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1. Introduction

During last decades, concentration of human and veterinarian antibiotics in the environment,
natural and engineered systems have been increased because of high amount production and
consumption. This situation has aroused great concern due to the possibility of harmful effects
on human, animals and plants [1,2]. Occurrence and fate of these compounds are one of the
main issues because of their unknown potential risks and their effects on the environment.
Approximately 500 tonnes of them are produced and consumed every year in the worldwide.
Antibiotics are resistant to conventional biological treatment process and the wastewaters
including these compounds are directly discharged to the receiving water bodies without
efficient treatment. Hospitals and pharmaceutical industries are the main sources of high
antibiotic concentration release to the environment [3]. Also sewage systems can transport
these molecules and/or their metabolites since metabolization of them by humans and animals
cannot be achieved completely [4]. During the transportation of antibiotics throughout
treatment plants, elimination of these compounds can occur via biodegradation, photolysis
and sorption to sludge but ultimate degradation of these compounds cannot be achieved in
conventional treatment plants [4, 5, 6]. As a result of the introduction of metabolized and/or
active antibiotics to the receiving water bodies caused an increase in the ratio of multi-
antibacterial resistant pathogens [7].

Sulfamethoxasole (SMX) is a sulfonamide bacteriostatic antibiotic that is used to treat urinary
tract infections. SMX inhibits the multiplication of bacteria, since they are competitive
inhibitors of p-amino benzoic acid in the folic acid metabolism cycle [8]. Sulfonamide antibiotics,
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including SMX, have been found in the activated sludge processes and digested sludges in
varying concentration from ng/L to µg/L levels [5, 8]. Behaviour of sulfonamide antibiotics has
been reported as recalcitrant molecules thus sorption and desorption are the main pathways
on antibiotic elimination from aquatic phases [9, 10]. Biodegradability of SMX has not been
widely studied for anaerobic systems. There are few studies about anaerobic biodegradability
characteristics of SMX in the literature [11, 12].

In this chapter, the aim is to reveal the anoxic and anaerobic biodegradability characteristics
of SMX and the effects of this compound on microbial community. In this scope, biodegrada‐
tion capacity and the effects on the microorganisms were investigated by destructive batch
tests based on a modified version of Anaerobic Biodegradability of Organic Compounds-
OECD 311 protocol [13] under three different electron acceptor conditions; nitrate reducing,
sulfate reducing, and methanogenic conditions. Quantification of defined microbial groups
was also carried out to determine the effects of SMX on abundance of microbial community.

1.1. Antibiotics

Antibiotics are among the most important groups of pharmaceuticals and chemotherapeutic
agents that inhibit or terminate the growth of microorganisms, such as bacteria, fungi, or
protozoa without affecting host [11, 12]. The term antibiotic used for drugs that block any of
these microorganisms. Other terms as chemotherapeutics or antimicrobials are not synony‐
mous because of their scopes; the term of antimicrobial is used for the medicine which is also
effective against viruses and the expression ‘‘chemotherapeutical” referring to compounds
used for the treatment of disease which kill cells, specifically microorganisms or cancer cells.
The term ‘‘chemotherapeutical” may also refer to antibiotics (antibacterial chemotherapy).

The expression of antibiotic is originally used to describe any agent with biological activity
against living organisms; however, ‘‘antibiotic” now refers to substances with antibacterial,
anti-fungal, or anti-parasitical activity. During the years, this definition has been changed and
now it includes also synthetic and semi-synthetic products. There are approximately 250
different compounds registered for use in medicine and veterinary application [16].

In this chapter, the term “antibiotic” refers only to drugs that kill or inhibit bacteria. Antibiotics
that are sufficiently nontoxic to the host are used as chemotherapeutic agents in the treatment
of infectious diseases of humans, animals and plants. They are extensively used for prevention
and treatment of diseases caused by microorganisms in human and veterinary medicine as
well as in aquaculture nowadays. Also, they are being still used as growth factor in livestock
farming. Some compounds may be used for different purposes such as in growing fruit and
in bee keeping other than human or veterinary medicine. The application purposes may vary
from country to country.

Antibiotics are classified as their chemical structures and the mechanism of inhibition of
microorganisms and they can be divided into subgroups such as β-lactams, quinolones,
tetracyclines, macrolides, sulfonamides and others. The active compounds of antibiotics are
often complex molecules, which may have different functionalities. In the environment, these
molecules could be found as neutral, cationic, anionic, or zwitterionic forms. Because of the
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different functionalities within one molecule, their physicochemical and biological properties
may change with pH levels [17].

