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Abstract

Two mesophilic streptomycetes (S. violaceoruber and S. spiroverticillatus) were selected to study
their Poly R-478 decolorization ability and lignocellulose solubilizing activity. Both strains were
able to degrade Poly R-478 dye and ferulic acid during growth on a minimal salts medium. The Poly
R-478 decolorizing activities of both strains were induced by adding different carbon sources to the
culture media. S. violaceoruber could decolorize 63% of Poly R-478 after 24 h. Both strains could
solubilize straw and produce acid-precipitable polymeric lignin (APPL) with different efficiency.
From the major extracellular enzymes recovery of both strains on rice and wheat straw, we can predi-
cate that the biodegradation process was partial indicating a possible utilization in biological

delignification.
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Introduction

There has been much attention focused on the exploi-
tation of plant biomass as a renewable energy source (Van
Wyk, 2001; Ragauskas et al., 2006; Rubin, 2008). The bulk
of plant biomass is lignocellulose, a complex of three poly-
mers - lignin, cellulose, and hemicellulose (Rubin, 2008). It
is generally accepted that lignin degradation is a rate-
limiting step in lignocellulose degradation (Bisaria and
Ghose, 1981; Himmel et al., 2007). Therefore, the break-
down of lignin is critical for the conversion of this abundant
form of biomass into high value chemicals or fuels as a
source of renewable energy (Crawford 1981; Crawford et
al., 1984; Chen and Dixon, 2007; Abdel-Hamid et al.,
2013; Varanasi et al., 2013).

Regarding environmental pollution, earlier reports
confirmed that lignocellulose solubilizing organisms were
also capable of decolorizing Poly R-478 and various
triphenylmethane dyes (Ball et al, 1989; Vasdev and
Kuhad, 1994; Vasdev et al., 1995). Biological decolo-
rization method has been considered as effective, specific,
less energy intensive and environmentally benign, since it
results in partial or complete bioconversion of pollutants to
stable nontoxic end products (Kuhad ez al., 2004; Sharma et
al., 2013).

Lignin depolymerization and catabolism have been
studied in a number of bacterial species, including mem-
bers of the Streptomyces (McCarthy, 1987; Zimmerman,
1990; Grund and Kutzner, 1998). There are many evi-
dences that Streptomyces species may be useful in the utili-
zation and bioconversion of lignin and lignin-derived
aromatic compounds in biotechnological applications (Da-
vis and Sello, 2010). Streptomycetes are of particular inter-
est because of their apparent widespread ability to degrade
the lignin of straw via formation of acid-precipitable poly-
meric lignin (APPL) intermediates (Ball et al., 1989; Ball et
al., 1990; Mason ef al., 2001). APPL is a high molecular
weight complex of lignin, carbohydrates and proteins and
its relationship to lignin degradation need to be more under-
stood.

Lignocarbohydrate solubilization by actinomycetes
has been shown to be extracellular, and the involvement of
a range of enzymes has been suggested (Ramachandra et
al., 1987; Deobald and Crawford, 1987; Donnelly and
Crawford, 1988; Maciel et al., 2010). These biocatalysts
also represent potential application on environmental
biocatalysis for the degradation of xenobiotics and recalci-
trant pollutants (Gottschalk et al., 2008; Sharma et al.,
2013).
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In this work, we aimed to evaluate the poly-R deco-
lorization ability of Streptomyces violaceoruber and
Streptomyces spiroverticillatus. In addition, we studied the
APPL formation and the enzymology of the processes in-
volved in the lignocarbohydrate solubilization to provide
insights into the native lignin-solubilizing activity of these
two actinomycetes.

Materials and Methods

Strains and growth conditions

Streptomyces  violaceoruber and  Streptomyces
spiroverticillatus used in this investigation were isolated
from a soil sample collected from Sinai-Egypt and identi-
fied according to International Streptomyces Project (Shir-
ling and Gottlieb, 1968a, 1968b, 1969, 1972), Bergey’s
Manual of Determinative Bacteriology (Pridham and Tres-
ner, 1974) and Bergey’s Manual of Systematic Bacteriol-
ogy  (Locci, 1989). S. violaceoruber  and
S. spiroverticillatus stock spores were maintained at -20 °C
in a 20% (w/v) glycerol aqueous solution in the laboratory
of microbiology, Botany Department, Faculty of Science,
Damietta University, Egypt. After cell growth at 30 °C for
5-7 days on starch-nitrate agar medium (Waksman, 1959),
1 mL of spores suspensions, containing about 8 x 10° spores
of S. violaceoruber or S. spiroverticillatus; was used to in-
oculate shake flasks containing 50 mL minimal salts-yeast
extract medium, pH 7.0; supplemented with 0.01%(w/v)
ferulic acid or Poly R - 478. Other additive carbon sources
(wheat straw, xylan, glucose) were added at 0.2% (w/v)
concentration. For experiments on straw degradation, the
medium was supplied with 1% (w/v) ball-milled rice or
wheat straw. Minimal salts-yeast extract medium contained
per 1 litre distilled water: yeast extract 2 g, (NH4),SOy4
0.1 g, NaCl 0.3 g, MgS0,.7H,0 0.1 g, CaCO5 0.02 g and
1 mL trace element solution (FeSO,7H,0 1 g L'l,
ZnS0,.7H,0 0.9 g L', MnS0,.7H,0 0.2 g L™"). Cultures
were incubated up to 14 days at 150 rpm and 30 °C.

