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A Versatile Peroxidase from Lentinus squarrosulus
towards Enhanced Delignification and in vitro
Digestibility of Crop Residues
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The scarcity of quality feed is a major constraint to livestock productivity, and it
is attributed to recalcitrant lignin, which hinders the utilization of crop residues.
White-rot lignicolous fungi have been used for enrichment of crop residues
through fungal pre-treatment, but dry matter loss is inevitable. Versatile
peroxidase oxidizes a diverse class of aromatics without mediators and plays a
key role in ligninolysis. In this study, the efficacy of a novel versatile peroxidase
isolated from a wild species was evaluated for its effect in the delignification of
crop residues. The strain identified as Lentinus squarrosulus (TAMIO04,
Banklt2098576 MH172167) demonstrated predominant versatile peroxidase
activity amongst screened isolates in solid-state and submerged fermentations;
it displayed hybrid characteristic of manganese oxidation and manganese
independent reactions on aromatic compounds. The manganese oxidizing
peroxidase activity was 12 U/mL in submerged and 131 U/mL in solid-state
fermentation. Treatment of crop residues with L. squarrosulus extract rich in
versatile peroxidase showed a decrease in neutral detergent fiber, acid
detergent fiber, and acid detergent lignin contents, prompting delignification.
Thus, the use of versatile peroxidase in enhancing the digestibility of straws is
substantiated through proximate and in vitro digestibility analysis. Thus, the
potential use of versatile peroxidase in increasing the in vitro degradation of
straws for enhancing feed utilization in ruminants was substantiated.
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INTRODUCTION

Sustainable energy and waste management are the pillars of socio-economic
development. Environmental health is equally important in promoting socio-economic
prosperity. Thus, there is an increasing global demand for food and fuel, prompting the
search for alternate sources of feedstock for fuel without compromising food security
(Eisler et al. 2014). Sustainable agricultural systems are drivers of food security and
environmental viability. Livestock plays an inexorable role in supporting sustainable
agriculture. However, the quest for quality feed for the expanding livestock community is
still a concern impacting the efficiency of livestock production. One of the keys to these
challenges lies in the lignocellulosic biomass generated through cropping practices and as
by-products of agro-industries worldwide (Owen and Jayasuriya 1989). Interestingly, the
utilization of lignocellulosic biomass also addresses the issue of residue disposal, which in
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current times is a major contributor to greenhouse gas emissions (Lal 2005; Bhattacharyya
and Barman 2018). Lignocellulosic residues are pertinent in diverse applications of biofuel
production, paper pulp manufacture, animal feed, etc. The exploitation of these
lignocelluloses relies heavily on cost-effective destruction of the biomass. Biomass
deconstruction is necessary for efficient exploitation of the polysaccharides for
biotechnological applications because of the recalcitrance of lignocellulosic complexes,
which is due to crystalline cellulose and the rigidity and hydrophobicity of lignin (Grabber
2005). Although diverse pretreatment methods have their own advantages, the biological
method of lignin degradation stands out for economic reasons. The white-rot fungi
dominate the biological lignin degraders due to their rich network of ligninolytic enzymes.
White-rot fungi are superior to other lignin degrading bacteria and fungal groups on
account of this selective lignin degrading ability (Kirk 1987). Hence, this group of fungi is
widely used for the treatment of crop residues to improve their nutritive value (Sharma
and Arora 2010a, b). However, the loss of polysaccharides during lignin degradation limits
fungal pretreatment application at large scale (Martinez et al. 2005; Sridhar et al. 2015).
There has been recent research to characterize these ligninolytic enzymes for their ability
to disintegrate lignocellulosic complex in a way that is amenable to downstream
biotechnological applications (Kumar et al. 2015). The ligninolytic system of these white-
rot fungi is comprised of laccase, manganese peroxidase, lignin peroxidase, versatile
peroxidase, and other enzymes involved in peroxide generation (Knop et al. 2015).
Laccase, phenol oxidase, and heme peroxidases such as manganese peroxidase and lignin
peroxidase oxidize the non-phenolic units of lignin through mediators, while the phenolic
units are attacked directly (Christian et al. 2005; Ruiz Duenas and Martinez 2009a; Falade
et al. 2016). Extensive research has established the role of these enzymes in lignin
degradation (Ruiz Duenas et al. 2009a; Falade et al. 2016). Versatile peroxidase is unique
in the system on account of its ability to oxidize the phenolic and non-phenolic compounds
free of redox mediators (Ruiz Duenas et al. 2009b; Knop et al. 2016). The hybrid
architecture of lignin peroxidase and manganese peroxidase present in versatile peroxidase
and the adaptation of its amino acid residues in the catalytic environment make it favorable
for high potential substrate oxidation (Ruiz-Duenas et al. 2009b). Versatile peroxidase
oxidizes high molecular weight substrates through catalytic tryptophan at the surface
resembling lignin peroxidase and Mn?* to Mn®* as in manganese peroxidase (Revankar and
Lele 2006). Nevertheless, there is a lack of research on versatile peroxidase, as this enzyme
exhibits considerable complexity for identification among the other ligninolytic
peroxidases. While exogenous fibrolytic enzymes are currently exploited in ruminant
nutrition, the role of ligninolytic enzymes, particularly versatile peroxidase, is still
emerging. This study focused on the screening of wild isolates for a novel versatile
peroxidase having exceptional efficiency for aromatics and manganese oxidation. This
enzyme was targeted for its in vitro delignification potential of crop residues for better
utilization in downstream applications.

