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Abstract The aim of this study was to investigate the potentials for enzymatic biodegradation of
pharmaceutical active compounds (β-lactam antibiotics) in treated sewage effluents as a function of
β-lactamase produced Bacillus subtilis 1556WTNC. Four β-lactams antibiotics were selected: two
of them belong to penicillin’s (amoxicillin and ampicillin) and two belong to cephalosporins
(cephalexin and cefuroxime); ciprofloxacin (belongs to quinolones) was used as a negative control.
The enzymatic biodegradation process was conducted under the optimal conditions for β-lactams
production (5.9 log10 CFU mL−1; pH 6.5; temperature 35 °C for 12 days) as determined in this
research. The maximum biodegradation was 25.03 % at 1 mg mL−1 for amoxicillin, 15.59 % at
0.8 mg mL−1 of ampicillin, 22.59 % at 1 mg mL−1 of cephalexin, 10.62 % at 1 mg mL−1 of
cefuroxime, while it was 2.45 % at 0.6 mgmL−1 of ciprofloxacin. B. subtilis 1556WTNC exhibited
the potential to produce β-lactamase and biodegrade β-lactam antibiotic genetically and inducibly
B. subtilis 1556WTNC could grow and biodegrade β-lactam antibiotics in conditions similar to the
characteristics of treated sewage effluents such as pH, temperature, and during short time (12 days),
because it was already acclimatized to those conditions. For this reason, treated sewage effluents
were used as source to isolate this strain. It can be concluded that B. subtilis 1556WTNC is suitable
to remove pharmaceutical residues from the treated sewage effluents and produce effluents at higher
quality than that achieved by secondary treatment process.

Keywords β-lactamantibiotics .β-lactamase .B. subtilis1556WTNC.Treated sewageeffluent

1 Introduction

High amount of pharmaceuticals in the environment relate to the incessant consumption of
these drugs by individuals, especially antibiotics (Toloti and Mehrdadi 2001). Due to high
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amount of antibiotics released in the environment, the adverse effect cannot be ignored as
antibiotic resistant microbes evolve. Sewage treatment plants (STPs) are considered as one of
the most important sources of antibiotic-resistant bacteria in the environment. Most of
antibiotics are structurally complex organic chemicals that are resistant to degradation during
the sewage treatment process (Cokgor et al. 2004; Spongberg and Witter 2008). Many
antibiotics, e.g., amoxicillin, ampicillin, oxacillin, cloxacillin, cephapirin, ciprofloxacin, eryth-
romycin, trimethoprim and cloxacillin (Giger et al. 2003; Cha et al. 2006; Karthikeyan and
Meyer 2006; Watkinson et al. 2007; Li and Zhang 2010) have been found in treated sewage
effluents.

Adequate treatment technologies that will rid humans from exposure to antibiotic in the
environment are required. For this purpose, many techniques have evaluated for removal of β-
lactam antibiotic from sewage effluents; among them, ozonation (Dodd et al. 2006), UV
irradiation (Batt et al. 2007) and biosorption process (Al-Gheethi et al. 2014). However, it is
observed that these techniques are often highly expensive, insufficient and some of them
produce toxic by-products. For example, several investigators have reported considerable
removal of antibiotics by UV disinfection method in wastewaters (Batt et al. 2007; Le-Minh
et al. 2010). The ozonation and chlorination processes may lead to the production of carcino-
genic compounds (Pehlivanoglu-Mantas et al. 2006). Al-Gheethi et al. (2014) reported that the
biosorption process could efficiently remove heavy metals from treated sewage effluents but
not cephalexin antibiotics. Hence, the need arises to try the application of enzymatic biodeg-
radation of antibiotics present in treated sewage effluents.

Up to date, there is dearth of information on the ability of microorganisms in conversion of
pharmaceutical active compounds in wastewater; as such, more technological advance re-
search is needful to explore microbe potential. Many bacteria have been reported to produce β-
lactamases to reduce the pharmacological potency of the β-lactam antibiotics (Neu 1992). The
enzymatic treatment is applicable to bio-refractory compounds found in antibiotics and is
potent even at high or low concentrations and operation over a wide range of pH, temperature
and salinity (Karam and Nicell 1997).

The increased loads of antibiotics in sewage effluents create the selective pressure for the
survival of bacteria in a contaminated environment (Giger et al. 2003; Cha et al. 2006;
Karthikeyan andMeyer 2006; Watkinson et al. 2007; Li and Zhang 2010). These contaminants
are extended into the treated sewage effluent, thus, giving treated sewage effluents containing a
high diversity of bacteria. Some of these bacteria may be resistant to antibiotics (Silva et al.
2006; Rajbanshi 2008; Al-Bahry et al. 2009; Börjesson 2009; Velickovic-Radovanovic et al.
2009).

The study aims to explore treated sewage effluents as a potential source to isolate, identify
and test the ability of the most potent bacterial strain, as well as to determine the optimum
conditions for this strain to be most effective in biodegradation of pharmaceutical residues in
treated sewage effluents by using β-lactamase. Novel technologies in enzyme biotreatment are
efficacious and produce new methods in sewage treatment.

2 Materials and Methods

2.1 Selection of the Most Potent Bacterial Strain

The methodology at this stage focused on the selection of the most potent bacterial strain that
have the ability to produce an enzyme extractive for use in biological sewage treatment process
and testing the results. The enzyme under consideration is β-lactamase. For this purpose, 68
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bacterial isolates were obtained from 21 treated sewage effluent samples collected from three
sewage treatment plants (STPs) at Penang, Malaysia. The treated sewage effluent samples
were well mixed using shaker (10 min/ 125 rpm) to distribute the bacteria uniformly prior to
analysis. Thirty mL of the sample was transferred to first dilute 270 mL (v/v) sterilized distilled
water (U.S. EPA 2003). The dilution was shaken for 10 min/ 125 rpm. 0.1 mL of first diluent
was pipetted using a micropipette (100–1,000 μL, Eppendorf research, Germany) and blue tips
(pre-sterilised, disposable plastic), spread with glass spreader (sterilised with alcohol flaming)
onto the surface of N-A medium M001 (Hi media laboratories; Pvt, Ltd India) (dried before
inoculation for 24 h at 35 °C to absorb all the water of the inoculum). Plates were incubated
(Memert-Germany) to 24–48 h at 35 °C.

