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Study on the byssochlamic acid gene cluster of Monascus
ruber M7 and its function

HONG Shen, VIRK Muhammad Safiullah, CHEN F usheng*

College of Food Science and Technology, Huazhong Agricultural University, Wuhan 430070, Hubei, China

Abstract: [Objective] To determine whether the byssochlamic acid (BA) gene cluster exists in
the genome of Monascus ruber M7, and to explore the effect of polyketide synthase gene
mr-Bys and 3-hydroxyacyl-CoA dehydrogenase gene mr-hdh in BA gene cluster on BA
production. [Methods] The M7 genome was analyzed by bioinformatics methods to identify
the BA candidate gene clusters. The effects of mr-Bys and mr-hdh on BA production were
studied by the gene knockout and over-expression methods. BA was analyzed by
ultra-performance liquid chromatography (UPLC) and mass spectrometry (MS). [Results] A
BA gene cluster was found in the genome of M. ruber M7. After knocking out mr-Bys, BA
disappeared, while both knockout and over-expression of mr-hdh affected BA production by M.
ruber M7. [Conclusion] There is a BA gene cluster in the genome of M. ruber M7, which can
produce BA. The research results enrich the research on the secondary metabolites of
Monascus spp. and their synthetic pathways and lay a foundation for the development of new
products using Monascus spp.
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FEDRE M HL T e H AT AN TE 2 o A9 e i
T LM M7 JENZLR R BA BN, RS20 5
T T BA JENFEH mr-Bys 1 352 BESLAGRE A Ji
SRR mr-hdh (3-hydroxyacyl-CoA dehydrogenase
gene from M. ruber MT) SRR LA mr-hdh
At IR, T3P 13X LR R 5 1k R IR P
PIEASRHE ™ BA BEJI AR {L . tFRESRFE
T LI SMs ORI S O AE LI, H o B
ZLB i BE T IR IR

P

1.1 EHRFEFRE

LT M7 R (R FERE, TRAF
T 48 A A MR (potato dextrose agar, PDA)
EE T

1% 5 38 3 (inducing media, IM)FI 2 &
S E RIS R T BA S A OGS
PRI R B FH o TR TR BRI T 36 . PDA . 22 242 B
B fig 15 37 He (malt extract agar, MA) . £ [GIH LR
BB g 15 37 3 (Czapek yeast extract agar, CYA)
1 25% HiHfB iR EL e EE 77 36(25% glycerol nitrate
agar, G25N), FHFZLME M7 BHIE R aibr A 3=
KRBT S S9E o KRIREE TR T2l A il
o SRR AL T WL 22530301
1.2 ZXREREEZFENENERZSH

J5F NCBI # E 2022 4 7 J & kA
PR AR B S A 22 AR T BA A
Bfpks1 HIZ LR 51, K MEGA 7.08o it
Ireahil 7ok A TANFE S Bipksl ] ([F] 4
PE>40%) ) BA REI GRS LEWN. U
antiSMASHPFUI T 21l B M7 B[R 2Py BA
FEHFE, FFRA Clinker 22 il 38 R #%2 el 3121
1.3 EEFREE RIAEREE

A3 A2 B M7 B9 BA FERFE H 1) mr-Bys
I mr-hdh AT HERIEXT mr-hdh FF47id Rk JE

DR R i 5 2ok Rk AL R R L AR S0 = EL L Y
P FEES R

DL P SE N (hyg)id 1 72 o5 ] V5 R 4
BEREER, 2ty dEsbRE R Amr-Bys
Amr-hdh. E9C, ¥ mr-Bys 8% mr-hdh FER) 2 4~
M3 )7 504 A hyg B9 S'A 3%k, JfaE R
double-joint PCR 3R % mr-Bys 1 mr-hdh 1)
i BR A pM-mr-Bys Fll pM-mr-hdh (84 2 #2238 %)
B K W B Bl b NMDC,
NMDCX0000154 H1 & S1). LA Kpn THI Xba 1
Y] pM-mr-Bys FIXUGZAA pCAMBIA3300,
W B & 1% B Bk pCAMBIA3300 A4
M om Br B K pC-mr-Bys (UL
NMDCX0000154 H1{1& S2), BRI N U B
WEHEAA P NMDCX0000154 H 91 S3), [A]
i, DL Kpn THl Hind TMIXEGEY) pM-mr-hdh Fi
pCAMBIA3300 , ¥ @& B & % 4 3] 5 kL
pCAMBIA3300 A4 8 mr-hdh 1 i BR 3 1K
pC-mr-hdh (/. NMDCX0000154 H (][ S4), LIFR
HlPE P DTS I E AL NMDCX0000154
W& S5). )5, 4 mr-Bys F mr-hdh B EAE,
O AR AR AT (Agrobacterium  tumefaciens)
EHA105 ', Jf DLRAF B A = 09 5% 4k Oy ik
(Agrobacterium-mediated transformation method)
R BILIHE M7 AR, FRESA 30
ng/mL ¥iZ5 % B i PDA b5 6 ] BE A% 5L DX R e
+ Amr-Bys Fll Amr-hdh.

