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HIGHLIGHTS

» Cr(VI) reduction ability of the bacteria was not related to chromium removal.

» There is positive correlation between chromium removal and rhamnolipid production.

» There is a negative correlation between chromium toxicity and chromium removal.

» Exposure to chromium increases the yields of rhamnolipid produced by two Pseudomonas isolates.
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Chromium removal and its association with rhamnolipid production in Pseudomonas spp. were inves-
tigated. Three Pseudomonas spp. isolates (P. aeruginosa 78, P. aeruginosa 99, and P. stutzeri T3) were
investigated with regard to their exposure to 10 mg/L for chromium removal. P. aeruginosa 99 removed
16% and 20% more chromium than P. stutzeri T3 and P. aeruginosa 78 respectively. The reduction of Cr(VI)
to Cr(IIl) by all the three isolates is more or less similar. P. aeruginosa 99, which removed higher chromium,
also produced higher rhamnolipid (165 &5 mg/mL). P. aeruginosa 78, which removed lower chromium,
also produced lower rhamnolipid (126 + 3 mg/mL). Rhamnolipid production by P. aeruginosa 78 and P.
aeruginosa 99 was increased in its exposure to 10 mg/L chromium. In the present study, results showed
that rhamnolipid might play a role in chromium removal by three Pseudomonas spp. isolates.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The pollution caused by heavy metals in wastewater has
always been a very serious problem, because these elements
are not biodegradable and can accumulate in living tissues [1].
Chromium is widely used in various important industrial applica-
tions including steel production, electro-plating, leather tanning,
nuclear power production, textile industries, wood preservation,
anodizing of aluminum, water cooling, and chromate preparation
[2]. The hexavalent form of chromium, usually present in the form
of chromate (CrO4~2) and dichromate (Cr,0772), possesses sig-
nificantly higher levels of toxicity than other valence states [3].
Though chromium exists in nine valence states ranging from —2
to +6, Cr(Ill) and Cr(VI) are of major environmental significance.
In fact, Cr(VI) is more mobile and toxic than Cr(III). Hence, Cr(VI) is
more important than Cr(IIl) in water pollution control. According to

* Corresponding author. Tel.: +90 384 2153900; fax: +90 384 2153948.
E-mail address: sahlan.ozturk@nevsehir.edu.tr (S. Ozturk).
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the World Health Organization (WHO) drinking water guidelines,
the maximum allowable limits for hexavalent chromium and total
chromium (including Cr(III), Cr(VI), and other forms) are 0.05 and
2 mg/L, respectively [4].

The conventional methods used for heavy metal removal
from industrial effluents are precipitation, coagulation, ion
exchange, cementation, electro-dialysis, electro-winning, electro-
coagulation, and reverse osmosis [5]. These technologies are often
inefficient and/or expensive, mainly when applied to dilute solu-
tions, usually generating huge volumes of sludge containing high
levels of heavy metals that have to be disposed. Due to these lim-
itations, new technologies are necessary [6]. Biosorption of heavy
metals by microbial cells has been recognized as a potential alter-
native to the traditional treatment technologies for waste streams
and natural waters [7].

Microbial heavy metal accumulation often comprises two
phases [8]: (1) an initial rapid phase involving physical adsorption
or ion exchange at the cell surface and (2) a subsequent slower
phase involving active metabolism-dependent transport of metal
into bacterial cells. During the bioaccumulation, many features of a
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living cell such as intracellular sequestration followed by localiza-
tion within specific organelles, metallothionein binding, particulate
metal accumulation, extracellular precipitation, and complex for-
mation can occur [9].

Biosurfactants are biological compounds that are produced
by microorganisms (bacteria or yeast), plants, animals, and
even humans. These can be divided into (1) low-molecular-
weight molecules that efficiently lower surface and interfacial
tensions and (2) high-molecular-weight polymers. The low-
molecular-weight biosurfactants are glycolipids or lipopeptides.
The best-known glycolipid bioemulsifiers, rhamnolipids, tre-
halolipids, and sophorolipids are disaccharides that are acylated
with long-chain fatty acids or hydroxy fatty acids [10,11]. Rham-
nolipids are produced by Pseudomonas aeruginosa, Pseudomonas sp.,
and Serratia rubidea. Due to the anionic nature of rhamnolipids and
their complexation ability, rhamnolipids can remove heavy metal
ions from the soil [12]. Rhamnolipids can also be effective in the
simultaneous removal of mixed hydrocarbons and heavy metals
[13].

