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Abstract 

This study aimed to isolate and characterize a microbial culture able to degrade 

sulfonamides. Sulfamethoxazole (SMX)-degrading microorganisms were enriched 

from activated sludge and wastewater. The resultant mixed culture was composed of 

four bacterial strains, out of which only Achromobacter denitrificans PR1 could 

degrade SMX. This sulfonamide was used as sole source of carbon, nitrogen and 

energy with stoichiometric accumulation of 3-amino-5-methylisoxazole. Strain PR1 

was able to remove SMX at a rate of 73.6 ± 9.6 µmolSMX/gcell dry weight h. This rate 

more than doubled when a supplement of amino acids or the other members of the 

mixed culture were added. Besides SMX, strain PR1 was able to degrade other 

sulfonamides with anti-microbial activity. Other environmental Achromobacter spp. 

could not degrade SMX, suggesting that this property is not broadly distributed in 

members of this genus. Further studies are needed to shed additional light on the 

genetics and enzymology of this process. 

1. Introduction

Sulfonamides are synthetic drugs used as anti-microbial, anti-diabetic, diuretic, 

anticonvulsant, and herbicidal agents [1]. Consequently, sulfonamides are 

pollutants widely distributed in domestic wastewaters [2]. Sulfamethoxazole 

(SMX) is one of the most prescribed antibiotics worldwide. Given that more than 

50% of the ingested SMX may be excreted without modification [3], it can reach 

concentrations up to 7910 ng/L in wastewater treatment plants  [4].  Depending  
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on  the  wastewater  treatment   process  and other external conditions, including 

climate,  SMX  removal  can vary  between  0  and  100%  [2].  Therefore,  the  

contamination  of  other  water  bodies  is  unavoidable,  and  SMX  has been detected 

in concentrations up to 1900 and 1110 ng/L in surface and groundwater, 

respectively [5,6]. Adverse effects of SMX environmental contamination have been 

demonstrated in algae and fish hepatocytes [7,8]. Additionally, SMX undergoes 

photodegradation, which may result in the formation of  products with increased 

toxicity [9]. Besides the potential adverse  effects in plants, animals  or  

microorganisms,  the  influence  of  this contaminant on  the  selection  of  antibiotic  

resistant  bacteria cannot be discarded. Indeed, the occurrence of sulfonamide 

residues,   including   those   of   SMX,   in   river   water   correlated positively with 

the presence of sulfonamide resistance genetic determinants [10]. Sulfonamide 

resistance in  water  habitats  can reach values up to 94% [11], being observed in 

many commensal and pathogenic bacteria, in particular multidrug resistant [12]. 

Moreover, sulfonamide resistance genes, often associated with mobile genetic 

elements, have a widespread distribution in the environment [13]. For these 

reasons, sulfonamides are relevant environmental contaminants, whose removal 

from waters requires efficient and sustainable mitigation measures. 

The removal of anti-microbial drugs from wastewater is a challenging issue. 

Since conventional processes were not designed for that purpose, micro-

pollutants are not efficiently removed during wastewater treatment. Processes 

such as those based on advanced oxidation processes, adsorption to activated 

carbon   or membrane reactors can efficiently remove different organic micro-

pollutants from waters, including SMX [2]. However, for technical and economic 

reasons, the implementation of these processes may not be feasible in some 

urban wastewater treatment plants [2]. The removal of xenobiotic compounds 

via biological processes has several advantages, being regarded as a green 

technology, with minimal environmental impacts and low operational costs. 

Most studies on SMX biodegradation assessed its removal by activated sludge 

[14–18] and only few studies identified the bacterial strains involved in the 

process. The first examples were reported for members of the genus Rhodococcus, 

which were able to co-metabolize SMX with glucose in axenic culture [19,20]. 

