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Abstract The aim was to determine which specific regions of
the visible light spectrum were responsible for the induction or
inhibition of laccase in Pycnoporus sanguineus. Cultures were
exposed to various bandwidth lights: blue (460 nm), green
(525 nm), white (a combination of 460 and 560 nm), red
(660 nm), and darkness. The results indicate that short wave-
lengths strongly inhibit the production of laccase: green (3.76
+1.12 U/L), blue (1.94+0.36 U/L), and white (1.05+0.21 U/
L) in proportions of 85.8, 92.6, and 96.0 %, respectively;
whereas long wavelengths inhibit laccase production only par-
tially i.e., red light (14.05+4.79 U/L) in a proportion of
46.8 %. Maximum activity was induced in absence of visible
light (30 °C, darkness), i.e., 30.76+4.0 U/L. It is concluded
that the production of laccase in P. sanguineus responds to
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light stimuli [measured as wavelengths and Ix] and that it does
so inversely. This can be explained as an ecological mecha-
nism of environmental recognition, given that P. sanguineus
develops inside lignocellulose structures in conditions of dark-
ness. The presence of short wavelength light (460-510 nm)
would indicate that the organism finds itself in an external
environment, unprovided of lignin, and that it is therefore
unnecessary to secrete laccase. This possible new regulation
in the laccase production in P. sanguineus has important bio-
technological implications, for it would be possible to control
the production of laccase using light stimuli.

Introduction

It is known that the production of some extracellular enzymes
involved in the degradation of lignocellulose by certain fungi
is differentially affected by the various wavelengths of the
visible light spectrum (Schmoll et al. 2005; 2012). However,
in spite of the fact that light has been associated to the regu-
latory processes in the production of exoenzymes, little is
known about the mechanisms of the perception of light and
the transduction of signals ( Rodriguez-Romero et al. 2010).
From the adaptive viewpoint, changes in the detection of light
furnishes fungi with information on orientation as well as
exposition to external environments (Herrera-Estrella and
Horwitz 2007; Corrochano 2011), allowing them to adjust
their metabolism to the prevailing conditions for optimal use
of the resources at hand. Pycnoporus sanguineus
(Polyporaceae) is a basidiomycete fungus that, as a saprobe,
produces extracellular enzymes that allow it to decompose
organic polymers and consume its monomers. These fungi
are of special interest because they produce enzymes of the
laccase group that decompose mainly lignin. Laccases are
enzymes with a wide specificity of substratum involved in
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the white decay of wood (lignin oxidation), and the biotech-
nological knowledge of their production mechanisms has im-
portant industrial and environmental applications. Some of
their applications are the pretreatment of wood for biofuel
production and the recycling or transformation of toxic waste
and other pollutants such as polycyclic aromatic hydrocar-
bons, pesticides, and industrial dyes (Kunamneni et al. 2007;
Jong-Rok and Yoon-Seok 2013; Meng-Juan et al. 2013). It is
known that the production of laccases is affected by chemical
signals; for example, a high abundance of simple carbonated
forms (mainly glucose) leads to a genetic transcriptional inhi-
bition of laccase. This is attributed to the carbon catabolic
repression transcription factors (CreaA; Janusz et al.
2012), which respond to an epigenetic regulation via
G/AMPc/proteins kinase, regulating gene clusters related
to secondary metabolism. Such transcription regulators
have been characterized in the laccase gene (LACI)-
promoting region of basidiomycete fungi (Janusz et al.
2013; Xiao et al. 20006).

However, in spite of the fact that light has been associ-
ated with regulation in the production of exoenzymes and
with various bioprocesses in fungi such as sporulation and
regulation of circadian rhythms (Saha et al. 2008), practi-
cally nothing is known of its effects on the regulation in the
laccase production of P. sanguineus. This study sets out to
identify a possible regulation in the production of laccase
by stimuli from changes in the visible light spectrum sur-
rounding P. sanguineus. We therefore set out to find evi-
dence of enzymatic regulation, measured as inhibition,
resulting from wavelength changes within the visible light
spectrum. This may open up new avenues for a better un-
derstanding of the interaction processes between organisms
and their environment, as well as those regulation mecha-
nisms of extracellular enzymes that are mediated by visible
light.

