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Abstract A microcystin-LR (MC-LR)-degrading bac-

terium was isolated from Lake Chaohu, a eutrophic

freshwater lake containing toxic cyanobacterial blooms.

Based on the analysis of 16S rDNA gene sequence and

physiobiochemical characteristics, the isolated strain, most

likely belongs to the genus Bacillus with the highest se-

quence similarity value with Bacillus nanhaiencis strain

K-W39 (JQ799091.1), was named B. nanhaiencis strain

JZ-2013. The strain JZ-2013 could grow on mineral salt

medium supplied with MC-LR as sole carbon and nitrogen

sources. The optimal temperature and pH for strain JZ-

2013 growth and MC-LR biodegradation were 30�C and

8.0, respectively. The MC-LR with the initial concentration

of 15 mg/L could be consumed 80 % by strain JZ-2013

within 9 days. The existence of exogenous carbon and ni-

trogen sources could significantly increase the removal

efficiency of MC-LR. The strain JZ-2013 can efficiently

removed MC-LR of low concentration in real water

sample.
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With the nitrogen and phosphorus enriching wastewater

continuously discharged into natural water bodies, harmful

cyanobacterial blooms frequently occur in eutrophic lakes,

reservoirs, ponds, canals, and slow-flowing rivers

throughout China. The cyanobacterial blooms not only

destroy the ecological environment of natural water bodies,

but also produce many types of cyanobacterial toxins in-

cluding the most dangerous microcystins (MCs). MCs are a

group of toxic monocyclic heptapeptides produced by

multiple genera of cyanobacteria such as, Microcystis,

Anabaena, Oscillatoria, Planktothrix, Chroococcus, Nos-

toc, Hapalosiphon, Anabaenopsis, Snowella and Woroni-

chinia (Merel et al. 2010; Pearson et al. 2010; Valério et al.

2010). MCs share the general structure of cyclo (-D-Ala-L-

X-D-MeAsp-L-Y-Adda-D-Glu-Mdha-), in which Adda is

3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-

dienoic acid which is crucial for biological activities of

MCs (Harada et al. 2004), Mdha is N-methyldehydroala-

nine, and X and Y are variable amino acids. MC-LR has

leucine (L) and arginine (R) at these positions and is one of

the most common forms. To date, over 90 isoforms of MCs

have been identified (Pearson et al. 2010). MCs are pro-

duced and retained within healthy cyanobacterial cells but

released into the surrounding water bodies when cells die

and break down. MCs inhibit protein phosphatase 1 and

2A, induce oxidative stress (Campos and Vasconcelos

2010), and promote liver tumor growth (Falconer 1991;

Nishikawa-Matsushima et al. 1992; Ueno et al. 1996).

Because of potential chronic toxicity from MCs, the World

Health Organization recommends a level of less than 1 lg/

L of the toxin in drinking water to be safe for humans

(Gągała and Mankiewicz-Boczek 2012).

Under natural conditions, the cyclic structure of MCs is

relatively stable against physicochemical and biological

factors, such as pH, temperature, sunlight, and typical

proteases (Tsuji et al. 1994; Gągała and Mankiewicz-Boc-

zek 2012). The traditional water treatment processes, in-

cluding chemical coagulation, flocculation, and sand

filtration are unreliable for removal of MCs. Biodegradation
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is thought to be a promising method for effective removal of

MCs in the water treatment process (Bourne et al. 2006).

The degradation of MCs by microorganisms requires rather

specific enzymes. The first MCs-degrading bacterium iso-

lated and identified was Sphingomonas sp. ACM-3962,

which was found to possess an enzymatic pathway and a

gene cluster for MCs-degrading (Bourne et al. 1996, 2001).

