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Abstract

The influence of light regulation on the growth and enzyme production of three endolichenic fungal isolates, i.e. Pseu-
dopestalotiopsis theae (EF13), Fusarium solani (EFS), and Xylaria venustula (PH22), was determined. The isolates were
exposed to blue, red, green, yellow, white fluorescent light (12 h light—12 h dark photoperiod) (test), and 24 h dark (control)
conditions. Results revealed that the alternating light—dark conditions resulted in the formation of dark rings in most fungal
isolates but was absent in PH22. Red light induced sporulation while yellow light elicited higher biomass in all isolates
(0.19+0.01 g, 0.07+0.00 g, and 0.11 +0.00 g, for EF13, PH22, and EFS5, respectively) as compared to incubation in the
dark. Results also showed that blue light induced higher amylase activity in PH22 (15.31+0.45 U/mL) and L-asparaginase
activity in all isolates (0.45+0.01 U/mL, 0.55+0.39 U/mL, and 0.38 +£0.01 U/mL, for EF13, PH22, and EF5, respectively)
compared to both control conditions. Green light enhanced the production of xylanase (6.57 +0.42 U/mL, 10.64+0.12 U/
mL, and 7.55+0.56 U/mL for EF13, PH22, and EF5, respectively) and cellulase (6.49 +0.48 U/mL, 9.57 +£0.25 U/mL, and
7.28 £0.63 U/mL, for EF13, PH22, and EF5, respectively). In contrast, red light was the least effective light treatment as
production of enzymes was the least, with lower levels of amylase, cellulase, xylanase, and L-asparaginase detected. To
conclude, all three endolichenic fungi are light-responsive, with fungal growth regulated with the use of red light and yellow

light, and manipulation of enzyme production via blue and green light.
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Introduction

Fungi produce a variety of natural compounds such as
extracellular enzymes (e.g. amylase, cellulase, xylanase)
and secondary metabolites that are useful as therapeutics
and for other various applications. In this study, a rare
group of fungi known as endolichenic fungi is explored
for their natural compounds. Endolichenic fungi are
found in lichens. They are similar to endophytes, where
they exist inside their host tissues without causing any
symptoms (Kellogg and Raja 2016). Endolichenic fungi
have been found to produce beneficial compounds that
are with antimicrobial, antioxidant, and anticancer
properties (Kannagara et al. 2009). Their metabolite
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profiles have been investigated and approximately 140
novel metabolites have been discovered from endoli-
chenic fungi (Kellogg and Raja 2016). Some of the
well-known bioactive compounds include novel ambuic
acid derivatives (anti-proliferative compounds) isolated
from Pestalotiopsis sp., dehydroherbarin (antibacterial
compounds) from Corynespora sp., and enzymes such
as cellulase, protease, and xylanase from Colletotrichum
sp., Pestalotiopsis sp., and Xylaria sp., which are used
as anti-cancer agents, antibiotics, and enzymes in food
industry, respectively (Paranagama et al. 2007; Ding
et al. 2009; Kannangara et al. 2009).

One of the main challenges of harnessing beneficial
compounds from fungi is the low quantities obtained,
attributed to the sub-optimal growth conditions (Nielsen
and Nielsen 2017). Factors such as pH, temperature, and
nutrients are known to influence the production of valuable
compounds. Keller et al. (1997) observed lesser produc-
tion of mycotoxin in Aspergillus nidulans and A. parasti-
cus when cultured in medium with low pH. Bhattacharyya
and Jha (2011) obtained higher production of antimicrobial
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metabolites from Aspergillus strain TSF 146 incubated at
25 °C and pH 5.5. In addition, carbon and nitrogen sources
also have a significant effect on production of metabolites
in fungi. Jain and Gupta (2012) discovered that supple-
mentation with dextrose (carbon source) enhanced anti-
microbial activity of extracts from Penicillium sp. Hence,
it is highly suggestive that manipulation of growth condi-
tions may present possible strategies to improve the yield
of compounds.

Of the many growth conditions known to influence
growth of fungi, light is the least studied and commonly
overlooked as fungi are not autotrophic and do not rely on
light as a source of energy. Nevertheless, light is a crucial
environmental signal that regulates the developmental and
physiological processes in fungi (Calvo et al. 2002; Gan
and Ting 2019). Contrary to beliefs, these studies revealed
that various light spectra regulate common functions in
fungi such as growth, and the production of pigments and
enzymes. This was demonstrated by Magsood et al. (2014),
in which the presence of light enhanced mycelial growth of
Colletotrichum gloeosporioides compared to incubation in
the dark. Irradiation with red light induced formation of asci
and spores in Monascus (Miyake et al. 2005), while white,
blue, and red light promoted asexual stage of Aspergillus
glaucus HB-19 compared to cultures incubated in darkness
(Miyake et al. 2005; Cai et al. 2013). Light treatments have
also been reported to induce enzyme and metabolite pro-
duction by fungi as this is associated with growth (Tisch
and Schmoll 2010; Nielsen and Nielsen 2017). With white
fluorescent light, some fungi, such as Trichoderma viride,
produce more 1,3-p-glucan synthase enzyme (increased by
130%) (Farkas and Nemcovic 2001).

