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Abstract: Mycobacterium neoaurum JC-12 is an important strain to transform phytosterolsto steroid
hormones. Traditional gene editing methods are inefficient, long cycles, complicated to manipulate
and resistance labels required. The successful application of CRISPR (clustered regular
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interspaced short palindromic repeats)/Cas9 system in many non-model strains provides a
referencefor this study. A CRISPR-Cas system for genome editing of Mycobacterium neoaurum
JC-12 was constructed by combining non-homologous end joining (NHEJ). Targeted sgRNAs were
respectively designed for the knockout and transcriptional activation of anthrone-dehydrogenase
(KSDD) synthesizing androst-1,4-diene-3,17-dione (ADD) by catalyzing 4-androstene-3,17-dione
(AD)on the Mycobacterium neoaurum JC-12 genome. The results showed that the ksdd gene was
successfully knocked out and the enzyme activity of KSDD decreased by 80%. The AD yield of the
mutant strain after 96 h was 30% higher than that of the wild-type strains, and no ADD was
produced. Furthermore, the transcriptional regulation results indicated that the transcriptional level of
ksdd at -29 target site decreased by 38% compared to that of the control, while the transcriptional
level of target-83 and-141 increased 2.24 and 3.23 times, respectively. However, the corresponding
AD and ADD yields did not change significantly when the -29 site was activated. Notably, there was
26% and 25% increase in the yields of AD and ADD respectively at the -83 site, and 29.5% and 36%
increase at the -141 site. This study provides amore extensive and convenient way to further

implement genome level metabolic engineering in Mycobacterium neoaurum.
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1.1 H#5 R

M.neoaurum JC—12 . VF3& JT 7 52 56 2 0 28 I 08
17, KIBFFE IM109 F1 DE3 LK 20 A% kT i 63k 28
A pMV261 : /E 2 JIr £ 55 55 28 (R AF 5 L% 1R Pk 2 S 36
w8 JBORE : ILEE 1
1.2 HEHKRIEFRF
121 XKmATH 634 LB B s (o/L) . A
10, B RSB 5, NaCl 10 4075 AR B 35 38 m A
T 5B 2% iR o e 2R IR 180 r/min 37 C.
BEAL T 2 AR EE R B AR R 50
pe/mL, 45 Z N 10 pg/mL, §E 5 2 4 100 wg/mL,

R 1 AWTEAEKMRK
Table 1 Strains and plasmids used in this study

RS
F-,¢80dlacZAM15, A(lacZY A—argF)U169 ,deoR ,recAl,endA1,hsdR17(rk—, mk+),
E.coli DH5« phoA ,supE44 A —,thi-1,gyrA96,relAl,deoR ,recAl,hsdR17(rk—, mk+), phoA , Trans Gen
supEd4
M.neoaurum JC-12 High—yield ADD strain 3 T A S5 56 2 (R A7
JC-12AKSDD JC-12Aksdd AW
JC-12 CRISPRa-Ksdd Transcriptional activation ksdd gene E NS
Bk
pCas9 rep A101(Ts) kan Pcas—Cas9wt A—Red araClLaclq Ph.D Sheng Yang
pMV261 OriM  hsp60 promoter pMBI kan B
pEFSC pBL1 pUC cat laclq Ptac-Cas9cg Ph.D Zhonghu Bai
pJYSltac Cpfl recTkan repl101(Ts) pMB1 Addgene
pML-spCas9wt OriM Cas9:Wild type pMB1 KanR NG
pML-spCas9cg OriM hsp60—cas9 pMB1 KanR AR
pML-FnCpflcg OriM hsp60-cpfl pMB1 KanR B
pMJ-sgRNA1 aadAOriM pMB1 Pj23119-sgRNA AT
pdCas9 Cas9 by introducing point mutationsat the D10A and H840A E NS
pdCas9—a « transcriptional activator was coupled to the end of dCas9 NG
pML—-Cas9cg pML-spCas9cg;add Pj23119-LigD-mku Box E NS

122 #HEErHATHNER PRI (L),
B 20, B E R 5,4 R 5, Bl 15,NaCl 15,
pH 7.0 45 i & W 55 97 ik (g/L) - W A0 20, 25 E1

10,K,HPO, -3H,0 3,MnCl, 0.000 5,MgSO, -7H,0
0.2, FH Y i B 10, 80K 30,pH 7.0(250 mL =
R, B 50 mL) 3 Bz A A B R AL Rl TR R
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AR E, A HsHAFH CRISPR AR % HHE R HE A LW F B A