PAFRRE TS A EE mr-hdh (A3 kbR . 1K
UK mr-hdh B9 SR F )  G418 HTLPEFER (trpC
JA 5 mr-hdh 0 3BT I (5 mr-hdh BH)
B A E S, WA mrhdh it FRXE
pM-OE-mr-hdh (J&. NMDCX0000154 /1% S6),
FELA Sac 1A Hind NIAEEY] pM-OE-mr-hdh #1
pCAMBIA3300 (. NMDCX0000154 F {5l S7),
Brid Fik & F A pCAMBIA3300 FFyEEL ik

mr-Bys
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A&k pC-OE-mr-hdh, 1 B2 il 14 B D) 56 1F 1
Btk NMDCX0000154 HHARYIE S8), SRJmH
mr-hdh 33 F R AR T AREEAAF I EHAL105 1,
IR M7 R, TEEA G418
(15 pg/mL)¥) PDA ~F-Hi b7 ¥k v] GE A9 3L A 1) =
iAf M7::PtrpC-mr-hdh.

DL b S g R H M A 5] I3RS
(NMDCX0000154).,
14 EEEBRSEREFHEE

DL 1.3 A5 2 n] RE SR d bR T S ad Rk T
HSER 2] DNA A, VAR S PIER DY 3G
mr-Bys . mr-hdh. hyg Fll G418, L) Southern 2%
AE G UL R i b 7 5 1 ek I IE A M . A BE
Y14 mr-Bys 8 mr-hdh %) DNA - Be{HA[ 3" 1%
hyg %) DNA F B, WIFRWIZERKEFRE), 155
LK B 7 Amr-Bys 8% Amr-hdh; WA [ o471
mr-hdh 1 G418 (/) DNA F B, WIFHILR i 3%
BRLE, ARRIEER L ZRIKF M7::PirpC-mr-hdh.
1.5 EHRESZEUE

o A ARL M B M7 R H 3 R R B T
(Amr-Bys 8%, Amr-hdh) i 21K F(M7::PtrpC-mr-
hdh) 5y 38R0 F PDA &}l I, 28 °CHi#: 10d )5,
A3 G K BE TR 3 R A1, TR AUk
JER 1x10° A~/mLP, 43508 1 pl fFs T
PDA. CYA. G25N fil MA Ri5FEH oy,
28 °CEI B F: 11 d )i, MEEHELIG . KL

%<1 Southern Z:3Z5GIEH{FERABISIH

KA LAE KGO o RN, B 537 H DA
45°4 i TR TR AR T M7 SO DR B
FHAEFREFHATFER PDA. CYA. G25N Al
MA FAds sk, 28 cCfE' B 11 dJ5, W
SN HE7e 5o LA R RUE A
1.6 ZLNREBERSHT
1.6.1 Z£KEELIEEN

i A% AR, KPR 1x10° H/mLP)
ML M7 B H R bR Fad Rk i+
W M FEFD T AR FR e, 28 °Ciff B 15 557
11d, 402 dBEE, 40 CTHRZEIEEG, B
It 40 BHEFAFLLHAR . ¥ 3 g ZLli R E T
20 mL £ {fk(30-60 °C)HF, MR ATE, 1IE,
BT 40 |CHZZEAKZET, L2 mL OIEHR
WAy, .
1.6.2 ZREELEN

VIR =1 S0 AR 235 (ultra-performance  liquid
chromatography, UPLC, Waters ACQUITY )il
BA & &, HAKSEUR : Cs FE(Waters, 2.1 mmx
100 mm, 1.7 um), i 40 °C, #EkEHE 2 ul, ¥
# 0.3 mL/min, FRFEVENE. BEEEUENLRR PR .
ek MG Al K :0.1% H R K ¥ W4 35:55:10
ML FIRHF 3 min, SRJ5HE 75:15:10 LLBILRER
15 min, FHH% 90:0:10 HBREE 5 min, )5,
it 35:55:10 LIP3 AT 3 ming R H AR E
R 570 A 4 o

