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Abstract

Increasingly often soil residual concentrations of pharmaceutical antibiotics are detected, while their ecotoxic rele-

vance is scarcely known. Thus, dose related effects of two antibiotics, sulfapyridine and oxytetracycline, on microorgan-

isms of two different topsoils were investigated. The fumigation-extracted microbial C (EC) and ergosterol were

determined to indicate soil microbial and fungal biomass, respectively. Microbial activity was tested as basal respiration

(BR), dehydrogenase activity (DHA), substrate-induced respiration (SIR), and Fe(III) reduction. The BR and DHA

were uninfluenced even at antibiotic concentrations of 1000 lg g�1. This revealed that an activation of microbial growth

through nutrient substrate addition is required to test possible effects of the bacteriostatic antibiotics. In addition, the

effects of both antibiotics were time dependent, showing that short-term tests were not suitable. Clear dose–response

relations were determined with SIR when the short-term incubation of 4 h was extended into the growth phase of

the microorganisms (24 and 48 h). The Fe(III) reduction test, with a 7-d incubation, was also found to be suitable

for toxicity testing of antibiotics in soils. Effective doses inhibiting the microbial activity by 10% (ED10) ranged from

total antibiotic concentrations of 0.003–7.35 lg g�1, depending on the antibiotic compound and its soil adsorption.

Effective solution concentrations (EC10), calculated from distribution coefficients, ranged from 0.2 to 160 ng g�1.

The antibiotics significantly (p < 0.05) reduced numbers of soil bacteria, resulting in dose related shifts in the fun-

gal:bacterial ratio, which increased during 14 d, as determined from analysis of ergosterol and EC. It was concluded

that pharmaceutical antibiotics can exert a temporary selective pressure on soil microorganisms even at environmen-

tally relevant concentrations.
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1. Introduction

Pharmaceutical antibiotics are widely used for the

medical treatment of microbial infective diseases. Conse-

quently, tons of antibiotics are annually administered to

humans and animals, especially to livestock (Thiele-

Bruhn, 2003). Most pharmaceutical antibiotics are de-

signed to be quickly excreted from the treated body,

either unaltered or as metabolites, some of which are still
ed.
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bioactive (e.g. Zuccato et al., 2001). Thus, sewage sludge

and manure, used as fertiliser for agricultural land, are

often contaminated with antibiotics (Thiele-Bruhn,

2003). Residues of pharmaceutical antibiotics have al-

ready been discovered in soils in concentrations of up

to 300 ng g�1 for tetracyclines and 11 ng g�1 for sulfon-

amides (Hamscher et al., 2002; Höper et al., 2002). In

addition, various antibiotics occur naturally in soils be-

cause antibiosis is a natural defence mechanism, with

numerous soil microorganisms producing antibiotics

via their secondary metabolism (Thomashow et al.,

1997). However, the concentrations and types of phar-

maceutical antibiotics released into soil differ widely

from the natural background. Hence, unwanted effects

of these antibiotics on soil microorganisms and micro-

bial turnover processes in soils are suspected and require

investigation.

To date, a wide range of bioassays exist and have been

used to determine effects of different chemicals on soil

microorganisms (Hart and Brookes, 1996; Welp and

Brümmer, 1999). However, reports on the effects of phar-

maceutical antibiotics on soil microorganisms are scarce

and inconsistent. For example it has been reported that

some antibiotics inhibit microorganisms (Colinas et al.,

1994) and dose related effects have been determined

(Herron et al., 1998; Pfeiffer et al., 1998). In contrast, a

promotion of microbial growth and activity was reported

in other studies (Patten et al., 1980; Höper et al., 2002).

Soil contamination with the sulfonamide sulfachloropy-

ridazine resulted in small changes in the community-level

physiological profile and an increased pollution induced

community tolerance against further additions of sulfa-

chloropyridazine (Schmitt et al., 2004). Microbial resis-

tance induced by antibiotics has also been observed

(Huysman et al., 1993; Fründ et al., 2000).

