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Abstract

A novel strain of m-cresol-degrading bacterium, named as Lysinibacillus cresolivorans, was isolated from aerobic sludge
from a coking wastewater treatment plant. This bacterium is able to utilise m-cresol as its sole source of carbon and energy.
The optimal pH for growth is 6.8 ~ 7.3 and the optimal temperature is 35°C. Compared to organic nitrogen sources, inor-
ganic nitrogen sources were easily utilised for the m-cresol biodegradation. The degradation rate of m-cresol at different
starting concentrations was analysed with zero-order kinetic characteristics. When the initial concentration of m-cresol
was 224.2 mg-{"!, the reaction rate reached a maximum at 46.80 mg-(£-h)"'.The cell growth kinetics was also investigated
with initial m-cresol concentrations varying from 0 to 1 200 mg-¢"'. The growth kinetics was well described by the Haldane
kinetic models. The parameter values of m-cresol on cell growth were = 0.89 h', K =426.25 mg-{", K, = 51.26 mg-0"".
Experiments supplementing growth with glucose indicated that this substrate increased the biomass, and also induced the
biodegradation of m-cresol. From the results, it can be concluded that Lysinibacillus cresolivorans is an efficient m-cresol-

degrading bacterium and that glucose plays multiple roles in the co-substrate condition.
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Introduction

Phenolic compounds are environmental pollutants because of
their wide distribution and detection in the effluent of various
industrial operations, which include petrochemicals, textile,
dying, varnish industries, phenolic resin manufacturing and
steel plants (Jiang et al., 2006; Juang and Tsai, 2006). These
compounds have high toxicity to most of the microorganisms,
plants, fish and animals, which can cause considerable damage
to the environment. The aromatic ring structure in these com-
pounds isrelatively resistant to natural biodegradation (Juang
and Tsai, 2006). Series of available processes have been applied
to eliminate these recalcitrant chemicals before discharge into
water bodies. Studies have demonstrated that biological treat-
ment shows more promise for wastewater treatment of phenolic
compounds (Bai et al., 2007) than conventional physicochemi-
cal treatment techniques such as adsorption, coagulation, ion
exchange, chemical oxidation, photocatalytic oxidation and
other advanced oxidation processes.

Previous studies have reported that phenolic compounds
can be degraded by microorganisms, most commonly
Pseudomonas (Taylor, 1975; Ahamad et al., 2004; Goswami
et al., 2005; Yang and Lee, 2007; Saravanan et al., 2008a).
Pseudomonas can degrade phenol at less than 1 200 mg-("!
(Ren et al,, 2009). m-Cresol is a representative phenolic com-
pound and is listed as a priority pollutant by the United States
Environmental Protection Agency (Bai et al., 2007). There
are several reports of m-cresol biodegradation by Alcaligenes

*  To whom all correspondence should be addressed.
B +86-20-39380588; fax: +86-20-39380588,;

e-mail: ceyren@scut.edu.cn
Received 22 April 2010; accepted in revised form 8 November 2010.

Available on website http://www.wrc.org.za
ISSN 0378-4738 (Print) = Water SA Vol. 37 No. 1 January 2011
ISSN 1816-7950 (On-line) = Water SA Vol. 37 No. 1 January 2011

faecalis, Pseudomonas sp., and Candida albicans (Bai et al.,
2007; Saravanan et al., 2008a; Wang et al., 2009). Ahamad
and Kunhi (1999) reported that Pseudomonas sp. CP4 can
mineralise all 3 isomers of cresol and the degradation rates
of these 3 isomers were in the order: ortho- > para- > meta-
cresol. Lag periods were observed with all 3 isomers, the
longest being in the case of m-cresol because of the inactiva-
tion of the meta- methyl group. Considerable progress has
been made, but most of the bacteria studied can only degrade
m-cresol at concentrations of less than 600 mg-C". In this
paper, a novel bacterium capable of biodegrading m-cresol
was isolated from the aerobic sludge from an efficient coking
wastewater treatment plant. Morphological and biochemical
analyses, including 16S rRNA gene sequence comparisons,
demonstrated that the selected strain belongs to a novel spe-
cies, Lysinibacillus cresolivorans. In order to fully charac-
terise this new bacterium, its degradation characteristics and
kinetics were examined.