The purification of bacterial isolates obtained from treated sewage effluent samples was
carried out according to APHA (1999). After the incubation period of 24 h at 35 °C, a single
bacteria colony was checked for its purity using Gram staining and the same pure colony was
stock on two slants of McCartney tubes (28 mL) containing BHI agar (M211, Hi media
laboratories; Pvt, Ltd India) in a refrigerator at 4 °C for further studies.

The susceptibility of the bacterial isolates against amoxicillin (50 μg), ampicillin (50 μg),
cephalexin (50 μg), cefuroxime (50 μg), and ciprofloxacin (30 μg) were carried out by the disk
diffusion susceptibility test on NA medium according to Morse and Jackson (2003).

To identify tolerant bacteria for cephalexin and producing β-lactamase, bacterial isolates
were grown on Dox’s cephalexin yeast extract medium containing the following (in g L−1):
NaNO3: 2; KCl: 0.5; MgSO4: 0.5; K2HPO4: 1.0 (R&MMarketing, Essex, UK); yeast extract:
1 (Merck, Germany); and cephalexin: 1 incubated at 35 °C for 7 days. Bacterial growth was
estimated as aforementioned. Bioassay of the enzyme was carried out by using iodometric test
(Tube method) according to Ogawara (1975).

Fifteen bacterial strains were selected for further studies and identified based on biochem-
ical test by using API system. To investigate the ability of bacterial strains to produce the
enzyme inducibly or genetically, the bacterial strains were grown in the same previous medium
with replacement of cephalexin by glucose (1 g L−1).

To exam bacterial strains that have growth and production for the enzyme in the treated
sewage effluents, bacterial strains that genetically produced the enzyme were sub-cultured in
treated sewage effluents containing in g L−1: NaNO3: 2; KCl: 0.5; MgSO4: 0.5; K2HPO4: 1.0;
yeast extract,: 1.0 and cephalexin: 1. This medium named effluent cephalexin yeast extract
(ECY) medium (similarly to DCY medium, except that the distilled water was replaced by
treated sewage effluent).

To survey bacterial strains that have the ability for enzymatic biodegradation of cephalexin
in the treated sewage effluents, bacterial strains which exhibit the ability to produceβ-lactamase
in treated sewage effluents were inoculated in the sewage effluents (no nutrients elements were
added, except of 1 g L−1 cephalexin). Fifty mL of the sewage effluent were dispensed in flasks
of 250 mL capacity. The pH was adjusted to 6.5, 1 mg mL−1 of cephalexin was added, and a
loopful of each studied bacterial strain was used as an inoculum for each flask, incubated at
35 °C for 15 days. The flasks were covered with aluminium foil to minimise exposure to light
and prevent photo-degradation of antibiotics, according to Gobel et al. (2005). The concentra-
tions ofβ-lactamase in the treated sewage effluent samples, biodegradation percentage, amount
of bacterial growth and biomass yield were determined as stated below.

The most potent bacterial strain (stain No. 1556WTNC) which secrete the highest yield of
β-lactamase in ECY medium and has the ability for enzymatic biodegradation of cephalexin in
the treated sewage effluent was confirmed by analysis of 16S rRNA sequences by using PCR
technique (bacterial strain No.1556 WTNC was sent to Profound Kestrel Laboratories Sdn
Bhd for this purpose).
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2.2 Factors Affecting Production of β-Lactamase

Before commencing the enzymatic degradation studies, the factors affecting the production of
β-lactamase (inocula size of bacteria, incubation periods, pH and temperatures) were deter-
mined. 50 mL of treated sewage effluent sterilized by autoclave was used as production
medium, 1 g L−1 cephalexin was added as sole carbon source. The production of β-
lactamase was investigated at different inocula sizes (0.75, 1.49, 2.99, 5.98 and 7.48 log10
CFU mL−1) during different incubation periods (1, 2, 4, 8, 10, 12 and 20 days), at different pH
values (4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5 and 8). β-lactamase production was also investigated at
different temperatures, namely 25, 30, 35, 40 and 45 °C.

2.3 Biodegradability Studies

Biodegradation was carried out using inoculum prepared from stock culture of stain
No. 1556WTNC. The sterilized treated sewage effluents were inoculated by stain No.
1556WTNC, incubated on incubator shaker (150 rpm) at 35 °C for 72 h. The
inoculum volume was 5.98 log10 CFU mL−1/50 mL of every batch experiment) as
determined in the last step (section 2.2).

Biodegradation of the selected antibiotics (amoxicillin, ampicillin, cephalexin,
cefuroxime and ciprofloxacin) in treated sewage effluent samples was investigated at
different concentrations (0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4 and 5 mg mL−1). The initial
volume of the treated sewage effluent was 50 mL for every batch. The selected
antibiotics were added to treated sewage effluent samples after sterilization process
in order to prevent the degradation of antibiotics during steam autoclave sterilization.
Aseptically precaution was adhering during the transfer of inoculum into the sterilized
effluent. Aerobic condition was use for enzymatic biodegradation and the effluent
contents were thoroughly mixed (200 rpm). The flasks were covered by aluminium
foil to prevent photo-degradation. The initial pH of the effluent was maintained at 6.5.
At the end of incubation period (12 days), treated sewage samples were analyzed for
β-lactamase concentrations, biodegradation, bacterial growth, pH and biomass yield.
The results obtained were used to compare with the enzymatic biodegradation effec-
tiveness of the β-lactams antibiotics on-inoculated sample (used as blank) and cipro-
floxacin, which was used as a negative control.