The overall goal of our study was to investigate the

effects of two pharmaceutical antibiotics on the indige-

nous microorganisms of topsoil samples from two agri-

cultural soils. The selected compounds belong to two

antibiotic structural classes that are widely used for the

medication of livestock. In particular, our objectives

were: (i) to assess the suitability of established soil

microbial activity assays—generally used to evaluate

the toxicity of chemicals—to indicate effects of pharma-
Table 1

Selected properties of the investigated topsoil samples (<2 mm)

Soil

type

pH

CaCl2

CaCO3

(%)

OC

(%)

Ntot

(%)

Clay

(%)

Silt

(%)

Luvisol 7.1 1.28 1.56 0.134 9.9 20.4

Cambisol 6.6 0.65 0.79 0.075 3.1 15.9

a Potential cation exchange capacity determined with 0.1 M BaCl2
b Active pedogenic oxides extracted with oxalic acid ammonia-oxal
ceutical antibiotics; (ii) to determine the concentration

and time dependent effects of the two antibiotics on

the soil microbial activity and to derive effective doses

for microbial inhibition; and (iii) to investigate effects

on soil microbial biomass and overall structural compo-

sition of the indigenous microbial community of one soil

sample.
2. Materials and methods

2.1. Soil samples

Topsoils were sampled from a sandy Eutric Cambisol

(sampling depth 2–10 cm) and a sandy loam Albic Luv-

isol (sampling depth 2–25 cm) under permanent grass-

land, after the turf (0–2 cm) was removed. The soils

were located at the experimental agricultural station of

the University of Rostock, Germany, and are typical

for the young pleistocene soilscape of northern Ger-

many. Neither soil had received any fertiliser, such as

manure, throughout the last decades and, thus, back-

ground concentrations from pharmaceutical antibiotics

were not detectable. Selected soil characteristics were

analysed according to the methods described in Sparks

et al. (1996) and are reported in Table 1. The two soil

samples differed significantly in their concentration of

C from soil organic matter (OC), clay, and pedogenic

oxides (Table 1). The field moist soil samples were

homogenised and sieved to <2 mm.

2.2. Chemicals

Two antibiotics, the sulfonamide, sulfapyridine

(SPY), and the tetracycline, oxytetracycline hydrochlo-

ride (OTC), were selected for the investigations. Their

chemical structures and selected physicochemical prop-

erties are displayed in Fig. 1. The antibiotics with a pur-

ity of >99% were purchased from Sigma (Taufkirchen,

Germany). All salts and acids used in this study were

of analytical grade and obtained from Merck (Darm-

stadt, Germany) and all solvents were of gradient grade

and obtained from Riedel de Haën (Taufkirchen,

Germany).
Sand

(%)

CECpot
a

(cmolc kg
�1)

Feb

(g kg�1)

Mnb

(g kg�1)

Alb

(g kg�1)

68.4 13.1 2.11 0.11 0.79

80.9 5.33 1.25 0.05 0.72

at pH 8.1.

ate.
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Oxytetracycline C22H24N2O9
molecular weight  460.44 g mol-1

water solubility     313 mg l-1

log Kow -0.90
pKa 3.3 / 7.3 / 9.1

SH2N N
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N
O

Sulfapyridine C11H11N3O2S
molecular weight  249.29 g mol-1

water solubility     268 mg l-1

log Kow 0.35
pKa 2.9 / 8.4

Fig. 1. Molecular structure and physicochemical data (cited in

Thiele-Bruhn (2003)) of the selected pharmaceutical antibiotics;

Kow is the octanol/water partition coefficient; pKa is the

dissociation constant.
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2.3. Sample preparation and incubation

For microbial activity tests using moist soil, soil

moisture was adjusted to 50% of the water holding

capacity (WHC) using ultrapure water. For the applica-

tion of the antibiotics to the soil samples, quartz sand

(p.a. grade, Merck, Darmstadt, Germany) was spiked

with different volumes of antibiotic standard solution

in methanol (100 lg ml�1). After evaporation of the

methanol the spiked sand was mixed with the soil sam-

ples. To determine dose–response curves from antibi-

otic effects on microbial activity parameters, the

investigation of a broad range of antibiotic concentra-

tions was given preference to the number of repetitions.

Thus, duplicate samples were amended with SPY and

OTC in six logarithmically increasing concentrations

that ranged from 0 to 1000 lg g�1. Additional doses

were tested for both or only one of the antibiotics (in

parentheses), i.e. 0.02 (SPY), 2.0 (OTC), 3.0 (OTC),

5.0 (OTC), 20.0 (OTC), 50.0, and 500 lg g�1. Samples

were incubated in the dark at 20 and 25 �C, respec-

tively, to investigate Fe(III) reduction. Incubation times

varied among the different tests and ranged from 4 h to

7 d.

