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Integrative analysis of genome and secondary metabolites  

in Monascus species. 

 

Higa Yuki 

 

Abstract 

 

 Fermented foods made by fermenting substrates with microorganisms are eaten all 

over the world. Manufacturing control is complicated because microorganisms ferment. 

The final product will change depending on the culture conditions such as temperature, 

moisture content, culture days, and additives. Therefore, it is very important in the study 

of fermented foods to reveal the final product that humans eat, that is, the phenotype. 

The purpose of this study was to clarify the phenotype from genome and metabolite 

analysis using Monascus, which is an economically important fermented food. 

Monascus is used in cooking in East Asian countries such as China, Japan and South 

Korea. In industry, three types of Monascus, M. pilosus, M. purpureus, and M. ruber are 

used for food fermentation. However, there are lacks of information on the genomes and 

secondary metabolites of these strains. Here, we report the genomic analysis and 

secondary metabolites produced by the NBRC standard strains M. pilosus NBRC4520, 

M. purpureus NBRC4478, and M. ruber NBRC4483. We examined the diversity of 

secondary metabolites in the three Monascus species, both at the metabolite level and at 

the genomic level by LCMS analysis. Illumina MiSeq 300 bp pair-end sequencing 

produced 17 million high-quality short reads of various types, equivalent to 200 times 

the genome size. LCMS analysis was used to measure pigments and their associated 

metabolites. The colors of the liquid media corresponding to the pigments produced by 

the three species and their associated metabolites were very different from each other. 

The gene clusters for secondary metabolite biosynthesis of the three Monascus species 

are also divergent, confirming that M.pilosus and M.purpureus are chemically 

taxonomically different. A comparison of the secondary metabolites produced also 

revealed differences between the three species. In particular, M.pilosus NBRC4520 and 

M.ruber NBRC4483 had no conserved genes that make mycotoxins citrinin and no 

metabolites detected. Therefore, M.pilosus NBRC4520 and M.ruber NBRC4483 are 

considered to be the safest strains of Monascus. Our findings are important for 
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improving the use of Monascus species in the food industry. Monascus makes important 

metabolites such as statins, azaphilone pigments, and citrinin that have an effect on 

human health. It is important to clarify the phenotype of microorganisms in terms of 

genome and metabolites for human consumption. In this study, we compared three 

species of Monascus from the genome and metabolites, and confirmed Monascus, 

which has high safety and health effects as a phenotype. It is important to integrate the 

genome and metabolites to identify the phenotype that humans eat. Analyzing the 

phenotype can be applied not only to red yeast rice but also to other fermented foods 

such as natto, yogurt, and tempeh. The fermentation process of microorganisms is very 

complicated. By integrating genome analysis and metabolome analysis and 

standardizing phenotypic analysis, fermented foods can contribute to our health more 

scientifically. 

 

Keywords: Monascus, bioinformatics, genome analysis, metabolomics analysis 
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Chapter1: Introduction 

 

1.1  Monascus 

 

 Monascus is a filamentous fungus that produces a red pigment. Isolated from red yeast 

rice by 1884 Van Tieghem. [1] Van Tieghem named Monascus ruber. Based on the 

classification of Ainsworth and Bisby, the genus Monascus has been determined to belong 

to the family Monoscaceae, the order Eurotiales, the subclass Eurotiomycetidae, and the 

class Eurotiomycetes. Many Monascus species have been identified so far, including M. 

pilosus, M. ruber, M. purpureus, M. floridanus, M. lunisporas, and M. mellicola (Table 

1) [2]. Red yeast rice is introduced in the “Compendium of Materia Medica” compiled in 

China in 1578. In the olden days, it was used as a crude drug as “improves digestion, 

promotes blood flow, improves spleen, stomach function, and restores energy, repairs 

trauma, gynecological diseases and postpartum confinement." It is now used worldwide 

as a food colorant, fermented food and supplement. [3] In Japan, it has been used for tofu-

yo, miso, vinegar and sake. [4] From the above, red yeast rice is an indispensable part of 

our diet. On the other hand, red yeast rice produces a large amount of peculiar secondary 

metabolites. There are monacolins known as statins [5, 6, 7, 8], azaphilone pigments [9], 

and citrinin [10]. Each has its own unique bioactivity. 

 

1.2  Monacolin K 

 

 Hyperlipidemia is a lifestyle-related disease that is popular among many people around 

the world. Hyperlipidemia caused by elevated cholesterol increases the risk of death from 

heart disease. More than 17 million people worldwide die from cardiovascular disease 

each year. [11] First statin (mevastatin) was discovered in Penicillium citrinum by Endo 

in 1973. [12] However, mevastatin has been confirmed to have side effects in dogs and 

has not been commercialized. [13] Later, first statin drug, lovastatin (monacolin K), was 

discovered. Endo discovered monacolin K in 1979 in the culture medium of Monascus 

ruber (Fig. 1). [5] Since then, numerous monacolin analogs have been reported, including 

monacolin J, monacolin L [7], and monacolin X [6] (Fig. 2) . Statins are widely used 

worldwide and are still used as first-line drugs. Monacolin K inhibits hydroxyl methyl 
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glutaryl-coenzyme A (HMG-CoA) reductase, an enzyme in the mevalonate pathway in 

the liver (Fig. 3) [11]. Inhibiting HMG-CoA reductase reduces cholesterol synthesis. 

