Hu et al. AMB Expr (2017) 7:166
DOI 10.1186/s13568-017-0467-1

© AMB Express

ORIGINAL ARTICLE Open Access

NAD*-dependent HDAC inhibitor

® CrossMark

stimulates Monascus pigment production

but inhibit citrinin

Yan Hu'", Youxiang Zhou?', Zejing Mao', Huihui Li%, Fusheng Chen' and Yanchun Shao!

Abstract

(citrinin).

Monascus species are edible fungi due to the production of food colorant and other beneficial compounds. Hence,

it has been an attractive thesis to improve their productivities. Increasing numbers of investigations revealed that
regulating the activities of histone deacetylases can significantly perturb secondary metabolites (SM) production at

a global level. In this study, dihydrocoumarin (DHC, an inhibitor of the Sirtuin family of NAD*-dependent deacety-
lases) was used to treat Monascus ruber for evaluating its effects on organism growth and SM production. The results
revealed that the variation trends of colonial sizes, biomass and mycotoxin were in a dose-dependent manner. Gener-
ally, they decreased with the increased DHC concentrations in the designed range. But the variation trend of pigment
was different. Comparison of SM profile, three new peaks occurred to the mycelia extractions from DHC-treated

strain corresponding to molecular weights 402, 416 and 444, respectively. These three compounds were identified

as Monasfluol B, Monascus azaphilone C and acetyl-monasfluol B (a new Monascus chemical pigment structure).

In short, DHC can stimulate M. ruber strain to produce more pigment-like polyketides but inhibition of mycotoxin
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Introduction

Filamentous fungi are important sources of secondary
metabolites (SM) which can produce antibiotics, organic
acid, immunosuppressants, siderophores, antitumor
agents and toxins (Brakhage 2013). Monascus species are
very important microbial resources in oriental countries
due to their abilities to produce food additives and phar-
maceutical ingredients, such as edible pigments, natural
antioxidant dimerumic acid, anti-hyper-cholesterolemic
agent monacolins, hypotensive agent gamma-amino
butyric acid (GABA) as well as sterol and isoflavones.
Hence, it has been an attractive thesis to improve their
productivities. Bioinformatics analysis revealed that
the genome of Momnascus strains contained more gene
backbones encoding SMs than currently characterized
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and indicate if changes were made.

compounds (Chen et al. 2015), suggesting Monascus
strains have great potential to produce new compounds.
It is well-known that SM production is a complicated
process, which is not only linked to the expression of
special gene clusters, but also with multiply modulatory
strategies (Bonasio et al. 2010). The increasing numbers
of investigations revealed that the expression level of SM
gene clusters has been linked to epigenetic mechanisms,
which are functionally relevant changes to the genome
that do not involve in a change in the nucleotide sequence
(Fuchs and Quasem 2014). Histone modification is one of
the examples of these mechanisms leading to variation
of SM production. Particularly, acetylation, balanced by
the opposing actions of histone acetyltransferases (HATS)
and histone deacetylases (HDACs), serves as a key reg-
ulatory mechanism for chromatin structure and gene
expression (Brakhage and Schroeckh 2011; Bulger 2005).
Generally, histone acetylation links to the transcription
activation (Albright et al. 2015; Robyr et al. 2002). Several
research groups have demonstrated that it is a promising
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approach to get new compounds by suppressing the
activity of HDACs with epigenetic modifiers (Asai et al.
2012a, b; Cichewicz 2010; Mao et al. 2015; Matthew et al.
2016; Yang et al. 2013). For examples, Aspergillus niger
was treated with suberoylanilide hydroxamic acid lead-
ing to the isolation of nigerone A (Henrikson et al. 2009).
Similarly, new compound named chlorinated polyketide
was obtained from a Daldinia sp. (Du et al. 2014).