EXPERIMENTAL

Chemicals

Chemicals used in the study were of analytical grade unless otherwise stated.
Reactive Black 5 (RBS), 2, 2’-azino-bis (3-ethyl benzothiazoline-6-sulfonic acid) (ABTS)
and 2, 6 dimethoxyphenol (DMP) used for assay were procured from Sigma Aldrich (St.
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Louis, MO, USA).

Fungal Culture Propagation and Screening

Twenty isolates of wood-rotting fungi from humid, tropical regions of Western
Ghats (12.9763° N, 77.5929° E, 8.9339° N, 77.2780° E) were brought to pure cultures by
aseptic propagation of inner tissue of pileus/stipe of basidiocarp on potato dextrose agar
slants at 28 °C (Jorgensen and Knud 1953). All isolates were appraised for their ligninolytic
ability through the Bavendamm test of oxidation with 30 mM gallic acid and 3 mM tannic
acid in discrete reactions (Christian et al. 2003). The enzymatic reactivity of the isolates
towards guaiacol (O-methoxyphenol) at a concentration of 8 mM on solid media confirmed
their phenolic oxidation ability. The strains with positive reactions to the above analysis
were selected for the screening of versatile peroxidase production.

Subsequently, agar plates supplemented with 100 uM Reactive Black 5, an azo dye,
were observed for oxidative decolouration. The plates were inoculated with 4 mm mycelial
plugs from freshly grown culture and observed at regular intervals for a halo of
decolorization. Reactive Black 5 was chosen because it is a heavily recalcitrant double azo
dye possessing high redox potential. Decolorization of the sulfonphthaleine dyes
bromophenol blue, bromothymol blue, and bromocresol green were studied by
supplementing liquid culture medium with 0.01% of the corresponding dye (Krishna
Prasad et al. 2005).

Culture Conditions

The basal medium for cultivation comprised the following per liter: glucose, 10 g;
NHsH2PO4, 2 g; yeast extract, 2 g; and trace element solution, 1 mL. Trace elements
included: MgSQg4, 3 g/L; CuSOs4, 0.005 g/L; ZnSQOs4, 0.1 g/L; FeSOs4, 0.1 g/L; and CaCl,,
0.05 g/L. Fungal cultures pre-grown in glucose-ammonium medium were used as inocula.
Prior to inoculation, the cells were homogenized and added to the production medium.
Flasks were maintained under continuous agitation of 120 rpm. Solid-state fermentation
was implemented using pre-treated poplar wood chips moistened with basal medium
(Kumar et al. 2015). A 250-mL Erlenmeyer flask containing 5 g of pre-treated wood chips
layered with 25 mL basal medium was inoculated with homogenized mycelia from freshly
grown culture. Cultures were incubated at 28 °C in the dark. Enzyme analysis was
performed using extracellular fluids from submerged and solid-state fermentation. The
effect of supplementation of different concentrations of manganese (0 to 500 pM) on
Versatile Peroxidase production was analyzed by adding manganese as MnSQOa4to the basal
medium. All experiments were performed in triplicate.

Decolorization Studies

To ascertain the rate of degradation of the azo dye Reactive Black 5, liquid medium
supplemented with 100 uM dye was inoculated with a 4-mm mycelial plug from freshly
grown culture and monitored for decolorization spectrophotometrically at the absorbance
maxima of the dye once in 24 h. Flasks were incubated at 28 °C under continuous agitation
at 120 rpm. A non-inoculated flask supplemented with dye served as a control.
Decolorization efficiency was assessed as % decolorization using Eq. 1,

% decolourization = % x 100 (1)
0

where Co is the initial concentration of the dye and C:is concentration of the dye at t h. All
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experiments were performed in triplicate.

Analytical Measurements

Laccase activity was estimated by the oxidation of 1.6 mM ABTS in 100 mM
sodium acetate buffer (pH 4.5) at 420 nm (ga20 36000 M cm™) (Ghose 1987). The
oxidation of ABTS by peroxidases was corrected by subtracting the activity in the presence
of 0.5 pg/mL catalase. Lignin peroxidase activity was measured by monitoring the
oxidation of 2 mM veratryl alcohol in 100 mM sodium tartrate buffer pH 3. The formation
of veratrylaldehyde was measured at 310 nm (g310 9300 M* cm™*). Manganese peroxidase
activity was deduced from the formation of Mn®*" malonate at 270 nm. The assay mixture
consisted 0.5 mM MnSO4 and 100 mM malonate buffer pH 4.5, and the reaction was
initiated with 0.1 mM H20.. Oxidation of RB5 was determined in 100 mM sodium tartrate
buffer pH 3 with 10 uM RB5. The reaction was initiated by addition of 0.1 mM H>0. and
monitored through the decrease in absorbance at 598 nm (gse 24000 Mt cm™?). Versatile
peroxidase activity of the selected wild isolate TAMIO04 (TC04) was compared with
Pleurotus sajor-caju and Trametes versicolor, rich producers of the enzyme. Enzyme
activity was assessed through oxidation of 2,6 dimethoxyphenol after correcting for
laccases. The oxidation of 2,6 dimethoxyphenol (DMP) was determined at 468 nm in a
reaction mixture containing 0.1 mM DMP, 100 mM sodium tartrate buffer pH 3, and 0.1
mM H20,. One unit of enzyme is defined as the amount of enzyme that transforms 1 pmol
of substrate or that forms 1 pumol of product per minute. Absorbance measurements were
carried out in Shimadzu UV 1800 spectrophotometer (Kyoto, Japan). Reducing sugars
were estimated by the dinitrosalicylic acid (DNS) method with D-glucose as a standard
(Rao et al. 2018). Microbial biomass was deduced by filtering the media contents through
pre-weighed dried Whatman no 1 filter paper followed by overnight drying at 70 °C.

