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Transcriptomics analysis of the mechanisms underlying citric
acid/malic acid synthesis in Aspergillus niger

LIN Xugang', SU Jia', CHAI Qingjiang', LIU Guiyu?, XIANG Shengchang’, WANG Depei'”,
XUE Xianli'**
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3 Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education, Tianjin, China

Abstract: [Objective] Citric acid is the main metabolite of Aspergillus niger at pH<5.0, while
L-malic acid becomes the main metabolite at pH 6.0. In this study, we employed transcriptomics to
analyze the differences in the expression of key genes in metabolic pathways, aiming to explore the
biosynthesis mechanisms of the two organic acids. [Methods] The cells at 48 h and 72 h of the
fermentation processes for citric acid and L-malic acid production were selected for transcriptomics
analysis. [Results] The transcriptome data of 72 h and 48 h were compared. GO enrichment
analysis showed that the upregulated genes related to the synthesis of citric acid were concentrated
in carbohydrate metabolism, while those related to the synthesis of L-malic acid were concentrated
in ion transport process. The acid protease genes ANI 1 62014 (aspergillin I1) and ANI 1 654124
(aspartic protease pepA) showed extremely high transcription levels during citric acid synthesis,
while the key genes ANI 1 2494074 [3-oxoacyl-(acyl carrier protein) synthase] and ANI 1
2488074 (biosynthetic fatty acid synthase subunit ) essential for fatty acid chain synthesis showed
extremely high transcription levels in the L-malic acid synthesis pathway. The transcription level of
zinc cluster transcription factor [Zn(II),Cyse transcription factor] was higher in the synthesis
process of L-malic acid. HacA, AP-1, and A#fA4 in the bZIP family showed higher transcriptional
levels in response to environmental low pH stress during citric acid synthesis. Compared with
L-malic acid synthesis, citric acid synthesis was accompanied by upregulated transcription levels of
ANI 1 66114 (hexokinase), ANI 1 2950014 (citrate synthase), and ANI 1 478154 (citrate
transporter) and a downregulated transcription level of ANI 1 3136024 (isocitrate dehydrogenase).
Efficient glycolysis, citric acid synthesis, and citric acid transport capacity and low isocitrate
dehydrogenase level were the key factors for citric acid production. In the process of L-malic acid
synthesis, cytoplasmic ANI 1 440184 (pyruvate carboxylase), cytoplasmic ANI 1 12134 (malate
dehydrogenase), ANI 1 914104 (isocitrate lyase), and ANI 1 2040144 (malate transporter)
showed upregulated transcriptional levels. The cytoplasmic rTCA pathway and glyoxylic acid
carboxylation pathway were thereby determined to be the main pathways for L-malic acid synthesis.
[Conclusion]| This study inferred the key differential metabolic pathways for the production of
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citric acid and L-malic acid by analyzing integrated transcriptomic data, and screened significant
differentially expressed core genes, transcription factors, and potential transporters. These results
provide important clues and a theoretical basis for elucidating the regulatory mechanisms of citric

acid and L-malic acid synthesis.

Keywords: Aspergillus niger; citric acid; L-malic acid; transcriptome; differentially expressed

genes
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Figure 1

Acid production by Aspergillus niger under different pH conditions. A: Schematic diagram of acid

production in Aspergillus niger fermentation tank under different pH conditions; B: Fermentation to produce

citric acid; C: Fermentation to produce L-malic acid.
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Figure 2 Screening of differentially expressed genes for the generation of citric acid and L-malic acid in MA-1.
A: CA 72 h vs. CA 48 h volcano map; B: MA 72 h vs. MA 48 h volcano map; C: Scatter plot of GO enrichment
analysis of CA 72 h vs. CA 48 h up-regulated gene; D: MA 72 h vs. MA 48 h up-regulated gene GO enrichment
analysis scatter plot; E: Scatter plot of GO enrichment analysis of CA 72 h vs. CA 48 h down-regulated gene; F:
MA 72 h vs. MA 48 h down-regulated gene GO enrichment analysis scatter plot.
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A: CANMAMLER K ZZILHFFERE; B: CA72hvs. MA72h

E3 EREENTHESIHESEDI .

