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Due to possible environmental risks by a potential for reaching the surface and groundwater environment
through soil for veterinary antibiotics (VAs) to treat disease and protect the health of animals, understanding
reactivity and behavior of VAs have been recognized as one of the emerging issues in soil environment. VAs
released via urine and faeces into the soil environment can be dispersed through a number of physical and
chemical processes within soil. These processes including sorption, leaching and degradation being the three
important processes in the soil-water systems are driven by the physico—chemical properties of the antibiot-
ics, such as their molecular structure, size, shape, solubility, speciation, and hydrophobicity. However, only a
few systematic investigations related to the reactions and behavior of VAs in soil exist. Therefore, the basic
chemistry of these compounds should be understood before discussing their fate and transport of VAs in the
soil environment. In this review, we have attempted to summarize the latest information available in the litera-
ture on the reactions and behavior of VAs in the soil environment.
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INTRODUCTION

The term “antibiotic” used to be restricted to anti-
bacterials originally described only those formulations
derived from living organisms but is now also applied to
synthetic antimicrobials, such as the sulphonamides.
Almost half of antibiotics produced in the world are used
in farm animals, either as growth promoters or as thera-
peutic agents resistance (Sarmah et al., 2006; FDA,
2013). A recent survey from the Korean Ministry of
Agriculture, Food, and Rural Affairs reported that the
amount of antibiotics used for animal agriculture under
highly intensive domestic husbandry conditions in
Korea has been gradually decreased from 1594 tons in
2001 to 936 tons in 2012, with approximately 41%
reduction (MAFRA, 2013).

Veterinary antibiotics (VAs) and other medically
important antimicrobial medications are often used in
feed or water given to cattle, poultry, hogs and other
animals to make animals grow faster and to compensate
for overcrowded and unsanitary conditions. However,
the world’s public-health experts, from the European
Union, the United States and the World Health
Organization are agreed that the over—use and mis—use
of VAs in intensive animal production is the major cause
of the current crisis of antibiotic resistance (NIH, 1999).

Consumers in many advanced countries are no
longer keen to eat livestock products including meat
from the animals raised on feeds containing VAs because
efforts are being made to ban their use due to legislation
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to control use of antibiotics at least their non-therapeu-
tic use (Pathak, 2010). The Food and Drug Administration
(FDA) in USA has been known to implement a plan to
phase out antibiotics and other medically important anti-
microbial medications in animal foods over fears for anti-
biotic resistance because the over—use of antibiotics in
human medicine is the major cause of the current crisis
of antibiotic resistance (Sarmah et al., 2006; FDA, 2013).
The Korean government also announced a total ban on
inclusion of non-therapeutic VAs in feed for livestock
intended to enhance the safety of domestic product in
June 2012 (MAFRA, 2013) since the KMF'A began to ban
the use of nine antibiotics as feed additives in July 2010
(Renee, 2011).

Antibiotics can enter the environment by two ways,
(i) directly when using the drugs i.e. the unabsorbed as
waste and (ii) subsequent excretion of absorbed antibi-
otic residues and their metabolites through urine and
feces of the animal. However, little information on reac-
tions that can determine the fate and behavior of VAs
with two types of substances such as hydrophilic or
hydrophobic in the manure and slurry during storage
period is available (Pathak, 2010). Due to a growing
concern about the potential impact of antibiotic residues
in soil due to increased land application of animal waste
containing antibiotics to supplement fertilizer our focus
is to add new information to existing literature data
regarding to reactions and behavior relevant to chemical
and physical properties of various VAs in the soil envi-
ronment.

Classification of VAs

Of the drugs approved for animal health and man-
agement, more than 70% of all consumed pharmaceuti-
cals are antibiotic agents (Kanfer et al., 1998; Halling—
Sorensen et al., 1998). The antibiotics defined as a



392 D. S. JEON et al.

multitude of heterogeneous chemical compounds are
synthesized through the secondary metabolism of liv-
ing organisms, with exceptions for semi— or completely
synthetic substances (Thiele-Bruhn, 2003). These
antibiotics can be classified basically as “narrow—spec-
trum” or “broad—spectrum” depending on the range of
bacterial types that they affect (Table 1). The term
broad—spectrum antibiotic refers to an antibiotic that

acts against a wide range of disease—causing bacteria,
in contrast to a narrow—spectrum antibiotic, which is
effective against specific families of bacteria (Clayton,
1993).