Culture Identification

This efficient strain exhibiting ligninolytic activity was identified in a discrete study
undertaken by Rao et al. (2018). Genomic DNA from freshly grown fungal culture was
isolated by microwave method and served as a template for PCR with ITS 1 (5-TCC GTA
GGT GAA CCT GCG G- 3') and ITS 4 (5'-TCC TCC GCT TAT TGA TAT G-3') as
primers. The amplified product spanning 18s rDNA, 28s rDNA, and 5.8s rDNA along with
ITS1 and ITS4 regions was sequenced, and the ITS sequence obtained was then subjected
to sequence comparison through NCBI BLAST nucleotide search as documented in
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). A low complexity filter was set, and the
sequences with lowest expect value and maximal identity were selected.

Proximate Analysis and Estimation of in vitro Dry Matter Digestibility
(IVDMD)

Five commonly available crop residues such as paddy straw, finger millet straw,
foxtail millet straw, little millet straw, and barnyard millet straw were milled to 1 to 2 cm
length and dried at a constant temperature of 70 + 2 °C for use in biodegradation studies.
Crude enzyme produced by the fungus through solid-state and submerged fermentation
modes was harvested on the peak of enzyme production and exploited for treating the crop
residues. The crop residues were treated with the crude enzyme at 40% (v/w) and incubated
for 24 h followed by drying at 70 + 2 °C. The samples were analyzed for proximate
principles of neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent
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lignin (ADL) (Van Soest et al. 1991). Subsequent to proximate analysis, finger millet straw
and little millet straw were analyzed for their in vitro dry matter digestibility through a
two-stage method (Minson and McLeod 1972). Though in vitro digestibility does not
directly determine ruminant digestibility, this method is preferred as it is time saving and
cost effective as compared to in vivo trials for primary investigations on the potential of
feed materials. However in most of the trials, in vitro results were found to be correlative
to the in vivo digestibility results (Minson and McLeod 1972; Geisert et al. 2007). Prior to
digestion of the samples, fermentation medium was prepared by adding 2.5 g/L casein
hydrolysate and 0.15% Resazurin solution to McDougall’s buffer. McDougall’s buffer was
composed of the following per liter: NaHCOs3, 9.80 g; Na;HPOQO4, 7 g; KCI, 0.57 g; NaCl,
0.47 g; MgS04.2H.0, 0.12 g; and CaCly, 0.04 g. Reducing agent (625 mg cysteine
hydrochloride dissolved in 95 mL distilled water, 4 mL of 1 N NaOH added followed by
addition of 625 mg sodium sulphide flakes) was introduced to the fermentation medium
and flushed with CO- to remove the air from the medium. Rumen contents were obtained
from a male cow through a permanent fistula. The contents were maintained at 39 °C and
carefully filtered through two layers of cheese cloth. Next, 40 mL of fermentation medium
with 10 mL of rumen liquor were then added to 0.5 g of finely ground sample. The sample
flasks were flushed with CO and incubated at 39 °C for 48 h with continuous shaking.
After incubation, the samples were extracted using neutral detergent solution to assess their
digestibility on dry matter basis.

Statistical Analysis

All treatments were performed in three replicates. Proximate analysis was
evaluated using PROC GLM in SAS 9.3 software (Cary, NC, USA). Significant differences
between treatments were determined using t-test at o value of 0.05.

RESULTS AND DISCUSSION

Screening of Wild Isolates for Ligninolytic Enzymes

The oxidation of phenolics was indicated by the formation of brown to reddish
brown radiance on agar plates (Fig. 2(1,3)). Strains were considered positive for
ligninolytic activity only on oxidation of all the phenolic indicator compounds subjected
in the study. Accordingly, 60% of the screened wood-rotting strains were positive for
ligninolytic activity. Subsequently, 30% of strains were found to decolorize the recalcitrant
azo dye RB5 and were considered producers of versatile peroxidase. Though
sulfonphthaleine dyes decolorization was observed in most isolates, the azo dye
decolorization was exhibited by markedly few isolates. The typical decolorization paces of
the isolates are depicted in Fig. 1. The efficient isolate designated as TAMI004 (TCO04 in
Fig. 1) as explored through these preliminary studies was further evaluated in liquid culture
for production of ligninolytic enzymes. In addition, microscopic observation of the hyphae,
septa, clamp connections, and spores confirmed these fungal strains as belonging to
basidiomycetous family.

