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Introduction

Sulfonamides, as a group of synthetic antibiotics, have been 
used as antimicrobial drugs for more than 70 years (Dmi-
trienko et  al. 2014). These drugs are commonly used in 
livestock and poultry breeding to prevent diseases and to 
treat illnesses. However, it is estimated that approximately 
30–90% is excreted in manure (Heuer et al. 2011), resulting 
in a high concentration of sulfonamide residue in manure. 
The antibiotic concentrations in manure range from trace 
levels to >200  mg/kg, and the typical concentrations are 
in the range of 1–10  mg/kg (Ramaswamy et  al. 2010). 
Sulfathiazole and sulfamethazine (SM2) residues were 
detected in manure at concentrations of 12.4 and 8.7 mg/
kg, respectively (García-Galán et  al. 2008). Even the par-
ticularly high concentration of 500 mg/L of sulfadiazine in 
slurry was reported (Grote et al. 2004).

Composting, as an effective bioremediation strategy for 
manure contamination, has been proposed as a feasible 
approach to promote the removal of antibiotics from ani-
mal manure (Wu et al. 2011; Selvam et al. 2013). However, 
traditional composting (the highest composting tempera-
ture is approximately 65 °C) cannot remove all antibiotic 
residue. Sulfonamides are recalcitrant to natural biodegra-
dation (Zhang et al. 2012), exhibiting high thermal stabil-
ity. Degradation of SM2 was not observed after 35 days of 
composting (Dolliver et  al. 2008). Van Dijk and Keukens 
(2000) reported that sulfachloropyrazine concentrations 
in poultry manure decreased by 58–82% during 8 days of 
composting. Despite the sulfonamide removal being more 
than 90% in some composting tests, residual sulfonamides 
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still remained in the composting product (Mitchell et  al. 
2015).

The residue of sulfonamides and their metabolites in 
manure can easily enter the terrestrial environment through 
soil amendment, which can lead to a series of ecologi-
cal problems. They can be taken up by plants in manure-
amended soil (Boxall et  al. 2006; Dolliver et  al. 2007). 
Moreover, sulfonamides in terrestrial environments show 
a high potential to resist degradation and are hydrophilic 
enough to be transferred into aquatic environments, which 
causes their frequent detection in surface and ground waters 
(Watts et al. 1982; Hirsch et al. 1999; Batt et al. 2006a, b; 
Kim et  al. 2007). Residual sulfonamides could serve as a 
selecting pressure for the development of antibiotic-resist-
ant bacteria (Zhang et  al. 2012). Sulfonamide-resistant 
bacteria and genes are prevalent in various environments 
(Gao et  al. 2012, Hsu et  al. 2014). These facts manifest 
the impact of residual sulfonamides on human health and 
reinforce the need to develop effective methods to degrade 
sulfonamides.

Temperature and microorganisms are essential in the 
removal of contaminants during composting. Complete 
removal of antibiotic residue in manure could be achieved 
by increasing the composting temperature and/or number 
of inoculating microorganisms that can specifically degrade 
antibiotics under certain conditions in manure composting 
system. In recent years, an increasing number of bacteria 
with the ability to degrade sulfonamides have been isolated 
(Zhang et al. 2012; Topp et al. 2013; Jiang et al. 2014; Reis 
et al. 2014). However, most of these bacteria grow at room 
temperature, which is not suitable for high-temperature 
composting. This study aims to isolate special microor-
ganisms that can survive at temperatures higher than tra-
ditional values and can efficiently degrade sulfonamides. 
By using acclimation and enrichment techniques, a thermo-
philic bacterium with the ability to degrade SM2 at 70 °C 
was isolated and designated S-07; the optimal conditions 
for bacterial growth and biodegradation of SM2 were sub-
sequently characterized. The residual antibacterial activ-
ity of SM2 metabolites was also investigated to identify a 
reduction in toxicity.