To investigate antibiotic effects on soil microbial and

fungal biomass, respectively, soil samples, correspond-

ing to 100 g dry weight, were placed in 500 ml Erlen-

meyer flasks stoppered with cellulose plugs to allow

gas exchange while minimising water evaporation. Soil

moisture was adjusted to 50% of WHC and corrected

every two days if necessary. To activate soil microbial

growth, samples were amended with an additional

2000 lg C g�1 dry soil added as milled maize straw

(90% of additional C) and glucose (10% of additional

C), and incubated for three days prior to the application

of the antibiotics at final concentrations of 0, 10, 100,

and 1000 lg g�1. Quadruplicate samples were incubated
at 25 �C in the dark. After 0, 1, 3, 7, 10, and 14 days

samples were analysed for microbial biomass C by the

chloroform fumigation-extraction method and for

ergosterol.
2.4. Sample analysis

The following soil microbial assays were used: Soil

basal respiration (BR; Isermeyer, 1952); substrate-in-

duced respiration (SIR; Anderson and Domsch, 1978);

dehydrogenase activity (DHA; Thalmann, 1968); Fe(III)

reduction (Welp and Brümmer, 1985); chloroform fumi-

gation-extraction (CFE; Vance et al., 1987); ergosterol

extraction (Gessner and Newell, 1998; modified).

Following the CFE of soil samples, extracted organic

C was quantified using non-dispersive infrared spec-

trometry (LiquiTOC, Elementar Analysensysteme,

Hanau, Germany). Calibration was done using potas-

sium biphthalate (Merck, Darmstadt, Germany) as an

external standard. Microbial biomass C was calculated

as EC, where EC represents C extracted from chloroform

fumigated samples minus C extracted from non-fumi-

gated samples.

To extract ergosterol, samples were ultrasonicated

with 550 J ml�1 for 5 min at 22 �C using a Sonics Vibra-

cell 600 (Sonics &Materials Inc., Newton, CT), equipped

with a 19 mm sonotrode. This method proved to be more

exhaustive than Soxhlet extraction according to Zelles

et al. (1987). Recovery rate of ergosterol standard solu-

tion added to soil samples was 108%. Ergosterol was ana-

lysed by HPLC-UV (HP 1050 system, Hewlett-Packard,

Palo Alto, CA). Separation was done with a C18-100-5

reversed phase 250 · 4.6 mm column (Macherey-Nagel,

Düren, Germany) as stationary phase. The column was

thermostated at 28 �C and methanol (95%) and water

(5%) were delivered isocratically at a flow rate of

1.5 ml min�1. Ergosterol was detected at 254 nm with a

retention time of 9.3 min and quantified against an exter-

nal standard (Fluka, Buchs, Switzerland).

The extractable concentrations of the antibiotics,

residing after various incubation times in the soil sam-

ples were investigated. The tetracycline OTC was ex-

tracted according to the modified method of

Hamscher et al. (2002) using citric ethylacetate and

ultrasonication whereas the sulfonamide SPY was ex-

tracted using methanol (Thiele-Bruhn, 2003). After cen-

trifugation at 1700 · g, aliquots of the supernatants

were evaporated and redissolved in 1 ml of methanol.

Both antibiotics were analysed with the above-men-

tioned HPLC system and separated at a column temper-

ature of 22 �C with methanol and 0.01 M H3PO4

delivered in a gradient program at 1 ml min�1. Reten-

tion time was 14.0 min for SPY and 16.7 min for

OTC, detected at 254 nm. Quantification was done

against external standards.
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2.5. Data analysis

Non-linear sigmoidal equations were fitted to the data

from soil microbial activity tests using the best-fit

method and the SPSS 11.0 software (SPSS, Chicago,

IL), when clear dose–response curves were obtained.