1.2. Sulfamethoxazole

In this chapter, sulfamethoxazole (SMX) is selected as model compound. The systematic name
of this compound is 4-amino-N-(5-methylisoxazol-3-yl)-benzenesulfonamide. Sulfamethoxa‐
zole and other sulfonamides have a similar structure to p-aminobenzoic acid and inhibit to the
synthesis of nucleic acids in sensitive microorganisms by blocking the conversion of p-
aminobenzoic acid to the coenzyme dihydrofolic acid, a reduced form of folic acid; dihydro‐
folic acid is obtained from dietary folic acid so sulfanomides do not have any influence on
human cells. Their action is primarily bacteriostatic, although they may be bactericidal where
concentrations of thymine are low in surrounding medium. The sulfonamides have a broad
spectrum of action, but the development of widespread resistance has greatly reduced their
usefulness, and susceptibility often varies widely even among nominally sensitive pathogens
like Gram-positive and Gram-negative cocci.

There are several mechanisms of resistance including alteration of dyhydropteroate synthe‐
tase, the enzyme inhibited by sulfonamides, to a less sensitive form, or an alteration in folate
biosynthesis to an alternative pathway; increased production of p-aminobenzoic acid; or
decreased uptake or enhanced metabolism of sulfonamides.

Resistance  may  result  from  chromosomal  alteration,  or  may  be  plasmid-mediated  and
transferable, as in many resistant strains of enterobacteria. High-level resistance is usually
permanent  and  irreversible.  There  is  complete  cross-resistance  between  the  different
sulfonamides [18].

1.3. Consumption and occurrence

The yearly consumption of antibiotics worldwide is estimated between 500 tons [19]. Approx‐
imately 90% of the consumed antibiotics are excreted via urinary or fecal pathways from the
human body after partial or no metabolism and they are transferred to the domestic sewage
plants or directly to the environment. Conventional biological treatment of domestic sewage
provides very low or no reduction for these compounds, which usually by-pass treatment and
accumulate in the receiving waters.

Antibiotic consumption changes depending on the country and/or region however the
situation is scarce and heterogenous. Country specific consumption for groups of antibiotics
in DDDs can be found for Europe on the ESAC homepage [20]. Using patterns of different
regions and countries are given Table 1. The relative importance of the different use patterns
in different countries is still not known.

An increasing number of studies have been done to determine the source, occurrence, fate,
and effects on the ecosystem of antibiotics. However, there is still a lack of understanding and
knowledge of these compounds. So studies maybe focus on the strategies about stream
segregation and at-source treatment of the concentrated streams appears.
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Region/

Country

Total

volume

used in

human

medicine

(ton/year)

Volume used

in human

medicine

(gram per

capita)

Thereof in

hospitals

(%)

Unuse

medicaments

Measured

in sewage

up to (µg/L)

Measured

in surface

water up to

(µg/L)

Reference

World wide
100000-200

000
N.D. N.D. N.D. N.D. N.D. [19]

EU

+

Switzerland

8367 22.4 N.D. N.D. N.D. N.D. [21]

USA 4860 17 70 N.D. 1.9 0.73 [22, 23]

Canada N.D. N.D. N.D. N.D. N.D. 0.87 [24]

Switzerland 34.2 4.75 20-40 N.D. 0.57 0.2 [25]

Germany 411 4.95 25 20-40 6 1.7 [16, 26]

Denmark 40 7.4 N.D.b N.D. 5N.D. N.D. [27]

Austria 38 4.7 N.D. 20-30 N.D. N.D. [28]

Netherlands 40.9 3.9 20 N.D. 4.4 0.11-0.85 [29]

Italy 283 4.88 N.D. N.D. 0.85- 0.25 [30]

Turkey N.D. 31.4 N.D. N.D. N.D. N.D. [31]

Table 1. Country specific antibiotics consumption and occurrence data (N.D.: not defined)

1.4. Production and manufacturing

Pharmaceutical industries have minor importance on the sewage treatment plants. Only in
some Asian countries, wastewaters from this industry contributes to the sewage and cause an
increase in the concentration of single compound up to mg/L level [32, 33, 34]. Also in
developed countries, manufacturing plants increases the total antibiotic concentrations in the
domestical wastewater [35].

The main problem for this industry is that they still use the physicochemical treatment
technologies in the plant to remove the compounds from their wastewater. However, this
approach is expensive.

1.5. Elimination and treatment

In the literature, there are lots of studies focused on the fate of these compounds in conventional
domestical wastewater treatment plants and also lab-scale applications in the innovative
treatment methods. Elimination and/or treatment of these organic compounds are the results
of biotic and abiotic processes. While biotic process is the biodegradation by microorganisms,
abiotic processes are sorption, hydrolysis, oxidation-reduction, and photolysis.