Bioremediation of soluble hexavalent chromium can be
obtained by utilizing microbes in wastewater. Several bacterial
strains (Pseudomonas ambigua, Desulfovibrio vulgaris, Enterobacter
cloacae HO-1, Alcaligenes eutrophus, and Dinococcus radiodurans
R1) have been described for their ability to reduce hexavalent
chromium into insoluble low-valence form Cr(III) both aerobically
and anerobically [14]. Hence, the chromate-reducing bacteria are
most crucial for the immobility of soluble hexavalent chromium in
the environment.

The main objectives of this study were (i) to investigate the
chromium removal of P. aeruginosa 78, P. aeruginosa 99, and Pseu-
domonas stutzeri T3; (ii) to determine the rhamnolipid production
by these three Pseudomonas isolates; and (iii) to investigate the
reduction of Cr(VI) to Cr(III). It is also aimed to determine the effect
of chromium on the rhamnolipid production of the isolates. Besides,
this study was also designed to evaluate the toxicity of chromium to
Pseudomonas isolates by biomass concentration and protein analy-
sis. The usefulness of the findings of the present study in examining
the correlation between rhamnolipid production and chromium
removal was also discussed.

2. Experimental
2.1. Bacterial strains and culture growth conditions

Bacterial strains P. aeruginosa 78 and 99 were isolated from tex-
tile industrial wastewater (Tekirdag, Turkey), and P. stutzeri T3 was
isolated from petroleum-contaminated soil samples. Strains were
obtained from Biotechnology Laboratory Culture Collection, Gazi
University. These bacterial isolates were sub-cultured on nutri-
ent agar (Oxoid). Cultures were routinely shaken (18 h and 37 °C);
and for biosorption tests, they were inoculated to acetate minimal
medium (AMM) described by Badar et al. [15]. Acetate minimal
medium (AMM) contained (g/L): NH4Cl 1.0; MgS0O4-7H,0, 0.2;
FeSO4-7H,0, 0.001; CaCl,-2H,0 0.001; sodium acetate, 5; yeast
extract, 0.5; and K;HPOy4, 0.5 (to pH 7.0 with NaOH). The phos-
phate source was separately autoclaved in 10 mL of distilled water
and added to the bulk medium when it was at room temperature.

2.2. Chromium removal

The removal of chromium by P. aeruginosa 78, 99 and P. stutzeri
T3 isolates was evaluated using a modified method described by
Matsunaga et al. [16]. A stock solution of 1000 mg/L of Cr was
prepared by dissolving K;Cr,07 in distilled water. Then, strains
were inoculated in media with and without Cr. Glassware used

for experimental purposes was washed with 60% nitric acid and,
subsequently, rinsed with deionized water to remove any possi-
ble interference by other metals. Isolates were exposed to 10 mg/L
Cr for 48 h in acetate minimal medium at 37 °C using an incubator
shaker. 1 mL samples that had been exposed to Cr were removed
at 8 h intervals up to 48 h and assayed for Cr in the medium (resid-
ual), Cr adsorbed on the surfaces of the cells (surface bound), and
Cr accumulated in the cells (intracellular). The concentration of Cr
was measured by an atomic absorption spectrophotometer (AA-
6600, Shimadzu). The percentage of chromium removal (%) was
calculated as follows: (amount of removed Cr)/(amount of initial
Cr) x 100.

Samples were centrifuged (10,000 rpm), and the residual Cr in
the medium was determined. The pellet was further washed with
1 mL of 10mM EDTA solution for desorption of Cr from the cell
surfaces and centrifuged (10,000 rpm) once again. The Cr adsorbed
onto the cell surfaces was determined from this supernatant. The
amount of intracellular accumulation of Cr was determined by
measuring the Cr content in the pellet, resuspended, and soni-
cated (Vibra Cell) at 50MHz on ice in 1mL of 1N HNO;3 using
an atomic absorption spectrophotometer. Hexavalent chromium
was determined by measuring the absorbance at 540 nm of the
purple complex of Cr(VI) with 1,5-diphenylcarbazide, in acidic
solution [17]. For total Cr determination, the Cr(IIl) was first oxi-
dized to Cr(VI) at approximately 100°C, by the addition of an
excess of potassium permanganate before the reaction with 1,5-
diphenylcarbazide. The Cr(IIl) concentration was calculated by the
difference between total Cr and Cr(VI) concentration.