1 882K H1CA vs. MA FIESEA; D

5 CA 48 h vs. MA 48 h FAAEAE Y 1T 882 JE R IR AU ZRA]; C.

1 882 ML HTMA vs. CA_FIRIFEA .

Identification and functional enrichment analysis of differentially expressed genes. A: Venn diagram of

Figure 3

CA and MA co-expression differential genes; B: Heatmap of 1 882 genes uniquely present in CA 72 h vs. MA

72 h compared with CA 48 h vs. MA 48 h; C: Up-regulated genes in CA vs. MA among 1 882 genes; D:

Up-regulated genes in MA vs. CA among 1 882 genes.
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MR &R R P AW N B3, & nEa
G L BE LB CoA, HET A I L BE CoA, M
M 5FERE K. 70, 10 &L ms
B A RN T A RE B AR R A i & B ANL 1
1030104 (7] 7] 15 Bt ) 76 A1 168 1R i T 2ok 2 o
PR KO s IRFARHR 7 T B AT ANL L
2950014 (FrE 1R A 1) ; ABC ffiz & (ot
}5 ANI 1 690024 (ABC #% iz & 1) 1 ANI 1_
920084 (ABC £ Zjfkiz M), &1 B 1k fE
e A% pH A5 e AR K o L3RRI & it
FE v S IR (1) AR W) A R R A B A
£ 45 ANI_1 398134 (5 5 1 & 2 It & i) .
ANT_1_376134 (K§ % 2 3% 312 47 i) . ANT_1_
440184 (INFEAR¥RILEF) . ANL 1 440024 (3-F15
S R BREE M K ) A ANT 13136024 (SR
it U)X BEFEPR (I LSRR 1) U QIS
AR . FEEIR . SRR N RA AR S IR
ST BAREFRRAC AR Z I, FokoF B 3%
LR A ANL 12706024 (3% 317 i ZUHE) |
ANI_1 204164 (6-BF IR WA . ANL_1_12134
CERM I E R . ANL 1 914104 (7 BERR 24
fitf) F1 ANT 1 256144 (‘H- B -3- B R 1 0 i) 5
BTN LSRR G BRI L
24 EEFRKEERNMFES
PR AN LSRR & T R AR I 25 57

#z1 SERKIENEFFTEEER
Table 1

i R A AT R R b, Bl EL CA
48h, CA72h, MA48h, MA72h A&, X}
For A B 2 2 S 0 SR EA T O R A0 BT, A
Hh 25 SR BORIRT 10 D EER, SR 1 . #r
T TR 2 I 3ok A v Bt SR KO v 1 5 P R T
PR PR LD, f ANL 162014 (25 % 11 5t
). ANI_1_654124 (K4 2 1R &5 11 il i 5
pepA). ANI_1_60084 (1,3-B % % Wi+ ¥% # i I
), ANI 1 1216074 (4% & f2 M ¥4 B 3% R) Fi
ANI 1 842034 (NACHT Z5Hy3REE 3L ), Al
AP R FE pH T %, IR
SRR KM R IK Sl o AR N AR
15T DA it A ARG A v i 00 55 00 R R
PGS NS pH A58 . L3R MR & B R rh
ANI_1_1474074 (KPR T/ R Ak L R )
ISR, lid rTCA AR BERR M N
HE LRI CoA, ZE CoA TE = ¥ sk /K1Y
ANI_1_2494074 [3-4 B3 - (B AL 3R B ) A Tl
FEPRTRT ANT 12488074 (A= 94 Wi Wi iR 5 0
B& B HEEDIVERT G A RS, W] AT LAY
FE LSRRI/ el P BB NADPH, i o H
T ERH R AR R KA. S5, ik
JKAF-% ANT_1_228094 (B % 25 A i Bl 3 9 vT LA
T LA B e 2R T 2 S D I 7 o S, A B
(1) LBt CoA 5 LRI IR T I S E R G 1

Differentially expressed genes with high transcription levels

Gene ID Enzyme

CA 48h CA 72h MA 48h MA 72h

Gene ANI 1 62014  Aspergillopepsin-2 heavy chain

Gene ANI 1 654124 Aspergillopepsin A-like aspartic endopeptidase

Gene_ANI_1_60084
Gene ANI 1 1216074 Glutamate decarboxylase 1

Gene ANI 1 842034 NACHT domain protein

Gene ANI 1 2494074 3-oxoacyl-(acyl-carrier-protein) synthase

1,3-beta-glucanosyltransferase gel3

Gene_ANI_1_ 2488074 Sterigmatocystin biosynthesis fatty acid synthase subunit beta

