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Bioremediation has been used as an environmentally-friendly,
energy-saving and efficient method for removing pollutants.
However, there have been very few studies focusing on the
specific antibiotic-degrading microorganisms in the activated
sludge and their degradation mechanism. Two strains of
cefalexin-degrading bacteria (Rhizobium sp. (CLX-2) and
Klebsiella sp. (CLX-3)) were isolated from the activated sludge
in this study. They were capable of rapidly eliminating over
99% of cefalexin at an initial concentration of 10 mg l−1

within 12 h. The exponential phase of cefalexin degradation
happened a little earlier than that of bacterial growth. The
first-order kinetic model could elucidate the biodegradation
process of cefalexin. The optimized environmental temperature
and pH values for rapid biodegradation by these two strains
were found to be 30°C and 6.5–7, respectively. Furthermore,
two major biodegradation metabolites of CLX-3, 7-amino-3-
cephem-4-carboxylic acid and 2-hydroxy-3-phenyl pyrazine
were identified using UHPLC-MS and the biodegradation
pathway of cefalexin was proposed. Overall, the results showed
that Rhizobium sp. (CLX-2) and Klebsiella sp. (CLX-3) could
possibly be useful resources for antibiotic pollution
remediation.
1. Introduction
Antibiotics play an essential role in human disease treatment,
animal husbandry and aquaculture to prevent disease and
promote the growth of animals [1,2]. However, with the
extensive use and frequent detection of antibiotics in the
environment, the antibiotic pollution has attracted increasing
attention all over the world [3]. Since antibiotics cannot be fully
metabolized by humans or animals, and wastewater treatment
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Figure 1. The molecular structure of cefalexin (CAS Number: 15686-71-2).
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plants (WWTPs) cannot remove them completely, a large amount of them are being released into the
environment [4]. It has been reported that antibiotics were found in different kinds of environmental
media at concentrations up to μ g l−1 or μ g kg−1, including municipal wastewater [5], hospital
wastewater [6], surface water [7], groundwater [8], soil and sediments [9].

Cefalexin (5-Thia-1-azabicyclo4.2.0oct-2-ene-2-carboxylic acid, 7-(2R)-aminophenylacetylamino-3-
methyl-8-oxo-, monohydrate, (6R,7R)-, figure 1), a first-generation broad-spectrum ß-lactam antibiotic,
is prescribed in large quantities and used to treat infectious diseases in humans and animals [10,11].
In China, the annual usage of cefalexin was estimated to be 2670 tons in 2013 [1]. The residue of
cefalexin in various environmental media suggests that the conventional wastewater treatment
processes are unable to remove it thoroughly. Its persistence in the environment may contribute to the
accumulation of antibiotic resistance genes (ARGs) and thus bring challenges to disease prevention
[12]. Watkinson et al. [13] reported that cefalexin concentration could be up to 5600 ng l−1 in the
influent of a wastewater treatment plant in Australia. In another study, the cefalexin concentration was
found to be 170–5070 ng l−1 in sewage effluent and 6.1–493 ng l−1 in receiving seawater in the Hong
Kong metropolitan area [14]. Therefore, it is vital to develop a method to remove the residual
cefalexin more efficiently.

Compared with biodegradation, chemical treatments, especially advanced oxidation processes
(AOPs) for cefalexin removal, have been studied more frequently [15–17]. But from the perspective of
energy-saving, high efficiency and reducing secondary pollution, biodegradation is a practical method
of antibiotic pollution remediation, which is gaining increasing attention worldwide [18]. Activated
sludge is widely used for the treatment of wastewater contaminated with antibiotics in biological
systems [11]. A few studies have been conducted to investigate the isolation of specific antibiotic-
degrading microorganisms (mostly bacteria) and their degradation capability. For example, Pan et al.
[19] found that a thermophilic bacterium strain, Thermus thermophilus C419, was able to remove more
than 57% of ciprofloxacin at an initial concentration of 5 mg l−1 after 5 days of incubation. Shao et al.
[20] isolated a novel oxytetracycline-degrading strain, Ochrobactrum sp. KSS10, which could achieve
efficient oxytetracycline degradation and nitrogen removal at the same time. However, only two
Pseudomonas strains and one Shewanella strain have been isolated and found to be capable of
degrading cefalexin [21,22]. There is a need to find new types of cefalexin-degrading bacteria that
have the potential to degrade cefalexin more efficiently from the local environment.