Table 1 Primers used in Southern hybridization validation

Primer Sequence (5'—3") Description

mr-Bys-F GCTCAGTGGTGTGGAATGGG For amplification of the partial mr-Bys gene which was used as
mr-Bys-R ACGCTGGATGGGCTGTTGAC probe 2 to calculate the validity of the gene knockout

mr-Bys-UP CCGTTCAGATTGCCATTGTCG For amplification of the partial mr-Bys gene which was used as
mr-Bys-DO CCAGTATGTGTTAGTGTGATTC probe 8 to calculate the validity of the gene over-expression
mr-hdh-F TCAGTTCCACCCTGTCTA For amplification of the partial mr-hdh gene which was used as
mr-hdh-R CTCTTGCTCTTGTTGCTC probe 3 to calculate the validity of the gene knockout

mr-hdh-UP CAAGAGTCCTTGCTGGAT For amplification of the partial mr-hdh gene which was used as
mr-hdh-DO ACACCGTTAATCACTCCC probe 5 to calculate the validity of the gene over-expression

<l actamicro@im.ac.cn, & 010-64807516
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1.63 ZREBBENITBREE

K 2 2% v 80 A €435 8 3 Inertsil
ODS-3 fAjE#(10 mmx250 mmx5 um, SH)7 5
1.6.1 1) BA #2509 , A1k 30 °C, Jiti# 4 3 mL/min,
WA 80:20 FY L ME:0.1%F BR/K W, Al
W 249 nm.

K H Acquity TQD HR K P T 1% Y (Waters) ,
DAHL 55 L B IR 17 B TR 0B BA BT
O
1.7 3ERIKFTHR

AL AL M7, M7::PtrpC-mr-hdh
Amr-hdh Fl Amr-Bys B F I (10° A~ /mL) ik A 4%
Fh T4l A B A0H) PDA VAR I, 28 °CHRE 5 5%,
TH5 3 KA 7 R HIME 22, 2 e a sl
JE RNA $2 B0 & U B B2 HUS RNA

4 H8 Hiscript 11 1st Strand ¢cDNA Synthesis
Kit J e 13050 & 10 I B I i 14 225 i cDNA.,

XL E M7, M7:PtrpC-mr-hdh . Amr-hdh
1 Amr-Bys H (1) BA JE R P 4 5B R 2R 474 53¢
KM, VA beta-actin FER NS, I AceQ

%2 RT-qPCR fiF3|4)

Table 2 Primers used in real-time quantitative PCR

gqPCR SYBR Green Master Mix 7] & 547 5L}
7 6 %E B PCR (real-time quantitative PCR,
RT-qPCR) V.o BT 5103 2 R,

Horpr, H RS 5 8 2 3 AR X FRIE 7K
g 2 AACUAE 6]

A=C (BN, FREEA)-C (NS HH,

RrEEA)
B=C, (HRRH, XFRREEA)-C (NSHNA,
Xt FEFEAS)

AN ik =2 )

2 BER540

2.1 ZREBEFFENEMEERESN

DLAli BT 22 A FE (B, fulva) 224K 512 (BA) B il
b4 Bfpks 1PV R LR IF S NS %, KA
BLASTp Xf NCBI W& [ B 8ds PEEA 7 L w3t
RILT AL KT 40%F0) Bfpksl A4 [R]IE &
74 (W, NMDCX0000154 H1f3 S2). A MEGA
7.0 #5T Bfpksl M [RIJEEE 0 RGE L B R
(1),

