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ARTICLE INFO ABSTRACT

Wastewaters from textile dyeing industries represent an ecological concern, notably due to the known toxicity of
azo dyes to the local microbiome and human health. Although physicochemical approaches are the rule for the
Dye treatment of industrial effluents, biological strategies such as enzyme-mediated dye destaining is a promising

Keywords:
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Laccase alternative. Notwithstanding a broad range of microorganisms, including fungi, algae, yeast, and bacteria,
LMEs s ik : : PPN : . .

. . display dye-destaining properties, most of the literature has focused in ligninolytic fungi, leaving other classes of
Mycelium-Associated enzyme , . . . . .. e g .
Biotechnology organisms somehow ignored. In this study, six endophytic strains isolated from Maytenus ilicifolia were studied

for their destaining activity. The phylogenetic and morphological analysis allowed the identification of strain
LGMF1504 as Neopestalotiopsis sp. LGMF1504 that decolorized several commercial dyes as the result of a my-
celium-associated laccase. The enzyme expression was modulated by carbon and nitrogen content in the culture
medium, it was weakly affected by the presence of aromatic compounds and metal ions while some common
laccase mediators improved the destaining activity onto dye substrates. The best culture condition observed for
laccase activity was a basic culture medium containing 5g L™! starch and 15g L.™' ammonium tartrate. The
laccase activity showed low substrate specificity and almost unaltered performance in a wide range of pH values
and NaCl concentrations, suggesting the potential of Neopestalotiopsis sp. LGMF1504 for biodegradation ap-
proaches.

1. Introduction bioaccumulation (Hassan et al., 2018), biosorption (Almeida and Corso,

2014; Sinha and Osborne, 2016) and enzyme-mediated decolorization

Among the huge diversity of synthetic substances produced by hu-
mans, those resulting from the activity of the textile industry denote a
high environmental concern (Khandare and Govindwar, 2015). Textile
dyeing and processing of textile fibers result in the release of large
volumes of effluents into water streams, which contain high loads of
dyes and several other chemical compounds, representing a significant
threat to environmental homeostasis (Saratale et al., 2011).

Several approaches are used to get rid of colored effluents; however,
conventional physicochemical treatment is the rule. Although cheap, it
does not usually eliminate dye toxicity (Khandare and Govindwar,
2015) and also yields a significant amount of sludge that needs a final
destination (landfills and incinerators), adding costs and complexity to
the process (Robinson et al.,, 2001). Among the strategies for the
treatment of these wastewaters, biological approaches such as

(Zilly et al., 2011; Singh et al., 2015; Niebisch et al., 2014; Shanmugam
et al,, 2017) are gaining attention because of reduced costs, minor
consumption of reagents and increased biodegradability of the resulting
by-products (Rauf and Salman, 2012).

The repertoire of enzymes exploited in the conversion of dyes into
innocuous products includes basically peroxidases (Verma and
Madamwar, 2002; Yang et al., 2003; Lopez et al., 2004) and laccases
(lac) (EC 1.10.3.2) (Lin et al., 2003; Rodriguez et al., 2006; Champagne
et al., 2013; Naranjo-Briceno et al., 2013; El-Rahim et al., 2017). These
proteins belong to the so-called group of lignin-modifying-enzymes
(LMEs) that catalyze the breakdown of lignin and are particularly ef-
fective in the biodegradation of pollutants of varied chemical nature
(Harms et al., 2011; Sinha and Osborne, 2016). These enzymes have
been described in plants (Hoopes and Dean, 2004), basidiomycetes
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(Abadulla et al., 2000; Wesenberg et al., 2003; Ruhl et al., 2013), fi-
lamentous fungi (Ramos et al., 2011) and bacteria (Givaudan et al.,
2004), and due to their relatively low substrate specificity, they re-
present a powerful tool to assess the treatment of industrial effluents
(Singh et al., 2015). Although a significant amount of literature de-
scribes a wide variety of fungal sources of LMEs and their application in
the treatment of colored effluents, there is still great need for enzymes
with the ability to resist the extremely variable conditions of pH,
temperature and salt concentration, typical of industrial wastewaters
(Husain, 2006; Kumar et al., 2016a,b). These observations highlight the
importance of the characterization of new fungal strains producing
more active, stable and versatile catalysts.

Most of the available research focused in the characterization of
enzymes derived from white-rot fungi (WRF), leaving other organisms,
such as endophytic fungi, somehow ignored. Endophytes (endophytic
fungi) colonize healthy tissues of plants without causing apparent
symptoms of a disease (Wilson, 1995; Stone et al., 2000) and estab-
lishing a symbiotic relationship (Saunders et al., 2010). Endophytic
fungi produce a wide range of enzymes such as amylases, pectinases,
lipases, proteases (Sunitha et al., 2013) and cellulases (Bischoff et al.,
2009). Although it has been described the production of ligninolytic
enzymes by endophytic fungi (Oses et al., 2006; Wang et al., 2006;
Fillat et al., 2016; Patil et al., 2016), few studies have been conducted
regarding endophyte-mediated dye biodegradation (Afzal et al., 2014;
Verma et al., 2015; Patil et al., 2016; Bulla et al., 2017).

