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Abstract. Two bacterial consortia capable of degrading SLES were isolated from a wastewater treat-
ment plant. The two consortia consisted of three members, Acinetobacter calcoacetiacus and Klebsiella
oxytoca in one co-culture (A-K) and Serratia odorifera in the second co-culture (S-A), which contains
Acinetobacter calcoacetiacus as well. In all experiments, cells were grown on SLES (1000-7000 ppm)
containing the M9 minimal medium as sole carbon source. The co-culture A-K demonstrated a higher
growth rate (0.26 h™') and significant greater viability than that of the co-culture S-A (0.21 h™").
Glucose, sucrose, maltose, mannitol, and succinic acid as carbon sources produced the same degradation
rate (~100 ppm/h) and enhanced the SLES degradation rate by 3-fold upon the control (without an
added carbon source). In the case of the co-culture S-A, the situation was different; all the car-
bon sources being tested except maltose caused a repression in the degradation ability in a range between
25-100%. Maltose causes an enhancement by almost fivefold, compared with the positive control.

Sodium lauryl ether sulfate (SLES) are widely used as
surfactants in the formulating of detergent products [1-3].
As they are used largely in household and industrial
detergents, SLES is discharged into wastewater collec-
tion systems worldwide [4-6]. Sodium lauryl ether sul-
fate consists of straight carbon chains, usually 12 to 14,
and, due to its more simple structure (i.e., no benzene
ring), it can be more easily biodegradable than other
surfactants such as LAS [6]. Although many studies have
dealt with the fate of anionic surfactants in municipal
wastewater treatment plants and the fate of SLES dis-
charged to the environment, there have been few reports
on the biodegradation of these compounds at high con-
centrations, such as those present in wastewaters gener-
ated from surfactant manufacturing.

The biodegradability of surfactants could be an
additional criterion for evaluating such products ( SLES).
Incomplete biodegradation of surfactants has led to the
development of great masses of foams in streams and
rivers in the vicinity of dams or their obstructions [7].
Until now, no information has been available on the
complete degradation of high concentrations of these
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surfactants [8]. The interest is, thus, not whether surf-
actants are degraded, but under which conditions and by
which specific bacteria such degradation takes place.
The aim of this work was to study the ability of two
co-cultures as well as their individual isolates for the
biodegradability of surfactants (SLES) under different
conditions. These co-cultures were: (1) Acinetobacter
calcoacetiacus and Klebsiella oxytoca (A-K); and
(2) Serratia odorifera and Acinetobacter calcoacetiacus
(S-A) isolated from a wastewater treatment plant [9].

Materials and Methods

Materials. Sodium lauryl ether sulfonate (SLES) was supplied by
Jordan Sulpho-Chemicals Co. Ltd., Jordan. The SLES was in aqueous
sodium salt solutions with minimum purities of 98%, which was used
in the preparation of working standards. Benzethoinium chloride
(hyamine) and patent blue (disulfide blue) were obtained from Acros
Organics (Fisher Scientific, UK). Most of the chemicals used were
either from Sigma, USA, or from Fluka Chemika, Switzerland. Other
chemicals were analytical grade and were obtained from commercial
suppliers.

Bacterial Isolates. Three previous wastewater isolates [9] were tested
in single and co-cultures for the biodegradability of SLES. These
isolates and their different combinations are shown in Table 1. The co-
cultures used for further experiments were: (1) Acinetobacter
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calcoacetiacus and Klebsiella oxytoca, denoted A-K; and (2) Serratia
odorifera and Acinetobacter calcoacetiacus, denoted S-A. Their
morphological characteristics were re-verified and their biochemical
identity was determined using the REMEL kit (RapID™ ONE and
RapID™ NF plus systems) procedure.

Growth. In all experiments, acid-washed glassware was used. In all
experiments conducted, the surfactants containing uninoculated media
were taken as control. The nutrient broth (NB) and agar medium (NA)
were used for the isolation of bacteria. The minimal broth media (M9)
as described by Miller [10] with slight modifications (consisting of the
following: 3.0 g Na,HPO,, 1.5 g KH,PO,, 1.0 g NH,Cl, and 0.5 g
NaCl) were dissolved in 500 mL distilled water and the pH adjusted to
7.4 with 6 N NaOH. Then the following compounds were added: 0.24
g MgSO,, 0.05 g CaCl,.6H,O, and 0.05 g FeCl;.6H,0. After
autoclaving, the thiamine-HCI (0.001 g) was added by predissolving
it in 2 mL distilled water and sterilizing by filtration through a 0.45-pm
Millipore filter. SLES was used in concentrations of 3000 ppm
(otherwise will be stated), as carbon and energy sources.