1.5.1. Sorption

Before to assess the sorption characteristics of antibiotics, it is necessary to consider their
physical and chemical parameters. Tolls [36] investigated the sorption behavior of these
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compounds in soil and the results showed that sorption mechanism of antibiotics could be
very complex and difficult.

Additionally, binding to particles or the formation of complexes may prevent their detection.
For example, tetracyclines are able to form complexes with double cations such as magnesiu‐
mor calcium [37]. Also humic substances cause the change in the surface properties and sites
available for sorption and reactions. Gu and Karthikeyan [38] reported that there is a strong
interaction between humic acids, hydrous Al oxide and tetracycline. Some studies showed that
antibiotics used in medicine such as fluoroquinolones and macrolides can reach the terresrial
environment by sewage sludge [38, 39].

Also sorption mechanism is a significant process for sulphonamides [36]. However, knowledge
about the interaction of antibiotics with sludge and of sediments with sludge in activated
sludge plants as well as the subsequent potential for their release back into the environment
is still too sparse.

1.5.2. Photolysis

Photochemical process can be important in the surface waters and treatment plant effluents
as another elimination process [40-43]. In the environment, photolysis process is not effective
in turbid water or river and lakes, which are shadowed. So, the in the lab-scale experiments
cannot reflect the photochemical process in the nature. Also, effectiveness of depletion process
can differ under different environmental conditions such as pH, temperature, water hardness
[44] and depends on type of matrix, location, season, latitude [45].

One of the problems about this type of process is that incomplete photo-transformation and
photo-degradation can cause to more or less stable or toxic compounds although this does not
necessarily have to happen [46-48].

The significance and extent of direct and indirect photolysis of antibiotics in the aquatic
environment are different for each compound because some of them are light sensitive (e.g.
quinolones, tetracyclines, sulphonamides, tylosin, nitrofuran antibiotics). However, not all
compounds are photo-degradable [49]. Tetracyclines are senstive to photo-degradation.
Samuelsen [50] investigated the sensitivity of oxytetracycline towards light in seawater as well
as in sediments. The antibiotics proved to be stable in sediments rather than in seawater. As
no mechanism of decomposition other than photolysis is known for them [51], the substance
remains in the sediment for a long period, as shown by [52]. Boree et al. [53] showed that
sulphanilic acid was found as a degradation product common to most of the sulpha drugs.

1.5.3. Hydrolysis and thermolysis

Another important pathway for the non-biotic decomposition of organic substances in the
environment is hydrolysis. Some instability in water could be demonstrated for some tetra‐
cycylines [54]. In general, the hydrolysis rates for oxytetracycline increase with reascept to
temperature at pH 7. The half-lives of oxytetracycline under investigation changed by
differences in temperature, light intensity and flow rate from one test tank to another. However
sulphonamides and quinolones are known as resistant antibiotic to hydrolysis.
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1.5.4. Oxidation

Pharmaceutical industry wastewaters including antibiotic are well known for the difficulty of
their elimination by conventional biological treatment methods and their important contribu‐
tion to environmental pollution is due to their fluctuating and recalcitrant nature. For this
reason, oxidation processes are usually applied.

The presence of carbon–carbon double bonds, aromatic bonds or nitrogen is a necessary
essential for this application. However, the presence of these structural elements does not
provided the fast and full degradation or even the complete degradation.

The effect of ozonation on the degradation of oxytetracycline in aqueous solution at different
pH values (3, 7 and 11) was reported by Li et al. [55]. The study was designed that ozonation
as a partial step in a combined treatment concept is a potential technique for biodegradability
enhancement. It has been shown that COD removal rates increase with increasing pH as a
consequence of enhanced ozone decomposition rates at elevated pH values. The results of
bioluminescence data indicate that the initial by-products after partial ozonation (5–30 min)
of oxytetracycline were more toxic than the parent compound [55].

Sulfamethoxazole was also efficiently degraded by ozonation [56]. An improvement in
biodegradability by the increasing of BOD5/COD ratio from 0 to 0.28 was observed by the
authors after 60 min of ozonation. The acute toxicity of the intermediates was checked and a
slight acute toxicity increment in the first stage of ozonation was found. pH variation was
found as important parameter on TOC and COD removal efficiencies. The complete sulfame‐
thoxazole removal was achieved for an in photo-Fenton process [57]. Toxicity and inhibition
tests pointed in the same direction: no toxic effect of oxidized intermediates was determined
and also no inhibition was detected on activated sludge activity.

1.5.5. Biodegradation

Biodegradability of most antibiotics has been checked and it was found that they are not
biodegradable under aerobic conditions until today [3, 11, 55, 58, 59]. Biodegradability
characteristics have been weak for most of the compounds investigated in laboratory tests such
as the OECD test series (301–303, 308) – even for some of the ß-lactams (Alexy et al., 2004). Out
of 16 antibiotics tested, only benzyl penicillin (penicillin G) was completely mineralized in a
combination test (combination of the OECD 302 B and OECD 301 B tests; [11]).