Four genes are sequentially located on the cluster as mlrC,

mlrA, mlrD and mlrB. These genes encode a putative

transporter protein (MlrD) allowing MCs uptaked into the

cell and three enzymes, MlrA, MlrB and MlrC, are involved

in the degradation of MCs. In the degradation pathway,

microcystinase (MlrA), a metalloprotease, is the first en-

zyme to hydrolyze cyclic MCs into linear MCs. Because the

toxicity of linear intermediate significantly decreases, MlrA

has been regarded as a crucial enzyme for removal of MCs

(Bourne et al. 1996). Therefore, detection of this mlrA gene

is important for monitoring MCs-degrading bacteria in

natural environment. There are a growing number of iso-

lated MCs-degrading bacteria, such as Pseudomonas aer-

uginosa (Takenaka and Watanabe 1997), Ralstonia

solanacearum (Yan et al. 2004), Paucibacter toxinivorans

(Rapala et al. 2005), Sphingosinicella microcystinivorans

(Maruyama et al. 2006), Burkholderia sp. (Lemes et al.

2008), Methylobacillus sp. (Hu et al. 2009), Arthrobacter

spp. (Manage et al. 2009), Brevibacterium sp. (Manage

et al. 2009), Rhodococcus sp. (Manage et al. 2009), Mor-

ganella morganii (Eleuterio and Batista 2010), Sphin-

gopyxis sp. (Zhang et al. 2010), Stenotrophomonas sp.

(Chen et al. 2010), Novosphingobium sp. (Jiang et al. 2011),

Bacillus flexus (Alamri 2012), Microbacterium sp. (Ramani

et al. 2012), and Rhizobium gallicum (Ramani et al. 2012).

Lake Chaohu, located in the middle of Anhui Province,

is the fifth largest freshwater lake in China. Because of

eutrophication, Lake Chaohu frequently outbreaks toxic

cyanobacterial blooms during summer and autumn in the

last decade. Being frequently exposed to such toxic

cyanobacterial bloom scenarios in Lake Chaohu, maybe

there are indigenous bacteria which adapt to high toxin

levels and exhibit toxin degradation abilities. The aim of

this study was to screen MCs biodegrading bacteria or

bacterial consortium from Lake Chaohu.

Materials and Methods

Toxins and Other Reagent

MC-LR was purchased from Sigma-Aldrich (puri-

ty [ 95 % by HPLC). M9 broth medium was acquired

from Sangon Biotech Co., Ltd., Shanghai, China. All

reagents used were of analytical or HPLC grade.

Isolation of MC-LR-Degrading Bacterial Strain

Water samples were collected during September 2013 from

Lake Chaohu which was experiencing toxic cyanobacterial

blooms. After delivered to the laboratory, the water sam-

ples were filtered, diluted, and inoculated onto M9 broth

medium agar plates containing MC-LR (1 mg/L). The

single bacterial colonies from these plates were picked up

and inoculated onto the plates containing MC-LR (5,

10 mg/L), sequentially. Lastly, the single bacterial colonies

from the plates containing MC-LR (10 mg/L) were picked

up and inoculated onto into liquid M9 broth medium

containing MC-LR (15 mg/L) at 30�C with a shake rate of

120 rpm for isolating MC-LR biodegrading bacterial

strains. The remaining concentrations of MC-LR in the

medium were measured by enzyme-linked immunosorbent

assay (ELISA) using the MCs plate kit (Beacon Analytical

Systems Inc., Saco, Maine, USA) according to the kit in-

structions. Among the tested bacteria grown on the plates,

only one strain showed high MC-LR-degrading activity

and was then identified by 16S rDNA sequence analysis.

The bacterial cells were sedimented by centrifugation

and the supernatant was discarded. The cells were fixed

with 2.5 % glutaraldehyde for 2 h. And then the cells were

sedimented again and the supernatant was discarded. The

cells were resuspended in distilled water and washed for

three times. Finally the bacterial suspension was dropped

on copper grid covered with cover slip and dried under an

infrared lamp for SEM observation.