The Pestalotiopsis (Amphisphaeriaceae) genus has been evidenced as
a rich source of enzymes with biotechnological applications, such as de
biodegradation of polyurethane (Lii et al., 2017), fluorene (Kristanti
and Hadibarata, 2015), asphalt (Yanto and Tachibana, 2014), petro-
leum (Yanto and Tachibana, 2013) and textile dyes (Hao et al., 2007;
Yanto et al., 2014a). Furthermore, some Pestalotiopsis strains have been
described as producers of LMEs (Hao et al., 2007; Saparrat and
Hammer, 2006; Arfi et al.,, 2013; Feng et al., 2013). Phylogeny and
morphological analyses of the Pestalotiopsis genus led to the addition of
two novel genera namely Neopestalotiopsis and Pseudopestalotiopsis
(Maharachchikumbura et al., 2014), raising the issue if they present
similar potential in biotechnological applications as Pestalotiopsis
(Maharachchikumbura et al., 2014).

In the present study, a set of six Pestalotiopsis strains isolated from
Maytenus ilicifolia Mart. ex Reissek, a medicinal plant found in the
Brazilian Atlantic forest, was evaluated for their dye-destaining activity.
Isolate LGMF1504 showed the best results in dye-destaining assays and
the expression and properties of the enzyme, involved in this activity,
were also characterized. In addition, strain LGMF1504 was classified as
Neopestalotiopsis sp. by morphological and phylogenetic analysis.

2. Materials and methods
2.1. Fungal isolates

Six endophytes from the LabGeM culture collection (http://www.
labgem.ufpr.br) —at the Universidade Federal do Parand (UFPR)
(Curitiba, Brazil), named LGMF1499, LGMF1500, LGMF1501,
LGMF1502, LGMF1503 and LGMF1504 were used in this study (Table
S1). The endophytes were previously isolated from leaves of Maytenus
ilicifolia specimens, located in the campus of the Centro Nacional de
Pesquisa Florestal (CNPF) of Empresa Brasileira de Pesquisa
Agropecuaria (EMBRAPA), Parana, Brazil (lat -25.369227, long
-49.189301). Pure isolates were maintained by serial cultivation on
potato dextrose agar (PDA) at 28 °C.

2.2. Dyes and chemicals
2,2-Azino-bis  (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),

guaiacol and the reagents used as redox mediators were obtained from
Sigma Chemical Company (St. Louis, MO, USA). Textile Remazol dyes
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reactive blue (RB220), reactive red (RR198) and reactive yellow
(RY107) were kindly supplied by Dystar (Sao Paulo, Brazil) and
Siderquimica (Curitiba, Brazil). Test batches had a minimum dye con-
centration of 85% (w/w). All chemicals used were of the highest
available purity and analytical grade.

2.3. In culture decolorization screening

Fungal isolates were cultured on plates of solid minimal medium
(SMM) containing (per liter) 6.0 g NaNOj, 1.5g KH,PO,4, 0.5g KCI,
0.5 g MgSO,, 0.01 g FeSO, 7H,0, 0.02 g ZnSO4 7H,0, 10.0 g glucose,
and 10.0 g bacteriological agar at pH 6.8. After ten days of growth
(28 °C) on SMM, 4-mm-diameter plugs from culture borders were used
to inoculate Petri dishes containing SMM and RB220, RR198 or RY107
reactive dyes (0.1g L™1). The decolorization zone was measured after
ten days of growth (28 °C). The fungal strain exhibiting best activity
was then cultivated in 5 mL replicates of liquid minimal medium (LMM,
SMM without agar) containing the same concentration of reactive dye.
After 15 days, the absorbance of culture supernatants was determined
in an Epoch Microplate Spectrophotometer (BioTek, USA) at 600 nm for
RB220, 512nm for RR198 and 416 nm for RY107. A culture medium
with no dye or inoculum was used as a blank, and a dye-containing
medium without fungal inoculation was used as control. The percen-
tage of in-culture decolorization after incubation was calculated as
follows:

In culture decolorization (%) = [(Initial absorbance — Final absor-
bance) x 100] / Initial absorbance (¢})

2.4. Dye destaining activity and LMEs assays

The fungal isolate that displayed the best performance in the in-
culture decolorization assay was selected for further analysis. Thus, 5
mL samples from 15 days-old liquid cultures were centrifuged at 1500
rpm for 5 min. Supernatants were analyzed or stored at — 20 °C. Pelleted
mycelium was washed with distilled water, filtrated through previously
dried and tared Whatman No. 1 filter papers and used in dye-destaining
or enzyme activity tests. The mycelium was dried at 50 °C, and the
biomass content was determined.