Utilization of lignin related compound

Lignin related compounds, used as growth substrates,
were ferulic acid and the polymeric dye Poly R - 478. Utili-
zation of substrates was monitored spectrophotometrically
after removing samples (0.1 mL) of culture medium at reg-
ular time intervals (up to 14 days). Decolorization of Poly R
- 478 was determined according to Ball et al. (1989) by di-
luting samples 10 fold with distilled water. The wave-
lengths used for the absorbance ratios of Poly R - 478 were
optical density at 518 nm and 346 nm (ODs;3/OD344). These
wavelengths were chosen to produce the greatest change of
the absorption ratio of Poly R - 478. Ferulic acid degrada-
tion was determined according to Ball et al. (1989) by dilut-
ing samples 100 fold with distilled water and recording
optical density at 282 nm.
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Determination of the lignin solubilizng activity of
strains

Grown cultures on wheat and rice straw were centri-
fuged (5000 rpm for 20 min) and the supernatant was acidi-
fied to pH 1 to 2 with HCI. The acid-precipitated product
(APPL) was removed by centrifugation (5000 rpm for
20 min), washed twice with distilled water, and finally dis-
solved in 0.05 M NaOH. APPL protein estimation by Brad-
ford (1976) method (expressed as milligrams of protein per
gram of straw) was used to monitor production.

Enzymes assay

Xylanase (endo-1,4-B-xylanase, EC 3.2.1.8) and
cellulase (endo-1,4-B-glucanase, EC 3.2.1.4) activities
were assayed by the estimation of reducing sugar released
from oat spelt xylan and cellulose, respectively. The reac-
tion mixture contained: 1 mL of 1.0% substrate dissolved in
0.1 M potassium phosphate buffer (pH 7.0) and 1 mL of di-
luted culture supernatant. The mixture was incubated at
50 °C for 10 min. The determination of reducing sugar re-
leased during the incubation mixture was detected by the
dinitrosalicylic acid method of Miller (1959). 1 mL of
dinitrosalicylic acid reagent was added to | mL of the clari-
fied reaction mixture and standards. After mixing, the mix-
tures were boiled for 5 min. After cooling, the optical
density of the coloured product at 550 nm was recorded.
Calibration curves constructed using D-xylose or D-glu-
cose standards in the range of 0- 5 pmole mL™" were used.
One unit of xylanase and cellulase activities were defined
as the amount of enzyme that released 1 pmole of xylose
and glucose respectively per millilitre per minute under as-
say conditions. Enzyme and substrate controls were in-
cluded routinely.

Peroxidase (EC 1.11.1.x) assay was adapted from the
assay developed by Ramachandra et al. (1987, 1988). Pero-
xidase was assayed using 2, 4-dichlorophenol (2,4-DCP) as
substrate. The final reaction (4 mL) mixture contained po-
tassium phosphate buffer (800 pL, 0.1 M, pH 7.0); 16 mM
4-aminoantipyrine (800 pL); 25 mM 2,4- dichlorophenol
(800 pL); culture supernatant (800 nL) and 50 mM hydro-
gen peroxide (800 uL). The reaction was initiated by the
addition of hydrogen peroxide which was added last. Sam-
ples were then incubated at 50 °C for 1.0 min. The increase
in absorbance as a result of the oxidation of 4-amino-
antipyrine was measured at 510 nm. One unit of enzyme ac-
tivity was defined as the amount of enzyme required for an
increase in absorbance of 1.0 unit mL™". Ferulic acid este-
rase FAE (feruloyl esterase, EC 3.1.1.73) assay, according
to Garcia et al. (1998); contained 80 mg wheat bran incu-
bated with culture supernatant (2 mL) and potassium phos-
phate buffer (2 mL, 0.1 M, pH 7.0). The assay was
performed for 20 min at 50 °C, and the reaction was
stopped by boiling samples for 3 min. The samples were
then cooled and centrifuged (5 000 rpm, 10 min) and the
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ferulic acid content of the supernatant determined by re-
cording optical density at 282 nm. Calibration curve con-
structed using ferulic acid standard in the range of
0-5 umole mL™" were used. One unit of activity was defined
as the amount of enzyme releasing 1 umole ferulic acid per
minute at pH 7.0 and 50 °C. Enzyme and substrate controls
were included routinely.