Existing studies on the influence of light on fungi were
primarily focused on model fungal species such as Neuro-
spora crassa, Aspergillus nidulans, and Trichoderma ree-
sei (Calvo et al. 2002; Tisch and Schmoll 2010). However,
the influence of light beyond the model species is not well
established. In this study, endolichenic fungi are examined
for their growth and enzyme production in response to light
treatment. Endolichenic fungi are gaining interest in recent
years due to their potential in the production of enzymes
and compounds with antioxidant and antimicrobial activ-
ity, with great potential for application. The three endoli-
chenic fungi (Pseudopestalotiopsis, Xylaria, and Fusarium)
used in this study have been reported to produce bioactive
compounds (Santiago et al. 2021) and may benefit from
light treatments. This study, therefore, aims to explore
the possibility in using light (blue, red, yellow, and green
light) as an effective and affordable regulator to improve
the growth (circadian rings, sporulation, and biomass) and
production of beneficial enzymes (i.e. amylase, cellulase,
xylanase, and L-asparaginase) in these endolichenic fungi

@ Springer

(Pseudopestalotiopsis theae, Fusarium solani, and Xylaria
venustula).

Materials and methods
Endolichenic fungi

Three endolichenic fungal isolates (Pseudopestalotiop-
sis theae, Fusarium solani, and Xylaria venustula) were
obtained as pure cultures from stock cultures in the labora-
tory. Of these isolates, P. theae (EF13) and F. solani were
isolated from the fruticose lichen Usnea pectinata, whereas
X. venustula (PH22) was isolated from Usnea baileyi. The
isolates have been assigned with their various accession
numbers from GenBank as follows: EF13 as Pseudope-
stalotiopsis theae (MG 881833), EF5 as Fusarium solani
(MG 881825), and PH22 as Xylaria venustula (MH 370742)
(Santiago et al. 2021). Fungal cultures were established by
inoculating mycelial plugs of stock cultures onto potato dex-
trose agar (PDA) and incubated at 28 +2 °C until use.

Light exposure conditions

Six different light conditions were set-up to provide the vari-
ous light spectrum and their corresponding wavelengths and
photosynthetic photon flux density (PPFD): blue (460 nm;
PPFD 70.52 umol/m?s), green (540 nm; PPFD 64.47 umol/
m?s), yellow (580 nm; PPFD 65.52 umol/m?s), red (660 nm,
2384 1x; PPFD 78.69 pmol/mzs), white fluorescent light (390
to 700 nm; PPFD 6.86 pmol/m?s), and dark (control). To
achieve this, each growth chamber was equipped with two
plant growing light tubes (T8 light emitting diodes (LED))
which emitted the desired specific wavelengths. The wattage
and input voltage of each coloured LED light tubes were
9W and 220 V, respectively. The LED light tubes were pur-
chased from JLL Electrical Sdn Bhd (Kuala Lumpur, Malay-
sia) and Chen Xi Deng Shi Co. Ltd (ShenZhen, China). The
LED light tubes were fixed into customized wooden boxes
(65 cm x 35 cm X 30 cm) which served as growth chambers
for incubation. The white fluorescent light condition was
achieved using white fluorescent light (ambient light), while
cultures incubated under dark condition were placed into the
growth chamber without switching on the light. The white
fluorescent light and dark conditions were used as control.
The temperature of the growth chamber was approximately
28 +2 °C throughout the study. For cultures that were sub-
jected to light treatments and white fluorescent light condi-
tions, the fungal cultures were exposed to corresponding
light spectrum for a photoperiod of 12 h light/12 h dark,
while cultures that were subjected to the dark condition were
covered with aluminium foil (Murthy et al. 2015).
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Influences of light on growth and development

To determine the influence of light spectrum on fun-
gal growth and development, the following parameters
were determined—colony morphology, sporulation, and
growth (biomass). To determine the colony morphology,
7-day old cultures were observed and described, paying
attention to the pigmentation and formation of concentric
(circadian) rings. As for sporulation, 15 mycelial plugs
for each isolate were placed into a 15 mL falcon tube con-
taining 5 mL of distilled water. The mixture was agitated
at 200 rpm for 30 min. The number of spores was counted
using a hemacytometer (Bhunjun et al. 2021) as in Eq. 1.

Total number of spores in four 1 mm squares of hemacytometer
4x104

Spore count =

(D
For biomass estimation, broth cultures were estab-
lished by inoculating 5 mycelial plugs into 40 mL potato
dextrose broth (PDB) and incubated for 7 days in the
growth chamber under different light conditions. All the
broth cultures were incubated under static conditions.
After incubation, the mycelium (biomass) was filtered
with sterile cheesecloth, collected, and oven-dried (65 °C)
on a filter paper until a constant weight was obtained. The
dry weight of mycelial biomass was calculated as in Eq. 2
(Wang et al. 2016a, b):

Dry weight =(weight of filter paper + mycelium)

— (weight of filter paper) )

Influence of light on the production of extracellular
enzymes

Four important extracellular enzymes (amylase,
L-asparaginase, cellulase, and xylanase) were included
in this study. The isolates were first subjected to the
qualitative colorimetric assay (agar plate method) to screen
for the production of enzymes. The agar plate method is
based on the utilization of the supplemented substrate in
the agar by the fungi, which leads to colour change in the
agar or when reacted with reagents (Farris et al. 2016).
For the quantitative assessment, the measurement of
enzyme activities was first established by inoculating five
mycelial plugs into 40 mL of PDB. Then, the inoculated
broth cultures were incubated under six different light
conditions for 7 days under static conditions. After
incubation, the broth cultures were filtered through sterile
filter paper (Whatman No. 1, Tisch, USA) and the culture
filtrate was collected and used for the quantitative assays.
The qualitative and quantitative methods for each specific
enzymes are described in the following sections.