Identification of Wild Isolate

Genomic DNA extracted via microwave method was of highest purity as
determined through nanodrop spectrophotometer. Amplification through ITS 1 and ITS 4
primers yielded a 700-bp sequence encompassing the ITS 1, ITS 2, and rDNA regions,
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which were deposited to Genbank with accession numbers MH172167 and MH172168.
Sequence comparison through NCBI BLAST identified the strain as the basidiomycete
Lentinus squarrosulus (TAMI004, Banklt2098576 MH172167).
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Fig. 1. RB5 Decolorization profile of the wild isolates in potato dextrose medium

Characterization of Ligninolytic Enzyme Production

The Lentinus species studied here is a rich producer of laccase as determined by
ABTS oxidation ability alongside Versatile Peroxidase activity. The decolorization of RB5
and RBBR were observed in manganese-independent reactions (Fig. 2). The decolorization
of the sulfonphthaleine dye bromophenol blue is illustrated in Fig. 3. In liquid culture,
manganese-oxidizing peroxidase activity reached its maximum after 7 days, at the very end
of active tropophase (log phase), after which the activity declined.
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Fig. 2. Phenolics oxidation by TAMIO04. (1) Oxidation of guaiacol, (2) decolorization of RB5, (3)
oxidation of gallic acid, and (4) decolorization of RBBR after 3 and 7 days of culture

- [~ ‘ \
Fig. 3. Decolorization of (A) sulfonphthaleine dye bromophenol blue and (B) RB5 in liquid culture
in comparison to negative controls

Residual reducing sugar was nearly negligible at this phase (Fig. 4). To evaluate
the activity of the manganese-oxidizing peroxidase enzymes in manganese-containing
medium, the above isolate was cultivated in basal medium with varying concentrations of
manganese from 0 to 500 uM. The RB5-oxidizing peroxidase activity was predominant in
the medium devoid of manganese, though manganese-oxidizing peroxidase activity was
significant in media with 0 and 500 UM manganese (Fig. 5). In contrast, only trivial veratryl
alcohol oxidation was observed with this isolate. Manganese dependent and independent
activities on 2,6 dimethoxy phenol were also exhibited by this species. Manganese
independent activity on 2,6 dimethoxy phenol of the species relatively with Pleurotus
sajor-caju and Trametes versicolor is depicted in Fig. 6.
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Fig. 4. Versatile peroxidase activity, biomass growth, and reducing sugar profile of TAMIO04 during
submerged fermentation
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Fig. 5. Manganese oxidizing peroxidase activity and RB5 decolorizing peroxidase activity at
varying concentrations of manganese (0 to 500 pM)
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Fig. 6. Comparison of manganese-independent oxidation of 2,6 dimethoxy phenol (DMP) by
different versatile peroxidase producing strains

Fig. 7. Solid-state fermentation of TAMIO04 on wood chips with a close up view of colonization of
the fungus on wood chips (inset).

The pH optima for RB5 oxidizing activity and manganese oxidizing activity were
observed as 3 and 4.5, respectively. Solid-state fermentation demonstrated superior
ligninolytic ability in comparison to submerged fermentation. The manganese-oxidizing
peroxidase activity evidenced in submerged fermentation was 12 U/mL, whereas in solid-
state fermentation it was 131 U/mL. The activity values obtained in the current study were
comparable to those produced by Bjerkandera sp. in glucose ammonium medium
(Heinfling et al. 1998a). This Lentinus strain also grew profusely in solid-state
fermentation on wood chips, as wood is the preferred substrate of this fungus (Fig. 7).
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Estimation of Proximate Principles and in vitro Dry Matter Digestibility
(IVDMD)

A majority of the straws exhibited reductions in the NDF, ADF, and ADL contents
of enzyme-treated samples irrespective of the mode of fermentation, as shown in Table 1
and Figs. 8, 9, and 10. NDF recorded 3.6% and 4.2% reduction in solid-state (SSF) and
submerged (SmF) fermentation enzyme treatments, respectively. There was a 5.2% and
2.9% decrease in acid detergent lignin in SSF and SmF enzyme treatments, respectively.
Little millet, foxtail millet, and paddy straw exhibited statistically promising results, while
finger millet straw and barnyard millet showed the slightest response. Thus, solid-state
fermentation yielded significantly superior results compared to submerged fermentation.

