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Transportation of citrinin is regulated by the CtnC gene in the
medicinal fungus Monascus purpureus
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Monascus is one of the most essential microbial
resources in China, with thousands of years of history.
Modern science has proved that Monascus can produce
pigment, ergosterol, monacolin K, y-aminobutyric acid,
and other functionally active substances. Currently,
Monascus is used to produce a variety of foods, health
products, and pharmaceuticals, and its pigments are
widely used as food additives. However, Monascus
also makes a harmful polyketide component called citri-
nin in the fermentation process; citrinin has toxic effects
on the kidneys such as teratogenicity, carcinogenicity,
and mutagenicity (Gong et al., 2019). The presence of
citrinin renders Monascus and its products potentially
hazardous, which has led many countries to set limits
and standards on citrinin content. For example, the
citrinin limit is less than 0.04 mg/kg according to the
Chinese document National Standard for Food Safety
Food Additive Monascus (GB 1886.181-2016) (Na-
tional Health and Family Planning Commission of
the People’s Republic of China, 2016), and the max-
imum level in food supplements based on rice fer-
mented with Monascus purpureus is 100 pg/kg in the
European Union (Commission of the European Union,
2019).

In order to study the metabolic pathway of citrinin
and to explore ways to effectively reduce its content,
Hajjaj et al. (1999) reported that citrinin biosynthesis
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begins with the condensation of one acetyl-coenzyme
A (acetyl-CoA) with three malonyl-CoAs via a fatty
acid synthase (FAS) and a polyketide synthase (PKS).
Shimizu et al. (2005) cloned a PKS gene pksCT from
M. purpureus. Its disruption reduced citrinin produc-
tion to barely detectable levels. Then, the group cloned
a 21-kb region flanking pksCT, in which the Orf2 gene,
designated CtnA, was a major activator of citrinin bio-
synthesis (Shimizu et al., 2007). Li et al. (2012) cloned
a 43-kb DNA region from Monascus aurantiacus,
containing 16 open reading frames (ORFs) designated
CtnD, CtnE, Orf6, Orfl, Ctnd, Orf3, Orf4, pksCT,
Orf5, CtnF, Orf7, CtnR, Orf8, CtnG, CtnH, and Ctnl.
Later, Li et al. (2013, 2015, 2020) further analyzed
and verified the functions of CtnB (Orf4), CtnG, and
CtnF in citrinin biosynthesis. Other researchers have
identified the functions of CtnE, Orfl, Orf3, and Orf6
(Balakrishnan et al., 2016; Liang et al., 2017; Ning
et al., 2017) in the citrinin biosynthesis gene cluster.
Although many genes associated with citrinin produc-
tion have been studied, the transmembrane transport
mechanism of citrinin has yet to be elucidated, and little
is known about the genes involved in citrinin tolerance
and transport.

There is only one putative membrane transporter
gene, CtnC (GenBank: AB243687), in the 43-kb gene
cluster region, also named Orf5 in M. purpureus (Shi-
mizu et al., 2007) and mrrl in Monascus ruber (He
and Cox, 2016). The DNA sequence of CtnC in M. pur-
pureus is 1678 bp in length and contains two introns.
The sequence structures of its homologs in M. ruber
(GenBank: KT781075) and Penicillium camemberti
(GenBank: MZ233788) have three introns, while As-
pergillus sp. (GenBank: MZ503795) has four introns
(Fig. 1a). The protein sequence of CtnC encodes 521
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Fig. 1 CtnC gene structure and cluster analysis. (a) The gene structure of CtnC compared with those of its homologs in
other fungi. Exons are represented by black boxes, introns by a line, and UTRs by a white box. (b) A neighbor-joining tree
constructed with MEGA 7.0 software based on the full-length amino acid sequences. Bootstrap analysis (1000 replicates)

was performed. UTRs: untranslated regions.

amino acids belonging to the major facilitator super-
family (MFS) transporter family and has a detoxification-
related MFS Tpol MDR like functional domain, simi-
lar to that of multidrug resistance transporters. Phylo-
genetic tree analysis showed that CtnC shared 95.01%
identity with the mrrl of M. ruber and 86.82% with
that of Aspergillus sp. (Fig. 1b). There have been reports
of fungal transporters that are able to secrete mycotoxins
and defend themselves against fungicides, such as the
MES transporter trichothecene-related gene 12 (7ril2),
which is involved in the efflux of trichothecene in
Fusarium graminearum (Menke et al., 2012). Thus, it
has been suggested that it would be possible for CtnC
to be involved in the transport of compounds in M.
purpureus. CtnC would be a good target for investi-
gating the regulatory mechanism of citrinin accumula-
tion in Monascus. However, whether CtnC has a trans-
port function for citrinin and how it would accomplish
this are still unknown.