Inhibition of cholesterol synthesis in the liver results in suppression of the production of 

very low-density lipoprotein (VLDL) in the liver. By suppressing the production of 

VLDL, the concentration in blood decreases. As a result, low-density lipoprotein (LDL) 

cholesterol in the blood is lowered, hyperlipidemia is improved, and arteriosclerosis is 

prevented [14]. Lovastatin is also expected to improve osteoporosis [15] and prevent 

Alzheimer's disease. [16] Therefore, it is considered that foods and supplements 

containing lovastatin (monacolin K) greatly contribute to our health. 

 

1.3  Monascus azaphilone pigment 

 

 Azaphilone pigments have an azaphilone skeleton produced by microbial and 

mushroom polyketide synthases [9, 17]. The azaphilone pigment produced by red yeast 

rice is called Monascus azaphilone pigment (MonAzP). MonAzP has been used as a 

natural colorant for over 2000 years. Today, food has an important role to play. MonAzP 

is an ingredient in sausages; fermented tofu (Tofu-yo), red rice wine, kamaboko, and 

various others preserved dried meat and fish products in Asia. In Europe, it is used as an 

alternative to the preservation of meat products such as sausages and ham and the coloring 

with nitrates and nitrites. [18] MonAzP is mainly known as the yellow pigments 

Monascin and ankaflvin, the orange pigments rubropunctatin and monascorubrin, and the 

red pigments rubropunctamine and monascorubramine (Figure 4). [9] Since yellow, 

orange, and red natural pigments are in high demand, research on fermentation production 

control and production control by genetic recombination is in progress. [19, 20] In recent 

years, pharmacological studies of MonAzP have been reported. Monascin and ankaflavin 

have reports on lipid metabolism. It was revealed that monascin and ankaflavin have an 

agonistic effect on peroxisome proliferator-activated receptor alpha and gamma. [21, 22, 

23] Monascin and ankaflavin reduced obesity in obesity models using high fad diet-

induced rats and high-fructose diet-induced mice (C57BL6J). [21] Therfore, the yellow 

pigment is expected to have an anti-obesity effect. Rubropunctamine is also known to 

have an antioxidant effect. [24] Monascorubrin and monascoribramine have no reports of 

pharmacological activity. It is hoped that future research will reveal the effects of 

MonAzP on our health. 
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1.4  Citrinin 

 

 Mycotoxins are natural toxins produced as secondary metabolites by fungi, especially 

Aspergillus, Penicillium and Monascus species. Citrinin is significant food pollutants [25]. 

Many plants are used worldwide for medicinal and culinary purposes [26]. Citrinin 

contamination is of economic and culinary importance that can be easily compromised 

by mycotoxin contamination. Citrinin is a polyketide mycotoxin produced by several 

species of the genera Aspergillus, Penicillium, and Monascus [27]. It has since been 

confirmed that other species of Penicillium (P. expansum and P. viridicatum), and even 

Aspergillus (A. niveus and A. terreus), produce citrinin [28]. Citrinin is obtained from 

harvested plant grains under typical storage conditions [29]. Citrinin is primarily known 

for its toxicity, but there is increasing evidence to support anti-cancer and neuroprotection 

in particular. Citrinin is primarily known for its toxicity [25], but other biological 

activities of this mycotoxin, especially anti-cancer and neuroprotection. [30, 31] There is 

increasing evidence in favor of anti-cancer and neuroprotection. However, it is known to 

cause renal failure and should be tightly controlled. In fact, it is strictly controlled at 100 

ug/kg in Europe EFSA and 2,000 ug/kg in Japan. Quantitative analysis results of citrinin 

in commercially available red yeast rice supplements have been reported. Surprisingly, 

citrinin was detected in many food and supplements. [32] 44.24 mg/kg of citrinin was 

detected in certain supplements. [33] Research on the fermentation control of citrinin is 

underway, focusing on the fermentation conditions in red yeast rice, but it is not yet 

complete. [34, 35, 36, 37] 

 

1.5  Genome research of Monascus 

 

 Next Generation Sequencing (NGS) has made the acquisition of biological genomic 

information quick and inexpensive. It is easy to obtain a lot of genomic information such 

as plants, animals, and microorganisms. However, there are few reports of genomic 

information in red yeast rice. Completed genome decoding of the industrial strain 

Monascus purpureus YY-1 in 2015. [38] Also reported an announcement letter that they 

obtained whole-genome analysis of Monascus purpureus GB-01 in 2019. [39] Monascus 

ruber NRRL 1597 (https://genome.jgi.doe.gov/portal/MonrubNRRL1597_FD/) and 
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Monascus purpireus NRRL 1596 

(https://genome.jgi.doe.gov/portal/MonpurStandDraft_FD/) are genomes on the database. 

However, the genome data, which is Monascus ruber NRRL 1597, don’t available. 

Therefore, in order to deepen the understanding of Monascus purpureus, it is necessary 

to obtain further genomic information and comparative genome analysis. 

 

1.6  Purpurse of this study 

 

 In this study, we determined the genome sequences of M. pilosus NBRC4520, M. 

purpureus NBRC4478, and M.ruber 4483. The phylogenetic and chemotaxonomic 

differences between these three species were characterized by analyzing the gene 

clusters associated with secondary metabolites. These results are considered to give 

great insight into the safety and effectiveness of red yeast rice, which has been used as a 

food for many years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 List of Monascus strains 
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Species 

Monascus pilosus 

Monascus purpureus 

Monascus ruber 

Monascus floridanus 

Monascus lunisporas 

Monascus mellicola 

Monascus pallens 

Monascus argentinensi 

Monascus eremophilus 

Monascus flavipigmentosus 

Monascus recifensis 

Monascus sanguineus 

 

 

 

 

 

 

 

 

 



 

 

6 

 

Figure 1 Chemical structure of Monacolin K lacton and acid form. 

