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Abstract The effects of the secondary metabolite biosyn-
thesis on the metabolism and morphology of the Monascus
purpureus were investigated in this study. Hypha and
septum length became longer after deletion of genes pigR
and pksCT in M. purpureus 1LQ-6 by Agrobacterium
tumefaciens-mediated transformation technology, highly
branched hyphae, much smaller and freely dispersed
mycelial pellets were observed in M. purpureus. Compared
with that in the wild-type, the level of intracellular NADH
and NADPH was almost constant in M. purpureus ApigR
at 4 days, but the NADH and NADPH levels decreased by
1.58-fold and 3.71-fold in M. purpureus ApksCT. The
present study can not only provide a kind of strategy to
improve the Monascus pigments production, but also pro-
vide theoretical support for the further study of relationship
between the secondary metabolites, metabolism and mor-
phological change.

Electronic supplementary material The online version of this
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Introduction

The fungus Monascus spp. has been well-known in many
oriental countries for centuries, especially in China, Japan,
and Korea. Monascus spp. is conventionally cultured on
steamed white polished rice to produce a fermented meal
known as red mold rice (RMR) in the USA, Hongqu in
China, and Koji and Red Koji in Japan. There are hundreds
of scientific studies that indicate that RMR contains many
kinds of beneficial compounds, such as natural pigments
(used as food colorants), monacolin K or lovastain (HMG-
CoA reductase inhibitor), and gamma-amino butyric acid
(GABA, a kind of hypotensive agent) (Patakova, 2013;
Shao et al., 2014). However, the usage of RMR also incurs
controversy since the discovery of citrinin (a kind of
mycotoxin, shown to be nephrotoxic in animals) produc-
tion by Monascus strains. Although there are no strict rules
limiting the upper amount of citrinin in RMR in China, a
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limit of 2000 ppb (2000 pg/Kg) in RMR was established in
Europe according to UC Commission regulation No.
212/2014, 50 ppb in South Korea (Kim et al., 2007), and
200 ppb in Japan (Fu et al., 2007). However, according to
Chinese National Standard GB 1886.181-2016, the upper
limit of citrinin was determined to be 0.04 ppm/U in MPs.

Pigments, monacolin K, and citrinin are the three most
famous polyketide (PK) secondary metabolites produced
by filamentous fungi Monascus strains, which were cat-
alyzed by polyketide synthase, composed of catalytic
domains consisting of ketosynthase (KS), acyltransferase
(AT), product template (PT), acyl carrier protein (ACP),
and C-methyltranferase (MT) (Balakrishnan et al., 2013).
MPs are a mixture of azaphilones mainly composed of
yellow pigments (ankaflavin and monascin), orange pig-
ments (monascorubrin and rubropunctatin), and red pig-
ments (monascorubramine and rubropunctamine) (Kim and
Ku 2018; Wang et al., 2015), and the related metabolic
pathway showed that yellow pigments are formed from
orange pigments by reduction, and the orange colors could
convert into red when oxygen atoms are replaced by an
amino group.

One of the main challenges in the production of fungal
metabolites by filamentous fungi such as Monascus is the
control of mycelial morphology, which attached great
importance to the production of metabolites (Lv et al.,
2017). Hyphae of filamentous fungi in submerged batch-
fermentation (SBF) mainly exist in three different mor-
phology, including free mycelia, mycelial pellets mycelial
clumps (Zhang et al., 2015). Filamentous fungi morphol-
ogy are much affected by fermentation conditions and
genetic factors, such as pH, shaking speed (Ibrahim, 2015;
Lv et al., 2017), oxygen diffusion (Vecht-Lifshitz et al.,
1990), exogenous additive such as cyclic AMP (Lai et al.,
2011) and nonionic surfactant Triton X-100 (Chen et al.,
2018). The nonionic surfactants were correlated with pig-
ment production and morphology in SBF, which resulted in
a higher level of MPs production and changed the mycelia
morphology (Yang et al., 2019). In the production of
Monascus red pigment, the maximum production of MPs
was obtained with high agitation rates, and shorter bran-
ches were produced in Monascus mycelium (Kim et al.,
2002). To note, many scholars have studied the relationship
between mycelial morphology and pigment, but whether
the effect of citrinin biosynthesis on mycelial morphology
is the same as that of pigment has not been investigated.
Furthermore, the effects of pigment synthesis and citrinin
metabolism on Monascus metabolism such as cofactor
metabolism are still unclear.