Classification of antibiotic substances produced
naturally or synthetically is based on their usage at dif-
ferent fields (e.g. antimycotics for fungi, anti-infective
acting against infection, anthelmintics for parasitic

Table 1. Antibiotics depending on the action of bacterial types

Spectrum Antibiotics
Amoxicillin, Levofloxacin, Gatifloxacillin, Streptomycin, Tetracycline,
Broad Chloramphenicol, Ciprofloxacin,Cephalosporins, Macrolides,
Quinolones
Azithromycin, Clarithromycin, Clindamycin, Erythromycin,
Narrow Vancomycin, Penicillin, Aztreonam, Linezolid, Bacitracin, Teicoplanin,

Viomycin, Isoniazid, Streptomycin, Streptogramins, Fidaxomicin

Table 2. Classes of antibiotic substances approved for use in food-producing animals

Classes Antibiotics

Aminocoumarins Novobiocin

Aminoglycosides Dihydrostreptomycin, Gentamicin,Neomycin,Spectinomycin, Streptomycin
Amphenicols Florfenicol

Cephalosporins CeftiofurCephapirin

Diaminopyrimidines ~ Ormetoprim

Fluoroquinolones Danofloxacin,Enrofloxacin

Glycolipids Bambermycins

Tonophores Laidlomycin,Lasalocid,Monensin,Narasin,Salinomycin
Lincosamides Lincomycin,Pirlimycin

Macrolides Erythromycin,Gamithromycin, Tilmicosin, Tulathromycin, Tylosin
Penicillins Amoxicillin,Ampicillin,Cloxacillin, Penicillin

Pleuromutilins Tiamulin

Polypeptides Bacitracin

Quinoxalines Carbadox

Streptogramins Virginiamycin

Sulfas Sulfadimethoxine,Sulfamerazine,Sulfamethazine,Sulfaquinoxaline
Tetracyclines Chlortetracycline,Oxytetracycline, Tetracycline

Table 3. Commonly used VAs for therapeutic and subtherapeutic purposes depending types of animal

Types Antibiotics
Apramycin, Arsanilic acid, Bacitracin zinc, Bambermycin, Carbaox,

Swine Tylosin,Chlortetracycline, Lincomycin, Oxytetracycline, Penicillin, Roxarsone,
Tiamulin hydrogen fumerate, Tilmicosin, Virginiamycin

Beef and Bacitracin zinc, Bambermycin, Chlortetracycline, Laidlomycin,Lasalocid,

Cow Monensin, Oxytetracycline, Tylosin, Virginiamycin,
Apramycin, Arsanilic acid,

Poultry Oxytetracycline,Chlortetracycline,Bambermycin,Bacitracin, Lincomycin,

Penicillin, Roxarsone

Avoparcin, Spiramycin, Tylicin, Virginiamycin, Virginiamycin (Banned in EU)
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worms in the body), in different structural classes (e.g.
nucleosides, tetracyclines) and exhibit different molec-
ular structures and diverse chemical and physical prop-
erties (Grafe, 1992). Amino glycosides, macrolides sul-
fonamides, p-Lactams, and tetracyclines are the
classes of antibiotic compound with distinctive chemi-
cal properties depending on molecular structures
(Thiele-Bruhn, 2003). Table 2 shows the main groups
of important antibiotics categorized on the basis of
chemical structure.

A partial list of antibiotics used in the production of
swine, beef and cow, and poultry is listed in Table 3
(Regassa et al., 2009). And the most common antibiot-
ics present in swine, beef, and poultry manures are tet-
racyclines (oxytetracycline and chlortetracycline),
tylosin, sulfamethazine, amprolium, monensin, virgin-
iamycin, penicillin, and nicarbazine. These antibiotics
generally remain stable during manure storage and end
up in agricultural fields on manure applications
(Pathak, 2010).

Physical and chemical characteristics of VAs

The antibiotics which vary greatly in chemical struc-
ture and consist of a non—polar core and polar functional
groups show a large number of chemical compounds,
ranging from simple substances containing only carbon,
hydrogen, and oxygen, to more complex forms which
contain nitrogen, sulfur, and even chlorine (Juhel-
Gaugain et al., 2000; Thiele-Bruhn, 2003).

Nucleosides and tetracycline are the VAs classified
by different structural classes. Nucleosides that include
cytidine, uridine, adenosine, guanosine, thymidine and
inosine are glycosylamines consisting of a nucleobase
bound to a ribose or deoxyribose sugar via a beta—glyco-
sidic linkage (Fig. 1). It is well known that nucleosides
may undergo partial or complete nucleoside bond
hydrolysis to yield their corresponding sugars and nucle-
oside bases because nucleosides are susceptible to
hydrolysis and followed by degradation processes such
as deamination.