 

 

 

 

 

 

 

Figure 2 Chemical structure of monacolins analog. 
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Figure 3 Cholesterol and triglyceride pathways for LDL cholesterol synthesis. 
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Figure 4 Chemical structures of major monascus azaphilone pigments. 
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Chapter2: Material and Method 

 

2.1 Strain and culture conditions for LCMS analysis 

 

 Three Monascus species, specifically, M. pilosus NBRC 4520, M. purpureus NBRC 

4478, and M. ruber NBRC 4483, were obtained from the National Institute of 

Technology and Evaluation in Japan. The Monascus were cultured in potato dextrose 

liquid medium using Potato Dextrose Broth (BD Difco, New Jersey,USA )  at 30℃ 

for 7 days with 140 rpm shaking in TAITC BR-23FP. The cultures were collected and 

lyophilized at -80℃. Dry powder was 10mg sampling in a 1.5ml tube, in addition of 

MeOH 1ml, was subjected to ultrasonic treatment.  The extracted sample was 

centrifuged at 15,000rpm, 25℃, for 10 minutes. The supernatant was collected and 

filtered through a 0.22𝜇m filter (Merck, Darmstadt, Germany) to prepare an analytical 

sample. Samples were measured using a Shimadzu LCMS-8040 system (Shimadzu, 

Kyoto, Japan) with 300mm ODS MonoBis columns (Kyoto Monotech Co., Ltd., Kyoto, 

Japan).  Each metabolite was estimated based on the m/z of each peak, referring to the 

m/z of the metabolites previously reported in Monascus. We measured three replicates 

for each species and applied two-dimensional hierarchical clustering to visualize their 

similarity, using the Euclidian distance of their profiles of the observed pigments 

concentration as a measure of similarity score and applying the Ward method. 

 

2.2 Draft genome sequencing and assembly 

 

 Three types of Monascus cultured at 30℃ for 7 days in Potato Dextrose liquid 

medium were collected. Genomic DNA was individually isolated from the recovered 

cells and sequenced using the Illumina MiSeq (illumina, California, USA) paired-end 

library (read both ends at 300 bp and insert 500 inserts). The NGS data was acquired by 

Miseq at Axiohelix Co., Ltd. Approximately 8.5 million reads (around 5 Gb) for each 

sample were obtained and assembled using ABySS 2.0 de novo assembler [40]. We 

obtained 5000 to 10,000 assembled scaffolds for each samples and the N50 value of the 

total scaffolds were 133 Kb. The accumulated total length of the assembled contigs was 

24.8 Mb, which is close to that of M. purpureus NRRP 1596 genome (ATCC 16365) 



 

 

10 

with 23.4 Mb [38] and M. ruber NRRP 1597 (ATCC 13692) with 24.9 Mb [38]. To 

identify the gene-coding regions, the nucleotide sequence of the assembled scaffolds 

was annotated using DIAMOND, a high throughput BLASTX compatible sequence 

alignment algorithm [41]. The assembled sequences were also analyzed by BLASTed 

using the library of the whole UniProtKB/Swiss-Prot database [42]. Annotated genes of 

M. purpureus NRRP 1596 and M. ruber NRRP 1597 for were used for validation, with 

a cutoff E-value <1E-10. We further analyzed the genomes using antiSMASH pipeline 

[43] to extract the functional gene clusters such as PKS, in each Monascus species. 

 

 

2.3 Analysis of secondary metabolite gene clusters 

  

 To evaluate the gene cluster related to secondary metabolic pathways from the resulting 

draft genome, it was used antiSMASH 4.0. A tree diagram was created using the BLAST 

alignment core using the secondary metabolic synthesis genes. Secondary metabolites 

synthesized from the secondary metabolite synthesis gene group predicted by 

antiSMASH 4.0 are summarized in a table. Furthermore, among the secondary 

metabolites, the gene clusters related to monacolin K, azaphyllone pigment, and citrinin 

have been reported in detail [44, 45, 46]. Using the gene sequences of monacolin K, 

azaphilone pigments, and citrinin as templates, homology analysis of genes and proteins 

was performed by BLAST. 
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Chapter3: Results and Discussion 

 

3.1 LCMS analysis of Monascus cultures 

 

 Monascus species can produce several types of azaphilones, including nitrogenated 

azaphilones, N-glucosyl azaphilones, amino acid derivative azaphilones, and citrinins 

[47]. We cultivated the three Monascus species to compare the production of the pigments 

and their related metabolites using both agar and liquid medium, i.e., potato dextrose agar 

(PDA) and potato dextrose liquid (PDL) medium, which is the most frequently used 

culture medium for Monascus growth and metabolite production [48]. As shown in 

Figure5, distinct colony shapes and colors could be observed on PDA and in PDL among 

M. pilosus, M. ruber, and M. purpureus. In order to quantify the difference of the pigment 

contents, we analyzed the medium using LC-MS and identified 14 pigments in total. 

Figure6 showed the concentration of 14 metabolites quantified in three biological 

replicates in the three species as a heatmap with two-dimensional hierarchical clustering 

to display their similarity. This result confirmed that not all these metabolites are 

synthesized in the three species. The numbers of pigments commonly identified in each 

species are summarized as the Venn diagram (Fig. 7). Dehydromonacolin K, 

rubropunctatin, monascin, and ankaflavin 2 were commonly produced by all three 

Monascus species. Of the three species, M. pilosus produced the greatest number of 

pigments (12 in total; Fig. 7). Ten pigments, except monascorubramine, were produced 

by M. pilosus, while ankaflavin 1 and rubropunctamine were only produced by M. pilosus. 