In recent years, several approaches, such as mutation
breeding (Chen and Hu 2005), protoplast fusion (Klinsupa
et al. 2016) and genetic modifications (Lee et al. 2013; Xu
et al. 2009) were explored to increase SM yields in Monas-
cus spp., but no epigenetic modifiers were tested to treat
Monascus spp. Dihydrocoumarin (DHC) is a broad-acting
inhibitor of the Sirtuin family of NAD"-dependent dea-
cetylases participating in a wide variety of physiologi-
cal and biochemical processes, which is also approved as
a food-grade flavor agent (Jacobi et al. 2016). In current
study, M. ruber was incubated in the presence or absence
of DHC. Then, its growth, spore development, produc-
tion of pigments and mycotoxin as well as SM profile were
analysed. At the range of tested concentration of DHC,
pigment yields increased but citrinin and growth speed
decreased. Combination of multiple analytical techniques
identified a new Monascus chemical pigment structure
named 1-(6aRS,9aRS)-9-hexanoyl-6a-methyl-6,8-dioxo-
6a,8,9,9a-tetrahydro-6 H-furo[2,3-h]isochromen-3-)
propanyl-2acetate. This study supplied an alternative
approach to increase the production of Monascus pig-
ment-like polyketides but reduce mycotoxin (citrinin).

Materials and methods

Strains and culture conditions

Monascus ruber M7 was cultivated on potato dextrose
agar (PDA) slants at 28 'C for 7 days for collecting fresh
spores to do following measurements.

Measurement of colony growth and spore development

as well as biomass

5 uL of fresh spore (10*/mL) was spotted on PDA plate with
or without DHC and cultivated on 28 °C. Colony diameter
was measured at the 10th day. The conidia and cleistothecia
were observed using an Olympus BH2 compound micro-
scope with differential interference contrast optics.

For biomass measurement, 1 mL of fresh 10°/mL spores
was seeded into 50 mL of PDB containing different con-
centration (0, 0.5, 1.0, 2.0, 5.0, 10 mM) of DHC in 250 mL
Erlenmeyer flasks with continuous shaking at 150 rpm at
28 °C for 10 days (three replicates per concentration). Then
fermented broths were centrifuged for 5 min at 2200g. The
precipitation was washed three times with distilled water
and dried to a constant weight at 45 °C as biomass, and the
supernatant was collected to detect mycotoxin (citrinin).
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Detection of pigments and mycotoxin (citrinin)

Pigments production was measured according to the
approach described by Lai et al. (2011) with minor modi-
fication. Briefly, about 0.1 g dry biomass was extracted
with 10 mL of 70% ethanol at room temperature for 2 h.
Then mycelia extraction was scanned by UV-Vis Spec-
trophotometer (UV-1700, Shimadzu, Japan) from 300 nm
to 600 nm using 70% ethanol as the negative control. The
result was expressed as optical density units (multiply the
absorbance values by the dilution factors) per gram.

For the determination of citrinin, after the filtration
described above, 10 mL of the filtrate was concentrated
by a rotary vacuum evaporator and then the pellet was
dissolved in 1 mL of methanol, which was subjected to
HPLC analysis following previously described method
(Yang et al. 2012). A citrinin standard compound (Sigma,
USA) was used to confirm the HPLC analysis.

UPLC-PDA analysis of secondary metabolites

0.1 g of lyophilized mycelia was ground into powder with
liquid nitrogen, and submerged in 2 mL of methanol
for 2 h, which was centrifuged at 10,000 rpm for 5 min.
The supernatant was filtered by 0.22 pm hydrophilic
Nylon membrane and subjected to ultra performance
liquid chromatography with photodiode array detec-
tor (UPLC-PDA) analysis. The optimized condition was
as follows: 2 uL of sample was separated on the Acquity
BEH C18 column (1.7 um, 2.1 mm x 100 mm, Waters,
USA), at 30 'C with a linear gradient starting with 35%
(v/v) acetonitrile (ACN)/water to 90% ACN in 22 min and
detected at 360 nm, the flow rate was set at 0.3 mL/min.

