
Effects of antibiotics on soil microorganisms: time and nutrients influence

pollution-induced community tolerance

Heike Schmitta,b,*, Heidi Haapakangasa, Patrick van Beelenb

aInstitute for Risk Assessment Sciences, Utrecht University, P.O. Box 80176, 3508 TD Utrecht, the Netherlands
bNational Institute for Health and the Environment, Post Box 1, 3720 BA Bilthoven, the Netherlands

Received 11 August 2004; received in revised form 15 February 2005; accepted 17 February 2005

Abstract

A method for the detection of the effects of antibiotics on soil microbial communities was optimised in the present study. We investigated

the influence of measurement time and nutrient status on the pollution-induced community tolerance (PICT), using the sulfonamide

sulfachloropyridazine (SCP) as model compound. The tolerance development in soil microcosms that were exposed to SCP under different

conditions was compared with the background tolerance in SCP-unexposed microcosms. The tolerance of bacterial extracts from the soil

microcosms was determined in Biologw multiwell plates as the SCP sensitivity of a range of physiological processes. The background

tolerance was not affected by soil nutrient amendments, but an influence of the inoculum density in the microtiter plates was observed. Still,

the variance of the background tolerance was low, which is in favour of the usage of community tolerance measurements for a selective

detection of a toxicant impact. In line with the assumptions of the PICT concept, soil amendment with SCP led to an increase in community

tolerance. This tolerance development was enhanced upon additional soil amendment with fresh pig slurry, and less by alfalfa meal addition.

Tolerance increases were observed after a soil exposure to SCP of only 7 days, possibly because nutrient input facilitates the fast adaptation

of the soil microbial community. However, a further increase in exposure time led to variable changes in the observed tolerance. Prolonged

tolerance detection in the microtiter plates (11 days) enabled a clearer differentiation between different soil treatments, as it better resolved

the EC50 values of processes with a high tolerance to bacteriostatic antimicrobial compounds. For the detection of antibiotic effects on soil

microbial communities, it is therefore recommended to use nutrient amendments (possibly fresh pig slurry), to standardize the soil exposure

time, and to extend the period of Biolog plate measurement beyond 7 days.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: PICT; CLPP; Soil; Microorganisms; Community ecotoxicology; Antibiotic; Sulfonamide
1. Introduction

The concept of pollution-induced community tolerance

(PICT) has been applied successfully to establish cause–

effect relationships between a toxicant and the structure

of terrestrial microbial communities (Bååth et al., 1998;

Dı́az-Raviña and Bååth, 1996; Dı́az-Raviña et al., 1994;

Gong et al., 2002; Siciliano et al., 2000). In PICT

investigations, community changes brought about by

toxicant-induced succession are quantified by the increase
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in tolerance of the total community to this substance

(Blanck et al., 1988). This increase in tolerance is thought to

reflect three possible toxicant effects: the disappearance of

sensitive species through direct intoxication and the

proliferation of more tolerant species, physiological

changes that render the organisms less sensitive, and genetic

changes such as acquiring mobile genetic material encoding

for more resistance. Pollution-induced community tolerance

as a tool in community ecotoxicology has been claimed to

have a high specificity and sensitivity for the detection of

substance effects (Blanck et al., 1988, reviews in Blanck,

2002; Boivin et al., 2002).

Among the bacterial short-term tests used for the

detection of changes in community tolerance, the utilisation

of a range of carbon substrates in microtiter plates has

gained attention as a highly automated test system (Rutgers

and Breure, 1999; Rutgers et al., 1998). This system is based
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on the inoculation of microtiter plates containing one

individual carbon substrate per well (Biologw plates) with

bacterial suspensions. Colorimetric measurements of the

bacterial carbon source oxidation over a time course of

several days reveal the sensitivity of the community to an

additional amendment of the multiwell plates with anti-

biotics or other toxicants (Fig. 1).

Biolog plates are also frequently used to generate

community-level physiological profiles (CLPP). These can

be used to discriminate bacterial communities by the

differences in utilization of the single carbon sources

(Garland, 1997; Garland and Mills, 1991). Although only

a limited proportion of the total community responds in the

growth-dependent Biolog assays (Konopka et al., 1998;

Smalla et al., 1998), CLPP has successfully been applied to

detect toxicant effects on soil communities (e.g. Engelen

et al., 1998; Lehman et al., 1997; Müller et al., 2001).

A group of substances that has recently been discussed

regarding their environmental effects are pharmaceuticals.
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Fig. 1. Test scheme for laboratory PICT investigations with Biolog plates.

Soil samples are exposed to a gradient of an antibiotic (or other toxicant) in

the PICT selection step, resulting in shifts in the community composition.

Bacterial inocula extracted from each soil are exposed to a second antibiotic

gradient in Biolog plates in the PICT detection step. PICT assumes that

bacterial extracts from the soils exposed to the highest toxicant

concentrations show the highest tolerance towards the second toxicant

addition (more colouring wells in the Biolog plates). Sensitivity

distributions show the increased tolerance of the highly exposed samples

by a shift to the right.
Although investigations of antibiotic drugs in bacterial test

systems have highlighted that effects on single environ-

mental bacterial strains such as Microcystis aeruginosa

(Halling-Sørensen, 2000), Vibrio fischeri (Backhaus and

Grimme, 1999), and Aeromonas salmonicida (Pursell et al.,

1995) might occur, their effects on soil microbial commu-

nities have scarcely been investigated (Warman and

Thomas, 1981; Colinas et al., 1994; Thiele and Beck,

2001; Westergaard et al., 2001). Antimicrobials reach

agricultural soils through manure of treated farm animals.