It is well-known that three secondary metabolites—
pigments, monacolin K, and citrinin—share a biosynthetic
pathway before a certain branch point, synthesized by
acetyl CoA and malonyl-CoA, especially for pigment and

@ Springer

citrinin (Fig. 1). Although many researchers have found
that disruption of citrinin or monacolin K biosynthesis
could increase the production of pigment, the relationship
between the secondary metabolite biosynthesis and other
intracellular metabolism (such as the glycolysis pathway
and cofactor generation) and the effect of the secondary
metabolites on the cell growth and morphology and phys-
iology of hypha are still unclear. Hence, the aim of this
work was to investigate the effect of the secondary
metabolite biosynthesis on the metabolism and morpholog
of the M. purpureus strain by disruption of the biosynthetic
pathway of pigments and citrinin using Agrobacterium
tumefaciens-mediated transformation (ATMT) technology.

Materials and methods
Microorganisms, cultivation, and materials

Monascus purpureus 1.Q-6 (CCTCC M 2018600, China
Central for Type Culture Collection (CCTCC), Wuhan,
China), as the parent strain, was isolated from red mold rice
obtained from a market in China. M. purpureus strains
were cultured on potato dextrose agar (PDA, potato
(200 g), dextrose (20 g), and agar (20 g) in 1000 mL pure
water) medium with the addition of 50 pg/mL hygromycin
or G418 as required at 30 °C. Escherichia coli DH5a cells
were grown in Luria—Bertani (LB, tryptone (10 g/L), yeast
extract (5 g/L), NaCl (10 g/L)) medium or solid medium
(addition of 20 g/L agar) with the addition of 50 pg/mL
kanamycin as required at 37 °C. The strains and plasmids
used in this study are listed in Table S1.

Construction of pigR and pksCT deletion vector

As shown in Fig. S1, homologous recombination was
applied for knocking out the pigR gene in M. purpureus
LQ-6. The primers used in this study are listed in Table S2.
There are two steps to construct the pigR disruption vector,
as follows.

To construct the pigR-deleted cassette, a 1.54 kb 5’
homologous arm and a 1.53 kb 3’ homologous arm (named
5'-UTR and 3'-UTR, respectively) were amplified from M.
purpureus LQ-6 genomic DNA by the polymerase chain
reaction (PCR) using the primers pigR-up-R, pigR-up-F,
and pigR-dn-R, pigR-up-F, respectively. A 2.1 kb fragment
containing the G418 gene from the plasmid pXS (the pri-
mers G418-R, G418-F) was fused with 5’-UTR and 3’-UTR
by overlap PCR to generate the pigR-deleted cassette (Ning
et al., 2017).

The pigR-deleted cassette obtained from the first step
was cloned into the corresponding sites of the pCAM-
BIA3300 binary vector linearized by double digestion with
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Fig. 1 The biosynthetic
pathway of secondary
metabolite pigment, citrinin,
and monacolin K in M.
purpureus
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EcoR 1 and Hind 111 using a one-step cloning kit (Vazyme
Biotech Inc., Nanjing, China). Finally, the pigR deletion
vector named pCAMBIA3300-ApigR was formed(Xie
et al., 2013).

To construct the pksCT disruption vector, a similar
strategy as above was used. In addition, the selection
marker for pksCT was hph, which was amplified from the
plasmid pAN7-1with a primer pair Aph-F and hph-R.

