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Abstract Light is an important signal for fungi. We
analyzed the influence of blue light of various
intensities and illumination times on growth, mona-
scin (MS) and ankaflavin (AK) biosyntheses in
Monascus strain M9. Blue light changed the color of
colonies. The colonies grown in the dark were orange,
but turned pale when exposed to continuous blue light.
MS production increased by 12.5, 27, and 14.5 %
under blue light of 100 lux for 15 min/day, 100 lux for
30 min/day, and 200 lux for 15 min/day, respectively,
compared to growth in the dark. AK production
increased by 14.4, 22, and 13 % under the same
condition. MS and AK production decreased when
exposed to blue light of 300 and 450 Iux. The
expression of pigment biosynthetic genes were ana-
lyzed by real-time quantitative PCR and correlated
with phenotypic production of MS and AK.

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-014-1763-3) contains supple-
mentary material, which is available to authorized users.

C. Wang (X)) - D. Chen - M. Chen - Y. Wang -
Z.Li-F.Li

Key Laboratory of Food Nutrition and Safety, Ministry of
Education, School of Food Engineering and
Biotechnology, Tianjin University of Science and
Technology, No. 29, 13th Avenue, TEDA,

Tianjin 300457, People’s Republic of China

e-mail: clw123@tust.edu.cn

Keywords Ankaflavin - Blue light - Illumination
time - Light intensity - Monascin - Monascus

Introduction

Light is a crucial environmental signal in nature for
developmental and physiological processes in various
organisms, including filamentous fungi. Light influ-
ences fungi in many aspects including mycelium
development, conidia formation (Lee et al. 2006), and
secondary metabolism (Miyake et al. 2005).

Blue light (455470 nm) can stimulate spore for-
mation, regulate circadian rhythms, induce carotenoid
biosynthesis (Linden et al. 1997), inhibit mycotoxin
production (Haggblom and Unestam 1979), and affect
pigment accumulation in different fungi (Velmurugan
et al. 2010; Babitha et al. 2008). Fungi can sense light
because of various conserved photoreceptors. Light
sensing has been studied in depth in Neurospora
crassa, and both the perception and response to blue
light have been characterized. These responses require
the photoreceptors, WC-1 and WC-2 proteins (Balla-
rio et al. 1996; Ballario and Macino 1997), to interact
and form the white collar complex, which binds
transiently to the promoters of light inducible genes
upon light exposure to activate their transcription.

Monascus species are used in producing traditional
oriental foods, such as red mold rice, and can produce
various useful secondary metabolites, including
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pigments (natural coloring agents), y-aminobutyric
acid (GABA, a hypotensive agent), and monacolins (a
group of anti-hypercholesterolemic agent). However,
Monascus also produces the mycotoxin, citrinin (a
nephrotoxic agent) (Jizlova et al. 1996). Monascin
(MS) and ankaflavin (AK) are two classical yellow
pigments produced by Monascus. MS and AK possess
anti-cancer (Akihisa et al. 2005), anti-inflammation
(Cheng et al. 2011), anti-obesity (Jou et al. 2010), and
anti-diabetes (Lee et al. 2011) properties, while also
regulating cholesterol levels in the blood (Lee et al.
2010).

Light can influence the secondary metabolites of
Monascus, including pigments, GABA, monacolins,
and citrinin (Miyake et al. 2005; Velmurugan et al.
2010; Wang et al. 2012). However, little is known
about the effect of the time and intensity of illumina-
tion on the secondary metabolites of Monascus. Many
fungi react to the time and intensity of illumination in
various ways. Rapid blue light can regulate photolyase
gene expression and sporulation of Trichoderma
harzianum (Berrocal-Tito et al. 1999). Blue light of
varying intensities can also influence on the growth
and ochratoxin A biosynthesis produced by five
relevant fungi (Schmidt-Heydt et al. 2011). This study
aims to investigate the effect of blue light intensity and
illumination time on the growth as well as MS and AK
production in Monascus strain M9. We have also
determined the expression levels of the pigment
biosynthetic gene cluster together with changes in
pigment yield to elucidate the mechanism of blue light
on Monascus.