Materials and methods

Chemicals and media

The reagent-grade sodium salt of SM2 and the SM2 ana-
lytical standard were obtained from TCI Development Co. 
Ltd. (Shanghai, China) and Aladdin Industrial Corpora-
tion (Shanghai, China), respectively. Sulfamerazine (SM1), 
sulfadiazine (SD) and sulfamethoxazole (SMX) were pur-
chased from Sigma–Aldrich (USA), and yeast extract was 

obtained from Sangon Biotech Co. Ltd. (Shanghai, China). 
Acetonitrile and methanol (HPLC grade) were bought from 
Fisher (USA). All other chemicals were of analytical grade 
and obtained from Sinopharm Chemical Reagent Co. Ltd. 
(China).

Minimal mineral salt medium (MMSM) (Larcher and 
Yargeau 2011) containing Na2EDTA·2H2O (0.018  g/L), 
FeSO4·7H2O (0.013  g/L), CaCl2·2H2O (0.013  g/L), 
MgSO4·7H2O (0.25  g/L), Na2HPO4 (7.5  g/L), KH2PO4 
(5 g/L), NH4NO3 (5 g/L), and yeast extract (0.6 g/L) was 
supplemented with 10  mg/L of SM2 and 0.5  g/L of glu-
cose (an external easily degradable carbon source). The 
Luria–Bertani medium (LB) (10 g/L of tryptone, 5 g/L of 
yeast extract, and 10 g/L of NaCl) was used for cell growth. 
To prepare solid medium, 1.5–2.0% (w/v) agar was added. 
All media were sterilized at 120 °C for 20 min prior to use.

Strain isolation and identification

Activated sludge was obtained from an antibiotics phar-
maceutical factory in China. To enrich the thermophilic 
sulfonamide-degrading bacteria, 5  g of sludge was added 
to 100 mL of MMSM medium with 5 mg/L of the sodium 
salt of SM2. The culture was placed on a dark rotary 
shaker (100 rpm) at 70 °C for 10 days, and then the super-
natant from the enrichment culture was centrifuged and 
transferred into fresh sterile MMSM medium containing 
10  mg/L of the SM2 sodium salt. The inoculation steps 
were repeated until the SM2 concentration in the medium 
was 50  mg/L. Stepwise acclimation of the enriched cul-
ture was conducted to ensure the maintenance of bacterial 
degradation. Enriched culture was 10-fold serially diluted 
and spread onto MMSM agar plates containing 50 mg/L of 
SM2. Bacterial colonies were streaked for purification and 
tested for SM2-degrading capability.

One strain, designated S-07, with SM2-degrading abil-
ity was purified and selected for further investigation. The 
type strain of Geobacillus thermoleovorans (strain number 
1.3474) was purchased from the China General Microbio-
logical Culture Collection Center (Table S2).

Bacterial DNA was extracted using the Bacterial 
Genome DNA Extraction Kit (Shanghai Generay Biotech 
Co., Ltd.) according to the manufacturer’s instructions. 
The 16S rRNA gene was amplified using universal prim-
ers 27f (5′-AGA​GTT​TGA​TTC​TGG​CTC​AG-3′) and 1492r 
(5′-GGT​TAC​CTT​GTT​ACG​ACT​T-3′). The amplification 
reaction mixtures (25  µL) contained 12.5  µL of 2X Taq 
Master Mix, 1 µL of each primer, 1 µL of DNA template 
and 9.5  µL of ddH2O. The amplification was performed 
using a Mastercycler gradient (Eppendorf, Germany) with 
the following program: denaturation for 5  min at 94 °C; 
then 30 cycles consisting of 94 °C for 40 s, 55 °C for 40 s, 
and 72 °C for 100 s; and a final extension step at 72 °C for 
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10 min. Amplification products were analyzed by electro-
phoresis on a 2.0% agarose (Sigma, USA) gel, and the PCR 
products were sequenced at MajorBio (Shanghai, China). 
The sequence was compared against the available DNA 
sequences in GenBank (http://www.ncbi.nlm.nih.gov/) 
using the BLASTN tool (BLASTN 2.6.0). After align-
ment with different 16S rRNA gene sequences from Gen-
Bank, phylogenesis was analyzed using MEGA version 4.0 
software, and a phylogenetic tree was constructed using a 
neighbor-joining method.