Later, other organisms, all enriched from activated sludge, belonging to the 

genera Achromobacter, Ralstonia, Pseudomonas, Brevundimonas, Variovorax, 

Rhodococcus, and Microbacterium were reported as capable of degrading SMX 

[21–23]. The diversity and distribution of SMX biodegradation in wastewater 

environments is still a major question, since this property has been detected in 

distantly related phylogenetic lineages and geographic regions. Besides the 

interesting issues raised by SMX biodegradation, which comprise the evolution 

of degradation pathways or the resistance development, this property may also 

have a practical application. Indeed, SMX-degrading bacteria or enzymes thereof 

may be potentially used as low cost biotreatment tools, as long as measures to 
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avoid antibiotic resistance spread can be assured. Although wastewater 

environments comprise complex mixtures of micro-pollutants, studies focusing 

the biodegradation of individual compounds by microbial cultures are 

fundamental to understanding their biological evolution and potential 

application. With this rationale in mind, this study aimed to isolate bacteria able 

to degrade SMX from wastewater environments and to characterize the 

degradation process in terms of rate, transformation products, and optimal 

metabolic conditions for degradation. 

 

2. Material and methods 

 

2.1. Chemicals 

 

Reagent grade (purity≥99.0%) sulfamethoxazole,  sulfanilic acid, sulfadimethoxine, 

sulfapyridine, and sulfamethoxypyridazine were from Fluka. Glimepiride, 

gliclazide, glibenclamide and furosemide were from Sigma–Aldrich. Sulfadiazine,  

sulfathiazole, sulfacetamide sodium salt dihydrate were from Acofarma. í3-

Nicotinamide adenine dinucleotide (NADH) disodium salt trihydrate, and 3-amino-

5-methylisoxazole (3A5MI) were from Merck. Sulfamethazine was from Alfa Aesar. 

[Ring-U-14C]aniline-SMX with a specific radioactivity of 0.33 MBq/mmol was from 

Hartmann Analytic. All other reagents were of analytical grade from commercial 

sources. 

 

2.2. Growth media and culture conditions 

 

The cultures were grown in mineral medium B [24] with 0.5 g/L ammonium 

sulfate as nitrogen source (herein designated MMBN) and supplemented with 

SMX at different concentrations. The use of SMX as the single source of carbon, 

nitrogen, and energy was assessed in cultures grown in MMBN without 

ammonium sulfate. The effect of additional sources of carbon and energy or 

micronutrients was tested in MMBN supplemented with succinate or a mixture 

of amino acids alone or in combination with vitamins and nitrogenous bases [25]. 

Agar media were brain–heart Infusion agar diluted four times (Oxoid, 

Basingstoke, England) supplemented with 0.15 g/L SMX (0.6 mM) (25% BHI-

SMX) or MMBN with agar (17 g/L) supplemented with 1.3 g/L SMX (5 mM) as 

sole carbon and energy source (MMBN-SMX agar). All cultures were incubated 

at 30 ◦C in darkness and broth cultures with orbital shaking at 120 rpm. Unless 

mentioned otherwise, the initial cell density ranged from 0.026 to 0.041 

gbiomass/L (1 unit of optical density at 600 nm corresponded to 0.526 

gbiomass/L). 
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2.3. Enrichment cultures and isolation of bacteria 

 

Samples of activated sludge and  treated  domestic  wastewater collected from a 

wastewater treatment plant in the North of Portugal were inoculated in MMBN (50%, 

v/v) with 0.25 g/L SMX and 1 g/L yeast extract (YE). These cultures, designated 7 

and 8, were transferred weekly to fresh medium (10%, vinoculum/vculture) with 

increasing SMX and decreasing YE content (up to 0.32 g/L and down to 0.70 g/L, 

respectively). After 7 months, cultures were pooled, into culture 78, and grown in 

MMBN with 0.12 g/L SMX and 1.2 g/L succinate. After three successive transfers, 

culture 78 was serially diluted in sterile saline solution (0.85%, w/v) and plated on 

25% BHI-SMX. After 48 h of incubation, all the biomass grown on the dilution plates 

(10−1–10−7) was suspended in sterile saline solution and transferred to MMBN 

supplemented with 0.15 g/L (0.6 mM) SMX and 0.6 g/L (5 mM) succinate. The 

culture corresponding to the most diluted fraction of the enrichment 78 that 

maintained the capacity to degrade SMX (10−2) was designated C78 and preserved 

for further studies (Fig. 1). 