To our knowledge, very few studies have focused on the diversity of cefalexin-degrading bacteria,
effects of environmental factors on biodegradation as well as characteristics and mechanism of
cefalexin biodegradation. In this study, we aimed to isolate and identify different kinds of bacterial
strains that were capable of degrading cefalexin and examine their growth and degradation
characteristics. In addition, the effects of environmental factors (e.g. temperature, pH, inoculation
dosage and initial cefalexin concentration) on degradation efficiency were examined and major
metabolites during cefalexin biodegradation were identified for investigation of degradation
mechanisms. This work could provide a practical tool for bioremediation of cefalexin pollution and
insight into the biodegradation characteristics and mechanism of cefalexin by novel strains identified
as cefalexin-degrading.
2. Material and methods
2.1. Chemicals and media
The activated sludge was sampled from Dazhong Jiading wastewater treatment plant (Shanghai, China).
This sewage treatment plant is mainly responsible for collecting and treating the domestic sewage of the
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Figure 2. Process of enrichment of cefalexin-resistant strains.

royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:220442
3

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 A

pr
il 

20
23

 

surrounding urban residents. Cefalexin (98.5%) was purchased from Yuanye Biotechnology Co. Ltd.
(Shanghai, China). All the other chemicals (AR grade) were obtained from Sinopharm Chemical
Reagent Co. Ltd. (Beijing, China).

The nutrient ager (NA) plates which were used for screening and isolation of cefalexin-degrading
strains consisted of tryptone (10 g l−1), beef powder (3 g l−1), NaCl (5 g l−1) and agar powder (18 g l−1)
in Milli-Q water. The Luria-Bertani (LB) media used for culturing and collecting bacteria was
composed of tryptone (10 g l−1), NaCl (10 g l−1) and yeast extract (5 g l−1) in Milli-Q water. The
mineral salt medium (MSM) used for enrichment of degrading strains and investigation of cefalexin
degradation consisted of K2HPO4 (1.5 g l−1), KH2PO4 (0.5 g l−1), NaCl (1 g l−1), NH4Cl (1.5 g l−1),
MgSO4·7H2O (0.2 g l−1), FeSO4·7H2O (3 mg l−1), ZnSO4·7H2O (4.5 mg l−1) and C6H12O6 (4 g l−1) as an
extra carbon source in Milli-Q water. The stock solution of trace elements was prepared in advance
and diluted while making the media. All media were adjusted to pH 7, and sterilized at 121°C for
20 min prior to use.

2.2. Enrichment and isolation of cefalexin-resistant strains
A preliminary test was first carried out. The activated sludge (1 ml) was inoculated into a 250-ml flask
containing 100 ml of MSM with 10 mg l−1 of cefalexin to prove the degradation capability of the
activated sludge on cefalexin, and the sterilized sludge (1 ml) was used as control.

For enriching bacterial strains with cefalexin resistance, a 5 ml activated sludge sample was
inoculated into a 250-ml flask containing 100 ml of MSM with 1 mg l−1 of cefalexin and cultured by
shaking inoculum at 150 rpm for 5 days at 30°C. This process was carried out under natural
ventilation. Subsequently, 5 ml of the suspension obtained above was transferred into a new 250-ml
flask containing 100 ml of MSM with a gradually increasing cefalexin concentration and also cultured
by shaking inoculum at 150 rpm for 5 days at 30°C under natural ventilation. This process was
repeated 6 times, and the concentrations of cefalexin in the 6 batches were 5, 10, 20, 50, 100 and
200 mg l−1 in turn (figure 2). Finally, 1 ml of the culture which was incubated with an initial cefalexin
concentration of 200 mg l−1 for 5 days was serially diluted with sterile water and spread on NA
plates. Different colonies with various morphological characteristics were isolated by streak-plating on
NA plates and stored for further examination of their degradation capability on cefalexin and
identification.

2.3. Identification of degrading strains
The identification of isolated degrading strains was based on 16S rDNA gene sequence analysis. The
genomic DNA of the strains was extracted using the bacterial genomic DNA extraction kit (Takara,
Japan). Then a polymerase chain reaction (PCR) was conducted for the amplification of bacterial 16S
rDNA in the following condition: a denaturation step at 95°C for 5 min, followed by 35 amplification
cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 90 s and a final extension at 72°C for 7 min. The
primers used for PCR were 27F (5-AGAGTTTGATCCTGGCTCAG-3) as the forward primer and
1492R (5-CTACGGCTACCTTGTTACGA-3) as the reverse primer. An agarose electrophoresis was
performed to check the purity of the PCR products, which were then sequenced by Personalbio Co.
Ltd. (Shanghai, China).

