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a b s t r a c t

Comparison of the ability of Staphylococcus xylosus to degrade 2,4-dichlorophenol and 4-Cl-m-cresol in
separate cultures is reported. Bacterial adaptation and the continuous presence of glucose, as a conven-
tional carbon source, were found to stimulate the degrading efficiency of S. xylosus. 4-Cl-m-cresol exhibited
higher substrate-induced toxicity with Kig value at 0.25 mM, comparing to 2,4-dichlorophenol (Kig value at
0.90 mM) at initial concentration ranging from 0.1 to 0.5 mM. Degradation rate of 4-Cl-m-cresol was found
eywords:
,4-Dichlorophenol
-Cl-m-cresol
taphylococcus xylosus
daptation

nhibition

to decrease only, revealing lower value of inhibition degradation constant (Ki at 0.019 mM) comparing to
that of 2,4-dichlorophenol (Ki at 0.41 mM). Both glucose and each one of the chloro-aromatic compounds
tested were simultaneously consumed and an increase of chloride ions in the medium appeared, during the
exponential phase of growth. The chloride ions increase was nearly stoichiometric in the presence of 2,4-
dichlorophenol and one of its several intermediate products identified was 2-Cl-maleylacetic acid. In the
case of 4-Cl-m-cresol, only one metabolic product was found and identified as 3-methyl-4-oxo-pentanoic
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. Introduction

Phenolic effluents are produced by several industries including
etroleum refineries, pharmaceutical and plastic industries, con-
tituting thus important representatives of hazardous wastes [1].
mong them, 2,4-dichlorophenol (2,4-DCP) and 4-Cl-m-cresol are
ainly used as disinfectants and intermediates in organic synthesis

2,3]. Their extensive use pose a serious threat for the environment
nd the human health, since 2,4-dichlorophenol and 4-Cl-m-cresol
re included in the list of 129 priority pollutants according to US
nvironmental Protection Agency [4].

In most of the bioremediation processes Gram-negative bacteria
re used. Pseudomonads have been extensively studied and consti-
ute the main carrier of biodegradation studies due to their nutrient
nd metabolic diversity [5]. Gram-positive bacteria, i.e. Rhodococ-
us spp., have been proved recently very effective in bioremediation
echniques [6]. Remarkable differences between Gram-positive
nd Gram-negative bacteria have not been observed, regarding

he degradation mechanism of some aromatic compounds, since
ioxygenases are mainly responsible for the ring cleavage [7]. How-
ver molecular toxicity resulting from enzyme inhibition, protein
enaturation and membrane modification is not so apparent in

∗ Corresponding author. Tel.: +30 2310 996193; fax: +30 2310 995929.
E-mail address: markyr@eng.auth.gr (M. Liakopoulou-Kyriakides).
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ram-negative species due to the activation of a broad range of
efense mechanisms [8].

Staphylococcus sp. has been used in single cases of phenol and
atechol degradation while it was found also able to utilize waste
rilling fluid as a substrate [9,10]. Nielsen et al. [11] have iso-

ated recently Gram-positive cocci, Staphylococcus haemolyticus,
hich showed an extreme solvent tolerance. In general, the reports

egarding the degrading ability of Staphylococcus sp. are limited.
herefore, the previous report [11] may turn the attention towards
new direction.

Most of the studies involve biodegradation of toxic pollutants
s sole carbon and energy source [12]. However, the tolerance of
icroorganisms towards the exhibited toxicity of these compounds

s not unlimited. High concentrations of these compounds may
hange the activity of one or more enzymes, affect enzyme syn-
hesis by interaction with genome or transcription process, alter
ell’s permeability and finally influence the total functional activ-
ty of the cell [13]. It is evident that many of these systems are not
ffective at high concentrations of pollutants, since the main result
s low growth and degradation rates [14].

In order to prevent the unfavorable impacts on cells metabolism,

any researchers have recently studied the effect of an easily

ssimilated carbon source on the biodegradation of a xenobiotic
ompound [15]. According to these studies, microorganisms have
o perform different modes of action. In the wide majority of
ases, conventional carbon sources at low concentrations stimulate

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:markyr@eng.auth.gr
dx.doi.org/10.1016/j.jhazmat.2008.06.102
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chromatography, using Dionex 4500i model with a Dionex Ion Pak
column (AS9-HC, 4 mm).
84 M. Ziagova et al. / Journal of Haz

icrobial growth and thus more enzymes are available in order
o attack the toxic compound [16]. However, in high concentra-
ions, carbon catabolite repression may happen, suspending thus
he microbial degradation [17].