Citrinin, a mycotoxin with nephrotoxic activity in mammals [49], was only produced by 

M. purpureus.  

 

3.2 Biosynthetic pathway of detected metabolites 

 

 In order to understand the difference of the metabolites produced in these three species, 

we investigated their biosynthesis pathways in detail and illustrated in Fig. 8. It has been 

identified that the biosynthesis of the precursor of these metabolites, 1Hisochromenes are 

started from malonyl-CoA, in Penicillium marneffei and M. ruber [9, 28]. Citrinin 

polyketide synthase (PKS) converts the PKS-bound product citrinin [9]. The biosynthetic 
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pathway from malonyl-CoA to monacolins was also determined in Aspergillus terreus, 

M. ruber, and M. purpureus [50, 51]. It should be noted that PKS-bound products are 

acted upon by two different types of PKS enzymes – one is an enzyme to produce 

Monascus azaphilone pigments, which corresponds to the pathway from malonyl-CoA to 

1H-isochromenes and nitrogenated azaphilones [9], and the other is citrinin polyketide 

synthase, which corresponds to the pathway from PKS-bound product to citrinin [52]. We 

also added the amount of the metabolites associated with each precursor as color bars. 

Among the three Monascus species, all eight metabolites related to 1Hisochromenes were 

only detected in M. pilosus. As for the other pathways, while citrinin was observed only 

in M. purpureus, Dehydromonacolin K, which is a precursor for monacolin K production, 

was detected in all three species. These resutls showed that productions of secondary 

metabolites are distinct among these three Monascus species. Azaphilone pigments 

related to 1H-isochromenes and nitrogenated azaphilones were observed among the three 

species, but azaphilone pigments related to ankaflavin 1 and rubropunctatin were 

observed in M. pilosus, while monascorubramine was detected in the other two species. 

Azaphilone pigments related to ankaflavin 1 and rubropunctatin were observed in M. 

pilosus, while monascorubramine was detected in the other two species. 
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Figure 5  Three Monascus species for PD and PDA cultures at 30℃.  

Pu: Monascus purpureus NBRC4478 Pi: Monascus pilosus NBRC4520 Ru: Monascus 

ruber NBRC4483 
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Figure 6 2D clustering of secondary metabolites quantities among the three species. 

Secondary metabolites in Monascus potato dextrose liquid culture obtained by LCMS 

analysis were comparatively quantified and two-dimensional clustered. Pu: Monascus 

purpureus NBRC4478 Pi: Monascus pilosus NBRC4520 Ru: Monascus ruber 

NBRC4483 

 

 

 

 

 

 



 

 

15 

 

Figure 7 Venn diagrams of the metabolites observed in PDL culture. 

The relationship between the metabolites detected by LCMS and the strains is shown on 

the Venn diagram. Pu: Monascus purpureus NBRC4478 Pi: Monascus pilosus 

NBRC4520 Ru: Monascus ruber NBRC4483 
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Figure 8 The metabolic pathways of five major groups. (i) monacolins, (ii) citrinins, (iii) monaphilines, (iv) 1H-isochromenes, and (v) nitrogenated azaphilones. 

The color bars represent the average concentration of metabolites in three replicates shown in Fig. 6.
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3.3 Assembling and annotation of NGS data 

 

 Annotation was performed in Assembly By Short Sequences (ABySS) 

(http://www.bcgsc.ca/platform/bioinfo/software/abyss) using the data obtained from 

NGS. The result of the annotation is shown in Table 2. Figure 9 shows statistics on the 

length of the assembled sequence. The predicted genome size was 23 Mb. The sum of the 

contigs obtained this time was 24.3 Mb (105.6%). There was sufficient data for max 

length, and N50 was also > 100K. Therefore, the accuracy of assembly was expected to 

be high. 
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Table 2 Statistics of the assembled scaffolds results 

 

 

 

 

 

 

Figure 9 Distribution of the length of assembled sequences. 
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Next, the ORF region of the obtained genome was predicted using Monascus ruber 

NRRL1597 (https://genome.jgi.doe.gov/portal/MonrubNRRL1597_FD/) as the reference 

genome. The predicted ORF results are summarized in figure 10. From these results, the 

regions where the protein was predicted to be translated were 8,647 ORFs for M.pilosus 

NBRC4520, 8,646 ORFs for M.ruber NBRC4483, and 8,891 ORFs for M.purpureus 

NBRC4478. Of the ORFs of Monascus ruber NRRL 1597, 17 ORFs were predicted to be 

absent from any strain. In addition, the ORF regions of M.pilosus NBRC4520 and 

M.ruber NBRC4483 had a fairly high degree of agreement. On the other hand, it was 

revealed that M. purpureus NBRC4478 is different from M.pilosus NBRC4520 and 

M.ruber NBRC4483 and has an ORF region of 243 ORFs. 
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Figure 10 Venn diagram predicting the ORF of each strain using Monascus ruber 

NRRL 1597 as the reference genome. 
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3.4 Analysis of secondary metabolites gene clusters 

 

 The obtained draft genome was predicted for secondary metabolite genes using 

antiSMASH 4.0. As a result, 24 secondary metabolite genes were predicted for M.pilosus 