The 16S rDNA sequences of the determined cefalexin-degrading strains were compared against the
available DNA sequences on GenBank using the basic local alignment search tool (BLAST) (www.
ncbi.nlm.nih.gov/BLAST). The sequences were then deposited on GenBank with corresponding

http://www.ncbi.nlm.nih.gov/BLAST
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accession numbers. Phylogenetic trees of the degrading strains and closely related strains were
constructed by the neighbour-joining method with MEGA 7.0 software.
oyalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.10:220442
2.4. Biodegradation of cefalexin and effects of environmental factors
Bacterial strains were first cultured in LB media under 30°C and 160 rpm for 24 h for quick proliferation.
Then the bacterial cells were collected by centrifugation at 4°C and 5000 rpm for 10 min. After being
washed by sterile phosphate buffer solution twice, the cells were resuspended in sterile water to reach
an ultimate OD600 of 1.0. Then 1 ml of the bacterial suspension was added into the 250-ml flasks
containing 100 ml of MSM (pH = 7) with an initial cefalexin concentration at 10 mg l−1. The culture
was incubated under 30°C, 160 rpm for 48 h and the cefalexin concentration was determined within 0,
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 24, 26, 28, 30, 32, 34, 46, 48 h intervals for studying the
biodegradation characteristics of cefalexin by degrading strains. The biodegradation characteristics of
cefalexin by Klebsiella sp. (CLX-3) from 14 to 48 h was not shown in Section 3. The sampling process
was carried out under natural ventilation.

The process of cefalexin biodegradation was fitted with the first-order kinetic model. The equation of
the model is expressed as equation (2.1) and the half-life is calculated as equation (2.2) [23,24]:

ln
Ct

C0
¼ � kt ð2:1Þ

and

T1=2 ¼ ln2
k

ð2:2Þ

where Ct is the concentration of cefalexin at time t, C0 is the initial cefalexin concentration, k is the
degradation rate constant (h−1), T1/2 is the half-life of cefalexin.

Only one variable (e.g. temperature, pH, inoculation dosage and initial cefalexin concentration) was
allowed among the treatments for determining the effects of each environmental factor on cefalexin
degradation efficiency by bacterial strains. The impacts of different pH (5–9) under 30°C and different
temperatures (20–40°C) under pH = 7 were investigated while the initial cefalexin concentration was
set at 10 mg l−1 and the inoculation dosage was 1% (v/v). The effect of inoculation dosage (1%−10%,
v/v) on degradation efficiency of 10 mg l−1 of cefalexin was studied under 30°C, and pH = 7.
Similarly, the influence of various initial cefalexin concentrations (5–100 mg l−1) was studied under the
condition of 30°C, pH = 7 with an inoculation dosage of 1% (v/v).
2.5. Pretreatment of cefalexin and its metabolites
A solid-phase extraction (SPE) was conducted using Oasis HLB extraction cartridges (Waters, MA, USA)
for purification of the metabolites during cefalexin degradation. Briefly, 10 ml of the culture at 5 h and
24 h of cefalexin biodegradation by CLX-3 was centrifuged at 5000 rpm, 4°C for 10 min, then the
supernatant was adjusted to pH = 5 and filtered by aqueous phase filter membranes. 5 ml of methanol
and 5 ml of water were used for precondition of the extraction cartridges. The filtered samples were
then loaded onto cartridges and the flow rate was controlled at less than 3 ml min−1. 5 ml of Milli-Q
water was used to remove the inorganic matters attached to the HLB cartridges, and the water was
discarded. 5 ml of methanol was used for final elution of the target compounds, and the eluate was
collected in a separate brown bottle. Subsequently, the collected sample was concentrated by nitrogen
blowing, diluted to a final volume of 1 ml with Milli-Q water and stored in a 2-ml brown vial for later
determination.
2.6. Identification and quantification of cefalexin and its metabolites
The determination of cefalexin concentration was performed by high-performance liquid
chromatography (Shimadzu, Japan). Prior to detection, 1.5 ml of suspension in MSM was centrifuged
at 5000 rpm, 4°C for 10 min. The supernatant was then filtered by a 0.22 µm aqueous phase filter
membrane and stored in brown vials for later use. A 10 µl aliquot of the sample was injected into an
Athena C18 column (5 µm, 4.6 mm× 250 mm, Anpel Inc., Shanghai, China). The mobile phases used
were water containing 0.5% of acetic acid/methanol (75 : 25) at a flow rate of 1.0 ml min−1. The
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Figure 3. Elimination of cefalexin by activated sludge.
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column temperature and wavelength were set at 30°C and 254 nm, respectively. A standard curve of
cefalexin concentration based on the external standard method was established.