Recovery and identification of compounds with new peaks
10 pL of the extracted sample above was spotted on
TLC plate coated with Silica gel G, and developed with
methylbenzene:ethyl acetate:formic acid = 7:3:1 (v:v)
as mobile phase. Those bands with significant augment
were recovered to solve in methanol and filtered through
0.22 pm hydrophilic nylon membrane. The supernatant
was separated on the semi-preparation Inertsil ODS-3
column (10 mm x 250 mm, 5 um, Shimadzu, Japan),
equipped with a C18 guard column (4.6 mm x 12.5 mm,
5 um, Phenomenex) at 30 °C with a flow rate of 3 mL/
min. Separation was performed using isocratic elu-
tion (acetonitrile/water) with a solvent ratio of 80:20 at
360 nm. The purified compounds were stored at 4 °C for
structure analysis.

The mass analysis was performed in an Acquity
UPLC™-TQD system (Waters, Milford, MA, USA), using
an Acquity UPLC BEH C18 column (100 mm x 2.1 mm,
1.7 pum, from Waters). MS detection was performed
using an Acquity TQD tandem quadrupole mass spec-
trometer (Waters, Manchester, UK). The instrument was
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operated with an electrospray (ESI) source in positive ion
scan mode. The ionization source parameters in posi-
tive mode were capillary voltage 2.5 kV, extractor voltage
4V, source temperature 150 °C, desolvation temperature
350 °C, cone gas flow 60 L/h, and desolvation gas flow
600 L/h (both gases were nitrogen).

'"H-NMR, ®C-NMR and 2D spectra (COSY, HSQC,
HMBC) of those new compounds were acquired using
AV400 NMR (Bruker, Germany). NMR spectra were ref-
erenced to the signals of the solvent, methanol I-d4.

Real-time quantitative PCR analysis

The expression levels of genes encoding pigment and cit-
rinin of M. ruber M7 were analyzed by a real-time quan-
titative PCR analysis (RT-qPCR). 1 mL of fresh 10°/mL
spores was seeded into 50 mL of PDB containing 2 mM
of DHC and incubated at 28 °C with continuous shak-
ing at 150 rpm, and samples were taken at the 5th day
and the 11th day, respectively. RT-qPCR was performed
according to the method described by Liu et al. (2016).
GAPDH was used as a reference gene. The primers used
in this study are listed in Table 1.
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Table 1 Primers used for real-time quantitative PCR

Primers Sequence (5’-3’) Fragment length (bp)
MpksCT-F TTTTCAGCGTCGTGGAATAGC 294

MpksCT-R TAACATCTTCGTCGCATCAGC

MpigA-F GTCATTGGCATGTCGTGTAAGG 182

MpigA-R GCATCGTGGTCTCGGATAAAG

GAPDH-F CAAGCTCACTGGCATGTCTATG 243

GAPDH-R AAGTTCGAGTTGAGGGCGATA

F forward primer, R reverse primer

Results

Effects of DHC on colony growth and spore development
Before detecting the variation of SMs due to DHC treat-
ment, the colony growth on PDA and biomass in PDB
were evaluated. The results showed that both colony
growth and dry biomass weight were dependent on
DHC concentration. With the increasing concentra-
tion of DHC, the colony size and biomass were reduced,
suggesting DHC can inhibit the growth of M. ruber in
tested concentration (Fig. la, b). Comparatively, the
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Fig. 1 Comparison of the Monascus ruber M7 strain in colony growth, biomass and cleistothecia development in the presence or absence of DHC.
a Colony growth at different dose of DHC growing on PDA at 28 °C for 10 days. b The biomass (dry cell weight) at different dose of DHC growing
in PDB at 28 °C for 10 days with continuous shaking at 150 rpm. ¢ Cleistothecia growing on PDA at 28 °C for 10 days. Error bars indicate standard




Hu et al. AMB Expr (2017) 7:166

amount of cleistothecia from DHC-treated strain was
more than that of original strain in equal observed area
(Fig. 1¢).