Amylase activities

For qualitative method, a 5-mm fungal mycelial plug was
inoculated onto modified PDA supplemented with 1% (w/v)
soluble starch (R and M Chemical, UK). The plates were
incubated at 28 +2 °C for 3 days. After incubation, the
agar was flooded with 1% iodine solution and the formation
of a clear zone around the fungal colonies was observed
to confirm the presence of amylase (Sunitha et al. 2012).
For the quantitative assay, the dinitrosalicyclic acid (DNS)
method by Sunitha et al. (2012) was used. Briefly, 0.5 mL
of the collected filtrate (crude enzyme) was added to 0.5 mL
of 1% (w/v) soluble starch and 1 mL of 1 mol/L of sodium
acetate buffer (pH 6.0). The reaction mixture was then incu-
bated at 37 °C for 30 min. The DNS reagent (1 mL) (Sigma-
Aldrich, USA) was then added to the mixture to terminate
the reaction. Distilled water was added to give a final vol-
ume of 5 mL of the reaction mixture. The reaction mixture
was read at 540 nm using the multimode microplate reader
(Spark®, Switzerland). Glucose was used as the standard to
construct the standard curve (R*=0.9967) and one unit (IU)
of amylase is expressed as the release of 1 umol of reducing
sugar per min under assay conditions.

Cellulolytic activities

The qualitative screening of cellulolytic activities was per-
formed as described by Adesina and Onilude (2013). A
5-mm mycelial plug of isolates was inoculated onto the mod-
ified PDA plates supplemented with 1% of carboxymethyl
cellulose (CMC) (Calbiochem, US) and incubated for 3 days
at 28 +2 °C. After incubation, the agar plates were flooded
with 0.4% Congo red and destained with 1 mol/L sodium
chloride (NaCl). The formation of the clear zone around
the mycelial plug confirmed the presence of cellulase. As
for quantitative assay, the cellulolytic activity was measured
based on the methods by Sridevi and Charya (2011). Briefly,
1 mL of the collected filtrate (crude enzyme) was added to
1 mL of 1% carboxymethylcellulose (CMC) and incubated
at 50 °C for 15 min. The reaction in the mixture was then
stopped by adding 3 mL of DNS reagent. Then, the mixture
was incubated at 100 °C for 15 min and the absorbance was
measured at 540 nm using the multimode microplate reader
(Spark®, Switzerland). Glucose was used as the standard to
construct the standard curve (R*=0.9979) and one unit (IU)
of cellulase is expressed as the release of 1 umol of reducing
sugar per min under assay conditions.

Xylanase activities

To detect the presence of xylanase, a 5-mm mycelial plug
of the fungal isolates was inoculated onto the PDA plates
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supplemented with 1% of birchwood xylan (Sigma, Ger-
many). The agar plates were then incubated at 28 +2 °C
for 5 days. After incubation, the agar plates were then
flooded with 0.1% Congo red and destained with 1 mol/L
NaCl. The formation of a clear zone around the colonies
was observed to confirm the presence of xylanase (Sridevi
and Charya 2011). For the quantitative assay, xylanase was
determined based on the method by Sridevi and Charya
(2011). Briefly, 1 mL of collected filtrate (crude enzymes)
was added to 1 mL of 1% (w/v) birchwood xylanase in 1 mL
of 0.05 mol/L citrate buffer (pH 5). Mixtures were then
incubated in a water bath at 55 °C for 10 min. Then, 3 mL
of DNS reagent was added to the reaction mixture and incu-
bated at 100 °C for 15 min. Absorbance was measured at
540 nm using the multimode microplate reader (Spark®,
Switzerland). Glucose was used as the standard to construct
the standard curve (R?>=0.9979) and one unit (IU) of xyla-
nase is expressed as the release of 1 umol of reducing sugar
per min under assay conditions.

L-asparaginase activities

The qualitative assay for L-asparaginase was screened by
first inoculating a fungal plug onto PDA containing 10 g/L.
L-asparagine (Merck, USA) and 2.5% phenol red dye (Sigma-
Aldrich, USA), and incubated at 28 +2 °C for 5 days. The
formation of a pink zone around the colony indicates the
presence of L-asparaginase (Chow and Ting 2015). For the
quantitative assay, L-asparaginase activity was determined
using the method by Chow and Ting (2015). Briefly, 200 uL
of the crude extract was mixed with 200 pL of Tris HCL (pH
7.2) and 400 pL of 0.04 mol/L L-asparagine. The mixture
was then incubated at 37 °C for 1 h. To stop the reaction,
300 pL of 15% (w/v) trichloroacetic acid (TCA) was added.
The mixture was then centrifuged at 10,000 rpm for 5 min.
The supernatant (100 puL) was pipetted into fresh tubes con-
taining 100 pL of distilled water and 300 uL of Nessler’s
reagent (Merck, Germany). The mixture was incubated at
room temperature (26 +2 °C) for 5 min before absorbance
reading at 450 nm using the multimode microplate reader
(Spark®, Switzerland). One unit of asparaginase is expressed
as the amount of enzyme that catalyses the formation of
1 pmol of ammonia per min at 37 +2 °C. Ammonium sul-
phate was used as a standard to construct the standard curve
(R*=0.9983) in this assay.

Statistical analysis
All assays were performed in triplicates and the data were
analysed statistically using the software Statistical Package

for Social Sciences (SPSS) Version 22.0. Any significant
difference between samples was determined by one-way
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analysis of variance (ANOVA) and the means were com-
pared using post hoc Tukey test (HSD, p <0.05).