2.4 Analytical methods

2.4.1 β-lactamase Concentrations

β-lactamase concentrations (EC 3.5.2.6) were determined by measuring the hydrolysis of
cephalexin according to Çelik and Çalik (2004). Samples of the treated sewage effluents were
harvested by centrifugation at 13,500 (rpm) for 10 min. Fresh substrate solutions were
prepared daily and maintained at 30 °C, by dissolving 0.4 mg mL−1 cephalexin in
0.1 M phosphate buffer, pH 7.0. 0.1 mL of the sample was added to 3 mL of
substrate solution and immediately analysed by following the change in absorbance
in one minute at 340 nm with a spectrophotometer (MERCK NOVA 60). The reaction
mixtures containing heat-inactivated post-culture liquids (boiled for 5 min) were used
as blank. One unit of β-lactamase concentrations was defined as the amount of
enzyme that could hydrolyse 1 μmol of cephalexin at 30 °C and pH 7.0 in one
minute.
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2.4.2 Biodegradation (%)

Biodegradation was calculated based on results of enzyme concentrations by applying the
following equation:

Biodegradtion %ð Þ ¼ Antibiotichydrolyzing mg mL‐1
� �

Antibioticsubstrate mg mL‐1
� � � 100

2.4.3 Bacterial Growth and Biomass Yield

The bacterial growth was estimated by using the direct plating technique on Nutrient Agar
(NA) medium (Merck-Germany) and expressed in unit CFU mL−1. The biomass yield was
determined by using the dry weight method. After collection of supernatant, the biomass
residue was dried at 80 °C for 24 h and the yield was expressed as mg/100 mL of the treated
sewage effluent.

2.5 Data Analysis

All analyses were carried out in triplicate and values reported as means with standard
deviations. Data were subjected to one way analysis of variance (ANOVA) in the general
linear model using the SPSS 11.5 statistical package. The statistical package (EASE, M-STAT)
was used to perform the analyses of least significance difference (LSD). ANOVAwas used to
determine the significance (p<0.05) of the differences between results.

3 Results

3.1 Selection of the Most Potent Bacteria Strain

The maximum resistance among Gram-positive bacterial isolates were recorded against
cefuroxime (100 %), while among Gram-negative bacteria the maximum resistance was noted
for ampicillin (81.63 %). Both Gram-positive and Gram-negative bacteria exhibited the
minimum resistance to ciprofloxacin (5 and 8.1 %). The bacterial isolates investigated in this
work, exhibited more resistance to cefuroxime and ampicillin compared to ciprofloxacin.
About 83.82 % of the bacterial isolates in the current study were multi-resistant (resistant to
three antibiotics or more). More Gram-positive than Gram-negative bacteria exhibit multi-
resistance to antibiotics under study (100 vs. 77.55 %) (data not shown).

Figure 1a and b represent the results of screening process for production of β-lactamase in
DCY medium among the bacterial isolates obtained from treated sewage effluents. About 42
(almost 61.19 %) of the 68 isolates were tolerant to cephalexin and exhibited high growth
(more than 5 log10 CFU mL−1) in the presence of cephalexin; among them, 41 bacterial
isolates produced β-lactamase at different degrees. The bacterial isolates Nos. 1050, 625,
1558, 1556, 101, 211, 519, 210, 842 and 903 W exhibited high growth and production of β-
lactamase.

The amount of β-lactamase produced by different bacterial isolates in this work differed
significantly as determined by ANOVA (p<0.01). Among the 40 bacterial isolates, which
showed positive results to the presence of β-lactamase, 10 (24.39 %) produced more than 0.33
U mL−1, 19 (46.34 %) produced between 0.16 and 0.33 U mL−1 and 12 (29.26 %) produced
less than 0.16 U mL−1.
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Fifteen bacterial strains were selected for further studies and were identified based on
biochemical tests by using API system (Tables 1, 2 and 3). These strains belonged to six
genera (Bacillus sp., Pseudomonas sp., Chryseomonas sp., Burkholderia sp., Citrobacter sp.,
and Kluyvera sp.). These bacterial strains were tested for the ability to produce β-lactamase as
genetically or inducible. The results (Fig. 2) indicate that B. sterothermophilus 1050 WTNC
and B. cepacia 503WTNCcould still synthesize β-lactamase at varying degrees. Bacterial
strain C. luteota 313WTNC and C. luteota 613WTNC appeared to lose the ability to produce

Fig. 1 Bacterial growth and β-lactamase production by bacterial isolates obtained from three STPs in Penang-
Malaysia in the presence of (1 g L−1, w/v) cephalexin. a) Gram positive bacteria, b) Gram-negative bacteria
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the enzyme in the absence of cephalexin (as inducibly). B. subtilis 1556 WTNC did not differ
significantly in the amount of β-lactamase produced in the free and induced medium (0.25 vs.
0.26 U mL−1), respectively and considered as producing β-lactamase genetically.

The ability of bacterial strains to grow and produce β-lactamase in treated sewage effluent
media (ECY) containing 1 g L−1 of cephalexin and 1 g L−1 of yeast extract as growth factor
was also studied (Fig. 3). Among 14 bacteria isolates, ten isolates have the ability to produce a
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Fig. 2 Production of β-lactamase by acclimatized bacterial strains in DCY media containing cephalexin
(1 g L−1) (inducibly) and DCY medium containing glucose (1 g L−1) (Genetically)
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Fig. 3 Production of β-lactamase and microbial growth in effluent medium (ECY media) containing cephalexin
(1 g L−1) by acclimatized bacterial strains
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detectable amount of β-lactamase. The production of β-lactamase among Gram-positive
bacterial strains was more frequent than among Gram-negative bacteria. B. subtilis
1556WTNC, B. subtilis 1612WTNC, B. subtilis 212WTNC, C. luteola 1113WTNC,
B. cepacia 103 WTNC and C. luteola 313WTNC produced β-lactamase at levels above
0.333 U mL−1.

The bacterial strains that have produced β-lactamase in the treated sewage effluent medium
(Fig. 2) were screened for enzymatic biodegradation of cephalexin in the treated sewage
effluents containing 1 g L−1 of cephalexin (without nutrients). Eight bacterial strains were
adapted to grow in the treated sewage effluents (Table 4), and presented high growth (>6 log10
CFU mL−1), β-lactamase production and biodegradation of cephalexin at varying degree.
These strains belong to four bacterial genera, Bacillus sp., Chryseomonas sp., Pseudomonas
sp. and Burkholderia sp. A significant bacterial biodegradation was observed in cephalexin
(ANOVA, p<0.05), in addition to a significant difference between the bacterial strains.