Tolerance investigations can in this context be used for the

evaluation of antibiotic effects in laboratory microcosms

and, potentially, in field situations.

Results from a study of the effects of the sulfonamide

sulfachloropyridazine on soil microbial communities

(Schmitt et al., 2004) show that substrate utilization

tests in microtiter plates can indeed be applied for PICT

investigations of antibiotics. However, in order to advance

future experiments, there is a need for a more detailed

investigation into the method parameters. Firstly, it has

been speculated that bacteriostatic (growth-limiting)

effects of antibiotics might not become apparent under

test situations that do not allow for bacterial growth

(Backhaus et al., 1997; Thiele-Bruhn, 2003). Thus,

nutrient amendment of possibly nutrient-limited test soils

is hypothesized to be of critical importance to induce

toxicant-induced succession. For the PICT detection, in

contrast, it has been questioned whether microtiter plate

testing might be applicable as short-time test for

community tolerance, because of possible changes in

community composition due to its duration in the range of

days (Blanck, 2002).

This investigation is thus directed at optimising labora-

tory PICT investigations with Biolog plates for the

evaluation of antibiotic effects, in relation to the type and

amount of nutrient addition to the soils, and the duration of

tolerance development and tolerance detection. Addition-

ally, it has been tested whether the potential physiological

diversity as studied by CLPP is equally suited to detect

antibiotic impacts. The relevance of optimising the testing

protocol is two-fold: first, tolerance testing can be used as a

sensitive ecotoxicological test system for the evaluation of

possible substance effects (Blanck, 2002), and second,

studies of antibiotic effects in the field are only meaningful

after investigations of the applicability of the PICT

methodology.
2. Materials and methods

2.1. Soil and pig slurry sampling

The loamy sandy soil used for PICT analyses originated

from an experimental agricultural site (Garbeva et al.,

2003). The site received organic fertilisers only twice during

the last 20 years: in the course of another field experiment,
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NPK fertilizer containing heat-treated cow and chicken

manure had been applied in May in 2 years preceding

the soil sampling. Several hundred soil cores from the top

10 cm were sampled with an auger in March and May. The

cores were combined and sieved (4 mm) and stored at 10 8C

at field humidity in the dark for up to 1 week.

Pig slurry samples were obtained from the Utrecht

University pig farm. The sows had no record of sulfonamide

treatment during the preceding months. Other antibiotics

had only incidentally been given to individual sows. Aged

pig slurry was sampled from a slurry pit that was located

below the pig stable at ambient temperatures and that was

regularly amended with fresh pig slurry upon cleaning of the

stable. After mixing the slurry by moving the sample beaker

up and down, a mixed sample was taken and stored at 4 8C

overnight. For the preparation of a fresh pig slurry sample,

fresh pig slurry and urine was sampled separately from one

individual sow, and stored at 4 8C overnight. Fifteen grams

of fresh pig slurry were then vortexed with 150 ml urine,

resulting in an N and C content of 2.92 and 32 g kgK1 w.w.,

respectively, at a dry weight content of 84 g kgK1. The

slurry from the slurry pit had a dry weight content of

34 g kgK1, contained 1.91 and 9.58 g N and C per kg w.w.,

respectively, and was used without further treatment.

Whereas liquid slurries were used in the PICT experiment,

the elemental composition of the slurries was determined

with an elemental analyser (EA 1108, Fisons Instrument) in

oven-dried and pulverized slurry. In order to avoid

ammonium loss, the pig slurry had been acidified before

oven-drying (110 8C overnight).
Table 1

Overview on soil samples and their exposure conditions, and community toleranc

the averaged area under the curve of the well colour development of responding

Treatment Amendment

(g kg d.w.K1)

Soil exposure

(days)

SCP exposure

(mg kg d.w.K1)

C

(m

Alfalfa 0 8 0

0 15 0

0.5 8 0

0.5 15 0

5 8 0

5 15 0

50 8 0 2

0 8 100

0 15 100

0.5 8 100

0.5 15 100

5 8 100

5 15 100

50 8 100 2

Water 98 7 0

Aged pig slurry 102 7 0

Fresh pig slurry 47 7 0

Fresh pig slurry 102 7 0

Water 98 7 115

Aged pig slurry 102 7 115

Fresh pig slurry 47 7 115

Fresh pig slurry 102 7 115

The SEM is based on curve fitting of 10 values in three replicates. Alfalfa amend
2.2. Soil exposure (PICT selection step)

Subsamples of soil (300 g wet weight) received alfalfa

meal in concentrations of 0, 0.05, 0.5 and 5% on a dry

weight basis, equivalent to an input of 0, 11.5, 115, and

1150 mg N kgK1 d.w., respectively, or 20.3, 203 and

2032 kg N haK1 (see Table 1) at a mixing depth of 20 cm.