The initial cell mass (starting inocula) for each experiment on the
M9 medium was grown from single colonies in two consecutive shake
flask cultures (overnight followed by 3 h recovery) in nutrient broth.
Cells from the 3-hour cultures were harvested by centrifugation and
then washed with and resuspended in NB at a concentration of 0.5
ODgqo units. One milliliter of these bacterial cells was used to inocu-
late 100 ml of SLES containing the M9 minimal medium in a 250-ml
Erlenmeyer flask for shake flask experiments. In the case of the mixed
cultures (A-K and S-A), 1-ml inocula of the two bacterial cells have
been always taken to constitute a 50:50 co-culture (the volume ad-
justed to give a constant ODgqp, taking into consideration the total
number of bacterial cells per ODggg) [11].

Analytical Methods

SLES was analyzed in culture media using the two-phase titration
method [12], modified by Li and Rosen [13]. The SLES was extracted
in an organic solvent (chloroform) and titrated against standardized
hyamine (benzethonium chloride) in the presence of a patent (anionic
dye). Hyamine solutions were prepared by dissolving 1.86 g 17" in the
case of SLES titration. The endpoint was detected by the pink to blue
oily droplets of colour development of the organic layer.

The average degradation rates of SLES were measured by
dividing the net amount of degraded SLES for 24 h, since many cells
showed no further degradation after 24 h. The reason for calculating
the average degradation by this method, as suggested by Loh and
Wang [14], was to avoid any errors caused by different lengths of lag
phases, and the difficulty in ascertaining the time required to achieve
complete degradation or when the degradation had stopped.

Effect of Different Carbon and Nitrogen Sources. Different carbon
and nitrogen sources were supplied to the 3000-ppm SLES-containing
M9 minimal medium to study their effect on the biodegradation of
SLES as a function of time. The carbon sources supplemented
independently were glucose, sucrose, maltose, mannitol, and succinic
acid, whereas the nitrogen sources being tested included ammonium
chloride, trypton, yeast extract, ammonium nitrate, and casein. All of
the carbon and nitrogen sources were supplied independently at a
concentration of 0.2% to the SLES-containing M9 minimal medium.
The succinate was omitted from the original M9 minimal media when
studying the effect of carbon sources and the same was made in the
case of nitrogen sources omitting the ammonium chloride.

Growth Curves. The SLES-containing minimal medium (M9)
was used for growth curves. The medium was supplemented with
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Table 1. Biodegradability of SLES by three different bacteria and
cansartia

Bacterial strain/Consortium % Degradation of SLES

Serratia 11
Klebiella 19
Acinetobacter 8
Serratia+Klebsiella 25
Acinetobacter+Klebsiella 100
Serratia+Acinetobacter 100
Acinetobacter+Serratia+Klebsiella 100

3000 mg 1”! SLES as the only carbon source utilized. Growth curves
experiments were performed for both co-cultures under the same
conditions. The same initial cell mass (starter inocula) for all cases was
taken into consideration as mentioned above. Samples were then taken
at time intervals and assayed for cell mass ODgo and number of cells
per ml by plating on the nutrient agar medium (NA).

Determination of Oxygen Utilization. Measurement of oxygen
utilization was performed according to the method described by
Khosravi et al. [15]. Respiration of the whole cells was measured
polarographically with a Yellow Springs Instruments Model 53 oxygen
monitor at room temperature, using an air-saturated 0.1 M potassium
phosphate buffer at pH 7. Before measuring the oxygen uptake, the
buffer was stirred for 2 h to be air saturated (DO = 250 pM). One
milliliter of bacterial culture (cfu was simultaneously determined by
plating on nutrient agar) was centrifuged at 10,000g for 5 min and
washed twice with 0.1 M potassium phosphate, pH 7, and the resulting
pellet added quantitatively to 4 ml air-saturated buffer. The remaining
concentration of oxygen in the cell-containing buffer was monitored by
an oxygen electrode and recorded for 5 min. Oxygen uptake
measurements were made at 10-15-hour intervals and the
experiments were repeated 5 times.

Results and Discussions

In this study, two different co-cultures were isolated
from a wastewater treatment plant and found to be able
to degrade the sodium lauryl ether sulfate (SLES). These
co-cultures were: (1) Acinetobacter calcoacetiacus and
Klebsiella oxytoca (A-K); and (2) Serratia odorifera and
Acinetobacter calcoacetiacus (S-A). The complemen-
tary action of strains in breaking down SLES was
examined in liquid cultures (Table 1). Reconstitution
with all possible combinations of two or three members
of the consortium was made. It is clear that the indi-
vidual bacterial cells produce different effects from their
combinations on the level of SLES degradation. Our
results suggest, however, that basal expression of SLES
degradation activity occurs in the three individual bac-
terial strains.

