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Abstract 

Background: The veterinary antibiotic Sulfamethazine (SMZ) contaminates soils via manure applications. Like other 

soil contaminants (herbicides, fungicides, and nematicides), it has to be degraded. The main challenge is that SMZ 

biodegradation with bacteria is impeded, since SMZ is a bacteriostatic antibiotic, designed to block microbes in their 

growth.

Results: In this study, we enriched the indigenous soil microbial community (including the single strain Microbacte-

rium sp. C448, adapted to SMZ degradation) from a Canadian soil and we present a suitable approach, for soil remedi-

ation by inoculating a German soil with this microbial community established on carrier particles, at environmentally 

relevant concentrations of 1 mg kg−1. When compared with the isolated SMZ-degrading strain (also obtained from 

Canada), the microbial community outperformed the mineralization rates of the isolated strain in soil. The negligible 

soil native SMZ mineralization was successfully increased to 44 and 57 % within 46 days, by the microbial community. 

The sustainability of this increased SMZ mineralization capacity was proven by the rapid mineralization of a second 

application of 14C-SMZ 112 days after the first.

Conclusions: The pronounced SMZ mineralization and the high amount of non-extractable 14C-residues (NER) in 

the inoculated soil indicate that the NER are mainly of biogenic origin (metabolically fixed 14C). Therefore, the applied 

inoculation approach decreased the risk of persistent non-extractable SMZ residues. Together with our former studies, 

this specific soil inoculation approach was tested for three substances with different physico-chemical properties, 

indicating that this soil bioremediation technique might also be used for other substances.
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Background

Sulfamethazine (4-Amino-N-(4,6-dimethyl-2-pyrimidi-

nyl) benzenesulfonamide; SMZ) is a veterinary sulfona-

mide antibiotic used against infections of the respiratory 

tract, mainly in swine farming [1, 2]. It hampers the pro-

duction of folic acid in target microbes. In the USA, no 

monitoring of the antibiotic consumption is in place, so 

reliable data are scarce, and in most cases, they are esti-

mated [3, 4]. In Europe, a cumulative usage of 2855.2 tons 

of antibiotics considering 7 European countries in 2004 is 

reported [5]. In Germany, 162 tons of sulfonamides have 

been sold to veterinarians in the year 2012, which makes 

them the third most sold group of antibiotics after tetra-

cyclines and penicillin [6].

After administration to farm animals, parent com-

pounds as well as metabolites of the veterinary antibiotics 

are excreted and reach agricultural soils either directly by 

grazing animals or via the application of manure to land 

after a storage period. Haller et al. [2] quantified SMZ in 
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the manure of treated pigs and calves of six farms mainly 

in the range of mg kg−1. By application of liquid manure 

to fields, the risk of contaminating other environmental 

compartments is thus heightened [7, 8]. Christian et  al. 

[9] found SMZ residual concentration both in surface 

water (7 ng L−1) and soil samples (15 µg kg−1, dry weight) 

7  months after a liquid manure application, indicating a 

high stability of SMZ in soil. �ese non-lethal concentra-

tions can select resistant microorganisms [10, 11] which 

can then potentially transfer resistance to other soil bacte-

ria, including human pathogens, via gene transfer [12–16].

To reduce these risks for the environment and human 

health, an effective long-term approach is strived, to 

decontaminate soils from SMZ, without destroying soils, 

instead preserving them for further agricultural usage. To 

decontaminate soils from antibiotics, which are applied 

to the fields regularly, the bioremediation approach 

should not only be efficient, but also sustainable. In this 

case, “sustainability” means that the microbes should be 

applied to the soil only once and they should sustain their 

degradation ability over time and degrade the contami-

nant again, when next it is applied.

Until now, studies on SMZ removal have been focus-

ing on the decontamination of waste water reactors using 

activated sludge [17–20] electrochemical SMZ removal 

from aqueous solutions [21–23], SMZ removal from 

water and soil using biochar [24, 25], gamma irradia-

tion in sewage and aqueous solution [26–28], and other 

adsorption removal techniques [29]. All of these tech-

niques are not developed for large-scale soil remediation 

of whole agricultural areas.

Oliveira et  al. [20] reported that SMZ degradation was 

mostly studied in activated sludge systems and anaerobic 

waste water treatment; nevertheless, information about 

successful SMZ degradation is limited and where a high 

success was reported, the study was conducted with dispro-

portional high concentrations of SMZ (90 mg L−1). In their 

study, SMZ was biodegraded at the environmental concen-

tration of 100 µg L−1 in anaerobic conditions. Since it was 

dependent on the availability of easily degradable organic 

matter, a cometabolic degradation of SMZ was suggested.

All of these studied techniques focused on waste water 

or sludge and did not consider decontamination of pol-

luted agricultural soils.

�e only study showing a metabolic SMZ degrada-

tion conducted by indigenous soil microbes was done by 

Topp et al. [30]. High SMZ degradation by indigenous soil 

microbes was observed in laboratory experiments after 

long-term application of SMZ to the field (one time per 

year for 10 years). Topp et al. found out that for the suc-

cess of this study, it was necessary to use higher SMZ con-

centrations than the ones reported in soil (10 mg kg−1).