Transformation of M. purpureus

ATMT technology was used to transform the disruption
vector, according to Shao et al.(Shao et al., 2009). M.
purpureus LQ-6 was cultured on a Potato Dextrose Agar
(PDA) plate for 10 days at 30 °C, and then 5 mL of sterile
water was added to the PDA plate with a fully-grown
culture of M. purpureus LQ-6. The suspension was filtered
through two layers of sterile lens paper to collect the
spores. Then, A. tumefaciens EHA105 containing recom-
binant plasmid pCAMBIA3300-ApigR was inoculated for
2 days at 28 °C in minimal medium (2 g/L glucose, 2.05 g/
L K,HPO,, 1.45 g/ KH,PO,4, 0.01 g/LL CaCl,, 0.6 g/LL
MgS0O,, 0.3 g/ NaCl, 0.5 g/ (NH4),SO4, pH = 7.0,
supplemented with 10 mL 0.01% (v/v) FeSO,) supple-
mented with kanamycin (50 pg/mL). After dilution to an
optical density (OD) of 0.15 at 600 nm with induction
medium (2 g/l glucose, 1.84 g/l K,HPO,, 1.45 g/L
KH,PO,, 0.01 g/L. CaCl,, 0.6 g/LL MgSO,, 0.3 g/LL NaCl,
0.5 g/ (NH4),SO4, 5 g/l glycerol, pH = 4.9, supple-
mented with 10 mL 0.01% FeSO,, 10 mL 100 g/ MES
(pH 5.5), and 5 mL 200 mM acetosyringone), the cell
suspension of A. tumefaciens EHA105 needed an addi-
tional 6 h growth under the same conditions. Next, the A.
tumefaciens cell suspension was mixed with spore pellets
of M. purpureus LQ-6 at a concentration of 10° spores/mL,
and the mixture (200 pL) was plated on the coculture-
inducing medium (1 g/ glucose, 1.84 g/. K,HPOy,
1.45 g/L. KH,PO,, 0.01 g/L. CaCl,, 0.6 g/ MgSO,, 0.3 g/
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L NaCl, 0.5 g/l (NH4),S0y, 5 g/L glycerol, 20 g/L. agar,
supplemented with 10 mL 0.01% (v/v) FeSO4, 10 mL
100 g/ MES (pH 5.5), and 10 mL 200 mM acetosy-
ringone) covered with cellophane. After co-cultivation for
4 days at 25 °C, the cellophane was removed, and an
empty sterile culture dish with poured PDA containing
50 pg/mL G418 for selecting transformants and 200 pg/
mL cephalosporin for killing the A. fumefaciens cells was
used. Following cultivation for 2 days at 25 °C, single
colonies were picked up and cultured on PDA supple-
mented with G418. If these colonies still grew on the
selective medium, they were regarded as transformants.

For deletion of gene pksCT (50 pg/mL hygromycin as
the selection agent) and double deletion of genes pigR and
pksCT (disruption of gene pksCT in the background of
recombinant stain M. purpureus ApigR), the same method
described above was performed.

Confirmation of recombination strains

After Agrobacterium tumefaciens-mediated transformation
of the disruption vectors, PCR analysis was subjected to
identify transformants. For PCR analysis, genomic DNA
was isolated from transformant mycelia using the CTAB
method(Shao et al., 2009). Primers pigR-T-F/R, pigR-half-
F, and G418-T-R were used to confirm the deletion frag-
ment of pigR and the double deletion fragment of pigR and
pksCT. The deletion fragment in the genomic DNA of the
hygromycin-resistant transformants was amplified using
primers CT-T-F/R, CT-half-F, and hyh-T-R. The recom-
binant strains were named M. purpureus ApigR (pigR-
deleted strain), M. purpureus ApksCT (pksCT-deleted
strain), and M. purpureus ApksCT:pigR (pigR and pksCT-
double deleted strain), respectively.
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Submerged batch-fermentation

Sterile water (10 mL) was added to the PDA medium with
a fully-grown culture of M. purpureus and aseptically
scraped using a sterile inoculating loop to obtain a spore
suspension. For SBF, 5 mL of the spore suspension
(108 spores/mL) was inoculated into 45 mL liquid-state
fermentation medium in 250 mL conical flasks at 30 °C
while shaking at 150 rpm in the dark for 252 h (Liu et al.,
2019; Teran et al., 2018). Fermentation kinetics assays
were conducted in 1000 mL conical flasks containing
200 mL SBF medium.

Image analysis

For the physiological characteristics assay, a 5 puL spore
suspension was inoculated into the middle of a PDA plate
(diameter = 90 mm) at 30 °C to analyze the colony size
and spore development rate. For 5 days, SBF samples were
taken to observe the morphology of mycelial pellets. All of
them were monitored by a digital camera (Canon EOS
80D, Japan).

For the microscopy assay, the hyphae of strains were
taken using a sterile inoculating loop from the cultured
PDA plate for 3 and 5 days, respectively. Afterwards, the
hyphae were re-suspended in sterile water and imaged
using a Motic compound microscope (BA200, Germany).

