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ARTICLE INFO ABSTRACT
Keywords: Exploring the symbiotic potential between fungal and yeast species, this study investigates the co-
Monascus purpureus cultivation dynamics of Monascus, a prolific producer of pharmacologically relevant secondary

Wickerhamomyces anomalous
Quorum sensing

Oxylipins

Secondary metabolites

metabolites, and Wickerhamomyce anomalous. The collaborative interaction between these mi-
croorganisms catalyzed a substantial elevation in the biosynthesis of secondary metabolites,
prominently Monacolin K and natural pigments. Central to our discoveries was the identification
and enhanced production of oxylipins (13S-hydroxyoctadecadienoic acid , 13S-HODE), putative
quorum-sensing molecules, within the co-culture environment. Augmentation with exogenous
oxylipins not only boosted Monacolin K production by over half but also mirrored morphological
adaptations in Monascus, affecting both spores and mycelial structures. This augmentation was
paralleled by a significant upregulation in the transcriptional activity of genes integral to the
Monacolin K biosynthetic pathway, as well as genes implicated in pigment and spore formation.
Through elucidating the interconnected roles of quorum sensing, G-protein-coupled receptors,
and the G-protein-mediate signaling pathway, this study provides a comprehensive view of the
molecular underpinnings facilitating these metabolic enhancements. Collectively, our findings
illuminate the profound influence of Wickerhamomyces anomalous co-culture on Monascus pur-
pureus, advocating for oxylipins as a pivotal quorum-sensing mechanism driving the observed
symbiotic benefits.

1. Introduction

Monascus purpureus, a filamentous saprophytic fungus, is noted for its robust production of diverse, pharmacologically important
secondary metabolites [1-5]. Notably, Monascus pigments (MPs) and Monacolin K (MK) are extensively studied for their significant
applications [6,7]. MPs, a family of structurally related metabolites, have emerged as critical elements in food biotechnology due to
their natural coloring properties and their array of health benefits, including antioxidant, anti-tumor, and anti-inflammatory effects [8,
9]. Their utilization as natural food colorants is particularly noted in Asia, where they are integrated into the food industry as color
enhancers and preservative alternatives [10]. Concurrently, MK is recognized for its capacity to modulate cholesterol biosynthesis
through the inhibition of HMG-CoA reductase, highlighting its therapeutic value in hyperlipidemia management [11-13].
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Within fermented food ecosystems, Monascus engages with various microorganisms, such as yeasts and lactic acid bacteria,
emulating ecological dynamics that can significantly impact metabolite profiles [14,15]. This investigation focuses on the symbiotic
relationship with Wickerhamomyces anomalus, an opportunistic yeast with unique morphological and physiological attributes bene-
ficial to fermented food applications. This co-cultivation study aims to shed light on how these interactions influence Monascus’
secondary metabolism and structural development [16,17].

Expanding the discourse to microbial communication, this research explores fungal quorum sensing (QS) mechanisms mediated by
oxylipins. Originating from the lipoxygenase pathway, oxylipins act as essential signaling molecules, coordinating fungal behaviors
and interspecies interactions [18-20]. The QS system, traditionally associated with bacteria, is now recognized for its role in fungal
communities, where it regulates complex biological functions and metabolic outputs in response to population density [18,19,21,22].

We hypothesize that oxylipins play a crucial role in the co-cultivation of Monascus and W. anomalus co-cultivation, potentially
enhancing metabolite production and altering fungal morphology. By integrating exogenous oxylipins, we aim to decipher their
impact on the fermentation process and delineate the G-protein signaling pathways involved in QS responses. The results of this
research are expected to deepen our understanding of microbial interspecies communication and provide innovative approaches for
enhancing the production of secondary metabolites in Monascus fermentations.

Through a detailed examination of the QS effects and the biochemical pathways involved, this study aims to advance the field of
microbial interaction research. By elucidating the mechanisms underpinning the enhanced production of MK and other valuable
metabolites, we intend to establish a foundation for the use of W. anomalous in the development of Monascus-fermented products,
thereby enriching the biotechnological toolkit available for food and pharmaceutical applications.