Gene ANI 1 228094 Thiazole biosynthetic enzyme
Gene ANI 1 1450024 Protein NMT1
Gene ANI 1 1474074 Citrate synthase/Citrate lyase

228 937.47 249 619.93 12.66 27.80
86 825.00 83 638.03 1234.54 4257.54
73 748.59 62221.14 39.94 127.70
67 498.11 67044.69 1553.17 3732.30
3747783 65571.05 393.65 536.57

413.01 244.47 187 963.84 353 495.89
111.46 81.49 102 257.86 215 059.69
8059.79 17 241.39 94 236.72 125 175.39
2070.24 2766.85 74763.63 86 823.48
62.21 99.92 32971.26 70 840.69
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LSRR, Oy L3RR = U AR s 2R AR
25 FERETFSHA

ek FIERAEREET . GBS R
S5 3 IO 1 A O T A A OCREAE Y e BT A R R AN
-SSR R P ot i v 22 S e ) P SR 4 PR %o T
PREED TR GE BA 2 . DL LSRR 48 h
NS, XSRS BT 25 DI TS
i, w2 iR Hip, CHy K5 %K Rpnd
(ANI 1 970074). Acel (ANI 1 290144). RfeC
(ANI 1 2590024), Sebl (ANI 1 730184)7F CA
M L-MA [ F vp 5 sfoKkoP e iy, T
AP ERIER B DL N, . S REE . RE

=2 EREFHEXEEFPKMESHT

BERG P R EEEEM; Zn(1),Cyse 5%
FIEH) ANI 1 1416094, ANI 1 562114, ANI_
1_1318164 ¥J7E MA KB A Stk m T
CA, THEYS L-MA KB R IR S840 pH B8
PR BAHOC, NS 5 %R 5 v R 4 AT 5l 38
PP bZIP R Y HacA (ANI 1 24014)
AP-1 (ANI_1_1026094). AtfA (ANI_1_974024)7E
CA KB L, M L-MA T,
XA e H T CA REF B i ilh pH %, &t
A AARR B, R IS S R T T RE
FE R A A A i 36 T 2 AR R,
RNA R4 Hf 11 55 5% % 12 194 i ANL 1

Table 2 Analysis of FPKM values of transcription factor-related genes

Gene ID Enzyme MA 48h MA 72h CA 48h CA 72h

ANI_1 970074  C,H, transcription factor (Rpn4) 91677.00 41274.72 134 237.58 137 449.00
ANI 1 1316094 Mediator of RNA polymerase II transcription subunit 12 39 302.81 32 962.52 3968.54 4951.61
ANI 1 24014 bZIP transcription factor HacA 33577.32  24761.54 24 315.00 35481.06
ANI 1 1416094 Zn(1I),Cys, transcription factor 24 636.36 29 725.59 12760.17 11 600.97
ANI 1 290144  C,H, transcription factor (Acel) 2368731 20 181.63 23 675.61  22748.90
ANI 1 1178184 C6 transcription factor NosA 17919.92  12207.23 19796.06 19 188.47
ANI_1 1026094 bZIP transcription factor (AP-1) 1388791 10572.80 7 696.88 8 660.47
ANI_1 730184  C,H, transcription factor (Sebl) 13314.00 17 020.92 14261.01 18201.83
ANI 1 1080184 Homeobox transcription factor (RfeB) 11 830.98  12442.04 14 062.28 11 977.39
ANI 1 846074  C,H, transcription factor 8893.21 4 503.69 993043 9098.97
ANI 1 2590024 C,H, transcription factor (RfeC) 8 559.97 7 647.93 7 040.21 5571.53
ANI_1 654034  HLH transcription factor 7 843.80 6471.80 5973.98 4 623.70
ANI 1 562114  Zn(II),Cyse transcription factor 7455.02 4 809.56 3187.45 3 884.45
ANI 1 54104 mRNA binding post-transcriptional regulator (Csx1) 7018.49 6 723.09 13788.38  10213.67
ANI 1 512064  Transcription factor RfeG 7 008.75 3 876.48 5717.36 5076.76
ANI 1 1970064 Fungal specific transcription factor domain protein 6760.28 5179.29 382597 5603.55
ANI 1 2310024 Transcriptional regulator Medusa 6 692.07 3762.17 6 844.07 4793.48
ANI 1 208074  HLH transcription factor (GleD gamma) 6 580.99 5061.88 5302.62 8902.03
ANI 1 1974074 Jumonji family transcription factor 6 575.15 6 132.96 2 881.58 2 467.07
ANI 1 26134 Transcriptional repressor rco-1 6 167.86 5759.12 6 800.01 6 668.76
ANI 1 2604024 Transcription initiation factor IIB 6 155.19 5024.81 3434.56 7911.52
ANI 1 974024  bZIP transcription factor (AtfA) 6 082.11 5762.21 425540 5 859.66
ANI 1 3244014 C6 transcription factor 5981.75 6162.83 3487.27 3986.32
ANI 1 1318164 Zn(II),Cys transcription factor 5903.80 5678.78 412148 3493.48
ANI 1 578144  ccrd4-Not transcription complex subunit (NOT1) 5868.72 6 643.79 6 809.51 7 328.46
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Figure 4 Transporter gene expression analysis. A: Upward and down-regulated map of citric acid 72 h vs. 48 h