Metabolites analytic methods and calculation

The fermentation broth was centrifuged at 8000 rpm for
10 min to collect mycelia and supernatant, respectively.
For total biomass determination, the collected mycelia
were washed three times with distilled water and dried at
60 °C. The total biomass concentration was expressed as
dry cell weight (DCW) per unit volume of fermentation
medium. The supernatant was diluted to measure the
residual glucose concentration using the standard 3,5-
dinitrosalicylic acid (DNS) method. After SBF finished, the
collected mycelia were soaked in 5 volumes of 70% (v/v)
ethanol at 60 °C for 2 h for determination of the intracel-
lular pigment production. The fermentation supernatant
was directly measured for analysis of extracellular pig-
ments. The concentration of MPs was analyzed by mea-
suring the corresponding absorbance by a UV-visible
spectrophotometer (UV-752 N), at 505 nm for red pig-
ments, 470 nm for orange pigments and 420 nm for yellow
pigments, respectively. The total MPs concentrations
include intracellular pigment production and exMPs pro-
duction (Chen et al., 2017).

For analysis of monacolin K and citrinin production,
5 mL of the fermentation medium was inoculated into
20 mL of 75% (v/v) methanol at 60 °C for 2 h, followed by
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cooling to room temperature and allowing to settle over-
night. After centrifuging at 10,000 rpm for 5 min and fil-
tering through a 0.22 pm filter, the supernatant was
assessed by high performance liquid chromatography
(HPLC, LC-30A, Shimadzu) on a reverse phase C;g col-
umn (5 pm, 150 x 4.6 mm) (Zhang et al., 2017). Mona-
colin K production was determined with methanol/water
(70:30, pH adjusted to 3 with orthophosphoric acid) as the
mobile phase, 1.0 mL/min flow rate at 25 °C, and 10 pL
injection volume, and the eluate was monitored by a UV
detector at a wavelength of 237 nm(Lin et al., 2018). To
determine the concentration of citrinin, a mixture of ace-
tonitrile, isopropanol, and 0.08 mol/L orthophosphoric acid
at a ratio of 35:10:55 (v/v) as the mobile phase, with a
1.0 mL/min flow rate at 25 °C and injection volume of 10
pL was examined using a fluorescence detector (Promi-
nence RF-20A/20Axs) at a 331 nm excitation wavelength
and 500 nm emission wavelength (according to the Chi-
nese National Standard GB 5009.222-2016).

Intracellular concentrations of NADH and NADPH were
detected via Amplite™ Colorimetric NAD/NADH and
NADP/NADPH Assay Kits (Beijing Solarbio Science &
Technology Co., Ltd., China). Mycelium were taken from
the batch-fermentation and then rapidly ground into a
powder using liquid nitrogen. The mycelium powder
(0.1 g, wet weight) was transferred quickly into a sample
tube for measurement(Huang et al., 2017).

Each experiment was repeated at least three times.
Numerical data are presented as the mean =+ standard
deviation (SD).

Accession numbers

The genome sequences have been deposited into the NCBI
database with an accession number of PRINA503091.

Results and discussion
Sequence determination and bioinformatics analysis

There are many kinds of Monascus, including M. ruber, M.
purpureus, M. fuliginosus, M. aurantiacus, M. pilosus and
so on. To determine the species, strain LQ-6 isolated nat-
urally was identified by ITS4/5. After purification of the
PCR product, the ITS fragment of strain LQ-6 was
sequenced and was homologous to multiple strains of
Monascus, especially M. purpureus. Furthermore, the
phylogenetic tree by selecting strains with high homology
and other strains of the same genus was constructed
(Fig. 2A). The phylogenetic tree indicated that the strain
LQ-6 (named unk in Fig. 2A) displayed high homologies
with M. purpureus, M. ruber, M. pilosus, and M.
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fuliginosus, especially M. purpureus Z.1 (97% query cover
and 99.77% identity from NCBI-BLASTN). The strain LQ-
6 was named as M. purpureus LQ-6.

Gene pigR, is a pathway-specific regulatory gene for
MPs biosynthesis, which is of great significance in MPs
biosynthesis pathway(Xie et al., 2013). Gene pksCT is
highly correlated with citrinin production, which is
polyketide synthase gene responsible for citrinin biosyn-
thesis (Shimizu et al., 2005). In this study, whole genome
sequencing was performed to unearth gene pigR and pksCT
in M. purpureus 1L.Q-6, and the biosynthetic pathway of
pigment and citrinin was blocked by disrupting the gene
pigR and pksCT, respectively. Genes monacsus_3525 and
monacsus_3836 were unearthed after sequencing the whole
genome of M. purpureus 1LQ-6 and showed significant
similarity to pigR and pksCT, respectively. The nucleotide
sequence of gene monacsus_3525 was 3634 bp in length
and encoded by 573 amino acids. A database search with
NCBI-BLASTP suggested that it has 92.48% similarity
with the pigment biosynthesis activator pigR (encoded by
554 amino acids) of the pigment biosynthesis cluster from
Monascus ruber M7 (protein ID = AGL44390.1). Based on