Culture, supernatants, and mycelia were submitted to dye de-
staining assays using RB220 as substrate, to identify the fungal fraction
responsible for decolorization.. Mycelium samples derived from 5mL
culture replicates were added to 1.1 mL of salt medium (SM: LMM
without carbon nor nitrogen sources) containing RB220 dye (0.1 gL~ ")
and incubated for 24 h at room temperature. Mycelium was autoclaved
(121 °C, 20 min) or used fresh in the presence and absence of sodium
azide (20 mM). Dye destaining assays of soluble fractions were per-
formed adding 1 mL of culture supernatants to 0.1 mL of SM containing
RB220 dye (final concentration 0.1 g L™'), and the resulting mixture
was incubated at room temperature. The absorbance was determined at
600 nm on a spectrophotometer. The resulting dye consumption was
described as "destaining activity units" (DAU). One DAU was defined as
the decrease of 0.001 absorbance units per milligram of mycelium h™?,
calculated as follows:

DAU= (|Initial absorbance - Final absorbance|/ 0.001) / (incubation
time (h) x biomass (mg)) 2)

The involvement of LMEs in dye destaining was monitored through
ABTS (¢ = 36,000M ' cm ™ !) oxidation, in the presence or absence of
manganese ions or peroxide. Total oxidase activity was determined
incubating mycelium in a final reaction volume of 1.1 mL containing
0.3mM ABTS, 50 mM acetate buffer (pH 5.0), 20 mM MnSO, and
0.05 mM H,0,_ Oxidation of ABTS was monitored at 5 min intervals, for
20 min at 28 °C. Lac activity was determined under the same conditions
without manganese ions and peroxide. One enzyme unit (EU) was
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defined as the amount of enzyme capable of oxidizing 1 umol of sub-
strate per minute.

Once the enzymatic activity and the fungal fraction responsible for
dye destaining were determined, the effect of several culture conditions
on the production of the enzyme was evaluated.

2.5. Effect of culture conditions on enzyme production

2.5.1. Carbon and nitrogen content

Four carbohydrates (glucose, fructose, starch, and galactose) one
polyalcohol (sorbitol) and three nitrogen compounds (sodium nitrate,
ammonium tartrate, and urea) were used to substitute the original
sources of carbon and nitrogen in LMM. The concentrations used for
each substrate were 5, 10 and 15g L™ 1. After 15 days of growth, my-
celium samples were submitted to the dye-destaining assay and the
corresponding carbon source yielding the best results was then used to
test the effect of nitrogen sources. All experiments to determine the
effect of culture on the enzyme production and biomass yield were
performed in five replicates.

2.5.2. Culture supplementation with aromatic compounds and metal ions
In order to increase enzyme expression, the fungus was grown for 10
days in 5mL replicates of optimized liquid culture medium supple-
mented with 0.1 mM copper sulfate, 0.25 mM manganese sulfate and
1 mM concentration of one of several aromatic compounds: veratryl
alcohol (3,4-dimethoxy benzyl alcohol), veratraldehyde, catechol
(benzene-1,2-diol), vanillin, p-anisidine (p-methoxy aniline) or ferulic
acid (propenoic acid). Aromatic compounds were dissolved in distilled
water or 50% (v/v) ethanol (p-anisidine and ferulic acid). All solutions
were sterilized through Millipore membranes (0.45 um). Fresh myce-
lium was collected and destaining or lac activity was determined.

2.6. Effect of pH, salt concentration and redox mediators in dye destaining

Mycelium dye destaining activity was analyzed in different pH va-
lues, salt concentration and in the presence of redox mediators.
Mycelium derived from 15 days-old liquid cultures carried out under
optimized conditions (carbon and nitrogen sources) were washed twice
in salt medium and then submitted to the dye-destaining assay using
RB220 (0.1g L™1) as substrate. The pH of the reaction mixtures varied
from 2.0 to 9.0 (intervals of 1.0 unit) using 50 mM citrate-phosphate or
50 mM glycine-NaOH buffer. Different NaCl concentrations (0.05, 0.1,
0.2, 0.4, 0.5 and 0.6 M) were subsequently tested in the previous re-
sulting best pH value. The UV-Vis absorbance was determined after
24 h incubation at 28 °C.