In this study, the expression cassette PgpdA-GUS-
CtnC-Tnos was transformed into the M. purpureus strain
by the Agrobacterium tumefaciens-mediated transform-
ation (ATMT) method, and the transformation was
verified by amplifying the hygromycin resistance gene
(Hyg) and B-glucuronidase gene (GUS) (Fig. 2a). GUS
staining showed that cleistothecium and hyphal cells
were stained blue in the transformed strain, while wild-
type cells were red (Fig. 2b). The CtnC-overexpressed
strain was genetically stable after five contiguous cul-
tures. Compared to the wild type, the overexpressed
strain had a larger colony diameter and fewer aerial
hyphae. Citrinin levels were significantly reduced by
12.93%—-67.34% (Fig. 2c), but the levels of red pig-
ment increased up to 228.70% (Fig. 2d). The expres-
sion level of CtnC is closely related to the content of
polyketide components of pigment in mycelium.

The M. purpureus strains constitutively expressing
clustered regularly interspaced short palindromic re-
peats (CRISPR)-associated protein 9 gene (Cas9) were
also constructed via ATMT. Its protoplasts were trans-
formed in vitro with the single-guide RNAs (sgRNAs)
of both orotidine-5'-phosphate decarboxylase (pyrG)
and CmC (Fig. 3a) mediated by polyethylene glycol
(PEG) for target edition; then the double-site mutant
strains were generated. We used the pyrG mutation as
a marker for gene-editing strain screening. The wild-
type Monascus strain had difficulties in growing on a
medium supplemented with 5-fluoroorotic acid (5-FOA)
and uridine, while the pyrG mutant strain was able to
grow normally. The mutant strains were screened in a
medium containing 20 mg/L hygromycin, 20 g/L uri-
dine, and 1.5 g/L 5-FOA. The CtnC sequences of the
resistant strains were verified by polymerase chain reac-
tion (PCR) amplification and sequencing. Some se-
quences had obvious partial nesting peaks, indicating
that the base sequence was mutated and resulted in a
partial mismatch. The T7 endonuclease 1 (T7E1) endo-
nuclease detection showed that there was only one
electrophoresis band of PCR products of the wild type.
However, we cut two bands in the mutant (MT) lane and
in the mutant and wild-type mixed lane. We assumed
that the MT1-MT6 strains all had mutation loci and
were heterozygous genotypes. The fact that no band was
cut from MT7 mixed with wild type indicated that there
was no mutation site (Fig. 3b). Sequencing revealed that
the CtnC gene was successfully edited by the sgRNA
and CRISPR/Cas9 systems; a single-base C deletion
occurred at position 160 of the CtnC exon in the MT1,
MT2, and M T3 strains, resulting in subsequent sequence-
translation errors. The double-site mutation of CtnC in
the MT4 strain at positions 161 (T>A) and 163 (T>G)
resulted in amino acid mutations of 54 (Leu>Gln) and
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Fig. 2 Analysis of CtnC-overexpressed strains. (a) PCR test for the Hyg, CtnC, and GUS. M: DL1000 DNA marker; 1, 2:
detection duplication. (b) GUS staining of the mycelium (left: wild type; right: transformant). (c) Detection of citrinin
content. (d) Detection of red pigment content. * P<0.05, ” P<0.01, " P<0.0001. Data are expressed as mean+SD (n=3). PCR:
polymerase chain reaction; Hyg: hygromycin resistance gene; GUS: B-glucuronidase gene; WT: wild type; CtnC-1-CtnC-4:
different CtnC-overexpressed strains; SD: standard deviation.

(a) pyrG-F CtnCgr-F
_’ _»
<+—
pyrG-R <+
CtnCgr-R
3. gttgcgtecttgaagttcgg-5' 5'-tgcctatgaactttccecta -3
PAM PAM
(b) MT 1 14 2 2 83 8 = MT 4 4 5 5 6 6 7 7 -
WT M + - + - o+ o+ WT M + + - -+ o+
400 bp 400bp| o
300 bp 300 bp
200 bp 200 bp
100 bp 100 bp
(€) GCCTATGAACTTTCCC TATGG GCCTATGAACTT TCCCTATGG

MT1 GCCTATGAACTTTCCC-TATGG (-1) MT3 GCCTATGAACTTTCCC-TATGG (-1)
WT GCCTATGAACTTTCCCCTATGG WT GCCTATGAACTTTCCCCTATGG

GCCTATGAACTTTCCCTATGG GCC TATGAACTTT CCCCAAGGG

Lonwiotamniohn Dot Manaale

MT2 GCCTATGAACTTTCCC-TATGG ("1)  MT4 GCCTATGAACTTTCCCCaAgGG (T>A; T>G)
WT GCCTATGAACTTTCCCCTATGG WT GCCTATGAACTTTCCCCTATGG