A)

® unk

Monascus purpureus culture-collection KACC:42430 transcription factor gene complete cds and non gp

the results of NCBI-BLASTP, the phylogenetic tree of
gene monacsus_3525 was constructed. It demonstrated that
the gene monacsus_3525 displayed high homologies with
pigR in M. ruber (query cover = 100%, identity = 92.48%,
bootstrap value = 78), pigment biosynthesis gene cluster in
M. pilosus, and then citrinin biosynthetic gene cluster in M.
ruber (identity = 46.10%) (Fig. 2B). In addition, there was
almost no pigment produced after deletion of gene Mon-
ascus_3525 (Figs. 3 and 5C). Gene pksCT was highly
conserved in different citrinin-producing Monascus strains
(Chen et al., 2008; Fu et al., 2007), encoding polyketide
synthase, which is responsible for citrinin biosynthesis (Jia
et al, 2010). The nucleotide acid sequence of gene
monacsus_3836 was used as a query to perform BLASTN
in the NCBI database. The results revealed that gene
monacsus_3836 had 100% similarity to the gene pksCT
from M. purpureus (sequence ID: AB167465.1) (Fig. S2).
Furthermore, deletion of the gene Monascus_3836 in M.
purpureus L1Q-6 resulted in no citrinin production
(Fig. S4). The above results and analysis indicate that the
genes Monascus_3525 (pigR) and monscsus_3836 (pksCT)
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Fig. 2 Phylogenetic tree obtained by neighbor-joining based on ITS gene sequences of strain LQ-6 (marked as unk) (A) and amino acid
sequence of gene Monascus_3525. (B). Numbers in red above branches indicate bootstrap values
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play a vital role in pigment and citrinin biosynthesis of M.
purpureus LQ-6, respectively.

However, there was no monacolin K (acid form and
lactone form) produced by solid-state fermentation using
M. purpureus LQ-6 (Fig. S5). It has been reported that
some M. purpureus strains lack the monacolin K synthesis
locus and are incapable of producing monacolin K (Kwon
et al., 2016). Then, it’s speculated that the monacolin K
biosynthetic gene cluster in M. purpureus LQ-6 was
incomplete or lacking. The results of whole genome
sequencing of M. purpureus LQ-6 showed that just genes
Monascus_1765, Monascus_1760, Monascus_1767,

M. purpureus ApksCT

M. purpureus 1.Q-6

Monascus_1768, Monascus_1769, Monascus_1770, and
Monascus_1771 were located in the monacolin K biosyn-
thetic gene cluster, and the protein homology was low,
except for Monascus_1766 with 83.78% identity to the
protein mkC and Monascus_1765 with 74.49% identity to
the protein mkB from Monascus pilosus by BLASTP
analysis. Through sequence analysis and solid-state fer-
mentation, it’s concluded that there was no monacolin K
produced by M. purpureus LQ-6, resulting from the
biosynthetic gene cluster being incomplete. In addition,
different strains of Monascus should be selected to study
different secondary metabolites. Generally, Monascus

(A) (C) M. purpureus LQ-6 M. purpureus ApksCT
M. purpureus ApigR M. purpureus ApksCT:pigR
f——90 mm ———l|
B) 1.25
LM purpurens 1.Q-6
1.00 4 M. purpureus ApksCT
¢ V) M. purpureus ApigR
. [:] M. purpureus ApksCT:pigR
E 0.75 1)
= ]
5 7
2 0.50 7
£ 17 i
Z
=
0.25 4
] 7788
2 .
S 0.00 77 T —r Time
z
=
= -0.25 1
27
-0.50

Fig. 3 Colonial morphologies of wild-type strain M. purpureus LQ-6
and recombination strains cultivated on PDA plates at 30 °C for 5
days (A). Relative colony diameter of different strains cultivated on
PDA plates on the 5th, 6th, and 7th days, with the colony diameter of
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M. purpureus 1LQ-6 as a reference (B). Mycelial morphologies of M.
purpureus LQ-6 and recombination strains fermented at 150 rpm for
5 days in SBF medium (C)
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fuliginosus, Monascus ruber and Monascus pilosus are
considered to have strong production capacity of mona-
colin K, which were often used in monacolin K related
research. M. purpureus has strong ability of producing
pigment, but also with citrinin. Furthermore, given that
many researches focus on the aspect of food safety to
decrease the citrinin production by M. purpureus fermen-
tation, then this strain LQ-6 was finally engineered.
Besides, this study mainly focus on the morphology and
metabolism in submerged fermentation after disrupting
pigment and citrinin biosynthesis pathways.

