines
with the increasing formation of anionic species (Figueroa-Diva et al., 2010; ter Laak et al., 2006b; Vasudevan
et al., 2009). The formation of charged species depends on the pH of the soil and the acid dissociation con-
stant (pKa) of the specific antibiotic, resulting in the increased formation of cationic species at lower pH and
of anionic species at higher pH. Among the different mechanisms responsible for the sorption of organic
chemicals in soil, especially specific sorption mechanisms contribute to the sorption of antibiotics (Figueroa-
Diva et al., 2010; Schwarz et al., 2012; Thiele-Bruhn et al., 2004; Wang and Wang, 2015). Consequently, it
must be assumed that different individual antibiotic compounds compete for such specific sorption sites.

Competitive sorption among antibiotics from the same structural class has been reported, e.g. by Ahmed
et al. (2017) and Conkle et al. (2010), who focused on the competition between several sulfonamides among
each other, and of the fluoroquinolones ciprofloxacin, norfloxacin and ofloxacin, respectively. Results show
a strongly reduced retardation in soil of antibiotics, whereby sorption competition increases with increasing
concentrations. Resulting sorption coefficients were about 1/3 to 2/3 lower than for the single compounds
(Ahmed et al., 2017; Conkle et al., 2010). It is concluded that sorption competition will especially occur with
mixtures of antibiotics from the same compound class, competing for the same sorption sites in soil. Corre-
spondingly, apparent sorption, being a combination of immobilization and degradation, and its temporal dy-
namics are substantially higher and faster, respectively, for a single sulfonamide compared to a mixture of
three sulfonamides (Figure 15, left; Thiele-Bruhn, 2015).

There are also examples for sorption competition among antibiotics from different structural classes. One
example is illustrated in Figure 15. It shows considerable sorption competition between sulfonamide antibi-
otics and the synergist trimethoprim (Thiele-Bruhn, 2015). Competition is clearly concentration dependent
and results in lowest K4 values that equal 1/4 or less of the K4 of the single compound (Figure 15, left). Hence,
mobility and bioavailability of these antibiotics is increased, which will contribute to the synergistically
stronger effect of the antibiotic mixture. Liu et al. (2017b) demonstrated the sorption competition between
the fluoroquinolone ciprofloxacin and the sulfonamide sulfamethoxazole, whereby ciprofloxacin was a
stronger competitor to sulfamethoxazole than vice versa.
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On the other hand, an antagonistic increase of the sorption of sulfamethoxazole in the presence of trime-
thoprim was found that was attributed to an elimination of repulsion between negatively charged molecules
and particle surfaces due to cation sorption on soil particles (Koc¢arek et al., 2016). This contrasting result
might be due to the dependence of sorption competition on the speciation and charge of the most often
ionizing antibiotics. Competition between largely anionic sulfamethazine and trimethoprim resulted in con-
siderably decreased sorption of sulfamethazine in neutral soil, while competition was negligible for the neu-
tral antibiotic species in acidic soil (Peng et al., 2015).

All in all, it can be stated that sorption competition especially occurs among antibiotics from the same struc-
tural class, where single compounds compete for the same sorption sites (Ahmed et al., 2017). For com-
pounds from different antibiotic classes, competitive sorption is largely restricted to the high concentration
range, when specific high-energy sorption sites are already occupied and compounds compete for low-en-
ergy, unspecific sorption sites (Conkle et al., 2010).

Sorption competition may also occur between antibiotics and other organic contaminants. For example, sorp-
tion competition between antibiotics and non-antibiotic pharmaceuticals from different compound classes
was reported, i.e. competition between trimethoprim, carbamazepine and atenolol (Kocarek et al., 2016). In
the same study, an antagonistic increase of the sorption of sulfamethoxazole in the presence of atenolol and
trimethoprim was found that was attributed to an elimination of repulsion between negatively charged mol-
ecules and particle surfaces due to cation sorption on soil particles (Kocarek et al., 2016). The fungicide car-
bendazim (benzimidazoles) affects the fate of the antibiotic chloramphenicol (fenicol antibiotics). In another
study it was shown that sorption of sulfamethoxazole was reduced by the concurrent sorption of the surfac-
tant linear alkylbenzene sulfonate (LAS) (Carrillo et al., 2016). However, this was only found for one soil with
low soil organic matter content and no effect on ciprofloxacin sorption was determined (Carrillo et al., 2016).
Combinations of surfactants and antibiotics typically derive from wastewater application to soil (Siemens et
al., 2008).

Figure 15: (Left) Immobilization (represented by the apparent sorption coefficient K4') of sulfametha-
zine (SMZ) as single compound (single) and in an equimolar ternary mixture (Mix) with sul-
fadiazine (SDZ) and sulfadimethoxine (SDT) in biologically active and sterile topsoil, respec-
tively. (Right) Alteration of sorption coefficient Ky of trimethoprim (Tri), SDT and SMZ ap-
plied at 10 umol/L in the presence of different concentrations of SDZ.
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Source: Figure from Thiele-Bruhn (2015).
A mixed effect on sorption is not only restricted to the competitive sorption among antibiotics but also ap-

plies to the competition between antibiotics and natural organic matter as well as the interactions with
nutrient ions and other metal ions. Dissolved organic matter (DOM) has strong impacts on the sorption of
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antibiotics in soil. The DOM is either derived from soil or from soil amendment with organic waste material
(manure, sewage sludge etc.) that is especially rich in DOM (Aust et al., 2009). Soil batch and column experi-
ments showed that especially antibiotics that are only weakly retarded in soil such as sulfonamides are sig-
nificantly mobilized by DOM (Boxall et al., 2002; Hou et al., 2010; Thiele-Bruhn and Aust, 2004). In compari-
son, impacts of DOM are much less on strongly sorbing antibiotics such as tetracyclines (Arenz-Leufen, 2012).
However, also increased immobilization of antibiotics was found which can be explained by (i) the specific
interplay between individual soils and manure materials (Aust, 2010), (ii) the impact of particulate material
within the heterogeneous mixtures of organic waste materials (Aust et al., 2009), (ii) effects on pH and ion
content of the soil (Aust, 2010), and (iii) the filtration of colloidal material in soil (Zhou et al., 2016). The
influence of organic waste material and especially of DOM originating therefrom on the retardation and mo-
bility of antibiotics in field soils was proven in different studies (Blackwell et al., 2009; Kreuzig and Hdltge,
2005; Zhang et al., 2014).

Antibiotics and nutrient ions as well as heavy metals often coexist in soils due to land application of animal
wastes and other sources of inputs (Xu et al., 2015). The presence of multivalent metal (Me) cations such as
Ca?* and Cu?* typically enhances the sorption of antibiotics such as sulfonamides in slightly acidic and higher-
pH soil (Xu et al., 2015). The sorption promoting effect increases with pH and is explained with the formation
of cation bridges of the type sulfonamide-Me?**-soil that are especially abundant in high-pH soil where anti-
biotics form anionic species. In contrast, no or even sorption inhibiting effects were found in acidic soils (Liu
et al., 2017c), where largely cation species of the antibiotics exist. These compete with the metal cations for
the same ion exchange sites (Pei et al., 2014). Also, soil sorption of tylosin (having a pKa of 7.7 so that it
largely occurs in soil as neutral molecule) is suppressed by Ca?* and Al** over the whole soil pH range tested
(Pei et al., 2014). In summary this clearly shows that the impact of metal cations on antibiotic sorption de-
pends on the antibiotic species occurring at the specific soil pH, with sorption of cationic species being re-
duced, that of neutral species being slightly reduced or unaffected, and that of anionic species being in-
creased by metal cations. Furthermore, the effect of metal cations depends on concentrations and is largely
restricted to higher concentrations of both, antibiotics and metal cations. At low concentrations both sorb to
specific, high-energy sorption sites while only at high concentrations competition for low-energy, electro-
static attraction sorption sites occurs (Wu et al., 2014).

