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i 5 WA a S B A A RSS2 04 F B, L = BB 3R (tricarboxylic acid cycle, TCA).
BB A CEEBRIG IR T RAR A T BAER, RATRBRE RO KB, A X PTiE A e - —4 &~
AT 2 EFH AR CGMCC10142. [ B 69) AT R O R B XA LR, M AT BR & A B 09 3k
AT ET L AL MERARS SAERIEZ TR A, [ %] RARERFH LT EH
AR R R ELREE, KA TG R B IR R G i ik 69 R E I ik 5 ik R AT E A SR AR, xTHEELT A
RRVBR T 894 K REATIRF ST AT R L B it A2 b L2 R B A Z R B AT 04, REGBITR
K& PCR S AATATAR B A Ak B AL B 3 2o B AR AT BR 69 %ok, ALt £ B Raftie 2 b & 2840 £
AR AR LT, [£R] DATRRES AR EHE CGMCCI0142 A B AW, ME—H
RAERE R AT IR R BERR G AR T1-2. R EZINZAREAT BB ARBITAA LA REIR
FHEARTERY . BITEMAE T RE, SREAVIRHA LS h FREH 64.3 g/L, AAxT
B L H G 98.7 /L KT 34.85%. @ik AE F PCR K IMATE RS B R L R THe, FA
TR R R EARTE. (48] ZAROATRRS REEL R AT RERRE LA EEER, 2L
M) TEE A B, %5k B SRR BR A AR A 34.85%, ) B R ILi% AT AR BR A AR B 049 IR ¥ R A A B F
ERSHER T B KA ZRE L, KRRT AR LW E G FATRBRAIE LT .
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Knock-out and functional analysis of citrate synthase gene from
Aspergillus niger
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Abstract: [Background] Citric acid synthase is the central enzyme of carbon metabolism. It is important
in the tricarboxylic acid (TCA) cycle, amino acid synthesis and glyoxylate cycle, and is a key enzyme in
the synthesis of citric acid. In this paper, a citric acid-producing Aspergillus niger strain CGMCC10142
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was selected. [Objective] Cloning of key genecitrate synthase, constructing the knockout strain of citrate
synthase and identifying its function and influence in the process of high yield of citric acid by Aspergillus
niger strain. [Methods] In this experiment, the Agrobacterium tumefaciens transformation method and the
principle of homologous recombination were used, and the correct knockout strain was obtained by the
dual screening method of resistance screening and lethal type and reverse screening. Observation of
growth of different carbon sources by transformants and the changes of mycelial spheres and acid
production during citric acid fermentation were analyzed. Finally, the effect of citrate synthase gene on the
accumulation of citric acid in Aspergillus niger and its effect on the expression of important
enzyme-related genes and other expressions in the main metabolic pathways were analyzed by real-time
PCR. [Results] A strain T1-2 with a genetically stable knockout citrate synthase was constructed based on
the high-yield citric acid strain Aspergillus niger CGMCC10142. The results showed that the strain grew
slowly on the medium with glucose as carbon source and produced fewer spores. The results of shaking
flask fermentation showed that the acid yield of knockout bacteria was 64.3 g/L at 84 h, which was 34.85%
lower than that of the original bacteria at 98.7 g/L. Real-time quantitative PCR results showed that the
expression level of citrate synthase was decreased, and the expression levels of other important enzymes
were decreased. [Conclusion] The citrate synthase gene of this strain plays an important role in the
accumulation of citric acid, but there are other isozyme genes. When this gene knockout, only the acid
production synthesis is reduced by 34.85%. At the same time, it was found that the smooth expression of
the citrate synthase facilitated the high-efficiency expression of each key enzyme in the main metabolic
pathway, which laid a foundation for studying the mechanism of high-yield citric acid in Aspergillus niger.

Keywords: Aspergillus niger CGMCC10142, Citrate synthase, Gene knockout, Citric acid, Quantitative
Real-time qPCR
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T A, DU 5225 RE R IR SHK ff s D A e A 15
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H A& BT R BE IR A B AT R A A IR B o e
LI AR5 citA T mes, T ELZER S &R
M mes AU TLRHA, TRl HA H LA B R
ERFTREIR G BTG T, NN IREEE A AR T
w0 MR, 7 E WU-2223L i & B
T—rERR A R — B AR R A BB, IF
H IR R H Methylcitrate synthetase (MCS){f
PEF CS i1, Horh MCS Nk A 100 %
SR, (EAS 2 Bt R A A A 7 AR 110 DG
A, Ruijter 2575 FLIA M 25 Pod FA P BER A AL
fitf CS, TEFRIEAT-FIEHEE m M5 o0 T xR iha
FEFHEERR G

7E NCBI (22 R FLAR T EE CBS 513.88 Tl
ELH PSR LB 4 AR A . ASSER
BRI R4 R e, £RE
CGMCC10142 f77E 4 MFPHERRG LB IR TR
5 PG A FFEIR A TEIIACHGE , AR5
PATEIR A R B AV E ORI IR & i, T
T rERE I A A TR G U R bR, LUAXT X
SRR PG = TR AR TP I DT RERE TR25 04T -
1 MR5TE
1.1 #R
111 BEREIERZEH