Effect of biosynthesis of pigment and citrinin
on morphology of M. purpureus 1.Q-6

In SBF, the production of secondary metabolites is strongly
associated with the fungal morphology and growth (Chen
et al., 2018; Sun et al., 2018). We speculated that disrup-
tion of the biosynthetic pathways of pigments and citrinin
would change the development and cellar morphology in
M. purpureus LQ-6. In this study, the changes in spore
development, hyphal length and branching, and mycelial
pellet morphology were analyzed. The colony phenotypes
of LQ-6 and recombination strains incubated on PDA at
30 °C for 5 days are shown (Fig. 3A), and the order of
spore germination rate was M. purpureus ApigR, M. pur-
pureus ApksCT:pigR, M. purpureus 1.Q-6, and M. pur-
pureus ApksCT. In addition, the hyphae of M. purpureus
ApigR and M. purpureus ApksCT:pigR were white, which
resulted from blocking the pigment biosynthesis pathway
after deletion of gene pigR. Lv et al. have been reported the
hyphal diameter was highly correlated with the biosyn-
thesis of the MPs (Lv et al., 2017). The colony diameter of
LQ-6, ApksCT, ApigR and ApksCT:pigR was 31.75, 27.50,
33.25and 32.75 mm, respectively. During the process of
cultivation, the diameter of M. purpureus ApksCT was
smaller than that of the wild-type strain, but the diameters
of M. purpureus ApigR and M. purpureus ApksCT:pigR
were bigger than that of the wild-type strain, and the dif-
ferences in colony diameter were more obvious with the
development of culture process (Fig. 3B). These phenom-
ena illustrated that the genes pigR and pksCT have a great
impact on spore germination and development, and
blocking pigment biosynthesis can increase the cell growth
rate, whereas it is reduced after disrupting -citrinin
biosynthesis. After the pigR gene was knocked out, the
growth of Monascus did not inhibited, and the growth rate
was higher than that of the parental strain LQ-6, indicating
that the pigR gene was not involved in the primary meta-
bolism synthesis, only related to MPs biosynthesis. Based
on aboved results, observing the mycelial morphology and
the measuring hyphal diameter can preliminary predict the
production of Monascus secondary metabolites.

In SBF, two main morphologies were observed,
including pellets and free mycelium. In addition, the
morphology of filamentous fungi in SBF plays a significant
role in metabolites yield as well as productivity (Ibrahim,
2015). In this study, mycelial pellets were formed by
development from the spores and hyphae of the wild-type
strain LQ-6 at 150 rpm for 5 days in SBF medium, as well
as M. purpureus ApksCT, except the surface color of the
pellets was redder (Fig. 3C). However, compared to the
mycelial pellets of the wild-type strain, they were much
smaller and more freely dispersed in the liquid fermenta-
tion medium after deletion of gene pigR in M. purpureus
LQ-6. Furthermore, the number of cleistothecium (seen at
3 days) and hypha length (seen at 5 days) of M. purpureus
were both increased by deletion of genes pigR and pksCT,
especially in M. purpureus ApksCT (Fig. 4). Additionally,
the septum of hypha became longer in M. purpureus
ApksCT and M. purpureus ApigR than that in the wild-type
strain. It reported that the extent of increase of hyphae
branches was used as an indicator of the cell growth rate of
the fungi (Papagianni, 2004). In this study, highly branched
hyphae were observed in M. purpureus ApigR but did not
appear in M. purpureus ApksCT, which was consistent with
the above-mentioned results. There may be competitive
utilization of some nutrients in the biosynthesis of MPs and
the growth of Monascus, which leads to the inhibition of
pigments biosynthesis on the growth of Monascus. These
findings revealed that not only changing the morphology of
Monascus can affect the pigments yield, but also blocking
the synthesis of pigment and citrinin can affect the mor-
phology and growth rate of M. purpureus.