Also, phosphate is known to compete with antibiotics for sorption sites, which especially applies in soils
with higher pH at which several antibiotics exist as anionic species. Such sorption competition was reported
for phosphate and tetracycline (Munira and Farenhorst, 2017; Wang et al., 2010). Own results indicate that
this applies not only to tetracyclines but also to sulfonamides (sulfamethazine), quinolones (ciprofloxacin),
and fenicols (florfenicol) (Ngigi and Thiele-Bruhn, unpublished results).

Effects on dissipation

The dissipation of organic chemicals in soil is a somewhat vague term. It includes two processes, i.e. immo-
bilization and degradation of chemicals, without precise assignment to one or the other process. It must be
noted that in many studies no clear distinction between these processes has been done, even when it is
stated that solely degradation or biodegradation had been investigated. Studies working with isotope la-
belled tracer compounds show that the true degradation of antibiotics through mineralization accounts for
only a few percent of the initial content (Heise et al., 2006; Kreuzig et al., 2007; Kreuzig and Hdltge, 2005;
Kreuzig et al., 2003; Schmidt et al., 2008), while the formation of covalently bond residues is more important
(Forster et al., 2008; Schwarz et al., 2015; Stoob et al., 2006). In comparison, the immobilization of antibiotics
in soil and manure through strong, yet principally reversible sorption mechanisms is quantitatively much
more relevant and faster (Mdiller et al., 2012; Stoob et al., 2007; Thiele-Bruhn and Peters, 2007). Additionally,
transformation of antibiotics can lead to metabolites that are also antibiotic active. For example, Zhang et al.
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(2017) showed that sulfonamides are degraded in soil to different transformation products including oxi-
dated compounds that are more toxic than the parent compound. The FQs ciprofloxacin and norfloxacin were
detected as microbial biodegradation intermediates of enrofloxacin (Alexandrino et al., 2017).

Dissipation of antibiotics in manure: Although it is well known that mixed contaminations with antibiotics
occur in manure (see section 3.1) hardly any publications could be identified through this literature research
that deal with the dissipation of mixed antibiotics’ contaminations in manure. The published studies focus
on single compounds that were typically spiked to manure samples of different origin. In manure and related
substrates such as sewage sludge, both immobilization of antibiotics through strong sorption (Kahle and
Stamm, 2007; Thiele-Bruhn and Aust, 2004) as well as degradation with formation of various metabolites
(Lamshoft et al., 2010; Wetzstein et al., 2006; Wetzstein et al., 1998) occur. Dissipation half-lives in manure
vary between antibiotics of different structural classes, while the variation among antibiotics of the same
structural class is much less. Reported half-lives (d) were compiled by Schmitt et al. (2017) and are in the
following ranges: penicillins (5 d), macrolides (<2-130 d), SAs (<8-64 d), TCs (1-100 d) FQs (100-113 d). How-
ever, the given half-lives in part strongly disagree between authors, e.g. OTC 1 d (Wu et al., 2011) vs. 100 d
(Chee-Sanford et al., 2009). It is assumed that this is — among other influencing factors that might be dissim-
ilar between studies — due to the investigation of dissipation in one study or true and slower (bio)degradation
in the other. A compilation of degradation times of different antibiotics in manure, added as mixed contam-
ination, that was adopted from Berendsen et al. (2018) can be found in Table 21 (Appendix). It must be noted
that many of the dissipation times reported in the literature are rather optimistic, because in most cases they
have been measured at room temperature and at constant (optimum) soil moisture, while substantially lower
and changing temperatures and highly variable moisture (from drought to supersaturation) occur in field
soils. Furthermore, it must be stated that even strong immobilization on solid organic materials in manure
and other organic waste materials is reversible and antibiotics can be released upon degradation of these
organic materials, which will especially happen after addition of the organic waste materials as a fertilizer to
soil.

Keeping in mind that even lowest residual concentrations of antibiotics are able to induce antibiotic re-
sistance or may add up in mixed adverse effects on microbiota (see sections 4.1 and 4.2), it appears that the
disappearance time of 90% of the parent compound (DTg) are even more relevant than degradation half-
lives (DTso). The DTq values of selected antibiotics that were determined by Berendsen et al. (2018) and also
occurred in manure samples (see Table 14, page 60) are depicted in Figure 16. It can be seen that manure
storage times of 3 months (90 d) are insufficient to reach a substantial reduction of the concentration of
fluoroquinolones and of numerous macrolide and tetracycline antibiotics, while substantial reduction of sul-
fonamides can be reached. This agrees with the significant residual concentrations of antibiotics in organic
waste materials and receiving soils (see Table 14 and Table 15, pg. 64).

Dissipation of antibiotics in soil: As it was found for manure and other organic waste materials, most reports
on dissipation of antibiotics in soil are focused on single substances with experiments performed under
standardized laboratory conditions. Compilations of respective results from literature can be found in Thiele-
Bruhn (2003b) (see Table 22, Appendix) and Schmitt et al. (2017). From the publications it can be seen that
dissipation half-lives of antibiotics from the structural classes of B-lactams, macrolides sulfonamides, tetra-
cyclines and quinolones are roughly in the range of 30 d. However, this can vary largely between individual
compounds, soils and investigation conditions. For example, reported half-lives for sulfonamides range from
as low as 3 d (Wang et al., 2006) to up to 139 d (Yang et al., 2009). Furthermore, it has to be noted that as
for manure most of the dissipation is due to immobilization and related formation of non-extractable resi-
dues. Forster et al. (2009) and Rosendahl et al. (2011) showed that this residual fraction degrades much
slower with half-lives of 23-330 d compared to 2-32 d required as DTso for the not immobilized, easily ex-
tractable fraction of sulfadiazine., True mineralization is rather low with less than 1% of the parent compound
within 64 d as was found for example for the sulfonamide sulfamethazine using *C-radiolabelled compounds
(Langhammer et al., 1990). Consequently, residues of antibiotics can be found in soils even years after their
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last application (Aust et al., 2008a; Aust et al., 2010; Schmidt et al., 2008). On the other hand, a slight increase
of degradation rates was found when antibiotics had been repeatedly applied to the same soil (Goulas et al.,
2018). This was related to the adaptation and accumulation of degrading microbial strains in soil. Neverthe-
less, it must be expected that repeated application of antibiotics through the periodic use of contaminated
waste materials as fertilizer leads to the build-up of an apparently constant residue level, balanced between
the input of additional antibiotics and the loss due to degradation and other processes (Hamscher et al.,
2005; Hamscher et al., 2002; Hoper et al., 2002).

Figure 16: Disappearance times of 90% of the parent compound (DTq, d), measured at 20°C, of phar-
maceutical antibiotics that were also detected in organic waste materials used for soil fer-
tilization (see Table 14).
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Independent from that discussion, some reports exist on altered dissipation of antibiotics in soil in the pres-
ence of mixed contaminations. For mixtures of several antibiotics this was already shown in Figure 15-left
(pg. 82), where the immobilization of sulfamethazine as single compound was faster and quantitatively
stronger than in an equimolar ternary mixture with sulfadiazine and sulfadimethoxine. The further effect on
the biodegradation of sulfamethazine became apparent from the parallel investigation of microbial active
soil, in which the additional decline (termed in Figure 15, pg. 82, as apparent sorption) was clearly stronger
for sulfamethazine alone compared to the antibiotic in a mixture with the other two sulfonamides (Thiele-
Bruhn, 2015). The basic causes for these results are the before mentioned sorption competition (see “Effects
on sorption”) and the synergistically increased inhibition of microbial degradation activity by the antibiotic
mixtures. Simple concentration additivity can be ruled out for that experiment because similar molar con-
centrations were tested for the single compound alone and the sum of all three antibiotics in the mixture.
Similar to sorption also the dissipation of antibiotics is affected by multivalent cations such as Cu?*. The
dissipation of sulfadiazine as well as of chlortetracycline in a loam soil was retarded by additional single and
even more repeated application of Cu at a content of 2 g/kg (Liu et al., 2017a; Liu et al., 2012). Dissipation
time (DTso, 25°c) increased from 1.2 days to 3.3 days (single application of Cu) and 5.7 days (repeated applica-
tion of Cu) and from 1.2 days to 1.3 days (single application of Cu) and 1.6 days (repeated application of Cu)
for sulfadiazine and chlortetracycline, respectively (Liu et al., 2017a). These findings were confirmed by stud-
ies of Xu et al. (2015) and Xu et al. (2016) with clear consequences for the antibiotic and toxic effects, respec-
tively, of both compounds on soil microbial activity, biomass and community structure.