2. Material and methods
2.1. Microbial strains and media

The strains employed in this study were M. purpureus M1 (CGMCC 3.0568) and W. anomalus C22, both preserved in our laboratory.
The M. purpureus M1 strain was cultured on potato dextrose agar (PDA) medium containing 20 g/L glucose, 3 g/L peptone, 4 g/L yeast
extract, 20 g/L malt, 20 g/L agar, 2 g/L KHyPOy, 2 g/L NaNOs, and 1 g/L MgS04-7H,0 for two generations. It was then inoculated into
a seeding medium consisting of 30 g/L glucose, 15 g/L soybean meal powder, 10 g/L peptone, 70 g/L glycerol, 2 g/L KHyPOy, 2 g/L
NaNOs, and 1 g/L MgS04-7H0, and incubated for two days at 30 °C with agitation at 200 rpm. The culture was then transferred to a
fermentation medium containing 90 g/L glycerol, 20 g/L rice powder, 10 g/L peptone, 2.5 g/L KHyPO4, 5 g/L NaNO3, 1 g/L
MgS04-7H50, and 2 g/L ZnS04-7H50, supplemented with a 10 % volume of inoculum and incubated under the same conditions for an
additional two days.

W. anomalus C22 was cultured from a single colony on a plate in 50 mL of yeast extract peptone dextrose medium (YPD) at 30 °C for
24 h. The culture was then diluted to concentrations of 10° CFU/mL, 10° CFU/mL, 10° CFU/mL, and 10 CFU/mL, and 100 pL was
added to the M1 fermentation medium for two days.

2.2. Determination of pigment

To evaluate pigment production, 5 mL of M. purpureus M1 fermentation broth was mixed with 15 mL of 70 % ethanol. The mixture
was heated at 60 °C for 1 h in a water bath shielded from light. The absorbance at 410 nm, 448 nm, and 505 nm was measured using a
spectrophotometer, and the color value was calculated by multiplying the absorbance value by the dilution factor.

2.3. High-performance liquid chromatography (HPLC) analysis of MK production

The quantification of MK was carried out by mixing the fermentation broth with 70 % methanol and subjecting it to a 30-min
sonication (250 W, 40 kHz). After centrifugation at 8000g for 5 min, the supernatant was filtered through a 0.22 pm membrane
and subjected to HPLC analysis.

HPLC analysis was conducted using an Inertsil ODS-3 C;g column (150 mm x 4.6 mm x 5 pm) with a mobile phase of 0.1 % H3POy4:
methanol (35:65, v/v), a flow rate of 1 mL/min, a column temperature of 30 °C, and UV detection at 237 nm. An injection volume of
10 pL was employed.

2.4. High-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis of 13S-HODE production

For the quantification of 13S-hydroxyoctadecadienoic acid (13S-HODE) production, 1 mL of M. purpureus M1 fermentation broth
was thoroughly mixed with 3 mL of chromatographic-grade acetonitrile and sonicated for 30 min. The mixture was filtered using a
0.22 pm membrane and analyzed by HPLC-MS under the following conditions: methanol-5% isopropanol solution: 20 mM ammonium
acetate solution (9:1, v/v) as the mobile phase, a flow rate of 0.3 mL/min, and a sample intake of 5 pL. The column used was an Eclipse
plus C18 (2.1 mm x 50 mm x 3.5 pm) with a column temperature of 30 °C. The MS was operated in negative ion mode using elec-
trospray ionization (ESI), with a quadrupole mass analyzer, an ion source temperature of 100 °C, a drying gas temperature of 350 °C, a
drying gas flow rate of 8.0 L/min, an atomized gas pressure of 35.0 psi, a fragmentation voltage of 135 V, and detection in multiple
reaction monitoring (MRM) modes using ion pairs of 13S-HODE at m/z 195/295.
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2.5. Optical microscopy of the hyphal morphology

Hyphal morphology was observed by placing small PDA tablets (approx. 3 cm diameter) on slides, inoculating with a Monascus
spore suspension, and introducing W. anomalus C22 after 48 h. The samples were incubated at 30 °C for 5 days in a moist environment
provided by filter paper soaked in 30 % glycerol. Morphological observations were made using light microscopy.