2.3. Isolation and quantification of rhamnolipids

The strains producing biosurfactants (rhamnolipids) were
grown in nutrient media with and without chromium (48 h, 37°C,
and 120rpm). Samples were collected every 8 h beginning from
initial incubation (0 h) up to 48 h and rhamnolipids were analyzed
in the culture medium. The pH of the samples was adjusted to
8.0 (using 10M NaOH), and biomass was removed by centrifu-
gation for 20min at 10,000 x g. The obtained supernatant was
treated by acidification to pH 2 using a 6 M HCI solution, and
the acidified supernatant was left overnight at 4°C for the com-
plete precipitation of the biosurfactant [18]. After centrifugation,
the precipitate was dissolved in a 0.1 M NaHCOs3 solution, fol-
lowed by the biosurfactant extraction step with a solvent having
a 2:1 CH3Cl-C,H50H ratio at room temperature (25-27°C) [19].
The mixture was shaken for 10 min. Centrifugation was performed
for 10 min at 10,000 x g, and the organic phase was removed.
The organic phase was transferred to a round-bottom flask con-
nected to a rotary evaporator (Heidolph, Laborota 4000) to remove
the solvent at 40°C, thereby yielding a viscous, honey-colored
biosurfactant product. The product was dissolved in methanol,
filtered (Sterivex-GV 0.22 mm, Millipore, Bedford, MA, USA), and
concentrated again using the rotary evaporator [20]. Rhamnolipid
concentration was determined according to Dubois et al. [21] by
the colorimetric phenolsulphuric acid method at 480 nm by the
spectrophotometer Hitachi UV-VIS.

2.4. Viability by biomass concentration and protein analysis

Optical density was quantified by using a spectrophotometer
at 600 nm [22]. Determination of the protein content is based on
the Bradford method [23] by using the Coomassie Protein Assay
Reagent (Pierce, Rockford). Bovine serum albumin (BSA) was used
as a standard. The extent of tolerance was compared, and the “nor-
malized” biomass was calculated, that is, biomass at chromium
concentration per biomass using a control.
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2.5. Experimental design and statistical analysis

All experiments were done in triplicate, and mean values are
presented. Statistical analysis was performed on the data using
SPSS 13.0 Bivariate Correlation Analysis. The Pearson rank-order
coefficient was determined for the comparison of Cr tolerance
between rhamnolipid production and Cr removal by P. aeruginosa
78,99 and P. stutzeri T3 isolates. One-way ANOVA was used for the
detection effect of Cr on rhamnolipid production. Individual differ-
ences were detected by Dunnett and Tukey grouping tests. A value
of p<0.05 was considered statistically significant.

3. Results and discussion
3.1. Chromium removal and reduction

P. aeruginosa 78, 99 and P. stutzeri T3 isolates were exposed
to 10mg/L chromium for 48h in AMM medium; and they also

S. Ozturk et al. / Journal of Hazardous Materials 231-232 (2012) 64-69

showed different abilities for Cr removal. One part of the total
chromium removed by the cells was intracellularly accumulated,
and the other part was adsorbed onto the cell surfaces for both iso-
lates. P. aeruginosa 99 removed more Cr than P. aeruginosa 78 and
P. stutzeri T3. At the end of the 48th hour, P. aeruginosa 99 adsorbed
22% of 10 mg/L Cr onto the cell surfaces and intracellularly accu-
mulated 23% of 10 mg/L Cr. P. stutzeri T3 adsorbed 14% of 10 mg/L
Cr onto the cell surfaces and intracellularly accumulated 19% of
10mg/L Cr (Fig. 1). On the other hand, P. aeruginosa 78 adsorbed
12% of 10 mg/L Cr onto the cell surfaces and intracellularly accu-
mulated 13% of 10 mg/L Cr. The proportions of the remaining total
chromium in the medium were determined as 76% for P. aeruginosa
78, 55% for P. aeruginosa 99, and 67% for P. stutzeri T3 (Fig. 1).
Studies developed by Park et al. [24] suggested that Cr(VI) can
be reduced to Cr(Ill) by the biomass through two different mech-
anisms: in the first mechanism, Cr(VI) is directly reduced to Cr(III)
in the aqueous phase by contact with the electron-donor groups
of the biomass, and the second mechanism consists of three steps:

A 120 15
I I
100 5
80 10
. -
9 60 )
ES ES
40 4 5
20
0 v v v v + 0
0 8 16 24 32 40 48
Time (hour)
—a&— Total Cr in the medium —A— Total Cr (Adsorbed) —a— Total Cr (Accunmulated)
B 120 30
100 25
80 - 20
& 5]
2 60 15 =
40 10
20 - 5
0 v v v v + 0
0 8 16 24 32 40 48
Time (hour)
—&— Total Cr in the medium —A— Total Cr (Adsorbed) —a— Total Cr (Accumulated)
C 120 25
100 20
80 -
15
S S
9 60 o
xX 10 B
40 -
20 5
0 v v v v + 0
0 8 16 24 32 40 48
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—&— Total Cr in the medium —A— Total Cr (Adsorbed) —a— Total Cr (Accumulated)

Fig. 1. Cr removal of P. aeruginosa 78 (A), P. aeruginosa 99 (B), and P. stutzeri T3 (C). Y-axis (left): Cr in the medium; Y-axis (right): adsorbed and accumulated Cr.
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(1) binding of anionic Cr(VI) ion species to the positively charged
groups present on the biomass surface; (2) reduction of Cr(VI) to
Cr(IlT) by adjacent electron-donor groups; and (3) release of the
Cr(Ill) ions into the aqueous phase due to electronic repulsion
between the positively charged groups on the cell’s surface and the
Cr(III) ions, or the complexation of the Cr(IIl) with adjacent groups
capable of Cr-binding.

The ability to reduce Cr(VI) and to resist high Cr(VI) con-
centrations were found to be independent properties of bacteria
especially Pseudomonas sp. [25]. Using classical biochemical tech-
niques, a novel soluble enzyme (ChrR) with chromate reductase
activity was previously purified to homogeneity from Pseudomonas
putida [26]. Additionally, efficient and rapid reduction of Cr(VI) to
Cr(IIT) has been measured for a soluble flavoprotein (ChrR) puri-
fied and kinetically characterized from P. putida MK1 [27] and
for soluble crude fractions prepared from P. putida PRS2000 [28],
suggesting that P. putida, if present in the indigenous microbial

A 120
100

80 -

60 -

% metal

40 -

20 |

community, is likely an important contributor to the bioreduction
of chromate in polluted soil environments.

The Cr(VI) reduction of the isolates was expressed as Cr(VI) and
Cr(Il) concentrations in the medium. P. aeruginosa 78, 99 and P.
stutzeri T3 isolates were exposed to 10 mg/L chromium for 48 h
in AMM medium. In the present study, each of the isolates con-
verted Cr(VI) to Cr(IlI) as shown in Fig. 2. These results indicate that
Cr(VI) reduction ability of the bacteria was not related to chromium
removal.

3.2. Rhamnolipid production

Pseudomonas species is well known for its capability to produce
rhamnolipid biosurfactants with potential surface-active prop-
erties when grown on different carbon substrates. Rhamnolipid
biosurfactants produced by P. aeruginosa, in particular, offer special
advantages because of their potent emulsifying activity and low,
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Fig. 2. Chromium reduction of P. aeruginosa 78 (A), P. aeruginosa 99 (B), and P. stutzeri T3 (C).
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critical micelle concentration [29]. Biosurfactants have potential
due to their low toxicity and biodegradability [30]. The biosurfac-
tant that was used in this study, a rhamnolipid, is a glycolipid that
was produced by two selected isolates of Pseudomonas sp. accord-
ing to their chromium removal ability. P. aeruginosa 78 (lower Cr
removal) and P. aeruginosa 99 (higher Cr removal) were exposed
to 10mg/L Cr. The rhamnolipid production of each isolate was
determined in the presence of Cr and compared with controls. Max-
imal rhamnolipid concentration was reached at the 48th hour. At
the end of the 48th hour, a significant and regular increase was
observed in the rhamnolipid production by both P. aeruginosa 78
(ANOVA; Fg14=5.048; p=0.0001) and P. aeruginosa 99 (ANOVA;
Fs14=13.381; p=0.0001) exposed to 10mg/L Cr. As shown in
Table 1, P. aeruginosa 99 not only removed more chromium but also
produced high amounts of rhamnolipid; whereas P. aeruginosa 78
not only removed less chromium but also produced low amounts of
rhamnolipid. In this study, a positive correlation was significantly
determined between chromium removal and rhamnolipid produc-
tion (p <0.05).In the present study results showed that rhamnolipid
might play a role in chromium removal.