A combination of the fungicide carbendazim with the antibiotic chloramphenicol caused little effect on car-
bendazim dissipation, whereas chloramphenicol dissipation was significantly retarded by the presence of
carbendazim (Yan et al., 2011). Similarly, degradation times (DTso) of chlortetracycline in soil were slightly
but significantly decelerated from 10 days to 13 days in the in the presence of carbendazim (Fang et al.,,
2016).

All these examples show that combinations of antibiotics with other naturally occurring compounds and con-
taminants, respectively, may be seen as compound mixtures. These mixtures as well as compound mixtures
in their strict sense, meaning combinations of different antibiotics, can be affected in their chemical fate and
behavior in soil. The altered fate of the antibiotics and antibiotic mixtures will influence their toxic effects in
the soil environment.
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7 Conclusions on consequences for soil functioning and for further re-
search

The existence of mixed contaminations with antibiotics in the soil environment and especially in agricultural
soils is indisputable. As outlined in the previous sections of this report, the annual consumption of antibiotics
is large and constantly increasing; the consumption of antibiotics for human and veterinary medicine in the
EU in 2014 made up 3821 t and 8927 t, respectively (see Table 4, pg. 45). With a major percentage of each
individual antibiotic being released from the medicated organisms in the unchanged active form, substantial
contamination levels are reached in excreta. From the data reported in Table 14 (pg. 60) it can be seen that
mean contents of single compounds are at 130 mg/kg with on average 12 antibiotic compounds detected in
each sample and a total mean concentration of 1300 mg/kg (sum of all antibiotics). Additionally, co-contam-
inants such as Cu and Zn often are found in livestock manure which have been shown to enhance antibiotic
resistance. Fertilizing soils with these substrates results in considerable contaminations. Analyzing the data
listed in Table 15 (pg. 64) it turns out that mean contents of single compounds are at 100 pg/kg with on
average eight antibiotic compounds detected in each sample and a total mean concentration of 1000 ug/kg
(sum of all antibiotics). Furthermore, the retarded degradation of numerous antibiotics and repeated soil
fertilization using contaminated organic waste materials lead to a continuing contamination level (apparent
persistence).

The risks and adverse effects, however, arising from mixed contaminations with antibiotics are largely un-
known and require to be identified, evaluated and regulated. Existing reports on pharmaceutical antibiotics
in the soil environment are largely restricted to effects and fate of single antibiotic compounds. These publi-
cations clearly show the adverse, dose-related effects of single antibiotic compounds on soil microbial com-
munities and activities, and thus on soil functioning (Ding and He, 2010; Grenni et al., 2018; Nesme and
Simonet, 2015; Qiao et al., 2018). At the typical concentration level that is determined in contaminated soil,
these effects are often in the range of lowest to no observable effect levels (LOEC, NOEC), meaning that they
are at the border of being significant or occur only as a trend (see results on effect concentrations and envi-
ronmental concentrations in Table 14, 15 and 16 (pg. 60, 64 and 67). However, this valuation might be dif-
ferent when it is considered that soils are not contaminated with single antibiotics but with a mixture of
several antibiotics, each occurring at a low dose. Research on antibiotic mixtures in soils and usage of antibi-
otic mixtures in medicine clearly shows that effect additivity must be assumed and numerous mixtures even
show a substantial effect amplification. In the sum, resulting effects of mixture toxicity in the soil environ-
ment may have significant adverse impacts on soil organisms.

Because most antibiotics are meant to affect microorganisms and especially bacteria, adverse effects on soil
microorganisms are first of all expected and have been determined. This includes effects on enzymatic activ-
ities, and especially activities within the nitrogen cycle appear to be affected, respiration, biomass as well as
shifts within the community composition (biodiversity) as well as the antibiotic resistance level. Such effects,
even when they are small in a specific soil must be considered because of the superior relevance of microor-
ganisms for soil ecosystem services and functioning. Soil microorganisms are indispensable for cycling of nu-
trients and carbon and carbon sequestration; pest control and plant growth promotion; greenhouse gas
emissions; formation of soil structure affecting soil water, gas balance and filtration function; biodegradation
of pollutants; food web support; and not last the vast contribution to biodiversity and genetic resources
(Ockleford et al., 2017).

The effect on the antibiotic resistance level in soil is especially critical from a human health perspective be-
cause there are strongest indications that the altered resistance level in the soil environment considerably
contributes to health problems associated with the increase of infections of humans by antibiotic-multi-re-
sistant pathogens that cannot be treated with most antibiotic pharmaceuticals (Forsberg et al., 2012; Smith
et al., 2005; Xie et al., 2018).
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However, the current regulatory guidelines of pharmaceuticals do not consider the impact of antibiotic mix-
tures but regard only the risks of single compounds, nor do they consider the impact on antibiotic resistance
formation and spread in the environment.

7.1 Knowledge gaps

A detailed literature review done in this study revealed that, in general, there is a steady increase of the
number of publications on pharmaceuticals and pharmaceutical antibiotics in soils and the environment.
While at the turn of the millennium 1,924 studies on “antibiotics” and “soil” had been published, the number
increased until the end of 2017 to 7,669 publications (Figure 17). While no publications were recorded for
several years between 1935 and 1945, the number of publications grew since then to now >500 publications
per year. The first publications focused on natural antibiosis and the identification of natural antibiotics in
soil, though (Lal, 1939; Metzger et al., 1942). It took until the 1970s that possible environmental problems
related to the massive consumption of antibiotics such as environmental pollution (Strauch, 1974) and in-
creasing resistance levels (Tessi, 1974) were first mentioned.

Especially in the past 20 years, the knowledge on the input, fate and effects of antibiotics in soil, excreta and
organic fertilizers largely expanded. However, the work is still very much focused on specific structural classes
of antibiotics, i.e. tetracyclines and sulfonamides, while the level of knowledge is still fragmentary for classes
such as benzimidazoles, lincosamides and cephalosporins (Table 17). Additionally, many of the 7669 studies
have been published in medicinal journals, where the term ‘soil’ might occur but most often the research
presented is in fact not related to environmental issues. Among the publications researched in Table 17 none

contained the search terms “mixture”, “joint toxicity”, “joint effects”, “binary mixtures”, “ternary mixtures”,
“toxicity interactions” (compare Table 1).