An amendment of 0.5% alfalfa is used in N and C

mineralization studies according to OECD (Organization

for Economic Co-operation and Development) guidelines

(OECD/OCDE, 2000a,b) and roughly equals agricultural

carbon application rates. Sulfachloropyridazine, 4-amino-

N-(6-chloro-3-pyridazinyl)benzenesulfonamide (CAS-No.

80-32-0) was used as the antibiotic compound. SCP for all

soil exposure was provided by Novartis (as Na-SCP) and

was more than 98% pure. Per alfalfa addition, one

subsample served as a control without SCP addition, and a

second sample was amended with SCP (100 mg kgK1 d.w.),

a concentration that yielded a clear increase in community

tolerance in a previous study (Schmitt et al., 2004).

Soil samples were also amended with different amounts

and types of manure. Aged pig slurry from the slurry pit was

added at 98 ml kgK1 soil d.w., equivalent to a nitrogen and

carbon input of 370 and 1870 kg haK1 at a mixing depth of

20 cm (or 0.19 and 0.97 g N and C kgK1 d.w., respectively).

Fresh slurry was added at 39 and 98 ml kgK1 d.w.,

equivalent to an input of 230 and 570 kg N haK1 (for

carbon input, see Table 1). The lower treatment rate was

used in order to reflect normal agricultural nitrogen

application rates; the higher treatment rates were chosen
e and its standard error of the mean, SEM (given as log EC50 obtained from

substrates in Biolog Eco-plates)

input

g kg d.w.K1)

N input

(mg kg d.w.K1)

log EC50

(mg lK1)

SEM log EC50

(mg lK1)

0 0 0.99 0.05

0 0 1.18 0.06

250 11.5 1.09 0.04

250 11.5 0.95 0.06

2500 115 1.10 0.05

2500 115 1.04 0.06

5,000 1150 1.48 0.05

0 0 1.49 0.04

0 0 1.24 0.06

250 11.5 1.40 0.03

250 11.5 1.83 0.03

2500 115 1.64 0.05

2500 115 1.33 0.07

5,000 1150 2.06 0.03

0 0 1.15 0.03

970 190 1.29 0.05

1310 120 1.05 0.03

3270 290 1.07 0.03

0 0 1.21 0.05

970 190 1.23 0.05

1310 120 1.82 0.04

3270 290 1.78 0.04

ment is given in g alfalfa, manure amendment in gram wet weight.
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to provide strong growth stimulation. One soil sample

received water instead of slurry. All samples were adjusted

to the same humidity (15%). Per water/pig slurry amend-

ment, one subsample received SCP (115 mg kgK1 d.w.),

and a second sample served as control without SCP

addition. The SCP addition was slightly higher in this

experiment. However, the difference in PICT effect to be

expected from previous experiments with a wide range of

SCP concentrations is small (community tolerance, EC50,

predicted as 18 and 19 mg lK1 for an SCP addition of 100

and 115 mg kgK1 d.w., respectively), so that comparisons

can still be drawn with respect to the question whether PICT

occurs upon SCP exposure or not.

Soil samples were kept at 25 8C in the dark for up to 15

days in covered, but unsealed plastic trays to allow for

sufficient oxygen supply. The humidity was kept at 15%

(w/w) by regular addition of deionised water. Microbial

extracts were prepared from these soil samples after 8 days

(alfalfa) and 7 days (pig slurry). For technical reasons, the

exposure times were not identical (7 and 8 days), however, it

is expected that the rate of restructuring of the community

decreases after the first days, such that conclusions on the

strength of PICT between the two treatments can still be

drawn. A second extract was prepared for the alfalfa

treatments of 0, 0.05 and 0.5% after 15 days.

For all bacterial extracts, 20 g soil (wet weight) was

mixed with 200 ml 100 mM sodium phosphate buffer (pH 7)

for 1 min in a blender and subsequently centrifuged at

300!g for 10 min. Portions of the supernatant (2 ml) were

frozen in liquid nitrogen and stored at K80 8C until testing.

Freezing of samples was necessary in order to be able to

manipulate the density of bacterial inocula in the PICT

experiments, and previous investigations in our laboratory

had shown that freezing did not significantly affect CLPP

fingerprints (M. Boivin and M. Wouterse, personal

communication).

2.3. Community-level physiological profiling (CLPP)

For the determination of the bacterial metabolic activity,

prefilled 96-well microtiter plates ECO microplates (Biolog,

Hayward, CA, USA) were used. These contain 31 different

organic substrates such as sugars or amino acids, as well as a

dried mineral salts medium and a tetrazolium redox dye

which enables monitoring the utilisation of the organic

substrates by the bacterial community (Garland and Mills,

1991; Insam, 1997). Briefly, the procedure consisted of

microtiter plate inoculation, determination of colour devel-

opment during an incubation period, and evaluation of the

contribution of each organic substrate to the total colouring

with correction for inoculum density. We extended common

procedures for CLPP determination (reviewed in Mills and

Garland, 2002) by evaluating serial dilutions of each

community (Rutgers et al., in press). This approach enabled

the comparison of samples with different inoculum

densities, and represents an alternative to other methods of
inoculum density standardisation (Garland, 1997; Garland

and Mills, 1991; Konopka et al., 1998).

The plates were inoculated with 100 ml per well of serial

three-fold dilutions of the original microbial extracts in

10 mM phosphate buffer (pH 7), containing 9 g lK1 sodium

chloride.