gene; B: Upward and down-regulated map of malic acid 72 h vs. 48 h gene; C: Upward and down-regulated map

of citric acid 48 h vs. malic acid 48 h gene; D: Upward and down-regulated map of citric acid 72 h vs. malic acid

72 h gene. Red indicates an upward, and green indicates a downward.
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Figure 5 Diagram of citric acid and L-malic acid metabolism pathways in Aspergillus niger.
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Figure 6 Relative expression levels of key genes. A: Expression levels of pyruvate carboxylase gene (pc) under
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under citric acid and L-malic acid fermentation conditions; C: Expression levels of hexokinase gene (4k) under

citric acid and L-malic acid fermentation conditions.

T 22 TR DR R AR TR AN L3 SRR &
TSR] B 24 X MA-1 AR Rl Ay R A
-3 SR 2 T o AR v R RN A A 3 DR R A T 4y
M, TR ZER o LR s R R T e S
AR SE b A A i sl AR W AR SR HE AR X AR
EREREBEAREE; 5B, RUITRE S HTM
FHh SRR, BZIEFEE— )b A A
T3 — 5 W R 7R R [R] A T SR KR 258K
i ) 22 PR AT AR RIS A i s AL S il
A AR TE R 3 K55 v (1) IO 6] 5 % DL R s A ) ik
TR0 S, AT 48 5 & 8 T2 00 1k ol B B
g EaaN

W kL E K GO FEMT R, FrER K
Fad A I ACH s T TR,
M L-SER R A ek # b b TSR A B A
—3, XATRESE M TR & B R pH &
Wk, BRACKH THRARMIS pH MBS 23Rk KR
FIAZERE A S 0036 KA T LSRR & i

Rt A B R — X RRE 9 pH. 2511(5.9-6.0),
XA L~ SRR A I A b R PRRITS 3l
PR H EEATRE

R Wit R P AN [ I T 7 K P e ey ) S
DR Bl 068 I B B iy 40 sl S B A it Ay e 45
AT WA, L Rk BRI s A7 B4 A B A T
fift 5 AT A I ak R e SRIOT Re  22 S T
B TRRME S HOK A A, F B0 2 o B A 1 A
pH PREE; 10 LS 5 R e P aod i ) B 22 3 5
NRIVITR , LAZERS R WA 1 S A P20

AT RIRZE AL AT LA Y, AR A
LSRR I A A BAT B 2 ek 0i 2 4%
IRAE B 25 5 DA B 48 7 2Rt 2 e A Rl
ARASE IR SR s s A B3 WAL o FE[R] iR
F8 5 DR R RE S o ™ T R A B, L) 9
(1 PR O T RV A B e P