Effects of DHC on the production of pigment and citrinin
Relative quantities of intracellular pigment growing
in PDB were measured using UV-Vis spectroscopy.
For original strain, two absorbance peaks, around 390
and 510 nm, were observed. Comparatively, blue shift
occurred to the absorbance peaks from the mycelia
extraction of DHC-treated strain except the 1 mM of
DHC. Furthermore, pigment production improved with
the increasing doses of DHC ranged from 1 to 5 mM, but
10 mM of DHC can inhibit pigment production (Fig. 2a).
The citrinin yield secreted in PDB was measured using
HPLC. Interestingly, the result revealed that citrinin con-
tent was decreased with increased dose of DHC, suggest-
ing that DHC can inhibit citrinin production. When DHC
concentration amounted to 3 mM in the PDB, citrinin
can’t be detected via the method described in current
study because its content was lower than the detection
limit (citrinin concentration <10 ng/mL) (Fig. 2b).

Effects of DHC on secondary metabolic profile
A great number of investigations demonstrated that
exposure of fungi to epigenetic modifiers can enhance the
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Fig. 2 The effect of DHC on intracellular pigment and extracellular
citrinin. a Pigment production at different dose of DHC at the 10th
day. b The concentration of citrinin at different dose of DHC at the
10th day
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production of SMs. Considering this, mycelia extraction
from DHC-treated strain was subjected to UPLC-PDA to
discover new SM(s). Among the tested DHC concentra-
tion, 2 mM of DHC can significantly change SM profile.
The results suggested that three new peaks occurred to
the mycelia extractions from DHC-treated strain, cor-
responding to the retention time at 6.215, 10.773 and
11.033 min, respectively (Fig. 3).

After that, the extraction was spotted on TLC plate
for collecting the significantly different bands. UPLC-
MS identified their molecular weights as 402 (com-
pound 1), 416 (compound 2) and 444 (compound 3)
(Fig. 4). Combining those spectra of isolated com-
pounds and the published documents (Wu et al., 2013;
Balakrishnan et al. 2014), compound 1 and 2 were
identified as Monasfluol B and Monascus azaphilones
C (Figs. 4a, b; 5, Additional file 1: Figure S1; Tables 2,
3). Combination of 'H-NMR, 3C-NMR and 2D spec-
tra including COSY, HSQC and HMBC identified com-
pound 3 as acetyl-monasfluol B (Fig. 4c; Additional
file 1: Figure S2; Table 4). Among of them, acetyl-
monasfluol B is a new polyketide-like structure named
1-(6aRS,9aRS)-9-hexanoyl-6a-methyl-6,8-dioxo-
6a,8,9,9a-tetrahydro-6H-furo[2,3-h] isochromen-3-)
propanyl-2acetate (Fig. 6).

Effects of DHC on gene expression responsible for the
synthesis of pigment and citrinin

In M. ruber, genes involving in synthesis of pigment
and citrinin have been identified (He and Cox 2016;
Chen et al. 2017). To understand the effects of expo-
sure to DHC on the production of pigment and citrinin
at the molecular level, we analyzed the expression level
of MpigA and MpksCT encoding polyketide synthases

——— M7 treated by DHC
——— M7 strain (Control)
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Fig. 3 UPLC-PDA profiles at 360 nm of the methanol extractions