As the decontamination studies, mentioned before, 

focused on SMZ degradation in aqueous and some-

times anaerobic systems, we saw the need to provide an 

approach that effectively accelerates the SMZ mineraliza-

tion in soil. �is approach should be successful at a con-

centration of 1 mg kg−1 which is close to environmental 

conditions [2], and should be directly applied to soil and 

avoid destruction of soil structure and relocation as per-

formed by chemical soil extraction, soil combustion, or 

other harsh ex situ soil remediation techniques. In this 

soil inoculation approach, not only a single strain capa-

ble to degrade a soil contaminant is applied, but a micro-

bial community. �e microbial community was enriched 

by us from an aliquot of this Canadian soil, from which 

Topp et al. [30] isolated the single SMZ-degrading strain 

earlier. Furthermore, this microbial community was 

attached to a protective material (defined clay particles) 

to improve the survival of the microbes in the new and 

foreign soil environment. We already presented this very 

efficient approach, for enhanced biodegradation of other 

organic chemicals in soils, which ensures that the intro-

duced function of accelerated mineralization survives 

and establishes in the new soil environment [31–33]. 

�is time, we successfully applied the approach to even 

decontaminate soil from an antibiotic, which makes it 

more difficult for the microbial community to survive 

and support the degrading strain, because all microbes 

that are sensitive are affected by the SMZ application.

�e aim of this study was to apply this soil inoculation 

approach, for the successful mineralization of an anti-

biotic, SMZ, in soils. Our objective was, therefore, to 

enrich the microbial community, which also includes the 

degrading strain, from SMZ contaminated soil, establish 

it on carrier particles, introduce it to another 14C-SMZ 

contaminated soil, and quantify the SMZ mineralization 

via trapping of 14CO2.

Methods

Chemicals

Uniformly, 14C-ring-labeled sulfamethazine 

(4-Amino-N-(4,6-dimethyl-2-pyrimidinyl) benzenesul-

fonamide, SMZ, CAS Number: 57-68-1) was purchased 

from Campro Scientific GmbH (Veenendaal, �e Nether-

lands) with a specific radioactivity of 673.4 MBq mmol−1, 

and a radiochemical purity of >98  %. Non-labeled SMZ 

was obtained from Sigma Aldrich (Taufkirchen, Ger-

many). �e 14C-SMZ was blended with non-labeled SMZ 

to produce the 14C-SMZ application standards (spec. 

radioactivities ranging from 80 to 500  MBq  mmol−1). 

Carbo-Sorb®E and the scintillation cocktails 

(Permafluor®E+, Ultima Gold™ XR and Ultima Flo™) 

were purchased from PerkinElmer (Waltham, USA). All 
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other chemicals and solvents were purchased in analyti-

cal grade from Merck (Darmstadt, Germany).

Soils

Two soils (Hohenwart and Scheyern1) were sampled 

from agricultural fields in Germany (0–10  cm depth), 

air dried, sieved (<2  mm), and stored at −20  °C. Prior 

to each experiment, the soils were thawed at 4  °C for 

1  week, then moistened to a water tension of −15  kPa 

[34] and equilibrated at room temperature (20 ± 1 °C) for 

another week to gently activate the native soil microor-

ganisms from the frozen state. None of the soils had the 

ability to degrade SMZ naturally.

Soil Hohenwart (13 % clay, 19 % silt, 68 % sand, 1.0 % 

organic carbon, 0.1  % total N, pH 6.7, 48.600° latitude, 

11.383° longitude, 392  m altitude) was used for the 

experiments stimulating the indigenous soil bacteria to 

degrade SMZ by applying it in different concentrations 

and frequencies (“adaptation experiments”). In the last 

10  years before sampling, this soil was not treated with 

pesticides or antibiotics and received a barley, maize, and 

wheat crop rotation, and finally, the field was let to rest 

for three years.

Soil Scheyern1 (sandy loam: 20 % clay, 40 % silt, 40 % 

sand, 1.5 % organic carbon, 0.2 % total N, pH 7.8, 48.493° 

latitude, 11.432° longitude, 497  m altitude) was inocu-

lated with the microbial community for the enhanced 

SMZ mineralization. �is soil was sampled on the agri-

cultural research farm Scheyern in Germany. It has an 

organic farming crop rotation containing potatoes, win-

ter wheat, sunflower, winter rye, and grass-clover-alfalfa 

as intertillage and cover crop.

�e Canadian soil aliquot, where we enriched the 

microbial community (including the SMZ-degrading 

strain) from, was sent to us from Canada and is described 

precisely in the paper of Topp et  al. [30]. �e two soils 

only used for the in  situ bioavailability experiment are 

described in the Additional file 1: Table S1.