The effect of redox mediators in the mycelium dye destaining ac-
tivity was verified using nine dyes and four redox mediators. The fol-
lowing textiles dyes were used: reactive yellow 84 (RY84), Sidercron
red (PF3B), reactive red 120 (RR120), reactive blue 198 (RB198), re-
active yellow 107 (RY107), acid black 194 (AB194) and acid blue 193
(AB193). Two laboratory dyes: methylene blue - MB, malachite green -
MG were also tested (Table S2). Redox mediators added to the mixture
assay were p-coumaric acid, vanillin, acetosyringone, or syr-
ingaldehyde. The mycelium was added to the SM assay mixture with
the corresponding dye (0.1g L™') and a particular redox mediator
(1 mM) in a final volume of 1.1 mL and incubated for 24 h at 28 °C.

For all assays, decolorization percentage (Eq. 1) was determined by
monitoring the decrease in the absorbance at the maximum absorption
visible wavelength (A max) of each dye (Table S2) after incubation at
28°C for 24 h.

2.7. Identification
2.7.1. Multilocus sequence analysis

For DNA extraction fungal the isolate that showed the best activity
was grown on PDA medium for three days at 28 °C. The mycelium was
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harvested, lyophilized and ground with mortar and pestle under liquid
nitrogen. Genomic DNA was extracted using UltraCleanMicrobial DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA).

Multilocus analyses were performed using sequences of the 5.8S
nrDNA region with two flanking internal transcribed spacers (ITS), p-
tubulin region (TUB) and elongation factor 1-alpha (EF-1a). PCRs were
performed using primers V9G and ITS4 (White et al., 1990), Bt2a and
Bt2b (Glass and Donaldson, 1995) and EF1-728 F and EF-2 (O’Donnell
and Cigelnik, 1997; Carbone and Kohn, 1999), respectively. Amplifi-
cation products were electrophoresed in a 1% (w/v) agarose gel with
Low DNA Mass Ladder (Invitrogen, Carlsbad, CA, USA) as molecular
mass standard. PCR products were purified by ethanol precipitation and
directly sequenced using a DYEnamic ET Dye Terminator Kit (Amer-
sham Biosciences/GE Healthcare, Piscataway, NJ, USA). The products
of sequencing reactions were purified using Sephadex gel G-50 column
(GE Healthcare, Piscataway, NJ, USA) in ELISA microplates, and sub-
jected to electrophoresis on the automated MegaBACE DNA sequencer
(Amersham Biosciences/GE Healthcare, Piscataway, NJ, USA). The re-
sulting sequences were inspected using the BioEdit program, version
7.2.5 (Hall, 2013).

DNA sequences obtained in this study were compared to those
previously described in databases from GenBank, Mycobank or derived
from other Neopestalotiopsis, Pseudopestalotiopsis, and Pestalotiopsis stu-
dies (Table S1). Sequences were aligned by ClustalW (Thompson et al.,
1994) in the MEGA software, version 7 (Kumar et al., 2016a,b). Sui-
table substitutions models were determined for single (ITS), and mul-
tilocus analyses (ITS, EF-1aand TUB) were performed using R software
(R Core Team, 2017). Bayesian inference analyses using MrBayes soft-
ware, version 3.2.1 (Ronquist and Huelsenbeck, 2003) were performed
implementing GTR + I and GTR + I+ gamma substitution models for
ITS and multilocus (ITS, EF-1a and TUB) alignments, respectively. Four
simultaneous Markov Chain Monte Carlo (MCMC) chains were run from
random trees for 10.000.000 generations and sampled every
1.000 generations. The temperature value was lowered to 0.15, burn-in
was set to 0.25. We obtained maximum likelihood branch supports with
the ultrafast bootstrap (Hoang et al., 2018) implemented in the IQ-
TREE software (Nguyen et al., 2015) which, based on BIC, implemented
the GTR + I+gamma substitution model for tree reconstruction. The
consensus tree was obtained after 1000 bootstraps. Comparisons of
sequences similarity were estimated using R software (R Core Team,
2017), Pegas Package (Paradis, 2010), and WriteXLS package. In-
formative sites were retrieved using MEGA software, version 7 (Kumar
et al., 2016a,b).

2.7.2. Morphological analysis

Following the method described by Maharachchikumbura et al.
(2012), the morphological characterization of isolate that showed the
best destaining activity was conducted on 2% PDA at 22 °C with a 12h
photoperiod for 7-12 days. Micro-cultures (Kern and Blevins, 1999)
were prepared to observe the development of fungal microstructures.
Microscopic preparations of fungal structures in distilled water were
submitted to 30 measurements each, in an Axio Imager Z2 (Carl Zeiss,
Jena, DE) microscope, equipped with Metafer 4/V Slide software
(Metasystems, Altlussheim, DE), using differential phase contrast (DIC)
illumination and ImageJ software support.