Tetracycline (TC) that belongs to a broad—spectrum
polyketide antibiotic having anoctahydrotetracene—2—
carboxamide skeleton of polycyclic naphthacene ring
(Fig. 2) shows a planar structure of four fused rings with
hydrophilic groups on one face, hydrophobic groups on
the other face and each ring including phenol, alcohol,
ketone and amino. TC is unstable in acidic and alkaline
media and relatively stable under neutral pH conditions
(pH 7).

Numerous antibiotics have low water solubility, and
they are relatively polar, and strongly retarded in soils.
But the solubility of most of the macrolide group of anti-
biotics is high and has been found to increase with an
increase in solvent polarity (Wilson, 1981; Salvatore
and Katz, 1993). Antibiotics belonged to the class of an
amino glycosides which are molecules or portion of mol-
ecule composed of amino—modified sugars are basic,
strongly polar polycationic compounds. They are water
soluble, mostly hydrophilic, and susceptible to photo
degradation (Thiele-Bruhn, 2003). Thus, the antibiot-

—_—
e ~

Nucleobase NH; \\

NH; ; \
I /NfN :

</Nﬁ PN

N 7 N

H N

NH»
C
HO. ) <N . P
Ribose

OH OH OH
Ribonucleoside Deoxyribonucleoside
(Deoxyribose sugar) (Nucleoside - adenosine)

Nitrogenous base
(Nucleobase)

Fig. 1. The nucleoside adenosine, a component of RNA, results
from the sugar ribose and adenine via the formation of an
N—glycosidic bond.

Fig. 2. Structure of tetracycline and pK, values.

ics can generally be strongly polar polycationic and the
amphoteric carrying many pK, values as weak acids
and form salts in strongly acidic or basic solutions.
Most antibiotics can also be dissociated or protonated
depending on the pH how acidic a solution is and pK,
values indicating how acidic (or not) a given hydrogen
atom in a molecule is associated with the different func-
tional groups of the compounds (Thiele-Bruhn, 2003).
For example, TCs, characterized by a partially conju-
gated four-ring structure with a carboxyamide func-
tional group, are amphoteric compounds as character-
ized by four pK, values of approximately 3.3, 7.7, 9.7 and
10.7 depending on solution status between acid and
base as shown in Fig. 2 (Thiele-Bruhn, 2003).

The antibiotics such as TCs are relatively stable in
acids, but not in bases, and are capable of forming
water—soluble salts with strong acids such as hydro-
chloric acid and strong bases such as sodium hydroxide
and potassium hydroxide (Halling—Sorensen et al.,
2002). And divalent and polyvalent metal ions can form
insoluble salts with TCs, and so do salicilates, phos-
phates, citrates, polyvinylpyrrolidine, thiourea, lipopro-
teins, serum albumin, globulin and RNA. These salts of
metal ions are insoluble in water at neutral conditions.
Also TC exposed to dilute acid conditions undergoes
dehydration to yield anhydrotetracycline which suffers
further cleavage and lactonization to apoterramycin.
All penicillins that are acid labile degrade in neutral or
basic solutions. Table 4 represents the typical ranges of
physicochemical properties from selected classes of
antibiotics (Osol, 1980; Gruber et al., 1990; Asuquo and
Piddock, 1993; Nowara et al., 1997; NIH, 1999; Rabolle
and Spliid, 2000; SRC, 2001).
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Table 4. Typical ranges of physicochemical properties from selected classes of VAs

Watersolubility

VA Class (mg 1) log K, pK, Remarks
10 -8.1 6.9
Aminoglycosides ~ ~ ~ Neomycin, Streptomycin
500 -0.8 8.5
0.45 1.6 7.7 .
Macrolides - . y gfggﬁg%rpnyccﬁ Tylosin
15 3.1 8.9 e
22 0.9 Penicillins: Ampicillin, Meropenem,
p-Lactams ~ ~ 2.7 Penicillin G; Cephalosporins:
10100 2.9 Ceftiofur,
7.5 -0.1 2 Sulfanilamide, Sulfadiazine,
Sulfonamides ~ ~ 3~45 Sulfapyridine, Sulfadimidine,
1500 1.7 10.6 Sulfadimethoxine, Sulfamethoxazole
Tetracyclines 2?0 B 13 3.3/7.7/9.3 Chlortetracycline,
52000 0.05 2-3/4.5 Oxytetracycline, Tetracycline