Figure 17: Number of scientific journal articles published in each year from 1935 until April 2018.
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Summary of knowledge gaps on antibiotic mixtures in soil

It must be stated that still many knowledge gaps exist, which is further confirmed by other authors which are
summarized below.

e Reports on the occurrence of antibiotics in environmental substrates such as manure, sewage sludge and
soils are largely limited to compounds from the structural classes of tetracyclines and sulfonamides and
a minor number of reports on fluoroquinolones, macrolides and lincosamides (tukaszewicz et al., 2017).
Respective knowledge on compound classes such as benzimidazoles, quinoxalines, cephalosporins, phe-
noxyphenols, streptogramins and pleuromutilines is substantially lacking.

e The knowledge on the environmental inputs, fate and effects of antibiotics of other structural classes is
fragmented and incomplete or fully missing.

e Even less information is available on the occurrence, composition and concentrations of mixed antibiotic
contaminations as well as their fate in soil.

e Soils are heterogeneous with different soil horizons as macrostructure and aggregates, rhizosphere etc.
as microstructure. The distribution of antibiotics and antibiotic mixtures within soils is largely unknown.

Table 17: Numbers of references since 1935 that investigated structural classes of antibiotics and single
compounds.

Literature search under the search terms “antibiotics” and “soil” that yielded 7669 records on Scopus (search on April
16, 2018). Double entries may occur.

Structural classes Single compounds

Tetracyclines 1040

Sulfonamides 342 | Trimethoprim 217
Macrolides 243

Aminoglycosides 176

Quinolones 1192 | Nalidixic acid 212
Fluoroquinolones 75 | Ciprofloxacin 384
B-Lactams 62 | Penicillin 519
Polyethers 33°

Benzimidazoles 19

Avermectines 11

Quinoxalines 7

Imidazoles 7°¢

Lincosamides

Cephalosporins 2

Phenicols 2

Polypeptides Bacitracin 92
Polychlorinated Triclosan 31
phenoxyphenols

Streptogramins Virginiamycin 28
Pleuromutilines Thiamulin 10

371 of these references also covered “fluoroquinolones”; ® 19 of these references also covered “poly-
ether ionophores”; € one of these references also covered “benzimidazoles”.
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e Other than in the aqueous environment, in soil also the fate of antibiotics can change in the presence of
mixed contaminations, for example through altered (competitive) sorption, which will feed-back on ef-
fects exerted by the antibiotics. However, knowledge on this topic is scarce.

e There are too few data on toxic effects of pharmaceuticals in soil and even less in particular on effects of
mixtures (Backhaus, 2014; Brandt et al., 2015).

e The underlying processes of mixture effects such as antagonism and synergism are only rudimentary
understood. It should be aimed to overcome empirical description but identify (and further model) prin-
ciples. This especially applies to the lacking understanding of the ecological roles of antibiotics in nature
and possible adverse effects of environmental pollution arising from that (Brandt et al., 2015). A long-
term goal will be the development of a systematic approach for unraveling the underlying causes of any
given pharmaceutical interaction (Bollenbach, 2015).

e The existing knowledge on toxic effects of pharmaceuticals in soil (not to speak of mixtures) is based on
a rather broad, non-systematic number of different test methods and endpoints (see Table 16, pg. 67)
that hinders the integration of the existing knowledge. It must be expected that effects and effect con-
centrations largely vary between different tested subjects and endpoints (Jonker et al., 2010).

e In this regard it is further necessary to investigate the factors that influence mixture toxicity such as
number of contaminants, their (relative) concentrations, and environmental conditions such as soil mois-
ture and temperature, chemical and physical soil properties, status and composition of soil (microbial)
community.

e A specific aspect is the time dependence of antibiotic effects (Jonker et al., 2010); especially from mix-
tures, long-term exposure and chronic effects are expected.

e A specific problem in the assessment of toxicity is hormesis. Seemingly positive, because increasing ef-
fects at low doses can be part of a toxicity response and can occur in the presence of pharmaceuticals
(Thiele-Bruhn, 2005) and their mixtures (Backhaus et al., 2011; Zou et al., 2013). It remains unclear how
to valuate a hormetic increase and even more so in the presence of mixtures with single compounds
having different effects in this regard (Vasquez et al., 2014).

e lastly, viable concepts for cumulative exposure assessment strategies need to be developed
(Kortenkamp and Altenburger, 2010).

e All this is flanked by the need for uniform and at best standardized methods to determine total contents
and bioavailable fractions of antibiotics in soil and to reliably determine antibiotic effects on soil organ-
isms. It is assumed that a bioavailable fraction will best represent effect concentrations (see Eq. 1, sec-
tion7.2).

7.2 General approaches and research strategies to tackle mixture toxicity in soil
Systematic research to address mixture toxicity

Systematic research is needed to deal with and to answer the open questions listed in chapter 7.1. It should
be aimed to identify and prove in how far the existing, fragmented and patchy findings can be used and
combined to give a clearer idea of how the overall image looks. Targeted research is needed to find out in
how far research gaps can be bridged by model calculations, which data can be used as surrogate for missing
other information, which factors might be negligible and if necessary to fill major gaps with additional specific
experimental research and data, respectively. It will be the overall goal to come to a practical solution how
the toxicity of antibiotic mixtures in the soil environment can be assessed. Backhaus (2014) stated that for a
holistic, mixture-aware environmental risk assessment of pharmaceuticals at least three interlinked but dis-
tinct purposes have to be tackled: (i) to quantify and assess the hazard and risk that a given pharmaceutical
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mixture poses for the environment; (ii) to predict which pharmaceutical mixtures, in terms of composition
and concentration, can be tolerated at a given site or in a given environmental compartment; (iii) to identify
which compounds are the ecotoxicological drivers at a given site.

Considering mixture toxicity in environmental risk assessment requires therefore

a) to identify mixed contaminations with antibiotics in soils representing typical input situations, starting
from the existing information on the input side and going to a multi-targeted, analytical approach (not
restricted to only a few selected compounds and compound classes) for a complete identification of
mixed contaminations in agricultural soils;

b) to further research and combine the existing information on fate, effects and interactions of antibiotics
with other chemicals from different scientific disciplines, i.e. pharmacology, medicine, environmental
sciences, and to even better identify existing knowledge on one hand and research gaps on the other;

c) to combine the existing knowledge using evaluation models to calculate expected mixed toxicity and

d) to validate and/or calibrate modelled estimates, e.g. of effect concentrations, with data from selected
experiments that were specifically designed for that purpose;

e) to verify if existing results on other tested parameters can be used as surrogate for missing data in order
to integrate as much existing knowledge as possible.

f)  All this should be done with the additional aim to identify as best as possible f.1) underlying mechanisms
or at least modes of mixture toxicity and f.2) influencing factors, i.e. the influence of relative concentra-
tions, soil moisture, temperature, etc. (see bullet points in chapter 7.1).

Standard methods to test mixture toxicity in soil microorganisms

Because antibiotics first of all act on bacteria, the environmental risk assessment (ERA) of antibiotics should
be focused on ecotoxicological tests targeting microorganisms and especially bacteria (Brandt et al., 2015).
To this end, microbial community-based tests should be used, assessing functions and the structural diversity
of microbial communities (Brandt et al., 2015; Grenni et al., 2018). Changes in community composition have
been found to occur at sub-inhibitory levels, even before effects on microbial functions appear (Hammesfahr
et al., 2008; Hammesfahr et al., 2011). Respective methods are thus considered to be more sensitive and less
affected by microbial resilience (Grenni et al., 2018; Hammesfahr et al., 2008). Proposed methods are listed
in Table 18.