NBRC4520, 48 genes for M.ruber NBRC4483, and 20 genes for M.purpureus 

NBRC4478. A tree diagram of the obtained secondary metabolite gene cluster was 

created using the BLAST tool (Table 3). 32 gene clusters were grouped. In addition, 22 

gene clusters were independent. Gene clusters with the same genetic makeup were 

integrated into a single group. The genetic coding region was predicted using a BLASTX 

search against the UniProtKB / Swiss-Prot database (E value <1.0 × 10-10). The gene 

clusters of 54 groups (Table 4) are shown in the Venn diagram (Fig. 11). Gene clusters 

were characterized as secondary metabolite or ABC transporter clusters based on their 

similarity to known genes [53]. ABC transporters are associated with PKS and NRPS 

gene clusters of several fungi and are involved in the export of corresponding secondary 

metabolites [54].  In addition, the compounds and functions predicted to be metabolized 

from the genes predicted from BLASTX and fungal antiSMASH 5.20 are summarized 

(Fig. 12-15). Many of the compounds predicted from antiSMASH have not been reported 

in Monascus. From these results, it is expected that Monascus produce an unknown 

secondary metabolite. 
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Table 3 Dendrogram of secondary metabolite biosynthetic gene clusters observed in 

three Monascus species. The secondary metabolism gene clusters of M. purpureus 

NBRC 4478, M. pilosus NBRC 4520, and M. ruber NBRC 4483 estimated in this study 

are represented by red circles, green circles, and black circles. 
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Figure 11 Venn diagrams of secondary metabolite biosynthetic gene clusters observed in three Monascus species. (a1):Venn diagram classifying 82 secondary 

metabolic synthesis gene clusters of three Monascus species. (a2):Venn diagram classifying 82 secondary metabolic synthesis gene clusters of three Monascus species 

based on DNA sequence homology. The total number of gene clusters was 54. Venn diagram classifying 54 secondary metabolic synthesis gene clusters of three 

Monascus species based on DNA sequence homology: T1PKS (b1), NRPS (b2), T1-PKS-NRPS (b3), Terpenes (b4), Others (b5), Cf-Putative or Cf-fatty acid (b6)   
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Table 4 Classification of gene clusters (ID1-54) corresponding to the dendrogram in 

Figure 11.  

ID Type of GCs Pi Ru Pu 
Secondary metabolic pathways detected in DNA 

sequence homology 

ATP-

binding 

cassettes 

Identity 

level 

1 t1pks 1 4 - 
Narbonolide/10-deoxymethynolide (pikAI – AIV), 

Phthiocerol/phenolphthionocerol (ppsA - E) 
- ** 

2 t1pks 2 - - Phthiocerol/phenolphthionocerol (ppsA - E) - - 

3 t1pks 18 19 7 

Azaphilone*, Lovastatin (LOVB, LOVF) , 

Narbonolide/10-deoxymethynolide (pikAI – AIV), 

Phthiocerol/phenolphthionocerol (ppsA - E) 

- - 

4 t1pks 22 - - - - * 

5 t1pks 23 48 17 

Lovastatin (LOVB, LOVF) , Narbonolide/10-

deoxymethynolide (pikAI – AIV), 

Phthiocerol/phenolphthionocerol (ppsA - E) 

- * 

6 t1pks 19 43 - Monacolin K*, Compactin, Lovastatin (LOVA, LOVB) - * 

7 t1pks - - 8 
Citrinin*, Narbonolide/10-deoxymethynolide (pikAI–

AIV), Phthiocerol/phenolphthionocerol (ppsA-C, E) 
- * 

8 t1pks 9 - 10 

Byssochlamic acid*, Narbonolide/10-deoxymethynolide 

(pikAI–AIV), Phthiocerol/phenolphthionocerol (ppsA-C, 

E) 

- * 

9 nrps 4 10 19 Neosartoricin*, Fengycin (fenA–E), Surfacin(srfAA-AC) - ** 

10 nrps 13 30 20 Brevianamide F (FTMA) ABCB ** 

11 nrps 7 2 - Fengycin (fenA-E), Surfacin (srfAA-AC) ABCC ** 

12 nrps 11 23 2 Fengycin (fenA-D)  ABCC ** 

13 nrps 5 22 12 Fengycin (fenA-D)  - * 

14 nrps 24 21 - Fengycin (ppsA-D), surfacing (srfAA-AC) ABCB * 

15 nrps 3 41 - Fengycin (fenA–D) - * 

16 nrps - - 9 Fengycin (fenB, D), Ferricrocin (SIDC, SIDD) - - 

17 t1pks-nrps 8 40 5 NG-391*, Fengycin (fenA–E), Surfacin (surAA-AC) ABCC ** 

18 t1pks-nrps 14 27 14 
Gramicidin (grsA-B), Fengycin (fenA–E), Surfacin 

(surAA-AC) 
- * 

19 t1pks-nrps 20 13 3 
Lovastatin (LOVB, LOVF), Fengycin (fenA-E), Surfactin 

(srfAA-AC) 
ABCB * 
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Table 4 (continued) 