2.6. Scanning electron microscope (SEM) analysis of M. purpureus mycelial

Mycelial morphology was examined using SEM. Monascus cells cultured for 8 days were harvested by centrifugation at 12,000 rpm
for 5 min, fixed in 2.5 % glutaraldehyde for 12 h, and washed twice with 0.1 M phosphate buffer (pH 7.2). The cells were dehydrated
using a graded ethanol series and suspended in isoamyl acetate and ethanol (1:1), followed by isoamyl acetate alone. After drying with
hexamethyldisilazane, samples were observed with a Su8020 SEM.

2.7. Real-time quantitative PCR (RT-qPCR) analysis of genes related to hyphal morphology

RT-qPCR was conducted using the CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA). Primers used were listed in
Table 1. The protocol included a 15-min denaturation at 95 °C, followed by 40 cycles of 95 °C for 10 s, 52 °C for 20 s, and 72 °C for 30 s.
Gene expression levels were quantified using the 2044V method, normalized to the GAPDH gene levels, with three replicates per
sample.

2.8. Detection of four indexes of the G protein signaling pathway

Concentrations of cyclic Adenosine Monophosphate (cAMP), phospholipase C(PLC), protein kinase A(PKA), and protein kinase C
(PKC) were measured using enzyme-free enzyme-linked immunosorbent assay (ELISA) kits from Jiangsu Meimian Industrial Co., Ltd.
(Jiangsu, China). Mycelium was collected, washed, dried, and ground to a fine powder in liquid nitrogen. After mixing with deionized
water, the samples were centrifuged, and the supernatant was analyzed using the ELISA kits.

Table 1
Primer sequences for the key genes in M. purpureus M1.

Genes Primer sequences (50-30) bp Tm Value

mokA F GACCTCGGTCATCTTGGC 18 57
mokA R TTGTTCCAAGCGGTCTTC 18 54
mokB F TTGTTCCAAGCGGTCTTC 18 53
mokB R AAACATCGTCACCAGTCT 18 53
mokC F CAGTCCTCGTCCCTTCCAGT 20 62
mokC R CCACGGTGAAGGATGTCGAG 21 60
mokD F TCAACACGGGAGATGCTGTC 21 53
mokD R GCCAAAGGACAGGAGCAGATCAGGAAATCTGGACTTACCCCATTG 25 52
mokH F TGTTGGATTGTTGTTGGAGATATAC 23 58
mokH R GAGATCATAGTGGCCGACTGAA ACCGTCTCATCCAACCTCACGA 25 55
mokF F CCAGGTAACCAACGGATTA 23 60
mokF R GATCAGAGCAGTCACCAG 23 61
mokG F ATGTTGAATGGCAATGATGG 19 51
mokG R CAGCGTGGGTGATGTATC 18 54
mokl F TCCCGTTTCTTGGACGTGAG 19 60
moklI R ACGTGCCATGGTTCTGTCTT 17 57
mppA-F CGTCTCGCCCGATAACTTCA 19 59
mppA-R TTGACAGACGGGTCGAAGTC 19 59
mppB-F CAGTCCTCGTCCCTTCCAGT 19 60
mppB-R CCACGGTGAAGGATGTCGAG 20 58
mppC-F ATGTCAGGGTGGCGTGAAGT 19 60
mppC-R 20 59
brlA F 20 60

brIAR CCTGAACTGTACCTGCTTGAT 20 56

wetA F ATGTGTTATATTCCCCGGGA 20 60

wetA R TTAGCAGAGTGCGGCCTCGAG 21 62

laeA F ACTCGTAGCGGATGTAAGA 19 55

laeA R CCGTGCTTGGTAGATGTG 18 55

GAPDH F CCGTATTGTCTTCCGTAAC 19 55

GAPDH R GTGGGTGCTGTCATACTTG 19 56
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3. Results
3.1. Detection of MPs and MK yield in the co-culture system