Culture C78 was subjected to serial dilution limit as described elsewhere [26]. 

Briefly, it was serially diluted and plated on MMBN- SMX agar and incubated for 

20 days. The resultant biomass grown on each dilution plate was suspended and 

transferred to MMBN with 0.6 mM SMX and the dilution-cultivation procedure 

was repeated (Fig. 1). Twenty-six colonies were isolated on 25% BHI- SMX, 

which comprised culture C78S (Fig. 1). All cultures were stored at −80 ◦C in a 

mixture of 15% glycerol and MMBN. 

 

2.4. Composition of the mixed cultures and identification of the isolates 

 

Total DNA was extracted from 0.76 mg of biomass of mixed cultures 78, C78, 

and C78S using a commercial kit (PowerSoilTM DNA Isolation Kit, MO BIO, 

Carlsbad, CA) [27]. Crude cell lysates of the 26 isolates were obtained after 

boiling (5 min). Mixed cultures were compared by denaturing gradient gel 

electrophoresis (DGGE), based on the V3 region of the 16S rRNA gene [27]. About 

1.2 µg DNA was loaded in a 8% (w/v) polyacrylamide gel with a 25–60% 

denaturant gradient (100% denaturant contained 7 M urea and 40% (v/v) 

formamide). DGGE was run for 5.5 h at 200 V and 60 ◦C. Relevant isolates were 

identified based on the 16S rRNA gene sequence analysis (amplicon size > 1200 

bp), and the EzTaxone server (http://www.ezbiocloud.net/eztaxon). The 16S rRNA 

gene sequences  of  strains  PR1,  PR2,  PR3,  and  PR4  were  deposited in GenBank 

with the accession numbers KJ124851, KJ124852, KJ124853, and KJ124854, 

respectively. 

 

 

http://www.ezbiocloud.net/eztaxon
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2.5. Mineralization assays 

 

To assess SMX mineralization, i.e., the transformation of SMX to CO2, a 

suspension of mixed culture C78 at an initial density  of  0.013 gcell   dry   

weight/L  was  incubated  in  MMBN  with 0.6 mM 14C-SMX ([Ring-U-

14C]aniline-SMX), as sole carbon source. Radioactivity was determined 

according to Bouju et al. [21]. The radioactivity remaining in the biomass and in 

the culture supernatant was determined after centrifugation at 20,000 g for 15 min 

and filtration (Titan2, 0.45 µm). 

 

2.6. SMX degradation by mixed culture C78S or its members 

 

The ability of mixed culture C78S to use SMX as single source   of carbon and 

energy was tested in MMBN supplemented with    0.6, 5, and 10 mM SMX (0.15, 1.3, 

and 2.5 gSMX/L, corresponding, respectively, to 0.07, 0.60, and 1.20 gcarbon/L) in 

Teflon lined capped Erlenmeyer flasks. Cells growth and SMX depletion were 

monitored up to 7, 103, and 188 days. 

Possible retro-inhibition by 3A5MI on SMX degradation was assessed in C78S 

cultures grown MMBN with 0.6 mM SMX and 20 mM 3A5MI over 6 days of 

incubation. Anaerobic degradation of SMX by culture C78S was assayed in 

MMBN with 0.6 mM SMX, 5 mM succinate, and 10 mM KNO3 as an electron 

acceptor, under a nitrogen atmosphere in PTFE-sealed flasks, incubated for 31 

days. 

To assess abiotic losses and/or adsorption of SMX onto cells, all assays included 

controls without inoculum and with autoclaved biomass, respectively. 

SMX degradation by pure isolates of culture C78S was tested     in MNBN with 0.6 

mM SMX or with SMX and succinate, or growth factors (amino acids alone or 

together with vitamins and nitrogenous bases). Cultures and abiotic controls were 

incubated up to 14 days. 