Biodegradation of MC-LR

The ability of the isolated bacterial strain to degrade MC-

LR was examined by inoculating same amount of isolated

bacterial cells into sterile 100-mL Erlenmeyer flasks with

50 mL M9 medium containing MC-LR (15 mg/L) and

incubating the flasks on a shaking incubator for 9 days at

different temperature (20–37�C) and pH values (6.0–9.0) in

the dark. Flasks with M9 medium containing 15 mg/L MC-

LR without bacterial cells were used as control. At the

predetermined time intervals, aliquot samples were taken

and centrifuged at 12,000 rpm for 10 min. The remaining

concentrations of MC-LR in the supernatants were

measured.

The bacterial growth was monitored by measuring the

optical density of the medium at 600 nm (OD600).

Identification of Bacterial Strain

The MC-LR-degrading bacterium was performed by Gram

staining and physiobiochemical experiments (including:

anaerobic growth, acids resistance, gelatin liquefaction,
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parasporal crystal, H2S test, and phenylalanine deaminase

test).

The total genomic DNA of the MC-LR-degrading bac-

terium was extracted using EZ-10 Spin Column Bacterial

Genomic DNA Isolation Kit (Sangon Biotech Co., Ltd.,

Shanghai, China) according to the manufacturer’s instruc-

tions. The bacterial gene encoding 16S rDNA was ampli-

fied by PCR reaction using universal primers (Sense: 50-AG

AGTTTGATCATGGCTCAG-30; antisense: 50-ACGGTTA

CCTTGTTACGACTT-30) provided by Sangon Biotech

Co., Ltd., Shanghai, China. The PCR reaction was per-

formed as follows: one hotstart at 94�C for 5 min, 38

amplification cycles of denaturation at 94�C for 30 s, pri-

mer annealing at 54.5�C for 30 s, extension at 72�C for

45 s, and a final extension step at 72�C for 10 min. The

size of amplified PCR product was detected by agarose gel

electrophoresis. The amplified nucleotide product was se-

quenced in Sangon Biotech Co., Ltd., Shanghai, China.

Similar sequences were identified using online BLAST in

NCBI neulecotide database (http://blast.ncbi.nlm.nih.gov/

Blast.cgi). A multiple alignment and a phylogenetic tree

were obtained using CLUSTAL X 2.0 software (Larkin

et al. 2007) and MEGA 5 software (Kumar et al. 2008).

Biodegradation Validation

Water sample collected from Lake Chaohu was filtered by

filter paper (pore-size: 80–120 lm) for removing sediment

and other suspended solids, and its pH value was adjusted

to 8. The validation experiment was carried out by

inoculating same amount of isolated bacterial cells with

biodegradation experiment into sterile 100-mL Erlenmeyer

flasks with 50 mL water sample containing MC-LR

(500 lg/L) and incubating the flasks on a shaking incubator

for 9 days at 30�C in the dark. Flask with water sample

containing 500 lg/L MC-LR without bacterial cells was

used as control. At the predetermined time intervals,

aliquot samples were taken and centrifuged at 12,000 rpm

for 10 min. The remaining concentrations of MC-LR in the

supernatants were measured.

All biodegradation experiments were carried out in

triplicate.

Results and Discussion

Isolation of MC-LR-Degrading Bacterial Strain

In order to obtain native bacteria with high MCs-degra-

dation efficiency, water samples was collected from the

Lake Chaohu occurring cyanobacterial blooms and

screened according to the method described above. Fifteen

isolated colonies were inoculated into the aqueous M9

medium containing MC-LR. Among the test strains, only

one strain showed the ability to degrade MC-LR. This

strain was facultative anaerobic, gram-positive and rod-

shaped. The photo of scanning electron microscopy

(Fig. 1) showed that the cells were about 3 lm in length

and 1 lm in width.

Identification of MC-LR-Degrading Bacterial Strain

The strain was found to be gram-positive bacteria by mi-

croscopy observation after Gram staining. The physiobio-

chemical experiments confirmed that the strain was

facultative anaerobes.