For understanding the degree of hydrolysis of anti-
biotics, degradation pathways for some antibiotics are
important, especially esters and amides which are com-
mon hydrolysis reaction sites on antibiotics (Waterman
et al., 2002). The degree of antibiotic hydrolysis is
highly dependent on pH, temperature, and the presence
of hydrolytically susceptible functional groups in the
antibiotic structures (Mitchell et al., 2014). Hydrolysis
rates are also affected by ionic strength (Mabey and
Mill, 1978) as well as the presence of divalent metal
ions (Gensmantel et al., 1980), oxide surfaces (Torrents
and Stone 1994), and clays (Pusino et al., 1996).
Generally, base—catalyzed hydrolysis predominates
over acid—catalyzed and neutral pH hydrolysis for many
organic compounds (Mabey and Mill, 1978; Mitchell et
al., 2014), although water and hydroxide anion are both
attracted to electron deficient atoms, hydroxide anion
is a stronger nucleophile than water. Alternatively,
hydrolysis may be catalyzed in acidic solutions when
protons shift the electron density of a molecule, so that
a susceptible site can be attacked by water (Larson and
Weber, 1994).

Reactions and behavior of VAs in Soil

The use of animal manure as fertilizer and soil
amendment can be a point source of antibiotic pollution
to the environment. A great portion of antibiotic com-
pounds fed to the animals as growth promoters or food
additives may partially be metabolized in the organism
and are excreted as the parent compound or as metabo-
lites in urine and faeces before being discharged into
agricultural soils directly through grazing livestock and
indirectly through the animal manure and compost
applied to the field (Halling—Soensen et al., 2002).
Antibiotic compounds in animal’s excrete can not only
undergo transformations depending on the pH of the
surroundings, but also retention of them are strongly
influenced by soil/water distribution (K,) coefficients of

antibiotics in soils. Thus, antibiotics enter the environ-
ment by two ways, (i) directly when using the antibiotic
i.e. the unabsorbed as waste and (ii) subsequent excre-
tion from antibiotic-laden manure residues and their
metabolites through urine and feces of the animal
(Pathak, 2010). The translocation and bioactivity of
antibiotics are influenced by soil sorption, governing
the distribution and transfer between phases and thus
the resulting mobile and bioavailable fractions of the
antibiotics. Possible entry paths of VAs are displayed in
Fig. 3 (Nicole, 2008).

Once in the soil environment, distribution of antibi-
otics which are only slightly transformed, or even
unchanged and conjugated to polar molecules can be
dependent on the molecular structure of the com-
pounds and its reactivity with other relevant factors
such as physical-chemical properties of soil. Chemical
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Fig. 3. Sources and possible entry paths of veterinary antibiotics in
the environment.
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and physical behavior of antibiotic also depends on the
physical-chemical properties of soil types, climatic
conditions, and other various environmental factors
(Nicole Kemper, 2008). The sorbed compounds pose a
reservoir of pollutants that can be mobilized in soils
and further contaminate ground water by leaching or
by erosion to surface waters (Pedersen et al., 2003).
However, important information on the reaction and
behavior of antibiotics in soils is lacking (Sarmah et al.,
2006).

And antibiotics can be divided into 4 groups
depending on the reaction with the clay minerals
(Table 5). Strongly basic and amphoteric groups of
antibiotics react with the dominant clay minerals to
form complexes. Strongly basic antibiotics can be so
strongly held on the clay surface of montmorillonite,
vermiculite or illite minerals, that they are virtually
unreleasable as assessed from bioassay studies. In kao-
linite, however, where it is not held that strongly, there
is some release in case of streptomycin and dihydros-
treptomycin (Pinck et al., 1961 a, b).

Photolysis, hydrolysis, biodegradation and binding
of the antibiotics on to soil particles are some of the
reactions that can take place and determine their
behavior in soil (Nicole Kemper, 2008). The antibiotics
classified by different structural classes can be ionized,
amphiphilic or amphoteric. Ionized antibiotics in soil
can furnish positive charges that can be attracted on
colloidal soil surface. The sorption and fixation of the
VAs in soils differ considerably due to physical-chemi-
cal properties such as their molecular structure, size,
shape, solubility and hydrophobicity (Thiele-Bruhn,
2003).