Materials and methods
Strain and inoculum

The strain of P. sanguineus used was isolated from a wild
mushroom found in the cane fields of Jalcomulco,
Veracruz, México (19°20'00"N, 96°46'00"W), registered
as F. Ramirez-Guillén 932 in the Herbarium Xal
(INECOL, A.C.) and identified by ITS 1, 4 amplification
(GenBank accession KR013138). The strain was preserved
in a potato dextrose agar medium (PDA) at 4 °C and
reactivated in Petri dishes with PDA at 30 °C for 7 days
prior to the experiment. As inoculum, during the experi-
mental phase, agar squares 0.25 cm? in size with reactivated
mycelium were used.
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Experimental design

A single-factor design was used to determine the effect of
exposition to different types of visible light on the production
of laccase in P. sanguineus. The mushroom was exposed to
different light wavelengths within the visible light spectrum:
blue (460 nm), green (525 nm), white (combination of 460
and 560 nm), and red (660 nm), using light-emitting diodes
(LEDs). As a means of control, cultivars kept in conditions of
darkness were used. Illuminance (lux=Im/m?) of each treat-
ment, replicated four times, was measured with a lux meter
(Fisher Scientific), corresponding to 22.66 Ix (for blue light),
183.5 Ix (red), 675 Ix (green), and 750 1x (white). In order to
rule out a possible adverse effect of light on the growth of
P sanguineus, which might affect the production of laccase,
the glucose consumption kinetics and the final biomass pro-
duction were also quantified. Samples for the determination of
laccase and glucose were taken periodically over 20 days.

At the end of the experiment, the significant effects of the
treatments were determined by the one-way variance analysis
protocol [ANOVA; (Zar 1999)] and the Fisher LSD (Least
significant difference) post hoc test. Also, in order to know
if the laccase activity was affected by light wavelength (nm),
and its correspondent Ix values, correlations and linear regres-
sion analysis were done. The analyses were carried out on the
STATISTICA 7 software (StatSoft 2004).

Cultivar medium and conditions

The experimental units consisted of glass containers with
150 mL of minimal medium (Kyi 2011), which was composed
of 5 % of a salt solution base composed of 6 g of NaNO;,
0.52 g of KCl, 0.52 g of MgSOy,, and 0.82 g of KH,PO, per
liter, and 0.02 % of a Hutner solution of trace elements com-
posed 0f 0.22 g of ZnSOy, 0.11 g of H3BO;, 0.05 g of MnCl,,
0.05 g of FeSOy, 0.016 g of CoCl,, 0.016 g of CuSO,, and
0.011 g of (NH4) 6MO,0,4 per 100 mL and 1 g/L of glucose
as a source of carbon. Cultivars were kept steady and under
constant temperature conditions (30 °C) in an environmental
chamber (Binder, Germany).

Analytic methods

Laccase activities were estimated using syringaldazine as a
substrate, according to Leonowicz and Grzywnowicz (1981)
and modified by Criquet (1999). To 990 pL of cultivar sam-
ple, 10 uL of a solution of syringaldazine at 5 mM were
added. The oxidation kinetics from syringaldazine to quinone
was followed at 525 nm (€=65,000 M ' cm™) at 37 °C. The
activity was expressed as pmol of quinone formed from
syringaldazine per min (U) per one L of cultivar (U.L™").
The consumption of sugars was determined through the spec-
trophotometric method of dinitrosalicylic acid (DNS; Miller,
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1959); 500 uL of sample was mixed with 500 uL of DNS
reagent, boiled for 5 min, and cooled in an ice bath for 10 min.
Subsequently, the mixture was diluted with 4 mL of distilled
H,0 and quantified at 540 nm in a spectrophotometer. The
absorbance was transformed to glucose (g/L) through calibra-
tion according to a wave pattern. The final biomass produced
at the end of the experiment was recovered by vacuum filtra-
tion, dried at 60 °C for 48 h, and gravimetrically quantified.

Results

ANOVA linear model indicated that the variable wavelength
had significant effects (P=0.027) on laccase activity.

The control treatments (darkness) showed the maximum
laccase activity (30.76+£4.00 U/L) while the treatments ex-
posed to different wavelengths of the visible light spectrum
inhibited the laccase enzyme as follows: moderately (red light,
183.5 Ix; 660 nm) and strongly (green and blue 525-460 nm;
675 and 22.66 1x, respectively) (P<0.001; F=17.89). Average
values (¥) and standard errors (SE) showed that red, green,
blue, and white light wavelengths gradually inhibited laccase
activity at 46.8, 85.8, 92.6, and 96.0 %, respectively (red=
14.05+£4.79 U/L; green=3.76+1.12 U/L; blue=1.94+
0.36 U/L; and white=1.05+£0.21 U/L; Fig. 1). The treatment
in darkness was used as a reference (laccase activity=30.76+
4.00 U/L), taken as 100 % of enzyme activity. According to
the Fisher LSD test, control and red light treatments were
different to all the others (P<0.006 and P<0.01, respectively),
while green, blue, and white treatments did not show signifi-

cant differences among them (P>0.05; see Fig. 1 and Table 1).