The results of the screening process can be summarized as follows: 68 bacterial isolates
were obtained from treated sewage effluents. These isolates were screened to choose the most
potent strains, which have the ability to biodegrade of antibiotics in sewage samples. Forty one
bacterial isolates produced β-lactamase in DCY medium (Fig. 1), among them 15 bacterial
strains were chosen and subjected to a series tests (Fig. 2), 10 bacterial strains produced β-
lactamase in ECY medium (Fig. 3). These strains were screened to test the ability to
biodegrade cephalexin in treated sewage effluents (Table 4.), eight bacterial strains (five
isolates belong to Gram-positive bacteria and three belong to Gram-negative bacteria) have
potential to biodegrade cephalexin in treated sewage effluents. Among those, B. subtilis
1556WTNC and B. subtilis 2012WTNC (Gram-positive bacteria), as well as B. cepacia
103WTNC, P. fluoresens 1353WTNC and C. luteola1113WTNC (Gram- negative bacteria),
exhibited growth more than 6 log10 CFU mL−1 and can biodegrade cephalexin in the treated
sewage effluents more than others. Bacterial strain No.1556WTNC was selected and con-
firmed to be B.subtilis 1556WTNC (Accession NC_000964.3) according to 16S rRNA
sequencing (Table 5 and Fig. 4).

Table 4 Biodegradation of cephalexin antibiotic by acclimatized bacterial strains obtained from treated sewage
effluent samples

Bacterial strains β-lactamase
concentration
(U mL−1)

Biodegradation
(%)

Final
pH

Bacterial growth
log10 CFU mL−1

Biomass yield
(mg /100 mL)

B. subtilis 1556WTNC (+ve) 0.78±0.07 5.39±0.50 4.64 7.17 26.0

B. subtilis 1612WTNC (+ve) 0.35±0.06 2.46±0.44 5.00 5.48 20.0

B. subtilis 2012WTNC (+ve) 0.63±0.08 4.32±0.22 5.50 6.76 25.0

B. sterothermophilus 1050WTNC
(+ve)

0.51±0.09 3.53±0.67 5.45 7.00 10.0

B. subtilis 212WTNC (+ve) 0.57±0.04 3.97±0.34 4.70 5.00 20.0

C. luteola 1113WTNC (−ve) 0.68±0.08 4.75±0.58 6.20 6.20 18.0

C. luteola 313WTNC (−ve) 0.60±0.08 4.17±0.61 4.50 <3.00 3.0

C. luteola 613WTNC (−ve) 0.53±0.07 3.68±0.54 4.50 <3.00 9.0

B. cepacia 103WTNC (−ve) 0.82±0.05 5.73±0.36 6.30 6.079 18.0

P. fluoresens 1353WTNC (−ve) 0.75±0.11 5.23±0.74 6.30 7.48 15.0

±SD represent the standard division from the mean), (+ve) Gram-positive bacteria, (−ve) Gram-negative bacteria
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3.2 Factors Affecting β-Lactamase Production

The effect of different factors (inocula size, incubation period, incubation temperature and pH) on
the biodegradation of cephalexin was investigated in this work. The maximum β-lactamase
concentration was recorded when 5.98 log10 CFU mL−1 was used as inoculum (Table 6.).
However, the biodegradation of cephalexin at 2.99 and 5.98 log10 CFU mL−1 did not differ
significantly (as determined by ANOVA p<0.05). However, biomass yield (63.8 mg/100 mL)
was recordedwith 2.99 log10 CFUmL−1 of inoculum size. The linear regression analysis identified a
significant relationship between β-lactamase concentration and biodegradation (R2=0.80; p<0.01).

The biodegradation of cephalexin after 10, 12 and 20 days did not differ significantly; it
was 9.34, 9.40 and 8.33 %, respectively (as determined by ANOVA p<0.05) (Table 6.).
However, the maximum β-lactamase concentration was noted after 20 days. The maximum
yield of cell biomass was 95.6 mg/100 mL after 12 days. Bacterial growth was also increased
from 4.48 to 7.48 log10 CFU mL−1 with increasing incubation period from one day to 10 days.
The linear regression analysis found that there is relation between the incubation period and β-
lactamase concentrations (R2=0.86, p<0.05), biodegradation of cephalexin (R2=0.67,
p<0.05), pH (R2=0.77, p<0.01) and biomass (R2=0.65, p<0.05). However, the correlation
coefficient between β-lactamase concentration and the biodegradation of cephalexin decreased
with increasing incubation period from 12 to 20 d from 0.68 to 0.61.

The maximum biodegradation of cephalexin, β-lactamase concentration, bacterial growth
and biomass yield were detected at 30 and 35 °C (Table 7.), which did not differ significantly

Table 5 Accession number of B. subtilis 1556WTNC

Description Max
score

Total
score

Query
cover

E
value

Ident Accession

Bacillus subtilis subsp. subtilis str. 168 chromosome,
complete genome

865 8,574 100 % 0.0 99 % NC_000964.3

Bacillus atrophaeus 1942 chromosome, complete
genome

854 5,968 100 % 0.0 98 % NC_014639.1

Bacillus amyloliquefaciens FZB42, complete
genome

843 7,522 100 % 0.0 98 % NC_009725.1

Bacillus licheniformis DSM 13=ATCC 14580
chromosome, complete genome

809 5,599 100 % 0.0 97 % NC_006322.1

Fig. 4 Shown gel electrophoresis for the purified bacterial strains
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(as determined by ANOVA, p<0.5); the percentages of biodegradation were 10.97 and
11.40 %, respectively. The relationship between β-lactamase concentration and biodegradation
process were correlated significantly (R2=0.98, p<0.01).

Biodegradation of cephalexin did not differ significantly in pH range 6 to 7.5 (as determined by
ANOVA, p<0.05), (Table 7.).β-lactamase concentration also did not differ significantly at pH 6.5
and 7. The maximum biomass yield 43.5 mg/100 mLwas achieved at pH 7.0. Further increase in
pH values to pH 8 resulted in considerable decrease of the biodegradation of cephalexin.