Gnanamani et al. [31] studied the bioremediation of
chromium(VI) by biosurfactant-producing, marine isolate Bacil-
lus sp. MTCC 5514. The remediation carried out by this strain
proceeded via two processes: reduction of Cr(VI) to Cr(Ill) by
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Table 1
Rhamnolipid production by P. aeruginosa 78 and P. aeruginosa 99 grown in the
presence of 10 mg/L chromium.

Time (h) Rhamnolipid production (mg/mL)

P. aeruginosa 78 P. aeruginosa 99

Control With Cr Control With Cr
0 50 £ 2 51+3 49 + 4 49 + 4
8 75+ 3 68 +3 97 +£2 78 £ 5
16 84 +3 69 +2 97 £2 99 +3
24 87 +2 88 +4 104 + 4 104 +£ 2
32 102 + 2 99 + 3 125+3 153 +2
40 122+ 4 171+ 3 160 + 4 193 +3
48 126 + 3 172+ 4 165 +5 194+ 4

extracellular chromium reductase and entrapment of Cr(Ill) by
the biosurfactants. The first process transforms the toxic state of
chromium into a less-toxic state, and the second process prevents
the bacterial cells from the exposure of chromium(III). Both reac-
tions keep bacterial cells active all the time and provide tolerance
and resistance toward high hexavalent and trivalent chromium
concentrations [32]. Many authors reported that highest rates of
Cr(VI) reduction by Pseudomonas sp. occurred at aerobic condi-
tions and not related to Cr(VI) resistance or removal [33,34]. In

\ = .
Control 78 78+Cr Control 99 99+Cr Control T3 T3+Cr
Treatments
HOmMin@8min @16 min 224 min ™ 32 min @40 min 048 min
Fig. 3. Effect of 10 ppm Cr on the biomass of Pseudomonas isolates.
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Fig. 4. Effect of 10 ppm Cr on the total protein of Pseudomonas isolates.
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the present study, Cr(VI) reduction by each of the isolates was
determined. Results of the present study confirmed the results of
Gnanamani et al. [31].

3.3. Viability by biomass concentration and protein analysis

The time-course data on cellular growth and total protein were
observed for each isolate under its optimal pH and temperature
conditions. To investigate the heavy metal resistance of the iso-
lates, each isolate was grown in medium containing 10 mg/L Cr.
Growth and protein release was determined at 8, 16, 24, 32, 40,
and 48 h. The results showed a maximal release of protein in the
exponential phase (24 h) and a significant decrease during the sta-
tionary phase. Growth of Pseudomonas isolates in medium with or
without chromium is presented in Fig. 3. In medium without Cr
(control), eachisolate produced more biomass than in medium with
Cr. Among the tested isolates (chromium treated), highest growth
and protein release was determined in P. aeruginosa 78 exposed to
10mg/L Cr (Figs. 3 and 4). In the present study, a negative correla-
tion was significantly determined between chromium removal and
viability of each of the isolates (p <0.05). Chromium removal of the
most resistant strain P. aeruginosa 78 was the lowest among the
others. As a result, chromium removal is not related to chromium
toxicity. Also, previous studies confirmed the results of the present
study [35,36].

4. Conclusions

Chromium removal of Pseudomonas spp. in terms of Cr(VI)
reduction and rhamnolipid production was demonstrated, for the
first time.

Results of the present study indicate that (1) Cr(VI) reduc-
tion ability of the bacteria was not related to chromium removal;
(2) there is a positive correlation between chromium removal
and rhamnolipid production and a negative correlation between
chromium toxicity and chromium removal; (3) rhamnolipid pro-
duction of P. aeruginosa 78 and P. aeruginosa 99 isolates was
significantly affected by 10 mg/L of chromium; and (4) exposure to
10 mg/L of chromium increases the yields of rhamnolipid produced
by two Pseudomonas isolates.
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