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Abstract

The extensive discharge of textile dyes in industrial wastewater and the recalcitrant nature of azo dyes have
fueled a strong interest in exploring efficient and environmentally friendly approaches for wastewater remediation.
In this present study, we report on the isolation and characterization of a Sphingomonas sp. strain from petroleum
sludge that was capable of efficiently degrading various classes of dyes. A subsequent detailed analysis using
a panel of 12 azo dyes showed that this strain was capable of efficient aerobic degradation of at least 7 diverse
azo dyes. Furthermore, these dyes could also be degraded (more than 70% in 24 hours) under static (anaerobic)
culture conditions by this Sphingomonas sp. Lastly, HPLC analysis of the metabolites of three different azo dyes
showed that depending on the availability of oxygen during the culturing and dye degradation process, and different
sets of metabolites could be produced from these dyes. The current study establishes the usefulness of screening
petroleum sludge for the isolation of novel bacterial strains for efficient bioremediation and highlights the different

degradative pathways that are taken during aerobic and anaerobic bacterial dye degradation processes.
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Introduction

Despite increased awareness and governmental regulations, a
large amount of organic pollutants are discharged in our water bodies.
Sometimes this discharge is accidental (oil spills), but often at times,
especially in developing countries, it is deliberate (and criminal). It
is well accepted that these organic pollutants pose a direct threat to
aquatic and marine life and eventually us. Due to the extensive use of
organic dyes by various industries, they have become an integral part of
many industrial effluents. Most of these dyes are toxic and potentially
carcinogenic in nature and hence their removal from the industrial
effluents is a major environmental problem.

Removal of dyes from wastewaters using various methods has been
suggested, such as coagulation, adsorption, advanced oxidation (AOPs)
and the membrane processes [1-6]. All these approaches have some
advantages and disadvantages as well as limitations. Besides these,
traditional physical techniques like adsorption on activated carbon,
ultrafiltration, reverse osmosis, coagulation by chemical agents and ion
exchange on synthetic adsorbent resins have also been used by various
groups [7-9]. However in many cases, these techniques are either very
costly or economically unfeasible or may have technical constraints.

The versatility and adaptability of microbes for hazardous waste
degradation is gaining a lot of attention lately. Literature survey shows
the promise of efficient biodegradation of various classes of dyes using
microorganisms, mainly due to the low cost, ability to produce less
sludge and environmental compatibility [10]. In this regard, various
microorganisms (e.g. Bacillus subtilis, Phanerochaete chrysosporium,
Aeromonas hydrophila, Penicillium sp., Klebsiella pneumoniae, Proteus
mirabilis and Pseudomonas cepacia) have been isolated and have been
shown to be very promising for degrading different dyes [11-14].

In this paper, we present results on the isolation of twelve strains of
dye degrading bacteria from petroleum sludge and characterized their
abilities to degrade various types of organic dyes in aqueous solutions.
Since most biodegradation of azo dyes are generally carried out under
anaerobic conditions, part of the novelty of this work is that our

strains were very active (in dye degradation) under aerobic (shaking)
conditions. Additionally, they could also degrade dyes under anaerobic
conditions. Analyses of degradation products of different dyes suggest
that different degradation products are generated by our Sphingomonas
strain depending on the availability of oxygen during the degradation
process.

Materials and Methods

Toluidine Blue, Amido Black, Crystal Ponceau 6R, Trypan Blue,
Methyl Blue, Orange G, Acid Red 40, Reactive Black 5 and Ponceau
BS were obtained from Sigma-Aldrich. Eriochrome Black T, Thiazole
Yellow G, Naphthol Green B and Congo Red were purchased from Fluka
chemical and Malachite Green from BDH. Drimarene Black CL BGR,
Drimarene Red CL 4BN and Drimarene Yellow CL 4R were obtained
from Clariant chemicals. The chemical structures, dye class and the A___
of all dyes are listed in Table 1. Media for culturing was obtained from
Sigma-Aldrich. Nutrient Broth composition (Sigma) was as follows: 1
g/L D(+)-glucose, 15 g/L peptone, 6 g/L sodium chloride, 3 g/L yeast
extract, 3 g/L, final pH 7.5 + 0.2 (25°C). All organic solvents (HPLC
grade Acetonitrile and Methanol) were from Fisher Scientific (UK). All
chemical used in this work were of analytical grade and used without
further purification.