One Biolog plate was inoculated with three serial

dilutions, such that each serial dilution was tested on 31

substrates and a water control well. The absorbance at

590 nm was determined once or twice daily until day 6

(144 h). Per soil treatment/substrate combination, data

consisted of the colour development over time for 12 serial

inoculum densities. Per inoculum dilution, the colour

development curves for each of the substrates (well colour

development, WCD) as well as the averaged absorption

over all substrates (average WCD, AWCD) were integrated

over time to give the area under the curve (AUC, dimension:

Absorbance590 nm!h) (Guckert et al., 1996). The finger-

print of the metabolic activities in each soil sample (CLPP)

was calculated as the relative contribution of each organic

substrate to the average colouring (relative abundance). In

order to correct for inoculum density, this contribution was

calculated for the inoculum dilution yielding a half-

maximum activity. To this end, the AUC values for both

single substrates and the AWCD were fitted against the

inoculum dilution using a log-logistic function (GraphPad

Prism version 3.00, GraphPad Software, San Diego, CA,

USA), with one curve parameter being the dilution at which

colouring reached 50% of the maximum colouring

(log WCD50). Curve fitting was performed with a fixed

top of 1, after standardizing the AUC values to a maximum

of 1 by dividing them by maximum colouring values

obtained in a range of field experiments in the Netherlands

(Wouterse et al., 2002). The relative contribution of a

substance was determined as the AWCD50 for the AWCD,

divided by the corresponding value for this substance, the

WCD50, as illustrated in Fig. 6 (top).

Fingerprint Z logðAWCD50=WCD50Þ

If substrates had their WCD50 at dilutions more than a

factor 100 different from the AWCD50, their log WCD50

were set to 2 or K2, respectively. The relative contributions

of all 31 substrates were then analysed using principal

component analysis (without further scaling) and redun-

dancy analysis with Monte Carlo permutations.
2.4. Tolerance determination (PICT detection step)

The tolerance determination was also based on the

metabolic activity in Biolog plates. The plates were

amended with SCP to yield nominal concentrations of 0,

0.1, 0.3, 1, 3, 10, 30, 100, 300 and 1000 mg lK1. Only one

inoculum density of the microbial extract was used per soil

treatment, chosen as the dilution which resulted in sufficient

colouring (average absorption on day 7 equalling
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approximately 1.5 in the control soil sample) in the CLPP

experiments.

Each plate was inoculated with 100 ml per well of one

SCP/inoculum combination, leading to triplicate measure-

ments of each combination of soil sample extract and SCP

amendment for each of the 31 Biolog substrates. Colouring

was determined one to three times daily for a period of up to

11 days (260 h).
2.5. PICT from single metabolic processes: physiological

process sensitivity distributions

As a measure of the tolerance, effective concentrations of

SCP were determined that reduced the colour formation to

50% of the maximum colouring (EC50 values). The colour

formation was calculated as the integral of absorption over

time per Biolog plate and substrate, yielding AUCs of well

colour development. All samples were evaluated for an

exposure time of 11 days (260 h), and additional evaluations

were performed for some samples after 6 days (144 h). For

each soil sample, response data was thus obtained for 31

substrates (in triplicate), measured at 10 different Biolog

plate SCP concentrations.

Log EC50 values and log EC10 values (referring to 10%

reduction in colour formation) were calculated using log-

logistic dose–response curves of a substrates’ AUC versus

analytically verified SCP concentrations (see below) using

GraphPad Prism according to formula 1 (van Beelen et al.,

1991)

y ¼ 1=ð1 þ 10ðologðcÞK log EC50Þ!slopeÞ (1)

slope ¼ logð9Þ=ðlog EC50 K log EC10Þ (2)

with yZarea under the curve (AUC) of the absorption at

590 nm over time, cZconcentration of antibiotic in the

plate in mg lK1.

Log EC50 values with low r2 values (!0.4) or high

standard deviation of log EC50 (O1) in the curve fit were

excluded. In order to combine information on the individual

metabolic processes for one soil sample into one graph, the

EC50 values were shown as a physiological process

sensitivity distribution (ppSD). The log EC50 values were

ranked and plotted in a cumulative distribution function

using plotting positions of (iK0.5)/n.
2.6. PICT as seen from the averaged well colour

development

In order to integrate data from all substrates into one

parameter, the well colour development of all substrates has

been averaged. As substrates with different absolute

colouring have a different weight upon normal averaging,

and as some substrates are not influenced by antibiotic

addition to Biolog plates, the average was calculated only

from the responding, normalized substrates. To this end,
the responding substrates were defined as those with a

robust log-logistic dose–response curve of their AUC when

plotted against plate concentration (criteria as above). Each

responding substrate was normalized by dividing the AUC

in the Biolog plates exposed to SCP by the maximum AUC

for this substrate (AUC in the control plate without SCP

addition). Per plate (thus, per SCP concentration), all AUCs

of all responding substrates were averaged to yield average

AUCs of rWCDs (responding well colour development),

ranging from 0 to 1. These were fitted against the plate SCP

concentrations using a log-logistic dose–response curve as

above.

2.7. Analysis of SCP concentrations in soil

and Biolog plates

Soil SCP concentrations were not analysed because

previous experiments showed that analytically determined

concentrations match well with nominal soil concentrations

and that 100 mg kgK1 SCP diminishes with a first-order

half-life of about 8.5 days under the conditions used

(Schmitt et al., 2004).