In situ bioavailability of SMZ

To investigate the in  situ bioavailable 14C-SMZ over 

time in soil, the 14C-radioactivity in the soil pore water 

of three different soils (Scheyern1, Scheyern2, and Neu-

markt) was determined according to Folberth et al. [35] 

over a period of 21 days. �e characteristics of all 4 soils 

used in this work are described in the Additional file 1: 

Table S1. �e three soils (35  g dry weight equivalent) 

were spiked with aqueous 14C-SMZ application solution 

(1 µg g−1) and incubated in 250 ml amber bottles (30 rep-

licates). For spiking the soil, 200 µl of 14C-SMZ applica-

tion standard was applied dropwise to a 5  g oven dried 

(105 °C, 24 h) soil aliquot and carefully mixed. �e spiked 

aliquot was transferred to fresh, equilibrated soil (30  g, 

dry weight) in the amber bottle, and thoroughly stirred 

with a spatula. �e soil was then adjusted to a density of 

1.3 g cm−3 and a soil water tension of −15 kPa [34]. �e 

incubators were closed with parafilm and stored in a des-

iccator with water at the bottom to prevent drying of the 

samples. After different incubation times (1, 2, 3, 4, 7, 8, 

9, 10, 14, and 21 days), three replicates of each soil were 

subjected to centrifugation to determine the current 

in situ bioavailability of SMZ. For this purpose, 30 g (dry 

weight) of the incubated soil were centrifuged for 90 min 

at 9000 rpm and 20 °C. After centrifugation, two aliquots 

of 1 ml of the soil pore water were each mixed with 4 ml 

Ultima Gold XR and the 14C-radioactivity was measured 

in a liquid scintillation counter (Tricarb 2800TR, Perki-

nElmer, Waltham, USA). �e amount of 14C extracted 

from the soil pore water was calculated as percentage 

of the applied 14C-SMZ and was considered to be the 

amount of SMZ, available for in  situ biodegradation by 

soil microbes.

Adaptation of soil microorganisms to SMZ degradation

To stimulate the adaptation process of native soil 

microbes under laboratory conditions, different experi-

mental soil environment scenarios were applied to soil 

Hohenwart. No microbes were added to soil, only SMZ 

was applied at the start of the scenarios, to stimulate the 

indigenous soil microorganisms to degrade SMZ. �e soil 

was incubated at constant soil water tension (−15 kPa), 

at fluctuating soil water tension (drying and rewetting 

cycles with a range from −15 to −700  kPa) and at dif-

ferent soil temperatures, achieved by storing soil incuba-

tors at room temperature (20 ± 1 °C) and in a water bath 

(30 ± 1 °C). �ese different scenarios were conducted in 

two different SMZ concentrations (10 and 100  µg  g−1) 

and some variants received eight further SMZ applica-

tions. �e incubation time lasted 160 days. Two samples 

with 100 µg g−1 SMZ, two samples with 10 µg g−1 SMZ, 

and two samples where SMZ was applied several times at 

5 µg g−1 were incubated longer (430 days) to enhance the 

chance for adaptation.

Each of the scenarios was conducted with 35  g (dry 

weight) of soil Hohenwart. SMZ was applied to the soil 

according to the procedure described in “In situ bio-

availability of SMZ” section and the soil samples were 

incubated in the dark at a soil density of 1.3  g  cm−3. 

Soil samples for the approaches with fluctuating soil 

water tension were placed in 100  ml flasks, moistened 

to a water tension of −15 kPa, connected to a laboratory 

CO2-trapping system by Lehr, Scheunert [36] (modi-

fied), and dried for 7 days to a water tension of −700 kPa 

by continuously passing dried air through the system 

(1.3  l h−1). After the drying cycle, the soil samples were 

remoistened to −15  kPa and the next drying cycle was 
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started. Soil samples with constant soil water tension 

were incubated in 250 ml amber glass bottles at a water 

tension of −15 kPa in the dark. To survey the effect of the 

exposition scenarios, the mineralization of 14C-SMZ was 

quantified in the different treatments, by determining the 

evolved 14CO2.

Enrichment and cultivation of SMZ-degrading bacteria

�e SMZ-degrading Microbacterium sp. strain C448 was 

isolated by Topp et al. [30] from a Canadian soil, that was 

exposed to an annual dose of 1 and 10 mg kg−1 SMZ for 

10 years (1 mg kg−1 for 5 years, 10 mg kg−1 for 5 years). 

�is degrading strain was sent to us on agar plates 

together with an aliquot of this Canadian soil. Hence, in 

this study, we enriched the microbial community (includ-

ing the SMZ-degrading Microbacterium sp. strain C448) 

from this soil.

For enrichment, 2 g soil material (<2 mm, wet weight) 

was added to 19 ml culture medium plus 1 ml of aque-

ous 14C-SMZ in 100  ml Erlenmeyer flasks (10  mg  L−1). 

�e mineral salt medium was prepared according to 

Topp et al. [30] with the exception that vitamins (biotin 

and thiamin) and trisodium citrate were excluded. To 

establish the microbial community on the carrier mate-

rial, 40 sterilized carrier particles (2–4  mm sized clay 

particles, total N: 3–8 mg L−1, P2O5: 5–10 mg L−1; K2O: 

100–120 mg L−1, expanded for high pore volume (>80 %), 

fired, Seramis GmbH, Mogendorf, Germany) were added 

to the liquid culture. To avoid microbial contamination 

of these liquid cultures, filters (0.20 µm, Sartorius, Göt-

tingen, Germany) were installed at the air inlet and out-

let of the Erlenmeyer flasks and the liquid cultures were 

incubated at 75  rpm in the dark at 20  °C. �ree times 

per week, the 14CO2 evolved from the mineralization of 
14C-SMZ was quantified. After 6–9  days of incubation 

the microbial community, established on carrier particles 

(MCCP) was transferred to fresh 14C-SMZ-spiked liquid 

medium.