Table 6 Effect of initial concentration of B. subtilis 1556WTNC and incubation periods on β-lactamase,
biomass yield and biodegradation of cephalexin (1 g L−1, w/v)

Factor β-lactamase
concentration
(U mL−1)

Biodegradation
(%)

Final
pH

Bacterial growth
(log10 CFU mL−1)

Biomass yield
(mg/ 100 mL)

Inocula concentration
(log10 CFU mL−1)

0.74 0.29±0.02 4.04±1.06 5.84 4.71 20.0

1.49 0.26±0.08 4.44±2.19 6.63 5.27 42.2

2.99 0.57±0.05 9.18±1.28 6.45 5.89 63.8

5.98 0.74±0.03 10.57±1.57 6.54 7.48 53.7

7.42 0.22±0.07 6.20±1.32 6.11 7.48 36.4

Incubation period
(day)

1 0.18±0.03 3.23±1.00 7.00 4.48 0.20

2 0.27±0.01 3.62±0.08 7.10 4.48 1.10

4 0.19±0.01 3.93±1.95 6.00 5.60 7.70

8 0.59±0.02 5.81±0.65 5.95 6.30 19.10

10 1.14±0.13 9.34±1.88 5.51 7.48 9.00

12 2.38±0.20 9.40±1.28 6.52 7.48 95.60

20 2.68±0.33 8.33±2.04 6.17 7.48 80.30

Table 7 Effect of incubation temperature (°C) and pH on β-lactamase, bacterial growth, biomass yield and
biodegradation of cephalexin (1 g L−1, w/v) B. subtilis 1556WTNC

Factor β-lactamase
concentration
(UmL−1)

Biodegradation
(%)

Final
pH

Bacterial growth
log10 CFU mL−1

Biomass yield
(mg/ 100 mL)

Temperature (°C) 25 0.31±0.02 3.63±0.94 6.75 7.48 61.30

30 1.25±0.08 10.97±0.93 6.52 9.48 114.50

35 1.22±0.06 11.40±0.54 6.59 9.48 110.30

40 0.46±0.08 4.22±0.01 6.73 8.48 101.50

45 0.24±0.037 2.71±0.84 4.68 8.00 82.30

pH 4 0.27±0.01 4.32±0.14 5.98 7.30 14.40

4.5 0.32±0.02 4.81±0.33 7.32 8.48 11.90

5 0.33±0.00 4.21±0.65 6.20 8.48 16.70

5.5 0.39±0.02 4.63±1.12 7.12 8.48 20.30

6 0.41±0.01 5.28±1.16 7.61 7.48 19.30

6.5 0.45±0.01 7.34±1.60 6.43 7.85 14.00

7 0.45±0.00 5.64±0.77 6.43 8.30 43.50

7.5 0.41±0.01 7.03±1.44 6.43 8.30 14.80

8 0.18±0.00 3.26±1.16 6.49 7.70 3.32
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3.3 Biodegradability Studies

The ability of β-lactamase produced by B. subtilis 1556WTNC to biodegrade selected β-
lactams antibiotics was tested in studying the potentials of this strain in the biodegradation of
antibiotics in treated sewage effluents. Four β-lactams were selected: two of them belong to
penicillins (amoxicillin and ampicillin) and two belong to cephalosporins (cephalexin and
cefuroxime); ciprofloxacin (belonging to quinolones) was used as a negative control.
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Fig. 5 Biodegradation of antibiotics in treated sewage effluent by B. subtilis 1556WTNC (5.98 log10 CFUmL−1,
pH 6.5, 35 °C, 12 days), (a) amoxicillin; (b) ampicillin; (c) cephalexin; (d) cefuroxime and (e) ciprofloxacin
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The maximum biodegradation of amoxicillin was recorded 25.03 % at 1 mg mL−1 (w/v),
while maximum β-lactamase concentrations were 1.35 U mL−1 at 3 mg mL−1(w/v) (Fig. 5a).
The initial concentrations of amoxicillin effected significantly the β-lactamase concentration
(R2=0.50, p<0.05) and biodegradation process by B. subtilis 1556WTNC (R2=0.44, p<0.05).
The concentration of β-lactamase and biodegradation process have a strong positive relation-
ship (R2=0.98, p<0.01) as determined by linear regression analysis. There was a significant
correlation between bacterial growth and the concentration of β-lactamase (p<0.05). The
maximum bacterial growth (5.7 log10 CFUmL−1) (data not shown) and the maximum pH value
(6.6) were recorded at the maximum biodegradation of amoxicillin. The maximum biomass
yield (5.2 mg /100 mL) was obtained at the maximum concentration of the β-lactamase.

The maximum biodegradation (15.59 %) of ampicillin was shown at 0.8 mg mL−1 (w/v)
(Fig. 5b), while the maximum concentration of the β-lactamase was observed at 5 mg mL−1

(w/v), where 0.725 U mL−1 was recorded. Relationship studies indicated that there was a
significant relationship between the ampicillin concentrations and amount of β-lactamase
produced and the biodegradation percentage (R2=0.75, p<0.05). The bacterial growth at the
maximum biodegradation (8.4 log10 CFU mL−1) was more than that at the maximum β-
lactamase concentration (7.4 log10 CFU mL−1), while the pH did not differ significantly (in
average 6.9). The initial concentration of ampicillin effected significantly the biomass yield
(R2=0.82, p<0.01); the maximum yield (20 mg /100 mL) was observed at 5 mg mL−1 (w/v).

Themaximum biodegradation (22.59%) of cephalexin byβ-lactamase produced byB. subtilis
1556WTNC was observed at 1 mg mL−1 (w/v) (Fig. 5c). The maximum β-lactamase concentra-
tion in treated sewage effluents containing different concentrations of cephalexin was achieved at
a high of concentration 5 mg mL−1 (1.226 U mL−1). The linear regression analysis showed a
significant coefficient between the initial cephalexin concentrations and β-lactamase concen-
tration and percentage of biodegradation (R2=0.76, p<0.01). The initial concentrations of
cephalexin in treated sewage effluents also effected the biomass yield (R2=0.68, p<0.01).