The levels of red, orange, and yellow MPs in both the fermentation and co-culture broths were quantified on days 3, 5, 7, 9, and 13
using a UV spectrophotometer (Fig. 1A-C). The data indicated that the trends in pigment concentration were consistent across all
pigments, with a significant and steady rise in the levels of monascus red, orange, and yellow pigments during the initial 7 days of
fermentation by M. purpureus M1. The peak in red pigment occurred on day 5 with a yeast concentration of 10% CFU/mL. The highest
growth rates for the red and orange pigments were observed on day 3, at 77.7 % and 66.4 %, respectively. After day 11, pigment
concentrations declined in the control samples, while the introduction of yeast at other concentrations led to decreased pigment levels,
except for the continued positive effect of 10% CFU/mL yeast on pigment concentrations.

MK production, analyzed via HPLC on days 3, 5, 7, 11, and 15 (Fig. 1D), displayed a generally increasing trend throughout the
fermentation. The highest MK yield, with a 52.32 % increase over the control, was achieved on day 15 day following the inoculation of
10° yeast cells. The introduction of yeast at varying concentrations from day 3 of fermentation significantly enhanced MK production,
especially in later stages, with notable increases at yeast concentrations of 10° and 10° CFU/mL, resulting in MK levels of 48.80 mg/L
and 67.95 mg/L, respectively.

3.2. Effect of co-culture on the transcription level of monascus-related genes

The addition of medium-density yeast to the Monascus fermentation culture affected the transcription level of genes in the MK
synthesis pathway (Fig. 2). The transcription levels exhibited an initial rise followed by a decline, consistent across most genes. mokA-
mokl, regulating MK synthesis, showed increased expression by day 15. Conversely, mokC levels decreased, while mokH and mokI
remained stable. The expression of mmpB and mmpC increased, whereas mmpD decreased. Notably, the expression of the spore
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formation regulatory genes brlA and wetA increased by 2.82-fold and 1.84-fold, respectively. The global regulatory gene laeA was
upregulated later in the fermentation process. The introduction of W. anomalus C22 appeared to regulate genes in the M. purpureus M1
metabolite synthesis pathway, enhancing MK and pigment production, consistent with QS mechanisms.

3.3. Qualitative and quantitative analysis of oxylipins in the co-culture system

Analysis of the Monascus fermentation broth via HPLC-MS identified a significant peak at a molecular weight of 295.2, aligned with
oxylipins-13S-HODE (Fig. 3A). Further examination confirmed a daughter ion at 195.1 (Fig. 3B—C), establishing Monascus’ ability to
synthesize 13S-HODE during fermentation, indicative of microbial quorum-sensing molecules (QSMs). Additionally, the levels of
oxylipins at various stages of fermentation were quantified using HPLC-MS to observe changes in 13S-HODE production in
M. Purpureus, W. anomalous, and co-cultured samples. As shown in Fig. 4A, the amount of oxylipin 13S-HODE in the co-culture medium
progressively increased over the fermentation period. In contrast, oxylipins were not detected in the W. anomalous fermentation liquid
alone, and the concentration of 13S-HODE was minimal in solo Monascus fermentation, suggesting that co-culture stimulates Monascus
to enhance oxylipin production, supporting their use as QSMs.
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3.4. Effect of Exogenous Oxylipin on Monascus

External 13S-HODE was added to Monascus monocultures to mimic co-culture effects (Fig. 4B). With the addition of 13S-HODE,
there was a steady increase in MK production from day 3 to day 13, compared to the control group (Fig. 4B). Notably, the concen-
tration of MK in the fermentation broth containing red pigment and treated with 5 pM 13S-HODE peaked at 228.26 mg/L by day 13,
marking a threefold increase over the control.