SIS A AT R R R MR SR I & CGMCC
10142, KIHFFE DHSa FIAFF R AGL-1 Y2k A X
HE TP R GRS =
Fz1 ITERAHBEREREMMRRNIEFRERNS

112 ExE

FEAIRESRICN PDA B3RS, BRI K
WALR(RZBC ARAF], 1I1AH ), F ORI
FEEAM K=1:4 WIHLBIRSG, IFAEE 70 °C, AT
L a-TERE, (R 10 min, SRJSIIEE 90 °C {44k
4-5h, MURAARE, 2 J2LbAmakug, RIERAHEE I
IR ZEATE M, 1x10° Pa KT 20 min.,
1.1.3  EEAFIFNLEE

B4 DNA $250G0, Jb &S ERHY
ARRAHE; WER HYG, S-HBEIRTT, ZEEAD
F]; pMDIS-T Easy Vector, G4 THEABRAF];
PCR PR [nI 0 £ . Bk 2 Bt & L 10xPCR
Buffer. 2.5xdNTP Mixture. MarKIII DNA Marker,
FAMEALRHE A RN 7] 3 PrimeScript™ 11 1% Strand
cDNA Synthesis Kit, r7ag DNA Polymerase, 5xRT
Reaction Buffer, RNase Inhibitor, M-MLV RTase .
dNTPs, TaKaRa /AF]. PCR §#4{%, Eppendorf /%
#); Fast 2¢tE @ PCR ¥, TaKaRa /A#].
1.2 5%
121 FErhEEREERRE

R R TR PDA KiFRst,
1 36 °C FE T 48 h, FRRIAIE R K A 24 )5 ,
2o g I K eI SR R 224K, BiAOriES
H3CHR[12].
1.2.2 cs BERTE

{4 NCBI EZAF Y CS (XM-001393946)H
HERGE, Wit es ZEEFHEIP0FE 1 Fos, D

Table 1 Primers used for cloning and knockout plasmid construction of citrate synthase gene

Primers name Sequences (5'—3") Amplification product Length (bp)
CS-F ATGGCTTCCACCTTGAGACTG cs gene 2121
CS-R ATTTACAGCTTAGCACCAACAAG

HSVtk-F GAATTCCGGAATTCAATTCGAATTGGGTACTCAAATTGG HSV-TK gene 1855
HSVtk-R CAATCTTCTCCGGGCTCTCCAGCTTATCATCATG

L-F GTACTTGTATTGTTGTTATGGCTG P10-C left arm 1110
L-R CTCCCTACACACATTGATTGGGTACC

H-F GTCGACGTCGACGTTAACTGATATTGAAGGAG HYG 1396
H-R CTATTTCTTTGCCCTCGGACG

R-F CCATTGGCAACGACCTCAGC P10-C right arm 704
R-R GATTGACTTGGAATTTCTCAAGTGCGTCGAC

Note: The EcoR 1, Kpn 1, Sal 1 sites are underlined.
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& CGMCC10142 BHPRATEEIRZ] DNA SR,
Wit PCR HARY WEGRASF IR A B s DU
PEEU R M E L 4 itk , CS-F. CS-R A L.
TSI ¥ . PCR RN R ZR @25 pl): rTag DNA
Polymerase (5 U/uL) 1 pL, | TFi#5147(10 umol/L)
% 1 uL, DNA 2 uL, 10xPCR Buffer 2.5 uL,
2.5xdNTP Mixture 2 uL, ddH,0 15.5 uL. PCR JZ ¥
%A% 95°C 5min; 95°C30s, 60°C30s, 72°C
2min, 30 MEH; 72 °C 10 min, F4 88 H Y A
e RES] pMDI18-T 44 F I .
1.2.3  cs EERFR RN AVIIE

R R R AR T S [ an gk 1 R . i
K pdd SRR R ETT Tl R R s S50 % . T
FRIEHh 2 CGMCC10142 FtkH es FEHEkr p10-C
HIREE N . LN DNA 8 TR 1 s
T s BRI E U Ui AT A RS A R 5 AR 3
PRAF R Bk pBHE2-tk M 5AR , ] HSVtk-F \HSVtk-R
Yk b FiES14, PCR #7148 HSVik JEHF5,
PCR & W& & (25 pL): rTag DNA Polymerase
(5U/uL) 0.5 pL, b FHFFIH(10 pmol/L)£ 1 pL,
BBz DNA 1 uL, 10xPCR Buffer 2.5 uL, 2.5xdNTP
Mixture 2 uL, ddH,O 17 uL. PCR JZJii %&f4: 95 °C
5min; 95°C30s, 58°C30s, 72°C2min, 30
fEFR; 72 °C 10 min, RFFHES PCR HA¥
HSVtk MG, 433 EcoR 1 F1 Kpn 1K:Ji
Ki pdd TG A B[Rl S DSOS i T4 %4
MM, p44-HSVik-L ok, FAH#ES PCR
HARK os R REGER, AR5
Sal T BARGYIZ F B p44-HSVik-L k4, ek
AT IR & R A SR TR p10-C JBTHE
1.2.4  FRAZEC KR RIIIE