Results
Influence of light on growth

Light treatment induced variable responses from endoli-
chenic fungi, which were observed through growth measure-
ments (biomass), sporulation, and phenotypic characteristics
(circadian rings). Irradiation with various light treatments
(blue, red, yellow, and green) triggered the formation of dark
concentric circadian rings in isolates Pseudopestalotiopsis
theae (EF13) and Fusarium solani (EF5) but not in Xylaria
venustula (PH22). Interestingly, these banding patterns were
also absent from all the fungal cultures kept in the control
environment (i.e. white fluorescent and dark conditions).
These results suggest that the EF13 (Pseudopestalotiop-
sis theae) and EF5 (Fusarium solani) isolates are photo-
responsive; however, the PH22 isolate (Xylaria venustula)
was not photo-responsive, as the circadian rings were absent
for cultures in the light treatments, as well as in conditions
of control. Among the four different light treatments, the
most intense circadian rings were found in fungal cultures
exposed to red light, followed by blue light, green light, and
yellow light (Figs. 1, 2, and 3).

In addition to circadian rings, the irradiation of light treat-
ments significantly influenced the growth (biomass) of fungi
as well, compared to white fluorescent light and dark condi-
tions. It was observed that exposure to yellow and blue light
led to a significant increase in growth (higher biomass) in iso-
late EF13 (0.19+0.02 g and 0.18 +0.02 g, respectively) com-
pared to cultures incubated in white fluorescent light and dark
incubation conditions (0.17+0.02 g and 0.14 +0.02 g, respec-
tively) (Fig. 4). Both yellow and blue light did not implicate
growth of EF5 as the biomass produced (0.11+0.02 g and
0.11+0.02 g, respectively) was comparable with the biomass
produced by cultures incubated in white fluorescent light and
in the dark (0.13+0.01 g and 0.08 +£0.01 g, respectively)
(Fig. 4). On the contrary, growth of both EF13 and EF5 was
suppressed when the isolates were exposed to green light or
when kept in darkness. Under green light exposure, growth
was inferior with low biomass recorded at only 0.13+0.01 g
and 0.07 +0.01 g for EF 13 and EF 5, respectively (Fig. 4).
This poor growth was also noted for cultures incubated in
the dark (0.14+0.02 g and 0.08 +0.01 g for EF13 and EF5,
respectively). Incubation in dark conditions was also detri-
mental compared to white fluorescent light incubation, with
lower biomass observed in cultures kept in the dark (mean
biomass of 0.06+0.01 to 0.14+0.02 g) (Fig. 4). Of the
three endolichenic isolates, PH22 was the least sensitive to
light treatments, where the light conditions, including white
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Fig. 1 Morphology of Pseudopestalotiopsis theae (EF13) incubated under six different light conditions, A white fluorescent, B blue, C red, D
yellow, E green, and F in the dark for 7 days

fluorescent and dark incubation, did not significantly influ- is relatively appropriate to enhance biomass, whereas incuba-
ence growth with biomass of 0.06+0.01 to 0.09+0.01 g  tion using red, green light, or dark incubation conditions tends
observed. In short, yellow, blue, and white fluorescent light  to suppress fungal biomass.

Fig.2 Morphology of Xylaria venustula (PH22) incubated under six different light conditions, A white fluorescent, B blue, C red, D yellow, E
green, and F in the dark for 7 days
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Fig.3 Morphology of Fusarium solani (EF5) incubated under six different light conditions, A white fluorescent, B blue, C red, D yellow, E

green, and F in the dark for 7 days

0.30

Biomass (g)

0.10

0.00

EF13

Fig.4 Biomass (g) of three endolichenic fungi (ELF), Pseudopestalo-
tiopsis theae (EF13), Fusarium solani (EFS), and Xylaria venustula
(PH22) that were incubated under six different light conditions (white
fluorescent, blue light, red light, yellow light, green light, and in dark)
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for 7 days. Values are means of triplicates. Means with the same let-
ters within the isolate are not significantly different at HSD( ;5). Bars
indicate the standard error of means (+ SEM)
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The sporulation of all fungal isolates was influenced by
light regulation as well, with varying degrees of sporula-
tion demonstrated. Red light induced the highest number
of spores in isolate PH22 (10.58 +1.94 x 10* spores per
mL), EF5 (5.50 +0.87 x 10* spores per mL), and EF13
(5.17 £0.29 x 10* spores per mL) (Fig. 5). The other light
spectra elicited different sporulation responses in isolates.
Green light was moderately effective on the sporulation of
EF5, in which green light induced a higher number of spores
(4.33+2.08 x 10* spores per mL) compared to both white
fluorescent light and dark incubation (1.83 +1.05x 10*
spores per mL and 2.58 +0.14 x 10* spores per mL,
respectively). Although green light was comparable to the
effectiveness of red light in inducing sporulation of EF5
(4.33 +2.08 x 10* spores per mL and 5.50 +0.87 x 10*
spores per mL, respectively), it did not influence sporula-
tion in EF13 and PH22 (Fig. 5). On the other hand, blue and
yellow light were detrimental to the sporulation in fungi,
as indicated by its significantly lower spore count (mean
spore count ranging from 0.50 +0.25 x 10* spores per mL
to 1.50 +0.43 x 10* spores per mL and 0.00 +0.00 x 10*
spores per mL to 123.50 +2.39 x 10* spores per mL, respec-
tively) (Fig. 5). Furthermore, all the fungal isolates were
observed to sporulate fairly well when incubated in white
fluorescent or dark conditions, with mean spore count of
1.17+0.38 x 10* spores per mL to 162.92 +3.00 x 10* spores

per mL for white fluorescent light, and 1.75+2.17 X 10*
spores per mL to 48.67 +4.65x 10* spores per mL for dark
incubation (Fig. 5). In general, red light is considered useful
to enhance the production of spores in fungi, while yellow
light suppresses sporulation in fungi.