Table 1. NDF, ADF, and ADL in Control and Enzyme-Treated Straws

NDF ADF ADL

SUENE MEtnee Means + SD Means + SD Means + SD
Control 73.32 £ 0.26 48.83 +0.16 6.6 + 0.03

Barnyard Millet SSF 71.79 £ 0.43* 36.36 + 0.28""* 6.44 £ 0.02
SMF 72.09 £ 0.64 46.59 + 0.31** 6.41+0.1

Control 74.16 + 0.38 44,13 +0.18 5.89 + 0.08

Foxtail Millet SSF 66.38 + 1.46™ 38.58 + 0.79"** 5.48 £+ 0.16*
SMF 68.7 £ 0.42** 43.73+0.42 5.9+ 0.09

Control 76.75 + 0.22 46.66 + 0.48 4,13 £ 0.07

Finger Millet SSF 76.45 + 1.06 46.51 + 0.02 3.98+0

SMF 74.82 + 0.82" 45,77 + 0.01* 4.2 +£0.01

Control 81.48 + 0.4 62.06 + 0.23 4.34 £ 0.04

Paddy SSF 79.99 + 0.51 51.37 + 0.12*** 4,14 +£0.16
SMF 80.14 £ 0.94 57.79 + 0.3*" 4,28 £0.31

Control 67.38 + 0.47 42.87 + 0.01 5.94 £ 0.04

Little Millet SSF 65.41 + 0.43" 38.14 + 0.1*" 5.43 £ 0.08"
SMF 61.72 +0.41* 39.11 + 0.03*" 5.3+0.26"

NDF- Neutral Detergent Fiber, ADF — Acid Detergent Fiber, ADL — Acid Detergent Lignin
(*P =0.05, **P <0.01,”*P < 0.001)
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Fig. 8. Distribution of ADL in control, solid-state (SSF), and submerged (SmF) enzyme treatments
of crop residues
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Fig. 9. Distribution of ADF control, solid-state (SSF), and submerged (SmF) enzyme treatments of
crop residues
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Fig. 10. Distribution of NDF control, solid-state (SSF), and submerged (SmF) enzyme treatments
of crop residues

Enhanced digestibility was observed with both little millet and finger millet straws
(Table 2). A maximum of 32% increase in digestibility compared with the control was
recorded with little millet straw treated with enzyme harvested through solid-state
fermentation and 29% for finger millet straw treated with the same enzyme. Enzyme
produced through submerged fermentation provided 14% and 16% increase in digestibility,
respectively, for these straws (Table 2). The negative correlation between lignin content
and digestibility was evident from the correlation coefficients -0.8 for finger millet straw
and -0.46 for little millet straw. The augmentation of digestibility through delignification
in the enzyme-treated straws is illustrated in Fig. 11.

Table 2. In vitro Dry Matter Digestibility (IVDMD) Statistical Means of Control and
Enzyme Treated Straws (**P < 0.01)

IVDMD
Straws Method (Means + SD)
Control 43.02+2.2
Little Millet SSF 56.71 + 0.28*"
SMF 49.02 + 1.03
Ei Control 51.06 £ 2.5
Inger SSF 66.05 + 0.68"*
Millet
SMF 59.4 +1.94
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Fig. 11. Correlation plot of ADL vs. IVDMD of solid-state (SSF) and submerged (SmF) enzyme
treatments of little millet (LM) and finger millet (RS) straw

Tannic acid and gallic acid are traditional substrates of the Bavendamn reaction,
while guaiacol and syringaldehyde are phenolic lignin substructures produced upon lignin
oxidation. These indicator compounds provided direct evidence of ligninolytic activity;
nevertheless, diverse aromatic indicator compounds were used for substantiation of the
lignin degrading ability of the isolates. In nature, wood decay by white-rot fungi requires
two or more of the ligninolytic enzymes. Secondary compounds of this lignin
macromolecule are readily oxidized by the ligninolytic machinery of white-rot fungi.
Though these substrates are readily oxidized by the ligninolytic enzyme array, the mode of
action and their potential differ. This is the rationale behind selective oxidation of certain
substrates by the ligninolytic system. For this reason, Reactive Black 5 (RB5) is reportedly
oxidized by versatile peroxidase and dye decolorizing peroxidases (Martinez et al. 2005;
Salvachua et al. 2013). RB5 decolorization proves the secretion of high redox potential
peroxidase, which was displayed by only few isolates screened in this study. The best
isolate with this high potential for oxidation of RB5 was studied to decolorize azo dye RB5
and anthraquinone dye RBBR autonomously devoid of manganese. The TAMI004 strain
was relatively rapid and competent in its action on phenolics and dyes. This prompted
further characterization for its ligninolytic potential. The decolorization of Reactive Black
started from day 3 and reached its maxima after 5 days; complete decolorization was
observed after 7 days. A similar pattern of decolorization was also perceived with Remazol
brilliant blue R; both dyes were oxidized equally and efficiently in manganese independent
reactions. The oxidation of diverse substrates makes this high redox potential enzyme
similar to those from Pleurotus and Bjerkandera (Heinfling et al. 1998b,c; Ruiz Duenas et
al. 2001).