Concentrations of SCP in Biolog plate inocula were

verified with HPLC or LC-MS/MS. The HPLC analyses

were performed using a Supelco discovery C18 column

(15 cm!4.6 mm, 5 mm), a mobile phase of 70% 10 mM

Na2HPO4 at pH 3 and 30% acetonitrile at a flow rate of

0.7 ml minK1, and UV detection at 260 nm. For LC-MS/MS

analyses, the same column was used with a gradient of 0.1%

formic acid (A) and acetonitrile (B) at a flow rate of

0.75 ml minK1 (85–30% A in 7 min). Sulfachloropyrida-

zine was detected in positive MRM mode with m/z 285 (Q1)

and 156 (Q3). The internal standard, sulfadiazine, was

detected as Q1Z285 and Q3Z156. The declustering

potential, focus potential, entry potential and collision

potential for the two compounds were 11, 90, K4.5, 21 V

and 21, 120, K4, 21 V, respectively. The calibration curves

in analytical procedures were acquired with SCP obtained

from Riedel-de Haën (Taufkirchen, Germany; purity

98.8%). The analytically determined concentrations of

SCP in the bacterial inoculum were close to the nominal

concentrations (about 80–120%) in the samples with

concentrations of 1 mg lK1 and higher. At lower concen-

trations, SCP loss occurred. Analytically determined

concentrations were used to derive EC50 values.
3. Results

3.1. Influence of nutrient amendment on tolerance

development

3.1.1. Background tolerance

The sensitivity of the indigenous microbial community

of a given soil to SCP can be termed background

tolerance if there was no previous selective pressure of



Fig. 2. Influence of method parameters on community tolerance

determinations. The tolerance of control soil microbial communities to

SCP and its dependence on (A) inoculum density and (B) soil nutrient

amendment. Y-axis. Community tolerance, shown as log EC50 and its 95%

CI, obtained from the averaged area under the curve of the well colour

development of responding substrates in Biolog Eco-plates. (A) Depen-

dence on inoculum density. X-axis. Inoculum density as absolute colouring

(area under the curve of the absorbance at 590 nm vs time for the average

well colour development). (B) Dependence on nutrient input. X axis. Data

from A rearranged per mg nitrogen addition per kg d.w.

Fig. 3. Enhancement of tolerance development of bacterial communities to

SCP by soil amendment with different types and amounts of nutrients. Y-

axis. See Fig. 2. (A) Soils amended with fresh manure. Open triangles: soils

without SCP addition. Closed symbols: 115 mg SCP/kg d.w. (B) Soils

amended with alfalfa meal. Open symbols: soils without SCP addition.

Closed symbols: 100 mg SCP/kg d.w.
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SCP. Fig. 2A gives the background community tolerance to

SCP of all microbial inocula extracted from soil samples

that were not exposed to SCP. Tolerance is shown as the

concentration of SCP in the Biolog plate that reduces the

plate colouring by 50% (the log EC50 based on the averaged

colouring of all responding substrates, AUCs of rWCDs).

The variation between the background community toler-

ances of different control soil samples (mean EC50:

14.2 mg lK1, 95% CI 10.6–16.8 mg lK1, coefficient of

variation 42%, nZ11) was slightly bigger than the within-

sample variation of the three (pseudo-) replicates in the

Biolog plates, which is indicated by the 95% CI.

From the data in the CLPP experiments, dilutions had

been chosen for the PICT experiments that were assumed to

lead to a comparable colouring, in order to standardize

inoculum densities to the same activity. The actual colour-

ing realized in the PICT experiments is shown in Fig. 2A as

the area under the curve of the total colouring. The total
colouring still varied between the samples, but was without

a clear effect on the background tolerance. Only the

tolerance of the soil extract with the highest activity

significantly differed from the grouped background toler-

ances. The colouring (as AUC of the AWCD) of this sample

was more than two standard deviations higher than the

average of the rest of the values.

Albeit greatly differing nutrient amendments with pig

slurry or alfalfa, the soil nutrient status alone did not show a

big influence on the tolerance of soil microbial communities

to SCP, as shown in Fig. 2B. The possibility exists that a

decline in sensitivity until an amendment of about

100 kg haK1 occurs, followed by an increase in sensitivity.

However, the slightly higher tolerance observed at the

highest N application rate is most likely rather linked to its

higher inoculum density than to the nutrient amendment,

and the correlation with the nitrogen input was not strong

enough to yield statistical significance, so that we hesitate

from assuming a trend.
3.1.2. Antibiotic tolerance development upon SCP

and nutrient amendment

Fig. 3A summarizes the influence of pig slurry addition

on the development of bacterial community tolerance upon



Fig. 4. Influence of PICT selection time (duration of soil exposure to SCP)

on tolerance increase. Y-axis. See Fig. 2. X-axis. Alfalfa input as mg

nitrogen addition per kg d.w. Open symbols: control soils without SCP

addition. Closed symbols: soil exposure with SCP, triangles: 8-day soil

exposure with SCP, diamonds: 15-days soil exposure.