B eI HIE E. coli DH5o RS 54000, 254
WA H R B SR A ARz A A . HAATy
275 3CI[13].
1.2.5 FRAEBERITE

W K FF & TR 5 AT B2 IR B 35T,
FHRWAHAE W AT 0.2 cm HLEEAR T, 2.5 kV iy

5 ms; fIA LB A FRETHEMIESE, A
JCIE EP &, 28 °C. 180 r/min 55 6 h; WLHGH
SYEWSAT RS 100 pg/mL Kan HiPER) LB ~FEAR
I, 28 °C #5597 1-2 do SRIG R R PR IR VA e 42 3]
A MRS LB WS, 28 °C. 180 r/min
Bt % G TR PCR B, PCR RWAAZ
(25 puL):rTag DNA Polymerase (5 U/uL) 0.5 uL, L-F,
R-R 51#J(10 pmol/L)%& 1 pL, BHEW 1 pL,
10xPCR Buffer 2.5 pL, 2.5xdNTP Mixture 2 pL,
ddH,0 17 pL. PCR S 4&fF: 95 °C 5 min; 95°C 30,
60°C 30's, 72 °C 3 min, 30 MEH; 72 °C 10 min,
1.2.6 IREERITERLEME RN TFRITFE

HUARKFIRFAGTE A IR S SR 14]  7E555
AR, BR TR HYG $eiEbricit v, %
Tl [ i ey ot B e S A DR iR ),
1.2.7 CS BRKEMAENERIE THEKER

AR SRR TE CM B5R A bt TiYy, Horb
W 1% PR S | AR . BT Arop . T ER s
WEME . Z2E0E. PRI, FLBE. ILARUEE. e
PNRAN R E—RRIE . K BB B TR CGMCC10142
A T1-2 W5 A FFAEZEIR K P BT, SRR TIE
H CM Al L, 37 °C #5357 24 h, SR K AETE 7
BLAERTEAFBRER [, 37 °C FHEERTE3 do Xt
BRI A KA SO F R A 5508 o
1.2.8 1RSI FIRELRYNE

H 1310° 1 F-/mL BRI 2 50 mL/500 mL
SARA R R R, 37 °C. 300 r/min R H;
F%, K EE 24, 48, 84 h BURE, WIES KB A
ERIL IR A A s vk, R 3k, BOF
P 2 7 PR o
1.2.9 FUPREPRAYSERTR K E E PCR

SR E  PCR AR S % 1791 1E
GenBank 55K U XM_001400532,
BRI XM 001398589, A il R 14 i
XM_026768580.1, #FEIR G AL XM_001393946.
S TP I s 1 gk 2 s K Bk ki
BB B R IAE TR IR S RNA IR, )5
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M4 TaKaRa A #) (% PrimeScript'™ II 1% Strand
cDNA Synthesis Kit FJERAE T i 7 U 5k, SEgm i
VEFE I BB B i T . PCR MR R (25 uL):
5xRT Reaction Buffer 5 pL, dNTPs (25 mmol/L)
1 puL, RNase Inhibitor (25 U/uL) 1 uL, M-MLV RTase
(200 U/uL) 1 pL, RNA 2 pL, Random Primer
(250 mmol/L) 1 uL, ddH,O 14 pL., PCR Fz ) 5514
37 °C 60 min; 85 °C 5 min; 4 °C {§#4%. J Fast ¢
JERE R PCR A, SR 27 gk b T AR R B AT
2 HRELHH

2.1 ERERBERNRESFIISH
FLTXF CGMCC10142 KR 4H A 408, %k

*x2 SETLEE PCR FifERASIH)
Table 2 Primers used for real-time qPCR
Primers Sequences (5'—3") Amplification Length

product (bp)
F CTCCAAGCTCAAGCAGATT hk 98
R GAACCCAGGTGACGTTCATA
F GCCAAGAACATGGTCCTC  pfk 115
R CCAATTCCTTCAACAGACCG
F CATACAACCCTCGTCCTACT pk 91
R GTCTCTCCCGACAGCATGA
F TCAGATTGAAGTGCTTTCGCTA cs 83
R CATCTTGGTGAGCCAGTT
F CTGAATGACCGCTCATGC  cex4 84
R CGGTGGTTGTAATCCATAAGG

HAT 4 DIt AT & LN o 4 MTERIR &
S AR P S LEXT AN 1 Fs , 225380k, B

CS_An08g10920-1
CS_An01g09940-2
CS”_An15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4

Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS”_An15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS”_An15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4
Consensus