For experimental testing of the effects of mixtures it is recommended to use standard test methods for soil
(ISO, OECD) that address major ecosystem services of the soil organisms (Brandt et al., 2015; Thiele-Bruhn et
al., 2018). Respective methods are listed in Table 18; some of them can be seen as alternative methods such
as the determination of the microbial biomass using either the respiration (ISO 14240-1) or the fumigation
extraction method (ISO 12240-2), as well as the determination of enzyme activities using either fluorogenic
substrates (ISO/TS 22939) or colorimetric substrates (ISO 20130). All these methods were first of all estab-
lished to test toxic effects of xenobiotic (synthetic) chemicals in soils such as pesticides and persistent organic
pollutants. More and more they are additionally used to determine natural levels of (micro)biotic activity and
abundance in soils and the effects of immaterial influences, e.g. of soil use or climate change. Test methods
to investigate effects on the antibiotic resistance level and possible formation of tolerance against antibiotics
have been evaluated by Schmitt et al. (2017). Proposed methods (Schmitt et al., 2017) are those for real-time
gPCR identification and quantification of antibiotic resistance genes as well as tests for minimum selective
concentrations (Gullberg et al., 2011) and pollution-induced community tolerance (PICT) (Rutgers et al., 1998;
Van Beelen et al., 2001).
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Table 18 Proposed standard methods for the testing of mixture toxicity of mixed antibiotic contamina-

tions in sails.

Method
(year released)

ISO 11063 (2012)
ISO 17601 (2016)

ISO/TS 29843-1
(2010)

ISO/TS 29843-2
(2011)

ISO 14240-1 (1997)
1SO 14240-2 (1997)
1SO 16072 (2002)
1SO 17155 (2012)

ISO/TS 22939
(2010)

1SO 20130 (2017)

1SO 23753-1 (2005)
ISO 23753-2 (2005)

EN ISO 14238
(2012)

EN ISO 15685
(2012)

OECD 216 (2000)
OECD 217 (2000)

ISO/NP 23265
(2018a)

Microbial biodiversity and resistance level

Method to directly extract DNA from soil samples

Estimation of abundance of selected microbial gene sequences by quantitative PCR from DNA
directly extracted from soil

Determination of functional genes and resistance genes by qPCR

Phospholipid fatty acid analysis (PLFA) and phospholipid ether lipids (PLEL) analysis for the de-
termination of soil microbial diversity

Simplified PLFA extraction method for the determination of soil microbial diversity

Microbial biomass and respiration

Determination of soil microbial biomass — Part 1: Substrate induced respiration method
Determination of soil microbial biomass — Part 2: Fumigation — extraction method
Laboratory method for determination of microbial soil respiration

Determination of the activity of the soil microflora using respiration curves

Microbial enzymatic activities: carbon, nitrogen and phosphorus turnover

UEnzymes measured:U B-xylosidase EC 3.2.1.37;
cellobiosidase EC 3.2.1.91; phosphomonoesterase
EC 3.1.3.2; leucine-aminopeptidase EC 3.4.11.1; al-
anine-aminopeptidase EC 3.4.11.12

UEnzymes measured in both ISO/TS 22939 and 1SO 20130:U Arylsulfatase EC 3.1.6.1; a-gluco-
sidase EC 3.2.1.20; B-glucosidase EC 3.2.1.21; N-acetylglucosaminidase EC 3.2.1.52; phos-
phodiesterase EC 3.1.4.1
Measurement of enzyme activity pat-
terns in soil samples using colorimetric
substrates in micro-well plates

Measurement of enzyme activity pat-
terns in soil samples using fluorogenic
substrates in micro-well plates

UEnzymes measured:U Arylamidase EC 3.4.11.2; R-
galactosidase EC 3.2.1.22; urease EC 3.5.1.5

Determination of dehydrogenase activity in soils
— Part 1: Method using triphenyltetrazolium chloride (TTC)
— Part 2: Method using iodotetrazolium chloride (INT)

Determination of nitrogen mineralization and nitrification in soils and the influence of chemi-
cals on these processes

Determination of potential nitrification and inhibition of nitrification — Rapid test by ammo-
nium oxidation

Soil microorganisms: Nitrogen transformation test
Soil microorganisms: Carbon transformation test
Degradative activities of soil microorganisms

Test for measuring organic matter (cellulose) decomposition in contaminated soil

2 Under development.

It is assumed that a combination of different tests (test battery) will be suited to determine adverse effects
of antibiotics from different structural classes and of mixed antibiotics’ contaminations. However, this needs
further investigation to identify the most suited combination of methods and endpoints, because, as was
stated previously, no systematic use of methods was done in the existing studies (see Table 16, pg. 67). On
the other hand, it seems not necessary and it will not be manageable to measure all possible subjects and
endpoints described in Table 18 for analyzing the effect of mixtures in soil. From a set of various test methods
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on soil microorganisms, a toxicity threshold can be derived that can be used for all possible endpoints of an
investigated organismic group (here soil microbiota). This applies because it is assumed that multiple effect
measures of species are log-normally distributed and a distribution determined with sufficient accuracy con-
tains all possible endpoints (Hanson and Solomon, 2002).

Strategies to model mixture toxicity

For modelling of mixture toxicity, first of all the standard models of concentration additivity (CA) and of in-
dependent action (lA) can be used as default (Coors et al., 2018; Yang et al., 2017). Both models have often
been proposed, the CA to be used for mixtures of chemicals with similar mode of action, the IA for chemicals
with different modes of action (de Zwart and Posthuma, 2005).

Concentration addition is calculated based on an effect concentration (EC) resulting in an inhibition/reduc-
tion of the tested subject by x%, for which the following equation is used (Jonker et al., 2010):

ECxmix = ( =1 EZ;i)_l Eq.1

In that equation p; denotes the relative fraction of a chemical i within a mixture with p; + p2 + ... + pn = 1.

Independent action is also known as response addition, Bliss independence, or effect multiplication (Vasquez
et al., 2014) and is calculated as

E(cmix) =1 = [liza[1 = E(c)] Eq.2

with E(cmix) the proportional effect that the total mixture causes at a concentration ¢; of the individual com-
pounds and with c1 + ¢ +... + Cn = Cmix. E(Ci) represents the proportional effects that the individual compounds
would cause when applied alone at the respective concentration.

The two models are not free from criticism and alternatives have been proposed (Escher et al., 2005;
Gonzélez-Pleiter et al., 2013). For example, the Combination Index (Cl) method has the advantage to better
predict antagonism, additive effects and synergism, respectively (Rodea-Palomares et al., 2010). Coming back
to the deficits of the two models, IA does not allow accumulation of effects lower than NOEC to eventually
exceed as a sum the NOEC level (Backhaus, 2014). This restriction strongly limits the applicability of the IA
model because the addition of many compounds, each at a sub-effective concentration level, leading to a
summed effect is a striking feature of mixture toxicity (see Figure 1, pg. 32). Cedergreen et al. (2008) assessed
158 data sets using the models of IA and CA; they found that 50% of the data sets were not correctly de-
scribed. In contrast, Kortenkamp et al. (2009) reported the broad usability of the CA model and deviations
between model prognosis and measured effects were for most studies vastly below an acceptable factor of
5. Even more, Kortenkamp and Altenburger (2010) emphasized that a disregard of mixture effects may lead
to considerable underestimates of hazards from chemicals. Hence, it is much preferred to use the proven
concepts of IA and CA, even though they might be not fully applicable, instead of ignoring mixture effects
(Kortenkamp and Altenburger, 2010).

The pragmatic decision to use the models of CA and IA as a default, does not question the need to come to
a more mechanistic understanding of the processes involved in mixture toxicity (Ragas et al., 2010). Under-
standing fundamental mechanisms and relations among factors of mixture toxicity will enable to strive for
improved models as well. To that end, it is advantageous to know the mode of action of the investigated
chemicals (Escher et al., 2005; Escher and Hermens, 2002). It is a substantial advantage that the mode of
action against target organisms of every antibiotic is well known and documented in pharmaceutical sciences.
This information can be used for the assessment of environmental pollution and effects on non-target organ-
isms as well.