B sk T R RN R B R R E R, 7h
B 2 2 AR AR v A 2 S R P 3t DR T T A

http://journals.im.ac.cn/actamicrocn



848

LIN Xugang et al. | Acta Microbiologica Sinica, 2026, 66(2)

H 25 S B AR ML 7= a AR
B IR R DTk . BEER A SR I 7 BRI
FKIG . BZIP FJGAHCHE K 4 BIAEFT I R Al L3
Rt B EARYER, 7R T 2 it
FEXFF PR 22 5%

L — H R A s B T LUOKS HE VR # 9 Jot
PE AN, B FERCR P FEAT R A LS
R R 2R Ew BEN 3 AN FiaEAEN
LSRR R A P h T B AL A 2 R G LR THE DA
FHA=EIMERRCR . R ANT 1280094 225
PR A8 Y A SR A A -3 SRR v L R T
FEFFRERR T T, ARk A IS LR R
B R AR R Ty, Dk B SRR R e
79 H BB, cexA (ANI 1 478154)1EAT 1 R % 1%
R SRR B, TR LSRR R A AR
5 ek, Ll i w BRI L Rk D L3R
MG h R = AT ER AR RZ, Al
IEFT IR 5518 T 11 I cexA (ANI_1_478154) L)
PTG IR B P s ATl A PR AT R A
FLH (ANI_1_2950014) 11 1k DL 52 BFPAGE IR U5 Sk
AR

FrEAGEIR AL P i B R EE ] TCA P63 )5 22
AR, T AT DO R AR A A A R R 2L TR 17
N, A AT IR 2 5 il i F m 2 HE A
LSRR A B P 2 TCA S HAR ik RE e, Jf
H5Z MKMW C4- SRR %2 1 F 7 oK P38
I, BT 25 R 3Rk X e 12 B 1 DA & 5
R4 RE

MWREEGE R R, FriEm ™ mile, vl
HA BGHRP, HE I ARG b O AR S
Kl (hke) B3 SRk F i, A IR 6 iUt 1 5
JEPRUE s TSR R A W A rp, dEFRRANAE K
TS 5328 i e B ) AT, o 838 1 i TR SR
VRl B TR (prk) A2 Tl A 3 o i 12 5 ORI B £
Ji=.

ZE L RTIHR, ARSI A B S A S R AT R
T L3P e I D SHEST (1] 9 45 48 h F 72 h 7T
() 22 S I AT 00, BfE T 2 440 0

P4 actamicro@im.ac.cn, 7 010-64807516

ERES . @ PrER RN RN T 5
BH A M 2 FAU R TP R e 22 R,
DAL R w2 4 F bR A LR ™ & 42
AT A HS A

& STk = BR

PN SCE R BT ESCE; )
fE: FERCREE . SEIHRE, SEPRVL: BURREE; XI5t
. 30 L RBERESCIGERAE; AHMES . 30 L & BERERL
Pt ; FAEss. MR ERIRETT; dEsERN . DETA
BT, SO T ATE

&M &R AT =R

Ve P I AEAR AT AT RESS SN AS STl i TAF
M E R A 2 AR R

S 3k

[1] ZHANG C, SHI M, XU YY, YANG DD, LU L, XUE F,
XU Q. Conditional expression of FumA in Aspergillus
niger enhances synthesis of L-malic acid[J]. Applied and
Environmental Microbiology, 2024, 90(4): e0000824.

[2] WU J, LI YL, YIN JB, WANG C, QI XJ, ZHOU YJ, LIU
HJ, WU PF, ZHANG JN. Mutation breeding of high-
stress resistant strains for succinic acid production from
corn straw[J]. Applied Microbiology and Biotechnology,
2024, 108(1): 278.

[3] KHANDELWAL R, SRIVASTAVA P, BISARIA VS.
Recent advances in the production of malic acid by native
fungi and engineered microbes[J]. World Journal of
Microbiology & Biotechnology, 2023, 39(8): 217.

[4] HOSSAIN AH, TER BEEK A, PUNT PIJ. Itaconic acid
degradation in Aspergillus niger: the role of unexpected
bioconversion pathways[J]. Fungal Biology and
Biotechnology, 2019, 6: 1.