Influences of light on enzymatic activities
of endolichenic fungi

It was discovered that all fungal isolates in this study can
produce amylase, cellulase, L-asparaginase, and xylanase.
Results revealed that light exposure influenced the amylase
activity in fungi. It was observed that white fluorescent light,
blue light, and incubation in the dark effectively regulated
the amylase activity of most isolates. Both white fluores-
cent light and dark incubation favoured the production of
amylase in isolates EF13 and EFS5, where higher amylase
activities were observed in the cultures that were incubated
under white fluorescent light and dark incubation condi-
tions (8.81+0.76 U/mL and 8.27 +0.40 U/mL for EF13, and
9.59+0.29 U/mL and 10.19 +0.24 U/mL for EF5), respec-
tively (Fig. 6). On the other hand, blue light elicited the
highest production of amylase in PH22, which was recorded
at 15.31 +£0.45 U/mL (Fig. 6). All three isolates responded
well to yellow light as well with comparable levels of amyl-
ase activities for both PH22 and EF5 (14.18 £0.62 U/mL

14
OWhite fluorescent
H Blue light
12
m Red light
H Green light
~10 .
) Yellow light
E mIn Dark
;" 8
g
>
= 6
« a
15
g
) 4 l‘)
b (
2 ¢ be
b b
c c b I
0

PH22

Fungal isolate

Fig.5 Spore count (x 10.* spore per mL) of three endolichenic fungi
(ELF), Pseudopestalotiopsis theae (EF13), Fusarium solani (EFS5),
and Xylaria venustula (PH22) that were incubated under six different
light conditions (white fluorescent, blue light, red light, yellow light,

green light, and in dark) for 7 days. Values are means of triplicates.
Means with the same letters within the isolate are not significantly
different at HSD(,s). Bars indicate the standard error of means
(£ SEM)
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and 9.75 +0.48 U/mL, respectively) as compared to cul-
tures from the dark incubation (13.53 +0.06 U/mL and
10.19 +0.24 U/mL, respectively) (Fig. 6). Unlike blue and
yellow light, the green and red light treatments were detri-
mental to amylase activities in all three isolates. Under green
light treatment, isolates EF13, PH22, and EF5 recorded sig-
nificantly lower amylase activities of 6.48 +0.76 U/mL,
9.86+0.93 U/mL, and 6.82+0.58 U/mL, respectively).
However, treatment with red light was the least effective as
amylase activities were the lowest for all three isolates, at
5.06+0.15 U/mL (EF13), and 7.34 +£0.45 U/mL (PH22),
and 5.41+0.41 U/mL (EFS) (Fig. 6). In short, blue and yel-
low lights are considered useful for amylase production, just
as incubation in white fluorescent light or in darkness, while
red and green light were detrimental to amylase activities.
This study revealed that green light treatment was ben-
eficial in regulating the cellulase activity in fungi (Fig. 7).
Both EF13 and EF5 produced the highest cellulase activ-
ity when the fungal cultures were incubated under green
light, with mean cellulase activity of 6.09 +0.43 U/mL
and 6.82+0.59 U/mL, respectively. On the contrary, the
other light treatments (blue, red, and yellow light) were
less effective in inducing cellulase production in the iso-
lates (except for isolate PH22), as the cellulase activities
were significantly lower (ranging from 4.13 +0.07 to

4.53+0.33 U/mL and 4.57+0.77 to 5.73+0.37 U/mL,
for EF13 and EFS5, respectively) (Fig. 7). Yellow light sup-
pressed cellulase activities in both EF13 (4.49+0.11 U/
mL) and EF5 (5.73 +0.37 U/mL). Lower cellulase activ-
ity was also observed for all isolates exposed to blue light
(mean cellulase activity of 4.53 +0.34 to 9.19+0.53 U/
mL) as compared to cultures incubated under white flu-
orescent light (mean cellulase activity of 6.05+0.26 to
9.33+£0.39 U/mL) and in dark conditions (mean cellulase
activity of 4.70 £0.36 to 8.78 £ 0.14 U/mL) (Fig. 7). Red
light was found to be the most detrimental light spectrum
to all isolates, where the lowest cellulase activities were
observed for EF13, PH22, and EF5 with 4.13 +0.07 U/
mL, 8.55+0.21 U/mL, and 4.56 +0.77 U/mL, respec-
tively. Of the three endolichenic fungi, PH22 was not
particularly sensitive to varying light spectra as cellulase
activities were not significantly different under light con-
ditions, including white fluorescent and dark incubations,
with mean cellulase activity ranging from 8.55 +0.21 to
9.48 +0.60 U/mL (Fig. 7).

Among the various light treatments, green light was the
most effective in regulating xylanase activities for endoli-
chenic fungi. Significantly higher xylanase activities were
observed for EF13 (6.57+0.42 U/mL), PH22 (10.64 +0.12
U/mL), and EF5 (7.55+0.06 U/mL), as compared to

10

Amylase activity (U/mL)
(=)

[ )

EF13

PH22

OWhite fluorescent light
B Blue light
B Red light
Yellow light
B Green light
mIn Dark