Materials and methods
Strain and growth conditions

Monascus strain M9, was maintained on malt extract/
agar (MEA) for 7 days at 30 °C. Spores were
harvested with 3 ml sterile water and inoculated into
100 ml seed medium (60 g glucose, 20 g peptone,
10 g KH,PO,, 10 g NaNOs, and 5 g MgSO, 17; the
initial pH of the medium was adjusted to 4.5 with
lactic acid) in 250 ml flasks. The cultures were
incubated at 30 °C for 30 h with shaking at 180 rpm.
For pigment production, 3 ml spore suspension
(adjusted spores to 10° ml™') was inoculated into
50 ml rice medium (50 g rice powder, 1.5 g KH,PO,,
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3 g NaNOs, and 1 g MgSO,-7H,0 17") in a 12 mm
culture dish. The dishes were incubated under static
conditions at 30 °C for 7 days in the dark or exposed
to blue light conditions.

Light exposure conditions

Five light chambers were constructed to enable incuba-
tion of cultures under different intensities of blue light.
Each chamber was equipped with 9 W LEDs (460 nm)
with the following conditions: chamber 1, light intensity
50 lux; chamber 2, 100 lux; chamber 3, 200 lux;
chamber 4, 300 lux; and chamber 5, 450 lux. No heating
effect by the LEDs could be detected. A dark chamber
was used as control. Exposure times were 15, 30, 45,
60 min/day for each chamber.

Growth assessment

To observe the effects of blue light on mycelium
development, 20 pl spore suspension was inoculated
as a single point on MEA, exposed to blue light
intensity of 450 lux or left in the dark for 10 days at
30 °C. Colony mycelium was observed directly and
photographed on the 4th, 7th, and 10th days.

Extraction and HPLC analysis

Fresh mycelium was obtained from rice medium on the
7th day under blue light or dark condition, dried, and
ground into powder. About 0.5 g powder was trans-
ferred into a 10 ml centrifuge tube. The preparations
were extracted in triplicate with 3 ml of 75 % ethanol
for 30 min on an ultrasonic bath and subsequently
centrifuged at 2862 x g for 10 min. The total supernate
was merged and passed through RC 0.22 pm filters.

MS and AK were analyzed by HPLC. The testing
system conditions were as follows. Eclipse XDB-C18
column (5 pum, 4.6 150 mm, Agilent, USA) was used
at 25 °C, and isocratic elution was performed for
30 min using 0.05 % TFA in acetonitrile/water
(62.5:37.5, v/v) as the mobile phase at 1 ml/min. MS
and AK were detected by a DAD detector at 234 nm.
MS and AK from sigma were used as standards.

Real-time quantitative PCR analysis

Total RNA was extracted from mycelia using the Plant
RNA Kit (Omega, USA). First-strand cDNA was
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synthesized using the PrimeScript 1st Strand cDNA
Synthesis Kit (Takara, Japan), with the Oligo dT
Primer 15. Gene expression was monitored by RT-
gPCR and carried out using the SYBR Premix Ex Taq
Il (Takara, Japan). Primers for MpPKS5, mppRI,
mppA, mppB, mppC, mppD, mppE, mppR2, MpFasA2,
MpFasB2 (GenBank accession no. KC148521), and
actin gene (GenBank accession no. AJ417880) were
designed (Supplementary Table 1) by NCBI/Primer-
BLAST to amplify a portion of the ten genes, and each
production size was 100-250 bp to ensure the accu-
racy of RT-qPCR results. RT-qPCR was performed
using the Stratagen Mx3000P (Agilent, USA) with the
following cycling program: hold at 95 °C for 30 s,
followed by a three-step PCR (42 cycles of denatur-
ation at 95 °C for 5 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s) and dissociation curve
analysis (at 95 °C for 15 s, annealing at 60 °C for
30 s, then collecting the dissociation curve from 60 to
95 °C, finally at 95 °C for 15 s). Levels of 10 mRNA
genes were normalized to actin gene, and relative
changes in mRNA level treatment with sample in the
dark as reference value were calculated from triplicate
replicates of each using the 2~ method (Livak and
Schmittgen 2001).