Thus, this work includes two different perspectives:
firstly, finding these co-cultures as surfactant (SLES)
degraders and, secondly, making a comparison in the
degrading ability of SLES between the two co-cultures,
under different growth conditions.
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Effect of Substrate Concentration. Using SLES as
sole carbon and energy sources (Fig. 1) also supported
our results in that the formation of any biomass is the
function of SLES exhaustion. This study may represent
the first report of SLES removal by the two co-cultures
in such higher concentrations. When both A-K and
S-A  co-cultures were tested on different SLES
concentrations (Fig. 1), the maximum biodegradation
rates of SLES for the two co-cultures were 37.3 and
20.52 ppm/h, respectively. The maximal biodegradation
rates for A-K and S-A co-cultures were achieved at
initial SLES concentration of 4000 and 3000 ppm,
respectively. Therefore, a fixed concentration of 3000
ppm SLES was used in the further experiments to
compare between the two co-cultures. This SLES
degradation was completed (100%) within a
concentration range of 1,000-3,000 ppm in 96 hours,
whereas higher concentrations of SLES (5,000-7,000
ppm) were completely degraded over a longer
incubation time (120-144 hours). This could be
interpreted as the higher concentration of SLES
possibly leading to a decrease in substrate
bioavailability, which slows down its removal. In
contrast, the co-culture S-A completely degraded
the SLES within 120-144 h, indicating that the
surfactant removal rate in the A-K was faster than that
in the co-culture S-A. More direct evidence was shown
by plotting the initial SLES concentration in the growth
media and viable cells for both co-cultures within the
first 24 hours upon exposure to different concentrations
of surfactant (Fig. 2). The results showed that the viable
cell number was increased until the SLES concentration
of 4000 and 3000 ppm for A-K and S-A co-cultures,
respectively. Due to its simpler structure (i.e., no
benzene ring), SLES can undergo rapid complete
mineralization compared with other surfactants [16].
Based on the effect of SLES concentration on the cell
number, the specific growth rate, p, can be determined
experimentally having the ratio of the difference in the
cell concentration to the differences in time according to
Nuhoglu and Yalcin [17]

_In(X,/X))
h — 1

The growth rates achieved for A-K and A-S
co-cultures were 0.26 h™' and 0.21 h™', respectively. A
mixed culture of activated sludge from a municipal
wastewater treatment plant grown on higher SDS con-
centrations (500-2500 mg/l) increased the microbial
specific growth rate in comparison to cultures incubated
with lower SDS concentrations (in the range of 0.0379
to 0.0567 h™") [18]. This finding supported our results in
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Fig. 1. Effect of different substrate concentrations on the biodegra-
dation rate of SLES (ppm/h) by co-cultures A-K and S-A. The culture
media used were minimal media (M9) containing SLES as carbon
sources only. Culture was incubated at 37°C and under a 150-rpm
shaking rate at pH 7.5. The control consisted of uninoculated broth
plus 3000 ppm SLES. The data are average of three repeated experi-
ments. Error bars, indicating standard deviations, have been included
for all points, but in many cases are smaller than the diameter of the
points.
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Fig. 2. Effect of substrate concentration (SLES) on the viable cell
number of the two co-cultures A-K and S-A. The cells were grown on
M9 minimal media containing a corresponding initial concentration of
SLES. Data are the average of three repeated experiments. Error bars,
indicating standard deviations, have been included for all points, but in
many cases are smaller than the diameter of the points.

which the high concentrations (7000 ppm) of SLES
showed no toxic effect on the two co-cultures being
tested although they had different degradation abilities.

Oxygen Uptake. The biodegradation rate of SLES by
both co-cultures was investigated by measuring the
substrate (SLES)-dependent O, uptake on the SLES-
containing minimal medium as the carbon source
(Fig. 3). These results were consistent with the pattern
observed for SLES removal in which the pattern of
oxygen consumption per 10% cell was clearly



K.M. Khleifat: Biodegradation of SLES by Bacterial Co-Cultures

0.6 -
%\ 0.5 i —o— Acinetobacter
iS ! —x— Serratia
& 041 -+ .- Kiebsiella
- 03 .- -- Combination (A-K)
c —o— Combination (A-S)
EN 0.2
o
) 2
g 0.1 < x\\<¥ x\4+, ?I’gx + .+‘!
L A T I
0 : S R R —y
0 20 40 60 80 100 120 140