HPLC analysis

Aliquot cultures (1000 µL) were filtered through a 0.45-µm 
membrane filter to remove bacterial cells and particles and 
then stored in amber vials at 4 °C for further analysis. The 
sulfonamide concentration was determined using a high-
performance liquid chromatography instrument (HPLC, 
Hitachi L-2000, Japan) equipped with an auto sampler. 
Chromatographic separation was achieved on an Extend-
C18 column (250 × 4.6  mm, 5-µm 80  A) from Agilent 
(USA). The SM2 was detected with 0.04  M ammonium 
acetate and methanol (65:35, v/v) as the mobile phase. The 
wavelength and the column temperature were set to 264 nm 
and 30 °C, respectively. For the detection of SM1, SD and 
SMX, the testing procedure was identical to that of SM2, 
only with different mobile phases and wavelengths (0.3% 
formic acid and methanol (79:21, v/v) at 270 nm for SM1; 
0.05 M NH4H2PO4 and acetonitrile (80:20, v/v) at 270 nm 
for SD; 0.02  M NH4H2PO4 (pH = 2.8) and acetonitrile 
(70:30, v/v) at 245 nm for SMX). The column was equili-
brated for 10–20 min prior to injection.

Degradation of SM2 by strain S‑07 and type strain 
of Geobacillus thermoleovorans

Strain S-07 was grown to the exponential growth phase 
(approximately 12 h) in 50 mL of LB medium at 70 °C and 
100  rpm. Bacterial cells were collected after centrifuga-
tion at 6000 rpm for 5 min at room temperature. The cell 
pellets were washed twice with sterilized 0.1 M phosphate 
buffer (pH = 7.0) and resuspended in sterilized 0.9% NaCl 
solution to a concentration of OD600 = 2.0. The bacterial 
cell suspensions were inoculated at 1.0% (v/v) into MMSM 
liquid medium supplemented with 10  mg/L of SM2. To 
determine the optimal conditions for SM2 degradation, the 
cultures were incubated at various temperatures (50, 55, 60, 
65, 70 and 75 °C) with an initial pH of 6.5, or various ini-
tial pH (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0) at the 
determined optimal temperature. The experiments with dif-
ferent rotation speeds (0, 50, 100 and 150 rpm) and culture 
volumes (30, 40 and 50  mL using a 100-mL Erlenmeyer 
flask) were prepared at the determined optimal temperature 

and pH for 24 h on a dark rotary shaker. Sterilized water 
was added instead of strain S-07 in control experiments. 
Based on preliminary experiments and references, the sorp-
tion of SM2 onto biomass or other materials was negligi-
ble (Herzog et al. 2013). All treatments were performed in 
triplicate in the dark to avoid photodegradation. Because 
of the high temperature, the evaporation of moisture was 
adjusted by weighing prior to sampling. The SM2 degrada-
tion by the type strain of G. thermoleovorans was measured 
as abovementioned.

Antibacterial activity of SM2 and its metabolites

To evaluate the antibacterial activity of SM2 and its metab-
olites, the biomass of the microorganism (Escherichia coli 
K12) exposed to SM2/metabolites was measured. E. coli 
K12 was cultured in LB media at 37 °C on a rotary shaker 
for 24  h as the seed liquid. The supernatant from S-07 
cultured in the presence of SM2 was collected and subse-
quently filtered with a 0.22-µm membrane three times to 
remove the biomass and other particles. The filtered culture 
and SM2 solution (10 mg/L) were added to the LB medium 
inoculated with E. coli K12 seed liquid. An equal volume 
of MMSM (treated at 70 °C on a shaker for 24 h) was added 
as a control. The growth of E. coli K12 after a 24-h incu-
bation was determined using a UV-1100 ultraviolet spec-
trophotometer (Mapada, China) at a wavelength of 600 nm. 
The microbial growth rate of the control was considered to 
be 100%. The relative growth rates of the supernatant from 
the S-07 culture supplemented with SM2 at 70 °C for 24 h 
(E1) and the medium (MMSM cultured S-07 without SM2 
for 24 h at 70 °C) containing SM2 (E2) were expressed as 
a percentage of the control. The antibacterial activity of 
the liquid was inversely proportional to the relative growth 
rate.