The selected equations fitted the data with R2 ranging

from 0.79 to 0.98 and the standard error of the curve

fit ranging from 0.1% to 6.2%. From these curves effec-

tive doses resulting in 10% and 50% inhibition of micro-

bial activity (ED10, ED50), compared to the unamended

control sample, were derived. According to Welp

(1999), the dose is the total antibiotic concentration ini-

tially added to the samples. To determine the corre-

sponding effective concentrations (EC10, EC50),

solution concentrations were calculated from the distri-

bution coefficients (Kd [ml g�1]) of the antibiotics in the

investigated soils. The distribution coefficients were

determined in batch trials according to the guideline

106 of the Organisation for Economic Co-operation

and Development (2000) and are defined as

Kd ¼ ðx=mÞ=C

where x/m is the amount adsorbed per gram of soil

(lg g�1) and C is the solution antibiotic concentration

(lg ml�1). Solution concentrations were normalised

to the soil-to-solution ratio used in batch experiments
Table 2

Effective doses (ED; lg g�1) and effective solution concentrations (

influencing soil microbial activity of two different topsoil samples

coefficients of the antibiotics (Kd) for the adsorption to these soil ma

Test/duration Effecta SPY

Cambisol

DHAb/16 h ED10

BRd/24 h ED10

SIRe/4 h ED10 >1000c

SIR/1 · 24 h/2 · 24 h ED10 0.05f

ED50 6.2f

EC10 7.1f

EC50 890f

Fe(III)h/7 d ED10 1.14

ED50 86.5

EC10 160

EC50 12400

Kd (l kg�1) 7.0

a Effective dose or concentration of 10% or 50% activity inhibition
b Dehydrogenase activity.
c No effect observed up to the largest tested concentration.
d Base respiration.
e Substrate-induced respiration.
f Incubation time 1 · 24 h.
g Incubation time 2 · 24 h.
h Fe(III) reduction.
(g soil · [ml solution]�1), to obtain similar units of EC

and ED values.

The significance of the antibiotic effects on soil ergos-

terol or fumigation-extracted C was evaluated using the

least significant difference (LSD) test at a significance

level of p < 0.05. Concentrations of ergosterol and EC

were not converted to fungal and microbial biomass,

respectively, because the ergosterol concentration of

fungal species is highly variable, while the conversion

factor for EC is less variable (Djajakirana et al., 1996).
3. Results and discussion

3.1. Antibiotic effects on soil microbial activity

Both SPY and OTC had no effect on BR and DHA.

These parameters were not significantly different from

the unamended control, regardless of the type and added

dose of the antibiotic (Table 2), except for the effect of

SPY on DHA, where a total dose of 300 lg g�1 corre-

sponded to a 10% decline (ED10) in the loamy Luvisol.

In our study, the antibiotics SPY and OTC were added

to the soil samples in doses of up to 1000 lg g�1, which

exceeded the residual concentrations typically found in

the environment (e.g. Hamscher et al., 2002) by several

orders of magnitude. This contrasts the fact that most
EC; ng g�1) of the pharmaceutical antibiotics SPY and OTC

as determined using selected soil bioassays and distribution

terials

OTC

Luvisol Cambisol Luvisol

300 >500c >500c

>1000c >1000c

>1000c

1.17g 0.81f 0.93g

11.5g 19.1f 31.2g

56.0g 0.50f 0.51g

550g 11.8f 17.1g

0.003 5.50 7.35

6.45 156 9.68

0.14 3.4 4.0

310 96.0 5.3

20.9 1625 1825

as compared to the unamended control.
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Fig. 2. Dose related effect of sulfapyridine (circles) and

oxytetracycline (triangles) on the substrate-induced respiration

of topsoil samples of (a) sandy Cambisol and (b) loamy Luvisol.

First incubation (solid line, grey symbols) from 0 to 24 h and

second incubation (broken line, white symbols) from 24 to 48 h.

Incubation at 20 �C and a soil moisture of 50% of the water

holding capacity.
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pharmaceutical antibiotics such as SPY and OTC effec-

tively inhibit microorganisms, for which the toxic dose

is often several orders of magnitude smaller than for

higher organisms (Wollenberger et al., 2000). The BR

and DHA results can be explained by several possible

causes: (i) a low sensitivity of both methods as it has al-

ready been reported for the BR method (Fairbrother et

al., 1999); (ii) selective effects of the antibiotics that were

not indicated by the microbial activities tested with the

two methods; and (iii) shifts in the microbial community

structure that compensated for effects on single species.

A further cause (iv) could be that, as is typical for

numerous antibiotics, SPY and OTC exert a biostatic

and not a biotoxic effect, inhibiting bacterial synthesis

of nucleic acids and proteins, respectively (Schadewin-

kel-Scherkl and Scherkl, 1995). Biostasis should not af-

fect non-growing microorganisms. The majority of soil

microorganisms are dormant (Jenkinson and Ladd,

1981). These dormant microorganisms maintain respira-

tion by oxidising internal energy sources (Tate, 2000).

