AP~k

Acta Microbiologica Sinica

2024, 64(4): 1306-1321
http://journals.im.ac.cn/actamicrocn
DOI: 10.13343/j.cnki.wsxb.20230729

Research Article Bkt

BRI E B S BMRE R ik A D B 5
BlaE", MWW, EXE, 2EE, TR, REE

WA B A S TR B, Wi AT 310023

R, MIOE, EZE, R, EWEE, RER. BB S KRR G TRV T]. A, 2024, 64(4):
1306-1321.

GAO Yizhou, HE Siming, WANG Yitong, LI Haibo, WANG Yuqing, WU Zhihong. Functions of the aconitase family in
Fusarium proliferatum[J]. Acta Microbiologica Sinica, 2024, 64(4): 1306-1321.

B E. (0] BEERTERFINRAEREBRGEIZRREAZ—, KL EERTEA T L L8R4
KixZ QD Red4F e, HIRNGAIRE B4k 7] B a4 3 ARGS9 o T ALh) SRR IE . [7‘7%2] I
hmmsearch TE, A FH ¥4H8 L LkBREEMRNEORITR L, FHTEAA SN, BLE
Bt 3¢ L2 & PCR A SWISS MODEL ZA#3% R4 5] 547 FpACO L F 49 £ EAEX 5 & & 245 A A

) IR E 40 Sk Ty sk M B AR ) ) B Sk BRBR R B Bk R R AR, AT AFPACO3. AFPACO4-1.
AFpPACO4-2 3R R TR A K., FIa. BTHE. T80 L AR RN FRE T, —Fn
TR R AR KALRARAAD K A A I AR B L. [4 R ] FpACO4-1 5 FpACO4-2 12 7=
FAEIOTFHERAE T RIEEA,; FpACO3. FpACO4-1. FpACO4-2 A 5if4s & b 4k 7] A xt tm o B
Wrih B 4B B F 8 6 R FpACO3. FpACO4-1. FpACO4-2 % XAk Radt, @3g8 5k
BREEEM. ATP 4%, TANAA ERA ZABRMBARAEEARRLSF. [£4])] LLBBREEAL
B BRI E 0. T HESN. @ICEE AR E R B T Mibre i fo & AR K42,

KR BRRIE; BRRBR, LKEREH; SARRHS

VBN H . WL RN B A A 5] 3 S 314 3 (F701103M09); #riL & B T — A H (Y202351867)

This work was supported by the Scientific Research Foundation of Zhejiang University of Science & Technology (F701103M09) and
the General Scientific Research Project from the Education Department of Zhejiang Province (Y202351867).

*These authors contributed equally to this work.

*Corresponding author. E-mail: wulab_zust@163.com

Received: 2023-11-29; Accepted: 2024-01-25; Published online: 2024-01-26



AT | R AER, 2024, 64(4) 1307

Functions of the aconitase family in Fusarium proliferatum

GAO Yizhou®, HE Siming’, WANG Yitong, LI Haibo, WANG Yuqing, WU Zhihong

School of Biological and Chemical Engineering, Zhejiang University of Science & Technology, Hangzhou 310023,
Zhejiang, China