Fungal isolate

Fig.6 Amylase activity (U/mL) of three endolichenic fungi, Pseu-
dopestalotiopsis theae (EF13), Fusarium solani (EFS), and Xylaria
venustula (PH22) that were incubated under six different light condi-
tions (white fluorescent, blue light, red light, yellow light, green light,
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and in dark) for 7 days. Values are means of triplicates. Means with
the same letters within the isolate are not significantly different at
HSD(y ¢5). Bars indicate the standard error of means (+ SEM)
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Fig.7 Cellulase activity (U/mL) of three endolichenic fungi, Pseu-
dopestalotiopsis theae (EF13), Fusarium solani (EFS), and Xylaria
venustula (PH22), under different light conditions, that were incu-
bated under six different light conditions (white fluorescent, blue

cultures incubated under white fluorescent light (6.34+0.17
U/mL for EF13, 9.73+0.51 U/mL for PH22, and 6.72+0.09
U/mL for EF5) (Fig. 8). On the contrary, exposure to blue,
red, and yellow light was less effective than green light.
These light treatments recorded significantly lower xyla-
nase activities than cultures incubated in white fluorescent
light or in the dark (Fig. 8). Exposure to blue light triggered
lower levels of xylanase activity in EF13 (4.75 +0.32 U/
mL), PH22 (9.41 +0.36 U/mL), and EF5 (5.40+0.15 U/
mL) compared to white fluorescent light. Red light was
also detrimental to xylanase activities in all isolates, par-
ticularly EF5 (5.36 +0.09 U/mL). Yellow light was the least
effective in regulating xylanase activities. Under yellow
light, both EF13 and PH22 produced the lowest xylanase
activities, which was recorded at 4.62+0.17 U/mL and
9.12+0.47 U/mL, respectively (Fig. 8). Interestingly, white
fluorescent light appeared to have more positive influence
on xylanase activities compared to incubation in the dark.
It was observed that exposure to white fluorescent light
induced comparable levels of xylanase activities for PH22
(9.73 £0.51 U/mL), whereas levels in EF5 (6.72+0.09 U/
mL) and EF13 (6.34+0.17 U/mL) were significantly higher
than xylanase activities, demonstrated by cultures incubated
in the dark (6.31+0.27 U/mL and 5.39 +0.26 U/mL, respec-
tively) (Fig. 8). In short, treatments with green and white

light, red light, yellow light, green light, and in dark) for 7 days. Val-
ues are means of triplicates. Means with the same letters within the
isolate are not significantly different at HSD(, (s). Bars indicate the
standard error of means (+ SEM)

fluorescent light were effective in inducing xylanase activi-
ties in PH22, EF5, and EF13.

Results showed that light exposure was beneficial for the
regulation of L-asparaginase activity in fungi. Blue light
elicited significantly higher L-asparaginase activity in PH22
(0.56 £0.04 pmol/mL per min), EF13 (0.45+0.01 ymol/mL
per min), and EF5 (0.34 +£0.01 umol/mL per min) (Fig. 9).
Exposure to yellow light was beneficial as well, where
high L-asparaginase activity was observed for isolate PH22
(0.48 +0.04 umol/mL per min) and EF5 (0.30 +0.02 pmol/
mL per min), which were comparable to cultures treated
with blue light (Fig. 9). Both red and green light were, how-
ever, less effective in regulating the L-asparaginase activity
in fungi. Under green light exposure, the L-asparaginase
activity in EF13 (0.36 +£0.01 pmol/mL per min), PH22
(0.38 £0.05 umol/mL per min), and EF5 (0.26 +0.02 pmol/
mL per min) was not significantly different from the cultures
incubated under white fluorescent light (0.37 £0.02 pmol/mL
per min, 0.38 +0.05 pmol/mL per min, and 0.30 4 0.03 pmol/
mL per min, respectively). Incubation under red light also did
not favour L-asparaginase production in the fungal isolates,
particularly EF5, where the lowest L-asparaginase activity
was observed for EF5 (0.24 +0.02 umol/mL per min) (Fig. 9).
Compared to incubation under white fluorescent light, incuba-
tion in the dark elicited lower levels of L-asparaginase activity
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Fig.8 Xylanase activity (U/mL) of three endolichenic fungi, Pseu-
dopestalotiopsis theae (EF13), Fusarium solani (EFS), and Xylaria
venustula (PH22) under different light conditions that were incubated
under six different light conditions (white fluorescent, blue light, red

(mean of 0.26+0.02 to 0.35+0.01 pmol/mL per min) (Fig. 9).
It is suggestive that light may be a crucial factor to induce
the production of L-asparaginase, and blue and yellow lights
(in some instances) may positively influence L-asparaginase
activity for fungi.

Discussion

Influence of light on fungal growth
and development

This study indicated that light could significantly influence
the growth and development of fungi. The formation of con-
centric circadian rings was evident in most fungal isolates
exposed to light treatments (except PH22), suggesting that
these isolates are generally photo-responsive fungi. Simi-
lar growth patterns were found in other photo-responsive
fungi such as Aspergillus niger, Neurospora crassa, and
Botrytis cinerea, validating that circadian patterns could
be a common feature displayed by photo-responsive fungi
(Canessa et al. 2013; Fuller et al. 2015; Schumacher 2017).
On the contrary, PH22 remained unaffected by the alter-
nating light—dark conditions, or any specific light spectra
irradiated, suggesting that PH22 might be an isolate that is
less sensitive to light. Another possible explanation for the

@ Springer

light, yellow light, green light, and in dark) for 7 days. Values are
means of triplicates. Means with the same letters within the isolate
are not significantly different at HSD(; (s). Bars indicate the standard
error of means (+ SEM)

absence of circadian ring formation in PH22 may be due to
the slow growth characteristics of PH22, hence, making the
detection of circadian rings difficult.