Growth determination

The harvested mycelia of strains were used for deter-
mination of growth as intracellular protein content. Washed
pellets were suspended in 20 mL of NaOH (1 M), and
boiled for 20 min. Dilution of clarified solution was used to
determine the intracellular protein concentration using
Bradford method (1976). Bovine serum albumin was used
as standard.

All incubations and assays were performed in tripli-
cate. Results presented are the means of three replicates
with standard errors.

Results

Poly-R decolorization ability

The results of the comparative studies on the ability
of S. violaceoruber and S. spiroverticillatus to decolorize
Poly-R, as a lignin related compound; indicated that both
strains were able to decolorize Poly-R during growth on a
minimal salts medium in which the dye represented the ma-
jor carbon source. S. spiroverticillatus showed approxi-
mately linear reduction in Poly-R absorbance ratio over the
first 48 h, about 35% decolorization; and no further deco-
lorization occurred (Figure 1.). Unlike S. spiroverticillatus,
S. violaceoruber revealed a repolymerization of Poly-R af-
ter decolorization (Figure 2.). However, S. violaceoruber
could attain faster maximum decolorization (24 h com-
pared with 48 h) and much higher (50% compared with
35%) relative to S. spiroverticillatus.

Improvement of poly-R decolorization ability

Generally, additive carbon sources, including glu-
cose, xylan or wheat straw as a lignocellulose; were found
to induce the decolorizing activities of both strains. Poly-R
decolorization by S. spiroverticillatus grown on either glu-
cose or xylan were found to follow a similar pattern of that
without any additives (Figure 1). While the addition of
these carbon sources to S. violaceoruber culture increased
the maximum decolorization rate from 50% to about 58%.
Additionally, it limited the repolymerization of Poly-R
(Figure 2). Regarding wheat straw, it was found to be the
most efficient additive carbon source to Poly-R decolo-
rization. The activity of S. spiroverticillatus cultures addi-
tionally containing wheat straw was 1.5 to 3.5 times greater
than those from other additive carbon sources examined at
24 h incubation period (Figure 1). The highest decolo-
rization activity was obtained from S. violaceoruber culture
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Figure 1 - Decolorization of Poly R, as measured by a decrease in the
ODs;5/0OD346 ratio during the growth of S. spiroverticillatus on minimal
salts-yeast extract media containing Poly R (0.01%,,) or Poly R
(0.01%yy) in addition to xylan, glucose and wheat straw.
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Figure 2 - Decolorization of Poly R, as measured by a decrease in the
ODs;5/OD346 ratio during the growth of S. violaceoruber on minimal
salts-yeast extract media containing Poly R (0.01%,,) or Poly R
(0.01%yy,) in addition to xylan, glucose and wheat straw.

containing wheat straw as additive carbon source. In this
case, decolorization rate reached the maximum rapidly
(63% after 24 h) and then remained constant for the dura-
tion of the experiment (14 days) (Figure 2).

Wheat and rice straw solubilization

On the other hand, wheat and rice straw were used as
native lignin sources. In general, wheat straw was more
susceptible to solubilization by both Streptomyces strains
as indicated by the yield of APPL. The present results with
S. violaceoruber and S. spiroverticillatus showed a simi-
lar pH pattern during the incubation period with a trend to
higher pH of 8.6. The peak activities for xylanase was ap-
proximately two to three fold for S. violaceoruber relative
to S. spiroverticillatus (Table 1) and associated with the