Effect of biosynthesis of pigment and citrinin
on the metabolism of M. purpureus 1.Q-6

To evaluate the effect of pigments and citrinin biosynthesis
on the metabolism of M. purpureus, the corresponding
biosynthetic pathways were disrupted by deletion of genes
pigR and pksCT. From the analysis of fermentation kinetics
of various strains (Fig. 5), the recombination strains (M.
purpureus ApigR, M. purpureus ApksCT, and M. pur-
pureus ApksCT:pigR) showed a higher glucose consump-
tion rate compared to the wild-type strain M. purpureus
LQ-6 at the fermentation prophase, especially M. pur-
pureus ApigR. In addition, the wild-type strain showed a
long lag phase (glucose consumption rate was 0.10 g/L h
for 36 h), which did not appear in the fermentation kinetics
of the three recombination strains with a similar glucose
consumption rate (Fig. 5SA). These results revealed that
deletion of genes pigR and pksCT can reduce the fermen-
tation lag phase in M. purpureus LQ-6. In addition,
investigation of the cell growth coupled with the glucose
consumption in the fermentation process (Fig. 5B) showed
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Fig. 4 The morphology of the hyphae of M. purpureus LQ-6 (A), M. purpureus ApigR (B), and M. purpureus ApksCT (C) cultivated on PDA
plates at the 3th and 5th days
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Fig. 5 Submerged batch-fermentation kinetics of M. purpureus LQ-6 batch-fermentations were studied in 1000 mL conical flasks contain-

and recombination strains. Glucose consumption (A), cell growth (B), ing 200 mL SBF medium at 150 rpm in the dark for 252 h
pigment production (C), and citrinin production (D). Submerged

@ Springer



Disruption of gene pigR and pksCT in Monascus

935

strain decreased to 1.04-fold times the DCW of the wild-
type and a lower cell growth rate. It’s speculated that the
synthesis of MPs can affect the growth and glucose con-
sumption of Monascus spp., which is consistent with a
previous study (Xie et al., 2015).

The secondary metabolites biosynthesis pathway is
described in Fig. 1. The monacolin K biosynthesis pathway
was incomplete because of the lack of one or more key
genes in the gene clusters in M. purpureus LQ-6; gene
pigR-regulated pigments biosynthesis and gene pksCT
catalyze citrinin production. Xie et al. reported the pro-
duction of citrinin was dramatically improved by 1.60-fold
after deletion of the gene pigR (Xie et al., 2013). In
addition, blocking of the production of citrinin resulted in
40% more pigment in M. aurantiacus Li AS3.4384 (Ning
et al., 2017). Similarly, deletion of gene pksCT in M.
aurantiacus resulted in significantly decreased citrinin
production. Furthermore, this ApksCT mutant exhibited a
stronger ability to produce red and yellow pigments (Fu
et al., 2007). To further investigate the mutual regulation
between pigments and citrinin metabolism in M. purpureus
LQ-6, the kinetics of pigments and citrinin biosynthesis
were analyzed (Fig. 5C and 5D). According to the exper-
imental results, a small amount of MPs were still detected
in SBF of ApigR with 87.74% production reduced. How-
ever, through PCR verification and sequencing analysis
(Fig. S3), the pigR gene in M. purpureus LQ-6 has indeed
been completely knocked out. The pigment production
after fermentation for 252 h was enhanced by 1.14-fold
(from 107.10 U/mL to 121.83 U/mL, or calculated as 2945
U) after deletion of the gene pksCT, but almost no citrinin
was produced. However, the concentration of citrinin was
dramatically increased by 2.03-fold (from 1.85 mg/L to
3.75 mg/L, or calculated as 0.38 mg) that produced by the
wild-type strain M. purpureus LQ-6 after disruption of the
pigment biosynthetic pathway. These results state that
different Monascus strains may exist differences after
disruption of the same gene, this may be also the reason
why M. purpureus ApigR constructed in this study still
produced pigments. In addition, citrinin and MPs biosyn-
thesis share the same starting unit (acetyl-coA) and
extending unit (malonyl-coA) (Hajjaj et al., 1999). The
disruption of MPs biosynthesis pathway can increase the
production of citrinin, which may be due to more initial
and extension units for citrinin biosynthesis. This illus-
trated that blocking of citrinin or pigment biosynthesis
could significantly cause a change in their production in M.
purpureus, and there is a mutual regulation between pig-
ment and citrinin metabolism.