Among the different light spectra (blue, green, red, and
yellow light), red light elicited the most intense circadian
rings and was critical in inducing sporulation. Such results
are expected as most of the existing literature reported red
light as one of the most effective light sources in enhancing
fungal sporulation. A similar outcome was observed in other
fungal species such as N. crassa, A. niger, Alternaria solani,
and B. cinerea, where asexual sporulation was induced under
stimulation of red light (Mooney and Yager 1990; Wang
et al. 2016a, b; Igbalajobi et al. 2019). The circadian ring
symbolizes the response to circadian rhythm developed
under constant external cues, such as light (as in this study)
and temperature (Franco et al. 2017). When exposed to light
irradiation, the growth of fungi is retarded and conidiation
is induced, resulting in the formation of a ring of conidia
(circadian ring) (Murthy et al. 2015). Although the exact
red light signalling pathway and influence on sporulation is
unclear, it has been proposed that red-light photoreceptors
may directly alter the genes responsible for the transcription
of sporulation in fungi, resulting in enhanced sporulation
(Chen et al. 2010; Martinez-Soto and Ruiz-Herrera 2017;
Yu and Fischer 2019). Blumenstein et al. (2005) and Wang
et al. (20164, b) reported that the asexual sporulation in N.
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Fig.9 L-asparaginase activity (umol/mL per min) of three endoli-
chenic fungi, Pseudopestalotiopsis theae (EF13), Fusarium solani
(EFS), and Xylaria venustula (PH22) under different light conditions
that were incubated under six different light conditions (white fluo-

crassa and A. nidulans decreased when the phytochrome
genes (FphA, phy-1, and phy-2) were knocked out, further
supporting the hypothesis that the red light photoreceptor
can directly affect the transcription of the sporulation genes.

Our study also revealed that blue, yellow, and green light
were also able to induce formation of circadian rings but were
detrimental towards fungal sporulation. These observations were
similar to Tan and Epton (1973) and Campbell et al. (2003),
where the irradiation of these light spectra suppressed sporula-
tion in B. cinerea and Pyrenophora seminiperda. Sporulation is
one of the major photo-responses in fungi and is often used as an
indicator of photo-responsiveness of fungi in early assessments.
Sporulation is also a crucial process in regulating the production
of enzymes, as both processes are often associated with each
other (Tisch and Schmoll 2010). Preliminary studies reported
that metabolites essential for inducing sporulation or maintain-
ing spores such as enzymes and pigments would be strongly
affected prior to or during sporulation (Sekiguchi and Gaucher
1977, Calvo et al. 2002; Tish and Schmoll 2010). For instance,
Takano et al. (2000) revealed that the production of melanin
was significantly increased in Colletotrichum lagenarium when
the conidiation was induced. These suggested the possibility of
using sporulation as an effective alternative strategy to regulate
the production of target compounds.

Our study has shown that yellow light is key to enhancing
growth in terms of biomass. The findings were contrary to

PH22
Fungal isolate

0O White fluorescent light
@ Blue light

B Red light

OYellow light

@ Green light
B In dark

rescent, blue light, red light, yellow light, green light, and in dark) for
7 days. Values are means of triplicates. Means with the same letters
within the isolate are not significantly different at HSD(s). Bars
indicate the standard error of means (+ SEM)

some studies, which reported that green and yellow light led
to a reduction of biomass in fungi (Velmurugan et al. 2010;
Soumya et al. 2014; Wang et al. 2016a, b). One of the pos-
sible reasons for the contradicting results observed in this
study could be that different fungal species were used. Light
responses in fungi are mostly species-dependent, as sensitiv-
ity to light depends on the photoreceptors (Tisch and Schmoll
2010; Hosseinpour et al. 2017). Our study also revealed that
cultures incubated under white fluorescent light produced
greater biomass than those in the dark. In fact, white fluores-
cent light is a full spectrum light source that covers the major-
ity of the visible colours and wavelengths (approximately 400
to 700 nm) (Cheng et al. 2012; Fuller et al. 2015). Hence, it
could be postulated that the effects of white fluorescent light
could have triggered a response to monochromatic light or the
combined effects of several monochromatic light, depending
on the sensitivity of the photoreceptors (Cheng et al. 2012).
Estrada and Avalos (2009) further supported this hypothe-
sis, where exposure to white fluorescent light was found to
regulate the expression of opsA (a green light photoreceptor
encoding gene) in Fusarium fujikuroi.

Influence of light on enzymes

In this study, it was revealed that light can be a crucial factor
in regulating enzyme production in fungi. Results showed
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that blue light positively regulated the production of amylase
by isolate PH22 and L-asparaginase activities by isolates
EF13, PH22, and EF5. Zhu and Wang (2005) have also
reported the effects of blue light on amylase production.
In their study, glucoamylase activities increased two-fold
in Aspergillus niger cultured under blue light compared to
those incubated in the dark. [llumination with blue light has
also influenced the light-oxygen-voltage (LOV) domain
photoreceptors in Bacillus subtilis. The LOV domain photo-
receptors respond to blue light by enhancing glucose release,
resulting in higher amylase production (Zhang et al. 2017;
Elumalai et al. 2019). Although the effectiveness of blue
light in regulating amylase production in fungi is not well
understood compared to bacteria, several LOV domain pho-
toreceptors have been found in fungi. These include VIVID
(VVD), White Collar-1 (WC-1), and Envoy-1 (ENV-1)
that are found to be well-conserved in several endophytic
fungi (Purschwitz et al. 2006; Lokhandwala et al. 2015).
This suggested that fungi may adopt similar mechanisms as
bacteria in enhancing amylase production. This was further
supported by several studies that proved that exposure to
light could alter the glucose metabolism in fungi (Hill 1976;
Schrenkenbach et al. 1981; Cetz-Chel et al. 2016; Zhang
et al. 2017).