Another issue, that has to be pointed out here, is the importance
f culture history on the effective biodegradation of priority pollu-
ants, since it affects strongly the physiological state of the cells,

eaning their macromolecular composition, which is the synthe-
is and reaction of enzyme systems [18]. It has been also reported
hat bacteria continuously exposed in xenobiotic compounds have
mproved their degradation abilities [19,20]. In microbial commu-
ities, a natural selection between microbial species takes place
ue to pollution. This imminent change is referred as microevo-

ution, according to Medina et al. [21]. If adaptation is too slow
nder experimental conditions, the addition of a variety of micro-
ial strains carrying some desired genes might speed up evolution
directed evolution) [22].

Many mechanisms are responsible for this result: induction,
utation and horizontal gene transfer. The later is reported in bac-

eria of mixed and not single populations [23,24].
Here, the adaptation of Staphylococcus xylosus in the continu-

us presence of 2,4-dichlorophenol and 4-Cl-m-cresol separately,
n combination with the addition of an easily assimilated substrate
glucose) is used for the stimulation of the degrading ability of
his microbial strain. According to this, we report on the kinetics
f biodegradation of 2,4-dichlorophenol and 4-Cl-m-cresol sepa-
ately by S. xylosus in the presence of glucose as the carbon source.
athematical models were adopted also in order to describe the

elation between the degradation rates, the specific growth rates
nd the initial chloro-compound concentration. Measurements of
otal chloride ions liberated from each chlorinated compound were
arried out, as well as a first estimation was made involving the
olecular structures and identity of some metabolites, which are

eported here.

. Materials and methods

.1. Bacterial strains

S. xylosus cells were obtained from the collection of the labora-
ory of Food Microbiology and Hygiene in the School of Agriculture,
.U.Th, Greece (Prof. E. Litopoulou-Tzannetaki). The strain was iso-

ated from a mining industry near Stratoni, Chalkidiki, Greece and
as identified according to the criteria described in Bergey’s Man-
al of Systematic Bacteriology [25].

.2. Adaptation experiments

Adaptation experiments of S. xylosus were performed by suc-
essive cultivations in the mineral medium described by Dorn et
l. [26] in the presence of 0.1% (5.5 mM) glucose and 0.1 mM 2,4-
CP. Acclimation period was completed, when there was no further
hange in the residual concentration of 2,4-DCP in the medium.
ells were collected at the end of their exponential phase and
pread onto minimal agar plates containing 2,4-DCP and glucose
s carbon source. Plates were incubated at 30 ◦C for 2 days. Similar
daptation experiments were performed in the presence of 0.1 mM
-Cl-m-cresol and 0.1% glucose.
.3. Culture conditions

S. xylosus cells were grown in the mineral medium described
bove in the presence of 0.1% glucose and 2,4-DCP at 0.1–1.0 mM
oncentrations. The increment in the final concentration of 2,4-DCP

2

w
g
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as made subsequently, starting from 0.1 mM, according to bacte-
ia’s growth characteristics and degradation ability. The addition of
oxic substrate in each culture was done at the early beginning of
he exponential phase in two doses (OD600 approx. 0.1) 5 min apart
rom each other. Batch cultivations were carried out aerobically at
0 ◦C in Erlenmeyer flasks in a water bath at 150 rpm, with an air
o liquid ratio of 5:1 (v/v). Liquid stock cultures were maintained in
he refrigerator at −70 ◦C, in the presence of 10% glycerol. The same
ulture procedure was followed in the case of 4-Cl-m-cresol, as the
ther toxic substrate, at 0.1–0.5 mM concentrations.

.4. Measurement of cell growth

Growth of the cultures was monitored, by measuring optical
ensity at 600 nm, with a Shimadzu UV–Vis spectrophotometer.
he specific growth rates were estimated by the slope of the expo-
ential phase of each growth curve at all concentrations of 2,4-DCP
nd 4-Cl-m-cresol investigated in this work.

.5. Extraction of 2,4-DCP and 4-Cl-m-cresol

Samples of 5 ml from culture medium were taken hourly mainly
uring the exponential phase, and at the end of the stationary
hase (24 h). They were centrifuged at 2000 × g for 20 min and
he supernatant was extracted three times with two-fold volumes
f ethyl acetate. The organic layers were collected and processed
s previously reported [27]. The average recovery for 2,4-DCP and
-Cl-m-cresol, respectively was 95 ± 3%.