2.8. Statistical analysis

Data were evaluated by one-way analysis of variance (ANOVA)
followed by Tukey or Kruskal-Wallis tests, through the GraphPad Prism
software package, version 6.0 (GraphPad Software Inc.). Differences
were considered significant when p < 0.05.
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3. Results and discussion
3.1. Fungal isolates present dye-destaining activity

The ability of six endophytic isolates to act onto reactive dyes was
assessed through two experimental approaches: in-culture decoloriza-
tion and dye-destaining assays. For in-culture decolorization, the fungus
was cultivated in liquid or solid dye-containing media, and the absor-
bance was determined after 15 days of growth. In dye-destaining as-
says, the fungus was grown for 15 days, and its mycelium and culture
supernatants were collected and incubated with the dye substrate for
24 h. The difference in absorbance in each test was used to determine
decolorization percentage or destaining activity units, DAU (using Eq. 1
and Eq. 2 respectively).

Initially, in-culture decolorization was assessed in a solid medium,
containing RR198, RY107, and RB220 dyes as substrates, by monitoring
the halo of decolorization. RB220 dye decolorization was observed in
cultures of LGMF1499, LGMF1502, LGMF1500, LGMF1501 and
LGMF1504 (data not shown). The strain LGMF1504 was selected for
further investigation since it developed the clearest destaining halo in
solid cultures. UV-vis spectra for RB220 demonstrated a 96% reduction
of the original absorbance peak at 600 nm and a 67% reduction at
280 nm (Fig. 1A). These results suggest that decolorization was ac-
companied by the reduction of azo-linkages and loss of aromatic rings,
respectively (Niebisch et al., 2014). In-culture decolorization of RR198
and RY107 dyes resulted in lower activity (56 = and 47% respectively)
(Fig. 1B).

3.2. LGMF1504 identification

Strain LGMF1504 was identified through multilocus analysis of ITS,
EF-1a and TUB regions (Fig. 2). The multilocus alignment comprised 71
strains, corresponding to 40 taxa. A total of 1380 characters were
analyzed, with 902 conserved characters, 221 characters were parsi-
mony informative. The tree topology obtained (Fig. 2) agreed with
phylogenetic analysis performed by Maharachchikumbura et al. (2014)
for the Neopestalotiopsis genus.

Isolate LGMF1504 is phylogenetically related to N. honoluluana and
N. zimbabwana, as observed in Fig. 2. The sequence of type strain N.
honoluluana CBS 114,495 presented 99.71% similarity to LGMF1504
and N. zimbabwana showed 99.28% of similarity, which impossibility
the identification of LGMF1504 at the species level. N. honoluluana
(Maharachch., K.D. Hyde & Crous) was described by authors confined
to Telopea sp., in Hawaii, and N. zimbabwana (Maharachch., K.D. Hyde
& Crous) was isolated as a pathogen on leaves of Leucospermum cunei-
forme in Zimbabwe

Once Neopestalotiopsis was recently segregated from Pestalotiopsis
(Maharachchikumbura et al., 2014), the biotechnological potential of
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this new genus remains unrecognized. To address this question, we re-
classified, through ITS phylogeny analyses, five Pestalotiopsis isolates
that presented biodegradation potential in recent literature, namely
NCi6, BM-04, NG007, NIOCC#C3 and J63 (Arfi et al., 2013; Naranjo-
Briceno et al., 2013; Yanto and Tachibana, 2013, 2014; Yanto et al.,
2014a) (Supplementary Fig. S1). Thus, strains NCi6, BM-04, and NG007
belong to the Neopestalotiopsis genus. NCi6 and BM-04 were able to
produce LMEs (Arfi et al., 2013; Naranjo-Bricefio et al., 2013) and
NGOO07 degraded asphalt (Yanto and Tachibana, 2014), petroleum
(Yanto and Tachibana, 2013) and textile dyes (Yanto et al., 2014a,
2014b). Considering the data appointed by literature, the Neopestalo-
tiopsis genus may also represent a tangible biological reservoir to be
explored for biodegradation of dyes and maybe other pollutants.

3.3. A mycelium-associated laccase-like enzyme is responsible for dye-
destaining

In order to determine the localization of the enzyme responsible for
dye decolorization in Neopestalotiopsis sp. LGMF1504, culture super-
natants, and fungal biomass were submitted to dye-destaining assays
(Fig. 3A). Supernatants did not present any activity, while an efficient
decolorization (60%) was observed when mycelium was used. The
addition of sodium azide, a common lac inhibitor, and the previous
biomass autoclavation totally depleted the destaining activity (Fig. 3A).
Moreover, neither the addition of peroxide or manganese ions changed
the rate of ABTS oxidation by the fungal biomass (Fig. 3B). These re-
sults support the assertion that a laccase-like enzyme associated with
the mycelium was responsible for dye consumption, disregarding the
participation of peroxidases and biosorption events in the process.
Considering endophytic fungi, few species were described as producers
of lac with dye destaining activity (Patil et al., 2016; Bulla et al., 2017),
being most of them referred as secreted enzymes (Arfi et al., 2013;
Baldrian, 2006) and this assertion applies to all laccases described in
Pestalotiopsis strains (Feng et al., 2013; Verma et al., 2010; Arfi et al.,
2013; Naranjo-Briceo et al., 2013; Yanto and Tachibana, 2014). My-
celium associated laccases are commonly described in ligninolytic fungi
where they are required to access cellulose as carbon source (Pakhadnia
et al., 2009; Svobodova et al., 2008; Tapia-Tussell et al., 2011). In
Cryptococcus neoformans, a lac related to the mycelium is described as a
virulence factor (Zhu et al., 2001). The presence of lac in endophytic
fungi, such as Neopstalotiopsis sp. LGMF1504, may be involved in host
penetration and protection against plant defenses (Doss, 1999), which
is indispensable for the endophyte-plant relationship.