1182 Abou-Dobara and Omar

growth phase. Also, the peroxidases production on wheat g E; 2
straw followed the same behaviour of xylanases. Whereas, 2 EE - - Tz o :2' + &
. .. . L2 oS4 =2 < Ny AT
the peaks of peroxidases activities for both strains cultured 2E® S Z~ 9 G8 o X
on rice straw were approximately the same. However, = al o o “ o
S. violaceoruber showed maximum activity about 7 days R
earlier than did S. spiroverticillatus. Interestingly, the pres- E g g g g § g g
ent study showed that neither the amount of APPL produc- 2 < e e e e e
tion nor consumption was contributed to the production or . 23 - - - - - -
stability of the major studied enzymes (Table 1). 8 EE g 8 g e 8 8
= 8 2 =) =) = =) = =)
Ferulic acid degradation Elgl o .
.. . . 13 s9 <+ o o - o
Although ligninolytic system of both strains was éﬁ = %E g g s g g g8 s
found to lack ferulic acid esterase, they could degrade £ | 5| 8 2 | S° 3° ° < S° °
ferulic acid and use it as a sole carbon source. In contrast to —;) <
Poly-R degradation abili.ty, S. .spiroverticillatus was more ?D 2= Hg He o He Ho o
able to degrade ferulic acid than S. violaceoruber. s EE 53 28 8 = g3 &
. R — O —
S. spiroverticillatus was able to degrade 56% of the ferulic 2 Z2 = 8° ° s 3°°
acid in the culture after 24 h while S. violaceoruber could 2
only degrade 37% after 10 days (Figure 3). § S o A 2 = s : 2 . z s
z m = S 2 ~ oS Lo =
. . =
Discussion oS E9
. L . “ =<
The first experiment in this study is focused on 5 8 £ ' ' ' '
decolorization of the polymeric dye, Poly-R. Decolori- K Z g
zation of dyes may take place in two ways: either adsorp- S
. . . . . . S
tion on the microbial biomass or biodegradation of the dyes 3
. . -
by the cells (Zhou and Zimmermann, 1993). Biodegra- “ § ;’
dation seems more natural in its operation while biosor- iy Bool Py Yo = Ho Ho o
. . .. = S5 8| = wa *® nwon v — =
ption of dyes does not eradicate the problem. This is due to £ E8E| 2 ¥Tg & Fv Tw 2
. . . . . .. < « — —
the difficult disposal of the microbial biomass containing 2 E o & & & =
adsorbed dyes (Chander and Arora, 2007). The dye decolo- 2 <E
rization by both S. violaceoruber and S. spiroverticillatus E e - - - - - -
was attributed to biodegradation since the decrease in 2 §§ § § § § § §
Poly-R absorbance was recorded as a ratio. In adsorption, 8 ~
examination of the absorption spectrum reveals that all .i g~ S S S S S S
. . . =] =
peaks decrease approximately in proportion to each other g 3 % 5 2 2 2 < 2 2
but in the case of biodegradation, either the major visible TR ©
light absorbance peak will completely disappear or a new & | = g 5 Ho o Ho o ST
peak will appear (Chen et al., 2003; Saratale et al., 2009). S | 8| EE $e ¥3 8 €2 3 8
X X K ] <| €2 S 2o o e 2SS o
Development of efficient dye degradation biotech- £ e e e e e
nology requires application of a suitable selected strain un- 5 9~ " N " n
der favourable conditions (Novotny ez al, 2004). The ;i EE %5 SE. g 2§ 5 5 §
effectiveness of microbial decolorization depends on the = 2 - ° © =s° °
adaptability and the activity of the selected microorganisms £ T T
(Chen et al., 2003). The most efficient class of microorgan- g EZ 28 2 8 58 g€ 8
. . . . . . 5 = ° x° xS X =
isms in breaking down dyes is the white-rot fungi (Couto, E
2009; Maciel et al., 2010). In comparison to fungal decolo- < g
.. .. R g 2~ 1T 14 o o =3
rization, decolorization by S. violaceoruber and  J TEP 38 23 S s =
. . . o Q g
S. spiroverticillatus is normally faster like other bacterial % g I S e
decolorization (Kalyani et al., 2009; Maciel et al., 2010). ) A
Interestingly, S. violaceoruber could decolorize Poly-R  § 2 g g E
faster than the fungus P. cinnabarinus, 24 h compared with 2 B S g 3 3 g
192 h; with approximately the same efficiency and gener- g N 2 Bz £ 2 3
. . . . & z S ) = g 8 ) =
ally more efficient than P. chrysosporium (Diwaniyan et o g S g B 3 8 5 F
al., 2010). In addition, percentage of decolorization of = Q S 5 2 8 % 8 £
= -8 - “ £ < - =
Poly-R by these two Strepfomyces was more two folds &= F woow B F W w5



Poly R decolorization and APPL production by Streptomyces species

0.10 q
—e— Uninoculated

—O— 8. violaceoruber
—w— S. spiroverticillatus

0.08

0.06

Y D282

0.04

0.02

0.00

0 2 4 6 8 10 12 14 16
Time (days)

Figure 3 - Degradation of ferulic acid, as measured by a decrease in the
OD,g, during the growth of S. violaceoruber, S. spiroverticillatus on mini-
mal salts-yeast extract media containing ferulic acid (0.01%).