Experimental
Chemicals and culture medium

m-Cresol (99.5% purity) was purchased from Sinopharm
Chemical Reagent CO., Ltd, China. Other chemicals used in
this study were all of analytical grade.

The mineral salts medium (MSM) used to culture the strain
was: K. HPO, 2.24 g-¢!, KH PO, 2.75 g-¢"', (NH,)SO, 1.00 g-¢",
MgCl,-6H,0 0.2 g-¢', NaCl 0.1 g-¢"!, FeCl,-6H,0 0.02 g-¢",
CaCl, 0.01 g-¢"'. m-Cresol was filtered, sterilised and added
after autoclaving.

LB culture medium used to culture the strain was: beef
extract 3.0 g-¢"!, peptone 10.0 g-¢', NaCl 5.0 g-¢!, pH 7.0-7.2.
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Enrichment and isolation of m-cresol-degrading
strains

Activated sludge obtained from the aerobic basin of a coking
wastewater plant at Shaoguan City was inoculated into 100
md of a fresh sterile MSM containing 50 mg-0"! m-cresol as
the sole carbon and energy source. Cultures were incubated
at 35°C at 170 r-min™ and sampled periodically for m-cresol
loss and turbidity due to bacterial growth. When the culture
medium became turbid, which indicated growth, 10 m€ of the
suspension was transferred to a fresh sterile MSM containing
100 mg-L"! m-cresol. The procedure was repeated 4 times, to
increase the level of m-cresol to 500 mg-C"'. The final enriched
culture was spread on MSM agar plates with 200 mg-{"!
m-cresol as sole carbon source. After incubation for 24 h, dif-
ferent colonies were selected and isolated by using the streak
plating method 3 times on LB plates. Finally, the purified
strain was obtained. The strain was inoculated into a LB cul-
ture medium, incubated in a rotary shaker for 48 h at 35°C,
170 r'min', and used for further degradation experiments.

DNA extraction and PCR amplification

For 16S rRNA gene sequencing, DNA was extracted and the
almost complete 16S rRNA gene was amplified using primers
F27 (5°-AGA GTT TGA TCC TGG CTC AG-3’) and R1522
(5’-AAG GAG GTG ATC CAG CCG CA-3’). All reactions
were carried out in a 50 p volume, containing 36.5 pt deion-
ized H,O , 5.0 u€ 10xPCR buffer, 5.0 pf 2.5 mM dNTPs, 1.0
pt 10 uM primer F27, 1.0 pl 10 pM primer R1522, 1.0 pt DNA
template, and 0.5 p¢ SU(uC) ' Blend-Tag. PCR amplification
was conducted in an automated thermal cycler (PCR 9600, PE,
USA) using the following protocol: initial denaturation for

3 min at 94°C and 30 cycles of denaturation for 1 min at 94°C,
annealing for 1 min at 52°C, extension for 1 min at 72°C, fol-
lowed by a final extension for 7 min at 72°C. The 1.5kb PCR
fragments were sequenced at the Shanghai Bioasia (Invitrogen)
Biotechnology Co. Ltd. and the sequences were logged in
Genbank to compare with registered/submitted sequences.

Biodegradation of m-cresol by Lysinibacillus
cresolivorans

The strain was inoculated into sterile MSM supplemented
with m-cresol as the sole carbon and energy source, and all
cultures were incubated in a rotary shaker at 170 r'min’'. This
was used for studying the optimisation of growth parameters:
temperature, pH, inoculation dosage, nitrogen, and carbon
sources. When optimal growth conditions were set, m-cresol
concentrations varying from 54.1 to 529.1 mg-0"! were investi-
gated. Each treatment was conducted in triplicate and the mean
values obtained are reported. The degradation efficiency was
determined and estimated by the remaining rate of m-cresol
degradation from the liquid culture.