For identification and determination of metabolites, an ultra high-performance liquid
chromatography-mass spectrometer (UHPLC-MS, Thermo Fisher, MA, USA) was used to separate the
potential intermediates during biodegradation. 10 µl of sample was injected into a CNW C18-WP
column (3 µm, 150 mm× 2.1mm, Anpel Inc., Shanghai, China). The mobile phases were water
containing 0.05% acetic acid /methanol and the gradient elution procedure was set as follows: 0–
3 min, 20% methanol; 3–12 min, 20%−40% methanol; 12–15 min, 40% methanol; 15–20 min, 40%−20%
methanol; 20–25 min, 20% methanol. The column temperature, injection volume and flow rate were
30°C, 20 ml and 0.3 ml min−1, respectively. The MS parameters were set as follows: electron spray
ionization; capillary voltage: 4000 V; nebulizer pressure: 35 psi; nebulizer temperature: 300°C. Mass
spectra were collected in the range of 150–500 m/z by full scan mode.

2.7. Determination of bacterial growth
The optical density values at a wavelength of 600 nm (OD600) were tested at the same interval as cefalexin
concentration with a UV-2365 ultraviolet spectrophotometer (Unicosh Inc., Shanghai, China) for
measurement of bacterial growth according to the method established by previous studies [25].

2.8. Statistical analysis
SPSS 22.0 software (SPSS, Chicago, USA) was used for comparing the differences between treatments at
α = 0.05 via one-way analysis of variance (ANOVA) and subsequent least significant difference (LSD)
comparison tests. Values with a p < 0.05 are considered significantly different.
3. Results and discussion
3.1. Isolation and identification of degrading strains
Media inoculated with sterilized sludge were used as a control for the examination of the degrading
capability of the activated sludge from the WWTP. As indicated by the result in figure 3, there was no
significant decline in cefalexin concentration while being treated with sterile sludge which has no
bacterial activity, whereas the activated sludge treatment group efficiently removed cefalexin, whose
concentration dropped from an initial value of 9.97 mg l−1 to 0.09 mg l−1, illustrating that activated
sludge had an excellent ability to reduce this antibiotic in WWTPs, which has also been proven by a
previous study [23]. Thus, it is necessary to determine the specific kinds of bacteria that are able to
remove cefalexin efficiently.

A total of four strains with different morphological characteristics that could grow on NA plates
containing 50 mg l−1 of cefalexin were isolated and purified using the streak plate method and their



Table 1. Comparison of cefalexin degradation efficiency by different strains within 24 h. Note: different lowercase letters indicate
significant differences ( p < 0.05) among treatments.

strain degradation rate (%) standard deviation (%)

CLX-2 98.81 a 0.04

CLX-3 100.00 a 0.00

CLX-4 16.57 c 2.53

CLX-5 29.66 b 2.77

(a) (b) (c)

( f )(d) (e)

Rhizobium skierniewicense

Rhizobium napathalenivorans

Klebsiella pneumoniae (NR117683)
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Escherichia coli
Enterobacter cloacae

Klebsiella aerogenes
Klebsiella grimontii

Yokenella regensburgei (NR104934)
Yokenella regensburgei (NR114159)
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Enterobacter asburiae
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Ciceribacter thiooxidans

Escherichia coli
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Figure 4. Microorganism morphology and phylogenetic tree of (a–c) CLX-2 and (d–f ) CLX-3.
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degradation rate on 10 mg l−1 of cefalexin within 24 h was detected (table 1). The results demonstrated
that these strains were capable of eliminating cefalexin at significantly different degradation rates.
Among the degrading strains, CLX-2 and CLX-3 were found to be able to remove more than 95% of
cefalexin during this period, whose degrading efficiencies were much higher than those of the other
two strains (CLX 4 and CLX 5), therefore two such strains deserve further identification and
investigation for their degradation characteristics and mechanisms.