Fig. 5. Influence of PICT detection time. Bacterial extracts from soil

amended with 0.05% alfalfa with or without SCP measured in Biolog plates

for 6 days (open symbols) and 11 days (closed symbols). X-axis. EC50

values for the single substrates in Biolog plates. Triangles: control soil,

diamonds: 100 mg kgK1 SCP.
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exposure of soil to SCP, again based on the average

colouring of the responding substrates. Soil samples to

which only water had been added showed similar tolerance

for both SCP-amended and control soil samples. Sulfa-

chloropyridazine together with pig slurry increased the

bacterial tolerance towards SCP: upon addition of fresh pig

slurry at concentrations of 120 and 290 mg N kgK1 d.w.K1,

the EC50 value increased by a factor of 5.8 and 5.1,

respectively. The absolute EC50 values were 66 (95% CI

56–78) and 60 (50–71) mg lK1 for the treatments with pig

slurry and SCP, compared with background tolerances in

soil samples only receiving pig slurry of 11 (10–13) and 12

(11–14) mg lK1 (see also Table 1).

Amendment with SCP and aged pig slurry sampled from

the slurry pit did not result in a clear increase of the

tolerance compared to the SCP-free samples. The back-

ground EC50 values of SCP-free soil samples amended with

aged pig slurry were 19 (15–25) mg lK1, and the tolerance

in soil samples treated with aged pig slurry and SCP

amounted to 17 (13–21) mg lK1.

The amount of alfalfa addition also facilitated the

increase in community tolerance upon SCP addition to

soil, although slightly less than pig slurry. The highest

tolerance was detected at the highest alfalfa treatment

(Fig. 3B). It has to be noted, however, that both samples

with the highest nutrient addition showed a higher inoculum

activity relative to the other samples. The inoculum density

rather than the nutrient amendment thus probably causes the

increased control log EC50.

3.2. Duration of soil exposure (PICT selection time)

The influence of time on the community tolerance

development in soils was investigated by analysing the

development of PICT after 8 and 15 days incubation of soil

with SCP and alfalfa. The results did not show a clear trend:

for samples with an intermediate nutrient input (0.05%), the

increase in tolerance was greatly enhanced at 15 days

exposure compared to 8 days exposure, while the opposite

was the case for samples with higher nutrient addition

(0.5%, Fig. 4). The soil samples amended with pig slurry

already showed a clear tolerance increase after 8 days’

exposure. Some additional visual observations indicated

that community changes can occur on time scales even

shorter than 1 week. Fungal hyphae were developing on the

soil surface already after 2 days of soil incubation in

samples with high nutrient input. In samples which also

received the antibiotic, the inhibition of bacterial growth

further promoted fungal growth, as judged by the amount of

fungal hyphae on the soil.

3.3. Duration of bacterial metabolic activity measurement

(PICT detection time)

The community tolerance of soils was analysed for

6 and 11 days of bacterial activity measurement in Biolog
plates. As an example, Fig. 5 shows the results for the soil

sample exposed to 100 mg kgK1 SCP and 0.05% alfalfa

for 1 week. The PICT effect was more clearly visible at

longer plate measurements. The two physiological process

sensitivity distributions of the short activity measurement

(6 days) overlapped, while the sensitivity distribution of

the SCP-treated soil is clearly shifted to the right

compared with the non-SCP-exposed soil sample for the

longer plate measurement (11 days). The increase in

the average EC50 (of responding substrates) between the

control and SCP-treated soil sample was 4 mg lK1 (6-day

measurement) and 12 mg lK1, respectively (11-day

measurement).
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3.4. CLPP: confirmation of PICT effects

Multivariate analysis of the physiological fingerprints of

soil bacterial extracts showed that both alfalfa amendment

and SCP addition changed the bacterial activity profile

(Fig. 6). In particular, the highest alfalfa amendment led to

clear shifts of the profile along the first PCA axis to the right.

SCP effects could be seen on the second axis, which

separated between control and SCP amended soil samples.

When testing the significance of alfalfa and SCP addition

with redundancy analysis and Monte-Carlo simulations,

alfalfa amendment was highly significant (p!0.01), and

SCP addition was significant (p!0.05).
Fig. 6. Community-level physiological profiling of soil samples treated

with alfalfa and sulfachloropyridazine. Top: calculation of CLPP.

Dependence of colouring on the inoculum dilution is shown, with colouring

as the area under the curve of the well colour development (AUC of WCD),

for the average over all substrates (closed diamonds) and two different

substrates (tween 40 and alpha-cyclodextrin, open triangles). The

fingerprint input is indicated by the horizontal arrows as the difference

between the dilutions that lead to a reduction in colouring by 50% for the

substrates (log WCD50) and the average colouring (log AWCD50, shown as

vertical arrow). Bottom: influence of alfalfa and SCP treatment on CLPP.

Closed symbols: soil amendment with SCP, open symbols: control soils

without SCP. Numbering: first number represents alfalfa input in % soil dry

weight, second number gives the duration of SCP soil exposure (PICT

selection time). The first and second axis explain 25 and 15% of all

variation, respectively.
4. Discussion

This study focused on a method optimalisation of the

detection of sulfonamide effects by community tolerance

testing in laboratory experiments. Adaptations of method

parameters such as an increased exposure time had been

necessary in previous investigations in order to avoid false-

negative results due to the bacteriostatic activity of most

antibiotics (Backhaus et al., 1997; Thiele and Beck, 2001).