Gene expression in the MK biosynthesis pathway was significantly upregulated with 25 pM of 13S-HODE, especially for genes
mokA, mokB, and mokH, which showed increases of 26.63, 9.45, and 12.33 times, respectively, over the control. Unlike these, genes
involved in MP synthesis did not show a marked upregulation. Additionally, the spore development gene wetA also showed enhanced
expression.

The results (Fig. 4D-F) demonstrated that, akin to the control group lacking 13S-HODE, the introduction of various concentrations
of 13S-HODE initially enhanced but later diminished the intensity of red pigment coloration, typically commencing from day 9.
Notably, the influence of external oxylipin concentrations on the color intensity of red MPs was less pronounced compared to the
changes observed in co-cultures with W. anomalus C22.

3.5. Effects of yeast co-culture and 13S-HODE on the micromorphology of monascus mycelium

Microscopic and SEM techniques were employed to evaluate the variations in mycelial differentiation and spore morphology
between the co-culture with W. anomalus C22 and the control group. As depicted in Fig. 5A-B, the co-culture group exhibited
significantly enhanced mycelial differentiation at 48 h compared to the control samples. In the control, conidia emergence at mycelial
tips was sparse, averaging 4-5 conidia per apex. In contrast, the experimental setup with W. anomalus C22 showed a three to fourfold
increase in conidia counts compared to the control. Furthermore, the ascospores in the experimental group were significantly larger,
with diameters approximately twice those observed in the control group.

Further SEM analysis of M. purpureus M1’s morphological and surface structures (Fig. 5D-F) revealed that the mycelium in the
control group had a more uniform structure. Conversely, the mycelium in the experimental group was denser and more compactly
arranged, with a noticeably higher spore count and more nodules present on the surface compared to the control.

Observations from both the untreated control and the 13S-HODE supplemented group (Fig. 5A and C) revealed significant
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m x1.00k SE(TUL)

Fig. 5. Morphological changes of M. purpureus M1 after being cultured by co-culture and exogenous addition of 13S-HODE. (A)Morphology of
M. purpureus M1 at x 100 magnifications by optical microscopy. (B) Morphology of co-cultured M. purpureus M1 and W.anomalus C22 at 100
magnifications by optical microscopy. (C) Morphology of M. purpureus M1 with 13S-HODE added at x 100 magnification by optical microscopy.
Solid red arrows point to monascus spores, hollow arrows point to yeast, and red circles represent conidia. (D) Scanning electron microscope images
of the M. purpureus M1 mycelium and spore at 5000 x ,10,000 x . (E) Scanning electron microscope images of the co-cultured M. purpureus M1 and
W.anomalus C22 mycelium and spore at 5000 x ,10,000 x . (F) Scanning electron microscope images of the M. purpureus M1 with 13S-HODE added
mycelium and spore at 5000 x ,10,000 x . (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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differences. The group treated with 13S-HODE showed more pronounced mycelial differentiation and a higher conidium count than
the control. SEM further elucidated the morphology and surface structure differences in M. purpureus M1 between the control and
experimental groups (Fig. 5C and F). The experimental group’s mycelium displayed reduced fullness and roundness, characterized by
aggregation and a collapsed, folded appearance, indicative of additional product secretion.
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3.6. Exploration of G protein signaling pathway in monascus

This study explored the impact of quorum sensing on the G protein-coupled receptor-mediated cAMP signaling pathway in
Monascus (Fig. 6A). From day 3, a marked increase in cAMP levels was observed, with the highest concentration seen on day 11 in the
yeast-supplemented groups. Specifically, the introduction of yeast led to a noticeable elevation in the intracellular concentration of
cAMP, with the group receiving 10% CFU/mL yeast showcasing a peak increase of 16.63 on day 11, which is a 13.9 % rise compared to
the control group.

The addition of yeast significantly boosted the activities of PKA and PKC, particularly impacting PKA more strongly. However, from
day 11 onwards, the levels of PKA and PKC in the yeast-supplemented groups decreased below those observed in the control group.
This pattern suggests that PKA activity correlated with the shifts seen in cAMP levels. Furthermore, the activity of PLC in the co-culture
was more pronounced than that of PKC. Interestingly, the concentration of cAMP also appeared to be influenced by the oxygen content
in Oxylipins, especially noticeable at a 25 uM concentration of 13S-HODE, where the peak cAMP concentration was recorded on day
11, suggesting an oxygen-dependent interaction.