 

2.7. SMX degradation assays by crude cell extracts 

 

Crude cell extracts were prepared from a cell suspension of strain PR1 (OD600 

nm equivalent to 30) in saline phosphate buffer (PBS), using biomass from a 

culture pre-grown in MMBN with 0.6 mM SMX and 5 mM succinate. The capacity 

of this suspension to degrade SMX (positive control), was tested in a resting  cells 

assay at 30 ◦C in PBS with 0.6 mM SMX and an initial OD600 nm of 10 

(corresponding to approximately 2.4 gprotein/L). Crude cell extracts were prepared 

by disruption by sonication (UP50H-Hielscher, at 80% amplitude 50/60 Hz, 0.5 

cycles for 1 min) in an ice/salt bath, repeated 3 times. The extract was centrifuged 

(20,000 × g, 15 min, 4 ◦C) and the total protein content in the supernatant was 
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determined using the Bradford reagent (Sigma–Aldrich, Germany). The 

degrading capacity of the crude cell-free extracts (corresponding to 

approximately  6.7   0.3 gprotein/L)  was  assayed  in  PBS with 0.1 mM SMX. The 

NADH requirement for SMX degradation was tested using coenzyme 

concentrations from 1 to 4 mM [28]. The reaction mixtures were incubated at 30 

◦C in the dark up to 13 h. Prior to SMX analysis, proteins were removed by 

precipitation with 2% (v/v) HCl at room temperature for 10 min, and 

centrifugation at 20,000 × g for 15 min. 

 

2.8. Degradation of other sulfonamides 

 

The ability of strain PR1 to degrade sulfapyridine, sulfamethazine, 

sulfamethoxypyridazine, sulfadiazine, sulfathiazole and sulfadimethoxine (anti-

microbials), glibenclamide, glimepiride, gliclazide (hypoglycaemic agents), 

furosemides (diuretic agent), and sulfacetamide (an acne treating drug) was carried 

out in MMBN supplemented with amino acids vitamins and nitrogenous bases and 

with 0.1 mM of each compound. Abiotic controls were incubated  in parallel. 

 

2.9. Analytical procedures 

 

Cell growth was followed by spectrophotometry (OD600nm, Unicam Helios 

spectrophotometer), based  on  calibration  curves  of optical density versus  cell  dry  

weight  [24].  The  concentra-  tion of tested sulfonamides was determined by HPLC–

UV–vis (Knauer) with a 5 µm Purospher®STAR  100  RP-18e  (Merck).  SMX  and  

furosemide  were  determined  at  270 nm.  A  mixture  of 20 mM NH4H2PO4 and  

acetonitrile  (70:30,  v/v)  acidified  at  pH 2.8 with oxalic acid was used at 1 mL/min. 

Gliclazide, glimepiride, glibenclamide were detected at 230 nm with a mobile phase 

composed by methanol and 20 mM  KH2PO4  at  pH  4  (70:30, v/v). The detection 

of sulfadimethoxine was carried  out with a mixture of methanol and water (60:40, 

v/v) and the wavelength was set to 250 nm. Sulfapyridine, sulfamethazine, 

sulfamethoxypyridazine, sulfadiazine, sulfathiazole, and sulfacetamide were 

detected at 280 nm, with a  mixture  of  22 mM  formic acid and methanol  (75:25,  

v/v).  3A5MI  was  determined at 230 nm, using a mixture of 22 mM formic acid 

and methanol (90:10, v/v). Unless otherwise mentioned the flow rate used was 

0.8 mL/min. 

 

2.10. Kinetic parameters and statistical analyses 

 

For high SMX content (5 and 10 mM) specific growth rates (µ) were calculated 

based on the following Eq. (1): 

X = Xoeµt, (1) 
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where t represents time, X biomass and X0 biomass at t = 0. The biomass yield 

(Y) was determined through the Eq. (2): 

 
where S and S0 represent the substrate content at time t and t = 0, respectively. 

Specific SMX degradation rates (rS) were estimated as follows using Eq. (3): 

 
For low SMX content (0.6 mM) specific degradation rates were obtained by 

simple linear regression of the data using SPSS (SPSS IBM, New York, U.S.A). One-

way ANOVA and Student’s t-test (both with  = 0.05) using R (R Development 

Core Team, 2013) were used to compare the kinetic parameters data. 