higher than that of the most widely studied S. viridosporus
and S. badius (Ball and Colton, 1996; Ball et al., 1989).
Furthermore, these strains were capable of utilizing
Poly-R dye as sole source of energy for their growth which
indicated a real elimination of the pollutant. However,
Poly-R was repolymerized rapidly after strong and fast
degradation by S. violaceoruber. This behaviour was im-
proved by addition of carbohydrates. Kondo et al. (1990)
showed that the presence of a glycosyl group facilitates the
depolymerization of synthetic lignin and decrease repo-
lymerization. Also, carbohydrates were reported to be es-
sential for the mineralization of lignin models (Kirk et al.,
1976). It may play roles, in both levels, adaptability and ac-
tivity of the organism. It could detoxify degradation prod-
ucts since the toxicity of the glycosides of these compounds
is greatly reduced (Kondo and Imamura, 1989a) which im-
prove the adaptability. On the other hand, the extracellular
metabolites in presence of carbohydrates could contain
other enzymes and certain compounds like organic acids,
which would favour the decolorization process (Shah et al.,
2003; Wesenberg et al., 2003) and prevent repolymeri-
zation of the radicals formed by the oxidative enzymes
(Galliano et al., 1991). In accordance with our results,
Kondo and Imamura (Kondo and Imamura, 1989b) found
that the rate of consumption of the lignin models was much
faster in polysaccharide than in monosaccharide media.
Several studies indicated that only lignin-degrading
microorganisms are able to decolorize polymeric dyes and
that efficiency of decolorization is correlated with their
ability to degrade several lignin model compounds (Chet ez
al., 1985, Platt et al., 1985). Ball et al. (1989) suggested
that decolorization of polymeric dyes is a simple and rapid
method to investigate the ligninolytic system in microor-
ganisms. So it is not surprising that most commercially im-
portant dyes has a structural similarity to lignin
(sub)structures, which are amenable to transformation by
ligninolytic enzymes (Wesenberg et al., 2003, Diwaniyan
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etal.,2010). Therefore, the second experiment in this paper
trended to study the biodegradation of native lignin by
S. violaceoruber and S. spiroverticillatus. Since lignin is a
complex polymer without a single repeating unit, and,
moreover, contains bonds in a random three dimensional
arrangement (Higuchi, 1985), it is very difficult to be de-
graded by common organisms. From the major extra-
cellular enzymes recovery of S. violaceoruber and
S. spiroverticillatus, we can predicate that it was partial
biodegradation process. It is known that the basic xylano-
lytic reaction can only lead to complete hydrolysis of the
hemicellulose component if enzymes attacking side-groups
on the xylan chain and cross-links within lignocellulose
(e.g. ferulic acid esterase) are also present. Ferulic acid
esterase, in general; is rarely detected in streptomycetes.
The possibility to explain that can be summarized in the
lack of a complete set of xylanase enzymes, resulting in low
and perhaps undetectable ferulic acid esterase activity
(Garcia et al., 1998). Interestingly, the complete absence of
cellulases indicated a selective degradation of lignin with
keeping the cellulosic biomass. Therefore, S. violaceoruber
and S. spiroverticillatus could be used in biological deligni-
fication as a low energy and low cost pre-treatment. Be-
cause the components of rice straw are mainly cellulose and
hemicellulose encrusted with lignin having in addition,
only small amounts of protein (Parr et al., 1992), rice straw
was more resistant to S.  violaceoruber and
S. spiroverticillatus solubilizition compared with wheat
Straw.

Streptomycetes hydrolytic and oxidative enzymes act
co-operatively in degradation of the lignocellulose com-
plex during primary growth (Ball ez al., 1990). The mecha-
nisms involved in this degradation process have not yet
been fully elucidated. However, the main role is attributed
to a solubilization activity rather than depolymerization
(McCarthy, 1987). Generally, we may postulate that
Streptomyces grows attached to straw which explain the
undetectable growth in cases of low growth. The main
product of straw and other lignocellulosic residues solu-
bilization is an acid-precipitable polymeric lignin
(Crawford et al., 1983). In this study, lignocarbohydrate
solubilization occurred during primary growth while the
subsequent decrease in APPL yield suggests further degra-
dation or modification of solubilized material. Different
cases of APPL degradation by ligninolytic streptomycetes
has been reported by Pometto and Crawford (1986) who
considered that an additional evidence for diverse ligno-
carbohydrate solubilizing patterns among streptomycetes
(Borgmeyer and Crawford, 1985). On the other hand,
Haemmerli et al. (1986) found that repolymerization oc-
curred when the rate of peroxidase catalysis was high. Also
Nanayakkara et al. (2014) reported the repolymerization of
depolymerized oligomeric lignin and explained it by the
esterification of hydroxyl groups in the oligomeric prod-
ucts. This fact may be postulated in the case of culturing
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both S. violaceoruber and S. spiroverticillatus on rice straw
but needs to be confirmed further.