We therefore tested the influence of nutrient amendments

and measurement time as growth conditions on tolerance

testing.

4.1. PICT and nutrient addition

The background tolerance of soil samples without

antibiotic addition was not dependent on nutrient amend-

ment (Fig. 2). The low variance in background tolerance is

striking and illustrates the potential of the PICT approach to

specifically detect toxicant effects, at least in laboratory

settings. These findings are in agreement with Bååth et al.

(1998), who also observed that the community tolerance to

metals is independent of the soil moisture content. Field

investigations based on Biolog plates come to a comparable

coefficient of variation between different uncontaminated

sites for metals of about 16–55% (van Beelen et al., 2004).

The most extreme background tolerance values in periph-

yton communities ranged between 3 and 6 (summarized in

Blanck et al., 1988), which is also well in agreement with

our experiment (4.9). A ratio between the upper and lower

95% confidence interval of zinc tolerances of periphyton

communities of up to 4.3 has been found locally, and

Europe-wide, this ratio was up to 8.6 (Blanck et al., 2003),

as compared to values of 1.7 in this study.

Sulfonamides are competitive antagonists of p-amino-

benzoic acid (pABA), a precursor of folic acid, in protozoa

and bacteria. Folic acid is necessary for the synthesis of

nucleic acid (Walsh, 2003). The sulfonamide sulfachlor-

opyridazine therefore exerts bacteriostatic effects on cell

growth. However, bacterial growth in soils is normally

restricted by nutrient limitation, and doubling times are in

the range of weeks (Bååth, 1998). Nutrient amendments as a

trigger for soil bacterial activity peaks (Frostegård et al.,

1997) might thus enhance the toxicity of SCP. Sulfachlor-

opyridazine and fresh pig slurry at treatment rates

comparable to normal agricultural practice indeed triggered

a clear tolerance increase, when compared to soil samples

receiving SCP but not pig slurry.

The tolerance increase in the soil samples of about a

factor 5 was even stronger than the factor 1.5 seen in a

comparable experiment with 115 mg kgK1 d.w. (Schmitt

et al., 2004). The maximum community tolerance was

79 mg lK1 at a SCP concentration of 1000 mg kgK1 d.w.,

which is well in accordance with the maximum EC50

observed in this study for pig slurry and alfalfa amendments,

66 and 114 mg lK1. The maximum tolerance gain depends
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on the variation in SCP sensitivity among all species in the

community (Blanck et al., 1988; van Beelen et al., 2001).

Interestingly, the tolerance measured with Biolog plates

is in the range of minimum inhibitory concentrations for

sulfonamides: the breakpoint for sulfonamide resistance in

Enterococci is 512 mg lK1 (NCCLS, 2003), and concen-

trations of 1000 mg lK1 nearly completely inhibit Biolog

plate colour development of control soil extracts, but not in

SCP-treated soils.

Aged pig slurry also stimulated SCP tolerance, but much

less than fresh pig slurry—maybe due to a smaller

availability of easily degradable nutrients in the former.

Alfalfa was also less effective than fresh pig slurry in

increasing SCP tolerance. Alfalfa meal is known to shift the

fungal/bacterial ratios in soil towards fungal dominance

(Mamilov et al., 2001). A smaller stimulation of bacterial

growth might thus be the reason for the smaller sulfona-

mide-induced tolerance in the bacterial community.

Interestingly, the unfertilised control soils reacted

differently to SCP amendment: in the alfalfa experiment,

SCP induced a small tolerance increase also without nutrient

amendment, but in the soils receiving water in place of pig

slurry, tolerance with and without SCP was nearly identical.

The soil used for the pig slurry experiment, sampled in

March before field fertilization, might have been oligo-

trophic to an extent that no bacterial growth occurred in the

water control and no bacteriostatic SCP effect was

detectable.

When extrapolating these findings to the normal

exposure route of antibiotics to soil, it is a worrying

observation that manure enhances the effects of antibiotics

on soil microorganisms. Previous investigations showed

that sulfonamide concentrations in soils might not be high

enough to affect soil microbial communities (Schmitt et al.,

2004), but this might be different for other antibiotics.

Further, pig slurry also contains gastrointestinal bacteria of

the farm animals, which might form a reservoir of resistance

genes (Guerra et al., 2003; Jackson et al., 2004; Mathew

et al., 1999; Vedantam and Hecht, 2003) possibly transfer-

able to soil bacteria.

4.2. Inoculum density

The inoculum density in the microtiter plates might

influence the determination of community tolerance, as it

has been shown to also affect CLPP profiles (Garland, 1997;

Garland and Mills, 1991; Garland et al., 2001; Preston-

Mafham et al., 2002). In our set-up, we adjust the bacterial

activity by choosing one optimal inoculum density for the

PICT step for each bacterial extract, based on the dilution

series from the CLPP experiments (Fig. 6, Top part).

Generally, this approach was successful, as the background

tolerances varied only little with the bacterial activities

(Fig. 2). However, the tolerance of the control soil with the

highest activity, measured as the area under the curve of the

colour formation, showed a significantly higher tolerance.
This effect might be caused by a too high inoculum density

leading to an increased likelihood that highly tolerant

species were present. The inoculum density should therefore

be tightly controlled in tolerance testing of communities.