Gene Upstream primer (5'—3") Downstream primer (5'—3')
beta-actin TCTGGCACCACACATTCTACAA CGAAGACGATCTGGGTCATCT
mr-nuc GGATCTACTCACCTCGCCTC GAGGGCGTGAATTCATCCAC
mr-oxo CTCTCCTCGAAATTGCAGCC CATGAACTCGAAGCGACAGG
mr-tf2 TCTCCGATCCACATCTCAGC AGATCTCTTCGCCCACTCTG
mr-hdh AACCTCCGGATCAACACCAT CGAGACGGGTGAGACTATCC
mr-tf1 GACTATCTCAACCCGGCTGA CGTAACAGGCAAGAACACCC
mr-Bys TTTGGAACCGTCGACAACAC TCTGGTGGCCTGCATTAAGA
mr-hd CTTCGGGCTTCTTGGTTCAC CAGCGCCAGAGAAAACTTGT
mr-cs ACTGTCCTGTTTCCGACGAT TTCCCGTCTTCACTTCCTCC
mr-amp AGGGTTTCAAGACGGTCGAT GCAATCCCAGTACGACGTTC
mr-md TCCCTCGGATAACATCGGTG CCCGAATTCATGGAACGCAT
mr-pho ACACTGACCGAATAAACGCG GGGATTTCGTATCGGGTTGC
mr-pt GAACATGAGGTCCCTGGTGA CTTCGTTCATGTGCCGGTAG
mr-mfs CGGTCTGATCACGCTTCTTG TGTACTTCCCGGACATGACC
mr-hy GCATAATCGGCCCTTTCTCG GTACGTGCCGGTGTAGTAGA

http://journals.im.ac.cn/actamicrocn
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Phylogenetic tree of polyketide synthases of byssochlamic acid and its homologous proteins.

Figure 1
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M. purpureus HQ1

M. purpureus GB-01
M. purpureus YY-1
M. purpureus CSU-M 183
M. purpureus YIX-8-)
M. purpureus R6 g‘f

M. purpureus 9903-01
M. purpureus J(01) —C3

M. ruber M7

M. pilosus YDI-1

M. pilosus YDJ-2

M. pilosus M76113
M. pilosus MS-1

M. pilosus K104061 —

M. ruber FWB 13

— Co—
25kb 0 100
Identity (%)

MFS transporter

Peptide transporter PTR2
Phosphotransferase
2-methylcitrate dehydratase
AMP-dependent ligase
Citrate synthase-like protein
Hydrolase341

hrPKS

Uncharacterized protein

» Hypothetical protein

@ Hypothetical protein

C, transcription factor (AfIR)
C, transcription factor
5-oxoprolinase

Putative 5'-nucleotidase
Phosphotransferase enzyme family

[ N N N J

) ®

o000 0

2 IHE2ZREREEEZEDSEERBERNRLRIEL XS

Figure 2 Homology alignment of the proteins encoded by each gene in the Monascus BA gene cluster.

NI 2 WL, ANSFIZEHT G BA JE A 8 Y ik
AR A —, WZMIA 15 I, Fling
MTE 9903-01 Fl R6; AN 8 ANFE, 1n
LT HQL. 7EZLHHET BA LN A IH]
EEMFEEEDLEFELEZER(ER L
NMDCX0000154 H1i)3 S3). Jidh, TEFTALL
HH TR BA JER % b 3R K B A= BA BT b s 19—
RACAHSCIEA, BP-55i2S [E BE 5 A4 i (ketosteroid
isomerase, KI) I # fig it & B Bk 45 & & 1

(phosphatidylethanolamine  binding  protein,
PEBP)Z& B A4 2 [ 29 (L, NMDCX0000154 H1 )

% S3). EPURELLME LA H BA RNEZ

AM) KL F1 PEBP [FEEEN 25, A ATHeG
BA,
2.2 ERFEERREERIEFRIIE

DIRIF RN S S E R 2 ik, k18
mr-Bys BV REREPR T 3 ¥k, mr-hdh bS53k
KT 2 bR DA 1 HACH WX Bk AT RERY
mr-Bys B ERER mr-hdh 85 St =ik 1, ¥
17 Southern 224 I, 4353845 mr-Bys BIRFR
T-(Amr-Bys) 3 ¥k, mr-hdh &5 (Amr-hdh) 533 3%
iKF(MT7:PtrpC-mr-hdh) % 2 #F. Hed, 1 ¥
mr-Bys RS T 1 Bk mr-hdh G575 18k mr-hdh
11 FIK ) Southern 2432255 MK 3 PR
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[ 1]

|

Probe4 C Probe 5 Probe 6
I 2 kb M 1 2 kb M T 2
n¥e_ M 3 _
15— W
436 — 436 —
—
2137
] 299, |
20 703 — -

3 EEEPR AT RIEE KR Southern blotting 1 IiF

Figure 3

Southern blotting validation of gene knockout and over-expression strains. M: Marker; A:

Identification of mr-Bys knockout strains by Southern blotting. Lane 1: Presence of 4yg in Amr-Bys strain; Lane
2: Absence of mr-Bys in the mutant; Lane 3: Presence of mr-Bys in M. ruber M7; Probe 1: Digoxin labeled hyg
gene; Probe 2: Digoxin labeled mr-Bys gene. B: Identification of mr-hdh knockout strain by Southern blotting.
Lane 1 and 2 represent M. ruber M7 and Amr-hdh strain, respectively; Probe 3: Digoxin labeled mr-hdh gene;
Probe 4: Digoxin labeled Ahyg gene. C: Identification of mr-hdh over-expression strain by Southern blotting.
Lanel and 2 represent M. ruber M7 and M7::PtrpC-mr-hdh strain, respectively; Probe 5: Digoxin labeled

mr-hdh gene; Probe 6: Digoxin labeled G418 gene.

ME 3 FTLVE 1, AR (K 3A. 3B)
hA B BB (mr-Bys A mr-hdh) 55347 , (BAF1E
PUPEILA hyg £t , il ik 7 (B 30) B os i
H 85K (mr-hdh), BAFTEDIMERE G418 %7 .
IXEELEIRZRI | mr-Bys Wik 1 H mr-hdh @5
i R FA )

23 EESEMESUE

ST T R R MR M7, MT7::PapC-mr-
hdh, Amr-hdh 1 Amr-Bys 16 4 Rl il i 55
FREE PSR 11 d IR TE R B AUE S (E 4).

ME4A FTLLE 1, iR 11d )5, M7
Vh 5 LI D @ bR A Rk T — o 2 51 1
PDA }i 35 5E b, M7::PtrpC-mr-hdh M7 K45 5
AF—26 | S22 E—2; 7E CYA H55F
B b, M7::PtrpC-mr-hdh B G A TH 22 L M7
B2, Wigh OB AR 78 G25N K MA i3t
B, WEZERNAK. Amr-hdh 5 M7 FH, 7E
JIFA BE R 5L F I VR SR B/, E G25N R
SE FIUHE R UL O] RE XS =83 i 2 1
#. Amr-Bys 5 M7 ML, FEFTAHREFRAE L,
7% HAR L M7 rlg /N BB, SRR LT

<l actamicro@im.ac.cn, & 010-64807516

M7 W% o

MME 4B W LIE i, 78 PDA Fl MA ERF
A AR AT A P e, P 35 PO BI/ MR UCHE
1K M7::PtrpC-mr-hdh . ZLHH M7, Amr-Bys
M Amr-hdh, H M7 1E PDA Fl MA | 5E5%
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Figure 4 Colonial and microscopic morphologies observation of Monascus ruber M7, M7::PtrpC-mr-hdh,

Amr-hdh and Amr-Bys on different media.
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Figure 5 UPLC analysis of Hongqu of M7, M7::PtrpC-mr-hdh, Amr-hdh and Amr-Bys. A: 315 nm. B: 249 nm.
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Figure 6 UPLC-MS/MS detection of byssochlamic acid. A: Primary mass spectrometry. B: Secondary mass
spectrometry.
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Figure 7 Detection of gene transcription levels in byssochlamic acid gene cluster. A: 3 d. B: 7 d.
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Table 3 Genes homologous to K/ and PEBP in the

genome of Monascus ruber M7

Matching Homologous  Query coverage Identity
gene gene (%) (%)
A5601 bfL5 72.00 44.97
A5602 bfL6 74.00 52.49
A5605 bfL9 99.00 54.03
B
mr-Bys
200 - —o— M7

50

Relative expression level
=
<
T

—a— M7::PtrpC-mr-Bys
—a— Amr-Bys

=

TATTCTACCCAAGCATCGAT

TATTCTACCCAAGCATCGAT

PtrpC

290
8 mr-Bys [T FRIXHMRAVIEUE & 534

300 310

Figure 8

Validation and analysis of mr-Bys over-expression strains. A:

320 340 350 35

0 360 370

Identification of mr-Bys

over-expression strain by Southern blotting. Lanel and 2 represent M. ruber M7 and M7::PtrpC-mr-Bys strain,
respectively; Probe 7: Digoxin labeled G418 gene; Probe 8: Digoxin labeled mr-Bys gene; M: Marker. B:
Transcriptional level analysis of mr-Bys in different days. C: Schematic diagram of promoter mutation sites.
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