.6. Analytical methods

2,4-DCP and 4-Cl-m-cresol were determined by reverse phase
igh-pressure liquid chromatography (HPLC) using a C18 column
250 mm length and 4.6 mm internal diameter) and UV detection at
70 nm. The mobile phase consisted of acetonitrile/H2O/CH3COOH
n the ratio 70/30/0.5 at a flow rate of 0.75 ml min−1. The detection
imit of both compounds was 0.35 mg l−1. Retention times of refer-
nce 2,4-DCP and 4-Cl-m-cresol were estimated at 3.5 and 3.8 min,
espectively.

Calibration curves were obtained from their reference solu-
ions by extracting 2,4-DCP and 4-Cl-m-cresol, respectively
ith ethyl acetate, following exactly the above-mentioned
rocedure.

Metabolites were determined by GC–MS analysis, using a GCQ
lus MS system (EI, ThermoQuest Finnigan, USA), connected with a
race GC 2000 (ThermoQuest CE Instruments, USA) gas chromatog-
aphy system.

Glucose was determined photometrically, by measuring the
bsorbance at 575 nm, using dinitrosalicylic acid method [28].

.7. Chloride ions release

Chloride ions in the culture medium were monitored by anion
.8. Chemicals

All the solvents and reagents used in the present study
ere purchased from Merck Chemicals industry and were HPLC

rade.
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. Results and discussion

.1. Adaptation of the bacterial strain S. xylosus

First, a series of growth experiments were conducted using
,4-DCP and 4-Cl-m-cresol as the only carbon source in separate
ultures at concentrations ranging from 0.05 to 0.2 mM, in the
resence of vitamins and amino acids as growth factors. Since no
eal growth was observed under these experimental conditions,
ttempt was made to use 2,4-DCP and 4-Cl-m-cresol in combina-
ion with glucose (0.1%), where the biomass increase was evident.
he amount of glucose used was the minimum one required, to
ortify and not to repress bacterial growth.

In order to investigate the evolutionary ability of S. xylosus and
mprove its degradation ability, successive cultivations of the bac-
erial stain were carried out in the continuous presence of 0.1 mM
,4-DCP and 4-Cl-m-cresol separately in combination with glucose.

In most cases reported, bacterial adaptation is achieved by grad-
ally increasing the initial xenobiotic concentration. However, in
hese studies the organic pollutant is used as the main carbon
ource by the bacterial biomass, and it obviously exhibits wider
imits of tolerance [20]. It has to be mentioned that despite the con-
inuous exposal in a persistent compound, still there is a threshold
oncentration above which gradual decrease in total cell num-
er is not reported [20]. In addition, Spain and Van Veld [29]
ave reported that the extent of adaptation in p-nitrophenol was
ot always directly proportional to its pre-exposure concentration.
ccording to these and due to limited growing ability of S. xylosus
igher concentrations of 2,4-DCP were not tested.

Fig. 1a and b gives the total percentage of consumption and the
pecific growth rate of 2,4-DCP and 4-Cl-m-cresol, respectively, at
he end of the exponential phase after each culture. As it is shown in
his figure, three phases are clearly discriminated for both parame-
ers measured, in relation to the number of cultivations. During the
rst phase, no change in specific growth or in percentage of con-
umption is evident. The cells seem to prepare themselves in order
o better assimilate each xenobiotic compound. The improved per-
ormance of S. xylosus becomes apparent from the second-active
hase, where an immediate increase in its specific growth rate

nd the percentage of 2,4-DCP and 4-Cl-m-cresol consumption is
bserved. The end of the active phase, where no further increase
n both parameters is observed, indicates the end of the adaptation
eriod.

ig. 1. Percentage of consumption (a) and specific growth rates (b) of Staphylococcus
ylosus successive cultivations in 0.1 mM 2,4-DCP (�) and 4-Cl-m-cresol (�), in the
resence of glucose. Error bars indicate the deviation of triplicate experiments.
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From Fig. 1 also it can be seen clearly that less cultivations are
eeded, in order the cells to be adapted in the presence of 2,4-DCP.
he percentage of consumption as well as the specific growth rate
pproaches remarkable higher values (63% and 0.157 h−1, respec-
ively) in the case of 2,4-DCP, contrary to 4-Cl-m-cresol where the
wo parameters have distinctively reached lower values (34% and
.091 h−1, respectively), showing higher persistence in biodegrada-
ion. Similar results were obtained with Pseudomonas sp. showing
igher resistance of 4-Cl-m-cresol to biodegradation [27].