from M. ruber M7 growing in the presence or absence of DHC




Hu et al. AMB Expr (2017) 7:166 Page 5 of 9
a e Retention time=6.21Smin
1004 e aaoer| 00163
00144
0.0124
0.0104
) 20.008
# 0.006
a4 205 0,004
bos 333 0,002
[ 05313 0.000]
Lo s b b s s e L o Lt s L A s Lo e A ) el ) Lt b et s b i g st ) mz|  -0.002-
100 10 200 2% A0 3D 400 4% S0 S50 G0 6SO 70 7S A0 A a0 %0 1000
b Retention time=10.773min
MS2 ES+ 250
. anm 1348
100y 0.025
0.020
J18 3 3530
20015
0.0107
(LR £34 383 0.008
CLL ) iz 0.000 506
100 150 200 250 300 30 400 450 500 S50 600 650 700 750 800 S50 900 950 1000
C MS2ESe Retention time=11.033min
1 uszre oeeT 0.070
0.060
0.050
20.0407
448350 0.0303
| 0.0204
385200 A £80.346911.307 0,010
T ooy T TSt 'z 0.000-
100 150 200 250 300 350 400 450 500 550 600 650 700 750 900 850 900 950 1000 - . . . .
240.00 320.00 400.00 480.00 560.00

Fig. 4 Mass spectra and spectrogram of compounds 1, 2 and 3 detected by UPLC-MS. a Compound 1. b Compound 2. ¢ Compound 3

nm

Chemical Formula: C,5H3,05
Molecular Weight: 444.52
Fig. 5 The chemical structure of compound 3

responsible for the synthesis of pigment and citrinin,
respectively. As shown in Fig. 6, the transcript level
of MpigA was up-regulated, but that of MpksCT was

significantly down-regulated in the presence of 2 mM of
DHC at the tested time, which is in accordance with the
production of pigment and citrinin.

Discussion
In recent years, researchers adopted diverse
approaches to improve bioactive compounds or dis-
cover new compounds for industrial application. A
series of investigations proved that acetylation modi-
fication plays an important role in regulating SM pro-
duction via modification of HDACs activities (Albright
et al. 2015). In this study, DHC has multiple effects on
SM production of M. ruber. Firstly, suitable range of
DHC can improve pigment yields but reduce myco-
toxin (citrinin). More importantly, new pigment-like
polyketide was discovered. So DHC is an alternative
agent to stimulate M. ruber to produce much more
pigment-like compounds.

Acetylation modification not only regulates SMs pro-
duction, also involve in other bioprocesses such as fungi
growth, spore development, metabolism and stress
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Table 2 'H and *C NMR data for compound 1 (400 MHz
in methanol I-d4 6 ppm)
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Table 3 'H and *C NMR data for compound 2 (400 MHz
in methanol I-d; 6 ppm)

No. Position 6¢ 6y (mult, Jin Hz) No. Position 6¢ 8y (mult, Jin Hz)
1 1 1484 7.56 (s, TH) 1 C-1 149.76 749 (s, TH)

2 163.0 2 3 161.40

3 4 105.6 6.34 (s, 1H) 3 C-4 110.07 6.30 (s, 1H)

4 4a 149.9 4 C-4a 147.93

5 109.9 539(d,J=121H) 5 C-5 106.07 536 (s, TH)

6 6 1941 4.08 (m, 1H) 6 -6 194.21

7 6a 84.1 1.31(d,J=28.2,3H) 7 C-6a 84.12

8 6b 1163 8 C-6b 11633

9 8 1701 9 C-8 171.06

10 9 66.3 3.97 (s, TH) 10 9 57.11 3.92 (s, 1H)

11 9a 439 304 (brs, 1H) 11 C-9a 43.64 3.28(s, 1H)

12 10 235 4 (s, 3H) 12 C-10 2346 1.50 (s, 3H)

13 11 437 256(ddd J;=45,2=285,3=142,2H) 13 C-1 40.55 268 (d,J=64,2H)
14 12 56.9 408( ,1H) 14 C-12 69.39 536(dd J=6.3,127,1H)
15 13 237 1(d,J=823H) 15 c13 20.05 27 (s, 3H)

16 14 203.8 16 C-14 203.86

17 15 434 332(dt J;=16,J2=33,2H) 17 C-15 43.98 294 (dt,J=73,7.3,183, 2H)
18 16 235 1.60 (d, J=7.7,2H) 18 C-16 2347 1.56 (M, 2H)

19 17 30.1 1.24 (o, 2H) 19 c-17 32.28 1.26 (M, 2H)