93




Environmental risks of mixtures of antibiotic pharmaceuticals in soils — a literature review

Additionally it must be noted that, much more than in the aquatic environment, chemicals in soil may become
immobilized so that total and bioavailable (effective) concentrations of pollutants may largely differ. In addi-
tion to the total content (quantity) it is needed to determine the bioavailable content (intensity), for which
some operationally defined methods have been proposed for some groups of organic chemicals, especially
for hydrophobic organic chemicals (Bernhardt et al., 2013; Cachada et al., 2014; Thiele-Bruhn and Briimmer,
2004). Yet, such methods are missing for antibiotic pharmaceuticals. Here, additional work is needed.

In completion to the above mentioned CA and IA concepts, toxicity units (TU) can be calculated
TU] = Ci / ECX]

with C; as concentration of each compound i in the mixture. It can be used as a measure for the relative
contribution of each component to the overall toxicity of a mixture (Coors et al., 2018). The related sum of
toxic units is termed as toxicity index (TI):

TI = ?zl(Ci/ECxi) Eq. 3.

The Tl is very similar to the CA model, using the quantitative contribution of each chemical in a mixture and
the toxicity that the chemical alone would exert, to assess the relative contributions to and overall toxicity of
a mixture (Azarbad et al., 2013; Khorshid and Thiele-Bruhn, 2016).

Furthermore, risk quotients (RQ) are used in order to estimate the probability of an adverse effect of a mixed
contamination. The ratio between Predicted Environmental Concentrations (PEC) or Measured Environmen-
tal Concentrations (MEC) and Predicted No Effect Concentrations (PNEC) is calculated as (von der Ohe et al.,
2011):

RQ = PEC/PNEC or RQ=MEC/PNEC Eq. 4.

To this end, it is proposed to combine the lowest PNECs for single compounds and mixtures with the highest
available MECs from the literature (Gonzalez-Pleiter et al., 2013). For aquatic environments, Gonzalez-Pleiter
et al. (2013) reported ratios of measured environmental concentrations and predicted no effect concentra-
tions (MEC/PNEC) higher than 1. Hence, they concluded that combinations of antibiotics already exist in sur-
face waters that may pose a potential ecologic risk to the environment.

Because PNECs of mixtures are not available, it is here proposed to calculate a weighted PNEC for each spe-
cific mixture (PNECmix) that depends on the relative contribution of the individual compounds and their indi-
vidual PNECs to the overall mixture:

PNECpy = X1y (PNEC; X i/ ) Eq. 5.

Correspondingly RQ of the mixture (RQmi) is calculated as

RQumix = Z?zl (Ci/PNECmix) Ha-o
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7.3 Proposal of successive research projects and their use in regulation

A major obstacle in exploring the effects of pharmaceutical combinations is the huge number of samples that
needs to be analyzed in case all possible combinations of a set of pharmaceuticals has to be systematically
investigated. Testing all pairwise combinations of n pharmaceuticals at one fixed concentration requires n?
experiments; investigating large numbers of pharmaceuticals, combinations of more than two compounds
or different concentrations rapidly becomes unmanageable due to a ‘combinatorial explosion’ (Bollenbach,
2015). At the same time, research in ecotoxicology has not only the task to elucidate the scientific funda-
mentals but also (or even more) to provide a scientific basis for a practical implementation in risk assessment,
precautionary measures, cleanup, and decision support for policy and management (Escher and Hermens,
2002; Ragas et al., 2010).

In order to react to these practical issues and the existing mixed contaminations with antibiotics in the envi-
ronment, research should be quickly implemented to deliver first estimates on mixtures and mixture toxicity
of antibiotics in soils on a short-term before extensive experimental research delivers precise analytical data
to fill the existing knowledge gaps as best as possible on a mid- to long-term.

1. Contamination status and effects of mixtures of pharmaceutical antibiotics in the terrestrial environment
— a meta-analysis

For afirst, short-term approach, it is proposed to do a meta-analysis based on an extended literature research

through

e collecting existing quantitative data on consumption of antibiotics and their (possible) dissemination into
the soil environment, and combine and verify this with the existing analytical data on residual levels in
waste materials and waste water, used for soil amendment, and in soils,

e inorder to derive PEC and MEC of mixed contaminations of antibiotics in soils,

e combining these data with existing information on effect concentrations (EC) and PNEC, at best from soil
related tests or as a surrogate from other tests (e.g. aquatic toxicology, pharmacology) and

e assessing these data using the concepts of CA, IA, Tl and RQ.

With this approach it will be possible a) to identify risks from mixture toxicity of antibiotics in soils and b) to

refine and improve the state-of-knowledge about soil contamination with antibiotic mixtures and their eco-

toxicological significance and consequences. First recommendations for action could be given to stakeholders

and regulatory authorities based on this approach and further experimental work could be designed.

2. A general suite of methods for testing adverse effects of mixtures of pharmaceutical antibiotics in soil

In a second, subsequent (mid-term) project, experimental work based on the previous findings should be
carried out. The proposed aim should be i) to identify suitable methods to indicate adverse effects of phar-
maceutical antibiotics on soil microbial abundance and functioning. Testing of the methods summarized in
Table 18 and eventually of further methods aimed to determine relevant functions of soil microorganisms
could be done in a dose-response approach with a suite of soils and a set of selected, representative antibi-
otics from the structural classes most often used in veterinary and human medicine, i.e. penicillins, tetracy-
clines, polypeptide antibiotics, sulfonamides, macrolides, aminoglycosides, lincosamides, pleuromutilines,
fluoroquinolones, folic acid antagonists, fenicols, cephalosporines. ii) A test battery should be arranged with
a subset of the identified, suitable methods. This set should at best comprise methods and endpoints repre-
senting parameters of microbial abundance and indicators of relevant functions.
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3. Mixture toxicity of mixed contaminations with pharmaceutical antibiotics and other pollutants in agricul-
tural soils

A third study (executed on a longer-term) should be aimed to investigate effects of mixtures of antibiotics by

using the test battery (second study). Typical mixtures should be derived from information on application of

antibiotics and mixtures recovered in waste materials and soils (first study). The research would start from

binary mixtures and proceed with ternary and more complex mixtures. This would include antibiotics used

in the second study as well as Cu and Zn as antibiotic active metals that often occur in contaminated waste

materials and soils. Research tasks and questions will be:

e  Which effects, i.e. antagonistic, synergistic, additive, occur when compounds of the same structural class
are combined?

e What effects are caused by mixtures of antibiotics from different structural classes? Do effects match
with combination effects reported from veterinary and human medicine, respectively?

o Are effects, being either antagonistic, synergistic or additive, similar for all combinations of two antibiot-
ics from different structural classes?

e Can combinations with different proportions of the individual compounds sufficiently be modelled using
the described concepts (e.g. CA, I1A)?

The overall aim should be to identify underlying principles of antibiotic action of mixtures in soil to enable

further modelling and prognosis, which knowledge would also better enable to define regulatory standards

and thresholds.

This research would be ideally combined with scientific workshops in order to share the latest state-of-the-
art scientific knowledge, to discuss the results of the proposed projects and to define further strategies on
how to address the topic in research and regulation.