ID Type of GCs Pi Ru Pu 
Secondary metabolic pathways detected in DNA 

sequence homology 

ATP-

binding 

cassettes 

Identity 

level 

20 terpene 12 24 11 Fernesyl-diphosphate (FDFT1) - ** 

21 terpene 17 12 13 
Lupeol (LUP1,2,4,5), Arabidiol (PEN1), Tinucalladienol 

(PEN3), seco-amyrin (PEN6) 
- * 

22 terpene - - 15 - - - 

23 others 15 42 18 Fengycin (fenA, C, E), Surfacin (srfAA-AB) ABCF ** 

24 others 6 32 6 Kinesin (KIDFC1-3) - * 

25 others 10 5 16 
Abscisic aldehyde (AAO1-4), Fengycin (fenA, B, E), 

Surfactin (srfAA, AB) 
ABCB * 

26 others 16 33 4 Histidinol (hisD, IE) - * 

27 others 21 28 1 - - * 

28 cf-putative - 1 - - - - 

29 cf-putative - 3 - Palmitin (ZDHHC) - - 

30 cf-putative - 6 - Palmitin (ZDHHC4) - - 

31 cf-putative - 7 - - - - 

32 cf-putative - 8 - - - - 

33 cf-putative - 9 - - - - 

34 cf-putative - 11 - - - - 

35 cf-putative - 14 - Serine, Threonine (PP1C, 2C, 4C, 6C) - - 

36 cf-putative - 15 - - ABCG2 - 

37 cf-putative - 16 - - - - 

38 cf-putative - 17 - - - - 

39 cf-putative - 18 - Mannan (ANPI, MNN9) - - 

40 cf-putative - 20 - - - - 

41 cf-putative - 25 - - - - 

42 cf-putative - 29 - - - - 

43 cf-putative - 31 - - - - 

44 cf-putative - 34 - - - - 

45 cf-putative - 36 - - - - 

46 cf-putative - 37 - - - - 

47 cf-putative - 38 - - - - 

48 cf-putative - 39 - 
Lovastatin (LOVB-G), Phthiocerol/Phenolphthiocerol 

(ppsA,C) 
- - 

49 cf-putative - 44 - - - - 

50 cf-putative - 45 - - - - 

51 cf-putative - 46 - - - - 

52 cf-putative - 47 - - - - 

53 cf_fatty_acid - 26 - - - - 

54 cf_fatty_acid - 35 - Fatty acid (FAS1,2) - - 
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 The type of GCs was determined using antiSMASH software. Pi, Ru, and Pu represent 

the cluster ID in Table 4. Red numbers denotes identical gene organization. The secondary 

metabolic pathways represent the secondary metabolite information based on DNA 

sequence homology. Type of ATP-binding cassettes detected in individual groups is 

represented as ATP-binding cassettes. Gene-cluster groups with both identical gene 

organization and high DNA sequence similarity are denoted by ‘**’ and groups with only 

high DNA sequence similarity are denoted by ‘*’. Two-letter abbreviations use used for 

the Venn diagrams: Pi, M. pilosus NBRC 4520; Ru, M. ruber NBRC 4483; Pu, M. 

purpureus NBRC 4478. 
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Figure 12 List of compounds and functions synthesized from secondary metabolite genes predicted from BLASTX. 



 

 

28 

 

 

 

Figure 12 (continued)
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(A) 

 

(B) 

 

Figure 13 Prediction of compounds synthesized with secondary metabolite genes 

using Fungal antiSMASH 5.20 by Monascus ruber NBRC4483. (A) List of predicted 

secondary metabolites gene clusters. (B) Predicted secondary metabolites. 
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(A) 

 

(B) 

 

Figure 14 Prediction of compounds synthesized with secondary metabolite genes 

using Fungal antiSMASH 5.20 by Monascus pilosus NBRC4520. (A) List of predicted 

secondary metabolites gene clusters. (B) Predicted secondary metabolites. 
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(A) 

 

(B) 

 

Figure 15 Prediction of compounds synthesized with secondary metabolite genes 

using Fungal antiSMASH 5.20 by Monascus purpureus NBRC4478. (A) List of 

predicted secondary metabolites gene clusters. (B) Predicted secondary metabolites. 
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3.5 Comparative analysis of monacolin, azaphilone pigment and citrinin 

gene clusters 

 

 We compared the peptide sequences of citrinin biosynthetic genes in the three Monascus 

species with those in M. purpureus reported by Shimizu et al. [7] and Chen et al. (Fig.16) 

[73]. There are six genes associated with the citrinin biosynthetic pathway, consisting of 

pksCT (encoding polyketide synthase, PksCT/CitS), mpl1 (a serine hydrolase, CitA), 

mpl2 (an iron II oxidase, CitB), mpl7 (an oxidreductase, CitC), mpl4 (encoding an 

aldehyde dehydrogenase, CitD), and mpl6 (a short chain dehydrogenase, CitE). Table 5 

shows the homologous regions of individual genes that aligned with the reference genes 

(E-value < 10− 44). Two proteins, CitB and CitS, were shorter in M. ruber and M. pilosus 

than the reference sequences. However, the same proteins were conserved in M. 

purpureus compared with the reference sequences. It suggests that the citrinin 

biosynthetic genes, mpl2 (CitB), and pksCT (CitS) were incomplete in M. pilosus NBRC 

4520 and M. ruber NBRC 4483, and consequently, citrinin production is blocked in these 

species. Monacolin K was first isolated from the medium of M. ruber [5] and its 

biosynthesis pathway was determined, in M. pilosus (BCRC 387072), composed of nine 

enzymes that have a high level of homology with genes in the monacolin K biosynthetic 

gene cluster of Aspergillus terreus (Fig.16) [74]. Three strains of M. purpureus, 

specifically NRRP 1596, YY-1 (an industrial strain), and KACC 42430 (a laboratory 

strain), lack an intact monacolin K gene cluster [75]. In the present study, we also 

examined the monacolin gene clusters in three Monascus species. As shown in Table 6, 

all 9 Mok genes, especially MokC, MokD, and MokF, were shorter in M. purpureus 

NBRC 4478 than M. pilosus NBRC 4520 and M. ruber NBRC 4483. Thus, M. purpureus 

NBRC 4478 also lacks the complete monacolin K gene sequence. Furthermore, 

comparison of a 8144 bp region, in which a gene cluster of Monascus azaphilone 

synthases was localized, revealed that M. pilosus and M. purpureus can be clearly 

distinguished at the nucleotide level. In addition, M. ruber NBRC 4483 and NRRP 1597 

have highly similar DNA sequences with M. pilosus; however, M. ruber JF83291.6 has 

highly similar DNA sequences with M. purpureus (Table 7). 
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Chapter4: Discussion 