Biodegradation for tetracycline was not observed during a biodegradability test (sequence
batch reactor), and sorption was found to be the principal removal mechanism for tetracycline
in activated sludge [61].

Some antibiotics occurring in soil and sediment proved to be quite persistent in laborato‐
ry testing as  well  as  in  field studies.  Some of  them were not  biodegradable  also under
anaerobic conditions [12]  others did [62].  Substances extensively applied in fish farming
had long half-lives  in soil  and sediment,  as  reported in several  investigations [63];  [64];
[65]; [66]; [67]; [68]; [69]). However, some substances were at least partly degradable ([70];
[71];  [72],  [66];  [68];  [73]).  Maki et  al.  [62] found that ampicillin,  doxycycline,  oxytetracy‐
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cline, and thiamphenicol were significantly degraded, while josamycin remained at initial
levels. Tylosin was biodegraded [42].

1.6. Problem definition and aim

The yearly consumption of antibiotics is 500 tons throughout the world according to the data
of 2001. Approximately 90% of the consumed antibiotics after being partially metabolized or
not being metabolized are excreted by the help of urea or feces from the body and transferred
to the domestic sewage plants. These antibiotics are discharged into the receiving environment
with no or low elimination after being treated in conventionally operated domestic sewage
plants. While the concentration of these materials in domestic wastewaters and surface waters
are in µg/l level, in pharmaceutical wastewater they are in 100-1000 mg/L level [74, 75, 76, 77].
As this low concentration in the surface wastewaters cause important problems in the
ecosystem, it necessitates the removal of high antibiotic amount that are found in the phar‐
maceutical wastewaters. However, because the chemical removals of these materials are costly,
biological treatment is essential. Antibiotics are the one of these compounds and the most often
discussed pharmaceuticals because of their potential role in the spread and maintenance of
(multi)resistance of bacterial pathogens. There are lots of studies that have been done in Europe
and North America on the detection and removal of antibiotics in the receiving environment
and the treatment plant [4, 5, 23, 24, 78-84]. However, the studies on the treatability of these
antibiotics biologically are quite few [61, 85]. Also the scope of the studies done on the
biodegradability potential of these materials is limited [11, 12, 86, 87]. Additionally, the studies
on the microbial groups and species that are responsible for degradation have not been done,
yet.

In this scope, determination of biodegradation characteristics of the refractory compounds and
their toxic/inhibition effects on microbial community is substantial for environmental engi‐
neering. For this aim, the biodegradability of these sulfamethoxazole under anoxic and
anaerobic conditions and also changes in microbial groups under the different conditions are
explained in this chapter.

2. Materials and methods

2.1. Experimental approach

This study involves setting-up batch biodegradation test to investigate biodegradation
characteristics of sulfamethoxasole (SMX) under anoxic and anaerobic conditions. The
biodegradation test bottles were set up under nitrate reducing conditions (NRC), sulfate
reducing conditions (SRC) and methanogenic conditions (MC). Experiment was carried out
for 120 days. During the experiment, gas production was monitored daily. Destructive
sampling was done in four different times (at 0th, 20th, 60th and 120th day). Wet chemical analysis
(dissolved organic carbon [DOC], SMX measurements and electron acceptor measurements)
and microbiological analysis (quantitative real-time PCR [Q-PCR]) were carried for four
sampling times.
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2.2. Set–up of batch biodegradation test bottles

In this study, two different seed sludges were used for setting-up of the batch tests. For NRC,
the seed was taken from anoxic part of a domestic wastewater treatment plant in Istanbul
whereas; test tubes for the SRC and MC were inoculated by anaerobic sludge from a full-scale
UASB reactor treating alcohol distillery effluents.

The batch tests were constructed in 120 mL serum bottles, 100 mL of active volume, according
to modified OECD 311 protocol [13]. The constituents of each experimental set for NRC, SRC
and MC conditions are given in Table 2, 3 and 4, respectively. Also chemicals of the trace
element solution and their amounts are given in Table 5. SMX was chosen as the model carbon
source. The test tubes were set up as duplicates including positive and negative controls.
Phenol was chosen as slowly biodegradable carbon source for positive control set. Negative
control sets were constructed without any carbon source to determine endogenous decay. All
sets were set-up in an anaerobic cabinet (Coy Laboratory Products, U.S.).