However, active transport from the exterior into the

microbial cell is required before sulfonamides and tetra-

cyclines take effect (Gräfe, 1992). Hence, an activation

of soil microbial growth is necessary to obtain clear ef-

fects on microbial activity from biostasis.

To stimulate microbial activity and growth, the addi-

tion of a nutrient substrate to soil is required. Addition-

ally, the application of antibiotics together with a

nutrient substrate is more environmentally relevant be-

cause antibiotics mostly reach the soils via manure,

sludge and excreta from grazing livestock (Jørgensen

and Halling-Sørensen, 2000). The SIR assay involves

the addition of glucose as a nutrient substrate. Normally

a short incubation time of 4 h is used to register a respi-

ration reaction of the initial microbial population, with-

out invoking microbial growth (Lin and Brookes, 1999).

Turnover times of soil bacteria may exceed 2 days

(Bååth, 1998). Consequently, the activity of non-grow-

ing microorganisms was not influenced within 4 h by

the biostatic effects of SPY and OTC even at a concen-

tration of 1000 lg g�1 (Table 2). In the case of sulfona-

mides such as SPY, the biostatic effect can be also

delayed for several hours because bacteria possess re-

serves of growth factors, such as folic acid, whose syn-

thesis is inhibited by sulfonamides (Halling-Sørensen,

2001).

To enable microbial growth in the presence of a

nutrient substrate and thus, to allow bacteriostatic ef-

fects, the incubation time was extended to 24 h (Fig.

2a; first incubation), into the growth phase of the micro-

bial population. In contrast to the results from the 4-h

incubation, strong inhibiting effects of SPY and OTC

were determined in the sandy Cambisol. Such a clear

dose related inhibition of soil microbial activity was also

determined for equivalent doses of OTC and sulfachlo-

ropyridazine using the carbon transformation test
(Vaclavik et al., 2004). Similarly, the importance of incu-

bation time has been reported for the toxicity of antibi-

otics to aqueous bacteria, using a bioluminescence test

with Vibrio fischeri (Backhaus et al., 1997). These results

show that short-term tests should not be used to assess

compounds affecting metabolic pathways conducive to

long-term processes like growth and reproduction

(Froehner et al., 2000; Halling-Sørensen, 2001).

While strong antibiotic effects were obtained for the

sandy Cambisol, no response to antibiotic addition

was observed within 24 h for the loamy Luvisol (Fig.

2b; first incubation). However, after the glucose addition

was repeated and the soil sample was incubated for an-

other 24-h period, a significant effect on the SIR was ob-

tained from SPY and OTC (Fig. 2b; second incubation).

In contrast, the second 24-h incubation of the sandy

Cambisol exhibited smaller effects of the antibiotics as

compared to the first 24-h incubation (Fig. 2a). This

was accompanied by a slight increase in the total CO2

evolution from the unamended control sample from

the first to the second incubation phase (44 to 57 mg
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CO2 · [100 g soil 24 h]�1) indicating continuous micro-

bial activity. Hence, the recovery of soil respiration dur-

ing the second 24-h incubation of the sandy Cambisol is

attributed to a decrease in the bioavailable antibiotic

fraction or an increasing adaptation and resistance of

the microorganisms. Such an adaptation and develop-

ment of resistance in soil microorganisms has already

been reported for antibiotic-spiked soil samples (Fründ

et al., 2000; Ingerslev and Halling-Sørensen, 2000; Hal-

ling-Sørensen et al., 2003; Schmitt et al., 2004). Once a

resistance gene is present on a plasmid, the gene can

be spread to other bacteria very quickly, especially when

selection pressure from antibiotic is high (Gräfe, 1992).

In soil, a decrease in the bioavailability of sulfonamides

and tetracyclines is mostly due to sorption and fixation

processes, while biodegradation is of minor importance

(Halling-Sørensen, 2000; Kreuzig et al., 2003).

Adsorption coefficients (Kd) of SPY in the loamy

Luvisol were three times larger compared to those in

the sandy Cambisol (Table 2). The concentrations of soil

organic matter, pedogenic oxides and clay minerals were

also about two to three times larger in the loamy Luvisol

compared to those in the sandy Cambisol (Table 1).