�e enriched microbial community from the Canadian 

soil has been analyzed by isolating the DNA from the 

carrier particles using the FastDNA™ SPIN Kit for Soil 

and the FastPrep® Instrument (MP Biomedicals, Santa 

Ana, CA, USA). �e DNA has been prepared for Illumina 

sequencing according to the Illumina standard protocol. 

�e results were identified mostly to genus level and are 

attached in the Additional file 2: Fig S1.

�e pure Microbacterium sp. strain C448 from Canada 

was transferred from the agar plates to the same mineral 

salt medium containing the sterile carrier particles and 

the 14C-SMZ in the same concentrations, volumes, and 

filters on both sides of the Erlenmeyer flasks. In total, ten 

subsequent transfers were carried out for the single strain 

and the community in liquid cultures.

Soil inoculation with the microbial community compared 

with the single strain

Two methods of soil inoculation were compared to iden-

tify the more effective in mineralizing SMZ (50  g soil 

dry weight equivalent, 1 mg kg−1 SMZ). �e soil Schey-

ern1 which did not have the native capacity to degrade 

SMZ was inoculated with the isolated strain established 

on carrier particles (ISCP), as well as the MCCP, and the 

mineralization was measured by trapping the 14CO2 in 

the soil incubators (250 ml amber bottles) for 49 days.

Two different amounts of inoculum were tested for 

each variant, to overcome possible differences in the 

amount of applied degrading bacteria on the CP and have 

comparable conditions in the ISCP and MCCP applica-

tion. �erefore, 5 and 10 carrier particles of MCCP as 

well as 10 and 20 carrier particles for ISCP were added to 

the 14C-SMZ-spiked soil in triplicates.

Soil samples were incubated in the dark at 20 ± 1  °C, 

at a soil density of 1.3  g  cm−3, and a water tension of 

−15  kPa for 49  days. �ree times per week, 14CO2 was 

collected and quantified. �e control samples did not 

receive a microbial inoculum.

SMZ mineralization in soil inoculated with the microbial 

community

First phase of SMZ mineralization

For testing the sustainability of this soil inoculation 

approach, soil Scheyern1 with the SMZ-degrading 

MCCP was incubated for 112  days, before SMZ was 

reapplied to the soil.

Prior to soil inoculation, the liquid cultures containing 

the microbial community were divided into two groups: 

one group (three replicates) received a second dose of 

SMZ (5 µg ml−1) after 7 days of incubation (higher initial 

mineralization activity, HA). Another 8 days later, the soil 

Scheyern1 was inoculated with the MCCP for testing the 

enhanced SMZ mineralization. �e other group (three 

replicates, lower initial mineralization activity, LA) did 

not receive a second SMZ dose and was transferred to the 

soil after 15 days of inoculation. Before being transferred 

to the soil, the two groups of MCCP showed different 

mineralization activities in the liquid cultures: the first 

group showed a higher (2.3 ± 0.5 % days−1) and the latter 

one a lower SMZ mineralization rate (1.1 ± 0.1 % days−1) 

(see Additional file 3: Fig S2 for mineralization rates and 

Additional file  4: Fig S3 for cumulative mineralization 

of both groups in the 8  days before soil inoculation). 

�ereby, we tested two MCCP variants with different ini-

tial mineralization activities at the beginning of the soil 

inoculation experiment.

Six replicates of soil Scheyern1 (35  g, dry weight) 

were spiked with 14C-SMZ (1  µg  g−1) and mixed with 

12 particles of MCCP. �ree replicates were inoculated 
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with MCCPs of the HA treatment and three replicates 

received MCCPs of the LA treatment to test the effect 

of different initial activity states of the microbial com-

munity on its SMZ mineralization capacity. Soil samples 

were incubated in the dark at 20 ±  1  °C, at a soil den-

sity of 1.3  g  cm−3, and a water tension of −15  kPa for 

112 days. �ree times per week 14CO2 was collected and 

quantified. �e control samples did not receive a micro-

bial inoculum.

Second phase of SMZ mineralization

At the end of the first phase (after 112  days), a second 

application of 14C-SMZ was performed to ensure the 

stability of the approach and to test the sustainability 

of the enhanced SMZ mineralization capability of the 

soil over time. �e aqueous 14C-SMZ solution (210  µl, 

1 µg g−1 soil) was applied to the soil in the incubators and 

mixed carefully. �e soil was re-adjusted to a density of 

1.3 g cm−3, moistened to a soil water tension of −15 kPa, 

and incubated in the dark at 20  ±  1  °C for another 

49 days. SMZ mineralization was quantified three times 

per week according to 2.8.2. �e controls also received a 

second 14C-SMZ application.

Third phase of SMZ mineralization

After the sustainability of the inoculation approach was 

tested, a third phase was conducted, where the carrier 

particles were separated from the bulk soil, before SMZ 

was applied for a third time. �e 12 carrier particles, 

transferred to soil in the first phase of the experiment, 

were taken out of each incubator and transferred to new 

soil incubators containing freshly equilibrated aliquots of 

the same soil (Scheyern1). SMZ was applied (1 mg kg−1), 

and the soil was incubated as in the other two phases. 