Abstract: [Objective] Fusarium proliferatum is one of the major pathogens causing root rot of
alfalfa. This study aims to investigate the function of the aconitase family in F. proliferatum
and give insights into the molecular mechanisms underlying the physiological metabolism of
this pathogen. [Methods] We employed the hmmsearch tool to identify the proteins containing
the aconitase domain in F. proliferatum and then carried out the phylogenetic analysis.
real-time PCR and SWISS-MODEL were employed to analyze the expression profiles of
FPACO genes and the protein structures, respectively. The homologous recombination method
was used to construct the FpACO-deleted mutants of F. proliferatum. Furthermore, we
explored the growth, sporulation, spore morphology, stress responses, and pathogenicity of
AFpACO3, AFpACO4-1, and AFpACO4-2 and measured the mitochondrial metabolism
indicators of the mutants. [Results] FpACO4-1 and FpACO4-2 were involved in sporulation
and spore morphogenesis. FpACO3, FpACO4-1, and FpACO4-2 were responsible for
regulating the sensitivity of F. proliferatum to cell wall stress and metal ion stress. Moreover,
FpACO3, FpACO4-1, and FpACO4-2 affected the mitochondrial metabolism indicators, including
the total aconitase activity, the ATP level, the hydrogen peroxide level, and the expression of key
genes in the tricarboxylic acid cycle. [Conclusion] The aconitase family members are involved in
the regulation of the processes such as sporulation, spore morphogenesis, response to cell wall
stress and metal ion stress, and mitochondrial metabolism in F. proliferatum.

Keywords: Fusarium proliferatum; root rot of alfalfa; aconitase; mitochondrial metabolism
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=1 AWHREASIY
Table 1

Primers used in this study

Primer name

Forward sequence (5'—3")

Reverse sequence (5'—3")

FpACO3-5'UTR

FpACO3-3'UTR

FpACO3-QC
FpACO3-MD
FpACO4-1-5'UTR

FpACO4-1-3'UTR

FpACO4-1-QC
FpACO4-1-MD
FpACO4-2-5UTR

FpACO4-2-3'UTR

FpACO4-2-QC
FpACO4-2-MD
HPH
FpACOI1-1-RT
FpACOI1-2-RT
FpACO3-RT
FpACO4-1-RT
FpACO4-2-RT
Fpactin-RT

Promoter

mcherry
G418
FpACO3-C

FpACO4-1-C

FpACO4-2-C

Fpldh-RT
FpKgd-RT
FpScs-RT
FpSdh-RT
FpFum-RT
FpMdh-RT
FpCit-RT

GAAGCAGACATTCGCAGAG

CGTCCGAGGGCAAAGGAATAGAGTA
GAAATGCCGAATGATAGATTG
CGTGCGACGATTTCTTCAA

ATGGTTTCAATGGAGGTCG
ATTCATAACTGCCGTAACCC

CGTCCGAGGGCAAAGGAATAGAGTAG
TCGCCATAATCTCACCAAT
TTTCCCAGTCTTGATAACCG

ATGCCGCTGACAGCATCAC
AGGACGCTTGCACGGTTAG

CGTCCGAGGGCAAAGGAATAGAGTAG
GTTGAGCGCCCATGTCTTT
TTCATAATGCGGCTTAGAGG

ATGCTTGCTACACGCCAGGTC
GGAGGTCAACACATCAATGCCTATT
TTCACTGGCATTCTTCCCCC
TCCAAAGATCGTGGGTGGTG
GTTGCCACTGTCGGTCTGTA
TCTTGGGTGTTCGTCTCACG
CGTGGCAAGAGCTACCTCAA
CCCCATTGAGCACGGTGTTG
CCCATCAACCAAATTCGAG

ATGGTGAGCAAGGGCGAGGAGGAT
GGAGGTCAACACATCAATGCT

GCATGGACGAGCTGTACAAGATGGTT
TCAATGGAGGTCG
GCATGGACGAGCTGTACAAGATGCCG
CTGACAGCATCAC
GCATGGACGAGCTGTACAAGATGCTT
GCTACACGCCAGGTC
AGCAGATCGAGGTCTCTGGT

GAGAAGGGCCTTGTTACCCC
CATTCGACAATGGGTTCCGC
TGCAGACTGATGTCAGCGTT
CTGTTATGCACATCGCTGCC
TGGTTTCCGATTTGCCGAGA
TCCCGCGTACATGAATACCG