These soil components were identified as the preferred

sorption sites for sulfonamide and tetracycline antibiot-

ics (Figueroa et al., 2004; Thiele-Bruhn et al., 2004).

Similarly, ED50 values of SPY were about two times lar-

ger in the loamy Luvisol compared to those in the sandy

Cambisol. The adsorption and bioactivity of SPY were

likely influenced by the soil sorptive properties, as it

was reported for the microbial toxicity of various other

pollutants (Welp and Brümmer, 1999). Correspon-

dingly, the effects of the antibiotics neomycin and

thiostrepton on soil organisms are fundamentally influ-

enced by their sorption and bioavailability, and by the

availability of nutrients (Herron et al., 1998). A similar

but much less pronounced relationship between ED50

values and sorption coefficients was found for OTC,

which was considerably stronger adsorbed in both soil

samples (Table 2). In general, the results indicated that

for both antibiotics, a strong adsorption led to a smaller

and delayed antibiotic effect, while a smaller adsorption

and corresponding larger bioavailability of SPY and

OTC resulted in a stronger but more rapidly declining

effect on microorganisms. The ED10 values were in the

order of 1 lg g�1 (Table 2) and, for SPY in the sandy

Cambisol, the ED10 was below the trigger value of

100 ng g�1 established by the European Medicines

Agency (1997) for the environmental assessment of

medicinal products. This was even more valid for most

of the soil-to-solution ratio normalised EC values that

were calculated from the adsorption coefficients (Kd)

of the antibiotics in the two soils. The EC ranged from

0.2 to 160 ng g�1 (Table 2). This shows that small con-

centrations of mobile and bioavailable antibiotics might

cause significant effects on soil microorganisms.
Results similar to those found for the long-term SIR

were obtained from the Fe(III) reduction test (Table 2).

This microbial activity test combines the addition of glu-

cose as a nutrient substrate and a long incubation time

of 7 d. The microbial Fe(III) reduction, used as test

parameter, requires the activity of aerobic and faculta-

tive anaerobic soil bacteria such as Clostridium spp.

and Bacillus polymyxa (Zelles et al., 1986). Thus, the

suppression of various species cannot be easily compen-

sated for by other soil organisms. Accordingly, this bio-

assay was sensitive to antibiotic addition. For the loamy

Luvisol the effective doses derived from the sigmoidal

curves fitted to the data for microbial Fe(III) reduction

(not shown) were mostly smaller compared to those ob-

tained from the long-term SIR method, while for the

sandy Cambisol the opposite occurred (Table 2). As

found for the sandy Cambisol in the 48-h SIR test, this

result was probably due to an already declining effective-

ness of the antibiotics, or to an increasing number of

antibiotic insensitive microorganisms during the 7-d

incubation. In contrast, it is unlikely that the declining

antibiotic effect was due to a shortage in microbially

reducible Fe(III). The maximum amount of Fe released

from a control sample corresponded to <0.1% of the Fe

concentration in active Fe(hydr)oxides such as ferrihy-

drite (see Table 1).

Similar clear dose response curves obtained with the

Fe(III) reduction test were reported for organic pollu-

tants such as pesticides, and chlorinated and aromatic

solvents by Zelles et al. (1986) and Welp and Brümmer

(1999), who suggested that the Fe(III) reduction test is

a suitable routine method to test dose related toxic ef-

fects of organic pollutants on soil microorganisms. We

assume that this holds true for pharmaceutical antibio-

tics as well.

3.2. Effects of antibiotics on soil microbial biomass and

the microbial community

The determination of the microbial biomass C (EC)

and ergosterol as indicators of the total microbial and

fungal biomass, respectively, revealed different effects of

SPY and OTC in the sandy Cambisol (Fig. 3a and b).

After the addition of a nutrient substrate, the ergosterol

concentration in the control sample increased during a

14-d incubation on average from 0.47 to 0.96 lg g�1,

while the EC declined from 1190 to 450 lg g�1. Accord-

ing to the findings of Hart and Brookes (1996), the addi-

tion of straw and glucose led especially to the growth of

fungi. It has to be stated again that in this study, due to

the high variability of the fungal ergosterol concentra-

tion, ergosterol was used as an indicator but not a mea-

sure of fungal biomass. Depending on the spiking

concentration, SPY led to a reduction of the EC but

did not affect the ergosterol concentration (Fig. 3a). In

contrast, in the presence of OTC the ergosterol concen-
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tration strongly increased during the incubation time

(Fig. 3b), whereas the EC did not significantly differ be-

tween amended samples and the unamended control.