The colonial morphology of CLX-2 could be described as follows: white, opaque, circular and linearly
arranged rods (figure 4a). The colonial morphology of CLX-3 was observed as yellowish white, opaque,
circular and dull circles (figure 4d ). The morphological features of the two colonies suggested that both
CLX-2 and CLX-3 were Gram-negative bacteria (figure 4b,e). The 16S rDNA of CLX-2 and CLX-3 were
amplified and sequenced. The sequences were submitted to GenBank with accession numbers of
MW843373 and MW888516, respectively. According to the BLAST results, the 16 s rDNA sequence of
CLX-2 had the highest similarity with that of Rhizobium pusense NRCPB10 (99.41%) while the 16 s
rDNA sequence of CLX-3 had the highest similarity with that of Klebsiella pneumoniae DSM 30104
(99.64%). Therefore, these two strains were identified as Rhizobium sp. and Klebsiella sp., respectively.
Phylogenetic trees were constructed with a group of strains that had a high similarity with these two
strains using the neighbour-joining (NJ) method with MEGA 7.0 (figure 4c,f ).

Rhizobium is an important kind of probiotic, which often lives in symbiosis with the roots of legumes
and assists legumes in nitrogen fixation to promote the growth of plants [26]. So far, no report regarding
the biodegradation of cefalexin by Rhizobium sp. has been found. However, this kind of bacteria has been
proven to be able to degrade pollutants such as pesticides and PAHs [27–29]. A Klebsiella strain capable of
degrading tetracycline and removing nitrate simultaneously was isolated from municipal sludge by Shao
et al. [30], indicating that Klebsiella is a great candidate for both antibiotic pollution remediation and
biological removal of nitrate [31]. To our knowledge, this manuscript first reported the cefalexin
biodegradation by Klebsiella. The degradation characteristics and mechanism of the two strains thus
deserve further investigation.
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Figure 5. Bacterial growth and cefalexin degradation by (a) Rhizobium sp. (CLX-2) and (b) Klebsiella sp. (CLX-3).

Table 2. First-order kinetic model of cefalexin degradation by CLX-2 and CLX-3.

strain Rhizobium sp. (CLX-2) Klebsiella sp. (CLX-3)

Equation ln (C/C0) =−0.3602t ln (C/C0) =−0.5449t
k(h−1) 0.3602 0.5449

T1/2(h) 1.92 1.27

R2 0.95 0.96

linear fitting
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3.2. Bacterial growth and cefalexin degradation characteristics
The OD600 value and residual cefalexin concentration were measured at the same time interval for the
determination of bacterial growth and cefalexin degradation characteristics of both strains (figure 5).
According to the remaining cefalexin concentration during the degradation process, Rhizobium sp.
(CLX-2) could degrade about 71% of cefalexin at an initial concentration of approximately 10 mg l−1 in
6 h while the degradation rate of cefalexin by Klebsiella sp. (CLX-3) under the same conditions reached
more than 97%, demonstrating the higher cefalexin degradation capability of Klebsiella sp. (CLX-3).
Both strains degraded more than 99% of cefalexin within 12 h. Lin et al. [21] isolated two cefalexin-
degrading Pseudomonas strains, the biodegradation results illustrated that Pseudomonas sp. CE22 had a
relatively higher cefalexin removal efficiency of over 90% in 24 h. Here in this study, two novel strains
with much higher cefalexin-degrading efficiencies were isolated and characterized. Compared with
other kinds of antibiotics, this study also illustrated the higher biodegradability of cefalexin indicated
by its generally higher removal efficiency by microorganisms in 12 h [20,32–34].