Analytical method

Cell density in the culture medium was estimated with a
UV-2800 spectrophotometer (Unico, Shanghai, China) by
measuring absorbance (OD) at 600 nm. The quantification of
m-cresol was measured by high performance liquid chroma-
tography (HPLC). HPLC was performed with C18 column
(Agilent HC-C18, 5 um, 4.6 x 250 mm) with methanol/water
(60/40, v/v) as the mobile phase at a flow rate of 0.7 m{/min,
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Figure 1

Growth curve and corresponding m-cresol biodegradation curve

and detection was realised with a UV detector at 270 nm. The
retention time for m-cresol was 6.67 min.

Results and discussion

Isolation and identification of Lysinibacillus
cresolivorans

After multiple cycles of inoculation and screening, the colony
capable of degrading m-cresol was obtained from the enrich-
ment culture. The nearly complete 16S rRNA gene of the puri-
fied isolate was PCR-amplified and sequenced. BLAST search
of its 16S rRNA gene sequence indicates that the strain shares
94% identity with Lysinibacillus fusiformis and Lysinibacillus
macroide, which indicated that it belongs to a novel Lysini-
bacillus sp. strain. (The PCR, sequencing and physiological/
biochemical identification results have been submitted to
[JSEM). Its GenBank accession number is EU043375 and the
collection number of Lysinibacillus cresolivorans is CCTCC M
208210 T and NRRL B-59352T.

Growth on m-cresol

Lysinibacillus cresolivorans suspension was inoculated into
MSM (10%, v/v) containing 52.76 mg-0"' m-cresol at exponen-
tial phase (OD = 0.083). The culture was then incubated in a
rotary shaker at 35°C, 170 r-min". Cell density and residual
concentration of m-cresol were estimated at the same time
points. The growth of Lysinibacillus cresolivorans on m-cresol
is shown in Fig. 1. We can see that Lysinibacillus cresolivorans
utilised m-cresol as its sole source of carbon and energy, and
growth of bacteria is closely related to the biodegradation of
m-cresol.

Degradation of m-cresol by Lysinibacillus
cresolivorans

The hydrogen ion concentration in the culture medium influ-
ences bacterial growth since pH limits the activity of enzymes
(Wu et al., 2009). The effect of pH on m-cresol biodegradation
by Lysinibacillus cresolivorans is shown in Fig. 2. The highest
biodegradation rate was achieved when the pH ranged from
6.9 t07.3. This indicates that a neutral environment is suitable
for biodegradation of m-cresol. When the pH was less than
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Effect of pH on m-cresol biodegradation by
Lysinibacillus cresolivorans
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Effect of temperature on m-cresol biodegradation by
Lysinibacillus cresolivorans

5.0 or greater than 9.0, the degradation rate of m-cresol was
decreased. A long lag phase was observed when the pH was
less than 4.9, with more than 80% residual m-cresol remaining
after 6 h biodegradation.

Bai et al. (2007)isolated Alcaligenes faecalis, capable of
degrading m-cresol in media in which the pH was higher than 9.0
or lower than 5.0. The highest biodegradation rate was achieved
at pH 7.0. The optimal pH value for m-cresol biodegradation by
Lysinibacillus cresolivorans was 7.0 in this study.

In order to optimise biodegradation, the temperature for
m-cresol biodegradation was set at 25, 30, 35, and 40°C; the
starting concentration of m-cresol was aprox. 50 mg-0. As
shown in Fig. 3, when the temperature was 35°C m-cresol was
completely degraded after 4 h incubation; however, the residual
percentage was around 58%, 10% and 50% at 25, 30 and 40°C,
respectively. Therefore, the optimal temperature, at which the
degradative enzyme reached highest activity, was 35°C.