Degradation of other sulfonamides

The ability of strain S-07 to degrade SD, SMX and SM1 
was examined in MMSM containing 10 mg/L of each com-
pound, with the control lacking inoculation of strain S-07. 
The samples were collected every 24  h to examine the 
residual concentration of the three compounds.

Results

Isolation and identification of the SM2‑degrading strain

After acclimation and selective enrichment with SM2, a 
bacterial strain, S-07, was obtained with the ability to grow 
on solid MMSM medium supplemented with 50  mg/L of 
SM2. Analysis of the partial 16S rRNA gene sequence 

http://www.ncbi.nlm.nih.gov/
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of strain S-07 (1303  bp, GenBank accession number: 
KU588289) indicated an affiliation with the genus Geo-
bacillus and showed 100% similarity to that of G. ther-
moleovorans KCTC 3570T (GenBank accession number 
CP014335) (Fig. 1).

Optimal conditions for biodegradation of SM2 by strain 
S‑07

The growth of strain S-07 and the degradation of SM2 
occurred over a wide range of temperatures. Strain S-07 
grew well in a temperature range of 50–75 °C (Fig.  2). 
SM2 degradation increased with temperature from 50 to 
70 °C and reached a maximum value of 57.15% at 70 °C. 
However, it decreased to 35.09% when the temperature 
increased from 70 to 75 °C. Bacterial growth was consistent 
with the degradation of SM2.

Bacterial growth and degradation of SM2 increased with 
the increase of initial pH, peaking at 6.0. The highest bac-
terial population and degradation were 0.414 (OD600) and 
98.18%, respectively. In a pH range from 4.0 to 5.0, low 
bacterial growth and degradation were observed. When the 
pH value reached 5.5, both the bacterial growth and degra-
dation of SM2 significantly increased. When the pH value 
was above 7.5, strain S-07 seemed to have no effect on SM2 
degradation. Based on the obtained results, slightly acidic 
pH values are more favorable for SM2 degradation (Fig. 3).

Strain S-07 showed similar growth and SM2-degrading 
ability at 0, 50 and 100  rpm, with over 95% SM2 being 
removed (Fig. 4). However, despite the large bacterial bio-
mass at 150 rpm, SM2 degradation significantly decreased 
to a level similar to that of the control. In the culture vol-
ume test, the SM2 degradation reached a maximum 
value of 94.66% after 24 h in a 100-mL Erlenmeyer flask 

Fig. 1   Phylogenetic tree 
constructed using the neighbor-
joining method based on the 
16S rRNA gene sequences 
of strain S-07 and associated 
strains

Fig. 2   Effect of temperature on the growth of strain S-07 and the 
degradation of SM2 (pH = 6.5, 100  rpm). Data are presented as the 
average value of triplicate measurements with standard deviation

Fig. 3   Effect of pH on the growth of strain S-07 and the degradation 
of SM2 (70 °C, 100 rpm). Data are presented as the average value of 
triplicate measurements with standard deviation
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containing 50  mL of MMSM. When the culture volume 
was decreased to 30 mL, the degradation of SM2 strikingly 
decreased to <40% (Fig. 5).

Biodegradation of SM2 by type strain of Geobacillus 
thermoleovorans

To test whether SM2 biodegradation is a characteristic 
of the genus, the SM2 degradation by the type strain of 
G. thermoleovorans was investigated in MMSM medium 
containing 10 mg/L of SM2. The result showed that only 
29.98% (including abiotic effects) of SM2 was removed 
at 70 °C after 24 h and 36.37% after 48 h. Compared with 
strain S-07, the degradation capability of the G. thermoleo-
vorans type strain for SM2 was much lower.

Antibacterial activity analysis of SM2 and its 
metabolites

In this test, the supernatants from cultures of S-07 (E1) 
and the medium containing SM2 (E2) showed an obvious 
inhibition of E. coli K12 growth. The bacterial growth in 
the control (C) was considered to be 100%. The relative 
growth rates of E1 and E2 were 44.15 and 35.94%, respec-
tively, suggesting that 55.85% of E. coli K12 growth in E1 
and 64.06% in E2 were inhibited. As shown, the culture of 
strain S-07 growing in SM2-containing medium for 24  h 
at 70 °C retained little SM2 (<5%), suggesting that most 
of the SM2 was transformed to metabolites. This result 
revealed that the metabolites of SM2 retain high antimicro-
bial activity.