R+ AR Fr 50 0.2% Tween 80, it e 318 PR 5% 3
180 r/min 30 °C. F b Fifik 6 0F IMARIF R L
i N 30 we/mL, BB RN 10 we/mL, 5 5 K
A 30 pg/ml,
123 820 g  FetasFrE JC-12
Wik i AE ) S B9 2 227 1 & AD Rl ADD,AD FiI
ADD 7E 254 nm &b 4 Wi g PRI AT SR e RO
AR TS (HPLC ) Rl , BRI 2 77 =02 BROSCHiR[14]
1.2.4 KSDD & & 69 m 2 K PMS-DCPIP ¥ il
& KSDD fiff i, KSDD i 25 ik ¥) AD i P4~ &l A4
M ADD, AR H &) FAD #2209 2H I 2e
M FADH2, 4R J& FADH2 ¥ DCPIP it it ,DCPIP 7
600 nm ZbA WIIE 3 mL )WV IRA P H 100 wL fH
fifg ¥ .50 mmol/L 1 Tris—HCI(pH 7.0) .40 pwmol/L Y
DCPIP 1.5 mmol/L ) PMS . 500 wmol/L. AD (¥ T &
TR0 580 29 1 W ) B 28 12, 4 T 600 nm Ak (149 19 '
B8 o BTG B E S TE 1 min WIEJEL 1 pumol
DCPIP JIrifs 1) il it e SO — AN BE 507 (U)o
1.3 FERXF SR

B R 20 B O R B G R L e i
WA G A gAY TREARAR IR,
BT iz AP A 2, 6— — %15 € 1y (DCPIP) Az Wy 158 i iz FH
fis (PMS) %5 . W) [ Bl $7 T 3500 23 7 5 Taq i | R il
W UIME T4 DNA %42 055 . W H TaKaRa 23 A ; H04)
S I (R 515 B I A B =95% ) - ) [ ALk A= 4 B
AR ABRAE ;ADD & AD FRAEFES: . WA
Sigma 24w ; — ik E BEGR &  RT-qPCR 051 &
KRS . W e v ME R AR R A BR A W
PCR 1% .4 A Eppendorf Mastercycler nexus X2 ; L %%
AL 1 FI BIO-RAD pulse controller(Gene Pulser) ;
P L PCR AL 1 StepOnePlus; HPLC 55 20
AR . W [ & LC-20AB,

14 RAMNKMESERNRE

1.4.1 CasEffactor #9i£ 5 L X H ko L
pCas9 R MR, P1/P2 51 ¥ si i i wiCas9; LA pC
KB, P3/P4 5| ) il i Sp—Cas9eg (4 R
AT 1 T AL 1Y Cas9 £ )5 LA pJYS1 M
B, P5/P6 A 5| 4 7 Bt Fn—Cpfleg J& [ ; LA 3L
R4 5a 4 47 F = O BB Phanta Max Master Mix (1 H
At Vazyme), F¥ BamH T 64k pMV261 21k
5 Cas Factor 3 ik HE 42 il & ClonExpress IT One
Step Cloning Kit (14 H /i &% Vazyme) #4 # 41 1 &Y 1)
1K Cas RN 25 F 5 1Y Zk /K pMV261 —spCas9wt ,
pMV261-spCas9cg .pMV261-FnCpf1 , i 1T 75 4 i
BEVMPHHARA RS T LigD M mku K2, @
it P7/P8 1 PO/P10 51 W)¥s LigD I mkw K& K fil & 1
Pj23119-LigD-mku-rmB FiEHESL | Fif i Clon-
Express I One Step Cloning Kit *#f NHE]J 3% ik £ 48
P 5 Cas FiA# K 115 5] pML-Cas9.,

1.4.2 sgRNA # ka9 #E Ll ptre99A-Spe #ifkh
FEAEIE ) DL P11/P12 A pMV261 4k |- 5o pEfs 2]
OriM, L P13/P14 wi 15 %) sgRNA HE 42 168 bp,
ClonExpressMultiS One Step Cloning Kit ¥ OriM,
sgRNA % 2 15 81 pMJ -sgRNA, 18 i AR 95 #0751
seRNA 4 {F CRISPR/Cas9 gRNA Finder 15 i1 4 [1]
ksdd 3K CDS X () sgRNA LA K #E ] )3 36 X 48k i)
sgRNA . i i P15/P16 514 LA pMJ-sgRNA A 5e
R A 5] ksdd i t5 X 1Y) pMJ-sgRNA , 17 45 4 pMJ-
sgRNA1-ksdd , i i P17/P18 514 pMJ-sgRNA £
M ve e ¥ 9] ksdd ) 3l F X9 pMJ-sgRNA , i 44
N pMJ-sgRNA2-ksdd . #2465 /) PCR 7™ ¥y i id
Solution I(Takara, [ )% $% 5 % 1L 2| E.coli DH5a
o, JF I A I 2 E seRNA 19 N20 741, T 514
W22,