Thiele-Bruhn et al. (2004) also reported that sul-
fonamide sorption was influenced by: (i) the molecular
structure and physicochemical properties of sulfona-
mides depending pH, (i) accessible functional groups at
organic-mineral surfaces, and (iii) the accessibility of
voids and cavities in the three—dimensional structure
of soil organic matter and its combinations with the
mineral matrix forming organic—mineral complexes.

Polar and lowly water soluble antibiotics that can be
retained on the mineral and organic colloids in soil are
less liable to degradation forces and less potent towards
its targets. But antibiotics become more mobile when
they may form complexes with soluble organic materi-
als, resulting in contamination of groundwater while
still in its parent form (Singh and Mishra, 2013; Thiele—
Bruhn, 2003).

Table 5. Antibiotics depending on the reaction with the clay min-

erals
Category Antibiotics
Strongly basic IS{ZE;?;?;?H,Dihydrostreptomycin,Neomycin,
Amphoteric Bacitracin, Aureomycin, Tetramycin
Acidic Penicillin
Neutral Chloromycetin, Cyclohexamide

The distribution coefficient (K,), the ratio of anti-
biotic concentration adsorbed in soil to the same in
water in equilibrium with soil, determines the mobility
of the antibiotics in soils. According to Sarmah et al.
(2006), none of the soil properties showed positive cor-
relation with the estimated K, for the antibiotics except
few antibiotics such as tylosin although there was good
positive correlation between the measured K, and OC,
CEC and clay content of soils. Wide variation in tenac-
ity of their adsorption on soil exchange sites is apparent
from a wide range of observed distribution coefficient
(K, from 0.2 to as high as 6000. Antibiotics with
higher K, value are highly immobile due to strongly
affinity to the soil particles. Therefore, transport and
mobility the VAs within soil can be restricted to fast
preferential and macropore flow for high K, and co—
transport with mobile colloids facilitated by dissolve
organic matter.

Adsorption of most antibiotics used as growth regu-
lators to soils is fast and is high in clay and low in sand
fractions. VAs react in varying degrees to form com-
plexes with various clay minerals (Pinck et al., 1961 a,
b). The adsorption of VAs to various exchange sites is
characterized by two different processes of kinetics
(Sithole and Guy, 1987, Suan and Dmitrenko, 1994)
such as a fast initial adsorption to outer surfaces and
rate-limited adsorption by a penetration into interlay-
ers of clay minerals and micropores. The adsorption
capacity for basic antibiotic such as tylosin is mainly
due to the expanding characteristics of these clays with
the consequent restriction of cation exchange to the
outer surfaces of the clay particles (Bewick, 1979), that
adsorption capacity are low for non—-expanding lattice
such as illite and kaolinite and high for expanding lat-
tice such as bentonite and montmorillonite (Hillel,
1980). Strong adsorption through the ion exchange
process may occur only if solution pH is less than the
pK, value of the compound, while the surface acidity of
clays can cause sorption by cation exchange well above
the pK, (Figueroa et al., 2004; Sassman and Lee, 2005).

Strongly basic antibiotics that are so strongly held
on the surface of clays can be transported mainly to
surface waters with the sediments during run off losses
of soil. Sorption coefficient (K,) of the VAs suggests
how mobile the VAs would be in the soil environment.
For example, the transport of tetracyclines seems to be
restricted to fast preferential and macro—pore flow or
to be facilitated by cotransport with mobile colloids
such as dissolved organic matter (Thiele—Bruhn, 2003).
And in case of amphoteric antibiotics, there is easy
release from all kinds of clay minerals. The weakly
adsorbed antibiotics can be more mobile and leach with
percolating water. In general, affinity of many of the
commonly used antibiotics is quite high to soil parti-
cles, indicating that most of the mobility of these antibi-
otics in terrestrial environment is probably due to run—
off losses of antibiotic-laden sediments to surface
waters from fields where antibiotic laden manures are
applied.
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DISCUSSION

Many studies have shown that VAs administered to
food-producing animals occur in stored liquid and solid
manure of confined animal-feeding operations, are
applied to fields through the application of manure,
resulting in a growing international concern about the
potential impact of antibiotic residues on the environ-
ment. The adsorbed VAs onto the soil particle surface
or organic matter in soil can be mobilized and further
contaminate ground water by leaching or by erosion to
surface waters. However, important information on the
reactivity and behavior of VAs given physical and chemi-
cal properties of soils within the soil environment is lack-
ing. Therefore, there is an urgent need to gather precise
information on the reactivity and relevant behavior of
VAs in soil and water for reduce and solve potential envi-
ronmental risks posed by VAs.
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