Bacterial strain identification and phylogenetic analysis

The 12 bacterial strains (H1-H12) were identified using partial
16S rRNA sequencing of the crude DNA on a 3500 Genetic Analyzer,
Applied Biosystems, USA. The obtained DNA sequences were compiled
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Table 1: Classification of dyes and their Structures.

in FASTA format and analyzed using BLAST (blastn) through NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The phylogenetic analyses
were performed using the online site http://www.phylogeny.fr [15,16]
which produced the phylogenetic tree.

Dye decolorization

A loopful of bacteria culture from glycerol stock was inoculated in
a 50 mL sterile tube containing 15 ml nutrient broth and incubated at
37°C under shaking condition (200 rpm) for 24 h. For sampling, all dyes
from stock solution (2000ppm) were sterilized by filtering through 0.45
um Nylon filter, before being added at 20 ppm in 15 mL nutrient broth
and 0.15 mL freshly grown (overnight) bacterial culture, incubated
for 24 h while shaking. One ml of sample was withdrawn at different

time intervals and each time it was centrifuged at 13,000 rpm for 10
minutes to separate the bacterial cell mass. Decolorization of dye was
determined by measuring the absorbance of the cleared supernatant at
the absorbance maxima of the respective dyes. All experiments were
performed in triplicate. Nitrogen purging (blowing Nitrogen gas over
the surface of the culture to displace the air and immediately tightly
closing the tube cap) followed by static incubation were used to obtain
anaerobic conditions in the experiments. Percentage decoloration was

calculated as follows:
% Decoloration= [(A, - Af) /A]x100 (1)

Where A, is the initial absorbance and Afis the final absorbance
value.
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Name of the Dyes H1 H2 H3 H4 H5 Hé H7 H8 H9 H10 H11 H12
Acid Red 40 - - - - - - - - - - - -
Amido Black ++ ++ +++ ++ - +++ ++ ++ ++ - - -
Congo Red + ++ +++ +++ - +++ +++ ++++ ++ - ++ -
Crystal Ponceau 6R - - - - - - - - - - - -
Erichrome Black T + + + ++ - ++ ++ ++ - + + +
Malachite Green +++ +++ ++++ ++ - +++ +++ +++ ++++ +++ ++++ ++++
Methyl Blue ++ ++ ++ ++ - + ++ ++ +4+ ++ ++
Naphthol Green B - + - + - + + + - - -
Orange G - - - - - - - - - - - -
Ponceau BS ++ ++++ ++++ ++++ - ++++ ++++ ++++ - - ++ -
Reactive Black 5 + + - ++ - - + + - _ _ _
Toludine Blue ++ +++ ++ ++ - + ++++ +++ ++ +++ ++ ++
H: Bacterial strains, (-) 0-20%,(+) 21-40%, (++) 41-60%, (+++) 61-80%, (++++)81-100%
Table 2: Aerobic degradation of dyes by all twelve bacterial strains.
% Dye Decolorization
Thiazole Yellow G Toludine Blue Crystal Ponceau 6R | Drimarene Red CL 4 BN Drimarene Yellow CL 2R Acid Red 40
Time (Hours) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0 0 0 0 0 0 0 0 0 0 0 0 0
2 13 12 2 4 3 3 2 3 2 1 1 1
4 32 12 10 4 0 1 7 3 4 2 0 0
6 31 12 9 1 2 1 2 3 6 1 0 1
24 49 6 19 6 12 3 15 4 1 12 4 5
% Dye Decolorization
Ponceau BS Amido Black Congo Red Erichrome Black T = Drimarene Black CL BGR Reactive Black 5
Time (Hours) Mean SD Mean SD Mean SD Mean sD Mean SD Mean sD
0 0 0 0 0 0 0 0 0 0 0 0 0
2 8 10 21 8 13 15 36 7 12 14 7 12
4 17 11 38 13 36 13 49 8 17 14 14 15
6 27 8 62 5 52 4 58 10 22 13 22 13
24 85 2 78 2 77 2 60 5 55 1 54 13
Table 3: Percentage decolorization of azo dyes using Sphingomonas sp under aerobic condition.
Optimization strains that would be most efficient at degrading various classes of dyes.