CS_An08g10920-1
CS_An01g09940-2
CS_Anl15g01920-3
CS_An09g06680-4
Consensus

E1

¥ PDIASNG. . ARNGASQNEETKPEPPVLHVVESRTG . KYFPTPTVRNAINASEFKKLESP 57
MSSTSLCRQ. . YDETTITRIVEYVYHYEVTSDLAT LRARYALMEALGCAT ETLOQSPECRAL 58
SFSM..... PIRPTTRHASRLACGAKIRSG.RLYST . . ESDLKTALKSVIPEKRELEKQV 52
STLRLGTSALRSTSIABKPVVCSARFNGLRCY STGKAKS LKETFAEKLPAETEKVEKL 60

m
EDPAHPEDCNEQ. . GIRVEDPEYSNTAVSESQVTY IBGLKETEQYREYNEEDIVCKKKEFT 115
IGPYTPGLVAPYGEKLPGTCHQLDPVRGAFDMATLIRFLDHNDAY EWGHPSDNEGAT 118
KARS . DDVVGEV . . KVGNTIGEMRGLKSMLWEGSVLBPEES . FRFHEKTEKDCORELPKG 108
RKEHGSKVIGEV . . TLDQAYGGARGVKCLVWEGSVLDSEEG . IRFRERTIPECOELLPKA 117

o

g

TWEEWBEPEGAKSLOFKLSSVPVEDESVFKVEQAFEPNSSIT 163

LAVTDWESRTGATSQPMTVRTVLIAMIKAYEIQGCYQTRNAENKVGLDHTLLVKIASTAY 178

TTGTEMLPEA. . . MFWELTEQVBETSGVRAFSRELAEKSHLPDHI LGLEKLFEKDMHEEM 165

PGGOEPLPEG. . . LEWELTEE IPTEQQVRDLSAEWAARSDEPKFTEELEDRCESTLHPM 174
1

HAAKNLYL.GNPKAVLDE TVREMESTSMTTEARYCHHTGRE 223

BDEHPTRTFRQSPNAGPRKGWAAGDAAMRAVHL.CLIARA 237
TQLSVAVABLN . TESTFAKEYERGLNKADYWE PTEDDST SHLAKT PRVABIVFRSNEIDO 224
SQFSLAVTALE . HESAFAKE YBKE INKKDYWNY TFEDSMDE TAKLPTIABKIYR . NVFKD 232
a

GMMIAALSAVQSTOMDRT
VAWLMEGLTEKQ . AAVALS!

FTPPRPELSYIENFLLMMGHVESSTGLPNPO¥VDRIERLWVLIADHEMT . CBTAAFLOTA 282
GQOPGI PSALTEPEWGFLAVSFGEKELQLPRPEKTRVMEEVFFKLITAES . . HGISAVQRA 295
VG. . TQRLDATQDWSHNFAELLEKGGAEHADEHDLLRLY LALHGDHEGENVEAHATHLVG 282
GK. . VAPIQKDKDYSYNLANQLGYG. . DNNDEVELMRLYLTTHSDHEGGNVSAHTTHLVG 288

§sf@eovEscMISABSANYEPEHEGAIEVAYKNFEEIGSVENVARKIERVK. . . . . . . AGK 335
TMABRGIDPATEISRIDIRTHEAAVR I I DKQGPLTNAADRBHCMRYMVSVVELKN 355
BAllSDPFLS Y SAGELGEAGPLAGLARQEVLRWI LAMOEK I GTQVTBDSVRTYLWDTHKSG 342
SSPMLELAAGLNGLAGPLHGI ANOEVLNWLTKMKAATGNDLSPEATKNY LWSTINAG 348

1

ERLYE. .JGEHR TYRVTIBRFTFTRQTLOELKEE TARNELEKVAFEVDRVESE . . DEYEVE 391
ATTEAEDMHDSSVI EALRQRTHMAE. . ... OETYGYHHK sGEFVFLTN 410
RVVPG. . MEAGVLRK FEAL . MDFAATRPDVCAN|EVEQLVKKNSE IPEVETOHCKE 399
QVVEE. . VLRKTBgYYVSQ . REFALRK . . LPDDgMEKLVSQVYKIPGVEIEHGKE 403
y dpr p a
RKLR] LFAALVYSAMEFPTEFILPESL . LIERTOEFMAHWKEAMSSTARIWREBCOTYT 450
G...EQIEEVVVEYPIGHPMHEDTLPKVRAKFEENMOGLFTAEETSRVIDAMHODRLPVE 467
KNPHB] SGVLFYHYGFQQPLYYTVTFGVEEATEPLVOTL TWDRALGLPMERBKSTN. 458
KNPYP) HSGVLLQYYGLTEANYY TVLFGVSEAT.EVEPOLT TDRALGAPMERPRSYST 463
ad T 1
GHENREMA. . 458
R.LVDELGR. 475
. .LKGEIEN. 465
EAEAKLVEAK 473