CAAAATAGGCATTGATGTGTT
GACCTCCTAGTAGGCAACGGCACCA
ACATTGACGAGGAAGCAAA

GAGGATAAGGCGACTGTGC
TTATATGCCCTTAGACAGCA

CAAAATAGGCATTGATGTGTTGACCT
CCTAGCCCGAACTCAGAAACC
ATCGCCTCCAGAACTACCT

TTGCCATTTCATCTTGTGC
TCAAGCCGTGCTGCCCAA

CAAAATAGGCATTGATGTGTTGACCT
CCTGCCGAGCAGGTAAGGATT
GAATAGCGGCAGCCTTGT

TGGGCACTGAGGAGATACG
TTAGTTCTTGGTGGCCTTGGC
GGAGGTCAACACATCAATGCCTATT
AAGCGCTCGTCGATAGTGAG
AGTGCCGAGTCTGACACAAG
ACCGCGTGTTTAGTGGGAAT
TCGATGACCTTGCCCTTTCC
GTGGACAGTAGTGGGGTTGG
CTCACGGTTGGACTTGGGGT

ATCCTCCTCGCCCTTGCTCACCATGA
CAAATGTTCGTGAGAATTAA
CTTGTACAGCTCGTCCATGC

TCAGAAGAACTCGTCAAGAAG

AGCATTGATGTGTTGACCTCCTATGC
CCTTAGACAGCA
AGCATTGATGTGTTGACCTCCAGCCG
TGCTGCCCAA
AGCATTGATGTGTTGACCTCCGTTCT
TGGTGGCCTTGGC
GCAGGATACCCTTGAGACCG

TGTTGTCGCGAGCCTTTTTG
GCCACCAACACCTTTTCGAC
TCCAGATCATGCTGCGATCC
GCGTCCTGGAGATGAGTACG
GAAGAAGTCGGTGCCAGTCA
GCTCTTCTCGACCAACTGCT
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Strand ¢cDNA Synthesis ] & vd B 5 217 .
cDNA G5, ##8 ChamQ SYBR Color qPCR
Master Mix i85 B BH , B il EAF A 20 uL B9 )%
NARZR, #1790 7 PCR 43#T .
1.8 EHIRTIE AR X IEFRNE
FPACO ZR% 3 Rl i b 28 AR AR 1) b 15 Sk TR il
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50 pL, fMA 100 pL i SR Ab SRR, WA TIRS)
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O 5 min, WEHCEVEREF, AR S EOGE
f) ATP K], Fi B8 1:9 B9 B ATP &
AR R B ATP A7), 78 20 uL fF
FES AN 100 pL ATP #Il TAEWR, HiEiR
5, ZAMEMNG 2 s Ja, AR RGN A X
&% G B {H (relative light unit, RLU),

2 EREM

2.1 EHEBELEEIREEANRRHL T

FIH hmmsearch T-H., 21 40 FpE
A5 1 Sk B 45 F B (PFO0330) I B 11, ALk
2 o155 ML EFE A, @i NCBI
CD-search DJREXT it H A4 1 Sk PR il 2 11061 755
ik, BRI ERE B P E Sk IR A A
WRHIE. ff1H MEGA 7 F— M T B 2k

MR R R RS KB, [AlEFH CD-search £(#%
J2E v 1 Sk R Bl 45 M SR 2R AR B BUE R G R
AR, 155 DL SRR S IEA] 2 T 3
AKAY, 435 k. H aconitase, Aconitase mito
J Aconitase swivel, H:H' H aconitase 52k
Fi% fiff 25 & (homoaconitase), T %5 5 i & FR 11
WA P, Aconitase mito N RIA RS =
RBIGIH)—2 3L R . Aconitase swivel Ky
S FREERL S, EBAMATEEN C P,
WG TR rh 1Y SR 2% 5 2R S S5 IR Y, f
Sk R/ 4 41: ACOl, ACO2, ACO3
I ACO4, Hrft ACOL iy B kR,
R 3L G KRB AL, ACO2 LR
KZE C Ui HA Aconitase swivel 2543 (&
Do #dls Bidrde, ZHMHITEFH 5 4> ACO
EHNHET ACOL., ACO3. ACO4 28,
HAw 4} FpACO1-1 (FPRO_11169). FpACOI1-2
(FPRO 07489) . FpACO3 (FPRO 07808) .
FpACO4-1 (FPRO_06900). FpACO4-2 (FPRO_06391).
2.2 FpACO ERFHRIEERAKREBLEW
SR