3.4. Carbon and nitrogen culture content alters the expression of laccase

The evaluation of culture conditions aimed to select the best source
and concentration of carbon and nitrogen for lac production. It

100

[=2 [e]
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o
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Fig. 1. A. UV-vis spectra of the RB220 dye (0.1 g L™ ') before and after incubation with LGMF1504 strain in liquid minimal medium (LMM). B. Decolorization of
RB220, RR198 and RY107 dyes (0.1 g L.™') by LGMF1504 strain after 15 days of growth in the presence of reactive dyes.
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Fig. 2. Morphological characteristic of strain LGMF1504. A. Conidia. B. Upper surface and reverse view of a 10d-old culture on 2% PDA at 22 °C (12 h photoperiod)
Scale bars = 10 pm culture. C. Consensus phylogenetic tree (GTR + G +1) from the Bayesian and Maximum Likelihood analyses of the combined (ITS + TUB + TEF)
alignment of Neopestalotiopsis species. Note: Red lines indicate Bayesian posterior probabilities above 95%. Ex-types strain accession numbers are printed in bold. The
scale bar represents the expected number of changes per site. The tree was rooted to Pestalotiopsis trachicarpicola (OP068).
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6 1 a = the standard deviation of the mean (SD, n = 5). The Kruskal
= b } - 15 % Wallis test is significant at p > 005.
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considered the balance among the enzyme activity and the yield of
fungal biomass, and it was described as DAUSs. (See Eq. 2). The amount
of available carbon in culture media displayed a positive correlation to
cell growth (biomass) in all assessed conditions since it was observed a
higher biomass yield in culture media with increasing carbon content
(Fig. 4 and Table S3). This was more apparent when using fructose,
starch, and sorbitol as carbon source. However, the improvement in the
biomass yield was not accompanied by an increase in the destaining
activity (Fig. 4). Mycelium derived from medium containing the lowest
assessed concentration of sorbitol and starch (5g L™YH presented the
highest DAU values (4.47 and 4.53, respectively). In contrast, fungal
growth in media containing 10 and 15 g L* fructose showed the lowest
DAU values (1.73 and 1.42, respectively). Starch was selected for fur-
ther evaluations rather than sorbitol for being the most abundant in-
dustrial waste in textile industries (Sarayu and Sandhya, 2012) and
therefore, it could be reused from industrial wastes in biodegradation
processes.

The variation of nitrogen content displayed low correlation with the
yield of biomass and destaining activity (Table S4). It means that bio-
mass yield and destaining activity remained basically unaltered in all
experiments; nonetheless each nitrogen compound showed a particular
profile (Fig. 5). Thus, sodium nitrate followed by ammonium tartrate-
based media induced a relatively high biomass production, while urea-

based medium behaves as a poor substrate for fungal growth. In con-
trast, the overall observed DAU values were similar in all types and
concentrations of nitrogen sources (Tukey test, p > 0.05) (Fig. 5).

The relation between lac production and nitrogen/carbon content in
the culture medium is highly variable among fungal species
(Kenkebashvili et al., 2009). While early studies suggested that star-
vation (low carbon and nitrogen content) results in a better lac pro-
duction (Kirk and Farrell, 1987; Asgher et al., 2008; Piscitelli et al.,
2011), other authors show that lac genes present variable expression in
non-limiting carbon and nitrogen conditions (Yang et al., 2016).
Working with a sea mud derived Pestalotiopsis isolate, Feng et al (2013)
found that three g~ ! maltose and eight g'.”! ammonium sulfate was
the best mix of sources for lac production. Hao et al. (2007) using a
different Pestalotiopsis isolate, showed that lac formation was strongly
affected by substrates in the culture medium. Those sources, rapidly
and efficiently absorbed by the organism, stimulated a high level of lac
activity.