The glucose consumption (Fig. 2) and the final biomass
production did not show significant differences from treat-
ment to treatment (P=0.97, F=0.108; P=0.86, F=0.316, re-
spectively; Table 1). Likewise, positive and significant
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Fig. 1 Laccase kinetics of P. sanguineus measured during the
experiment. The activity is expressed as pumol of quinone formed from
syringaldazine per min (U) per one L of cultivar (U/L). The points indi-
cate the mean and bar the standard error of three replicates

Table 1
activity

Fungal biomass produced, glucose consumption, and laccase

Treatment Wavelength Biomass Glucose Laccase
(light) (nm) (mg) consumption (%) activity (U/L)
Dark 0 10.0£1.3 34.12 30.76+£4.00%*
Red 660 8.0+2.2 33.80 14.05+4.79*
Green 525 94425 29.17 3.76+1.12
Blue 460 8.6t4.1 27.72 1.94+0.36
White 460 y 560 99+1.5 36.35 1.05+0.21

Significant differences (Fisher LDS): *P>0.01;** P>0.001

correlations (r=0.88; P<0.05) were observed between laccase
activity with light wavelength (Fig. 3a), while negative and
significant correlations (r=—0.56; P<0.05) were observed be-
tween laccase activity and illuminance (Fig. 3b).

Discussion

Given that glucose consumption and total biomass production
were not different from treatment to treatment, the inhibition
of mycelia growth or the capacity to take glucose from the
environment in P. Sanguineus as a result to exposure to visible
light spectrum is ruled out. The production of laccase obtained
in the experiment can thus be attributed to wavelength chang-
es (related to lux values of each treatment) within the visible
light spectrum, as ANOVA’s results indicated, and not to
changes in the mushroom’s growth or a decrease in the con-
sumption of glucose.

Due to the blue light showing the second lowest laccase
activity, we thought that the inhibition of laccase is ascribed
mainly to the effect of wavelength recognition, as was
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Fig. 2 Kinetics uptake of glucose dissolved in the culture medium and
recorded during the experiment. The data show approximations of
glucose uptake by spectrophotometer absorbance of the colorimetric
reaction sugars with dinitrosalicylic acid. The points indicate the mean
and bar the standard error of three replicates
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reported for cellulase enzymes (Schmoll et al. 2012; Gyalai-
Korpos et al. 2010). In plants, illuminance has important ef-
fects on the production of some enzymes, mainly those in-
volved in the metabolism of active oxygen species derived
from photosynthetic activity [i.e., superoxide dismutase,
ascorbate dismutase, and monodehydroascorbate reductase
(Mishra et al. 1993)], but there are not studies that report the
influence of this light property on the production of extracel-
lular enzymes of fungi.

Extracellular enzymes of fungi that modify their production
at different light wavelengths are known, like the induction of
glucoamylase production at blue light exposure (4spergillus
niger, Zhu and Wang 2005) and cellulase at the same visible
light spectrum (Herrera-Estrella and Horwitz, 2007). In this
study, we report that laccase, the main lignin-degrading en-
zyme in basiodiomycetes, is also light-regulated in
P sanguineus.

Our results showed a greater laccase inhibition with
short wavelengths (blue light, 460 nm, 22.66 1x) than with
long ones (red light, 660 nm, 183.5 1x). This suggests that
extracellular laccase production could be regulated by the
photosystem WC (white collar system) present in ascomy-
cetes, zygomicetes, and basidiomycetes ( Rodriguez-
Romero et al. 2010). The WC detects blue light and par-
ticipates in the regulation of genetic expression in fungi
(e.g., cellulases) through DNA binding proteins (zinc fin-
gers proteins; Ballario et al. 1996; Ballario and Macino
1997). Moreover, it has been reported that blue light in-
hibits the production of some intracellular oxidoreductases
such as isoamyl alcohol oxidase and thioredoxin peroxi-
dase ( Rosales-Saavedra et al. 2006), which could suggest
on the influence of this system in the regulation of laccase
in P. sanguineus, given the strong inhibition of this en-
zyme (92.6 %) with blue light (460 nm, 22.66 Ix) in this
study.
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Green light also significantly inhibited laccase production
(85.8 %). This kind of light has been associated to important
implications in fungi metabolism e.g., pigment and biomass
inhibition (Velmurugan et al. 2010) and reduction in the germi-
nation of spores in phytopathogenic fungi (Stevenson and
Pennypacker 1988; Buck et al. 2010). However, as far as we
know, this is the first report on inhibition of extracellular
enzymatic activity by green light in a basidiomycete fun-
gus. Besides, contrary to what the literature reports
(Velmurugan et al. 2010), in this study, no adverse effects
were observed on biomass production or glucose con-
sumption when P. sanguineus was exposed to this wave-
length (green light, 525 nm).