The maximum biodegradation (10.62 %) of cefuroxime was recoded at 1 mg mL−1

(Fig. 5d). The maximum production of β-lactamase (0.928 U mL−1) was at 5 mg mL−1

(w/v), and the maximum biomass yield (85 mg /100 mL) was noted at 4 mg mL−1 (w/v). The
linear regression analysis found a strong relationship between the initial concentration of
cefuroxime and β-lactamase concentrations and biodegradation (R2=0.96, p<0.01).

A ciprofloxacin antibiotic was used as a negative control because it belongs to the
quinolone family and β-lactamase is not specific to degrade quinolone antibiotics. The
maximum biodegradation and production of β-lactamase were 2.4 % and 0.042 U mL−1,
respectively, achieved at 0.6 mg mL−1 (w/v) (Fig. 5e). No significant correlation was noted
between β-lactamase concentrations and the initial concentrations of ciprofloxacin. Bacterial
growth was less than 3 log10 CFU mL−1 and the pH ranged from 6.1 to 8.6.

4 Discussion

Sewage treatment plants are responsible for causing antibiotic resistance to the natural
environment (Laroche et al. 2009; Servais and Passerat 2009; Garcia-Armisen et al. 2011).
This is because sewage coming to STPs contains many classes of antibiotics (Pauwels and
Verstraete 2006). The results obtained in this work are in agreement with those of Al-Bahry
et al. (2009) who stated that most bacterial isolates obtained from sewage exhibit resistance to
antibiotics. The bacterial isolates studied in the present work were obtained from sewage
treatment plants, which represent important sources for antibiotic-resistant bacteria as reported
by Silva et al. (2006). Börjesson (2009) indicated that treated sewage effluents could provide
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favourable conditions for the growth of a diverse bacterial community, which constitutes a
basis for the selection and spread of antibiotic resistance.

The explanations for the increase of resistance to cefuroxime among Gram-positive bacteria
as it was found in the present investigation could be because cefuroxime is slightly less
effective against Gram-positive bacteria (O’callaghan et al. 1976). The percentage of resistance
to ampicillin among Gram-negative and Gram-positive bacteria was similar in this study
(84.21 vs. 81.63 %). These results are supported by Sutherland and Rolinson (1964), who
reported that the ampicillin has a broad-spectrum activity against both Gram-negative and
Gram-positive bacteria.

The bacterial isolates studied here exhibited more resistance to cefuroxime and ampicillin
compared to ciprofloxacin. Both cefuroxime and ampicillin belong to β-lactam antibiotics,
which represent about 50 % of the universal antibiotic consumption in the world (Livermore
1998; Livermore and Brown 2001). Ciprofloxacin is also effective against Gram-negative and
Gram-positive bacteria (Kummerer et al. 2000; Kummerer 2003), but the usage of ciproflox-
acin is less than β-lactam antibiotics. Therefore, the percentage resistance to cefuroxime and
ampicillin in this study was more than that to ciprofloxacin. These findings are consistent with
Velickovic-Radovanovic et al. (2009), who stated that the microbial resistance to antibiotics
are correlated significantly with their utilization.

The multi-resistance towards antibiotics was observed by several studies. In the present
study, 83.82 % of the bacterial isolates exhibited multi-resistance to antibiotics (amoxicillin,
ampicillin, cefuroxime and cephalexin). Similarly, previous study indicated that 97 % of
bacterial strains isolated from sewage were resistant to at least three antimicrobials (Garcia-
Armisen et al. 2011). Another study conducted by Rajbanshi (2008) found that 90 % of
bacteria from the oxidation ditch of a sewage treatment plant were multi-antibiotic resistant
(penicillin, tetracycline, erythromycin, ampicillin, cotrimoxazole, ciprofloxacin, ampicillin and
chloramphenicol). Al-Gheethi et al. (2013) found that all E. coli strains, 76.18 % of TC,
66.66 % of E. faecalis and 35 % of Salmonella spp. isolated from treated sewage effluents
were multi-resistant to cefuroxime, cephalexin and ampicillin.

In this work, more Gram-positive than Gram-negative bacteria exhibit multi-resistance to
antibiotics under study (100 vs. 77.55 %). The differences between Gram-positive than Gram-
negative bacteria in the resistance to antibiotics could be related to the differences in the
structural characteristics of the cell wall, which influences the mechanisms of antibiotic
resistance (Kaye et al. 2004).

The results obtained in this work indicate that the treated sewage effluents contain a high
diversity of bacteria resistant to antibiotics. Thus, the antimicrobial resistance among the
bacterial population in treated sewage effluents reflects the availability antibiotics in STPs.
The disposal of treated sewage effluents into the environment may lead to contamination of
natural waters by antimicrobial resistant bacteria. For this reason, the removal of antibiotics
from treated sewage effluents should be performed before the disposal process into the
environment. In the current study, the bacterial isolates that possessed the multi-resistance to
antibiotics were subjected to study the potential to produce β-lactamase in order to choose
most bacterial strains, which will be used to remove β-lactam antibiotics from treated sewage
effluents.

The cephalexin was selected as a model to investigate the biodegradation of β-lactam
antibiotics as function of β-lactamase, because Lin et al. (2009) and Guo et al. (2010) reported
that the cephalexin is one of the most popular antibiotics that are ubiquitously present in
sewage effluents at high concentrations due to its resistance to degradation during sewage
treatment processes. The results found that 42 isolates presented high growth in the presence of
1 g L−1 of cephalexin. The bacterial tolerance to 1 g cephalexin L−1 has not been demonstrated
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before. However, D’Costa et al. (2006) found that among 480 strains of Streptomyces spp. 442
strains were resistant to seven antibiotics at 20 mg L−1 (w/v); among them was also cephalexin.
Dantas et al. (2008) noted that some species of Burkholderia, Pseudomonas,
Enterobacteriacea, Actinomycetes, Rhizobas and Sphingobacteria were reported to have the
ability to tolerate 1 g L−1 (w/v) of 18 antibiotics; among them were penicillin and carbenicillin.