The increase in specific growth rate with successive cultural
assages of the same bacterium reflects the important role that
xposure to unusual compounds could play in the adaptation of
icroorganisms to xenobiotics, in order to obtain higher efficiency

f degradation [30].
The increment in both parameters observed could be attributed

o changes in macromolecular composition, DNA modifications and
NA synthesis, which is known as physiological adaptation [18], and

n our case explains better S. xylosus performance.
According to the above, the acquisition of degradation ability by

he microorganism can be proved, as it has already been reported
31], very useful in bioremediation processes.

.2. Effect of 2,4-DCP and 4-Cl-m-cresol concentration on
acterial growth

The highest specific growth rate was attained in the presence of
lucose only (0.177 h−1), as it was expected, whereas in the pres-
nce of 2,4-DCP and 4-Cl-m-cresol only, there was an extremely
eak growth of S. xylosus.

Cell’s growth is continuous and there is no delay, despite the
ddition of 2,4-DCP 2 h approx. after the inoculation of the medium.
owever, the initial concentration of 2,4-dichlorophenol affects

he duration of the exponential phase, since at low initial con-
entrations (0.1 mM) the growth is completed after 7 h, whereas at
igher initial concentrations 10 h are needed. Similar results were
btained in the case of 4-Cl-m-cresol (data not shown).

In order to better understand the effect of the initial concentra-
ion on cell’s growth, specific growth rates were calculated at all
oncentrations studied. Fig. 2a and b gives the reciprocal value of
pecific growth rate of S. xylosus at various concentrations of 2,4-
CP and 4-Cl-m-cresol, respectively. As it is indicated, the specific
rowth rate is decreased with increasing substrate concentration
or both 2,4-DCP and 4-Cl-m-cresol, possibly because of substrate-
nduced toxicity, which is more evident with 4-Cl-m-cresol.

Using a non-competitive inhibition model for the growth of S.
ylosus in the presence of these two xenobiotic compounds, each
ne separately, the growth inhibition constant and the maximum
pecific growth rate were calculated from the following linearized
q. (1), according to Banerji and Bajpai [32].

1
�

= 1
�max

+ I

�maxKig
(1)

here � is the specific growth rate (h−1), �max the maximum
pecific growth rate (h−1), I the 2,4-DCP or 4-Cl-m-cresol initial con-
entration (mM) and Kig is the growth inhibition constant (mM).
he calculation of growth inhibition constant is very important
ince indicates the loss of multiplication ability of microorganisms
ue to the continuous presence of an organic pollutant [33].

In the case of 2,4-DCP only (Fig. 2a), the yielded group of points
ere not possible to be linked by one common regression straight
ine, since at higher concentrations than 0.5 mM there is a steep
rop in the values of specific growth rate. Because of this non-linear

nhibition, two straight lines, 1 and 2 each for one concentration
rea between 0 and 0.5 mM and 0.5 and 1.0 mM, respectively were
sed in order to better characterize the system.
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ig. 2. Determination of Kig and �max values in the presence of 2,4-DCP (a) and
-Cl-m-cresol (b). Error bars indicate the deviation of triplicate experiments.

Accordingly, Table 1 shows the values of the estimated parame-
ers.

The first corresponding Kig value (concentration range
.1–0.5 mM, line 1) characterizes mainly the sensitivity of glucose
atabolism because of the inhibitory presence of 2,4-DCP on the
etabolic activity of the cells. The second Kig value probably

as been resulted because of the death of a high percentage of
icroorganisms, due to high toxicity values of the medium at high

oncentrations 0.5–1.0 mM of the xenobiotic. S. xylosus growth
as inhibited mainly by 4-Cl-m-cresol, since the estimation of

rowth inhibition constant shows that inhibition occurs at low
alues of 4-Cl-m-cresol initial concentration, whereas no growth
as observed at higher than 0.5 mM concentrations.

Growth characteristics constitute an important indication for
he degrading efficiency of S. xylosus, which is expected to be more

fficient in the presence of 2,4-DCP, as it is closely associated to the
ize of bacterial population (higher number of available degrading
nzymes), whereas the value of the growth inhibition constant is
igher [34]. It is worth mentioning that, there is only one report

able 1
alculated values of �max and Kig

Concentration range

0.1–0.5 mM (line 1) 0.5–1.0 mM (line 2)

,4-DCP
�max (h−1) 0.179 ± 0.013 0.044 ± 0.010
Kig (mM) 0.90 ± 0.09 0.37 ± 0.05
r2 0.97 0.98

Concentration range
0.1–0.5 mM

-Cl-m-cresol
�max (h−1) 0.148 ± 0.023
Kig (mM) 0.25 ± 0.003
r2 0.89
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ig. 3. Time course variations of residual 2,4-DCP percentage at concentrations (�)
.1 mM, (�) 0.2 mM, (�) 0.3 mM, (�) 0.5 mM, (�) 0.8 mM and (+) 1.0 mM 2,4-DCP, in
he presence of glucose. Error bars indicate the deviation of triplicate experiments.

here the phenomenon of non-linear growth inhibition is stud-
ed and involves the degradation of 4-Cl-m-cresol in a system of
atural-self purification using different microbial populations [3].