Additionally, increasing the glucose concentration from 5 to 20 g
L™ resulted in a more than five-fold improvement in lac production
but a further increase resulted in lower enzyme activity. Ammonium
tartrate was described as the best nitrogen source for lac production as
it was observed in the present Neopestalotiopsis isolate. The variable
effect of culture media content in lac production observed in fungal

ODAU Fig. 5. Effect of nitrogen culture content on dye-destaining and
91 @ Biomass r 25 fungal growth. LGMF1504 mycelia derived from cultures con-
taining different sources and concentrations of nitrogen were in-
75 | cubated with an RB220 dye solution (0.1 g L™Y) for 24 h, and the
’ - 20 dye-destaining activity (DAU) was calculated. Error bars represent
—_ the standard deviation of the mean (SD, n = 5). DAU: differences
6 80  to control were not significant (Tukey test, p > 0.05).
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Fig. 6. Effect of the culture supplementation with aromatic compounds and metal ions in LGMF1504 growth (A) and the production of laccase and dye destaining
(B). The fungus was incubated with an RB220 dye solution (0.1 g L™Y for 24h, and the dye-destaining activity (DAU) was calculated. Laccase activity was
determined by the ABTS oxidation after 30 min incubation. Controls were cultivated without supplementation.
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. b Copper sulphate, manganese sulphate, veratryl alcohol, veratraldehyde, catechol, and vanillin were dissolved with

water. . p-anisidine and ferulic acid were dissolved in ethanol. Control cultures were added of the same volume of the respective solvent. Error bars represent the

standard deviation of the mean (SD, n = 3).
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Fig. 7. Effect of pH (A) and Salt (NaCl) (B) in the decolorization of RB220 by the LGMF1504 mycelium-associated laccase, after 24 h of incubation Error bars

represent the standard deviation of the mean (SD, n = 4).

isolates as well as the description of multiple fungal genes (including
lac genes) containing responsive elements to nitrogen and carbon
(Soden and Dobson, 2003) make that nowadays it is accepted that
culture conditions must be particularly determined for each isolate
(Piscitelli et al., 2011). In the present study, optimized culture media
for lac expression in the LGMF1504 isolate contained 5 g L™ 'starch and
15 g L' ammonium tartrate.

3.5. Lac expression was responsive to culture supplementation with some
aromatic compounds

Lignin-related aromatic compounds and metal ions are routinely
used to boost lac production (Niladevi e Prema, 2008; Majeau et al.,
2010) mostly because they act as transcriptional regulators of lac genes
(Piscitelli et al., 2011). Thus, we evaluated the effect of culture sup-
plementation with six aromatic compounds (veratryl alcohol, vera-
traldehyde, catechol, vanillin, p-anisidine, and ferulic acid) and two
metal ions (copper and manganese), in the production of lac by the
LGMF1504 strain. In general, supplementation with aromatics or metal
ions did not affect the biomass yield, except for p-anisidine and ferulic
acid (p < 0.05) (Fig. 6A). However, a slight improvement in the
mycelium-associated destaining activity was observed when cultures
were performed in the presence of veratryl alcohol, veratraldehyde, and

ferulic acid and this was accompanied by similar behavior in the ex-
pression of laccase (Fig. 6B).

Metal ions and aromatics modulate lac gene expression through the
interaction with specific response elements (Piscitelli et al., 2011). Al-
though a great deal of literature describes their variable effect on wood-
rotting fungi, few studies regarding the production of lac by Pestalo-
tiopsis species are available. Feng et al. (2013) using Pestalotiopsis sp.
J63, a marine-related fungus, reported a higher lac yield using phenol
supplementation. Moreover, the addition of other aromatics such as
guaiacol and veratryl alcohol led to the expression of other lac iso-
enzymes. The addition of different metal ions resulted in a significant
boost of the laccase secretion for different strains of this genus; however
for other Pestalotiopsis isolates, supplementation with guaiacol did not
enhance lac production (Hao et al., 2007; Yadav et al., 2019).

3.6. Fungal destaining activity remained high in different pH values and salt

The effect of pH and salt concentration on the lac mediated dye
destaining of the LGMF1504 strain was evaluated. The enzyme effec-
tively destained RB220 dye over a broad range of pH values (2.0-9.0),
with the best performance being observed in the pH range 2.0-6.0
(retaining respectively 100 and 60% of the maximum activity). Enzyme
activity on pH values among 7 to 9 was 50% of the maximum (Fig. 7A).
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The pH was set to 5.0 for the subsequent experiments and the effect of
different salt concentrations on dye destaining was determined. The
LGMF1504 myecelial destaining activity remained high and basically
unaltered in all assessed conditions (0.05M to 0.6 M) (Fig. 7B). Textile
dye effluents possess extremely variable pH values and salt content,
thus, an enzyme with a potential dye-biodegrading application must be
able to adapt to a wide range of working conditions. Most of the re-
ported fungal laccases act in the 3.0-6.0pH range (Bollag and
Leonowicz, 1984; Madhavi and Lele, 2009), with a drastic decrease of
activity in alkaline environments. Nevertheless, there have been re-
ported some exceptions as laccases derived from Pycnoporus (Wang
et al., 2010) and Trametes species (Si et al., 2013), acting in pH values
among 7.0 to 10. In Pestalotiopsis, laccases described in the literature
displayed similar behavior to our LGMF1504 strain. Thus, Chen et al.
(2011) reported a laccase in the marine J63 Pestalotiopsis isolate with
the highest production in pH 4.5-5.5 and culture media containing 30 g
L% of salt. Yanto et al. (2014a), using the Pestalotiopsis sp. NG0O07
isolate was able to decolorize different textile effluents in a wide range
of pHs (3-12) and salt content (0-10%), with an optimum activity of
the responsible lac at pH 3.0. In contrast, Arfi et al. (2013) when
characterizing the proteome of a mangrove Pestalotiopsis isolate, de-
scribed a 67% reduction of the enzyme activity when incubated in a 3%
salt medium.