 

3. Results 

 

3.1. Enrichment of a SMX-degrading microbial culture 

 

Two cultures enriched from activated sludge and treated domes- tic wastewater 

demonstrated ability to degrade SMX. Because both cultures originated from 

samples collected from the  same  place and date and had identical SMX-degrading 

capacity, they were pooled resulting in the mixed culture 78. Since the isolation of 

SMX degraders from culture 78 was not possible, a further enrichment was 

necessary leading to culture C78 (Fig. 1). This culture, produced by serial dilutions 

was also able to degrade SMX with production of CO2 (Fig. 2). After 14 days of 

incubation, of the 60% radioactivity recovered, ∼68% was in the CO2 trap, ∼17% in 

the biomass,  and ∼15% in the cell-free culture supernatant (Fig. 2). The HPLC 

analysis of the culture supernatant revealed that 3A5MI was produced in 

stoichiometric proportion to the degraded sulfonamide (data not shown). 

 

3.2. Composition of the enrichment cultures and of the defined mixed culture C78S 

 

The composition of the SMX-degrading cultures over the enrichment procedure 

was followed by DGGE band patterning (Fig. 3). Culture 78 showed the most 

complex DGGE pattern with 15 bands, while its subculture C78 contained 9 bands 

(Fig. 3). However, further enrichment was necessary to isolate SMX degraders 

(Fig. 1). The combination of cultivation, phenotypic characterization, and DGGE 

analyses revealed that culture C78S comprised four groups of isolates, whose 

representatives were herein named PR1-4. The bands corresponding to strains 

PR1 (bands a–d), PR2 (band e), and PR3 (b and f) can be observed in the DGGE 

profile of culture C78S (Fig. 3). The faintness of the bands corresponding to 

strains PR1- 4 in the DGGE patterns of cultures 78 and C78 indicate that these 



8 

organisms were at low abundance in the mixed cultures before the final 

enrichment procedure. 

The isolates of culture C78S were identified as Achromobacter denitrificans PR1 

(99.9% 16S rRNA gene sequence similarity with Achromobacter denitrificans DSM 

30026T), Ochrobactrum intermedium PR2 (99.7% with Ochrobactrum intermedium 

LMG 3301T), Pseudoxanthomonas indica PR3 (99.0% with Pseudoxanthomonas indica 

P15T), and Agromyces soli PR4 (99.9% with Agromyces soli MJ21T). 

 

3.3. Degradation of SMX by mixed culture C78S 

 

Aerobic degradation of SMX by mixed culture C78S was followed for 14 days in 

MMBN with 0.6 mM of SMX as the single source of car- bon and energy (Fig. 4a). 

SMX was degraded with the stoichiometric accumulation of 3A5MI and no other 

metabolites were detected. 

Despite the low biomass yields, suggesting that SMX was not a readily utilized 

carbon source, culture C78S was able to remove 5 and 10 mM SMX to values of 

about 0.03 and 0.1 mM after 103 and 188 days of incubation, respectively (Table 

1). However, at these high SMX concentrations the specific degradation rate was 

70% lower than with 0.6 mM SMX. The hypothesis that 3A5MI accumulated 

during SMX degradation could inhibit culture C78S was tested. In the presence 

of 20 mM 3A5MI, two-times the concentration accumulated after the degradation 

of 10 mM SMX, the specific rate of 0.6 mM SMX degradation was 28% lower than 

when that metabolite was not added (Table 1). Together, these results suggest that 

at very high concentrations SMX degradation may be delayed, in part due to a 

slight retro-inhibition by the product. 

In the presence of succinate, SMX degradation showed a diauxic pattern, 

beginning only after the stationary phase (Fig. 5a). This suggests antibiotic 

degradation inhibition when other carbon sources are present. However, 

succinate supplementation, probably due to the existence of higher biomass 

yields, led to a faster SMX depletion (28.5 h) than when the antibiotic was the 

single carbon source. Moreover, in the absence of succinate, trace amounts of 

SMX (3.9 1.9 µM) were detected even after 14 days of incubation (Fig. 4a). In the 

presence of succinate, SMX specific degradation rates were lower than when 

SMX was the single source of carbon and  energy  (64.4±1.9 and 127.2±4.0 

µmolSMX/gcell  dry  weight h, respectively). Such differences may be explained 

by the higher biomass content (~10 x) obtained in the presence of succinate  than 

when SMX was the single source of carbon and energy available (457±3 and 46±1 

mg/L, respectively). Culture C78S could not grow or degrade SMX under the 

anaerobic conditions tested. 
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3.4. Degradation of SMX and other sulfonamides by bacterial isolates 