Among the 42 bacterial isolates, which showed tolerance for cephalexin, 41 bacterial
isolates produced significant amounts of β-lactamase. These results indicate that β-
lactamase is the main resistance mechanism to cephalexin among these isolates. β-lactamase
is produced in a wide range of Gram-positive and Gram-negative bacteria with great variety of
chemical, physical and enzymological properties (Doran et al. 1990; Toroglu et al. 2005; Liao
et al. 2010). However, bacterial isolates No. 1354 and 844 W that exhibited high growth at 1 g
cephalexin L−1, produced low concentrations of β-lactamase, both bacterial isolates might
have the ability to resist cephalexin by other mechanisms and not by using β-lactamase. Levy
(1992) and Kaye et al. (2004) stated that the ability of the bacterial cell to resist the antibiotics
is caused by numerous mechanisms. The destruction, neutralization or inactivation of the
antibiotic by β-lactamase is one of the resistance mechanisms. However, bacterial cells may
change the active uptake/efflux mechanisms to grow in the presence of antibiotics.

The bacterial isolates were adapted to tolerate high concentrations of cephalexin (1 g L−1) to
develop the efficiency of the bacterial isolates for the biodegradation of β-lactam antibiotics in
different wastewaters, which may be contaminated with high concentrations of antibiotics such
as pharmaceutical wastewaters. The ability of bacterial isolates to tolerate cephalexin and to
produce β-lactamase indicates that these bacteria isolates could have a potential to biodegrade
β-lactam antibiotics in treated sewage effluents.

β-lactamase can be either plasmid or chromosomally mediated, and its expression can be
constitutive or inductive (Akindele et al. 2010). Some compounds are inducing (e.g., amox-
icillin and cefoxitin), other compounds (e.g., piperacillin and cefotaxime) are poor inducers
(Phillips and Shannon 1993). Therefore, the bioassay of production of β-lactamase inducibly
or genetically was tested in the present study. B. subtilis 1556WTNC is considered to have
genetically β-lactamase production, whereas strains C. luteota 313WNTC and C. luteota
613WTNC produce β-lactamase inducibly.

The considerations in the enzymatic treatment of wastewaters are the presence of substrates,
which may inhibit the growth and production of enzymes by the added bacterial strains
(Morikawa 2006). Therefore, in the current study, the bacteria strains were tested to study
the potential to grow and produce β-lactamase in treated sewage effluents. The production of
β-lactamase in treated sewage effluent medium has not been performed before. However, a
study of the production of amylase, protease and lipase in cassava wastewater by Bacillus
subtilis LB5a and LB1a strains, conducted by Barros et al. (2013), found that both strains
produce detectable amounts of the enzymes in comparison to the synthetic liquid medium. In
the present study, ten bacterial strains, B. subtilis 1556WTNC (+ve), B. subtilis 1612WTNC (+
ve), B. subtilis 2012WTNC (+ve), B. sterothermophilus 1050WTNC (+ve), B. subtilis
212WTNC (+ve), C. luteola1113WTNC (−ve), C. luteola 313WTNC (−ve), C. luteola
613WTNC (−ve), B. cepacia 103WTNC (−ve), P. fluoresens 1353WTNC (−ve) produced
high amount of β-lactamase concentrations in ECY medium. Eight bacterial strains presented
high growth, β-lactamase production and biodegradation of cephalexin in treated sewage
effluents.

It is known that some bacteria from an aquatic environment exposed to antibiotics develop
the ability to degrade antibiotics (Nnenna et al. 2011). Thus, the results of the present work
imply that the ability of these bacterial strains to biodegrade cephalexin was because these
bacterial strains were acclimatized to tolerate cephalexin. Two types of enzymes are involved
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in the substrate degradation, exo-enzymes and endo-enzymes. Exo-enzymes are produced in
the microorganism cell, but released outside the cell wall to solubilise insoluble particulates
that are attached to the cell walls (Khalikova et al. 2005). Once solubilised, these substrates
enter the microorganism cells where the degradation takes place by endo-enzymes (Gerardi
2003). In the current work, the biodegradation of cephalexin by bacterial isolates was
determined as function of β-lactamase. From the environmental perspective, enzymes are
more acceptable due to their biodegradability (Adam et al. 1999). One of the simplest methods
of administering an enzyme to the target effluent is to introduce the microorganism cells that
produce the enzyme into the effluent directly (Mugdha and Usha 2012).

Among eight bacterial strains which have the ability to biodegrade cephalexin in treated
sewage effluents, B.subtilis 1556WTNC was chosen because it is multi-resistant to antibiotics,
produces β-lactamase genetically and inducibly and has the potential to produce β-lactamase
in treated sewage effluents medium. Recently, B. subtilis was used in many applications, such
as biosorption of heavy metals (Abdel-Monem and Al-ZubeiryAH 2010), fermentation of red
bean by a fibrinolytic enzyme (Chang et al. 2012), and production of bacteriocin (Kindoli et al.
2012), phenolic acid decarboxylase (Frank et al. 2012) and chitinase enzyme (Chandrasekaran
et al. 2012). Bacillus sp. was also used as model to study the biological activity of mixed
ligand complexes of transition metal with 8-quinolinols and 5-alkoxumethyl-8-quinolinol
(Patel et al. 2012) and as bio-control agent to protect plants from a variety of pathogens
(Chen et al. 2012). In this work, B. subtilis 1556WTNC was isolated from treated sewage
effluents, exhibited good growth (<5 log10 CFU mL−1), β-lactamase activity, biodegradation
of cephalexin and biomass yield in treated sewage effluents, and was resistant against
cefuroxime, cephalexin, ampicillin and amoxicillin.

In the present study, the factors affecting β-lactamase production were investigated. The
optimal condition of production β-lactamase was recorded with 5.98 log10 CFU mL−1 of
B. subtilis 1556WTNC, at pH 6.5 and 35 °C after 12 days of incubation period. There are no
studies conducted on the production of β-lactamase and biodegradation of cephalexin in
treated sewage effluents by B. subtilis before. However, a study performed by Al-Ahmad
et al. (1999) on the biodegradation of penicillin G in wastewater by Pseudomonas putida,
found that the biodegradation increased with increased incubation period from 28 to 40 days.
Ranade et al. (2013) found that the optimal conditions for the production of β-lactamase by
E. coli in nutrient broth were at pH 7 and temperature of 35 °C.