�e soil, where the carrier particles were taken out, also 

received a third SMZ application (1  mg  g−1) and was 

incubated without carrier particles in the same way. All 

incubators were stored in the dark at 20 °C and minerali-

zation and water content were measured as in the other 

two phases.

Measurement of 14CO2 in the di�erent incubation systems

Soil samples with �uctuating water content

�e following aeration system was used to measure the 
14CO2 generated in the soil samples of the adaptation 

experiment with fluctuating soil water tension and in 

the liquid cultures. �e soil samples, incubated in 100 ml 

glass flasks, were connected to a CO2-trapping system 

consisting of two wash bottles, each filled with 10 ml of 

a 0.1 N NaOH solution for collecting 14CO2 [36] (modi-

fied). �e soil was aerated continuously (1.3  l  h−1) with 

dried air to enable drying of the soils for the fluctuating 

soil water tension experiment. �e NaOH solution was 

exchanged three times per week to quantify the trapped 
14CO2 by taking an aliquot of 2 ml, mixing it with 3 ml 

Ultima Flo and measuring it in a liquid scintillation coun-

ter. �e liquid cultures, enriched in Erlenmeyer flasks 

and incubated on a shaker (75 rpm), were connected to 

this trapping system and aerated (1.3  l  h−1) three times 

per week for 1 h. After each aeration step, the NaOH was 

exchanged and a 2 ml aliquot was measured for radioac-

tivity as described above.

Soil samples with constant water content

�is system was used for soil incubation experiments 

with a constant soil water tension of −15 kPa, namely the 

treatments with constant soil water tension of the adap-

tation experiment (“Adaptation of soil microorganisms 

to SMZ degradation” section), the IS and CP comparison 

experiment (“Soil inoculation with the microbial com-

munity compared with the single strain” section), and the 

experiment, where SMZ mineralization was enhanced 

by inoculating the microbial community (“SMZ miner-

alization in soil inoculated with the microbial commu-

nity” section). �e soil samples were incubated in 250 ml 

amber bottles. �ese bottles were closed with a rubber 

stopper through which a hollow needle was fed to guar-

antee a constant oxygen supply. At the atmospheric side, 

the needle was connected to a soda lime filled syringe for 

adsorbing atmospheric CO2. At the bottom of the rubber 

cap, a 25  ml plastic beaker was installed and filled with 

9 ml of 0.1 N NaOH to trap the 14CO2 evolved from 14C-

SMZ mineralization in the soil. �ree times per week, 

the NaOH solution was exchanged and an aliquot of 2 ml 

was taken and mixed with 3 ml Ultima Flo, and the 14CO2 

was measured in a liquid scintillation counter.

14C-mass balances

At the end of the inoculation experiments, 14C-mass 

balances were calculated. For the experiment where the 

sustainability of the inoculation approach was tested, 

soil pore water was extracted to determine the in  situ 

bioavailability of SMZ as described in “In situ bioavail-

ability of SMZ” section. For the inoculation of the com-

munity compared with the single strain, pore water was 

not extracted. Extractable 14C-residues in soil were deter-

mined by mixing 35 g (dry weight) soil with 0.5 g of diato-

maceous earth prior to accelerate solvent extraction (ASE 

200, Dionex, Dreieich, Germany) with a mixture of meth-

anol and water (80:20) at 100 °C and 14 MPa. To ensure 

exhaustive extraction, three sequential extraction steps 

for three times were conducted. Two aliquots of 1 ml of 

each extract were mixed with 4 ml Ultima Gold XR and 

measured by liquid scintillation counting. To quantify the 

non-extractable 14C-residues (NER), soil material after 

ASE was homogenized and three aliquots (250–300 mg) 
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were combusted in a Sample Oxidizer (Packard, Dreieich, 

Germany). �e generated 14CO2 was trapped in Carbo-

Sorb®E, mixed with Permafluor®E + and quantified in a 

liquid scintillation counter.
14C mass balance was calculated based on the initially 

applied 14C-SMZ, including the mineralized 14C amount, 

the extractable, and the non-extractable 14C amount.

Results

In situ bioavailability of SMZ in soil Scheyern1

In the comparison of three soils, differing in their texture, 

soil Scheyern1 revealed the highest in situ bioavailability 

of SMZ, and was, therefore, chosen for soil inoculation 

experiments. �e day after 14C-SMZ application, 29.4 % 

of the applied radioactivity was found in the soil pore 

water of soil Scheyern1 (Additional file 5: Fig S4). �ere-

after, the 14C content in the pore water decreased contin-

uously with a rapid reduction until day seven (6.6 %) and 

a slighter decrease until day 21 (2.5 %). �is indicates that 

more than 90 % of the in situ available SMZ are adsorbed 

to the soil matrix during the first week, and after that, 

less than 10 % of the applied SMZ is present in soil pore 

water and thus in situ available for biodegradation.

Attempts to adapt indigenous soil microorganisms to SMZ 

degradation

It was not possible to accelerate the adaptation process of 

soil microorganisms and to increase the SMZ mineraliza-

tion in soil Hohenwart, by any of our tested approaches. 

It can be summarized that even after an “adaptation” 

period of 430 days, the cumulative mineralization of SMZ 

did not exceed 6.9 % of the applied SMZ. �e SMZ min-

eralization rates remained below 0.2  %  days−1 for more 

than 400 days of incubation. �e longsome natural adap-

tation process could not be enhanced under the selected 

laboratory conditions.