FPACO JEHTE CM VAR b M f= YL 75 4 i
P RRARESER TR, X 54 FpACO
SRS [ R 2 A2 3 27 5 Rk, TRfR g
MAETRABEZE ELHE 2), @
NPS@SOPMA T_Hi17 T FpACO #HFH —%%
SERTNATHT, ST T o RE. B TS . B A
Ko coil &5 H M LL G o3 A, SRR 3 3K
FpACO [ Z A& 450 1) L A7 A A R 22
(B 3A), #—HiE 1k SWISS MODEL T H.,
BT A, #H17 T FpACO B =45
3, XPREERVHEAT TR A AL BE(E] 3B), AR
R SRR A — B ITE 80% LA |, AR
EPEM AR AE 0.7 DL b, R SBARE A IL
BeRE 4 m, AREUY FpACO 85 [ 45 M AR Y m] S 1
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Bl 456 FpACO B[ RIS Je 20 %s  ZRRiRE KRN, 1 FpACO3 S35 2 253k
MBI LUE H, FpACO1-1 5 FpACO1-2  FZSHIFAAMMRL, LA EGIREW, 26T
B JE T m S kb, Ha5mEREK, 951~ FpACO 5 HTEZS ) b IH 8 T [FIZE AL 5
FpACO4-1 5 FpACO4-2 S 1B MAELL, HRT  SkiRlE, Win 7 HITREM 2R

@351-100
Domai

10V
1 100V

oyl W
Soprogou LT,
u

1 HEEABBREEBRFHUNERTFEEIT

Figure 1 Phylogenetic tree and conserved domains of the ACO proteins in fungi.
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Figure 2 Expression profiles of FPACO genes in Fusarium proliferatum. Expression of FpACO genes in CM
medium and during infection for 4, 10, and 20 days (*: P<0.05; **: P<0.01; ***: P<0.001). Error bars indicate
the mean+SD of three independent replicates.
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Figure 3 Structural analysis of the FpACO proteins. A: Percentage of the secondary structures of the ACO

proteins. B: The model graphs of the tertiary structures for FpACO proteins.
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2.3 FpACO £ [ & Bk &k & [5] 4D B #k Y
infES

T HRFE FpACO FKIEA LA TE 2 i T T
R e, I A DR B4R RE e O R A
FPACO ZRT B iy B o2 Ae 4, it P T2 K]
b R IR R BN BRI S AIES |4 ID1-F
ID1-R Ko o7 T # il o 5k DXL 1% 755 5] 132 4 (open
reading frame, ORF)IX NI UES|4) ID2-F .
ID2-R XJEBREA AT UE(E 4A). 450
7N, W3R S FpACO3., FpACO4-1, FpACO4-2
IR A R AL (18 4B), Zeat 3 WA FghST
FIRRIRES, BAE T 100 DML TE, Bk
eSS FPACO1-1, FpACO1-2 K:[N, #jEH
Al RE M BR BUSE . B J5, fE AFpACO3 |
AFpACO4-1. AFpACO4-2 578 (ki A T i