Blue light was also able to induce the production of
L-asparaginase. This discovery is relatively novel as
L-asparaginase has not been documented for its produc-
tion under light regulation. In fact, among the four enzymes
studied, L-asparaginase was the least studied compared to
amylase, cellulase, and xylanase. Nevertheless, this study
has revealed that blue light effectively regulated the pro-
duction of L-asparaginase for most isolates. The interaction
mechanisms under light illumination for L-asparaginase
remains to be explored. Preliminary comparisons with
light-fungal studies have revealed that light treatments
usually regulate the expression of enzymes by controlling
the cyclic adenosine monophosphate (cAMP) levels in
the fungi via photoreceptors or carbon catabolite proteins
(Casas-Flores et al. 2006). Rozalska and Mikuchi (1992)
reported that L-asparaginase production was highly regu-
lated with the addition of cAMP. Thus, it is hypothesized
that high cAMP levels upon exposure to blue light may
have favoured the production of L-asparaginase. The
increased levels of L-asparaginase due to exposure to blue
light may also be related to inhibitory effects on glucose
uptake (Schrenkenbach et al. 1981). The accumulated glu-
cose becomes an excellent substrate to increase the pro-
duction of L-asparaginase (Abdel-Raou et al. 2019; Yap
et al. 2021).

Blue light was, however, less effective in influenc-
ing the production of cellulase and xylanase activities.
For both cellulase and xylanase, green light was more
effective. A similar outcome was observed in the study
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conducted by Araujo et al. (2021), in which the produc-
tion of both cellulase and xylanase in Pleurotus spp.
were significantly enhanced under the presence of green
light. The regulation of green light on both cellulase and
xylanase activities could be an indirect cascading effect
from the activation of green light photoreceptor, a type of
G-protein coupled receptors involved in the formation of
cAMP (Brown 2004; Fuller et al. 2015). Several studies
have found that there is a correlation between high cAMP
concentration with high xylanase and cellulase production
(Morosoli et al. 1989; Kulkarni et al. 1999; Nogueira et al.
2015). Green light was, however, less effective in induc-
ing amylase and L-asparaginase production. The exact
mechanism of light regulation for amylase production
remains to be studied. In the study of Pawlik et al. (2019),
the uptakes of carbon sources in Cerrena unicolor were
greatly reduced under irradiation of green light. Hence,
it can be postulated that the green light exposure could
inhibit the glucose uptake in fungi, consequently leading
to suppressed production of amylase to avoid overproduc-
tion of glucose.

The other light treatments, i.e. yellow and red lights,
have contrasting influences on enzyme production. Yellow
light is the least-studied light spectrum among the various
light spectrum, but several studies do exist. Velmurugan
et al. (2010) reported that with yellow light irradiation,
both Monascus purpureus and Penicillum purpurogenum
produced the lowest pigment yield compared to cultures
incubated under other light spectrums (blue, red, green,
white fluorescent light, and in darkness). On the contrary,
yellow light seemed to elicit amylase and L-asparaginase
production in isolates used in this study, suggesting that
yellow light could be used to regulate the production of
the respective enzymes. The effect of yellow light was
also reported by Hosseinpour et al. (2017), who observed
increase of biomass (0.135 g) and melanin production
(0.98 absorbance) of Exophiala crusticola. Additionally,
photoreceptors in fungi that are sensitive toward yellow
light are still not known. As such, it is difficult to hypoth-
esize how yellow light triggers the changes in enzyme
production as light responses are strongly regulated by the
photoreceptors in fungi. Similarly, red light resulted in the
least enzymatic activities for amylase and L-asparaginase.
The association between red light and enzyme produc-
tion in fungi is also not well studied. However, it can be
postulated that reducing enzymatic activities could be
due to high sporulation induced by red light. Hill (1976)
reported that the uptake of nutrients and substrates would
be reduced as growth is retarded during the sporulation
period. Consequently, the hydrolytic enzymes may be sup-
pressed to limit the degradation of the substrates (Tisch
and Schmoll 2010). Betina and Zajacova (1978) found that
the conidiation of Trichoderma viride was limited when
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the glucose level was high. This hypothesis may be sup-
ported by the findings in this study in which sporulation of
most of the isolates was strongly enhanced by irradiation
of red light, and this may have conversely affected the
enzyme production.

Comparing between white fluorescent light and dark
incubation conditions, incubation under white fluorescent
light elicited the production of cellulase, xylanase, and
L-asparaginase, at a more superior level than incubation
in the dark condition, further supporting the hypothesis
that light is crucial for enzyme production. This supports
the study by Stappler et al. (2017) that light-dependent
genes responsible for cellulase production in Trichoderma
reesei were positively regulated upon activation of pho-
toreceptor BLR1 and BLR2 coupled with the G-protein
pathway. In addition, several studies have also proven that
the regulation of xylanase genes could be light-dependent
(Gyalai-Korpos et al. 2010; Beier et al. 2020). Therefore,
it is highly suggestive that white fluorescent light may be
better than incubation in the dark to induce the production
of certain enzymes.

Conclusion

This study has revealed that different light spectra elic-
ited different response and a varying degree of influence
on the growth and enzymatic activities of endolichenic
fungi (Pseudopestalotiopsis theae (EF13), Fusarium
solani (EF5), and Xylaria venustula (PH22). It was
revealed that red light is effective in promoting sporula-
tion, while yellow light induced positive fungal growth
(enhanced biomass). Blue light is highly recommended
to induce the production of amylase by isolate PH22 and
L-asparaginase by isolates EF13, PH22, and EF5, while
green light was more efficient to induce production of
xylanase by isolates EF13, PH22, and EF5. Exposure to
the specific light spectra can therefore be used as a tool
to optimize growth and production of valuable enzymes.
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