White rot fungi typically oxidize natural lignocellulosic substrates through the
collaborative effect of two or more of the ligninolytic enzymes. Growth conditions strongly
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influence the production of these enzymes from diverse eco-physiological groups.
Therefore, the enzyme activities of this isolate were studied in solid-state and submerged
fermentation modes. Ligninolytic enzymes are effective in solid-state fermentation
(Rodriguez and Sanroman 2005; Palma et al. 2016). Likewise, in this study, the activity of
manganese oxidizing peroxidase was exponentially higher in solid-state fermentation of
wood than in submerged fermentation. In submerged fermentation, the manganese-
oxidizing peroxidase activity was higher in the medium without manganese. Though
manganese oxidizing activity was predominant in media containing 0, 100, and 500 uM
manganese, RB5 oxidizing peroxidase activity declined from 0 uM through 500 uM. This
suggests the existence of two distinct peroxidases in media void of manganese and in media
with more than 100 pM manganese (Martinez et al. 1996). Maximum activity peak in solid-
state fermentation was observed on day 12, after which activity declined and maintained
until day 20, whereas in submerged fermentation activity peaked on 7" day and dropped
thereafter. Maximal activity in submerged fermentation was observed at the end of log
phase when the residual sugar concentration was almost 30%. Reducing sugar
consumption was rapid during the log phase and was almost negligible during stationary
phase. Preliminary investigation of the ligninolytic enzymes secreted by this wild isolate
established the presence of high redox potential versatile peroxidase. Microscopic
observation of spores, hyphae, and septa confirmed this strain as affiliated with the
basidiomycetes group. The internal transcribed sequence (ITS) region was acquired from
the genomic DNA isolated from the fungus through the use of ITS 1 and ITS 4 primers.
This strain was identified as Lentinus squarrosulus through comparison with BLAST of
the fungal barcode sequence in a separate study (Rao et al. 2018). To the authors’
knowledge, this is the first report describing production of versatile peroxidase from
Lentinus squarrosulus. Lentinus squarrosulus is an edible white-rot mushroom of family
Polyporaceae that grows extensively on decaying wood. Analysis of research conducted
have established the antioxidant and nutritional properties of this white-rot fungus, but
ligninolytic abilities of this fungus have not been reported (Omar et al. 2011). The
ligninolytic potential of this fungus was realized through the crude enzyme treated straws,
wherein there was a noteworthy improvement in the fiber fraction reduction, as illustrated
through proximate principles. The reduction in the lignin component of the crude enzyme
treated straws is likely to improve its digestibility and concomitantly animal productivity.
This was confirmed through the digestibility studies carried out on little millet and finger
millet straws treated with the versatile peroxidase rich enzyme extract. The significant
increase in in vitro digestibility in the enzyme treated straws confirms the potential of this
enzyme to enrich the vastly available crop residues for utilization by ruminants. These
results are salient from the ruminant nutrition perspective, as a small increase in
digestibility makes a great difference in livestock productivity (Reddy and Krishna 2009).
Though much work is required towards enhancing the activity of this high potential
peroxidase and a deeper insight on its role in enhancing ruminant digestibility, this work
will be an impetus for further advancement in this direction. Production of high potential
versatile peroxidase by this strain has been indicated through this work, which will be of
use in biotechnological and industrial applications, especially in ruminant nutrition.

CONCLUSIONS

1. Wild isolates of wood rotting Basidiomycetes were screened and characterized for
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identification of a potential versatile peroxidase producer.

2. The role of a novel versatile peroxidase from tropical white-rot Lentinus squarrosulus
identified in this study in enhancing the nutritive value of crop residues as
demonstrated through proximate and in vitro digestibility analysis was substantiated.

3. This enzyme holds immense potential for biotechnological applications in ruminant
nutrition through enrichment of lignocellulosic crop residues.

ACKNOWLEDGMENTS

The financial assistance by Department of Science and Technology (DST),
Ministry of Science and Technology, Govt. of India, under the WOSA scheme (SR/WOS-
AJ/LS-32/2016) is gratefully acknowledged by the first author. The authors thank the
Director, ICAR - National Institute of Animal Nutrition and Physiology, Bangalore
(Karnataka) India, for providing the necessary facilities to carry out the research work.

CONFLICT OF INTEREST

The authors certify that there is no conflict of interest with any financial
organization regarding the material discussed in the manuscript.

REFERENCES CITED

Bhattacharyya, P., and Barman, D. (2018). “Crop residue management and greenhouse
gases emissions in tropical rice lands,” Soil Manage. Clim. Change. 323-335. DOI:
10.1016/B978-0-12-812128-3.00021-5

Christian, V. V., Shrivastava, R., Novotny, C., and Vyas, B. R. M. (2003).
“Decolorization of sulfonphthalein dyes by manganese peroxidase activity of the
white-rot fungus Phanerochaete chrysosporium,” Folia Microbiol. 48(6), 771-774.
DOI: 10.1007/BF02931512

Christian, V., Shrivastava, R., Shukla, D., Modi, H., and Vyas, B. R. M. (2005).
“Mediator role of veratryl alcohol in the lignin peroxidase-catalyzed oxidative
decolorization of Remazol brilliant blue R,” Enzyme Microb. Technol. 36(4), 426-
431. DOI:10.1016/j.enzmictec.2004.06.007

Eisler, M. C., Lee, M. R. F., Tarlton, J. F., Martin, G. B., Beddington, J., Dungait, J. A.
J., Greathead, H., Liu, J., Mathew, S., Miller, H., et al. (2014). “Agriculture: Steps to
sustainable livestock,” Nature 507(7490), 32-34. DOI: 10.1038/507032a

Falade, A. O., Nwodo, U. U., Iweriebor, B. C., Green, E., Mabinya, L. V., and Okoh, A.