4.3. Duration of SCP soil exposure (PICT selection time)

Nutrient addition can lead to rapid changes in microbial

respiration and growth (Frostegård et al., 1997; Stenger et al.,

2001), possibly enabling the detection of antibiotic effects

with nutrient amendment after only a few days. Indeed, in

both the pig slurry and alfalfa experiments, effects were

already visible after an exposure of 7 or 8 days. However,

prolonging the PICT selection time to 15 days did not yield a

consistent improvement. The tolerance development of a

community exposed to SCP and alfalfa for 15 days was either

enhanced or diminished in relation to 8 days exposure,

depending on the amount of nutrient amendment.

Tolerance has been shown to decline once the toxicant is

removed from the system (Dı́az-Raviña and Bååth, 2001).

With a half-life of 8.5 days as determined in previous

experiments, the initial soil concentration is already reduced

to approx. 25% after 15 days of soil exposure. The removal

might be enhanced under an even higher nutrient input, if

bacteria able to degrade SCP are present in the community

and experience good growth conditions. Alternatively,

regrowth of sensitive bacteria might also proceed faster at

higher nutrient amendments.

Thus, an optimum PICT selection time for a given

antibiotic can be expected, depending on parameters such as

abiotic and biotic degradation of the substance as well as

nutrient input into the whole system. In our case, 7 days

exposure seems to be sufficient to detect sulfonamide

effects.

4.4. Duration of bacterial metabolic activity measurement

(PICT detection time)

The bacteriostatic mode of action of sulfonamides

requires testing during cell growth in order to detect the

inhibition of synthesis of cell parts—both in the PICT

selection and PICT detection step. However, PICT detection

based on substrate utilisation in microtiter plates has been

questioned due to its relatively long time span (Blanck,

2002). Growth and selection processes in the wells (Smalla

et al., 1998; Preston-Mafham et al., 2002) might obscure the

true community tolerance. If this was true, a longer time of

tolerance detection than the 8 days used in previous PICT

experiments (Rutgers and Breure, 1999; Rutgers et al.,

1998) could lead to a reduced apparent community

tolerance. This was not the case. A longer PICT detection

time for the substrate utilization detection clearly enhanced

the apparent tolerance development. From inspection of the

data, it appeared that a longer measurement time better

resolves EC50 values of physiological processes with a high

tolerance (data not shown).
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The mere detection of PICT highlights that differences in

the original bacterial community seem to overrule succes-

sional adaptations in the multiwell plate. If the net PICT

effect resulting from succession in both the control and the

adapted community was higher than if measured with a

short-time tolerance test, this would enhance the sensitivity

of the PICT method. Overall, our data therefore support that

antimicrobial tolerance can be measured under circum-

stances that allow for growth.

4.5. CLPP: confirmation of PICT effects

In an analysis of the metabolic community-level

physiological profile of all alfalfa-treated soils, SCP soils

roughly separate from untreated soils along the second axis,

and the influence of SCP is a statistically significant

parameter. The CLPP data thereby confirm the effects

seen with PICT. On the other hand, it can be seen that the

nutrient amendment exerts a stronger influence on the

physiological profile than the SCP treatment. The back-

ground community tolerance in the PICT experiment, in

contrast, is not influenced by different nutrient amendments.

PICT therefore proves to represent a specific system for the

detection of toxicant effects in field samples with greatly

varying conditions.
5. Conclusions

Based on the results presented in this paper, the

following recommendations are made regarding the choice

of parameters for testing of antibiotics in PICT experiments

with Biolog plates:
(1)
 The antibiotic-induced tolerance development of

microbial community microcosms is more pronounced

if soils are amended with nutrients.
(2)
 Fresh pig slurry has been shown to facilitate the

development of PICT. Slurry also represents the current

agricultural practice better than alfalfa, as the normal

route of exposure of antibiotics to soil environments is via

slurry. As nutrient amendment has been shown to

facilitate the occurrence of antibiotic effects, the addition

of nutrients, and especially manure, should be considered

also when exerting other effect studies with antibiotics.
(3)
 The effects of antibiotics can already be seen after 7 days

of soil exposure at 25 8C. Still, a prolonged soil exposure

might increase the development of PICT under certain

nutrient conditions. Thus, the choice of the PICT

selection time is crucial and should be kept constant

throughout an experiment, but can be as short as 1 week.
(4)
 For the detection of antibiotic community tolerance

with Biolog plates, extended periods of detection

(11 days) proved to be useful.
(5)
 Tolerance investigations with Biolog plates should be

carefully adjusted for effects of inoculum density.
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metal-rich sludge amendments on the soil microbial community.

Applied and Environmental Microbiology 64, 238–245.

Backhaus, T., Grimme, L.H., 1999. The toxicity of antibiotic agents to the

luminescent bacterium Vibrio fischeri. Chemosphere 38, 3291–3301.

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) assay. Chemosphere 12, 2925–2938.

Blanck, H., 2002. A critical review of procedures and approaches used for

assessing pollution-induced community tolerance (PICT) in biotic

communities. Human and Ecological Risk Assessment 8, 1003–1034.
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gischer Testverfahren. Mitteilungen der deutschen Bodenkundlichen

Gesellschaft 96, 383–384.

Thiele-Bruhn, S., 2003. Pharmaceutical antibiotic compounds in soils—a

review. Journal of Plant Nutrition and Soil Science 166, 145–167.
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