 

In pure culture, only strain PR1 was able to degrade SMX as a sole source of 

carbon and energy (Fig. 4b) and also of nitrogen (data not shown). As observed for 

mixed culture C78S, SMX degradation by strain PR1 led to the accumulation of 

3A5MI. Strain PR1 presented a lower specific degradation rate than culture C78S 

(73.1 ± 8.7 and 127.2±4.0 µmolSMX/gcell dry weight h, respectively), suggesting 

that the mixed culture might supply some co-factors. Indeed, the addition of a 

mixture of amino acids in trace amounts (Fig. 4c) significantly enhanced the 

degradation of SMX by strain PR1 (188.9±7.4 µmolSMX/gcell dry weight h) and 

the fastest removal of SMX (56 h) to values close to the detection limit (Fig. 4d) and 

highest specific degradation rate were observed when amino acids, vita- mins, 

and nitrogen bases were added (237.2 ± 18.5 µmolSMX/gcell dry weight h). 

These values are close to those observed for defined culture C78S, suggesting 

that the addition of micronutrients or of strains PR2, PR3, and PR4 may have a 

similar effect on the kinetics of SMX degradation by culture PR1. However, 

although micronutrients may have contributed to accelerate the degradation, 

apparently they did not contribute to cell growth, since the observed high 

specific degradation rate was explained by the low biomass yield (maximal 

biomass content of 8 0 mg/L). These results suggest that strains PR2, PR3, and 

PR4, although not active on SMX degradation, may enhance strain PR1 degrading 

activity by providing beneficial co-factors. 

Similarly to what was observed for the mixed culture, also for strain PR1 the 

presence of 5 mM succinate led to a delay in the beginning of SMX consumption 

(Fig. 5b). Again, the specific degradation rate was significantly lower in the 

presence of succinate than in its absence (54.8±3.7 and 73.1±8.7 µmolSMX/gcell 

dry weight h, respectively). 

A possible NADH-dependent hydroxylation step on SMX degradation, as was 

described for Microbacterium sp. BR1 [28], was tested in crude cell-free extracts of 

strain PR1. In opposition to resting cells, which could remove SMX up to the 

detection limit, cell-free crude extracts of strain PR1 with 3 times higher protein 

concentration did not show significant SMX-degrading activity. When 

compared with abiotic controls, cell-free extracts of strain PR1 did not show 

ability to degrade SMX neither in the absence nor in the presence of NADH at 

concentrations up to 4 mM. 

Strain PR1 was able to degrade all the anti-microbial sulfonamides tested. 

Under the conditions tested, the initial concentrations of 0.1 mM of 

sulfapyridine, sulfamethazine, sul- famethoxypyridazine or sulfadiazine were 

removed to levels below the limit of detection (0.1 µM) after 56 h of incubation. For 

sulfathiazole and sulfadimethoxine about half of the initial concentration was 

still detected after the incubation period. By contrast, sulfacetamide and the 

hypoglycaemic and diuretic agents tested were not degraded (i.e., less than 12%, 
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considering abiotic losses) (Table 2). 

In spite of the few descriptions of bacteria able to degrade SMX, this is the second 

study demonstrating the ability of a member of the genus Achromobacter to 

transform this drug [21]. In order to test if this is a characteristic of the genus, 

several strains isolated from other sources were also assayed. Although differing 

in terms of tolerance to 0.6 mM SMX, apart from strain PR1, none of the tested 

strains degraded the antibiotic (Table 3). 