Enhanced SMZ mineralization in soil Scheyern1 

by inoculation

Soil inoculation with microbial community compared 

with isolated strain

We used an aliquot of the Canadian soil that had been 

adapted to SMZ biodegradation under field conditions 

[30], to enrich the microbial community, able to degrade 

SMZ in our lab. To identify the more efficient variant for 

SMZ mineralization in soil Scheyern1, soil inoculation 

with the MCCP was compared with inoculation with the 

ISCP. In both variants, two different amounts of carrier 

particles were introduced to soil (ISCP: 10 and 20 CP, 

MCCP: 5 and 10 CP). Figure 1 shows the different miner-

alization rates of MCCP and ISCP.

�e microbial community was able to mineralize 

SMZ efficiently and showed higher mineralization rates 

compared with the isolated strain and a higher cumula-

tive mineralization after 49 days [MCCP, 37 and 39 % of 

applied SMZ depending on the amount of introduced 

carrier particles (5 and 10 CP) compared with ISCP, 8 

and 14 % of applied SMZ (10 and 20 CP)]. �e measure-

ment on the first day showed similar mineralization rates 

for the soil inoculated with ISCP 10 CP and MCCP 10 

CP. Afterwards, the mineralization rates of both variants 

of the IS were decreasing rapidly, while the mineraliza-

tion rates of the MC were increasing to come to a peak 

between day 4 and 7.

Soil inoculation with MCCP to test the sustainability 

of enhanced SMZ mineralization

After the inoculation of the MCCP turned out to be the 

more effective bioremediation technique, when com-

pared with the isolated single strain, we repeated the 

soil inoculation with this community. A second phase 

was conducted, to find out if this approach is sustaina-

ble and the mineralization capacity is stable in soil over 

time. Finally, in a third phase, the mineralization site was 

investigated.

�e soil Scheyern1, used in our study for soil inocu-

lation experiments, revealed a native SMZ mineraliza-

tion rate of 0.03 % days−1 (Fig. 2). �is low natural SMZ 

mineralization capacity in soil Scheyern1 was increased 

considerably by inoculation with the SMZ-degrading 

MCCP in two different states of activity (MCCP-LA 

and MCCP-HA). Within 46  days, 44  % of the applied 
14C-SMZ was mineralized in total in the soil inoculated 

with the MCCP that showed a lower SMZ mineraliza-

tion activity (MCCP-LA). �e SMZ mineralization rate 

was at its maximum of 5.5 % days−1 of the applied SMZ, 

after 4 days of inoculation (Fig. 2a). When soil Scheyern1 

was inoculated with the microbial community of higher 

SMZ mineralization activity (MCCP-HA), the inocula-

tion effect was even more pronounced, resulting in a 

cumulative SMZ mineralization of 57 % after 46 days and 

a maximum SMZ mineralization rate of 12.3 % days−1 at 

day 4 (Fig. 2a).

To test the sustainability of this enhanced SMZ min-

eralization, 112  days after the first SMZ application, a 

second SMZ application was conducted. In this second 

phase, the two groups of inoculants (MCCP-HA and 

MCCP-LA) showed no substantial differences in their 

SMZ mineralization activities (Fig. 2b). SMZ mineraliza-

tion was considerably enhanced compared with the con-

trol, although not as high as in the first phase when the 

MCCP-HA and MCCP-LA were freshly inoculated into 

the soil. After 46 days, 36 % (MCCP-LA) to 38 % (MCCP-

HA) of the applied 14C-SMZ were mineralized and 

the mineralization rates peaked on day 6 in 3  %  days−1 

(MCCP-LA) and on day 8 in 4  %  days−1 (MCCP-HA) 
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(Fig. 2b). In contrast, the SMZ mineralization rates in the 

control stayed below 0.1 % days−1 and after 46 days, only 

1.7 % of the applied 14C-SMZ was obtained as 14CO2.

14C-residues in soil

After the second phase, the soil samples MCCP-HA were 

analyzed for 14C-residues in soil pore water, extract-

able 14C-residues, and non-extractable 14C-residues. �e 
14C-residues found in the soil pore water of the inocu-

lated soil samples amounted to 0.5  % (Table  1). In the 

control, 14.2  % of the initially applied radioactivity was 

found to be methanol-extractable  14C residues, whereas 

in the inoculated soil samples, the methanol-extracta-

ble  14C-residues were almost three times lower (5.1  %, 

Table 1). �e inoculated samples also showed lower non-

extractable residues (42.9 %, Table 1) compared with the 

control samples (81.9  %, Table  1). �e total recovery of 
14C-radioactivity was 100.0 ± 0.6 % and 97.8 ± 1.1 % in 

the inoculated and control samples, respectively.