In order to study the effects of inoculation dosage on
m-cresol biodegradation, the inoculation dosage of bacteria
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Effect of inoculation dosage on m-cresol biodegradation by
Lysinibacillus cresolivorans
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Effect of nitrogen sources on m-cresol biodegradation by
Lysinibacillus cresolivorans

was changed from 2% to 20%, with initial optical density of
culture at 0.032, 0.056, 0.083, 0.105 and 0.137. As shown in
Fig. 4, the biodegradation rate increased as inoculation dosage
was increased from 2% to 15%. m-Cresol had been completely
degraded after 3.5 h when the inoculation dosage was 10% and
15%. However, at the same time, the removal percentages of
m-cresol were 19.5%, 50.3% and 88.2% at 2%, 5%, and 20%
dosage, respectively. When inoculation dosage was up to 20%
or more, the biodegradation decreased. Surplus microorgan-
isms competed for the reduced amount of nutrition which led to
a declining biodegradation rate. Therefore, 10% was found to
be the optimal inoculation dosage for m-cresol biodegradation
from economical and efficient consideration.

Nitrogen is important for growth and metabolism. NH,Cl,
(NH,),SO,, NH,NO, and CO(NH,), were compared in the
biodegradation of m-cresol. Nitrogen content in every culture
medium was around 100 mg-£!. The effect of nitrogen source
on m-cresol biodegradation by Lysinibacillus cresolivorans
is shown in Fig. 5. Inorganic nitrogen had a greater effect on
the biodegradation of m-cresol than organic nitrogen (urea).
(NH,),SO,and NH,NO, have the best efficiency, at 6 h, for
m-cresol biodegradation.
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Figure 6
Biodegradation of m-cresol for different initial concentration by
Lysinibacillus cresolivorans

Biodegradation kinetics of m-cresol by Lysinibacillus
cresolivorans

Batch cultures of Lysinibacillus cresolivorans were inoculated
in MSM containing m-cresol as the sole carbon and energy
source, in order to obtain the biodegradation kinetic model
parameters of m-cresol. Substrate concentrations were meas-
ured over time for different initial concentrations of m-cresol
(54.1 t0 529.1 mg-£") at optimal biodegradation conditions.
Figure 6 shows that m-cresol at concentrations of 54.1, 122.8,
180.1, 224.2, 316.6, 380.8 and 529.1 mg-0! was completely
biodegraded by the culture in 6, 9, 10, 12, 19, 31 and 44 h,
respectively. The lag period in each case was, respectively,
2,4,6,8,12,21and 30 h. The results clearly showed good abil-
ity in biodegrading m-cresol, even at high concentrations, when
employing Lysinibacillus cresolivorans.

The average biodegradation rate and kinetic model equa-
tion of different m-cresol concentrations is represented in
Table 1. The biodegradation of m-cresol was consistent with the
zero-order kinetics equation when the lag period was excluded.
The average biodegradation rate increased with an increase in
initial m-cresol concentration, but the average biodegradation
rate reached its maximum of 18.682 mg-({-h)! when m-cresol
was 224.2 mg-0!. As the concentration continued to increase,
the average biodegradation rate decreased from 18.68 mg-(€-h)"!
to 12.02 mg-(L'h)™.

The biodegradation kinetics of m-cresol has been reported
in prior studies. Saravanan et al. (2008b) investigated bio-
degradation kinetics of m-cresol by an indigenous mixed
microbial culture isolated from a sewage treatment plant.

The substrate m-cresol was completely utilised within 21 h
when present at concentrations of 100-600 mg-'; a maximum
time of 187 h was observed for its removal. Therefore, com-
pared with other bacteria reported to biodegrade m-cresol,
Lysinibacillus cresolivorans displays superior performance.

Growth kinetics of Lysinibacillus cresolivorans

Biodegradation experiments of Lysinibacillus cresolivorans
were conducted with m-cresol concentrations ranging from

0 to 1 200 mg-L". The experimental data were utilised for
calculating the specific growth rate and culture biomass yield
according to the following equations:

_y._dC. 1

e M

x

where
u_is the specific growth rate (h™)
7, the cell growth rate
CX the cell concentration (mg-£").