The proposed research is aimed to support regulation. In general, the overall aim should be to reduce and
minimize the dissemination of pharmaceutical antibiotics and related heavy metals (Cu, Zn) in the environ-
ment in order to prevent adverse effects on soil function and fertility and to impede the increase and spread
of antibiotic resistance in the environment with its increasing health risks for animals (livestock) and humans.
Regulatory measures could cover the analytical determination of antibiotic contamination of waste materials
such as manure used as soil fertilizer and/or the determination of the resulting contamination level in soils.
This could be especially relevant for manure exports and imports between farms and countries. Acceptable
contamination levels (regulatory limit values) could be oriented to no-effect concentrations determined in
soil toxicity studies and concentration levels inducing increased antibiotic resistance. Knowledge about and
the consideration of environmental issues would enable to better plan and organize the use of pharmaceu-
tical antibiotics on the farm level. With no doubt, the priority should still be the curing of infectious diseases
of humans and animals. This, however, requires much more than before the consideration of environmental
issues, especially to avoid the increasing ineffectiveness of antibiotics due to the formation of antibiotic re-
sistance in the environment. There is strong conviction that this will also contribute to an improved sustain-
able soil use and protection of water resources.
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Appendix
Table 19: Adsorption coefficients of pharmaceutical antibiotics in soils and sediments
Antibiotic class / | Concentra- Soil sample Kq Koc Reference
Antibiotic tion Texture / PHcacl, / OC % L/kg L/kg
ug/g
Sulfonamides
Sulfamethazine 0.05 - 20 sandy loam /6.8 / 0.9 (Tolls et al., 2002)
0.2-25 sand /5.2 /0.9 1.3° 139 | (Langhammer and
0.2-25 loamy sand / 5.6/ 2.3 352 | 151 | Buning-Pfaue, 1989)
0.2-25 sandy loam /6.3 /1.2 2.0 170
0.2-25 clay-silt /6.9 /1.1 0.9° 80
0.2-25 sand/5.2/0.9 1.2 174 | (Langhammer,
1989)
0.2-25 loamysand /5.6/2.3 3.1 125
0.2-25 sandy loam/6.3/1.2 2.0 208
0.2-25 clay-silt /6.9/1.1 1.0 82
clay-loam /6.2/3.1 32 97 (Tolls et al., 2002)
1.0-10 silt-loam / 7.0/ 1.6 24 149 | (Thiele-Bruhnetal.,
Sulfapyridine 0.1-500 silt-loam / 6.9/ 2.4 74 | 308 |2004)
1.0-10 silt-loam / 7.0/ 1.6 3.5 217
Sulfapyridine 0.1-500 silt-loam / 7.0/ 1.6 1.6 101 | Thiele 2000
— = 5 clay /7.7 /0.145 4.47 (Haham et al., 2012)
- = 5 —“—,; DOM covered 2.03
= 5 sandy loam / 8.0 / 0.078 5.62
- 5 —“—, DOM covered 2.77
—“— 5 sandy loam /7.2 / 0.081 0.44
- = 5 —“—,; DOM covered 1.18
Sulfadiazine 1.0-10 silt-loam / 7.0/ 1.6 2.0 124
clay-loam /6.2/3.1 2.52 81 (Tolls et al., 2002)
Sulfanilamide 1.0-10 silt-loam / 7.0/ 1.6 1.7 106 | (Thiele-Bruhnetal.,
Sulfadimethoxine | 1.0-10 silt-loam / 7.0/ 1.6 2.3 143 2004)
clay-loam /6.2/3.1 10° 323 | (Tollsetal., 2002)
14.1-1800 ®silty clay /5.6 / 24.5 108 (Biatk-Bielinska et
2.8-360 b sandy loam / 6.9/ 19.4 4.83 al., 2012)
1.1-144 ®sand/7.4/0.14 0.31
0.1-10 loamy sand /5.0 /1.5 10.4 (Sanders et al.,
2008)
== —“—; cosorbate or- 12.5
methoprim
= loam /4.7 /2.1 25.8
- —“—; cosorbate or- 22.1
methoprim
- = sand/7.0/0 0.4
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Antibiotic class /
Antibiotic

Sulfadimethoxine

Sulfachloro-
pyridazine
Sulfaisoxazole
Sulfathiazole
Sulfaguanidine

Tetracyclines
Oxytetracycline

Macrolides
Tylosin

Fluoroquinolones
Ciprofloxacin

Enrofloxacin

Antibiotic class /
Antibiotic

decarboxylated
Enrofloxacin

Ofloxacin
Imidazoles
Metronidazole

Concentra-
tion
ug/e

0.05-20

14.1-1800
2.8-360
1.1-144

2.5-50
2.5-50
2.5-50
2.5-50
285
10.9

50 mg/g
50 mg/g
500 mg/g
500 mg/g
1.25-25
1.25-25
1.25-25
1.25-25

2-200

2-200
2-200
2-200
2-200
2-200
Concentra-
tion
He/g
2-200

2-200

1.25-25
1.25-25

Soil sample
Texture / pHcaci, / OC %

sand /7.0 / 0; cosorbate
ormethoprim

clay-loam /6.2/3.1

clay loam /6.5 /
clay-loam /6.2/3.1
clay-loam /6.2/3.1
®silty clay /5.6 / 24.5

b sandy loam / 6.9/ 19.4
bsand/7.4/0.14

loamysand/6.1/1.6
sand/5.6/1.4

sandy loam/5.6/1.1
sand /6.3/1.5

organic marine sediment
organic marine sediment

kaolinite

illite

montmorillonite
bentonite
loamysand/6.1/1.6
sand /5.6/1.4
sandy loam /5.6/1.1
sand/6.3/1.5

loamy sand / 5.3/ 0.70

clay/4.9/1.63
loam/5.3/0.73
loamy sand / 6.0/ 1.23
loam/7.5/1.58
loamy sand / 5.3/ 0.70
Soil sample

Texture / PHcacl, /OC%

loamy sand / 5.3/ 0.70

loamy sand / 5.3/ 0.70

loamysand / 6.1/ 1.6
sand /5.6/ 1.4

Kqy
L/kg

2.5

42
1.8
1.5°
3a
31.0
2.26
1.03

680
670
1026
417
0.7
2.6

0.7
3.9
0.7
3.1
128
10.8
62.3
8.3

427

3037
5612
1230
260
496
Kq
L/kg

7.7

309

0.67
0.54

KOC
L/kg

129

48
97

425,000
47,900
93,300
27,800

7990
771
5660
553

61,000

186,300
768,700
100,000
16,500
70,900
Koc

L/kg

1100

44,100

42
39

Reference

(Tolls et al., 2002)
(Boxall et al., 2002)
(Tolls et al., 2002)

(Biatk-Bielinska et
al., 2012)

(Rabglle and Spliid,
2000)

(Smith and
Samuelsen, 1996)

(Bewick, 1979)

(Rabglle and Spliid,
2000)

(Nowara et al.,
1997)

Reference

(Rabglle and Spliid,
2000)
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Fenbendazole

Polypeptides
Avermectin

1.25-25
1.25-25
0.5-100
0.5-100

0.006 - 2.17
0.006 - 2.17
0.006 - 2.17

Quinoxaline derivatives

Olaquindox 1.25-25
1.25-25
1.25-25
1.25-25

Lipoglycosides

Efrotomycin
1.0-135
1.0-135

2 Data derived from figures.
b Soil texture derived from general information.
; adopted from Thiele-Bruhn (2003b) and Thiele-Bruhn and Aust (2014).

sandy loam / 5.6/ 1.1
sand / 6.3/ 1.5
siltloam / 7.0/ 1.6
siltloam / 6.9/ 2.4

clay loam / 6.6/ 4.8
sand/7.5/0.1
silt loam /7.5/ 2.1

loamy sand / 6.1/ 1.6
sand/5.6/1.4
sandy loam / 5.6/ 1.1
sand / 6.3/ 1.5

siltloam / 7.5/ 2.1
loam / 6.7/ 2.5
sandy loam/7.5/1.1
clay loam / 5.0/ 4.6

0.62
0.57
0.91
0.84

147
17.4
80.2

1.67
1.21
1.27
0.69

18

8.3
51
290

56
38
57.2
35.1

5300
30,000
6600

104
86
116
46

1460
580
8000
11,000

(Thiele and
Leinweber, 2000)

(Gruber et al., 1990)

(Rabglle and Spliid,
2000)

(Yeager and Halley,
1990)

Table 20: Adsorption coefficients of pharmaceutical antibiotics in pig manure and sewage sludge.