In this work, the biodegradation of cephalexin at acidic and neutral pH was more than at
base pH 8. The maximum biodegradation of cephalexin in this work was recorded at 30 and
35 °C. These results differ from those recorded by Mitchell et al. (2013), who found that
ampicillin, cefalotin, and cefoxitin is hydrolyzed under ambient conditions (pH 7 and 25 °C).
The half-lives of these antibiotics ranged from 5.3 to 27 days. Base-catalyzed hydrolysis rates
were significantly greater than acid-catalyzed and neutral pH hydrolysis rates. These differ-
ences may be related to the type of antibiotics and nature of the degradation process. In the
current study, the biodegradation of cephalexin was determined as function of β-lactamase
produced from B. subtilis 1556WTNC, while Mitchell et al. (2013) studied the hydrolysis rate
of ampicillin, cefalotin, and cefoxitin as a function of pH and temperature.

From these findings, it can be noted that the main factor affecting the production of β-
lactamase and biodegradation of cephalexin was the incubation period. B. subtilis
1556WTNC, which was chosen as one of the most potent bacterial strains and was used to
study these factors, exhibited many of the characteristics. It has the potential to grow, produce
β-lactamase and biodegrade cephalexin at a wide range of pH (6 to 7.5), temperature (30–
35 °C). These characteristics are similar to treated sewage effluent properties. This is because it
was isolated from treated sewage effluents. Therefore, B. subtilis 1556WTNC is suitable to be
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used for the biodegradation of β-lactam antibiotics in the treated sewage effluents; this part is
discussed in the next section.

The biodegradation of antibiotics as a function of β-lactamase produced by B. subtilis
1556WTNCwas investigated in this work. β-lactamase is an enzyme that cleaves the β-lactam
ring and inactivates the antibiotic (Akindele et al. 2010). The biodegradation process of the
antibiotic by β-lactamase is the main resistance mechanism in the majority of bacterial species.
Several authors have reported that β-lactamase is a mechanism used by many bacteria to
protect itself from action of β-lactam antibiotics (Gold and Moellering 1996; Akindele et al.
2010).

In this study, the biodegradation of penicillin’s (amoxicillin) was more than that of
cephalosporins (cephalexin and cefuroxime). These findings are accepted by Deshpande
et al. (2004), who depicted that most of the β-lactamases from various species of Bacillus
degrade natural penicillins faster than cephalosporins. This is because cephalosporins are
significantly less sensitive to hydrolysis by various β-lactamases of different origin than
penicillins (Bush et al. 1995). However, the rate of hydrolysis by β-lactamase varies consid-
erably with different cephalosporins (Cimarusti 1984).

Similar results were observed in the comparison of amoxicillin and ampicillin, where the
biodegradation of amoxicillin was more than that of ampicillin. This is similar to the study
conducted by Morse and Jackson (2004) who reported that amoxicillin has affinity for
microbial degradation. On the other hand, the degradation of antibiotics depends on the type
of antibiotic. Cephalexin, sulfamethoxazole and sulfadiazine were removed by biodegradation
in both freshwater and saline sewage systems (Li and Zhang 2010). However, some antibiotics
are difficult to degrade, especially ciprofloxacin (Prado et al. 2009; Wu et al. 2009).

Biodegradation of β-lactam antibiotics by β-lactamase produced from B. subtilis has not
been investigated before. However, Al-Ahmad et al. (1999) studied the biodegradation of
penicillin G in the hospital sewage by P. putida. They found that the maximum degradation
was 27 % recorded after 28 days and 35 % after 40 days. In this work, B. subtilis 1556WTNC
was more efficient than P. putida, because it has the ability to biodegrade 25 % amoxicillin
after 12 days. Besides, Al-Ahmad et al. (1999) determined the biodegradation of penicillin G
by the measurement of COD, while in this study the biodegradation was determined by
measurement of the amount of amoxicillin degraded by β-lactamase.

Compared to other techniques used in degradation of antibiotics, 90 % of amoxicillin at
0.5 mMwas removed from deionised water by ozonation (Andreozzi et al. 2005) and complete
degradation of amoxicillin and ampicillin at 0.5 mg mL−1 (w/v) and pH 3 was achieved in
aqueous solution by photo-Fenton process (Elmolla and Chaudhuri 2009). In the present study,
the maximum biodegradation of amoxicillin and ampicillin was 25.03 and 15.59 %, respec-
tively. In order to explain these differences, it could be noted that those techniques conducted
on the degradation of antibiotics in the aqueous solution or deionised water, while in the
current study the biodegradation of antibiotics was performed in treated sewage effluents. It
can be reported that the biodegradation process in sewage effluents are partly inhibited in the
comparison to deionised water or an aqueous solution, because of the presence of organic and
inorganic constituents that compete for hydroxyl radicals. For example, Dimitrakopoulou et al.
(2012) found that the degradation of amoxicillin (10 mg L−1) by UV-A/TiO2 photo-catalysis in
the secondary effluents decreased by at least 50 % than in pure water during the same period.

Many of decomposing bacteria are available during sewage treatment in the stage of the
biological process (secondary process) (Heritage et al. 2003). However, Bacillus spp. are
industrially employed to produce enzymes under extreme (pH and temperature) conditions
(Banik and Prakash 2004). Bacillus spp. have developed strategies for survival in unfavourable
environments.
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5 Conclusions

In conclusion, many of bacteria isolated from treated sewage effluents possess an important
ecological quality and have shown tolerance to antibiotics and production of β-lactamase.
B. subtilis 1556WTNC has the potential to biodegrade pharmaceutical residues (ampicillin,
cephalexin, amoxicillin and cefuroxime) in treated sewage effluents. B. subtilis 1556WTNC
has the ability to survive in unfavourable environments also, it is safe and non-pathogenic, and
does not produce toxic by-products. The biodegradation of pharmaceutical residues in treated
sewage effluents would produce effluents of higher quality than that achieved by secondary
treatment process.
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