4 MTIEER A B R REEL 5L X

Figure 1 Amino acid sequence alignment of four citrate synthases

1: An08g10920: Fri&mRG T 1; An01g09940: FIAERRG MM 2; Anl5g01920: FPHERRA MG 3; An09g06680: FriERRS M 4.
Note: An08g10920: Citrate synthase 1, An01g09940: Citrate synthase 2, An15g01920: Citrate synthase 3, An09g06680: Citrate synthase 4.
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WAR AT T AL S LR A IS B 5
BRI 4 AMFTER G B 2 RTINS A
[P R IE TR & U LS B, 56 4 MR A
B (An09g06680)TEA R FI AR ER R, IF HL
BT, BFTER G M FZEIhRErEE,
PEREREXTZ I R A TF 7 - SR A CGMCC10142
PRRIE N2 A vi e os JE[ DNA FBE, Wi 2 iR,
WMFFE5 RIS TR 2 121 bp TS, 5
NCBI JIPAARI es FERK/MHIT . WA mmy
45 Y5 GenBank F /0 iy &4 CBS 513.88
(XM_001393946)[1) cs JEHFHNIATHEXT, 25540
U 98%. IZATIFIR & LA 474 2R,
S Fih 52 kD, HEER T SIEN R
PR TP B R A PR AN S ARG TR it 1 2 i
127517 DNAMAN HEf 7 EEXF S5 SR anEl 3 B
N, B ZBEASEMEILIFIIMRFX, Hrp
VVPGYGHAVLRKTDRRY #4531 7E 715 R & i
WIS PE L L S MEGA 5.0 S R G R E
B, el 4 s, WA CGMCC10142 54/
A AR 96%, [R5 S ihd | o
iR AR B2 A RLE I AE 90% A B o 5 TR IR
BEFL R TIR A B 179 22 JE 12 7 9] AR AL
KRBT 60%LA I, AT ULIZ AT IR A A it 8 R <1 1
L3

bp M 1

4500
3000
2 000

1000
800
500
200

2 ITIEERE S os BEIRVRIE

Figure 2 Cloning of citrate synthase cs gene

F: M: MarKIIl DNA Marker; 1: #P&R2& AL PCR 7.
Note: M: MarKIIl DNA Marker; 1: PCR products of citrate
synthase gene.

22 s BEEREERADE

PR A U () R SR BORE p10-¢ [ As i A%
WE SA Fis. ¥t 8 i ok %t A K ImFF i
DHS5a, Bk 1E6f 0 ook B LA #EAS o5 SRR R BR
FIkHE, 2K K 5065bp, WK 5B R, HEEF
RFFH AGL-1, RIS pl0-c BURL I A FT KT
M E CGMCC 10142 TR YL . RATH S
R TR IR 2-3 d JEHEHE KT,
FURA T hnA 200 pg/mL % % (hygromgcin,
HYG)) PDA KigRdbilbft— ke, 35 °C #i3%
3dJE, KRB i e A A A T
SRS 0.5 pmol/L S-FUI AR T 1) PDA #5357
BT R, O R AR AR R LT
JAEIEHR PDA SEAR b, 35 °C ¥5i%% 2-3 d Jakkis
I F AR R I, RO R 4156 0F AR 2 4
BERBRALE, B SC FR, ML RE R
PEGRZEARIC, LA 8 20 9 4% A S K 2 R sl g
AR E]—45 3 210 bp ML — 45415 Mo WA 1
AL A B B RE L REARE] 2 900 bp A A7 1Y 24571 5
HAERIREA, ULFEIGE A, 53] iR

BER A W A2 R 1 F P A0 R Z ARSI csA-F
(5'-CAATCACCCCATTCCTTCACGG-3"), PIZef
B/ BT esA-F R 2 R T UES |49 H-R U0t
#E4T PCR Bk, FRAG554 K/NHA 2 610 bp A4 HY
FB, SRR iR s R R A AL, 4
R sD s, Gk E) [ IR E AL B AR, 4
H T1-2,
2.3 FEHERTHEKRES

T 5 L R 1 fale 2 A A IR 3 TR A B MILARR A
oo FRCRME M A KL LA R (B 6). NFTE
JESFT LA, PRI LAE A  O. AHE.
Wi 22 RN B — B USRI TRVE A, DABTRE AT |
FUHE . CREN . DIRREN A ME—BRISIN TR TR AN
M HIESREE , il CGMCC10142 1% H
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Homo sapiens.seq BKEQARTKTFROQHEK MM

Consensus g egl
Aspergillus niger.seq LLTGEIF KFIEERT
Aspergillus nidulans.seq LLTGEVE KFIEELT
Aspergillus flavus.seq LLTGEIP KFTEELT
Aspergillus oryzae.seq LLTGETE KFIEELT
Aspergillus fumigatus.seq LLTGEIP KETEELT
Saccharomyces cerevisiae.seq LLTGEIE EHV I
Schizosaccharomyces pombe.seq LVIGEIE KEVEELT
Escherichia coli.seq . C HEQIT!
Homo sapiens.seq LVTGHIE SHVVTMLBNFETN
Consensus

Aspergillus niger.seq

Aspergillus nidulans.seq

Aspergillus flavus.seq

Aspergillus oryzae.seq

Aspergillus fumigatus.seq
Saccharomyces cerevisiae.seq
Schizosaccharomyces pombe.seq
Escherichia coli.seq