Discussion

Enhanced mineralization of SMZ in soil by inoculation

�e SMZ-degrading microbial community was enriched 

on carrier particles, transferred to soil, and was able 

to mineralize SMZ efficiently. Hence, the microbial 

degraders survived and established in the new soil envi-

ronment. Soil Scheyern1 was inoculated with the SMZ-

degrading microbial community as well as the isolated 

SMZ-degrading Microbacterium sp. strain C448, both 

established on carrier particles. �e MCCP was able to 

mineralize SMZ efficiently and showed higher miner-

alization rates compared with the ISCP and a higher 

cumulative mineralization. �ese results lead to the 

assumption that the microbial community supports the 

degrading strain. When inoculated as isolated strain, 

mineralization rates were decreasing from the begin-

ning. �is indicates a lower cell activity and maybe also 

a reduction of cell material of the isolated strain. When 

inoculated as the whole soil born microbial community, 

the mineralization rates were increasing which indicates 

an increasing cell activity and probably also a growth of 

cells. �e MCCP was, therefore, selected for the follow-

ing experiment where the sustainability of the inocula-

tion approach was tested.

�e higher SMZ mineralization capacity of the inocu-

lant MCCP-HA is most probably due to an increased 

cell growth in the liquid culture induced by a second 

SMZ dose before the inoculant was transferred from the 

liquid culture to the soil. �us, more active cells were 

introduced into the soil, resulting in a higher initial SMZ 

mineralization activity. �e inoculant MCCP-LA where 

the cell growth was not stimulated by a second SMZ 

dose showed a lower initial SMZ mineralization activity 

in the soil. �e reason why the LA group did not attain 

the SMZ mineralization capacity of the HA group can 

be explained by the bioavailability of SMZ. �e high-

est amount of SMZ in the soil pore water was found in 

the first 7  days after application, thereafter, most of the 

Fig. 1 14C-SMZ mineralisation in soil Scheyern1; comparison of MCCP and ISCP. Mineralization rates of 14C-SMZ in soil Scheyern1 inoculated with 

a specific microbial community established on carrier particles (MCCP) and the isolated SMZ-degrading Microbacterium sp. strain C448 on carrier 

particles (ISCP) quantified via trapping of 14CO2 for 49 days. Values represent mean ± standard deviation; n = 3; control signifies “soil without inocu-

lation”
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available SMZ was adsorbed to the soil. For this reason, 

the MCCP-HA group with its higher initial SMZ miner-

alization activity had an advantage over the MCCP-LA 

group: it was able to mineralize more of the available 

SMZ within the first 7 days—when the SMZ bioavailabil-

ity was highest—than the MCCP-LA group with its lower 

initial SMZ mineralization activity. Independent from the 

differences between the two inoculants, the results pre-

sent the efficiency of the inoculation approach in enhanc-

ing the SMZ mineralization.

Sustainability of the inoculation approach

After 7  days, most of the SMZ applied has adsorbed to 

the soil matrix as shown in the bioavailability experi-

ment (Additional file  5: Fig S4), only less than 10  % of 

the initially applied SMZ is available for rapid degrada-

tion. Our data show that even after 112 days, when SMZ 

was applied again, the SMZ-mineralizing function was 

still present, which emphasizes the long-term sustain-

ability of the inoculation approach. As the manure is 

typically applied to the fields twice per year, the veteri-

nary residues are reaching the grounds discontinuously. 

In between, the bioavailability of SMZ is very low due to 

sorption processes, and the amount of SMZ is probably 

not sufficient for energy support of the SMZ-degrading 

microbes. Hence, they have to survive for a long time 

under limited SMZ concentrations using other carbon 

and energy sources, provided by the soil environment. 

Yet, the bacterial community conserves its SMZ-degrad-

ing capability for at least 112 days to restart the degrada-

tion process after another SMZ application.

Since there was no difference in the SMZ mineraliza-

tion capacity of the inoculants MCCP-LA and MCCP-HA 

after the second SMZ application, it can be concluded 

that on the long term, the SMZ mineralization capacity of 

the inoculants mainly depends on the SMZ concentration 

as compared with its initial SMZ mineralization activity.

�e enhanced SMZ mineralization, measured after 

the first 14C-SMZ application, as well as after the second 

application is exclusively due to the inoculated micro-

bial community, since the “adaptation” experiments have 

clearly excluded adaptation processes as a reason for 

accelerated SMZ degradation. In a third phase, the car-

rier particles were separated from the bulk soil, before 

SMZ was applied for a third time (Additional file 7: Fig 

S6; Additional file 8: Fig S7). In the bulk soil without car-

rier particles, 56 % of the applied SMZ was degraded after 

62 days. �ese results reveal that microbes were able to 

proliferate in the soil matrix and continue the SMZ deg-

radation there, which is a very important factor to ensure 

the success of this application approach. �ere is no need 

to apply the carrier particles again, after the microbes 

Fig. 2 Mineralisation rates after soil inoculation with MCCP in two consecutive incubation phases. Mineralization rates of 14C-SMZ in soil Scheyern1 

after inoculation with a specific microbial community established on carrier particles (MCCP) quantified via trapping of 14CO2. To test the sustainabil-

ity of the approach, 14C-SMZ was applied twice. a First, 14C-SMZ application and incubation for 112 days. For comparison, the graph was cropped 

at day 50. (Full 112 days are presented in Additional file 6: Fig. S5). b Second, 14C-SMZ application and 14C-SMZ mineralisation measurement after 

112 days of incubation. Values represent mean ± standard deviation; n = 3; control signifies “soil without inoculation”