Because of the substrate inhibition on the cell growth,
Haldane’s equation was selected due to its wide applicabil-
ity for assessing the growth kinetics of inhibitory substrate
(Haldane, 1965):

H max S

T K, +S+(SUK,) @

H,
where:
S is the substrate concentration (mg-¢™"),

u, . is the maximum growth rate (h™),
K is the substrate saturation coefficient and
K. is the substrate inhibition coefficient.

The values of the parameters: u, =0.89 h', K =426.25
mg-L", K, = 51.26 mg-{"', were derived using a nonlinear least-
squares regression analysis of ORIGIN 7.5 based on the experi-
mental data obtained in the tests. The value of the squared
2-norm of the residual at these parameters was very small

(3.0 x 10-%), which indicated that the regression curve agreed
with the data very well.

It could be seen in Fig. 7 that the maximum specific growth
rate occurred at very low m-cresol concentrations. When the
initial concentration of m-cresol was 151.5 mg-£"!, the maxi-
mum specific growth rates were 0.1316 h'. With the increase
of initial substrate concentration, the specific growth rate
decreased, which may be a result of an intense substrate inhibi-
tion. A higher substrate concentration demonstrated a stronger
substrate inhibitory response.

Table 1
Kinetic equations for different initial m-cresol concentrations
Initial Average Fitting equation k: R?
concentration | biodegradation mg-(€-h)~
of m-cresol: rate:

mg-¢-! mg-(€-h)~

54.1 9.017 =—16.4041+99.307 16.404 0.9978
122.8 13.644 C=—22.190¢1+202.54 22.190 0.9285
180.1 18.003 =—35.415¢+358.22 35.415 0.9962
224.2 18.682 C=—46.803¢1+548.86 46.803 0.9423
316.6 16.664 C=—36.436¢+702.12 36.436 0.9899
380.8 12.283 C=—27.953t1883.48 27.953 0.9716
529.1 12.024 C=—27.128¢+1189.5 27.128 0.9624
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Effect of glucose on m-cresol biodegradation by Lysinibacillus
cresolivorans

The effect of glucose on m-cresol biodegradation

When the initial concentrations of m-cresol were, respectively,
380.8 and 529.1 mg-("!, it took 31 h and 43 h for complete
biodegradation; the average biodegradation rate decreased to
12.283 and 12.024 mg-(C-h)". Thus, heavy concentrations of
substrate inhibited the biodegradation of m-cresol; the higher
the m-cresol concentration, the stronger the substrate inhibi-
tion. In order to mitigate the inhibition, different concentrations
of glucose were added to the culture containing 529.1 mg-£™!
m-cresol. The glucose concentration changed from 0 to 800
mg-£!. As shown in Fig. 8, glucose promoted the biodegrada-
tion of m-cresol. Biodegradation time became shorter when
glucose varied from 0 to 600 mg-€"!, but when glucose concen-
tration was further increased, biodegradation time increased.
Therefore, the higher dosage of glucose was not better for the
degradation of m-cresol. It took 22 h to completely biodegrade
m-cresol at a glucose concentration of 600 mg-£, while the
removal percentage was only 17.61% without glucose at the
same incubation duration.

Glucose is an easily degradable organic substance that
is apt to be utilised by microbes. The mechanism by which
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Four control experiments of m-cresol biodegradation by
Lysinibacillus cresolivorans

glucose enhances the biodegradation of m-cresol may rely on

increase in biomass only or on inducing the biodegradation

of m-cresol, or both.. In this study, the OD of cultures when

600 mg-¢! glucose is provided as sole carbon source is 0.626.

The biodegradation efficiencies of adding 600 mg-{! glucose

and adding 0.626 OD biomass were compared. If the 2 rates

are the same, it can be concluded that glucose merely acts as
an extra carbon source; if the former rate is higher, it can be
concluded that glucose has an induction effect on m-cresol
biodegradation.