Homo sapiens.seq

Consensus

Aspergillus niger.seq
Aspergillus nidulans.seq
Aspergillus flavus.seq
Aspergillus oryzae.seq
Aspergillus fumigatus.seq
Saccharom%ces cerevisiae.seq
Schizosaccharomyces pombe.seq
Escherichia coli.seq SI
Homo sapiens.seq
Consensus

i&‘j: gl e

Aspergillus niger.seq
Aspergillus nidulans.seq
Aspergillus flavus.seq
Aspergillus oryzae.seq
Aspergillus fumigatus.seq
Saccharomyces cerevisiae.seq
Schizosaccharomyces pombe.seq
Escherichia coli.seq

Homo sapiens.seq

Consensus

Aspergillus niger.seq
Aspergillus nidulans.seq
Aspergillus flavus.seq
Aspergillus oryzae.seq
Aspergillus fumigatus.seq : .
Saccharomyces cerevisiae.seq ) DY . E
Schizosaccharomyces pombe.seq AV KD.
Escherichia coli.seq . KELGTKD
Homo sapiens.seq AV 'DPF : .
Consensus

Aspergillus niger.seq
Aspergillus nidulans.seq
Aspergillus flavus.seq
Aspergillus oryzae.seq
Aspergillus fumigatus.seq
TEKKL

Saccharomyces cerevisiae.seq
Schizosaccharomyces pombe.seq
Escherichia coli.seq

Homo sapiens.seq

Consensus

k
Aspergillus niger.seq
Aspergillus nidulans.seq
Aspergillus flavus.seq
Aspergillus oryzae.seq
K
v
G
t

Aspergillus fumigatus.seq
Saccharomyces cerevisiae.seq
Schizosaccharomyces pombe.seq
Escherichia coli.seq

Homo sapiens.seq

Consensus

EKRDFKSDIKR

B3 FRIFEITIRER S B ESH REDRF 53

Figure 3 Amino acid sequence alignment of citrate synthase from different species
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| Aspergillus oryzae RIB40 (XP-001822774.1)
6 Aspergillus flavus NRRL3357 (XP-002382900.1)
9 Aspergillus niger CBS 513.88 (XP-001393983.1)
10 Aspergillus fumigatus Af293 (XP-747920.1)

6 Aspergillus nidulans FGSC A4 (XP-681544.1)
6 {7 Schizosaccharomyces pombe (NP-593718.2)
Saccharomyces cerevisiae S288C (NP-014398.1)

Homo sapiens (NP-004068.2)
Escherichia coli str. K-12 (NP-415248.1)

0.1
4 NARIMITIERIR S REBNENRF L BN

Figure 4 Phylogenetic tree constructed from citrate synthase of different species

I REKERRABEEME; 155 PS5 MUK R Z AR GenBank 555 ; 733 EIEUEFIRZ 1000 WitHE G M EF
BE(E; HBIR IR B .

Note: Phylogenetic tree is constructed by adjacency method; the sequence number in parentheses is the amino acid GenBank login number
representing the strain; the number on the branch represents the confidence value calculated 1 000 times; and the scale represents the genetic distance.

C
A ean By M1 2 bb M 1 2 3 4 5 6
15000
5000
p10-C 2500 4500
3000
11 980 bp EooR I 1000 2 000
Sal 1 co 1200
_ SV-TK 250 800
Right arm 500
200
Kpn 1
Right arm HYG Left arm D bp

Gene disruption cassette

4500
2 000

l A. niger CGMCC10142 genomic DNA 1200
500

S l ' l 200

The genomic DNA of Aspergillus niger after gene deletion

El 5 BERRREURIADET IR AN PR ML FRYIEIE

Figure 5 Plasmid construction of knockout strains and verification of positive transformers

W A: FTRL plo-C MIEURERL B: L pl0-C Bb BRI mibR A 74214 ; M: DL15000 DNA Marker; 1-2: LA pl0-C JFUkizh
B BRI K. C: B ER L F950IE; M: DL5000 DNA Marker; 1: PUBHIEE CGMCC10142 JERIAUNM, A2 5147
R 5 20 LAE pl0-C BORL AR PCR 9 8RR A B 3—6: LIRIBCR I A58 b T2 K2 DNA Sotitl, ¥ 345044, D
cs JEHHFRFAL TR SIE; M: DL5000 DNA Marker; 1: DIZRHIE CGMCC10142 JENAUNEN, I8 S PII# S 2-3:
VAR A 484 0 2 R 214 7y Bty HOW IR R A SR I 25 os JERI AR % AL T RE (K12 DNA SH#EAR.