Table 1 14C mass balance at the end of the incubation experiment

Percent distribution and mass balance of 14C in soil Scheyern1 after 161 days of incubation with MCCP-HA in  % of applied 14C-radioactivity. MCCP-HA = Microbial 

community attached on carrier particles, group of higher initial SMZ mineralization activity; values represent mean ± standard deviation; n = 3

Treatment 14CO2
14C in soil pore water 14C extractable 14C non-extractable 14C recovery

MCCP-HA 51.4 ± 0.3 0.5 ± 0.0 5.1 ± 0.0 42.9 ± 0.8 100.0 ± 0.6

Control 1.8 ± 0.0 not measured 14.2 ± 0.5 81.9 ± 0.5 97.8 ± 1.1
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have established in the bulk soil. �erefore, we strongly 

recommend this very effective, sustainable, and stable 

soil inoculation approach, using a microbial community 

which supports the degrading strain, and carrier particles 

for a stable soil inoculation, for remediating soils.

Formation of non-extractable 14C-residues (NER)

In the control samples, the indigenous microbial commu-

nity was unable to degrade SMZ in a considerable amount 

and more than 80 % of the applied 14C were found in the 

NER fraction, which is likely to consist of SMZ and/or 

SMZ degradation products physico-chemically bound to 

the soil matrix. �e type of binding was not investigated 

in this study. Several binding mechanisms can play a role 

in the formation of non-extractable residues, for exam-

ple, Bialk et al. [37] have proven covalent cross coupling 

between SMZ and model humic constituents. �e rapid 

formation of high amounts of NER was confirmed by 

other studies for different sulfonamides [38–40]. �ough 

high affinity to the soil matrix and negligible uptake of 

sulfonamide-NER by plants and earthworms was shown 

[39], it cannot be excluded that the NER poses a certain 

risk for human health, since they can be remobilized dur-

ing the natural turnover processes of soil organic matter 

and subsequently contaminate environmental compart-

ments and become bioavailable.

In the inoculated soil samples, the main removal pro-

cess of SMZ from soil was mineralization, followed by 

formation of NER. According to the high SMZ miner-

alization, it can be concluded that the NER in this case 

are mainly of biogenic origin. Principally, degrading 

microorganisms can use a xenobiotic as energy and car-

bon source. When used as carbon source, the degrading 

bacteria assimilate carbon derived from the xenobiotic to 

form cellular components, such as sugars, amino acids, 

etc., and after death of the bacteria, such biomolecules 

will be fixed in soil organic matter [41]. �us, the applied 

inoculation technique enhances the mineralization of 

SMZ and decreases the risks caused by NER, because 

they consist to a large amount of biomolecules instead of 

SMZ or its degradation products.

Résumé of the inoculation approach

�e approach for enhanced mineralization of a soil con-

taminant by inoculating the soil with a degrading micro-

bial community established on carrier material has 

already been successfully applied in our previous stud-

ies for the herbicide isoproturon and the environmental 

chemical 1,2,4-TCB [31–33]. Accelerated mineralization 

of the herbicide isoproturon was shown not only in labo-

ratory experiments, but also under field conditions [31].

�is study confirms our hypothesis, as this approach 

could remarkably enhance the mineralization of the 

veterinary antibiotic SMZ in soil, despite the consid-

erably low bioavailability of the tested substance SMZ 

(Additional file  5: Fig S4). �e microbial community 

was successfully established on carrier particles and 

survived in the new soil habitat, enhancing the SMZ 

mineralization.

�e success of this approach can be mainly explained by 

three reasons:

1. �e results of our former studies [32, 33] indicate that 

the introduced bacteria can establish a protective bio-

film on the carrier material. It is known that cells in 

biofilms have a distinct advantage over submerse bac-

teria, for example, they have a better chance of sur-

vival especially under unfavorable conditions [42–44]. 

We also found hints for an inter-species communi-

cation within the biofilm on the carrier material that 

promotes the contaminant’s mineralization [33].

2. �ere are strong indications that the contaminant in 

soils can be transported to the degrading community 

via diffusion, resulting in mass transfer of the sub-

stance to the degradation location on the particles 

[31].

3. As shown in the present in situ study, this approach is 

sustainable and the SMZ-degrading function can be 

established in the new soil environment. Transfer of 

genetic information from the introduced degraders to 

the native soil microorganisms is a slow-acting process 

and happens primarily under high selection pressure, 

i.e., high concentration of the contaminant, which is 

normally not the case in agricultural soils. �erefore, 

it can be assumed that the SMZ-degrading function is 

performed by the introduced degraders which are able 

to survive and establish in the new habitat; as has been 

already verified for the 1,2,4-TCB degrader Bordetella 

sp. F2 for a time span of 30 days [32].

Conclusions

Our specific approach of inoculating microbial commu-

nities on carrier material was successful for the antibiotic 

SMZ, as well as for two other substances with different 

physico-chemical properties and other microbial com-

munities in various soils. As this inoculation approach 

is successful and sustainable even for SMZ as an antibi-

otic used against bacteria which is also showing a rela-

tively low bioavailability, we conclude that it is probably 

also applicable for many other contaminants in soils. 

Due to the highly enhanced mineralization conducted 

by the microbial community containing the degrading 

strain Microbacterium sp. C448, we strongly recommend 

the utilization of the appropriate microbial community 

instead of an isolated degrading strain when developing 

soil remediation methods.
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