When compared with the control, the experimental group treated with 13S-HODE demonstrated significant enhancements in the
activities of PKA, PKC, and PLC, underscoring the profound impact of yeast addition and oxylipin presence on the signaling pathways
within Monascus.

4. Discussion

This research delved into the effects of co-culturing Monascus with W. anomalus on the production of MPs and MK, highly regarded
metabolites with extensive applications in the food and pharmaceutical sectors [23]. Our experimental results led us to propose and
analyze a model of co-culture effects mediated by QS, as depicted in Fig. 7. The inclusion of W. anomalus influenced the production of
secondary metabolites in M. purpureus M1, increasing the generation of oxylipins, which act as QSMs. These oxylipins were not only
found to elevate the production of MPs and MK but also to influence the number and structure of conidia and ascospores. During
co-culture, W. anomalus significantly enhanced the production of oxylipins, stimulating Monascus to produce these compounds through
a QS mechanism. This interaction was primarily facilitated by the G protein signaling pathway, leading to increased levels of cAMP,
PLC, PKA, and PKC, crucial components in cellular signaling.

Previous research has shown that compounds like tyrosol and farnesol can boost the production of valuable secondary metabolites
by affecting the secondary metabolism and modifying fungal morphology through gene regulation [24]. Many of these compounds
function as QSMs, essential for microbial development and metabolic processes [20,25-29].

Underscored the significant role of co-cultivation in enhancing Monascus’s secondary metabolic activity, echoing findings from
prior interactions with Saccharomyces cerevisiae or A. niger that led to notable increases in pigment production. Specifically, brewing
yeast was found to be particularly effective in this capacity [30]. The low-alcohol-producing characteristics of W. anomalus made it an
effective partner for Monascus, facilitating the generation of group-sensing molecules such as oxylipins during co-culture (Fig. 7).

The presence of oxylipins, correlated with cell density, was found to regulate both the morphological and metabolic characteristics
of various fungi. Despite the natural occurrence of trace oxylipins in Monascus, the introduction of W. anomalus in a co-culture setup
significantly boosted their production, markedly affecting the morphology of Monascus spores and the synthesis of key metabolites
[31-34].

The study also delved into the broader context of microbial symbiotic interactions and QS [35-37], emphasizing its importance in
both intra- and inter-species communication [18,38,39]. Oxylipins, identified as interspecies QSMs, are prevalent across various or-
ganisms and play a pivotal role in QS regulation [40,41].

The ability of Monascus to produce the oxylipin 13S-HODE, influencing the production of polyketide secondary metabolites and
fungal development, was a key discovery of this study. This influence extends to the regulation of genes involved in the synthesis of MK
and MPs, underscoring the regulatory impact of oxylipins on Monascus biology. The research further explored the fungal quorum
sensing regulation mechanisms, particularly focusing on the G protein-coupled signaling pathways, which are crucial for environ-
mental sensing and response [25]. The role of oxylipins in mediating aflatoxin production in other fungi underscored the intercon-
nectedness of QS, GPCRs, and G-protein-mediated signaling pathways, with this study reinforcing the impact of oxylipins on elevating
cAMP levels and influencing MK synthesis gene transcription [41-43].

In conclusion, our research provides a deeper understanding of interspecies quorum sensing in Monascus, offering pathways to
optimize MK and pigment production, which have significant implications for the food and pharmaceutical sectors [44-46]. Future
research will focus on delineating the specific mechanisms of oxylipins as signaling molecules and their extensive impact on Mon-
ascus’s morphological and metabolic pathways. This investigation not only advances our comprehension of Monascus-related meta-
bolism but also contributes broadly to the field of microbial QS regulation, presenting new avenues for practical applications in
biotechnology.
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