In summary, the LGMF1504 mycelium associated lac showed a re-
markable activity in wide pH conditions including acid environments,
even with very low or high salt content. The relative resistance of the
enzyme activity to different pH and salt concentrations is probably the
result of an association with the mycelium, which may act as a physical
protective barrier in the cell membrane (Svobodova et al., 2008).

3.7. Analysis of the redox mediators in the lac-mediated dye destaining

In order to expand the number of potential dye substrates of the
LGMF1504 mycelial laccase, destaining assays using nine additional
dyes (Table S2) were performed in the presence of laccase natural redox
mediators: vanillin, p-coumaric acid, acetosyringone, and syr-
ingaldehyde. In the absence of redox mediators, the mycelium-asso-
ciated lac reached low decolorization (0-2 DAU) of 7 dyes; moderate
decolorization (2-4 DAU) of RY107 and high decolorization (4-6 DAU)
of MG (Fig. 10); however it is not supported by statistical analysis. The
addition of redox mediators resulted in an improvement in the dye
destaining scores of all commercial dyes tested. Thus, the number of
dyes presenting moderate decolorization switched from 1 to 5 dyes
using different compounds, while those presenting high decolorization
changed from 1 to 2. Although there was observed some improvement,
for AB194, PR3B, RB198 and AB193 dyes, decolorization values re-
mained low even in the presence of redox mediators. Syringaldehyde
was the most effective redox mediator, followed by vanillin (Fig. 8). In
the presence of syringaldehyde, it was observed a 7-fold increase in the
decolorization of MB dye and 3.7-fold improvement in the decoloriza-
tion of RB198 over 24 h. Vanillin also showed superior performance
enhancing RR120 and RY84 dye destaining, with a 3.4-fold increase in
DAU for both dyes. The decolorization taxes obtained by LGMF1504 lac
reached 44% for AB193 and MB and 87% for AB194 and MG dyes. The
effectiveness of each mediator depended on the type of dye as observed
in other studies (Camarero et al., 2005; Grassi et al., 2011). Syr-
ingaldehyde is considered one of the fastest and most efficient natural
lac mediators (Camarero et al., 2005) and it has improved lac activity in
several studies (Valle et al., 2015). Also, vanillin effect is well docu-
mented and has been a requirement as a mediator for some fungal
laccases (Camarero et al., 2005), improving the dye-destaining dy-
namics in some fungi (Camarero et al., 2005; Grassi et al., 2011;
Piscitelli et al., 2011; Valle et al., 2015). The presence of these med-
iators resulted in higher levels of laccase also in Pestalotiopsis strains
although it is not clear if the compound acted as an inducer of lac ex-
pression or as a redox mediator since they were used directly in fungal
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Fig. 8. Effect of the redox mediators vanillin, p-coumaric acid, acetosyringone,
and syringaldehyde in the decolorization of nine different commercial dyes by
the mycelium-associated laccase of LGMF1504. No statistical significance was
observed (Kruskal-Wallis test, p > 0.05).

cultures (Feng et al., 2013; Yadav et al., 2019).

4. Conclusions

We explored the dye destaining potential of six fungal strains iso-
lated from the medicinal plant M. ilicifolia. The study showed the ability
of Neopestalotiopis sp. LGMF1504 to produce an active and stable my-
celium-associated laccase capable to destain 12 synthetic dyes, at dif-
ferent rates, and in the presence of redox mediators. Also, the enzyme
was not affected by variations in pH or salt concentrations.
Characteristics such as the association of the enzyme to the mycelium
acting as a physical immobilization support, the wide range of dye
substrates on which it can act, and its ability to remain active in a broad
spectrum of pH values and salt concentrations make strain LGMF1504
an excellent candidate to technological applications as dye biode-
gradation. Additionally, it is demonstrated the importance of M. ilici-
folia as a repository of fungal species with biotechnological applica-
tions, highlighting the significance of plant conservation programs in
Brazil.
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