[5] LT C, ZHOU JW, DU GC, CHEN J, TAKAHASHI S,
LIU S. Developing Aspergillus niger as a cell factory for
food enzyme production[J]. Biotechnology Advances,
2020, 44: 107630.

[6] LIRA PEREZ J, RODRIGUEZ VAZQUEZ R. Removal
of orange G dye by Aspergillus niger and its effect on
organic acid production[J]. Preparative Biochemistry &
Biotechnology, 2023, 53(7): 860-871.

[7] ZHANG XM, GUO R, BI FT, CHEN Y, XUE XL,
WANG DP. Overexpression of kojR and the entire koj
gene cluster affect the kojic acid synthesis in Aspergillus
oryzae 3.042[J]. Gene, 2024, 892: 147852.

[8] STEIGER MG, RASSINGER A, MATTANOVICH D,
SAUER M. Engineering of the citrate exporter protein
enables high citric acid production in Aspergillus
niger[J]. Metabolic Engineering, 2019, 52: 224-231.

[9] XU YX, ZHOU YT, CAO W, LIU H. Improved



TR 25 | R PaE AR, 2026, 66(2)

849

[10]

[11]

[12]

[13]

(14]

[15]

(18]

[19]

production of malic acid in Aspergillus niger by
abolishing citric acid accumulation and enhancing
glycolytic flux[J]. ACS Synthetic Biology, 2020, 9(6):
1418-1425.

YANG L, CHRISTAKOU E, VANG J, LUBECK M,
LUBECK PS. Overexpression of a Cgdicarboxylate
transporter is the key for rerouting citric acid to
Cy-dicarboxylic  acid  production in  Aspergillus
carbonarius[J]. Microbial Cell Factories, 2017, 16(1): 43.
LIU J, ZHANG SS, LI WH, WANG GY, XIE ZJ, CAO
W, GAO WX, LIU H. Engineering a phosphoketolase
pathway to supplement cytosolic acetyl-CoA in
Aspergillus niger enables a significant increase in citric
acid production[J]. Journal of Fungi, 2023, 9(5): 504.
SUN L, ZHANG QW, KONG X, LIU YF, LI JH, DU GC,
LV XQ, LEDESMA-AMARO R, CHEN J, LIU L.
Highly efficient neutralizer-free L-malic acid production
using engineered  Saccharomyces cerevisiaelJ].
Bioresource Technology, 2023, 370: 128580.

GU SY, WU TJ, ZHAO JQ, SUN T, ZHAO Z, ZHANG
L, LI JG, TIAN CG. Rewiring metabolic flux to
simultaneously improve malate production and eliminate
by-product succinate accumulation by Myceliophthora
thermophila[J]. Microbial Biotechnology, 2024, 17(2):
¢14410.

XUHPE, s, R2EBH, EAER,, Attt A A
B L3RR A S B RE N 25 S e M [T]. LR W EORTE R,
2024, 40(12): 227-238.

LIU ST, WU S, TAN YY, WANG DP, XUE XL.
Differential analysis of key genes involved in the
accumulation of L-malic acid by Aspergillus niger
fermentation[J]. Biotechnology Bulletin, 2024, 40(12):
227-238 (in Chinese).

XUAIE, A vk, TEZE PR, D7 i, B, T AELs, b
TN . — R 7™ -3 R R DR o TR b 1) 5 72 T e B A T %
FEREARALL]. it Tk RHE, 2024, 45(8): 165-173.

LIU ST, SHI BB, TAN YY, LI CW, WEI CX, WANG DP,
XUE XL. Mutagenesis screening of a producing L-malic
acid Aspergillus niger strain and optimization of
fermentation medium[J]. Science and Technology of
Food Industry, 2024, 45(8): 165-173 (in Chinese).

FH V. LALLM GAD 1 GABA-THEH vi [ #eik
F3HT[D]. 4t WL, 2014,

QI YP. Cloning, expression and analysis of GAD and
GABA-T gene from Monascus ruber mr-5[D]. Jinhua:
Zhejiang Normal University, 2014 (in Chinese).

HRANE & . 2R 5 5 AR Cyy o 058 A1 il B AT 110 e B 5
JE [D]. Kt KERHE R, 2016.