ID2-F ID2-R

IDI-R

ID1
WT

3890 bp
2362 bp

WT MC1 C2 C3

D2

1 449 bp

4 FpACO EFHRFRFR I (4 K B4 EHKAI 12

WTM ClC2

FPACO NG 3+ F Bt mcherry %)% EL .
FPACO JE[H F B R G418 Hitk A BEFr2H iy [l b
KRB, i G418 ik AL T, FfilktT
T PCREHIF(E 4B). A T #E— LIk s bR Ak 5
kMR, SRAH qRT-PCR 71434 T4 FpACO
SR AR R H AL R R K, 255 R,
5 W 2E Bk (wild type, WT)#H Lt , AFpACO3 .
AFpPACO4-1, AFpACOA4-2 Rl 2 A8 A Hh il mil b
() SE R B LT R AS R, 1 45 [T RM B R
FER A FIRMK A 2] WT HkKF(F 40).
2.4 FpACO MELRIIEEREMFTIZ
% AFpACO3. AFpACO4-1. AFpACO4-2
PRIPRIEAT RIBDINES , RSB RAE KRS
AR B2 S, BBASTAE, £H
FPACO & [A] i L m AS 52 1 0 22 [ AR (] 5A)

10 -
” 0 = WT
S gl Knock-out mutant
% = Complementary strain
5 6
L
g 4r
=
220
0 —_—
FpACO3 FpACO4-1  FpACO4-2
FpACO4-1 D1 FpACO4-2
MIM2 M3 bp WT Ml M2 M3 bp

2 000
1000 3 224 bp
39 16170p

250
100

C3 M WT C1 C2 C3
bp D2
2000

1 000
750 2728 bp
500

250
100

Figure 4 Generation and validation of FPACO genes-targeted disruption strains and complemented strains. A:
Strategy for generation of FpPACO-targeted disruption strains. B: PCR identification of the AFpACO and
AFpACO-C. C: Transcript levels of the FpACO genes in WT, AFpACO and AFpACO-C strains. HPH:
Hygromycin B resistance gene; ID1-F/R, ID2-F/R: Primers used for identification; M1, M2, M3: Deletion
mutants; C1, C2, C3: Complemented strains; NA: Not available. Error bars in C indicate the mean+SD of three
independent replicates.
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Figure 5 FpACO genes are involved in fundamental biological processes in Fusarium proliferatum. A: Colony
morphology and growth rates of WT, AFpACO3, AFpACO4-1, AFpACO4-2 on PDA plates. B: Macroconidia
production of WT, AFPACO3, AFpACO4-1, AFpACOA4-2 strains. C: Length of macroconidia of WT, AFpACO3,
AFpACO4-1, AFPACO4-2 and complemented strains. Error bars indicate the mean+SD of three independent
replicates (*: P<0.05). Values followed by different letters (a, b) are significantly different.
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Figure 6 FpACO functions in regulating the response to environmental stress. A: Colony morphology. B:
Inhibition rates of WT, AFpACO3, AFpACO4-1, AFpACO4-2 and complemented strains on media containing
different stress agents. Error bars indicate the mean+SD of three independent replicates (*: P<0.05).
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Figure 7 Knockout of FPACO genes show no effect on the virulence of Fusarium proliferatum on alfalfa. A:
Disease phenotypes of alfalfa seedlings inoculated by WT, AFpACO3, AFpACO4-1, AFpACO4-2 strains. B:
Disease index of the WT, AFpPACO3, AFpACO4-1, AFPACO4-2 inoculated alfalfa seedlings.
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Figure 8 FpACO proteins are involved in regulating the mitochondrial-related metabolism of Fusarium
proliferatum. A: Relative total aconitase activity of AFPACO3, AFpACO4-1, AFpACO4-2 strains compared
with WT. B: ATP production in WT, AFpACO3, AFpACO4-1, AFpACO4-2 strains. C: H,0, production in WT,
AFpACO3, AFpACO4-1, AFpACO4-2 strains. D: Schematic diagram showing the down-regulated TCA cycle
genes in AFPACOS3, AFpACO4-1, AFpACOA4-2 strains. Green font indicates down-regulated genes. E: Relative
expression levels of the genes in the TCA cycle mentioned above. Error bars indicate the mean£SD of three

independent replicates (*: P<0.05).
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