The effect of pH, concentration and carbon sources were studied
and optimized. The decolorization of dye was observed at pH 5, 7, 9
and 11. Nutrient broth of pH 7 was used at various concentrations of
dye. The effect of carbon and nitrogen sources was examined by using
different nutrient media such as Nutrient Broth, LB and 2xYT. All
experiments were carried out as mentioned above.

HPLC and UV analysis for decolorization

High performance liquid chromatography (HPLC) was carried
out as previously described [17]. Briefly, an Agilent PH 1100 liquid
chromatography system, (Agilent, USA) with an Agilent Zorbax SB-
C18 column 150 mm x 4.6 mm packed with 5 pm particle size, coupled
to a diode array detector was used (Agilent, USA). The mobile phase
consisted of solution A (0.1 M ammonium formate (pH 6.7) and
solution B (1:1 acetonitrile/methanol) and gradient from 0% B to 80%
B in 40 minutes and a flow rate of 1 mL/min was used to obtain the
chromatographs. Percentage of dye decolorization was analyzed by
using Epoch microplate reader from BioTek (USA). Sample from all
tubes were examined at different times (Oh, 2h, 4h, 6h, 8h and 24h)
during the period of 24h. During all time intervals, each sample was
centrifuged and the supernatant was used for absorbance measurements
atA  values of the dyes.

Result and Discussion

In initial screening we were interested in identifying bacterial

Therefore, we tested our 12 bacterial strains, isolated from petroleum
sludge, on twelve different dyes under aerobic conditions. The
screening results are summed up in Table 2. All dyes showed reasonable
degradation when exposed to various bacterial strains, except H5 strain
which failed to show any decolorization of the dyes under investigation.
Additional experiments with H5 showed that it could in fact degrade
various dyes, but only under anaerobic conditions. Based on the results
from this initial screening, isolate H8 showed most promising results
in degrading various classes of dyes and was chosen for further study.

Among the many dyes used in various applications, azo dyes are
most extensively used in industries because they are easy to synthesize
and are thus cost effective. Unfortunately, most azo dyes are toxic,
carcinogenic and mutagenic in nature [18]. The azo bonds present in
these compounds are resistant to breakdown, which can result in the
accumulation of these molecules in the environment. However, as has
been reported previously and shown in Table 2, they can be degraded by
specific strains of bacteria under aerobic and/or anaerobic conditions.
Subsequent experiments were carried out with additional azo dyes with
strain H8, under aerobic conditions. The % decoloration observed with
a set of twelve diverse azo dyes are presented in Table 3. Based on the
% decolorization achieved, these azo dyes were divided into three main
groups. The results are shown in Figure 1. Dyes belonging to group
A showed maximum decoloration, whereas, group C dyes showed
minimum decoloration. An interesting part of this investigation is that,
when same dyes were examined under static (anaerobic) conditions,
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Figure 1: Azo dye decolorization by Sphingomonas sp in aerobic condition.
Strain H8 (Sphingomonas sp) was incubated with various azo dyes (40 ppm in
Nutrient Broth) at 37°C with gentle shaking (200 rpm) and dye samples were
taken at indicated time points and the % dye degradation measured.
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Figure 2: Comparison of azo dye decolorization by Sphingomonas sp. under
aerobic and anaerobic conditions. Experiments were carried out as described
under Materials and Methods, with % dye decolorization calculated after 24
hours of bacterial incubation at 37°C, either under shaking (aerobic) or static
(anaerobic) conditions.

they showed almost the same amount of decolorization as compared
to shaking (aerobic) condition - the comparative results are shown in
Figure 2. At the end of second screening, three azo dyes namely, Amido
Black, Congo Red and Ponceau BS (all from group A) were chosen for
further analysis as they showed more than 75% decoloration.

Partial sequencing of the 16S rRNA gene showed that the 12 bacterial
strains belonged to four different bacterial genuses: Bacillus (H1, H2,
H4, H5 and H6), Sphingomonas (H3 and H8), Alphaprotobacterium
(H7) and Pseudomonas (H9, H10, H11 and H12). Table 4 shows the
individual bacterial strains, their GenBank accession number, and
their identity (based on 16S rRNA sequence similarity to published
sequences). The phylogenetic analysis of these twelve strains (and a
few representative bacteria) is also shown in Figure 3. It is interesting
to note that of the four genera of bacterial strains that we isolated
from petroleum sludge, three of them (Bacillus, Sphingomonas, and
Pseudomonas) have been previously shown to be able to degrade various

classes of organic pollutants [19,20]. For example, Ding and colleagues
have shown that a Sphingomonas strain isolated from Fe(OH)? enriched
microbial electrochemical reactor was able to efficiently degrade Acid
Orange 7 dye under anaerobic conditions [20].