Results
Effect of blue light on M9 culture morphology

To gain an overview of the influence of blue light on
the growth of Monascus, we inoculated M9 on MEA at
30 °C for 10 days under different light conditions
(Fig. 1). No significant difference was observed on the
colony size under dark or blue light at the same day,
but significant changes were observed in colony color.
The colonies in the dark (Fig. 1a) were an intense
orange on the 4th, 7th, and 10th day but the mycelia
exposed to continuous blue light (Fig. 1c) were pale.
The center of the colony under dark conditions became
deep red with increasing incubation time. It is
interesting that the colony exposed to blue light
12 h/day (Fig. 1b) showed a series of two-tone
concentric circles. The mycelia circles remained red
in the dark but became white when exposed to blue
light because of pigment production, which was
accumulated in the dark and not under blue light.
These observations indicate that M9 can sense and

Fig. 1 Culture morphology of M9 under different blue light
condition. M9 was cultured on MEA under dark condition (a),
blue light for 12 h/day (b), or kept under continuous blue light
(c) for 10 days at 30 °C. The light intensity was 450 lux. From
a—c left, middle, and right images are colony images photo-
graphed on the 4th, 7th, and 10th days, respectively

differentiate between blue light and the dark and
respond with different patterns of development of
mycelium and pigment production.

Effect of blue light intensity and illumination time
on MS and AK production

To qualitatively analyze the pigment produced by M9,
we performed HPLC-MS on the extracts obtained
from mycelium grown in liquid rice medium. MS and
AK, with molecular weights of 358 and 386, respec-
tively, were identified as classical yellow pigments
produced by M9 (Supplementary Fig. 1).

The effect of blue light intensity and illumination
time on MS and AK production was analyzed by HPLC.
MS and AK were determined in fermentation broth and
cell extracts on the 7th day. MS and AK concentrations
exhibited low levels in the broth culture; thus, measure-
ments were performed with cell extracts.

As shown in Fig. 2a, the intensity and time of
illumination apparently influenced MS production.
Under 300 and 450 lux conditions, MS production
increasingly decreased compared with cells placed in
the dark with illumination time of 15—-60 min/day. The
yields of MS under 200, 100, and 50 lux conditions

@ Springer



1046 Biotechnol Lett (2015) 37:1043-1048
(A) (B),,_
22
20 4 10 4
18
9
B 161 B
> )
£ 144 E 8-
£ £
S 124 5 7. B
© = I
S 10- : ] L4
£ C .
8 4
6 54
4 4
4 T M T M T T T T

0 15 30 45 60
lllumination time (min/day)

Fig. 2 Effect of blue light intensity and illumination time on
monascin (a) and ankaflavin (b) production. M9 was incubated
in rice medium in the dark or under blue light of 50 lux (open
square), 100 lux (filled circle), 200 lux (open up triangle), 300
lux (filled down triangle), and 450 lux (open diamond)
illuminated for 15, 30, 45, and 60 min/day, respectively. Fresh

initially increased and then decreased when exposure
time was increased. MS production increased by 14.4,
21.8,and 12.7 % when exposed to blue light under 100
lux for 15 min/day, 100 lux for 30 min/day, and 200
lux for 15 min/day, respectively, compared with dark
condition. Slight increases were also observed under
50 lux for 15, 30, and 45 min/day. The variation in the
AK vyield under different blue light conditions
(Fig. 2b) was similar to MS. These results suggest
that blue light may either induce or inhibit MS and AK
production. The effects depend on light intensity and
illumination time.

Blue light is supposed to harm mycelia. MS and AK
act as photo-protectants and accumulate in the cell to
protect mycelia by absorbing blue light. Thus, MS and
AK biosyntheses were induced when strains were
exposed to low intensity at a proper illumination time.
However, if the intensity of blue light becomes strong,
pigment production is inhibited.

Effect of blue light on pigment biosynthetic gene
expression

To understand the blue light effects on MS and AK
production at the molecular level, we analyzed the
expression level of pigment biosynthetic gene cluster
by RT-qPCR. This gene cluster was a homolog of the
pigment biosynthesis genes (GenBank accession no.
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mycelium was obtained from rice medium on the 7th day. The
MS and AK were extracted from mycelium. The MS and AK
contents were assessed by HPLC and given in absolute values
dividing by the dry weight of mycelium. The data are
represented as the mean £ SEM (n = 3)

KC148521) existing in the Monascus pilosus genome
(Balakrishnan et al. 2013). According to the afore-
mentioned pigment biosynthesis genes, ten targeted
fragments were identified in M9 by colony screening
with ten pairs of primers and named MpPKSS5, mppR1,
mppA, mppB, mppC, mppD, mppE, mppR2, MpFasA2,
and MpFasB2.