Fig. 3 Analysis of the edited loci of CtnC by CRISPR/Cas9. (a) Schematic diagram of sgRNA for pyrG and CmnC. (b) T7E1
cuts the PCR production of CtnC. (¢c) Mutant loci in CtnC edited by CRISPR/Cas9. CRISPR: clustered regularly interspaced
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55 (Trp>Gly) (Fig. 3¢), and the mutation site was located
inside the conserved functional domain of MFS_Tpol _
MDR_like. The constructed Cas9 chassis strain and
in vitro sgRNA co-transformation system facilitated
rapid editing of multiple genes in M. purpureus.
Uridine supplementation in the medium signifi-
cantly reduced the citrinin content of wild-type strains
(by up to 44.49%) while increasing the red pigment
by 189%. Compared to the wild-type strains, the gene-
edited strains with CtnC and PyrG double mutations
were able to grow on a medium containing 5-FOA and
uridine with a faster growth rate and more pigment
secretion (Fig. 4a). The CtnC mutation resulted in a
significant increase in citrinin content (by 28.13%—
38.96%), while the content of red pigment did not
change significantly (Fig. 4b). It was evident that CtnC
was involved in citrinin transport, but was not the only
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channel, and that CtnC may not be involved in the
transport of pigments. To detect transcriptional changes
in CtnC and other genes involved in citrinin metab-
olism, we employed reverse transcription-quantitative
PCR (RT-gPCR) for analysis. The results showed a sig-
nificant increase in transcriptional levels of CtnC in
the overexpressed strain. The change in expression of
CtnA was not obvious. In contrast, transcription levels
of CtnD, CtnE, CtnF, and pksCT were significantly
reduced. This was closely related to the decrease in citri-
nin content of overexpressed strains. In the CtnC mu-
tant strain, the mutation had a limited effect on tran-
scription, while the expression levels of Ctnd, CtnD,
CtnE, CtnF, and pksCT were significantly increased,
which was consistent with the increase in citrinin con-
tent in the mutant strain. In addition, inactivation of
CtnC promoted transcription of the M. purpureus
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Fig. 4 Morphology and chemical analyses of the mutant strains and RT-qPCR analyses of the citrinin-related genes.
(a) Morphology of different mutant strains. (b) Comparison of the contents of citrinin and pigment in different mutant
strains. (¢) RT-qPCR analyses of the overexpressed strains and mutant strains. " P<0.05, ” P<0.01, " P<0.001, " P<0.0001. Data
are expressed as mean£SD (n=3). RT-qPCR: reverse transcription-quantitative polymerase chain reaction; WT: wild type;
WU: wild type cultured with uridine; MT1-MT4: different mutant strains; CtnC-1-CtnC-3: different CtnC-overexpressed
strains; pksCT: citrinin polyketide synthase; MpPKSS5: M. purpureus polyketide synthase gene 5; SD: standard deviation.



polyketide synthase gene 5 (MpPKS5), a gene involved
in the synthesis of the orange pigment (Fig. 4¢). So,
CtnC activity was closely related to expression levels
of CtnD, CtnE, CtnF, and pksCT. Presumably, CtnC is
not only a channel protein, but also has a significant
regulatory effect on citrinin synthesis.

Citrinin is a polyketide compound, a secondary
metabolite generated during fermentation, which makes
Monascus and its products potentially hazardous. Many
studies have been done on the metabolism and regula-
tory mechanisms of citrinin in order to reduce it effi-
ciently, but its transmembrane transport mechanism
has yet to be elucidated. As a putative transporter, the
specific function of CtnC in the citrinin-metabolism
pathway has also not been reported. In this paper, we
describe the construction of CtnC-overexpressed and
CRISPR/Cas9 gene-edited strains. Compared with the
wild-type strain, citrinin content is significantly reduced
in the mycelium of the CtnC-overexpressed strain and
increased in the mycelium of the mutant strain. It is
clear that CtnC is involved in citrinin transport and
has an inhibitory effect on intracellular accumulation
of citrinin. Transcription levels of CtnD, CtnE, CtnF,
and pksCT were significantly reduced by CtnC over-
expression, while they increased dramatically in CtnC-
inactivated strains, according to RT-qPCR results. CtnC
activity is closely related to expression levels of CtnD,
CtnE, CtnF, and pksCT. It seems that an increase in
extracellular citrinin concentration due to CtnC over-
expression results in feedback inhibition of the expres-
sion of genes involved in citrinin synthesis, while a
decrease in extracellular citrinin concentration due to
CtnC mutation activates the expression of these genes.

Moreover, the addition of uridine in wild-type
strains significantly reduces citrinin (by 44.49%) and
increases red pigment (by 189%); the mechanisms of
these effects remain to be clarified. Zhang et al. (2020)
reported that disruption of pyrG in Aspergillus niger
results in enhanced glycolysis and produces certain
amounts of citrate and its precursors. It has been con-
jectured that uridine nucleosides are closely related to
the metabolism of acetyl-CoA, the precursor to citri-
nin synthesis. The Cas9 chassis strain and sgRNA co-
transformation system constructed in this paper are
convenient for rapid editing of multiple genes. The
findings of this study provide original insights into the
citrinin efflux regulated by an MFS transporter gene,
CtnC, which will assist in the exploration of mycotoxin
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transport and thus provide a valuable theoretical basis
for improving the safety of Monascus-related products.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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