 

 

4. Discussion 

 

The enrichment culture 78 showed a high richness of bacteria able to tolerate 

320 mg/L SMX (Fig. 3) [the minimum inhibitory concentration is estimated to be 

as high as 512 mg/L, [29]]. However, most of the members of culture 78, enriched 

from the activated sludge and/or treated wastewater samples, were not able to 

degrade this antibiotic. In spite of the low abundance, Achromobacter 

denitrificans PR1 was stable in the SMX tolerant microbial community, being the 

only organism observed to mineralize the aniline moiety of SMX with the 

accumulation of 3A5MI. 

Biodegradation of sulfonamide antibiotics, including SMX, by activated sludge has 

been reported [14–18,30]. Indeed, several bacterial  strains  capable  of  degrading  

sulfonamide  antibiotics  were isolated from activated sludge [21–23,30]. 

However, the extent of removal of SMX during wastewater treatment varies 

consider- ably (0–100%) [2]. Such variation may be attributed to conditions 

affecting physical processes, such as adsorption onto suspended solids, 

including biomass, and also to differences in the bacterial community 

composition, in particular the density of SMX degraders among different 

wastewater treatment plants [2,31]. 

The selection of a consortium degrading SMX led to the isolation of four 

bacterial strains, affiliated to different Proteobacteria classes (Beta-, Alpha-, 

Gamma-proteobacteria, PR1-PR3) and the phylum Actinobacteria (PR4). 

Although only strain PR1 had ability to degrade SMX, the other co-isolates had 

probably the role of supplying some relevant co-factors, explaining the stability 

of this four-member consortium and the improvement of the biodegradation 

process. Previous studies have reported Achromobacter spp. as able to degrade 

SMX [21] and sulfamethazine [30]. Achromobacter sp. strain BR3 was recovered 

from a lab-scale membrane bioreactor acclimatized to several pharmaceuticals, 

including SMX [21]. Similarly to strain PR1, strain BR3 is able to mineralize 

approximately 44% of the initial 0.5 mM aniline ring-14C-labeled SMX after 16 

days of incubation, using the antibiotic as the single source of carbon  and energy 

[21]. However, the kinetic parameters of SMX degradation by strain BR3 were not 

reported. Furthermore, it is unknown whether strain BR3 shares with strain PR1 the 
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capacity to tolerate concentrations of SMX as high as 10 mM, while maintaining the 

biodegradative ability, and if SMX is degraded with the concomitant accumulation 

of 3A5MI. Indeed, inhibition of degradation when the initial SMX concentration was 

higher than 0.55 mM was reported for P. psychrophila HA-4 [23]. The fact that 

independent studies led to the isolation of Achromobacter strains able to degrade 

sulfonamides suggested that this property could be a characteristic of the genus. 

However, this is not the case and SMX degradation may be an  adaptive  mechanism 

[21,22]. 

SMX degradation is also observed in other Proteobacteria, such as Pseudomonas 

spp., Brevundimonas sp., Variovorax sp., and Ralstonia sp., and Actinobacteria, such 

as Microbacterium sp. and Rhodococcus sp. [21–23]. Also a versatile peroxidase 

from the ligninolytic fungus Bjerkandera adusta showed SMX breakdown activity 

[32]. The accumulation of 3A5MI, resultant of aerobic SMX degradation, seems to 

be common, being observed also in Microbacterium sp. BR1 [28], activated sludge 

[18] or produced by the above mentioned per- oxidase [32]. Nevertheless, 

different reaction mechanisms may be involved on SMX breakdown with 

accumulation of this metabolite. Indeed, the co-accumulation of 3A5MI, aniline, 4-

aminothiophenol, and sulfanilamide during SMX degradation by Pseudomonas 

psychrophila HA-4 suggests the occurrence of different degradation pathways 

[23]. 

SMX biodegradation may occur in the presence or absence of additional carbon 

sources either in activated sludge [14,18] or axenic cultures [22]. However, it has 

been suggested that additional carbon sources may delay the process also in 

activated sludge [14,18]. These previous observations and the results of this study 

suggest that the sequential use of carbon sources may hamper SMX biodegradation. 

This effect is particularly relevant in wastewater environments characterized by 

high organic loads. 