Antibiotic | Antibiotic
Class |Compound
Tetracy- oxytetra-
clines cycline
Macrolides
Fluoro- ciprofloxa-
quinolones cin
Quinoxa- |olaquindox
line deriv.
Dia- trimetho-
minopy- prim
rimidines

Concentra-
tion

33-2000
mg/g
100-2000
mg/g
250 pg/L

100-2000
mg/g
500 pg/L

? Substrate / pHcaci, / OC (%).

b Degradation after repeated addition of the antibiotic.
b Cited in Stuer-Lauridsen et al. (2000).

Sample

sewage sludge / 6.5/
37

sewage sludge/ 6.5 /
372

sewage sludge/ 6.5 /
372

pig manure6h /24 h®

pig manure6h/24h®

pig manure6h/24h®

Kq
L/kg
3020

83.2/
77.6

45.7 /
240

417

204/
9.77

76

KOC
L/kg
8160

195

110
1127

50

205

Reference

Holten-LUtzheft
and Halling-
Sgrensen ¢

(Loke et al., 2002)

(Halling-Sgrensen
et al., 2000)

(Loke et al., 2002)

(Halling-Sgrensen
et al.,, 2002a)
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Table 21: Dissipation of antibiotics in different types of manure.

Dissipation was measured for 24 days and dissipation half lives DT50 and the time for dissipation of 90% of parent
compound (DT90 20°C) were calculated using kinetic models. Antibiotics highlighted in blue were detected in organic
waste materials (see Table 14, pg. 60).

Calve manure Pig manure Broiler manure
semi-solid

Compound class / compound DTso DTy DTso DTy DTso DTso

ind ind ind ind ind ind
Tetracyclines
Oxytetracycline 98 327 16 171 30 221
Chlortetracycline 35 118 19 62 18 61
Doxycycline 44 147 10 98 20 268
Tetracycline 52 171 12 111 62 330
Sulfonamides
Dapsone 1.2 15 1.2 11 2.3 20
Sulfacetamide 11 36 1.5 8 4.9 100
Sulfachloropyridazine 2.4 24 1.6 15 2.9 38
Sulfadiazine 4.4 33 2.2 18 4.4 83
Sulfadimethoxine 4.6 35 3.2 21 34 37
Sulfadimidine 2.5 26 1.8 16 3.7 48
Sulfadoxine 7 41 3 25 5 89
Sulfamerazine 3.4 29 1.8 17 3.7 45
Sulfamethizole 2.2 21 1 9 2.4 23
Sulfamethoxazole 3.2 21 2.6 22 2.5 53
Sulfamethoxypyridazine 1.7 21 1.6 14 2.5 29
Sulfamonomethoxine 3.4 28 2.1 19 33 44
Sulfamoxole 0.4 1.3 0.7 3.5 0.4 3
Sulfaphenazole 1.8 19 1.6 13 0.7 3.2
Sulfapyridine 1.6 20 1.4 13 3.2 41
Sulfagquinoxaline 1.6 24 3.8 13 2.2 30
Sulfathiazole 1.1 14 1.2 11 2 18
Sulfisoxazole 2 10 1.3 10 0.7 10
Macrolides
Tylosin no data no data 42 179 no data no data
Aivlosin 2.8 54 35 159 0.4 37
Erythromycin 32 106 52 172 17 56
Gamithromycin 61 203 50 239 53 177
Josamycin 27 89 231 769 43 141
Natamycin 2.6 22 5 17 0.7 18
Spiramycin 31 104 20 113 31 102
Tildipyrosin 71 236 5 78 16 106
Tilmicosin 104 346 47 220 71 235
Tulathromycin 92 304 6 89 317 1053
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Calve manure Pig manure Broiler manure
semi-solid

Compound class / compound DTso DToo DTso DTso DTso DTq0o

ind ind ind ind ind ind
Lincosamides
Lincomycin 175 581 269 892 >2000°? >2000°
Pirlimycin 142 473 125 414 443 1473
Pleuromutilins
Tiamulin 338 1124 101 335 280 930
Valnemulin 13 96 42 179 7 70
(Fluoro)quinolones
Enrofloxacin 162 540 6 83 103 343
Ciprofloxacin 61 277 6 85 23 221
Danofloxacin 106 354 7 78 58 192
Difloxacin 200 665 11 99 41 194
Flumequin 259 860 44 146 197 655
Marbofloxacin 134 447 4.6 91 90 300
Nalidixic acid 614 2040 70 295 388 1290
Norfloxacin 60 254 5 79 18 179
Oxolinic acid 268 889 36 181 116 387
Sarafloxacin 398 1322 562 1867 176 585

2 >2000: largely above the maximum extrapolated time of 2000 d.

Source: Data adopted from Berendsen et al. (2018).

Table 22: Degradation of pharmaceutical antibiotics in soil.

Compound class / | Concen- Sample Degra- | Degrad. Reference
compound tration dation time
ug/g @ soil: texture / pH / OC% % d
Aminoglycosides
Streptomycin 5.6 sandy loam+manure / 6.1 0 30 (Gavalchin and Katz,
1994)
B-Lactams
Penicillin 5.6 sandy loam+manure / 6.1 0 30
Ceftiotur clay loam 50° 22.2 | (Gilbertson et al., 1990)
sand 50° 49.0
silty clay loam 50° 41.4
Macrolides
Erythromecin 5.6 sandy loam+manure / 6.1 25 30 (Gavalchin and Katz,
1994)
Tylosin 5.6 sandy loam+manure / 6.1 0 30
100 sand+slurry /6.3 /1.4 50 4.2 (Ingerslev and Halling-
100 sandy loam+slurry 50 5.7 Sgrensen, 2001)
/6.8/1.6
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Compound class /
compound

Sulfonamides

Sulfanilamide

Sulfadiazine

Sulfamethazine

Sulfadimethoxine

Sulfapyridine

Sulfachloro-
pyridazine

Sulfamethoxazole

Tetracyclines

Chlortetracycline

Tetracycline

Oxytetracycline

Concen-
tration

ug/g ®

500

10
10
500

1.0
1.0

250
500
250
250
250
1.6
1.6

5.6

4.7 ug/kg
50-300
ug/kg
10

Sample

soil: texture / pH / OC%

diverse soils
loamy sand /6,6 /0,8

three soils, aerobic
three soils, anaerobic
loamy sand /6,6 /0,8

loamysand /5.6 /2.3
clay-silt /6.9/1.1

loamy sand /6.6 /0.8
loamy sand /6.6 /0.8
loamy sand /6.6 /0.8
silt-loam/7.0/ 1.6
sand / 6.0/ 0.05
sandy loam /6.6 /1.3
clay-loam/6.8/2.2

three soils, aerobic

sandy loam+manure / 6.1

soil

soil

soil+manure
soil+manure

sediment slurry, aerobic

Degra-
dation
%

50
50

0.2/0.3
b,c

0.3/0.7

b,c

50
50
50
50

88

100°

50

Degrad.

time

14

28

12-18
57-237
28

64

64

28
28
28
28
139
2.8
3.5
20

30

ca. 180
ca. 180

14
180
43.8

Reference

(Frankenberger Jr and
Tabatabai, 1982)

(Thiele-Bruhn and
Peters, 2007)

(Yang et al., 2009)

(Thiele-Bruhn and
Peters, 2007)

(Langhammer et al.,
1990)

(Thiele-Bruhn and
Peters, 2007)

(Blackwell et al., 2005)

Wu et al. 2012

(Gavalchin and Katz,
1994)

(Hamscher et al., 2001)

(Jagnow, 1977)
(van Gool, 1993)
(Ingerslev et al., 2001)

21f not indicated otherwise.
b Dissipation at 10°C and 10°C / 20°C, respectively.
¢ Mineralization determined with *C-radioactive labelled compounds.

Source: Adopted from Thiele-Bruhn (2003b).
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