 

 The three Monascus species examined in the present study are commonly used for food 

fermentation in the cuisine of East Asian countries [4,9,76]. Citrinin, a nephrotoxic agent, 

was reportedly produced in M. purpureus but not in M. pilosus [77, 78, 79]. This is 

corroborated by the present results from the metabolome and genome analyses revealing 

that citrinin biosynthetic pathways in M. pilosus were incomplete compared with those 

from M. purpureus. The three Monascus species can produce ubiquitous and species-

specific pigment-related compounds (Fig.8 and Fig.17). Analysis of gene-organization 

revealed 54 greatly diverged gene clusters in the three Monascus species studied 

(Fig.11a2). Furthermore, comparison of a 8144 bp region, in which a gene cluster of 

Monascus azaphilone synthases was localized, revealed that M. pilosus and M. purpureus 

can be clearly distinguished at the nucleotide level. In addition, M. ruber NBRC 4483 

and NRRP 1597 have highly similar DNA sequences with M. pilosus; however, M. ruber 

JF83291.6 has highly similar DNA sequences with M. purpureus (Table 6). Though in 

some phylogenetic studies [80, 81] M. pilosus and M. ruber were not distinguished, in 

our analysis, their phenotypes distance clearly distinct. On the other hand, taking the 

pigment biosynthetic gene clusters into consideration, M. pilosus and M. purpureus 

should be defined as different groups. Thus, based on the findings of the present study, 

the Monascus species studied here can be classified into two groups: (i) the M. pilosus 

clade and (ii) the M. purpureus clade. And the results shown in Table 6 suggests that there 

may some M. ruber strains, which can be related with each clade. 

 

 The mycotoxin citrinin is produced by various Penicillium, Aspergillus, and Monascus 

species [73, 78, 79]. Previously studied M. purpureus strains (ATCC 16365 in Java, 16379 

in Taiwan, IFO 30873, and DSM 1379 by Chen and Ostry [73, 82]; YY-1 by Yang [38] 

can produce citrinin as a secondary metabolite. However, among the Monascus species, 

two M. pilosus strains (BCRC 38072 in Taiwan by Chen [73]; NBRC 4520 in this study) 

cannot produce citrinin. Interestingly, several previously reported M. ruber strains, 

particularly ATCC 16246, 16378, 16366, 18199, 16371, and 18199 by Chen [73], AUMC 

4066 (CBS109.07) and AUMC 5705 by Moharram [83], NRRP 1597 by Kwon [75], and 

NBRC 4483 in this study, lack citrinin production activities, but other strains, such as 
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Tiegh by Ostry [82] and ATCC 96218 by Hajjaj  [84] have the potential to produce this 

secondary metabolite. Thus, M. ruber can be classified into citrinin-producing and non-

citrinin producing types. Based on the comparison of citrinin biosynthetic proteins, the 

former type might correspond to M. purpureus strains and the latter to M. pilosus strains. 

 

 In the analysis of the monacolin K gene cluster (Fig.16), four M. purpureus strains, 

specifically NRRP 1596, YY-1, KACC 42430 [75], and NBRC 4478 (in this study), lack 

an intact monacolin K gene cluster. By contrast, M. pilosus NBRC 4520 and M. ruber 

NBRC 4483 have a complete set of monacolin K gene clusters. Thus, it should be noted 

that M. pilosus NBRC 4520 and M. ruber NBRC 4483 can produce monacolin K but lack 

a complete set of citrinin biosynthetic gene clusters. 

 

 The classification of strains according to the two-clade groups designated as (i) M. 

pilosus and (ii) M. purpureus may play an important role in the food industry and 

industrial field through the improved utilization of Monascus species. However, in view 

of food safety, we need to confirm whether the toxins produced by some Monascus strains 

exist in the genome or metabolome. Metabolites are generally classified into primary 

metabolites that are essential for growth and reproduction and secondary metabolites that 

are usually involved in mechanisms for ecological adaptation but are not essential to 

regular cellular processes. Metabolic pathways can be divided into two types: one is the 

general pathway shared by most fungi and the other are specialized pathways that have 

evolved in response to specific ecologies of certain lineages and are consequently more 

narrowly distributed at the taxonomic level. The citrinin pathway belongs to the former 

as it is present in many Penicillium, Aspergillus, and Monascus species [77, 78, 79]. 

However, the biosynthetic gene cluster of Monascus azaphilone pigments is limited in the 

Monascus genera. The biosynthetic process of secondary metabolites forms a cluster or 

non-clustered gene organization that is integral to the entire spectrum of fungal ecological 

strategies (e.g., saprotrophic, pathogenic, and symbiotic). Gene duplication (GD) is often 

implicated in the evolution of fungal metabolism [85]. A second source of metabolic gene 

innovation in fungi is horizontal gene transfer (HGT), which includes xenobiotic 

catabolism [86], toxin production [87], and degradation of plant cell walls [88]. GD and 

HGT were more frequently found in clustered genes than in their non-clustered 

counterparts [89]. In the biosynthetic gene clusters of Monascus azaphilone pigments and 
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citrinin, the common trends in the strains of the three Monascus species are explained by 

the suggested M. pilosus and M. purpureus clades, whereas M. ruber has either M. pilosus 

or M. purpureus characteristics. Monascus-specific diverged pigments may have evolved 

because of GD and HGT events, resulting in the creation of clustered genes in their 

genomes; thus, a large number of gene clusters was observed (Table 1). Chemotaxonomy, 

including pigment production, is the most useful way to study the divergence of 

Monascus genera. Here, we compared the PKS responsible for the biosynthesis of 

azaphilone pigment from three Monascus species (M. pilosus, M. purpureus and M. 

ruber) and six strains. More genome sequences of Monascus species will need to be 

determined to better understand the production of secondary metabolites in these 

organisms.  