Note: A: Construction of plasmid p10-C. B: Full-length amplification knockout module using p10-C plasmid as template; M: DL15000 DNA Marker;
1-2: Full-length amplification knockout module using pl10-C plasmid as template. C: Validation of Aspergillus niger transformants; M: DL5000
DNA Marker; 1: CGMCC10142 genome as template, left arm to right arm Knockout component amplification; 2: Knockout component fragments
amplified by PCR using p10-C plasmid as template; 3—6: Amplification by extracting Aspergillus niger transformant genomic DNA as template. D:
Re-identification of transformants with cs gene knockout; M: DL5000 DNA Marker; 1: Using Aspergillus niger CGMCC10142 genome as

Re-identification of transformants with cs gene knockout template, Left arm is more left arm was amplified to hygromycin; 2—3: The genomic DNA
of the cs gene knockout transformant of Aspergillus niger, which was homologously inserted from the left arm to the right arm, was used as a template.
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HERE  REE ORBE BTRTRE O TrERRE ORERE O EIEEE cRIME AUME AU TUIRBY LBRWA
Glucose  Fructose Xylose Arabinose Mannitol Sucrose Maltose Galactose Lactose Sorbitol Sodium Sodium
propionate acetate
CGMCC1014
CSATI1-2

6 EAREKERHEAEREME CGMCC10142 FEAHE T1-2 BIETERS
Figure 6 Colony morphology of Aspergillus niger CGMCC10142 and knockout strain T1-2 from different carbon sources

FFUBE Rl —RRURIS fe 22, T1-2 ZEFAN - ZUA
E—RRIRI AL 22, 8 RN A N R B Ry ik — B 5L
BB il AR, FEAH TR 15 73 ) v
Hid CGMCC10142 A KA R TI2 2, A
T1-2 RT3 R AR, SA R 22 Bl A
K, HgeR R
2.4 s EERRRE T1-2 ZETIE~BER0NE
kT R IR T T R B AT R AR
SMPER, -7 TG RIEH & AL . 5250 h R
MG R IR & 90% TR, WA 7A IR,
TE 24-84 h (W48~ K It B2 P g BR AT T1-2 77 R —
HEFHMETHEEKR CGMCC10142, & FE 84 h
77 iR R 64.3 g/L, HEXT TR TE 98.7 g/L [
KT 34.85%. MIEI 7B 43#7 ] HIR BT LB & ik
Bk 18%, (AfELEEI AT LAES] T1-2 MR
RKIVEAK, 7E 84 h I T1-2 MORIAFME Jy it Kk bk

A
150
Il CGMCC10142
% T2
£ 100 |
o
5
=
2
8 50}
=
=
<
a
0
24 48 84

t(h)

7 FREREREA)MELERTHREE®)

2 15%.
2.5 REEMREFREEXEE PCRAEN cs &
ARHEBXERNFREE

J T2 EE es BEDR ISR IS AeT s e R
BV AHEIR, B 8 AR AR I, TEAT
IR e W42 6 S 36 1) [R) B s Aar il 1 S5 4 B2 1R 6
ARG R IR A I i BE A Y b i, HAR 3 ]
T B 198 S5 K] R X A A I A8 i %) R O il e ) s
ik, WK 9A, D MM (hexokinase,
HK) 571 1R & R (citrate synthase, CS)TEFFIEIR
RIS RRIY 3 AN [E] s S K- R R, 24 d R
TR IR Y e WA I ] A, 3 2 Sk DR 7 R R A
TR BRI TR 60%. Frigi e i
fRiR e R PRK (A", fnpE oB Al L,
R R TR R T AT R R Mk BE AR, B TR R W
(phosphofructokinase, PFK)Z&ik & %A B i T [,

B

5o}
[}
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—— CGMCC10142
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— —
=) |38} N
T T T T T

~
—
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Figure 7 Acid production (A) and residual sugar content (B) of two strains in fermentation broth
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1M HAE 24 h FB AT RN, PFK 52 2T S 5t
P, DR IO A AR R Ve R S A R, T R TR R
24 h IFPBEIR P AU R TIAR ) 50%, AP ERIR Tk
JE FEAAIR, Bl LASRIEASSZ 40 o IN R PR A (pyruvate
kinase, PK)EFTEIR G BUAH A ) G fd PR il ,

PR 5 STt i ok T ke 1T e S 3 AR AR i 2
PRAGHRA T, T N BRI ETE 24 h #1148 h %
MERE TR, WK 9C P, HTFAERE I ®
TCA TEAR SN, [FIdusZn EMP SR,
I S EOTIERR & AREA A T RE . AE 9A . B,

C AT LA SRR BRI IX 3 > JCHE I M 0-84 h %
R R B bR R IR AR, W B PE A I3
AR, ORGSR E2 R W,

Glucose

TRBRMRAT R B T R, W&l 9E s, 11
PFR%% 2 £ [ (citrate exporter protein, CexA)¥s /K-
TE 3 EFA]S AT R TRAR P S TR . T aklR
Fr G IR 6 Tt 2 ) 1) 5 R AP A IR 1 7™ it A T K
FEMR R, BRI LA il A — AR A i,
ARK I R 0 3 4N [R) TR A A7 2800 A OF
G AILVEH, TEmPBRKE T1-2 PR LR IR A R
| FFPEIR A G 2 RN LR R TRRR 3R
IR 2.3 A5 2.5 15247 AR 9H RILIR FIAHLL
AR 1R 2 SR, MERARIATETR & B 3 1Y
Rk 5 R EHA LR A ZEA R 28 EPNA,
FRREIR G ) RS T BOTE — 8 AT i) PR B S 1A
FIZRIR AR, WA iR TR,