.3. 2,4-Dichlorophenol and 4-Cl-m-cresol degradation kinetics

Fig. 3 shows the effect of the initial concentration of 2,4-
ichlorophenol (100% percentage of the initial concentration
xpressed) on its consumption by S. xylosus. It can be clearly seen
hat 2,4-DCP is more easily assimilated at low concentrations, since
ts percentages of consumption are higher (61 and 7% at 0.1 and
.0 mM, respectively). However, with 4-Cl-m-cresol, the percent-
ges of consumption are lower (34% at 0.1 mM) and the degrading
bility is eliminated at higher than 0.2 mM concentrations. On the
ontrary, with 2,4-DCP the cells are active in a wider concentration
ange (0.1–1.0 mM).

Our data show that S. xylosus does not seem to differ from Pseu-
omonas sp., concerning 2,4-DCP percentages of consumption (65
nd 11% at 0.1 and 1.0 mM, respectively) as it is reported [27]. As
ar as 4-Cl-m-cresol consumption is concerned, Pseudomonas sp. is

ore effective than S. xylosus, since its degrading ability is evident
t higher concentrations than 0.2 mM (26% at 0.3 mM) [27]. Thus a
ixed culture of Pseudomonas sp. and S. xylosus could be an attrac-

ive potential, improving 4-Cl-m-cresol’s degrading efficiency, as it
as been reported in other cases [35,36].

The assimilation of both chloro-compounds tested, is accom-
lished during the exponential phase of growth and is terminated
fter the cells enter the static phase, which indicates that degra-
ation in this case also is closely associated with the basic cell’s
etabolism. As a result, degradation proceeds up to some extent

n a short period of time (approx. 7 h for both 2,4-DCP and 4-Cl-m-
resol). These short time courses required constitute an important
dvantage of our system, since longer incubation periods have been
eported elsewhere [37].

Fig. 4 depicts variation of initial degradation rate with the initial
,4-DCP concentration. As it can be seen, the rate is increased with
he initial 2,4-DCP content up to 0.5 mM approximately and then is
ecreased at higher 2,4-DCP concentrations, indicating inhibitory
ffects at concentrations above 0.5 mM.

Since the data presented in this figure show a typical substrate
nhibition kinetics, the following equation was used to describe the

atch kinetics of 2,4-DCP degradation by S. xylosus on the basis of

nitial rates as reported [38,39].

=
(

RmaxI

KS + I

)(
Ki

Ki + I

)
(2)
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ig. 4. Effect of initial 2,4-DCP concentration on its degradation rate with S. xylosus
n the presence of glucose. Error bars indicate the deviation of triplicate experiments.

here R is the actual degradation rate (mM h−1), calculated for
he first 5 h after the final chloro-compound addition, by using the
quation

= �I

�t
(3)

here �I is (I2 − I7) and �t is 5 h. Also Rmax is the maximum degra-
ation rate (mM h−1), KS is the saturation constant (mM) and Ki is
he inhibition degradation constant (mM).

When I � Ki the inhibition term can be neglected and Eq. (2)
ay be written as

= RmaxI

KS + I
(4)

q. (4) is relevant to the well known Monod equation. In double
eciprocal form Eq. (4) can be written as

1
R

= 1
Rmax

+ KS

Rmax

1
I

(5)

plot of 1/R versus 1/I yields a line with a slope of KS/Rmax and
ntercept of 1/Rmax.

Experimental data presented in Fig. 4 (for I < 0.5 mM) were plot-
ed in form of 1/R versus 1/I (data not shown). From the slope and
ntercept of the best-fit line the following values were found:

max = 0.037 mM h−1 and KS = 0.26 mM (r2 = 0.99)

For high initial 2,4-DCP concentrations (I � KS) the inhibition
erm becomes the determining factor. Therefore, the rate expres-
ion takes the following form, by analogy with Eq. (1), showing the
nhibition effect to biodegradation.

= RmaxKi

Ki + I
(6)

In double reciprocal form Eq. (6) can be written as

1
R

= 1
Rmax

+ 1
RmaxKi

I (7)

plot of 1/R versus I yields a line with a slope of 1/Ki Rmax and
ntercept of 1/Rmax.