Degradation of other sulfonamides by strain S‑07

SM1, SD and SMX can be degraded by strain S-07 after 
24- and 48-h incubations. Among the three sulfonamides, 
strain S-07 showed the strongest removal of SM1. Nearly 
72.96% of SM1 in medium was removed after 24  h, and 
85.96% was removed after 48 h (Fig. 6).

Discussion

A thermophilic SM2-degrading bacterial strain (S-07) 
was obtained in this study. It was identified as G. ther-
moleovorans and is able to degrade SM2 at high tem-
perature. The type strain of G. thermoleovorans also pos-
sesses the ability to degrade SM2, although at a much 

Fig. 4   Effect of rotation speed on the growth of strain S-07 and the 
degradation of SM2 (70 °C, pH = 6.0). Data are presented as the aver-
age value of triplicate measurements with standard deviation

Fig. 5   Effect of culture volume on the growth of strain S-07 and the 
degradation of SM2 (70 °C, pH = 6.0, 50 rpm). Data are presented as 
the average value of triplicate measurements with standard deviation

Fig. 6   Degradation of three other sulfonamides by strain S-07 (initial 
concentration of the sulfonamides: 10 mg/L, 70 °C, pH = 6.0, 50 rpm, 
50 mL MMSM in a 100-mL Erlenmeyer flask). Data are presented as 
the average value of triplicate measurements with standard deviation
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lower level than that of strain S-07. Geobacillus sp. 
have been reported to have the ability to degrade vari-
ous organic compounds, including naphthalene, phenol, 
n-alkanes and organophosphonates (Kato et  al. 2010; 
Obojska et  al. 2002; Wang et  al. 2006; DeFlaun et  al. 
2007). This is the first report of a thermophilic Geobacil-
lus sp. strain performing sulfonamide biodegradation.

Temperature and the initial pH of the medium were 
important factors for the degradation of contaminants. 
SM2 decomposes at relatively high temperatures. There-
fore, the degradation of the SM2 in the control experi-
ments increased slightly with temperature. Moreover, 
temperature significantly affects pollutant biodegrada-
tion by affecting bacterial growth and some important 
enzymes during biodegradation (Peng et  al. 2014). The 
pH value of the medium also affects the activity of 
enzymes in metabolic processes and changes the availa-
bility of nutrients in the growth environment. In addition, 
the pH of the medium affected the form of SM2 (anionic/
cationic/non-ionized), which could further result in the 
difference of the degradation efficiency. In this study, 
degradation of SM2 by S-07 occurred at a high tempera-
ture and neutral pH, suggesting that this strain could be a 
good candidate for the degradation of sulfonamide resi-
due in composting.

We then investigated the effect of rotation speed and cul-
ture volume on the degradation of SM2 by strain S-07 to 
evaluate the impact of oxygen content on the activity of the 
microorganism. The results showed there was no obvious 
difference in the SM2 degradation at rotation speeds of 0, 
50, 100 rpm and culture volumes of 40 and 50 mL. How-
ever, when the rotation speed was increased to 150 rpm or 
the culture volume was decreased to 30 mL, the degrada-
tion of SM2 significantly decreased. This result might be 
caused by the strong shear stress resulting from the fast 
rotation speed and the low volume of the medium. Shear-
ing changes the cellular metabolism (Philip et  al. 2009), 
and the microorganism might primarily utilize available 
resources for growth rather than for the degradation of 
SM2. These results also indicated that oxygen content had a 
minor effect on SM2 transformation by strain S-07. There-
fore, SM2 biodegradation by strain S-07 did not require the 
participation of oxygen. To verify this conclusion, comple-
mentary anaerobic experiments (Table  S1) with an initial 
bacterial concentration of OD600 = 0.333 were conducted 
to test the anaerobic degradation of SM2. After 24 h, there 
was no cell growth, but the removal of SM2 was similar to 
that observed in the aerobic experiment (the bacterial con-
centration was OD600 = 0.363 after 24 h). This result dem-
onstrates that, while strain S-07 needs oxygen to utilize the 
carbon source and other growth factors for cell prolifera-
tion, oxygen is not a limiting factor for the metabolism of 
SM2.