In accordance with the ability to degrade native lignin
and Poly-R dye, S. spiroverticillatus have strong and fast
ability to metabolize ferulic acid which is naturally linked
with hemicellulose by ester bond (Mueller-Harvie et al.,
1986; Smith and Hartleyr, 1983). However, they couldn’t
release it from straw due to the lack of ferulic acid esterase.

The reported results here provide evidence that S.
violaceoruber and S. spiroverticillatus may be useful in the
biological delignification of lignin in biotechnological ap-
plications as a low energy and low cost pre-treatment. Re-
garding environmental pollution, this study suggests S.
violaceoruber, as a suitable strain to develop an efficient
Poly-R degradation biotechnology.

References

Abdel-Hamid AM, Solbiati JO, Cann IK (2013) Insights into
lignin degradation and its potential industrial applications.
Adv Appl Microbiol 82:1-28.

Ball AS, Colton J (1996) Decolorization of the polymeric dye
Poly R by Streptomyces viridosporus TTA. J Basic Micro-
biol 36:13-18.

Ball AS, Betts WB, McCarthy AJ (1989) Degradation of lignin-
related compounds by actinomycetes. Appl Environ Micro-
biol 55:1642-1644.

Ball AS, Godden B, Helvenstein P, Penninckx MJ, McCarthy AJ
(1990) Lignocarbohydrate solubilization from straw by
actinomycetes. Appl Environ Microbiol 56:3017-3022.

Bisaria VS, Ghose TK (1981) Biodegradation of cellulosic mate-
rials: Substrates, microorganisms, enzymes, and products.
Enzyme Microb Technol 3:90-94.

Borgmeyer JR, Crawford D (1985) Production and characteriza-
tion of polymeric lignin degradation intermediates from two
different Streptomyces spp. Appl Environ Microbiol
49:273-278.

Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the prin-
ciple of protein dye binding. Anal Biochem 72:248-254.

Chander M, Arora DS (2007) Evaluation of some whiterot fungi
for their potential to decolorize industrial dyes. Dyes and
Pigments 72:192-198.

Chen F, Dixon RA (2007) Lignin modification improves ferment-
able sugar yields for biofuel production. Nat Biotechnol
25:759-761.

Chen KC, Wu JY, Liou DJ, Huang SCJ (2003) Decolorization of
the textile dyes by newly isolated bacterial strains. J Bio-
technol 101:57-68.

Chet I, Trojanowski J, Huttermann A (1985) Decolorization of the
Poly B-411 and its correlation with lignin degradation by
fungi. Microbiology Letters 29:37-43.

Couto SR (2009) Dye removal by immobilized fungi. Biotechnol
Advances 27:227-235.

Crawford DL (1981) Microbial conversion of lignin into useful
chemicals using a lignin degrading Streptomyces. Bio-
technol Bioeng Symp 11:275-291.

Abou-Dobara and Omar

Crawford DL, Pettey TM, Thede BM, Deobald LE (1984) Genetic
manipulation of lignolytic Streptomyces and generation of
improved lignin to chemical bioconversion strains. Bio-
technol Bioeng Symp 14:241-255.

Crawford DL, Pometto AL, Crawford RL (1983) Lignin degrada-
tion by Streptomyces viridosporus: Isolation and character-
ization of a new polymeric lignin degradation intermediate.
Appl Environ Microbiol 45:898-904.

Davis JR, Sello JK (2010) Regulation of genes in Streptomyces
bacteria required for catabolism of lignin-derived aromatic
compounds. Appl Microbiol Biotechnol 86:921-929.

Deobald LA, Crawford DL (1987) Activities of cellulose and
other extracellular enzymes during lignin solublization by
Streptomyces  viridosporus. Appl Environ Microbiol
26:158-163.

Diwaniyan S, Kharb D, Raghukumar C, Kuhad R (2010) Decolo-
rization of synthetic dyes and textile effluents by basidio-
mycetous fungi. Water Air and Soil Pollution 210:409-419.

Donnelly PK, Crawford DL (1988) Production by Streptomyces
viridosporus TTA of an enzyme which cleaves aromatic ac-
ids from lignocellulose. Appl Environ Microbiol 54:2237-
2244.

Galliano H, Gas G, Seris JL, Boudet AM (1991) Lignin degrada-
tion by Rigidoporous lignosus involves synergistic action of
two oxidizing enzymes: Mn peroxidase and laccase. En-
zyme Microb Technol 13:478-482.

Garcia B, Ball A, Rodriguez J, Perez-Leblic M, Arias M (1998)
Induction of ferulic acid esterase and xylanase activities in
Streptomyces avermitilis UAH30. FEMS Microbiol Letters
158:95-99.

Gottschalk LMF, Bon EBS, Nobrega R (2008) Lignin peroxidase
from Streptomyces viridosporus T7 A: Enzyme concentra-
tion using ultrafiltration. Appl Biochem Biotechnol
147:23-32.