 

 In this study, the complete draft genome sequences of M. pilosus NBRC 4520, M. 

purpureus NBRC 4478, and M. ruber NBRC 4483 were obtained. Three biosynthetic 

gene clusters, specifically monacolin K, citrinin, and azaphilone pigments that are 

involved in secondary metabolism, were analyzed and compared. The grouping of strains 

according to the two-clade groups, designated as (i) M. pilosus and (ii) M. purpureus, 

may play an important role in the food industry and industrial field through the improved 

utilization of Monascus species. The PKS genes responsible for the biosynthesis of 

azaphilone pigment from the three species were compared. This genome-based analysis 

showed M. ruber could not be clearly grouped as a species. However, in view of food 

safety, further studies are needed to confirm whether the toxins produced by some 

Monascus strains originate from the genome and not from the metabolites. 
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Figure 16 Genetic organization of the monacolins (A), azaphilone pigment (B), citrinin (C) biosynthetic gene clusters.  



 

 

37 

Table 5 Homologous nucleotides sequences of the citrinin biosynthetic genes in three Monascus species. 

 

Protein M. pilosus NBRC 4520 M. ruber NBRC 4483 M. purpureus NBRC 4478 Reference peptide sequence 

 Length  Identity(%) Length  Identity(%) Length  Identity(%) Length 

CitA (mpl1) 249 79.6 249 79.6 312 99.7 313 

CitB (mpl2) 229 69.6 229 69.6 328 99.7 329 

CitD (mpl4) 458 91.4 458 91.4 500 99.8 501 

CitE (mpl6) 231 79.1 231 79.1 284 97.3 292 

CitC (mpl7) 532 85.5 532 85.5 618 99.4 622 

CitS (pksCT) 1525 58.8 1525 58.8 2396 92.4 2593 
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Table 6 Homologous peptide sequences of the monacolin biosynthetic genes in three Monascus species. 

 

Protein M. pilosus NBRC 4520 M. ruber NBRC 4483 M. purpureus NBRC 4478 Reference peptide sequence 

 Length  Identity(%) Length  Identity(%) Length  Identity(%) Length 

MokA 1910 100 1910 100 1772 92.8 1910 

MokB 1947 100 1947 100 1501 77.1 1947 

MokC 339 100 339 100 28 8.3 339 

MokD 263 100 263 100 154 58.6 263 

MokE 265 100 265 100 231 87.2 265 

MokF 258 100 258 100 167 64.7 258 

MokG 996 99.0 977 100 322 32.3 977 

MokH 487 100 487 100 42 8.6 487 

MokI 174 100 174 100 107 61.5 174 
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Table 7 Comparison of six M. purpureus, M. ruber, and M. pilosus strains based on Monascus azaphilone pigment polyketide synthase gene  
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Table 7 (continued)  
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Table 7 (continued) 
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Figure 17 Venn diagrams of Monascus-specific metabolites reported by previous studies. Each Venn diagram classifies metabolies into 

reported species using a total of 74 previously reported secondary metabolites (A),citrinins (B1),monaphilones (B2),1H-isochromenes 

(B3),nitrogenated azaphilones (B4),and monacolins (B5), specific to Monascus-species [9, 40, 77, 85]
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Chapter5: Conclusion 

 

 In microbiology and food chemistry, systematically controlling the metabolism of 

microorganisms and controlling metabolites has been one of the important issues for 

many years. Among them, since Monascus has been reported to have various 

pharmacological actions, studies on culture conditions, gene mutations, and in recent 

years, metabolic control using genome-editing technology has been reported. In this study, 

we attempted the difference in phenotype from the genome and metabolites of three types 

of Monascus through data science and analytical chemistry using LCMS. As a result, the 

following two became clear. First, the genomic information of Monascus pilosus was 

clarified for the first time. As a result, it became clear that the citrinin gene is not 

possessed. The most commonly eaten red yeast rice in Japan is fermented using M. pilosus, 

and it is a very important finding that it does not carry the mycotoxin gene. Second, the 

gene structure and secondary metabolites of each were analyzed, and the characteristics 

of each Monascus species were clarified. As a result, it was clarified that the ORF gene 

was not significantly different, but the metabolites of each strain were different. It is 

considered that the gene sequence other than the region encoding the protein has a great 

influence on the production of secondary metabolites. In this study, the genome and 

metabolites were analyzed in an integrated manner, and the characteristics of the 

phenotype of red yeast rice eaten by humans were clarified. It is thought that this can be 

applied not only to red yeast rice but also to other fermented foods such as natto, yogurt, 

and tempeh. The fermentation process of microorganisms is very complicated. By 

integrating genome analysis and metabolome analysis and standardizing phenotypic 

analysis, fermented foods can contribute to our health more scientifically. The 

accumulation of these findings will provide data that can contribute to the long-standing 

task of systematically controlling the metabolism of microorganisms and controlling 

metabolites. 
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