Experimental data presented in Fig. 4 (for I > 0.5 mM) were plot-
ed in form of 1/R versus I (data not shown). From the slope and

ntercept of the best-fit line the following values were found:

max = 0.053 mM h−1 and Ki = 0.41 mM (r2 = 0.93)

In the case of 4-Cl-m-cresol inhibition it was evident only at
oncentrations from 0.1 to 0.2 mM, since degradation rate was

p
b
t
s
a
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ecreased with its initial concentration (data not shown). Eq. (7)
as also used for the determination of both parameters Rmax and

i and the following values were found:

max = 0.028 mM h−1and Ki = 0.019 mM (r2 = 0.99)

The above values show the strong inhibitory effect that 4-Cl-
-cresol performs to its own degradation, contrary to 2,4-DCP.

hat difference in resistance to biodegradation is probably due
o the different substituents of the aromatic nucleus, which has
esulted in low affinity of the participating enzymes. There are some
eports showing the negative impact of a methyl-substituent intro-
uction in the aromatic nucleus. More specifically, Bergauer et al.
40] studied the biodegradation of phenol and phenol-related com-
ounds by psychrophilic and cold-tolerant alpine yeasts and found
hat m-cresol was more resistant to biodegradation comparing to
ther aromatic compounds, including phenol, showing a relation
etween the chemical structure of the compounds and their exerted
oxicity.

In contrast to 4-Cl-m-cresol, 2,4-DCP is more susceptible to
iodegradation as the degradation rates and the above estimated
arameters Rmax and Ki indicate. The results of this study sug-
est that 2,4-DCP degradation activity is less inhibited comparing
o growth, since the specific growth rate is only reduced in the
resence of various initial concentrations of 2,4-DCP. S. xylosus pre-
erved its degradation potential despite the non-optimum growth
onditions. It is interesting to be mentioned, that the value of the
egradation inhibition constant Ki (0.41 mM) coincides with the
rowth inhibition constant Kig (0.37 mM at 0.1–0.5 mM 2,4-DCP
nitial concentration), which indicates the strong relation between
rowth and degrading activity. In addition, the substrate-inhibited
inetic model used, in order to correlate the experimental data,
howed that strong inhibition on degradation activity is evident at
igh concentrations of 0.8–1.0 mM. This is a very important notice

eading to the conclusion that a wastewater process industry may
ffectively operate at a wide range of concentrations (from 0.1 to
.5 mM).

The estimation of the saturation constant KS, gave high value
f this parameter, which is associated with the low specificity
f the bacterial system, indicating that cells use glucose as car-
on source and co-metabolize 2,4-dichlorophenol [41]. In most
eports, the values of this parameter reported are significantly
ower (<100 �g l−1), which is closely associated with highest speci-
city ability of the bacteria adopted [42]. Nevertheless the high
alue of KS estimated in this case showed that this system may
perate in a wider concentration pollutant range under dynamic
onditions, which is very important since modeling and design of
n activated sludge system require knowledge of kinetic expression
ver a wide concentration range [42,43].

Comparing the degrading ability of S. xylosus with other microor-
anisms used for the same purpose, it seems that S. xylosus can be
sed in a wider concentration range of 2,4-DCP for its degradation
44]. Kargi and Eker [38,39] estimated high values of saturation
nd inhibition constant, using Pseudomonas putida cells in order to
egrade 2,4-DCP, in the presence of glucose as carbon source, due to
igher concentrations values studied (up to 1.8 and 4.6 mM, respec-
ively). However, maximum degradation rates exhibited lower
alues due to extended degradation periods (8 and 10 days), com-

aring with the value reported here. It has to be mentioned that
ecause of the high variability in the reported values of parame-
ers, generalizations are difficult to be made, since each microbial
ystem is unique, regarding strain characteristics, culture history
nd environmental conditions.
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At 0.8 and 1.0 mM 2,4-DCP, chloride ions concentrations were not
ig. 5. Effect of 2,4-DCP at concentrations (�) 0.1 mM, (�) 0.2 mM, (�) 0.3 mM and
�) 0.5 mM on chloride ions liberation in the presence of glucose.

.4. The effect of glucose

Glucose consumption and depletion of the two aromatic com-
ounds tested, take place in parallel during the exponential phase
f growth. Interesting, when glucose has been almost consumed,
here is still 2,4-DCP or 4-Cl-m-cresol left in the medium, indicating
hat both xenobiotics degradation is a co-metabolic phenomenon,
ince the non-growth (secondary) substrate, can only be trans-
ormed in the obligate presence of a growth substrate as it is
eported [45].