The size of amplified PCR product was about 1450 bp

measured by agarose gel electrophoresis. The analysis re-

sults of 16S rDNA sequence showed that isolated strain

appeared to be closely related to Bacillus nanhaiencis

strain K-W39 (JQ799091.1) with the highest sequence

similarity. Based on the phylogenetic analysis of 16S

rDNA sequences, the isolated bacterial strain was identified

and named as B. nanhaiencis strain JZ-2013. The complete

Fig. 1 Scanning electron microscopy image of strain JZ-2013 cells
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1454 bp sequences of 16S rDNA of strain JZ-2013 had

been deposited in the GeneBank database under accession

number KF841622.

Effect of Temperature and pH on MC-LR

Degradation

The MC-LR biodegradation by strain JZ-2013 under the

different initial temperatures and pHs was investigated.

The biodegradation curves of MC-LR at various incu-

bation temperatures showed that removal of MC-LR was

temperature dependent, with the highest removal observed

at 30�C. After 9 days the MC-LR concentrations were re-

duced to about 20 % at 30�C, but the MC-LR

concentrations only were reduced to 72 % and 91 % at 20

and 37�C, respectively. The concentration of MC-LR

stopped decreasing after 9 days (Fig. 2).

The MC-LR degradation activity of strain JZ-2013 varied

significantly with change of the pH of medium. It was found

(Fig. 3) that the degradation rate increased with increase of

pH from 6 to 8, and then decreased with the increase of pH

from 8 to 9. The strain showed the highest MC-LR degra-

dation activity at pH 8.0. After incubation for 9 days, the

strain degraded 80 % MC-LR (initial concentration: 15 mg/

L) in medium at pH 8.0. In contrast, the removal percentage

of MC-LR in medium by the strain only was 5.5 %, 41.0 %,

and 30.3 % at pH 6.0, 7.0 and 9.0, respectively.

Then the degradation of MC-LR in medium by strain JZ-

2013 was carried out under the optimal conditions of at

30�C and pH 8.0. It was found (Fig. 4) that the decrease in

Fig. 2 Effect of temperature on MC-LR degradation activity of strain

JZ-2013

Fig. 3 Effect of pH on MC-LR degradation activity of strain JZ-2013

Fig. 4 Effect of exogenous carbon and nitrogen sources on MC-LR

degradation and bacterial growth of strain JZ-2013

Fig. 5 MC-LR degradation in real water sample by strain JZ-2013
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the concentration of MC-LR was accompanied by the in-

crease in bacterial growth. When 10 mg/L of glucose and

ammonium chloride was added as exogenous carbon and

nitrogen sources, the removal percentage of MC-LR in

medium (15 mg/L) increased from about 80 % to about

90 %. At the same time, the bacterial growth also improved.

Validation Experiment

Validation experiment presented similar MC-LR degrada-

tion trend with biodegradation experiment. It could be found

(Fig. 5) that MC-LR in real water sample had been com-

pletely degraded within 8 days, which suggested strain JZ-

2013 can efficiently degrade MC-LR in real water sample.

The kinetic study of MC-LR degradation was modeled

with Michaelis–Menten equation. The Michaelis–Menten

equation was rearranged into Eadie–Hofstee equation

(v = Vmax-Km�v/[MC-LR]). The simulation result using

Eadie–Hofstee plot indicated the MC-LR degradation in

real water sample by strain JZ-2013 followed Michaelis–

Menten kinetics.

Conclusions

A new MC-LR-degrading bacterial strain of the genus

Bacillus was isolated from a eutrophic freshwater lake in

China and identified as B. nanhaiencis strain JZ-2013. The

optimal temperature and pH for strain JZ-2013 growth and

MC-LR biodegradation were 30�C and 8.0, respectively.

Strain JZ-2013 could degrade 80 % MC-LR with the initial

concentration of 15 mg/L in 9 days and did not show any

lag period during the degradation process. The exogenous

carbon and nitrogen sources could improve both the

degradation of MC-LR and bacterial growth. The MC-LR

of low concentration in real water sample can be efficiently

degraded by strain JZ-2013. This research result showed

strain JZ-2013 can detoxify MCs and possesses significant

potential for use in bioremediation of water bodies con-

taminated by MCs.
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