The growth of bacteria depends on the pH of culture media, which
has been previously shown to directly affect dye decoloration [21]. Thus
the ability of Sphingomonas strain H8 to degrade dyes at different range
of pH 5, 9 and 11 (control was pH 7) was carried out. Figure 4 shows
that all dyes were best degraded in 5 to 9 pH, but no significant amount
of decolorization was observed in alkaline media (pH 11), which is
most likely due to the inability of bacteria to grow sufficiently in highly
acid or alkaline media [22].

It is well known that the dye concentration has a direct effect on the
decolorization rate as well [23]. Therefore, Sphingomonas strain H8 was
incubated with dyes of varying concentrations to see how this effected
the decolorization of the tested dyes. It was found that decolorization,
in general, increased with decreasing dye concentration (Figure 5).
Ponceau BS, Congo Red, and Amido Black all showed almost 75%
decoloration after 24 h when the concentration of these dyes were 20
ppm. Furthermore, Sphingomonas strain H8 was able to decolorize

. . GenBank Bacterial
Identity (%) Species name accession numbers Isolate
99 (KF317874.1) | Bacillus thuringiensis strain ex4 KJ495778 HA1
94 (KF840793.1) = Bacillus cereus strain KLU101 KJ495781 H2
99 (JF276901.1) = Sphingomonas rhizogenes KJ495785 H3
99 (HQ238483.1) Bacillus sp. KJ495782 H4
99 (KF475795.1) Bacillus cereus KJ495783 H5
100 (GU122949.1)  Bacillus cereus strain DBT3ST4 KJ495784 H6
94 (JX438848.1) Alpha proteobacterium KJ495786 H7
99 (KC886759.1) Sphingomonas sp. KJ495787 H8
98 (KF984465.1) Pseudomonas sp. BAB-3167 KJ495779 H9
99 (KC999877.1) Pseudomonas putida KJ495777 H10
94 (KF984465.1) Pseudomonas sp. KJ495780 H11
87 (KF984465.1) Pseudomonas sp. KJ495776 H12

Table 4: Bacterial strain identification using 16S rRNA sequencing and GenBank
accession numbers of the DNA sequences.

01

Figure 3: Phylogenetic tree analysis of the 12 bacterial strains using partial
16S rRNA sequences. The 12 strains are shown in boxes. Just for reference
purposes, the relative positions of a few different bacterial species are also
shown.
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Figure 5: Effect of dye concentration on decolorization by Sphingomanas sp. The three azo dyes were incubated in Nutrient Broth at different concentrations (but
same amount of bacteria) at 37°C with gentle shaking (200 rpm) and the % dye degradation measured after 24 hours.
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Figure 6: Effect of various nutrients on azo dyes decolorizationby Sphingomanas sp. The three azo dyes (40 ppm) were incubated in either Nutrient Broth, Luria Broth,
or 2XYT media at 37 °C with gentle shaking (200 rpm) and the % dye degradation measured after indicated time points.

Congo Red quite efficiently even at much higher concentrations of
up to 160 ppm (more than 50% decolorization in 24 hours). Amido
Black could also be decolorized quite well by the Sphingomonas strain at
concentrations up to 80 ppm (>60% in 24 hours). However, Ponceau BS
decolorization seemed to be very sensitive toward dye concentration,
with significantly reduced decolorization at concentrations higher than
20 ppm (Figure 5). Such dependence of dye concentration on bacteria-
mediated decolorization has been reported in the literature for other
dyes as well [24,25].

Azodyes can be poor carbon sources, thus to biodegrade such
dyes, pure culture with supplement of carbon or nitrogen sources are

required [26]. Therefore, to examine the effect of supplement on dye
decolorization, three media cultures were used and the results are shown
in Figure 6. Although our Sphingomonas strain was able to decolorize
the three chosen dyes in all media, best decolorization was observed
with Nutrient Broth (NB). Luria Broth (LB) gave almost similar results
as Nutrient Broth, with 2xYT showing statistically significantly lesser
decolorization for all three dyes. Interestingly we noticed that both
Congo Red and Amido Black reached maximum decolorization within
10 hours after which % decolorization became constant, most likely due
to nutrient depletion [27].