Grund E, Kutzner HJ (1998) Utilization of quinate and p-hydro-
xybenzoate by actinomycetes: Key enzymes and taxonomic
relevance. J Basic Microbiol 4:241-255.

Haemmerli SD, Leisola MSA, Fiechter A (1986) Polymerization
of lignins by ligninases from  Phanerochaete
chrysosporium. Microbiol Letters 35:33-36.

Higuchi T (1985) Biosynthesis of lignin. In: Higuchi T (eds).
Biosynthesis and biodegradation of wood components. Aca-
demic, London, 141-161.

Himmel ME, Ding S-Y, Johnson DK, Adney WS, NimLos MR,
Brady JW, Foust TD (2007) Biomass recalcitrance: Engi-
neering plants and enzymes for biofuels production. Science
315:804-807.

Kalyani DC, Telke AA, Dhanve RS, Jadhav JP (2009) Eco-
friendly biodegradation and detoxification of Reactive Red
2 textile dye by newly isolated Pseudomonas sp. SUK1. J
Hazardous Materials 163:735-742.

Kirk TK, Connors WIJ, Zeikus JG (1976) Requirement for a
growth substrate during lignin decomposition by two
wood-rotting fungi. Appl Environ Microbiol 32:192-194.

Kondo R, Imamura H (1989a) Model study on the role of the for-
mation of glycosides in the degradation of lignin by wood-
rotting fungi. Mokuzai Gakkaishi 35:1008-1013.



Poly R decolorization and APPL production by Streptomyces species

Kondo R, Imamura H (1989b) Formation of lignin model xylo-
sidase in polsaccharides media by wood-rotting fungi.
Mokuzai Gakkaishi 35:1001-1007.

Kondo R, Imori T, Imamura H, Kishida T (1990) Polymerization
of DHP and depolymerization of DHA glucoside by lignin
oxidizing enzymes. J Biotechnol 13:181-188.

Kuhad RC, Sood N, Tripathi KK, Singh A, Ward OP (2004) De-
velopments in microbial methods for the treatments of dye
effluents. Adv Appl Microbiol 56:185-213.

Locci R (1989) Genus Streptomyces and related genera. In: Wil-
liams ST, Sharpe ME, Holt JG (eds) Bergey’s Manual of
Systematic Bacteriology. Vol. 4. The Williams and Wilkins
Co., Baltimore, pp 2451-2508.

Maciel MJM, Silva AC, Ribeiro HCT (2010) Industrial and bio-
technological applications of ligninolytic enzymes of the
basidiomycota: A review. Electron J Biotechnol 13:14-15.

Martinez D, Larrondo L, Putnam N, Gelpkel M, Huang1 K, Chap-
man G, Helfenbein K, Ramaiya P, Detter J, Larimer F,
Coutinho P, Henrissat B, Berka R, Cullen D, Rokhsar D
(2004) Genome sequence of the lignocellulose degrading
fungus Phanaerochaete chrysosporium strain RP78. Nat
Biotechnol 22:695-700.

Mason MG, Ball AS, Brandon JR, Silkstone G, Nicholls P, Wil-
son MT (2001) Extracellular heme peroxidase in actino-
mycetes: A case of mistaken identity. Appl Environ
Microbiol 67:4512-4519.

McCarthy AJ (1987) Lignocellulose-degrading actinomycetes.
FEMS Microbiol Rev 46:145-163.

Miller GL (1959) Use of dinitrosalicylic acid reagent for determi-
nation of reducing sugar. Anal Chem 31:426-428.

Mueller-Harvie YH, Artleyr D, Harrisp J, Curzone H (1986)
Linkage of p-coumaroyl and feruloyl groups to cell-wall
polysaccharides of barley straw. Carbohydrate Research
148:71-85.

Nanayakkara S, Patti AF, Saito K (2014) Chemical depolymeri-
zation of lignin involving the redistribution mechanism with
phenols and repolymerization of depolymerized products.
Green Chem Advance Article DOI: 10.1039/C3GC41708E.

Novotny C, Svobodova K, Kasinath A, Erbanova P (2004) Bio-
degradation of synthetic dyes by Irpex lacteus under various
growth conditions. Int Biodeterioration and Biodegradation
54:215-223.

Parr JF, Papendick RI, Hornick SB, Meyer RE (1992) Soil qual-
ity: Attributes and relationships to alternative and sustain-
able agriculture. Am J Altern Agric 7:5-11.

Platt MW, Hadar Y, Chet H (1985) The decolorization of the poly-
meric dye Poly-Blue polyvinalamine sulfonate-anthraqui-
none by lignin degrading fungi. Appl Microbiol Biotechnol
21:394-396.