G-6-P
v
F-6-P
v ( PFK J—mmm— ATP
F-1,6-2P
1
2ADP -
2ATP « "
Pyruvic acid

- -

¥
Mitochondrion
C=0

P

i Acetyl-CoA
CH, e
COOH \&CS_‘
/ Oxaloacetic
acid H,C= COOH
i
HO=C—= COOH
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I
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Figure 8 Citric acid metabolism pathway
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Figure 9 Relative expression of ik, pfk, pk, cs, cs1, cs2, cs3, cexA genes at different time points

T HUESEI DO E i qPCR MYAEH(LL B-actin ZEPIDGNSHEN, HHiE CGCMC10142 xS M)A [A] 5124 . 48. 84 h) Ak,
pfk. pk. cs. esl. es2. es3 . cexA (Bl A-H)RIFIRFKKE s ¥ 1x10° #F-/mL BHRTE 35 °C 1R B FR AL P 1E3% 84 h, FE7E 500 mL
R LA 300 v/min (IR s IRZZRFORIRHENIZE, n=3.

Note: Relative expression levels of kk, pfk, pk, cs, csl, cs2, ¢s3, cexA (A—H) at different time points (24, 48, 84 h) were calculated based on
the quantified real-time qPCR results (with the B-actin gene as housekeeping genes, the value of 4. niger CGMCC 10142 sets as the control).

The amount of 1x10° spores/mL was cultured in liquefied corn starch medium at 35 °C for 84 h with shaking at 300 r/min in 500 mL shake
flasks. Error bars denote standard deviations and n=3.
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3 wWihE4R

BT CGMCC10142 K&K A HE4T 1)
BLAST 3, IESE Tz bk BA it 4 MTER &
it ) SR, AR SCAOG b i B — A s LR HEA T
WHE, K2 R SR 75 S AR R ORI cs
LRI DEA T IR 43 Mr , 2 B IR 15 91 5 4 AR [ Y
WAt 8 AhZzZ, MHAIER NIRRT I
17 NE IR N VVPGYGHAVLRKTDRRY, ] LIF
FTIER AR R TE. Hd, VVPGYGHA Rk
PERLE, W A 455005, G 2 kG
A% 55 GARVKCLVWE #1 PIERPKSYS!"®, 543
VLRI T AR AN es R ELA AR A A 2
iRg, IS IR 7o & B AR T o

A5 38 2o B AT R G R I 5
Xt PR BT IR A R RE I, & R R A Al
5 B2 CGMCC 10142 FY R 74 AR K Fe T4 B i
AR SRR R SR A K e R T
WiiE 12 h, AR TR 60%A 4, TAEL
T iU S SR NG . B — R AN
TR SRR A AR AR R 52 SRS Y qRT-PCR. 5K
B gk R HA — B, BIFP S IR A il 6 35
NG AT S ORI e e
TR mA B, Rk, DU A E—
e U5 (A A8 T S AEG R OR TAT AR A I B3R T SR
B R

T 3k ARG X A TR £ IS R R TR PR R K
TR A AP [] T ] ) ey A T R 58 AR 0 R 5 30 4
ATUAREL, TR G NG BT %, 745 B[R]
SPEISFE S AR R R R T . Rl 8 i
IRIFFIERR IR T, APIERR A B AR 255
M FE AR IR AR DL BT R i B ik o HEAT
(1) QRT-PCR SEBGZE it — DR T RS fris
iR A R ek SR AT A v S B L OB .
MR . P s A R B TR, IS
SOW R AR T R, IETTAT IR IR A RRAIG, %
BT IR IR R B T 22 AR G A% ) AR

PRI, BB ARG TR B M g P s — i Rk O
PRI . DR PR e S SR A AR AN e AT R 1)
FZ, HA BT R Bk 3 ANEEA SRR
ZHRERY, T AR T AR A R ]
T — A TR A BRI, A X
AR TR W R BT TR AN SR i B R AR, (AR
HAFBERER, 7TLE M2 B G O iR
Je Hgk 3 MG TR A B 8 FE7E 24 h B R
A R 3RS, BLRHFPE IR A B A= ik 2 ¢
WY, HATERR G A 2 R —aEEH, Dy
RhEIEE Y e R R, SRR EAE K.
T2 CGMCC10142 JEHEA T IRLETE 3 Al
TR, MIrp REATER G R Z BN, Ha
3 A [F] L AT e A AR T £ WA G A RS
BRUR S A AT IR, AREEIR AR HiAY 3 AN T
Mg (AT P AR i, X T 58 AT IR A N ) g

HARETL, TR R M & AT R b
AR .
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