Though studies on the physiological effects of green light
on fungi are many, the detection mechanisms of these organ-
isms have not been fully understood and nothing is known
about the presence of a specific photoreceptor for this wave-
length (525 nm). It has been suggested that opsins could act as
such photoreceptors (Biezke et al. 1999; Rodriguez-Romero
et al. 2010); however, this hypothesis needs testing.

Red light partially inhibited laccase production. In
Aspergillus fungi, this wavelength (red to distant red) is de-
tected by FphA phytochromes, which intervene in physiolog-
ical processes such as inhibition of spore germination (Rhrig
et al. 2013) and the repression of sexual development
(Blumenstein et al. 2005) in Aspergillus nidulans. However,
red light has not been associated to the induction/inhibition of
enzymes involved in degradation of lignocellulose. Further
studies will allow us to prove whether the partial inhibition
of laccase observed here is carried out by the FphA
phytochrome.

The results lead to a conclusion that inhibition of laccase
production within the visible light spectrum responds to an
illuminance gradient where low illuminance states [long
wavelengths; red (660 nm; 183.5 1x)] partially inhibit enzyme
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Fig. 3 Correlations between laccase activities (U/L) and wavelength (a), and between laccase activities and illuminance (b). Each point represents the

laccase activity (U/L) of each of the three replicates
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production, whereas high illuminance states [short wave-
lengths; green (525 nm) and blue (460 nm), corresponding
to 675 Ix and 22.66 Ix, respectively] strongly inhibit it.
Likewise, white light (a combination of 460 and 560 nm, cor-
responding to 750 1x) almost completely inhibits laccase ac-
tivity, whereas the highest activity values were obtained under
conditions of darkness (0 Ix).

The ecological implications of this finding contribute to the
understanding of the relationship between fungi and their en-
vironment. Due to the fact that P. sanguineus is a fungus
whose mycelium develops within the lignocellulose (e.g.,
decaying wood) and that it forms its reproductive structures
externally, it can be said that the presence or absence of light is
an important source of information for an energy-saving met-
abolic regulation, as has been proposed before (Tisch and
Schmoll 2010). Following this avenue of thought, we can hy-
pothesize that within the lignocellulose structure (in conditions
of darkness), the fungus must produce laccases in order to
degrade lignin and be able to obtain energy from polymers such
as cellulose and hemicellulose. The presence of light would
indicate that the fungus finds itself in an external environment,
unprovided of lignocellulose, and therefore interprets it as a
regulation signal that laccase production is unnecessary.

The inhibition of laccase production, specifically in the
presence of blue light, could result from the fact that lignin
(a natural laccase substrate) absorbs short light wavelengths,
mainly between 200 and 230 nm and 260 to 280 nm, corre-
sponding to ultraviolet (UV) light (Jahan and Mun 2007), and
that the absorbance of products derived from the oxidation of
lignocellulose (furans, pyrans) is close to the visible light
spectrum (blue, 320 nm). Therefore, the absence of these
wavelengths, due to their absorption by organic polymers, in
combination with the known chemical inductors (phenolic),
would indicate P. sanguineus’ location in a potentially lignin-
rich place, and that laccase production would bring a positive
trade-off, since it would mean access to energy-rich polymers
(cellulose, hemicellulose). Conversely, the presence of short
wavelengths would indicate that there is no need to produce
laccase.

Further molecular studies on the expression of the gen LAC
in real time in cultivars exposed to different wavelengths of the
visible light spectrum could bring suitable information that
enrich the data showed here. We think it is important to exper-
iment with the inhibition of specialized trans-membrane pho-
toreceptors in photonic detection (rthodopsins, opsins, etc.) so
as to identify those that are involved in the transduction of
inhibitory signals in laccase production in P. sanguineus and
other basidiomycetes.

We conclude that extracellular laccase production in
P sanguineus responds to light stimuli, whereby short wave-
lengths within the visible light spectrum (460-525 nm) are
strongly inhibited; long wavelengths (660 nm) are inhibited
only partially, and darkness activates it.
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