MPs biosynthesis involves the polyketide synthesis
pathway and fatty acid synthesis pathway, in which many
NADH/NADPH-dependent redox enzymes are involved.
It’s speculated that intracellular cofactors metabolism

would be disrupted after deletion of genes pigR and pksCT.
Recombination strain M. purpureus ApigCT had the
highest pigment production, because the energy used to
synthesize citrinin supports the pigment biosynthesis
pathway, thereby promoting disruption of the pigment
production of pksCT. The kinetics analysis of pigment and
citrinin biosynthesis showed logarithmic prophase of fer-
mentation of secondary biosynthesis at 96 h (Fig. 5C and
5D). In this phase, a large amount of energy and reducing
power are needed to transport the intracellular nutrients to
promote the synthesis of metabolic intermediates and
support cell growth (Huang et al., 2017). Additionally, the
biosynthetic pathway of pigments demands more primary
metabolites, such as NADH, NADPH, acetyl-CoA, and
malonyl-CoA (Huang et al., 2017; Hu et al., 2012). As
shown in Table 1, the level of intracellular NADH and
NADPH was sharply decreased by 1.58-fold and 3.71-fold
compared to that in the wild-type strain LQ-6 in recom-
bination strain M. purpureus ApksCT at 4 days, respec-
tively, and just slightly enhanced by 1.05-fold and 1.22-
fold in M. purpureus ApigR. The concentration of NADH
was almost equal between recombinants and parent strain
LQ-6 at 6 days (the stationary phases of cell growth, and
the logarithmic phase of pigment biosynthesis), but the
concentration of NADPH was significantly reduced, espe-
cially to M. purpureus ApksCT (reduced by 81.97%). This
indicates that deletion of gene pksCT can significantly
reduce the concentration of NADH and NADPH, espe-
cially NADPH, and disrupting the gene pigR slightly
affects cofactors metabolism. Based on the analysis of
metabolic pathways of pigments and citrinin (Fig. 1),
hexketide used in the biosynthesis of citrinin was accu-
mulated after deletion of gene pksCT, promoting more
hexketide chromophores to synthesize pigments with more
NADPH and NADH consumption, resulting in low con-
centrations of NADH and NADPH in M. purpureus
ApksCT at fermentation prophase (seen the data of 2 days
and 4 days in Table 1), and reducing the growth rate. It
may be that the reducing energy originally used for pig-
ment synthesis in M. purpureus ApigR flows to the citrinin
synthesis pathway, solving the feedback inhibition of pig-
ment on growth after disruption of pigment biosynthesis.
Additionally, a lot of energy, especially NADPH (directly
used for pigment biosynthesis) was used for biomass syn-
thesis pathway (such as fatty acid synthesis pathway and
lipid synthesis pathway), resulting in the increased cell
growth rate and an almost constant concentration of
intracellular NADH and NADPH. These results suggested
that cofactors are closely related to the synthesis of sec-
ondary metabolites, which provides a strategy for
improving pigment production.

In this study, the levels of intracellular cofactor
NADPH, NADH, glucose consumption, and cell growth
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Table 1 The levels of intracellular NADH and NADPH in submerged batch-fermentation of parent strain M. purpureus LQ-6 and the

recombination strains

Strains NADH (nmol/g (wet weight)) NADPH (nmol/g (wet weight))

2 days 4 days 6 days 2 days 4 days 6 days
M. purpureus LQ-6 1.47 £ 0.11 4.68 £ 0.10 6.04 £ 0.11 1.45 £ 0.07 0.89 £ 0.06 0.61 £ 0.04
M. purpureus ApigR 1.72 £ 0.12 493 £ 0.13 6.88 £ 0.15 1.47 £ 0.09 1.09 £ 0.07 0.89 £ 0.05
M. purpureus ApksCT 1.19 £ 0.08 2.96 £ 0.05 5.99 £ 0.17 1.29 £ 0.05 0.24 £+ 0.03 0.11 £ 0.02
M. purpureus ApksCT:pigR 1.55 £ 0.05 3.13 £ 0.07 6.17 £ 0.14 1.35 £ 0.06 0.72 £ 0.05 0.52 £ 0.03

were disturbed to varying degrees after deletions of gene
pigR and pksCT, as well as the morphology of mycelium.
There is a mutual regulation effect between the production
of secondary metabolites and mycelial morphology in
submerged fermentation by M. purpureus. In conclusion,
this study improves our understanding of the relationship
between secondary metabolites and morphology in M.
purpureus and provides a strategy for maintaining high
MPs production for foods and pharmaceutical fields.
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