In order to study better the effect of the initial chloro-compound
oncentration on glucose depletion rate, the respective kinetic con-
tants were calculated. The plot of time course variations with
lucose concentration gave a straight line, revealing a zero-order
eaction rate. In general, the biodegradation of an easily assimilated
arbon sources, such as glucose or acetic acid, follows zero-order
eaction kinetics due to the higher concentrations of these com-
ounds, comparing with the lower concentrations of the toxic
ollutants [46].

According to this, higher values of maximum degradation

ate were estimated at low pollutant’s concentrations (0.57 and
.61 mM h−1 at 0.1 mM 2,4-DCP and 4-Cl-m-cresol, respectively),

n contrary to higher concentrations where the degradation rate of
lucose has lower values (0.21 mM h−1 at 1.0 mM 2,4-DCP), show-

d
r

a

Fig. 6. Mass spectrum of 2-Cl-maleylacetic acid isolated from S. xy
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ng thus the inhibitory effect of both aromatic compounds on cell’s
etabolism.
From the above results it is evident that there is strong inter-

ction between glucose and the recalcitrant pollutants used here,
ince the presence of glucose enhances pollutant’s degradation,
hereas the presence of the pollutant affects negatively the bio-

hemical reactions associated with cell’s main metabolism (growth
nhibition reported before), slowing down the consumption of glu-
ose, which is used as main carbon and energy source.

It is well known that the majority of wastewater treatment
lants involve not only mixtures from agrochemicals industries,
ut also mixtures from domestic activities. It has been postu-

ated that the presence of a conventional carbon source stimulates
acterial growth and alters the toxicity effects of hazardous
hemicals on bacterial growth, which has been also observed
ere [47]. However, most of the studies involve cases where the
oxic chemical can be used as the main carbon source by the

icroorganisms [48].
Another report concerning biodegradation of 2,4,6-

richlorophenol in the obligatory presence of glucose as a carbon
ource has been carried out [49]. In this case, where no struc-
ural similarity is evident between the two organic compounds,
lucose is used for the production of cofactors such as NADH,
hich is participating in the degradation pathway of the organic
ollutant as electron donor [50]. The concurrent utilization of
lucose and xenobiotic in this study and the partial degrada-
ion reported is probably the result of their “complementary”
ctivity.

.5. Chloride ions liberation and metabolites detection

Fig. 5 shows the effect of 2,4-DCP initial concentrations on its
echlorination. Chloride ions liberation, which is nearly stoichio-
etric, is carried out during the exponential phase of growth and its

nal concentration in the medium is proportional to the initial con-
entration of 2,4-DCP. More specifically, at 0.5 mM 2,4-DCP the final
hloride ions concentration of 0.45 mM is the highest estimated at
ll the concentrations range studied. This is evident after 5 h, since
arlier chloride ions release is lower than the previous observed
t 0.1 mM 2,4-DCP, probably due to increased medium toxicity val-
es, which have caused a lag phase in the liberation of chloride ions.
etermined due to the low percentages of consumption (13 and 7%,
espectively).

The stoichiometric chloride ions release is the result of the
romatic cleavage of 2,4-dichlorophenol, which leads in complete

losus culture in 0.1 mM 2,4-DCP in the presence of glucose.
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Fig. 7. (a) GC analysis of the culture extract obtained with S. xylosus in 0.1 mM 4-
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[3] G. Frietsch, Effects and degradation of 4-chloro-3-cresol in a system of natural
self-purification, Water Res. 25 (1991) 717–727.
l-m-cresol in the presence of glucose (peak 1 solvent, peak 2 metabolic product of
-Cl-m-cresol) and (b) MS spectrum of S. xylosus metabolic product.

egradation, according to previous reports [51]. The elucidation
f the degradation pathway has showed the formation of 3,5-
ichlorocatechol first [52].