The effects of SPY on EC and of OTC on ergosterol

are significant at p < 0.05 for all tested concentrations

and increased with increasing antibiotic concentration

(Fig. 3a and b). These results indicate that soil fungi

increasingly dominated the microbial biomass, while

the number of soil bacteria was reduced. Similarly, Pat-

ten et al. (1980) reported that in OTC containing excre-

ments from cattle, the number of fungi increased and

Colinas et al. (1994) found that a combination of

10 lg g�1 OTC and penicillin added to soil led to a

reduction in the soil bacterial biomass. However, in

the latter study, the numbers of active fungal hyphae

were also reduced. Recently, OTC was proposed as a

bacterial inhibitor (Bailey et al., 2003). In our study,

both pharmaceutical antibiotics exerted a selective pres-

sure on the soil microbial community.

The shift from soil bacteria to soil fungi was also sig-

nificant at p < 0.05 over the whole 14-d incubation per-
iod. It increased with time compared to the unamended

control sample (Fig. 3a and b), although the detectable

concentrations of SPY and OTC strongly declined with

time (Fig. 4), following coupled first order kinetics (data

not shown). The decline in the extractability of the anti-

biotics depended on the initial concentration, and it was

stronger at the smaller spiking level. This is probably

due to the nonlinear adsorption of the tested antibiotics

to soil (Thiele-Bruhn, 2003; Thiele-Bruhn et al., 2004).

In the sample spiked with 10 lg g�1 non-detectable con-

centrations of SPY were reached within 14 d. However,

effects on soil microorganisms were still evident (Fig.

3a). This suggested that structural changes of the soil

microbial community, once initiated, might proceed

for a longer time of several weeks. Westergaard et al.

(2001) reported that changes in soil microbial commu-

nity structure following a tylosin treatment were evident

throughout a 2-month experiment. Furthermore, devi-

ant effects from metabolites as products of the antibiot-

ics (bio-)degradation cannot be excluded. Such different

efficacy was shown for degradation products of tetracy-

clines (Halling-Sørensen et al., 2002).

By relating our data to a field situation, it is reason-

able to hypothesise that, although extractable concen-

trations of antibiotics in field soils are generally small

(e.g. Hamscher et al., 2002), initial concentrations imme-

diately after addition can be high enough to affect soil

microorganisms. Moreover, an increase in the effective

concentration due to bioaccumulation should also be

taken into account (Dojmi di Delupis et al., 1992).
4. Conclusions

Residual concentrations of pharmaceutical anti-

biotics exert a temporary selective pressure on soil
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microorganisms, which is clearly influenced by soil

adsorption. To test time and concentration related effects,

the fact that numerous antibiotics are biostatic and not

biotoxic must be considered. Thus, long-term tests with

a nutrient addition to stimulate microbial growth, such

as the Fe(III) reduction test are suitable routine methods

to test dose related effects of pharmaceutical antibiotics

on soil microorganisms. The different effects of antibiotics

on the soil microbial and fungal biomass show that fur-

ther experiments are required, investigating the biodiver-

sity of pharmaceutical affected soil microorganisms.
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Bååth, E., 1998. Growth rates of bacterial communities in soils

at varying pH: a comparison of the thymidine and leucine

incorporation techniques. Microb. Ecol. 36, 316–327.

Backhaus, T., Froehner, K., Altenburger, R., Grimme, L.H.,

1997. Toxicity testing with Vibrio fischeri: a comparison

between the long term (24 h) and the short term (30 min)

bioassay. Chemosphere 35, 2925–2938.

Bailey, V.M., Smith, J.L., Bolton, H., 2003. Novel antibiotics as

inhibitors for the selective respiratory inhibition method of

measuring fungal:bacterial ratios in soil. Biol. Fertil. Soils

38, 154–160.

Colinas, C., Ingham, E., Molina, R., 1994. Population

responses of target and non-target forest soil-organisms to

selected biocides. Soil Biol. Biochem. 26, 41–47.