I. (2016). Lignin peroxidase functionalities and prospective applications.
MicrobiologyOpen 6(1), €00394. DOI:10.1002/mb03.394

Geisert, B. G., Klopfenstein, T. J., Adams, D. C., and MacDonald, J. C. (2007).
“Comparison of in vivo digestibility to in vitro digestibility of five forages fed to
steers,” Nebraska Beef Report, 109-111.

Ghose, T. K. (1987). “Measurement of cellulase activities,” Pure. Appl. Chem. 59(2),
257-268. DOI: 10.1351/pac198759020257

Ravichandran et al. (2019). “White-rot peroxidase,” BioResources 14(3), 5132-5149. 5146



PEER-REVIEWED ARTICLE b | oresources.com

Grabber, J. H. (2005). “How do lignin composition, structure, and cross-linking affect
degradability? A review of cell wall model studies,” Crop Sci. 45(3), 820. DOI:
10.2135/cropsci2004.0191

Heinfling, A., Martinez, M. J., Martinez, A. T., Bergbauera, M., and Szewzyk, U.
(1998a). “Purification and characterization of peroxidases from the dye-decolorizing
fungus Bjerkandera adusta,” FEMS Microbiol Lett. 165, 43-50. DOI:
10.1111/j.1574-6968.1998.th13125.x

Heinfling, A., Ruiz-duenas, F. J., Martinez, M. J., Bergbauera, M., Szewzyk, U., and
Martinez, A. T. (1998b). “A study on reducing substrates of manganese-oxidizing
peroxidases from Pleurotus eryngii and Bjerkandera adusta,” FEBS Lett. 428(3),
141-146. DOI: 10.1016/S0014-5793(98)00512-2

Heinfling, A., Martinez, M. J., Martinez, A. T., Bergbauera, M., and Szewzyk, U.
(1998c). “Transformation of industrial dyes by manganese peroxidases from
Bjerkandera adusta and Pleurotus eryngii in a manganese-independent reaction,"
Appl. Environ. Microbiol. 64(8), 2788-2793.

Jorgensen, E., and Vejlby, K. (1953). “A new polyphenol oxidase test,” Physiol. Plant 6,
533-537. DOI: 10.1111/j.1399-3054.1953.tb08410.x

Knop, D., Yarden, O., and Hadar, Y. (2015). “The ligninolytic peroxidases in the genus
Pleurotus: divergence in activities, expression, and potential applications,” Appl.
Microbiol. Biotechnol. 99, 1025-1038. DOI: 10.1007/s00253-014-6256-8

Knop, D., Levinson, D., Makovitzki, A., Agami, A., Lerer, E., Mimran, A., Yarden, O
and Hadar, Y. (2016). “Limits of versatility of versatile peroxidase,”Appl. Environ.

Microbiol. (14) 4070-4080. DOI: 10.1128/AEM.00743-16

Kirk, K. T. (1987). “Enzymatic ‘combustion’: The microbial degradation of lignin,"
Annu. Rev. Microbiol. 41, 465-505. DOI: 10.1146/annurev.mi.41.100187.002341

Krishna Prasad, K., Venkata Mohan, S., Vijaya Bhaskar, Y., Ramanaiah, S.V., Babu, V.
L., Pati, B. R., and Sarma, P. N. (2005). “Laccase production using Pleurotus
ostreatus 1804 immobilized on PUF cubes in batch and packed bed reactors:
Influence of culture conditions,” J. Microbiol. 43(3), 301-307.

Kumar, V. P, Naik, C., and Sridhar, M. (2015). “Production, purification and
characterization of novel laccase produced by Schizophyllum commune NIO7 with
potential for delignification of crop residues,” Appl. Biochem. Microbiol. 51(4), 432-
441. DOI: 10.1134/S0003683815040080

Lal, R. (2005). “World crop residues production and implications of its use as a biofuel,”
Environ. Int. 31, 575-584. DOI:10.1016/j.envint.2004.09.005

Martinez, M. J., Ruiz-duenas, F. J., Guillen, F., and Martinez, A. T. (1996). “Purification
and catalytic properties of two manganese peroxidase isoenzymes from Pleurotus
eryngii,” Eur. J Biochem. 237(2), 424-32. DOI: 10.1111/j.1432-1033.1996.0424Kk.x

Martinez, A. T., Speranza, M., Ruiz-Duefias, F. J., Ferreira, P., Camarero, S., Guillén, F.,
Martinez, M. J., Gutiérrez, A., and del Rio, J. C. (2005). “Biodegradation of
lignocellulosics: Microbiological, chemical and enzymatic aspects of fungal attack to
lignin," Int. Microbiol. 8, 195-204.

Minson, D. J., and McLeod, M. N. (1972). “The in vitro technique: Its modification for
estimating digestibility of large numbers of tropical pasture samples,” CSIRO
Division of Tropical Pastures 8, 1-15.