20 18 315 1.24 (0, 2H) 20 c-18 23.71 1.25 (m, 2H)

21 19 323 1.24 (0, 2H) 21 C-19 14.26 086 (t,J=7.1,3H)
22 20 235 1.24 (o, 2H) 22 20 172.04

23 21 14.3 91 (t,J=7.1,3H) 23 C-21 14.26 1.95 (s, 3H)

response (Niu et al. 2015). Addition of DHC can inhibit
colony growth and biomass probably attributed to weak-
ened activity of NAD"-dependent HDACs. During the
growing period of M. ruber, glucose is the single carbon

for normal growth, but inhibition of HDACs activity
probably affected the glucose metabolism to retard col-
ony growth. It has been reported that Sirtuin proteins
regulated gene expression related to glucose metabolism
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Table 4 'H and *C NMR data for compound 3 (400 MHz
in methanol I-d, 6 ppm)
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in yeast and mammals, suggesting that Sirtuin-like
HDAC:s are very conserved in biological function (Kang
et al. 2017; Kugel and Mostoslavsky 2014). Inhibition or
deletion of HDAC::s is a feasible approach to discover new
compounds by activating unknown SM cluster or modi-
fying non-histone protein. In this study, the new identi-
fied compound (acetyl-Monasfluol B) is the derivative
of a known pigment Monasfluol B, the hydroxyl group
linked to C-12 of which was replaced by acetyl group.
Since acetyl-Monasfluol B was not a compound from
unknown SM cluster, it was possible that acetylation
modification occurred to catalytic enzyme involving in
pigment conversion.

It is a big issue that the correlation between fungal
development and secondary metabolism. In current
study, the variation of the cleistothecia and the pro-
duction of SMs such as pigment and citrinin may be
a logical strategy to adapt to their changing environ-
ment (Etxebeste et al. 2010). In Aspergillus oryzae
RIB40, HstD (a homolog of Sirtuin) coordinates sec-
ondary metabolism and development through control
of the global regulator LaeA, suggesting that member
of signaling pathway connects acetylation modifica-
tion with its modulation processes (Kawauchi et al.
2013). In conclusion, DHC can be used to raise pig-
ment yield and its derivative but inhibit mycotoxin,
laying the foundation for further exploring new
metabolites.

No. Position 6¢ 8y (mult, Jin Hz)
1 C-1 149.77 7.46 (s, TH)
2 3 161.38
3 C-4 110.07 6.27 (s, 1H)
4 C-4a 147.93
5 -5 106.07 533 (s, TH)
6 C-6 194.20
7 C-6a 84.08
8 C-6b 116.34
9 -8 171.03
10 9 58.67 3.28 (s, TH)
11 C-9a 43.65 3.89 (s, 1H)
12 c-10 23.68 1.51 (s, 3H)
13 c-n 40.55 265(d,J=16.3,2H)
14 C-12 69.39 5.16 (m, TH)
15 C-13 20.05 126 (d,J =64, 3H)
16 C-14 203.86
17 C-15 4393 258(dt, J; =73,J,=183,1H)
18 C-16 2347 1.51 (m, 2H)
19 17 30.21 1.26 (o, 2H)
20 C-18 30.04 1.26 (0, 2H)
21 C-19 32.88 1.26 (o, 2H)
22 C-20 24.03 1.26 (0, 2H)
23 C-21 14.44 9t J=71,3H)
24 C-22 171.97
25 c-23 21.02 1.99 (s, 3H)
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Fig. 6 The transcription level of polyketide synthases genes encoding pigment and citrinin. a MpigA gene encoding pigment synthesis. b MpksCT
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Additional file

Additional file 1: Figure S1. NMR spectra for compound 2. (A) H-NMR.
(B) C-NMR. (C) COSY. (D) HMBC. (E) HSQC. (F)TOCSY. Figure S2. NMR
spectra for compound 3. (A) H-NMR. (B) C-NMR. (C) COSY. (D) HMBC. (E)
HSQC. (F)TOCSY.
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