Experimental sets were destructed in 4 different sampling times. The first set was destructed
immediately after all the test tubes were set-up, the other three sets were spoiled in day 20,
day 60 and day 120. In each test tube, after inoculation 2000 mg/L TVS was maintained. Phenol
and SMX concentrations were adjusted to 80±4.5 mg DOC/L and 280±1.0 mg DOC/L within
the all experimental groups. The dissolved organic carbon (DOC) value of negative control
bottles was 18.6±1.5 mg/L. All solutions were deoxygenated and adjusted to pH 7. Biodegra‐
dation test bottles were incubated at 20 °C and 35 °C for NRC and MC/SRC, respectively. All
test bottles were stored at dark chambers to ensure occurring only biodegradation and sorption
mechanisms during the experiment. The test tubes were shaken daily by hand.

CONSTITUENT AMOUNT (g)

Anhydrous potassium dihydrogen phosphate (KH2PO4) 0,27

Disodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O) 1,12

Ammonium chloride (NH4Cl) 0,53

Potassium Nitrate (KNO3) 1

Calcium chloride dihydrate (CaCl2.2H2O) 0,075

Magnesium chloride hexahydrate (MgCl2.6H2O) 0,1

Iron (II) chloride tetrahydrate (FeCl2.4H2O) 0,02

Resazurin (oxygen indicator) 0,001

Sodium sulphide nonahydrate (Na2S.9H2O) 0,1

Stock solution of trace elements 10 ml

Add de-oxygenated water to 1 liter

Table 2. Medium for nitrate reducing conditions (10 mM potassium nitrate)
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CONSTITUENT AMOUNT (g)

Anhydrous potassium dihydrogen phosphate (KH2PO4) 0,27

Disodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O) 1,12

Ammonium chloride (NH4Cl) 0,53

Potassium Sulfate (K2SO4) 1,8

Calcium chloride dihydrate (CaCl2.2H2O) 0,075

Magnesium chloride hexahydrate (MgCl2.6H2O) 0,1

Iron (II) chloride tetrahydrate (FeCl2.4H2O) 0,02

Resazurin (oxygen indicator) 0,001

Sodium sulphide nonahydrate (Na2S.9H2O) 0,1

Stock solution of trace elements 10 ml

Add de-oxygenated water to 1 liter

Table 3. Medium for sulfate reducing conditions (10 mM potassium sulfate)

CONSTITUENT AMOUNT (g)

Anhydrous potassium dihydrogen phosphate (KH2PO4) 0,27

Disodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O) 1,12

Ammonium chloride (NH4Cl) 0,53

Calcium chloride dihydrate (CaCl2.2H2O) 0,075

Magnesium chloride hexahydrate (MgCl2.6H2O) 0,1

Iron (II) chloride tetrahydrate (FeCl2.4H2O) 0,02

Resazurin (oxygen indicator) 0,001

Sodium sulphide nonahydrate (Na2S.9H2O) 0,1

Stock solution of trace elements 10 ml

Add de-oxygenated water to 1 liter

Table 4. Medium for methanogenic conditions

CONSTITUENT AMOUNT

Manganese chloride tetrahydrate (MnCl2.4H2O)50 mg 50 mg

Boric acid (H3BO3) 5 mg

Zinc chloride (ZnCl2) 5 mg

Copper (II) chloride (CuCl2) 3 mg

Disodium molybdate dihydrate (Na2MoO4.2H2O) 1 mg

Cobalt chloride hexahydrate (CoCl2.6H2O) 100 mg

Nickel chloride hexahydrate (NiCl2.6H2O) 10 mg

Disodium selenite (Na2SeO3) 5 mg

Add de-oxygenated water to 1 liter

Table 5. Stock solution of trace elements
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Headspace pressure was measured by hand-held pressure transducer (Lutron PM-9107,
U.S.A.) every day. At each sampling time, biogas composition of the samples was determined
via gas chromatography (Perichrom, France). DOC concentration of each sample was meas‐
ured by Shimadzu ASI-V TOC analyser (Japan). Nitrate and sulfate concentrations were
measured by DIONEX ICS 1500 ion chromatograph (U.S.A.). SMX measurements within the
solid and liquid phase were carried by the protocol that is proposed previously by Karcı and
Balcıoglu [88].

2.3. Calculation of mass balances

Theoretical CO2 (Th CO2) and Theoretical biogas (Th biogas), which were used for evaluation
of biodegradation, were calculated according DOC, gas and ion chromatography results. Mass
balances were calculated by the assumptions, which were described by Ritmann and Mc Carty
[89]. Simplified mass balances were given in Equation 1-3 for NRC, SRC and MC, respectively.