More than 95% of SM2 was degraded by strain S-07 in 
24 h at optimal conditions (70 °C, pH = 6.0, rotation speed: 
50 rpm, 50 mL of MMSM in a 100-mL Erlenmeyer flask, 
10 mg/L of SM2). Considering the results of the prelimi-
nary experiment (Figs. S1, S2) and the present study, strain 
S-07 degrades SM2 via co-metabolism, which is defined 
as the transformation of a non-growth substrate by grow-
ing cells in the presence of growth substrate, or by resting 
cells in the absence of a growth substrate (Criddle 1993). 
Microbial co-metabolism is an important strategy to elimi-
nate recalcitrant pollutants, such as aromatic compounds, 
pesticides, petroleum hydrocarbons, halogenated hydro-
carbons, and so on (Luo et  al. 2014; Sharma et  al. 2014; 
Li et al. 2015). Previous studies have shown that antibiot-
ics can be degraded faster in the presence of more easily 
utilized substrates. The supply of nutrients, such as carbon 
sources, nitrogen sources and vitamins, could significantly 
improve the growth of microbial cells and the activity of 
key enzymes, further enhancing the capabilities of the 
co-metabolic system (Luo et al. 2014). In the preliminary 
experiment, MMSM was supplemented with yeast extract 
and glucose to provide growth factors and a carbon source 
for the microorganism. No growth and biodegradation were 
observed in MMSM without yeast extract and glucose. In 
medium containing glucose but without yeast extract, no 
growth was observed (Fig. S1). However, the biodegrada-
tion of SM2 was observed, which suggests that strain S-07 
inoculation could lead to the degradation of SM2 and that 
glucose cannot facilitate the growth of microorganisms 
without other trace growth factors. In medium lacking glu-
cose but containing some yeast extract, the microorganism 
showed weak growth, and SM2 was partly biodegraded 
(Fig. S2). Thus, strain S-07 mediated the biodegradation of 
SM2 via co-metabolism under conditions of easily avail-
able carbon sources and in the presence of other nutrients.

Strain S-07 showed the ability to degrade other sulfona-
mides, but this effect was dissimilar. The different degra-
dation abilities among the different types of sulfonamides 
might reflect differences in the molecular structures of 

Fig. 7   Chemical structures of SM2, SM1, SD and SMX
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drugs (Fig. 7), as well as their toxicity to microorganisms. 
There are many types of sulfonamide residue in manure 
compost and other environmental compartments. There-
fore, it is necessary to assess the biodegradation of other 
sulfonamides by strain S-07. A previous study showed that 
the bacterium was capable of degrading one sulfonamide 
substance and might also degrade many other sulfonamides 
(Ingerslev and Halling-Sørensen 2000). Reis et  al. (2014) 
used an SMX-degrading strain, PR1, to degrade other anti-
microbial sulfonamides. Under certain conditions, strain 
PR1 degraded all of the drugs tested, and the degradation 
efficiencies were different. Müller et  al. (2013) reported 
that the enzymes that require primary biodegradation are 
class-specific rather than compound-specific. The adapted 
microbial communities were able to biodegrade a set of 
structurally similar sulfonamides. The capacity of strain 
S-07 to degrade several types of sulfonamides reinforced 
the potential of this strain in compost bioremediation.

In the present study, the metabolites of SM2 retained 
high antibacterial activity, although their toxicities to 
microorganism slightly declined compared with SM2, 
which implies that SM2 is not completely degraded under 
certain conditions. At present, there are limited stud-
ies on the metabolites of SM2. A previous study by Topp 
et  al. (2013) showed that Microbacterium sp. strain C448 
mineralized SM2 and excreted stoichiometric amounts of 
2-amino-4,6-dimethylpyrimidine, which is one type of raw 
material for the synthesis of SM2; it also possesses high 
toxicity. Thus, future approaches should adjust some of the 
experimental conditions, such as the culture time and tem-
perature or the addition of other microorganisms, to com-
pletely degrade SM2.
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