Pometto AL, Crawford D (1986) Catabolic fate of Streptomyces
viridosporus T7A-produced, acid-precipitable polymeric
lignin upon incubation with ligninolytic Streptomyces spe-
cies and Phanerochaete chrysosporium. Appl Environ
Microbiol 51:171-179.

Pridham TG, Tresner HD (1974) Genus 1. Streptomyces
Waksman and Henrici. In: Buchanan RE, Gibbons NE (eds)
Bergey’s Manual of Determinative Bacteriology. 8th Edi-
tion. The Williams and Wilkins Co., Baltimore, pp 747-829.

1185

Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney
J, Eckert CA, Frederick WJ, Hallett JP, Leak DJ, Liotta CL,
Mienlenz JR, Murphy R, Templer R, Tschaplinski T (2006)
The path forward for the biofuels and biomaterials. Science
311:484-489.

Ramachandra M, Crawford DL, Hertel G (1988) Characterization
of an extracellular lignin peroxidase of the lignocellulolytic
actinomycete Streptomyces viridosporus. Appl Environ
Microbiol 54:3057-3063.

Ramachandra M, Crawford DL, Pometto AL (1987) Extracellular
enzyme activities during lignocellulose degradation by
Streptomyces spp.: A comparative study of wild-type and
genetically manipulated strains. Appl Environ Microbiol
53:2754-2760.

Rubin EM (2008) Genomics of cellulosic biofuels. Nature
454:841-845.

Saratale RG, Saratale GD, Chang JS, Govindwar SP (2009) Deco-
lorization and biodegradation of textile dye Navy blue HER
by Trichosporon beigelii NCIM-3326. J Hazardous Mate-
rials 166:1421-1428.

Shah V, Verma P, Stopka P, Gabriel J, Baldrian P, Nerud F (2003)
Decolorization of dyes with copper(Il)/organic acid/hydro-
gen peroxide systems. Applied Catalysis B: Environmental
46:287-292.

Sharma KK, Singh D, Singh SB, Kuhad RC (2013) Ligninolytic
enzymes in environmental management. In: Kuhad RC,
Singh A (eds) Biotechnology for Environmental Manage-
ment and Resource Recovery. Springer, New York,
pp 219-238.

Shirling EB, Gottlieb D (1968a) Cooperative description of type
cultures of Streptomyces. 11. Species descriptions from the
first study. Int J Syst Bacteriol 18:69-189.

Shirling EB, Gottlieb D (1968b) Cooperative description of type
cultures of Streptomyces 111. Additional species description
from first and second studies. Int J Syst Bacteriol 18:279-
392.

Shirling EB, Gottlieb D (1969) Cooperative description of type
cultures of Streptomyces. IV. Species description from the
second, third and fourth studies. Int J Syst Bacteriol 19:391-
512.

Shirling EB, Gottlieb D (1972) Cooperative description of type
strains of Streptomyces. V. Additional descriptions. Int J
Syst Bacteriol 22:265-394.

Smith M, Hartleyr D (1983) Occurrence and nature of ferulic acid
substitution of cell-wall polysaccharides in graminaceous
plants. Carbohydrate Research 118:65-80.

Van Wyk JP (2001) Biotechnology and the utilization of biowaste
as a resource for bioproduct development. Trends Bio-
technol 19:1172-1177.

Varanasi P, Singh P, Auer M, Adams P, Simmons B, Singh S
(2013) Survey of renewable chemicals produced from ligno-
cellulosic biomass during ionic liquid pretreatment. Bio-
technology for Biofuels 6:14.

Vasdev K, Kuhad RC (1994) Decolorization of Poly R-478 (poly-
vinylamine sulphonate anthrapyridone) by Cyathus bulleri.
Folia Microbiol 39:61-64.

Vasdev K, Kuhad RC, Saxena RK (1995) Decolorization of
triphenylmethane dyes by the bird’s nest fungus Cyathus
bulleri. Curr Microbiol 30:269-272.



1186

Waksman SA (1959) Strain specificity and production of antibi-
otic substances. X. characterization and classification of
species within the Streptmyces griseus Group. Proc Natl
Acad Sci USA 45:1043-1047.

Wesenberg D, Kyriakides I, Agathos SN (2003) White-rot fungi
and their enzymes for the treatment of industrial dye
effluents. Biotechnol Advances 22:161-187.

Abou-Dobara and Omar

Zhou W, Zimmermann W (1993) Decolorization of industrial
effluents containing reactive dyes by actinomycetes. FEMS
Microbiol Letters 107:157-162.

Zimmerman W (1990) Degradation of lignin by bacteria. J
Biotechnol 13:119-130.

All the content of the journal, except where otherwise noted, is licensed under a
Creative Commons License CC BY-NC.