-
3 2 2 2SMX + NO  Biomass + CO + N + H O® (1)

2- -
4 2 2 2SMX + SO  Biomass + CO + H S+ HS +H O® (2)

2 2 4SMX + H O  Biomass + CO + CH® (3)

Ultimate biodegradation ratios were estimated by comparison of ThCO2 and Th biogas
production (which were assumed to be produced as a result of 100% biodegradation of
tetracycline) were compared to actual CO2 and biogas production within the batch tests, DOC
elimination and SMX measurements.

2.4. Microbiological analyses

Genomic DNA (GDNA) was extracted from 0.5 g sludge using the Fast DNA Spin Kit for Soil
(Qbiogene Inc., U.K.) following the manufacturer's instructions.

Q-PCR procedure recommended by Roche was followed and a Light Cycler Master Kit (Roche,
Applied Science, Switzerland) was used to set up the reaction (2.0 µl master mix, 1.6 µl
MgCl2 1.0 µl Primer F and R, 13.4 µl H2O, 1 µl sample). Absolute quantification analysis of the
GDNA was carried out with a Light Cycler 480 Instrument (Roche Applied Science, Switzer‐
land). Primers used in the quantification are given in Table 6.

Significant differences were determined according to independent sample t-test. Pearson
correlation was used for the interactions between variables. All the statistical analyses were
conducted by using SPSS (IBM, U.S.A) and p<0.05 level was used for significance.
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3. Results and discussion

3.1. Methane generation

Biogas generation in the test bottles operated under sulphate reducing and methanogenic
conditions was observed daily. However methane content of the biogas in the test bottles were
determined in each sampling time before the destruction of the test bottles as 0th, 20th, 60th and
120th days. Produced methane volume in sulfamethoxazole (SMX) and reference item (REF)
fed bottles with non-carbon source (NC) fed bottles under sulphate reducing and methano‐
genic conditions were given in Figure 1 and 2, respectively.

Figure 1. Methane production under sulfate reducing conditions

Primer Target Gene
Target

Microorganisms

Respiration

Conditions
References

Bac519f
16S rRNA Bacteria All 90

Bac907r

Arc349f
16S rRNA Archaea All 91

Arc806r

Met348f
16S rRNA Methanogens All 92

Met786r

DSRp2060F
Sulfites reductase

beta sub-unit (dsrB)

Sulfate Reducing

Bacteria

Only sulfate

reducing condition
93

Table 6. Primers and target groups for Q-PCR analysis
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As seen in Figure 1, the maximum methane production associated with SMX was 21 mL
while the maximum values were determined as 15 L and 9 mL in REF and NC test bottles,
respectively, under sulphate reducing conditions. These values increased to 132 mL, 41 mL
and 23 mL, respectively. This wide difference is expected as a result of sulphate inhibito‐
ry effect on methanogens. Another point to show the inhibition that most of the methane
was  produced  during  first  20  days  under  methanogenic  conditions  while  methane
production  was  slower  under  sulphate  reducing  conditions.  Also  it  was  known  that
sulphate reducers are much more versatile than methanogens and in environments where
sulfate  is  present,  sulfate-reducing  bacteria  compete  with  methanogenic  consortia  for
common substrates.  Compounds like propionate and butyrate,  which require syntrophic
consortia in methanogenic environments, are degraded directly by single species of sulfate
reducing bacteria [94].

Figure 2. Methane production under methanogenic conditions

Positive and negative control groups were used to increase the reliability of the experiment.
For positive control groups phenol was used as a carbon source. For all three electron-accepting
conditions, phenol was biodegraded at the ratios between 74- 78% in 120 days, which indicated
the ultimate biodegradation according to OECD protocol [13]. Measured CO2 and biogas
production within the negative control groups subtracted as blanks to reveal the actual
biodegradation ratios. The CO2 productions in the negative control test bottles reached a total
of 4-12 mL in 120 days corresponding to 70 -100% of the theoretical CO2 (Th CO2) production
while biogas production reached 40 mL corresponding to 100% of the Th biogas occurred via
degradation of biomass completely.
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3.2. Removal of dissolved organic carbon

Total organic carbon parameter was used to compare the biodegradation capacity of the
antibiotic and reference item under nitrate reducing, sulphate reducing and methanogenic
conditions. Also electron acceptors were measured in the test bottles. DOC removal was higher
in the first 60 days in all electron-accepting condition. The removal between 60th-120th days,
any significant changes were not observed.

In Figure 3, DOC and nitrate concentration changes in respect to time are given. ın the
beginning of the experiment, nitrate concentration in each bottle was 250 mg/L. This concen‐
tration decreased to less than 10 mg/L in the first 20-day period of the experiment. Also
decrease in DOC values was parallel to nitrate concentration except of SMX test bottles. The
decrease in the DOC continued first 60 days while nitrate concentration was 1 mg/L.