ZHI YF. Cloning and identification of steroid
Cya-hyroxylase gene from Aspergillus niger[D]. Tianjin:
Tianjin University of Science & Technology, 2016 (in
Chinese).

CHEN HX, XIONG P, GUO N, LIU Z. Metabolic
engineering of Escherichia coli for production of a
bioactive metabolite of bilirubin[J]. International Journal
of Molecular Sciences, 2024, 25(17): 9741.

OKUDA S, TSUTSUI H, SHIINA K, SPRUNCK S,
TAKEUCHI H, YUI R, KASAHARA RD,
HAMAMURA Y, MIZUKAMI A, SUSAKI D,

[20

—

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

KAWANO N, SAKAKIBARA T, NAMIKI S, ITOH K,
OTSUKA K, MATSUZAKI M, NOZAKI H, KUROIWA
T, NAKANO A, KANAOKA MM, et al. Defensin-like
polypeptide LUREs are pollen tube attractants secreted
from synergid cells[J]. Nature, 2009, 458(7236):
357-361.

JORGENSEN TR, GOOSEN T, HONDEL CA, RAM
AFJ, IVERSEN JJL. Transcriptomic comparison of
Aspergillus niger growing on two different sugars reveals
coordinated regulation of the secretory pathway[J]. BMC
Genomics, 2009, 10: 44.

JIMENEZ PN, KOCH G, THOMPSON JA, XAVIER
KB, COOL RH, QUAX WIJ. The multiple signaling
systems  regulating  virulence in  Pseudomonas
aeruginosa[J]. Microbiology and Molecular Biology
Reviews, 2012, 76(1): 46-65.

IMAI Y, MEYER KJ, IINISHI A, FAVRE-GODAL Q,
GREEN R, MANUSE S, CABONI M, MORI M, NILES
S, GHIGLIERI M, HONRAO C, MA XY, GUO JJ,
MAKRIYANNIS A, LINARES-OTOYA L,
BOHRINGER N, WUISAN ZG, KAUR H, WU RR,
MATEUS A, et al. Author correction: a new antibiotic
selectively kills Gram-negative pathogens[J]. Nature,
2020, 580(7802): E3.

TAN YY, LIU ST, WU S, WANG XL, WANG DP, XUE
XL. Improving organic acid secretion of Aspergillus
niger by  overexpression  C4-dicarboxylic  acid
transporters[J]. Fermentation, 2025, 11(3): 156.

WU N, ZHANG JH, CHEN YR, XU Q, SONG P, LI YF,
LI K, LIU H. Recent advances in microbial production of
L-malic acid[J].  Applied  Microbiology and
Biotechnology, 2022, 106(24): 7973-7992.

CHEN L, ZHANG ZY, HOSHINO A, ZHENG HD,
MORLEY M, ARANY Z, RABINOWITZ JD. NADPH
production by the oxidative pentose-phosphate pathway
supports folate metabolism[J]. Nature Metabolism, 2019,
1(3): 404-415.

YANG DD, XU YY, MO L, SHIM, WU N, LU L, XUE
F, XU Q, ZHANG C. Enhancing L-malic acid production
in Aspergillus Niger via natural activation of sth4 gene
expression[J]. Journal of Agricultural and Food
Chemistry, 2024, 72(9): 4869-4879.

JIANG ZH, ZHOU X, LI R, MICHAL JJ, ZHANG SW,
DODSON MV, ZHANG ZW, HARLAND RM. Whole
transcriptome  analysis with sequencing: methods,
challenges and potential solutions[J]. Cellular and
Molecular Life Sciences, 2015, 72(18): 3425-3439.
DENG C, WU YK, LV XQ, LI JH, LIU YF, DU GC,
CHEN J, LIU L. Refactoring transcription factors for
metabolic  engineering[J]. Biotechnology Advances,
2022, 57: 107935.

BOSSHART PD, FOTIADIS D. Secondary active

transporters[J]. Sub-Cellular Biochemistry, 2019, 92:
275-299.
WU N, WU XY, ZHANG MY, ZHANG C, XU Q.

Metabolic  engineering of Aspergillus  niger for
accelerated malic acid biosynthesis by improving
NADPH availability[J]. Biotechnology Journal, 2024,
19(5): 2400014.

http://journals.im.ac.cn/actamicrocn