Ravichandran et al. (2019). “White-rot peroxidase,” BioResources 14(3), 5132-5149. 5147


https://www.ncbi.nlm.nih.gov/pubmed/8647081

PEER-REVIEWED ARTICLE b | oresources.com

Omar, N. A. M., Abdullah, N., Kuppusamy, U. R., Abdulla, M. A., and Sabaratnam, V.
(2011). “Nutritional composition, antioxidant activities, and antiulcer potential
of Lentinus squarrosulus (Mont.) mycelia extract,” Evidence-Based Complementary
and Alternative Medicine, article ID 539356. DOI: 10.1155/2011/539356

Owen, E., and Jayasuriya, M. C. N. (1989). “Use of crop residues as animal feeds in
developing countries,” Res. Dev. Agric. 6(3), 129-138.

Palma, C., Lloret, L., Sepulveda, L., and Contreras, E. (2016). “Production of versatile
peroxidase from Pleurotus eryngii by solid-state fermentation using agricultural
residues and evaluation of its catalytic properties,” Prep. Biochem. Biotechnol. 46(2),
200-207. DOI: 10.1080/10826068.2015.1084513

Rao, R. G., Ravichandran, A., Dhali, A., Kolte, A. P., Giridhar, K., and Sridhar, M.
(2018). “A rapid microwave method for isolation of genomic DNA and identification
of white rot fungi,” Biotech. J. Intl. 21(2), 2456-7051. DOI: 10.9734/BJ1/2018/42191

Reddy, D.V., and Krishna, N. (2009). “Precision animal nutrition: A tool for economic
and eco-friendly animal production in ruminants,” Livestock Res. Rural Dev. 21,
Article #36.

Revankar, M. S., and Lele, S. S. (2006). “Enhanced production of laccase using a new
isolate of white rot fungus WR-1," Process Biochem. 41, 581-588. DOI:
10.1016/j.prochio.2005.07.019

Rodriguez, C., and Sanroman, M. A. (2005). “Application of solid-state fermentation to
ligninolytic enzyme production,” Biochem. Eng. J. 22, 211-219. DOI:
10.1016/j.bej.2004.09.013

Ruiz Duenas, F. J., and Martinez, A. T. (2009a). “Microbial degradation of lignin: How a
bulky recalcitrant polymer is efficiently recycled in nature and how we can take
advantage of this,” Microb Biotechnol. 2(2), 164-177. 10.1111/j.1751-
7915.2008.00078.x

Ruiz-Duenas, F. J., Morales, M., Garcia, E., and Miki, Y. (2009b). “Substrate oxidation
sites in versatile peroxidase and other basidiomycete peroxidases,” J. Exp. Bot.
60(2), 441-452. DOI: 10.1093/jxb/ern261

Ruiz Duenas, F. J., Camarero, S., Perez-Boada, M., Martinez, M. J., Martinez, A. T.
(2001). “A new versatile peroxidase from Pleurotus,” Biochem. Soc. Trans. 29(2),
116-22. DOI: 10.1042/bst0290116

Salvachua, D., Prieto, A., Martinez, A. T., and Martinez, M. J. (2013). “Characterization
of a novel dye-decolorizing peroxidase (DyP)-type enzyme from Irpex lacteus and
its application in enzymatic hydrolysis of wheat straw," Appl. Environ. Microbiol.
79(14), 4316-4324. DOI: 10.1128/AEM.00699-13

Sharma, R. K., and Arora, D. S. (2010a). “Production of lignocellulolytic enzymes and
enhancement of in vitro digestibility during solid-state fermentation of wheat straw
by Phlebia floridensis,” Bioresource Technol. 101, 9248-9253. DOI:
10.1016/j.biortech.2010.07.042

Sharma, R. K., and Arora, D. S. (2010b). “Changes in biochemical constituents of
paddy straw during degradation by white rot fungi and its impact on in vitro
digestibility,” J. Applied Microbiol. 109 (2), 679-686. DOI: 10.1111/j.1365-
2672.2010.04695.x

Sridhar, M., Bhatta, R., Dhali, A., Saravanan, M., Pradeep, V., and Thammaiah, V.
(2015). “Effect of exogenous lignolytic enzyme-treated ragi straw on DM intake,
digestibility, rumen fermentation and rumen enzymes in sheep,” Indian J. Animal
Sci. 85(9), 1012-1016. DOI: 10.15406/jdvar.2017.05.00137

Ravichandran et al. (2019). “White-rot peroxidase,” BioResources 14(3), 5132-5149. 5148


https://doi.org/10.1016/j.procbio.2005.07.019
https://www.ncbi.nlm.nih.gov/pubmed/11356138
https://doi.org/10.1128/AEM.00699-13

PEER-REVIEWED ARTICLE b | oresources.com

Van Soest, P. J., Robertson, J. B., and Lewis, B. A. (1991). “Methods for dietary fiber,
neutral detergent fiber, and nonstarch polysaccharides in relation to animal
nutrition,” J. Dairy Sci. 74(10), 3583-97. DOI: 10.3168/jds.S0022-0302(91)78551-2

Article submitted: January 10, 2019; Peer review completed: March 29, 2019; Revisions
received: April 19, 2019; Revisions accepted: April 25, 2019; Published: May 9, 2019.
DOI: 10.15376/biores.14.3.5132-5149

Ravichandran et al. (2019). “White-rot peroxidase,” BioResources 14(3), 5132-5149. 5149


https://www.ncbi.nlm.nih.gov/pubmed/1660498