GC–MS analysis of the culture extract obtained after 24 h
howed the absence of 3,5-dichlorocatechol, which is also sup-
orted by the chloride ions release reported. The ring cleavage of
,4-dichlorophenol is further supported by the identification of
ne ring cleavage product, which is 2-Cl-maleylacetic acid [52].
he mass spectrum of 2-Cl-maleylacetic acid is characterized by
he presence of its molecular ion peak at m/z 191.1 (Fig. 6). Loss
f carboxy group forms the base peak at m/z 149.1. Other frag-
ents were formed at m/z 133.1 [CO–CH CCl–COOH], m/z 105.1

CH CCl–COOH], m/z 91 [CCl–COO] and m/z 57.1 [C–COOH].
In our study, co-metabolic degradation of 2,4-DCP seems to fol-

ow mainly the metabolic pathway of 2,4-DCP degradation, when
his is used as a sole carbon source, by the identification of 2-Cl-

aleylacetic acid. No difference in the metabolic intermediates
bserved, in the presence of a conventional carbon source, as it
as previously reported in the case of 1,2-dichlorobenzene co-
etabolic degradation [53].
In the presence of 0.1 mM 4-Cl-m-cresol chloride ions release

as lower comparing to 2,4-dichlorophenol at the same concentra-
ion, due to the presence of only one chlorine atom in the molecule.
C analysis of the culture extract obtained after 24 h, revealed the
resence of only one peak (Fig. 7a, peak 2). MS spectra showed
he presence of two characteristic mass fragments at m/z ratios 43
nd 59 (Fig. 7b). From the study of MS spectra it is obvious that no
romatic products are formed, which shows that aromatic cleav-
ge has been occurred. Assuming that ortho-fission of aromatic
ucleus has been carried out, according to degradation path-
ays previously studied in chloro-toluenes, one of the degradation
roducts possible to be observed after subsequent dechlorination
nd decarboxylation is 3-methyl-4-oxo-pentanoic acid [54]. The
asic fragment at m/z 43 may correspond to [CH3CO–], whereas
he second major mass fragment at m/z 59 may correspond to
HOOC–CH2–]. No molecular ion was observed in this MS spectrum,
robably due to extensive molecular fragmentation that electronic

onization method can cause. However, the fragmentation pathway

f the proposed 3-methyl-4-oxo-pentanoic acid is in accordance
ith the general fragmentation pathway observed in most aliphatic

etones [55].
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. Conclusions

The design of a wastewater process is complicated, depending
n many factors. Kinetic parameters can be strongly influenced
rom growth conditions, culture history of biomass and also from
he presence of other organic pollutants, which may slow down
he overall efficiency and produce unwanted dead-end prod-
cts. In addition, if more than one bacterial species are present
ay collaborate in order to relieve industrial effluents from haz-

rdous substances. We recognize that further research is needed
o fully account for all of these factors in expressions of microbial
inetics.

Here, we examined the potential of using a Gram-positive bac-
erium, in order to remove two priority organic pollutants (2,4-DCP
nd 4-Cl-m-cresol), which cannot be used as sole carbon and energy
ource. In literature most of the studies are dealing with organic pol-
utants that can be used by the microorganism for their metabolic
eeds, which is more than ideal, given the present conditions. In
eal wastewater treatment plants, an organic pollutant cannot be
sed always directly as a carbon source. This study was carried
ut in an attempt to solve this problem, establishing the fact that
hese strains may also contribute to the detoxification of industrial
ffluents.

Adaptation as well as the presence of glucose as a conventional
arbon source enhanced S. xylosus tolerance towards 2,4-DCP and
-Cl-m-cresol and improved its degradation efficiency during sub-
equent cultivations.

2,4-DCP and 4-Cl-m-cresol caused a sequential decrease on
pecific growth rate. The application of a non-competitive inhibi-
ion equation showed that 4-Cl-m-cresol influenced more bacterial

ultiplication, revealing lower values of growth inhibition constant
omparing to 2,4-DCP.

Despite the inhibitory action on bacterial growth, S. xylosus
aintained its degrading ability. 2,4-DCP was found to be more

usceptible to biodegradation comparing to 4-Cl-m-cresol, as the
stimation of higher degradation rate and percentages of consump-
ion values indicated. In addition, in the presence of 2,4-DCP strong
nhibition was evident only at higher concentrations than 0.5 mM,

hereas in the presence of 4-Cl-m-cresol, S. xylosus reduced only
he degradation rate.

2,4-DCP and 4-Cl-m-cresol were co-metabolically degraded, up
o an extent, in the obligate presence of glucose during exponential
rowth in a short period of time. The inhibitory effect of 2,4-DCP
nd 4-Cl-m-cresol on glucose consumption is more pronounced at
igher concentrations, where glucose kinetic constants have lower
alues.

In the presence of 2,4-DCP, the nearly stoichiometric release of
hloride ions and the identification of 2-Cl-maleylacetic acid in the
edium showed that aromatic nucleus cleavage has taken place,

ince no 3,5-dichlorocatechol was identified in the medium. Aro-
atic cleavage has also taken place in the presence of 4-Cl-m-cresol,

ince the only metabolic product identified was 3-methyl-4-oxo-
entanoic acid.
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