Although majority of the published literature on microbial azo dye
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Figure 7: HPLC analysis of Ponceau BS degradation by Sphingomonas sp
under different conditions. Panel A shows Ponceau BS in Nutrient Broth with
Sphingomonas sp (time=0 hours), panel B shows Ponceau BS degradation
profile with Sphingomonas sp after 24 hours under aerobic condition, and panel
C shows Ponceau BS with Sphingomonas sp after 24 hours under anaerobic
condition.

degradation report their studies under anaerobic conditions, bacterial
azo dye degradation can proceed under both aerobic and anaerobic
conditions, or in mixed-batch mode [28]. It has been shown that the
first step in azo dye degradation under both aerobic and anaerobic
conditions proceeds via the reductive cleavage of the azo bond, leading
to subsequent generation of aromatic amines [29].Under anaerobic
conditions, and depending on the ring substituents and microbial
strains, these amines are further converted to various metabolites such
as 1-amino-2-naphthol, sulfanilic acid and nitroaniline [30]. However,
if the degradation is being carried out under aerobic conditions, then
microbial oxygenases can work on the aromatic amines to produce mono
and dihydroxyaromatic compounds [31]. These compounds can be very
different than those produced under anaerobic degradation conditions,
and include metabolites such as 3-aminobenzenesulphonates,
2-aminonapthyl sulfonate, and hydroxysalicylic acids [32,33].
Interestingly, one of the metabolites, 1-amino-2-naphthol, has been
reported to be produced under both aerobic and anaerobic conditions

[30,32]. Although interesting and useful, most of the above mentioned
studies have been carried out on different strains and different dyes,
and different degradation conditions (aerobic and anaerobic). In
this manuscript, we present preliminary results from our systematic
degradation study using a same set of three dyes with one specific strain
(Sphingomonas sp) and understand aerobic and anaerobic conditions.

As can be seen from figures 7-9, although the dyes seemed to be
degraded equally well in both aerobic and anaerobic conditions, there
appears to be very significant differences in the way these dyes are
broken down. For example, the chromatograms of Ponceau BS (Figure
7) show four major peaks under aerobic but only one major peak under
anaerobic condition. Similarly, Congo Red degradation chromatograms

100
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Figure 8: HPLC analysis of Congo Red degradation by Sphingomonas sp
under different conditions. Panel A shows Congo Red in Nutrient Broth with
Sphingomonas sp (time=0 hours), panel B shows Congo Red degradation
profile with Sphingomonas sp after 24 hours under aerobic condition, and panel
C shows Congo Red with Sphingomonas sp after 24 hours under anaerobic
condition.
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Figure 9: HPLC analysis of Amido Black degradation by Sphingomonas sp
under different conditions. Panel A shows Amido Black in Nutrient Broth with
Sphingomonas sp (time=0 hours), panel B shows Amido Black degradation
profile with Sphingomonas sp after 24 hours under aerobic condition, and panel
C shows Amido Black with Sphingomonas sp after 24 hours under anaerobic
condition.

show 5 peaks in aerobic and 2 peaks in anaerobic condition (Figure 8).
Surprisingly, Amido Black chromatograms showed the apparently same
metabolites under both aerobic and anaerobic conditions (Figure 9).
These results show that the degradation pathway for Ponceau BS and
Congo Red are probably very different under aerobic and anaerobic
conditions based on their HPLC profile, but Amido Black may proceed
via a common scheme under both aerobic and anaerobic conditions.
Future studies are planned to identify these metabolites that are
produced under different degradation conditions.

Conclusion

In summary, we report here that petroleum sludge is a rich source of
microbes that could be used to degrade various classes of dyes, including
diverse azo dyes, which are normally recalcitrant to degradation.
Furthermore, we identified one of the strains as Sphingomonas sp
which could degrade up to 7 different azo dyes, including three (Amido
Black, Congo Red, and Ponceau BS) very efficiently under both aerobic

and anaerobic conditions. Lastly, preliminary HPLC analyses showed
that depending on the presence or absence of oxygen, very different
metabolic products can be produced, the identities of which will be
reported in a future publication.
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