Djajakirana, G., Joergensen, R.G., Meyer, B., 1996. Ergosterol

and microbial biomass relationship in soil. Biol. Fertil. Soils

22, 299–304.

Dojmi di Delupis, G., Macri, A., Civitareale, C., Migliore, L.,

1992. Antibiotics of zootechnical use: Effects of high and

low dose contamination on Daphnia magna. Aquatic Toxi-

col. 22, 53–60.

European Medicines Agency, 1997. Note for Guidance: Envi-

ronmental Risk Assessment for Veterinary Medicinal Prod-

ucts other than GMO-Containing and Immunological

Products. EMEA—Committee for Veterinary and Medici-

nal Products, London, UK.

Fairbrother, A., Glazebrook, P.W., Van Straalen, N., Tara-

zona, J.V., 1999. Test Methods for Hazard Determination

of Metals and Sparingly Soluble Metal Compounds in Soils:

Summary of a SETAC Pellston Workshop. SETAC, Pen-

sacola, FL.
Figueroa, R.A., Leonard, A., Mackay, A.A., 2004. Modeling

tetracycline antibiotic sorption to clays. Environ. Sci.

Technol. 38, 476–483.

Froehner, K., Backhaus, T., Grimme, L.H., 2000. Bioassays

with Vibrio fischeri for the assessment of delayed toxicity.

Chemosphere 40, 821–828.

Fründ, H.-C., Schlösser, A., Westendarp, H., 2000. Effects of

tetracycline on the soil microflora determined with micro-

titer plates and respiration measurement. Mitteilgn. Dtsch.

Bodenkundl. Gesellsch. 93, 244–247.

Gessner, M.O., Newell, S.Y., 1998. Bulk quantitative methods

for the examination of eukaryotic organoosmotrophs in

plant litter. In: Hurst, C.J., Knudson, G.R., McInerney,

M.J., Stetzenbach, L.D., Walter, M.V. (Eds.), Manual of

Environmental Microbiology. ASM Press, Washington,

DC, pp. 295–308.
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Höper, H., Kues, J., Nau, H., Hamscher, G., 2002. Eintrag und

Verbleib von Tierarzneimittelwirkstoffen in Böden. Bodens-

chutz 4, 141–148.

Huysman, E., van Renterghem, B., Verstraete, W., 1993.

Antibiotic resistant sulphite-reducing Clostridia in soil and

groundwater as indicator of manuring practices. Water Air

Soil Pollut. 69, 243–255.

Ingerslev, F., Halling-Sørensen, B., 2000. Biodegradability

properties of sulfonamides in activated sludge. Environ.

Toxicol. Chem. 19, 2467–2473.

Isermeyer, H., 1952. Eine einfache Methode zur Bestimmung

der Bodenatmung und der Carbonate im Boden. Z.

Pflanzenernaehr. Bodenk. 56, 26–38.

Jenkinson, D.S., Ladd, J.N., 1981. Microbial biomass in soil:

measurement and turnover. In: Paul, E.A., Ladd, J.N.



S. Thiele-Bruhn, I.-C. Beck / Chemosphere 59 (2005) 457–465 465
(Eds.), 2001, Soil Biochemistry, vol. 5. Marcel Dekker, New

York, NY, pp. 415–471.

Jørgensen, S.E., Halling-Sørensen, B., 2000. Drugs in the

environment. Chemosphere 40, 691–699.

Kreuzig, R., Kullmer, C., Matthies, B., Holtge, S., Dieckmann,

H., 2003. Fate and behaviour of pharmaceutical residues in

soils. Fresenius Environ. Bull. 12, 550–558.

Lin, Q., Brookes, P.C., 1999. An evaluation of the substrate-

induced respiration method. Soil Biol. Biochem. 31, 1969–

1983.

Organisation for Economic Co-operation and Development,

2000. OECD Guidelines for Testing of Chemicals, Test

Guideline 106. Adsorption/Desorption using a Batch Equi-

librium Method. Revised draft document. OECD, Paris,

France.

Patten, D.K., Wolf, D.C., Kunkle, W.E., Douglass, L.W., 1980.

Effect of antibiotics in beef cattle feces on nitrogen and

carbon mineralization in soil and on plant growth and

composition. J. Environ. Qual. 9, 167–172.

Pfeiffer, C., Emmerling, C., Schröder, D., Niemeyer, J., 1998.
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