Figure 3. DOC and nitrate concentration in SMX, REF and NC bottles under nitrate reducing conditions

As seen in Figure 4, most of the DOC in the SMX bottle was consumed in the first 60 days. Also
sulphate concentration decreased from 480 mg/L to 59 mg/L during same period.

In Figure 5, changes in DOC concentrations under methanogenic conditions are given. The
results indicated that the removal of DOC mechanism was more quickly in the first 20 days.
This pattern was also similar with the other respiration conditions. Also reference item was
consumed in the same period. DOC concentration in SMX bottles decreased from 280 mg/L to
88 mg/L in the first 20 days. After this day, only 18 mg/L DOC was consumed and the final
DOC concentration in SMX test bottles was determined as 70 mg/L.
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The most efficient DOC removal in SMX test bottles was observed under SRC and MC as 78/
and 74%, respectively. Under NRC, DOC removal was detected as 71%.

Figure 5. DOC concentration in SMX, REF and NC bottles under methanogenic conditions

Figure 4. DOC and sulphate concentration in SMX, REF and NC bottles under sulphate reducing conditions
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In another study showed that SMX affected the propionic acid degradation and acetic acid
utilization pathways in the higher concentrations [95]. Sponza and Demirden [96] also showed
while sulfamerazine, which is another antibiotic from sulfonamid group, was being fed to the
anaerobic system, an increase in VFA accumulation was observed with respect to rising of
antibiotic concentration. Decreased utilization of butyrate and propionate is consistent with
the fact that these substrates are used directly by bacteria, homoacetogens. SMX also has a
bacteriostatic inhibition effect on folic acid production of especially gram positive and negative
cocci [18]. VFAs are not directly used by methanogens, however different groups of syntrophic
bacteria use specific VFAs.

3.3. Biodegradability of sulfamethoxazole and mass balance

SMX measurement was done for water and sludge matrix. The recovery was found as 92%
after solid-phase extraction (SPE). Antibiotic measurement in the sludge showed that the SMX
concentration in the sludge did not change in respect to time and it is found as 50,4±3 mg/L.
This result indicated that velocity of biodegradation and sorption mechanisms are similar
during the test. Antibiotic concentrations in water samples are given in Figure 6.

Antibiotic removal for three electro accepting conditions was same and it was detected as
approx. 98% in water matrix. If the sorption mechanism takes into the consideration, the
removal decreased to 70%. Most of the antibiotic was removed in the first 60 days. There is no
significant change between 60th-120th days. Also the decrease in electron acceptor concentration
under nitrate reducing conditions may be caused a negative impact on microbial activity [97].
However, it was clear that antibiotic removal was faster under methanogenic conditions. The
results showed that 68% of SMX was removed under methanogenic conditions while ultimate
SMX removal was 70%.

Figure 6. Sulfamethoxazole concentration under nitrate reducing (SMX-N), sulphate reducing (SMX-S) and methano‐
genic (SMX-M) conditions
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Figure 7 shows ultimate biodegradation ratios (evaluated according to gas production only
derived from SMX biodegradation), sorption ratios according to SMX measurements within
sludge and soluble microbial products (SP) and/or transformation products (TP) ratios that
were calculated via DOC removal ratio compared with SMX biodegradation for each electron
accepting condition throughout the operating period. SMX showed non-biodegradable
behavior under SRC, NRC and MC according to OECD protocol [13].

SMX measurements within the sludge samples of the all experimental groups showed that
29% of the SMX sorbed to the solid media throughout the experiment time. Sorbed part of the
SMX did not change for four sampling time. Stabile results indicated that sorption processes
are more dominant rather than desorption processes since all serum bottles were shaken daily
in order to increase the bioavailability of the carbon source. Yang et al. also confirmed the rapid
sorption processes rather than biodegradation [10].

Under MC, biogas production showed that 23% of the SMX was mineralized. However,
according to SMX and DOC measurements 40% of the SMX were removed from the liquid
phase. This result indicated that parent compound transformed to SP and/or TP. 17% of the
SMX was remained in liquid phase as its potential SP and/or TP. Gartiser et al. reported SMX
as non-biodegradable compound (2.3%) as well [11]. Different results of two studies mainly
emanated by the application of different methods and duration time of the experiments.

Under SRC, 32% of the SMX was ultimately biodegraded whereas; 8% of the parent compound
transformed to SP and/or TP. Under NRC, 38% of the SMX was mineralized to CO2 and 2% of
the SMX converted to residual SP and/or TP. Biodegradation ratios within the conventional
treatment plants which is reported by Hong et al. [98] complies with our results. In their study
40% of the SMX removed from liquid phase. Also in our study, anoxic biodegradation rate was
the highest removal rate among the experimental groups. Overall elimination within three
electron-accepting conditions was calculated as 69 %.