x2 KMRBEFABSIY
Table 2 Primers used in this study

K /bp

P1 CAGAATTCGAAGCTTAAGAAGTATAACACAGGGGTTTTTTTTATATGGATAAGAAATACTCAATAGGC 68
P2 TAACTACGTCGACATCGATTCAGTCACCTCCTAGCTGACT 40
P3 TTGTAGTGCTTGTGGTGGCATATGAATTCGTGTCGCTCAAGGCG 44
P4 GATCCGCAATTGTCTTTCTAGAAGAGTTTGTAGAAACGCAAAAAGGCCAT 50
P5 TGCAGAATTCGAAGCTTATGTCCATCTACCAAGAGTTTGTGA 42
P6 ACTACGTCGACATCGATTTAGTTATTGCGGTTCTGGACAAAT 42
P7 TCTAGATTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCTACTAGAGAAAGAGGAGAAATACTAGATGGG 37
TTCGGCGTCGGAGCA
Lh 5l A FIk 2021 £E A0 BETH
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gEk2
P8 CTAGTATTCTCCTCTTTAATCTCTAGTATCATTCGCGCACCACCTCACTGG 51
P9 ATTAAAGAGGAGAATACTAGATGCGAGCCATTTGGACGGGTTCGATCGCCT 51
P10 TTCGAATTCTGCAGCTTCACGGAGGCGTTGGGACGTTTGAGTTGGCCT 48
P11 TGTTATCCCTACTCGAGCGTGAGCCCACCAGCTCC 35
P12 ATGGAGCTGCACATGAACCACAACCACCGATTCTGGCG 38
P13 TTTCACACCGCATATGCTGGATCCTTGACAGCTAGCTCAGTCCTAGGTA 49
P14 GTAGGGATAACAGGGTAATAGATCTAAGCTTCTGCAGGTCGACTCTAGAG 50
P15 TTCATGTGCAGCTCCATCAGCAAAAGGGGATGATAAGTTT 40
P16 CGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCAT 44
P17 GGCGGTTCCACGGCGCGATCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAG 58
P18 GATCGCGCCGTGGAACCGCCACTAGTATTATACCTAGGACTGAGCTAGC 49
P19 GAGCATGTTGGTGAATTCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAG 56
P20 GCTAGCTCAGTCCTAGGTATAATACTAGTACTAGTATTATACCTAGGACTGAGCTAGC 58
P21 ACAATCGCAACACTCAACTTCTCAGCCATA 30
P22 ACGCCCGACACAGCCTTTCACCGCC 25
P23 CAGCTGGGTGGCGACGGTGGCGGAGGGTCAGGTGGCGGAATGCTGATCTCACAGCGTCC 60
P24 CAGCCAAGCTGAATTCTCAGAGCTGCTCGGTCTCGG 36

1.5 iZH CRISPR #ARNTSHERFRE

1.5.1 CRISPR/Cas A~ % # > H AT A B @k B #
Sk A R JC-12 H T A AR R i,
LR AZ A5 WA 5 ik DA B HU G 5 3k DL SCiR (14, 1
JeBE b 52 4 ) pMLeas9 3% 455 1k 2158 45 0 0 f
FFH JC-12 ¥, sl it PCR B 3E Bk LS A pMLeas9
AT RS A 3 pg/mL RIBEZR 1945
e FF B R 37 A Ff - 45 92 5L, 30 °C L 180 r/min 5 5%
48 h, FREEHER 5y RO B B IG FR H T 1 57 6~8
h 2 0D 7 0.6~0.8, [mI ST A ] 48 L 5 SRS 28 HL
iHEF 300 ng 1) pMJ—sgRNAT #5440 1) 8 32 25 40 i
W R RIRAT, VK E R 30 min 5N B4 1 mm
AT, 78 2.2 kV B F A B (Bio—
Rad) H L 5% , ] BT AR I A 900 WL 1R 5 97 3%
BRI 2L E EP & 30 CHRIKE 7 4~6 h;
BUDUCSEANI , R B BB, TR A T 30 pg/mL
R AR EE A 30 pwe/ml & 55 2 Pk 09 AR L,
30 CE; FRAH B B 55 9% 5~7 d, 74k FH PCR BiE
1.5.2  #) A CRISPR-activate 835 5 AT @ L B 20
KR Eik Cas9 A% R B BT U I M B T 25 1) 35
RuvC Fl HNH . 3 9 A4~ 25 44 355 43 501 £ 53 D) %) DNA 4
(PR A5 B, 38 3 X 3k T A A5 e A, R4S )
dCas9(D10A&H840A ), fir %4 4 pdCas9., MHT 4 657
FFE B h ] P23/P24 5 FE AT B FE SR E I F o« T