Because only a few recent studies have reported the biodegradation of 

sulfonamides, the information of the genes, enzymes, and mechanisms involved 

is still scarce. Up to now, a single molecular mechanism of SMX breakdown is 

described for the actinobacterium Microbacterium sp. strain BR1 [28]. In this 

organism, a NADH dependent type I ipso-hydroxylation results in the SMX 

fragmentation [28]. Using the same mechanism, Microbacterium sp. strain BR1 is 

able to degrade other sulfonamides, as long as the sulfonyl bonded heteroatom-

containing moieties, such as 3A5MI, can act as moderate leaving groups [28]. 

Strain PR1 showed a similar pattern of sulfonamide breakdown, degrading all 

the sulfonamides with an amine hetero-aromatic moiety, but not those 

containing poor leaving groups such as urea (glimepiride, glibenclamide) or NH2 

of the sulfanilamide group (furosemide) (Table 2). However, unlike 

Microbacterium sp. BR1, PR1 cell-free extracts did not show significant degrading 

activity, irrespective of NADH presence, suggesting that different co-factors may 

be involved on SMX breakdown in these organisms. The hydroxylation of 
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substituted aromatic com- pounds can be promoted by different catalysts, such as 

flavoprotein monooxygenases [33,34] or cytochromes P450 [35]. Therefore, 

further studies are needed to elucidate if the catalysts involved on sulfonamide 

degradation by strains PR1 and BR1 belong to one of these protein families. The 

further assessment of the feasibility of using immobilized strain PR1 biomass in 

dedicated batch reactors, or of catalysts thereof, downstream of an activated 

sludge process is also needed. Indeed, avoidance of environmental contamination 

with antibiotic resistant strains is of utmost importance. Moreover, the use of 

catalysts instead of all organisms could be more efficient, avoiding the observed 

inhibitory effect produced by other organic carbon sources. 

 

5. Conclusions 

 

Several successive enrichment steps were required to isolate a bacterial strain 

able to degrade sulfonamides, suggesting the low abundance of these organisms 

in wastewater environments. The degrading organism was identified as 

Achromobacter denitrificans PR1, but SMX degradation was not common to 

Achromobacter spp. from other sources. 

SMX was degraded with the stoichiometric accumulation of 3A5MI and was 

observed only when other carbon sources were depleted. Degradation seems to 

depend on the structure of the sulfonyl side-chain moiety, but further studies are 

needed elucidate the sulfonamide degradation by this organism. 
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Fig. 1.  Enrichment and serial dilution plate re-suspension of the SMX-degrading 

cultures. 
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Fig. 3. 16S rRNA gene-DGGE profiles of mixed cultures 78 (lane 1), C78 (lane 2), 

C78S (lane 3) and strains PR1 (lane 4), PR2 (lane 5), PR3 (lane 6), and PR4 (lane 7) of 

culture C78S. Negative control (lane 8). M, marker. 
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Fig. 4. Concentration of SMX (e), 3A5MI (.à), biomass content (+), and SMX 

abiotic losses (±) over 14 days of incubation in MMBN with 0.6 mM of SMX. Mixed 

culture C78S (a); strain PR1 without any supplement (b) and with amino acids (c) 

and with amino acids, vitamins and nitrogenous bases (d). Bars represent standard 

deviation of three independent experiments. 

 

 

Fig. 5. Concentration of SMX (e), 3A5MI (.à), biomass content (+), and SMX 

abiotic losses (±) over 30.5 and 41.5 h of incubation in MMBN with 0.6 mM SMX 

and 5 mM succinate for the mixed culture C78S (a) and strain PR1 (b). Bars represent 

standard deviation of three independent experiments. 
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Table 1 

Specific growth (µ) and SMX degradation (rs) rates and biomass yield (Y) of mixed culture C78S in MMBN in the presence of 0.6, 5.0 or 

10.0 mM SMX or in the presence of 0.6 mM SMX and 20 mM 3A5MI or 0.6 mM SMX and 5 mM of succinate. 
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Table 2. Percentage of degradation of selected sulfonamides by Achromobacter sp. strain PR1 after 56 h incubation. Values are 

expressed as average ± standard deviation of three independent experiments. 
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Table 3 

Normalized biomass (N/N0) and percentage of SMX removal by Achromobacter spp. isolated from different environments 

 