Figure 7. Biodegradation of SMX under different e-accepting conditions
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3.4. Microbiological analyses

Q-PCR analyses were carried out for four sampling times. Four different taxonomic groups
were quantified. These were; Bacteria, Archaea, methanogenic Archaea and Sulfate Reducing
Bacteria (SRB). There was no significant change in the amount of these populations during 120
days (data not shown). However, under methanogenic conditions, biogas, antibiotic concen‐
tration and microbial quantification data indicate that there was a strong correlation between
antibiotic concentration and amount of bacterial and methanogenic species. This correlation
was a strong proof of the usability of SMX and showed that the bacterial and archaeal
community continued to work together while this compound was only carbon source. Figure
8 and Table 7 show the changes within these groups under methanogenic conditions and their
correlations with each other, respectively.

Figure 8. Microbial cell counts under methanogenic conditions

Table 7. Correlation analyses for methanogenic conditions (n=3, p<0.05)

As it can be seen in Table 7 for methanogenic conditions, there was a strong positive correlation
between methanogenic count and bacterial count; also, they had a positive correlation with
DOC and SMX concentration change over time. This observation shows that there may be
syntrophic relationship between bacteria and methanogens in methanogenic conditions. In
addition, SMX concentration is strongly correlated with bacterial and methanogenic count.

Insignificant change in microbial groups can be explained with two approaches. 1- SMX may
have an inhibition on bacterial growth so SMX biodegradation delayed and microbial cells
have faced with starvation as described by Gartiser et al. [12]. 2- Multi antibacterial resistant
bacteria have been described by many authors [7, 99]. Based on that knowledge, bacterial
populations in the batch tests might have gained resistance to SMX with time but would not
able to use SMX efficiently. In this case, bacterial populations lowered their metabolic functions
to survive rather than grow. Also changes in the population dynamics can be derived from
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the microbial interactions. Thus methanogens were not affected by SMX. Otherwise biogas
production wouldn’t have occurred or would have been inhibited because of their suscepti‐
bility to toxic compounds [100].

More detailed microbiological approach was applied in a parallel study [95]. The author tested
the inhibition effect and biodegradability characteristic of same compound in long-term semi-
continuous operation under anaerobic conditions. In that study, Clostiridum spp. was found in
the system independently of operation time and SMX concentration in the system according
to 16S rDNA clone library and denaturing gradient gel electrophoresis (DGGE) studies. It was
also expected due to they are responsible to fermentation and some species especially produce
the ethanol. Additionally, Clostridium spp. have the role on the starch degradation by exo-
enzymes. Other OTUs, which were detected in the system, almost belong to the uncultured
clones or unclassified bacterial cultured species. In addition to bacterial results, archaeal
studies showed that acetoclastic methanogenic species disappeared in the last phases of
operation in which SMX concentration increased. However the abundance of hydrogenotro‐
phic methanogenswere higher than acetoclastic species and they were dominant during the
operation.

Looking at this point, more detailed microbiological approach was needed to give the answers
of two main questions: Which microbial groups are directly affected by SMX and which ones
utilize this compound as a substrate? Next generation sequencing (NGS) based on DNA and
also cDNA produced from total RNA represent more details about microbial community in
each operation period. NGS is a novel sequencing technology for metagenomic studies. The
main advantage of this technique is to sequence the mix GDNA directly without any prelimi‐
nary study. By this means, the process does not cover the bias coming from polymerase chain
reaction (PCR) and cloning. Additionally stable isotope probing (SIP) technique may be a good
option to find the answer about which microbial groups utilize directly the SMX. In this
technique, a labeled compound is given as substrate and then the produced GDNAs are
monitored by labeled elements coming from utilized compound.

4. Conclusion

In the light of evaluations presented above, the significant findings of the study on the
biodegradability characteristics of sulfamethoxazole under different electron accepting
conditions may be outlined as follows:

The results suggested that the nature of the biodegradability characteristic of SMX are similar
under nitrate reducing, sulphate reducing and methanogenic conditions and it was clear that
biological treatment is suitable for this compound to remove from the wastewater during long
retention times. However, methanogenic conditions should be selected because of obtaining
biogas to use as energy source.

Microbial studies showed a syntrophic relationship between bacteria and methanogens in
methanogenic conditions. Quantification of the main microbial groups has given general idea
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about the effect of SMX and showed the next step to clarify this mechanism: To focus microbial
kinetics in terms of metabolic expressions on mRNA level and also quantification of antibiotic
resistance genes in the system, which is operated under methanogenic conditions, give more
information about the removal mechanism of this compound. Also for detailed information
about microbial community and changes in the community, NGS is a good option. SIP is the
direct method to observe which microbial species utilize the SMX and its transformation
products.
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