3 AR JE A Gibson 2H %% i linker (GGTGGCGGA
GGGT CAGGTGGCGGA ) ¥k 5 3% TR F o V. FE{H
B3] dCas9 Ay, 15 2 pdCas9—a 21K,

LR

2.1 CRISPR-Cas RZRAL AR

Fie B R T B b G 15 B i BRI i B AT il
B AL PRI A 7 4R USRS | B R AT
PCR S5 4iF , 1 BUARE S M 2ty R/ IE B, S5 2L i 20
JSORLI PP 25 SRR, WIE 1
22 CRISPR-Cas G EH & B RHEHRIER
EE5REESHF

B AR 58 1) pML-SpCas9,, .pML-SpCas9,,
A1 pML-FnCpf1., 2814 53 51 s % 318 4 4 50 B AT 1
JC-12 b, 38 5 B 1 P A O e 1 Ak 7 R AT T s
PCR B3, 43 3 %t Caseffactor 3¢ 35 HE S8 FAH L 1) 51
YAk, W 2, MLUKES SRR, EaR BTk A B
I N & o BT B, B — 2 i RT-gPCR
I9UFE T Caseffactor Fll sgRNA %% 5% w98 & 8L, BF
Az B Cas9 J5RL7E BT 4 8 73 B AT T8 rh AN e e st
1% o M iE—2E R R AN Caseffactor X587 4 (0 43 K AT
FRT (1 TR R 04 52 0, VE 25 43 BT 1 ) 48 2540 1 % 4 £
IR A K B S 25 3 LI 3, & BlspCas9,, %
B4 € 3 BORT TR A A KO A 2R Y, T spCas9,,, Fil
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oriE
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B 1 #&&E5HTE CRISPR-Cas W RH E E %18 R 5%
Fig. 1 CRISPR-Cas double plasmid system of Mycobac—

terium neoaurum

FnCpf1,, XAz 4 152 0 AR X /N | B8 s 10 52 56 v
K spCas9,, VE A A5 1Y Caseffactor,
23 EERTHHKHNEE

¥ bk 8 B Caseffactor 3 35 3 K Al
sgRNA #ARH 1.5.1 1Y 75 ki A 210587 4 650 BOFT 1
o, TS B R ILF S, PR R Y R V% IF
P27/P28 51 Wik 4T PCR $iik , 9] 2L ) 5 @iBR T ksdd
FIH AR E PR BCR BT 30 °C 180 r/min $53% 5 d,
FH 40 6 DNA 48 B3 57 & X 28 48 # 41 3k A 4
DNA, IRZEFR LN 4] DNA AR, [F R B iR 5]
WA Y B, RIS T REBR ksdd 3 BT Y B AR, T
¥ PCR F=4i%k 2 & 4580 - YR A IR JIN Y, 25
RILE 4,
24 RTEHRNERKSSEHUAERREENS N

XoF I R 5 i TE B Y R T PR B 4 = A R R
FerpEsE 5 d, e R A K i &2 4k, aniEl 5
N, G TR A R 4 0 S0 AFF IR AEAE K B S R
EEF B KSDD 58 28 0 PR i B2 B $7 0 & I 15 57 Sk
RS FE S d, 48 h A1 96 h BUFEN &2 ADD Al
AD 7= g5 UL 6—7, ksdd @ BE AR E 2458
SR ADD, 1 H AD B A B AR A R R A
BT 25% /A0 o GEAE R Y T Al R A ) 4 R e T
CRISPR/Cas9 G878 4 0 53 A FF 3 b s i T

8§ 9 10 M CK 11 12 13

1-6:JC-12/pML-spCas9-wt;7-10:JC-12/pML-spCas9-cg;11-13:JC-12/pML-FnCpfl-cg;M:Takara 10 000 bp marker.
(a) BBt BT R e b T PCRYGAIE

spCas9wt  spCas9cg FnCpfleg M

Z1:pML-spCas9-wt;Z2:pML-

spCas9-cg;Z3:pML-FnCpfl-cg;

M:Takara 10 000 bp marker.
(b) $E4L T REVIRAT

(c) Caseffactor cDNA 4 ilE

M CK ¢DNA

M:Takara 2 000 bp marker.
(d) pMIJ-sgRNA cDNA K iiF

B2 #HEEHHEFFE Caseffactor & FIEiE5 RT-PCR I&iE

Fig. 2 Caseffactor transformant validation and RT-PCR validation of Mycobacterium neoaurum
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M1 kan/spec transformants CK M2
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sequencing
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Fig. 4 Verification and sequencing results of mutant strains
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Fig. 5 Growth curve of mutant strain
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Fig. 6 Comparison with the production yield of ADD
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Fig. 8 Comparison of the KSDD activity
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AR E, A HsHAFH CRISPR AR % HHE R HE A LW F B A

F-29,-83  ~141 {if & i1 3 4~ sgRNA, 4 il 4y
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