The process of cefalexin biodegradation was fitted with first order kinetic model (table 2). The linear
fitting results showed that the first order kinetic model could properly describe cefalexin biodegradation
by both strains, especially Klebsiella sp. (CLX-3) (R2 = 0.96). The linear fitting results were in agreement
with a previous study on biodegradation of several pharmaceuticals including cefalexin, which
concluded that the biodegradation of these antibiotics followed first order kinetics [23]. The relatively
lower R2 value for biodegradation may be attributed to the presence of the lag phase before the quick
decline of residual cefalexin. Overall, the results indicated that cefalexin biodegradation is a
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concentration-limiting process and could be stimulated by the first order kinetic model, though some
modification for the reaction model may be further needed for better description of the process.
0442
3.3. Optimization of environmental conditions
pH is one of the key factors determining the bioreaction process and degradation rate of pollutants [35].
The results of cefalexin degradation under different pH conditions suggested that pH value had a
significant influence on the degradation of cefalexin by Rhizobium sp. and Klebsiella sp. (figure 6). The
optimal pH condition that achieved the highest removal of cefalexin is almost the same for the two
strains (pH 7–8 for CLX-2 and pH 7 for CLX-3). Compared to the removal rate under highly acidic
conditions (pH 5), CLX-2 performed better when cultured under highly basic conditions (pH 9). On
the contrary, CLX-3 had a relatively higher degradation capability under acidic conditions. This
phenomenon further indicated that Rhizobium sp. and Klebsiella sp. could survive well in the
environment with pH 6–8. The optimum pH for Rhizobium sp. was 7–8, and it also showed certain
acid and alkaline resistance compared with Klebsiella sp., for which the optimum pH was
7. Temperature could have a great impact on the process of biodegradation by influencing the activity
of functional enzymes [36]. The results suggested that temperature had a similar influence on the
degradation of cefalexin by two strains (figure 7). The removal of cefalexin was inhibited by either
high (40°C) or low (20°C) temperature and the optimized temperatures for rapid cefalexin degradation
by the two strains were both found to range from 30 to 35°C. The temperatures from 30 to 35°C were
also consistent with the optimum temperature range for the growth of most microorganisms.

The effect of inoculation dosage on cefalexin degradation by two strains was also significant. The
removal rate of cefalexin rose with the increasing inoculation dosage and it can be seen that CLX-2
was more sensitive to the change in inoculation dosage, indicated by its significantly different
degradation rate under the inoculation dosage of 2%, 5% and 10% (figure 8). However, the
degradation rate of cefalexin by CLX-3 did not exhibit an obvious increase while the inoculation
dosage rose from 2% to 10%. The inoculation dosage was also a key factor affecting the growth of
Rhizobium sp. and Klebsiella sp. Rhizobium sp. could develop better with an increasing inoculation
dosage from 1% to 10%, and Klebsiella sp. was able to develop well with an inoculation dosage of
more than 1%. The growth trends for both strains were significantly restricted with an inoculation
dosage of less than 1%.

In previous studies regarding the cefalexin degradation ability of bacterial strains, the maximal initial
cefalexin concentration did not exceed 10 mg l−1 [21,22]. But in this study, the results of cefalexin
degradation at different initial concentrations illustrated that both CLX-2 and CLX-3 were able to
tolerate high concentrations of cefalexin even at the concentration of 100 mg l−1 (figure 9). The
degradation patterns of cefalexin by two strains under different initial concentrations were similar and
CLX-3 has a relatively higher degradation efficiency. Normally, the degradation efficiency of
pollutants is related to their initial concentrations [37,38]. However, the results in this study
demonstrated that the increase in initial concentration did not lower the removal rates of cefalexin,
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which was consistent with the result of cefalexin degradation by Pseudomonas sp. CE22 in another study
[21]. Shi et al. found that an increase in initial concentration (25–150 mg l−1) of another tetracycline
antibiotic, oxytetracycline, did not make a significant difference to its biodegradation efficiency by
strain Arthrobacter nicotianae OTC-16 [39]. However, it has been proven that the lincomycin



Table 3. First-order kinetic model of cefalexin degradation by CLX-2 and CLX-3 at different initial concentrations.

initial concentration (mg l−1) equation k (h−1) T1/2(h) R2

Rhizobium sp. (CLX-2)

5 ln (C/C0) =−0.2576t 0.2576 2.69 0.84

10 ln (C/C0) =−0.2495t 0.2495 2.78 0.86

20 ln (C/C0) =−0.3685t 0.3685 1.88 0.88

50 ln (C/C0) =−0.5435t 0.5435 1.28 0.91

100 ln (C/C0) =−0.5934t 0.5934 1.17 0.90

Klebsiella sp. (CLX-3)

5 ln (C/C0) =−0.1688t 0.1688 4.11 0.85

10 ln (C/C0) =−0.2948t 0.2948 2.35 0.76

20 ln (C/C0) =−0.2321t 0.2321 2.99 0.78

50 ln (C/C0) =−0.3758t 0.3758 1.84 0.88

100 ln (C/C0) =−0.4162t 0.4162 1.67 0.90
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degradation rate by Clostridium sp. strain LCM-B was lowered by high initial concentrations in the range
of 100–500 mg l−1 [38], suggesting different kinds of antibiotic-resistant bacteria can tolerate antibiotics
with different concentrations. Although CLX-3 had a higher degradation rate, more than 99% of
100 mg l−1 cefalexin could be removed by both strains within 10 h, suggesting the potential of rapid
cefalexin degradation at a high initial concentration by these two strains.