We designed 4 experiments to study the effect of 600 mg-{!
glucose on the degradation of m-cresol according to the above
hypothesis:

e Culture 1: 5 mf of inocula + 529 mg-£! m-cresol

e Culture 2: 5 m{ of inocula + 529 mg-£"! m-cresol + 600
mg-L! glucose (at the same time)

e Culture 3: 5 m¢ of inocula + 600 mg ¢! glucose (at first);
when OD,, reached 0.626, 529 mg-£"' m-cresol was also
added

e Culture 4: 5 m{ inocula + 529 mg-0! m-cresol + additional
biomass (OD=0.626)

All of the cultures were in 50 m¢{ MSM media. Residual con-
centration of m-cresol was estimated at certain times. It could
be concluded that the glucose and m-cresol were degrading
simultaneously in Culture 2, as there were some intermediate
products of glucose degradation. Culture 3 had little inter-
mediate products of glucose degradation. The experiments
were designed to confirm the presence of an induction effect.
Culture 4 was used to estimate the effect of more dosage. All
of the cultures can be compared with Culture 1 to illustrate the
effect of glucose on degradation of m-cresol.

The results of 4 control experiments are shown in Fig. 9.
Adding glucose and increasing the dosage can increase the
degradation of m-cresol. As explained above, if glucose only
has the effect of proliferation, Cultures 2 and 4 should have the
same degrading efficiency. However, it was found that Culture
2 took less time than Culture 4, which indicates that glucose
does not only play a role by increasing the biomass. In Culture
3, glucose was not completely utilised by microorganisms until
the exponential phase. When m-cresol was added, there was
little glucose to induce the biodegradation of m-cresol. Because
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the carbon source (glucose) had been exhausted, the activity
of the microorganisms had decreased. Thus the efficiency of
degradation was weaker for Culture 3 than Culture 4.

Based on the above results, it can be concluded that glucose
not only increased the amount of bacteria, but also induced
the biodegradation of m-cresol and shortened the lag phase. A
simple increase of biomass cannot attain the equivalent degra-
dation effect obtained when glucose was added to the culture.
In the presence of an external carbon source, Lysinibacillus
cresolivorans was still able to utilise m-cresol. It is thus favour-
able for biodegrading phenolic sewage containing other carbon
pollutants.

Conclusions

Lysinibacillus cresolivorans, capable of using m-cresol as the
sole source of carbon and energy, was isolated from the activated
sludge in a coking wastewater treatment plant. It was identi-

fied by morphological and biochemical analyses, as well as 16S
rRNA gene sequence comparisons, which demonstrated that

the selected strain belongs to a novel species, Lysinibacillus
cresolivorans. The optimal pH and temperature of m-cresol
biodegradation by Bacillus cresolum was around 7.0 and 35°C,
respectively, and the most suitable inoculation dosage was 10%.
The presence of a nitrogen source improved the biodegradation
rate, NH,Cl, (NH,),SO, and NH,NO, were better than CO(NH,),
for the biodegradation of m-cresol. Under optimal growth condi-
tions, the biodegradation of m-cresol changed from 54.1 to 529.1
mg-, and followed a zero-order kinetics equation. The maxi-
mum average biodegradation rate was 18.682 mg-({-h)"! when
the initial m-cresol concentration was 224.2 mg-{". The experi-
mental data of growth kinetics of Lysinibacillus cresolivorans
fitted the Haldane kinetics models well. The parameter values of
m-cresol on cell growth were 4 =0.89 h', K =426.25 mg-¢",
K, =51.26 mg-t". Glucose accelerated the biodegradation rate,
especially in the cultures containing a high concentration of
m-cresol. When glucose concentration was 600 and 800 mg-(-!,
respectively, complete biodegradation of 529.1 mg-£"!' m-cresol
only took 22 and 24 h, compared to 43 h without glucose; bio-
degradation time was thus halved. Four control experiments
showed that glucose had an induction effect on the biodegrada-
tion of m-cresol. Lysinibacillus cresolivorans may prove to be an
ideal microorganism for eliminating phenolic compounds.
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