As shown in Fig. 3, the order of expression levels of
MpPKS5, mppRI, mppA, mppB, mppC, mppD,
mppR2, MpFasA2, and MpFasB2 for the different
illumination time each day was 30 min > 15 min > -
dark > 45 min > 60 min. Figures 2 and 3 show a
similar change trend with phenotypic production of
MS and AK under 100 lux condition, except for mppE.
The expression level of genes increased parallel to the
amount of pigment produced and decreased with
reduced pigment. These results indicate that blue light
stimulated or inhibited MS and AK production by
upregulating or downregulating the expression levels
of pigment biosynthetic gene cluster. Thus, the effects
of blue light on pigment production in M9 were
recognized as a biological control process.

Discussion

Blue light influences mycelium development, MS and
AK production, and pigment biosynthetic gene
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Fig. 3 Expression of pigment biosynthetic genes (MpPKSS5,
mppR1, mppA, mppB, mppC, mppD, mppE, mppR2, MpFasA2,
and MpFasB2) under blue light or dark monitored by RT-qPCR.
Gene expression test samples exhibited a one-to-one correspon-
dence with those samples used for MS and AK tests under blue
light of 100 lux condition. The transcriptional levels were
normalized to those of the actin gene. The mRNA levels in the
dark were used as the reference value. Data were expressed as
the relative mRNA level for each gene and represented as the
mean + SEM (n = 3)

expression in Monascus strain M9. M9 exposed to
continuous blue light is pale but is orange when grown
in the dark. This suggests that blue light affects
pigment accumulation in mycelium.

Miyake et al. (2005) reported that light of varying
wavelengths had an influence on pigment production
in M. pilosus strain IFO4520. Their observation
suggests that red light enhanced pigment production
but blue light inhibited pigment production. The same
conclusion was also reached by Babitha et al. (2008),
who reported that direct blue illumination totally
suppressed pigment production in Monascus purpu-
reus. By contrast, the present study found that blue
light at a low intensity and proper illumination time
(100 lux, 15 and 30 min/day; 200 lux, 15 min/day)
enhanced the production of MS and AK but that with a
high intensity (300 and 450 lux) and long exposure
time (45 and 60 min) decreased pigment production.
We speculate that blue light may inhibit or induce
pigment biosynthesis in Monascus. The effect of blue
light depends on light intensity, illumination time, and
species. Light intensity and illumination time are
important factors that affect the secondary metabolite
biosynthesis of fungi. Schmidt-Heydt et al. (2011)
analyzed the influence of blue light of varying

intensities on the growth and ochratoxin A biosynthe-
sis of five food relevant fungi. When the intensity of
blue light was increased from 200 to 1700 lux, a
drastic reduction in ochratoxin A biosynthesis
occurred. The expression of photolyase gene (phrl)
in T. harzianum was detected by light pulse. The
expression level reached its maximum accumulation
between 15 and 30 min and then started to decrease
60 min after the pulse (Berrocal-Tito et al. 1999).

This study is the first to correlate the expression
levels of pigment biosynthetic gene with pigment
production in Monascus. The expression of pigment
biosynthetic gene transcripts increased when exposed
to blue light under 100 lux for 15 and 30 min/day, and
decreased when exposed for 45 and 60 min/day. These
variations correlate quite well with pigment produc-
tion. Gene mppE exhibited a different result in the
amount of MS and AK produced. According to
Balakrishnan et al. (2013), mppE belongs to the
pigment biosynthetic gene cluster that exists in the
M. pilosus genome as a putative dehydrogenase
encoding gene. We suppose that MS or AK could be
oxidized to other novel pigments by this dehydroge-
nase. Thus, the amount of MS and AK produced
decreased with upregulating gene mppE expression.

Monascus can sense blue light because the majority
of photoresponses in fungi are mediated by the photo-
receptors that absorb blue light. We proposed that
similar light regulatory protein, such as WC-1/WC-2, in
N. crassa may exist in Monascus. Further studies are
necessary to elucidate the molecular pathway of blue
light in regulating pigment production.
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