Time (hours)

Fig. 3. O, uptake rate of co-cultures A-K and S-A as a function of
times in M9 containing 3000 ppm of SLES. Oxygen consumption
(v axis) is in pmol O, min~" (10® cell)™". The data are the average of
five repeated experiments. Error bars, indicating standard deviations,
have been included for all points, but in many cases are smaller than
the diameter of the points.

predominant in the early stages (prior to 72 hours) of
incubation time. These data demonstrate that aerobic
biodegradation of SLES is a feasible process for SLES
removal. The co-culture S-A demonstrated lower
respiration than the A-K at almost every point in the
growth curve except the period between 36—48 hours of
incubation time, the difference being greatest early and,
to a lesser extent, late. However, in the co-culture A-K,
the oxygen uptake occurred not only in a higher level
than in the co-culture S-A, but there was also a shift in
the peak of the oxygen uptake level from 36 to 48 hours.
The individual bacterial cultures were similar in having
lower respiration than that of the consortium. The
respiration in both co-cultures was much less sensitive to
surfactants than the respiration in other heterotrophic
microorganisms [3]. The reason for the low sensitivity
of both co-cultures to SLES, compared to the sensitivity
of heterotrophic bacteria, is unknown.

Growth Curves. When the growth of the co-cultures
(A-K and S-A) was compared using SLES (3000 ppm)
as the only carbon sources in the M9 minimal medium
(Fig. 4a and b), the maximum growth rates on ODggg
measurements of the two consortia were about the same,
but co-culture A-K still remained slightly higher
(about 10%) in the cell mass of the stationary phase
(from 96-144 h), compared with the other co-culture in
prolonged culture (Fig. 4a). However, based on viable
cell accounts (Fig. 4b), A-K demonstrated significantly
greater viability in almost all stages compared with that
observed in co-culture S-A.

Effect of Carbon and Nitrogen Sources. The different
carbon and nitrogen sources added in the addition of
SLES as carbon sources also caused different effects on
the degradation ability (Table 2). When two co-cultures
(A-K and S-A) were grown on SLES as the sole carbon
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Fig. 4. Optical density at 600 nm (a) and viable cells (b) of co-cultures
(A-K and S-A) and their individuals as a function of time in M9
containing 3000 ppm of SLES. Data are the average of four (a) and six
(b) repeated experiments. Error bars, indicating standard deviations,
have been included for all points, but in some cases they are smaller
than the diameters of the points.

Table 2. Effect of different carbon and nitrogen sources on the bio-
degradation rate of SLES by two different co-cultures (A-K and A-S)

Carbon or nitrogen SLES degradation rate

sources added (ppm/h)

A-K S-A
Control Nd Nd
No C source added® 30.3 20.5
Glucose 99.5 Nd
Sucrose 98.0 14.5
Maltose 100 98.5
Mannitol 96.5 Nd
Succine acid® 97.0 Nd
Ammonium nitrate 30.3 14.3
Casein 42.8 9.6
Yeast 38.1 15.8
Trypton 30.3 14.3

source, different degradation rates (30.33 and 20.50,
respectively) were achieved. Glucose, sucrose, maltose,
mannitol, and succinic acid as carbon sources produced
almost the same degradation rate (49.50 ppm/h) and
enhanced the SLES degradation rate by 3-fold upon the
control (without added carbon source). In the case of the
co-culture S-A, the situation is different; all the carbon
sources being tested except maltose caused a repression
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in the degradation ability in the range between
25-100%. Unexpectedly, the maltose caused an
enhancement by almost fivefold compared with the
positive control. These carbon sources are probably
more readily assimilable by the co-culture S-A than the
SLES as carbon sources being firstly utilized, compared
with the other carbon sources being tested in the A-K
co-culture. If we consider the increase in SLES
degradation rate as a result of increasing cell biomass,
the decrease in SLES degradation rate is thus a result of
catabolic repression since no growth inhibition was
shown with all carbon and nitrogen sources being tested
(data not shown). Therefore, we assume that the
simultaneous utilization of conventional nutrients and
SLES enables the cells to overcome the inhibition effect
of growth. The same explanation could be given for
nitrogen sources since they were advantageous in the
case of A-K co-culture whereas they were
disadvantageous in the S-A co-culture. In conclusion,
the data presented here represent the first report about
the capability of SLES degradation by these two co-
cultures that were isolated from a wastewater plant. This
could be a unique bacterial consortia in the degradation
of high concentrations of SLES.
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