The processes of cefalexin biodegradation at different initial concentrations were also fitted with first
order kinetic model (table 3). It was observed that with the increase of initial concentrations, the constant
k also bulked, and the half-lives of cefalexin fell off, indicating the increase of the degradation rates. The
R2 values at different initial concentrations ranged from 0.84 to 0.91 for Rhizobium sp. (CLX-2) and from
0.76 to 0.90 for Klebsiella sp. (CLX-3).
3.4. Identification of metabolites and proposed pathway
The mass spectra during cefalexin biodegradation by Klebsiella sp. (CLX-3) were recorded. The fragment
with a m/z of 348 confirmed the presence of the parent compound, cefalexin. Two major metabolites with
molecular ions at m/z 202 and 171 were identified under full scan mode and designated as intermediate
M1 and M2, respectively (figure 10). The metabolites M1 and M2 were identified to be 7-amino-3-
cephem-4-carboxylic acid and 2-hydroxy-3-phenyl pyrazine, respectively, based on their corresponding
m/z value of molecular ions, compound structures and chemical bond composition of cefalexin.

According to previous studies, 2-hydroxy-3-phenyl-6-methylpyrazine has been detected as an acidic
degradation product of cephalexin in the presence of formaldehyde [40]. During the degradation process
of another β-lactam antibiotic, cefaclor, 2-hydroxy-3-phenyl pyrazine has also been reported as a major
product under a high temperature (85°C) [41]. The formation of 2-amino-2-phenylacetamide was
detected in an electrochemical degradation process of cefalexin [16], which may be the precursor of
the metabolite 2-hydroxy-3-phenyl in this study. Lin et al. [21] found two Pseudomonas strains capable
of degrading cefalexin and 2-hydroxy-3-phenyl pyrazine was identified during their degradation,
whose result accorded with our current finding of 2-hydroxy-3-phenyl as a biodegradation
intermediate of cefalexin by bacteria. However, to the best of our knowledge, this study was the first
to report the identification of 7-amino-3-cephem-4-carboxylic acid during the biodegradation process
of cefalexin. Therefore, it could be inferred that cefalexin degradation by Klebsiella sp. (CLX-3) first
occurred via hydrolysis of the peptide bond to give rise to 7-amino-3-cephem-4-carboxylic acid and 2-
amino-2-phenylacetamide, then intramolecular attack of the primary amine of the side chain occurred
in 2-amino-2-phenylacetamide and 2-hydroxy-3-phenyl was subsequently generated. Due to the fact
that the same peak with a m/z value of 202 was not detected at 24 h, it is possible that 7-amino-3-
cephem-4-carboxylic was degraded to smaller compounds via hydrolysis of the four-membered β-
lactam ring. However, smaller compounds were not captured since the mass range of UHPLC–MS
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spectra was 150–500. Therefore, further research still needs to be conducted for more precise
determination of the specific biodegradation products and pathway.
4. Conclusion
Two bacterial strains (Rhizobium sp. (CLX-2) and Klebsiella sp. (CLX-3)) capable of degrading cefalexin
were isolated from the activated sludge. They were able to degrade over 99% of cefalexin at an initial
concentration of 10 mg l−1 within 12 h. The environmental conditions including temperature, pH, and
inoculation dosage had significant influences on the degradation efficiencies of cefalexin by the two
strains, while the initial cefalexin concentration did not exhibit significant effects. 7-amino-3-cephem-4-
carboxylic acid and 2-hydroxy-3-phenyl pyrazine were identified as major metabolites during
cefalexin degradation by Klebsiella sp. (CLX-3). This study provides a possible approach to
bioremediation of cefalexin-polluted sites by bacterial strains. It is worth noting that Rhizobium is not
a typical strain of activated sludge, and that knowledge about abundance and activity in sludge and
in the used sludge is not given in this study. The protocol of strain isolation may give a preferential
selection for the strain. For further work on these strains in sludge, it should be important to quantify
Rhizobia and Klebsiella populations in activated sludge and to deduce from the population numbers if
the strains may be used for augmentation.
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