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Abstract: [Objective] To study the transcriptome regulation mechanism of Fusarium
graminearum under different pH stress conditions, analyze the changes in gene expression
levels, explore the metabolic pathways involved in the responses of F. graminearum cells to
acidic or alkaline conditions, and reveal how F. graminearum regulates intracellular
metabolism and synthesis to adapt to the changes in extracellular pH. [Methods] F
graminearum was cultured in the PDB media with initial pH 4.5, 6.5, and 8.0 for 48 h, and the
total RNA of the strains was extracted to construct the cDNA library. Transcriptome
sequencing and bioinformatics analysis were used to identify the differentially expressed genes
(DEGs), and the metabolic pathways involved were analyzed. The expression levels of target
genes were determined by RT-qPCR. [Results] Under acidic conditions, a total of 4 283 DEGs
were identified, including 2 032 genes with up-regulated expression and 2 251 genes with
down-regulated expression. Under alkaline conditions, a total of 498 DEGs were identified,
including 269 genes with up-regulated expression and 229 genes with down-regulated
expression. Gene ontology (GO) enrichment analysis revealed 211 GO terms for the
up-regulated genes and 72 GO terms for the down-regulated genes under acidic conditions.
Under alkaline conditions, GO analysis yielded 33 GO terms for the up-regulated genes and 40
GO terms for the down-regulated genes. The results of Kyoto encyclopedia of genes and
genomes (KEGG) enrichment analysis showed 22 up-regulated pathways and 32
down-regulated pathways under acidic conditions as well as 8 up-regulated pathways and 13
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down-regulated pathways under alkaline conditions. The expression of the genes associated
with membrane transporters and hydrolysis of carbohydrates was up-regulated, and that of the
genes related to protein metabolism was down-regulated, which assisted F. graminearum cells
to adapt to changes in the external environment. At the same time, F. graminearum maintained
the internal environment balance by reducing secondary metabolism and amino acid
metabolism under acidic and alkaline conditions, respectively, to resist extracellular pH stress.
[Conclusion] In the acidic environment, F. graminearum adapts to the changes in the
extracellular environment by promoting the production of ribonucleoprotein complexes and
secondary metabolism. In an alkaline environment, F. graminearum senses and responds to
external stresses via amino acid metabolism. The analysis of the metabolic pathways of F.
graminearum cells provides gene expression data for studying the responses of F. graminearum
to different pH environments. The findings of this study are helpful to understand the

pathogenic mechanism of F. graminearum.
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Table 1 Primer sequences for quantitative PCR

Genes Primer names Primer sequences (5'—3") Length (bp)

FGSG_09530 FgTubulin-F GTCAGTGCGGTAACCAAATCG 95
FgTubulin-R CTCAGAGGTGCCGTTGTAAAC

FGSG_08350 FGSG_08350-F CCCAAGGTCATCGTAGCAGGAA 122
FGSG_08350-R AGACCGGAAACGTGAGCCATAT

FGSG_08351 FGSG_08351-F CGATGGCAAGACCTGCACAA 179
FGSG_08351-R CGACGACGGAACCAGAAACG

FGSG_08352 FGSG_08352-F AATGGTCGCACCGAGCACTA 120
FGSG_08352-R CTGGATAACAGCAGGAACAAGAG

FGSG_09704 FGSG_09704-F AACCTGGTGCCTATGCCTTCT 204
FGSG_09704-R TGCCCATGAACTTGCTAATGAC

FGSG_10097 FGSG_10097-F TTCTCGTTCCCTGTCATCCAC 110

FGSG_10097-R

GAAACGGCATATCGCTTCACC

2 BRS04

2.1 A[E pHH PDB &£ TELYE KK

W i 7 R A i T TR R RIS A] pH 1)
PDB 535 h R 745 9% 48 h, pH 6.5 B2k
WFE, pH 8.0 B 225 i /b, pH 4.5 B g
BEHELAERZEIE 2R R, KA
RITEAA pH 545 T AERARS AR, HeadEd:
K pH Ry, R Bk A1 A K 2 3
(B 1),

A

1 AE pH EFZFHTRERTTENEKRKRTS
Figure 1
8.0.

2.2 HRBEBIERE T

KT RGN R pH (EAL B R R Ak )
PIEE SR BB DL, 3 78 pH 4.5, 6.5 il
8.0 XM P EEFEMIELL, RHUD RNA #FH7555%
My, BE 3 WEYFES 75 k2R
B Q20 M1 Q30 45l 1d 97.07%F1 90.45%, G+C
AR 53.09%54.16% (3 2). 45 0%, Bk
F i Al AT AR T S AL 5B o ARSI 7 4L
it & L NCBI A4t 4 B (75 5 N
GSE267311),

Growth status of Fusarium graminearum under different pH conditions. A: pH 4.5. B: pH 6.5. C: pH

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



4276

SHANG Yuping et al. | Acta Microbiologica Sinica, 2024, 64(11)

K H Pearson MK REMGIF TAEYER
BEAR A SE M, 3 N 2F A 2 A A ek
FHOE T 0.78 (B 2A). Ry T it — 2 H 5848
P RIS B, A T E RS 4 B (PCA 438,
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Table 2 Statistics of the transcriptome data

23 EFREERLSH

WIS ERYE | Pk RS T AR
FPKM, KITERRYEFAMET, A 9 341 A
AREE; TEPHESAIET, G 8974 MG
Tkt FEBESRMET, A 9386 A«
ikit. HE—240 0T DEGs 4553, TERRYE 551
T, 34 4283 4~ DEGs, HAPaE 2032 4~ i
DEGs F12 251 4~ F i DEGs (& 3A. [ S1,

Sample name Clean reads Clean base (bp) Read length Q20 (%) Q30 (%) G+C content
(%)

pH 4.5-1 24024 525 7207 357 500 PE150 97.13 90.96 53.83
pH 4.5-2 24 026 391 7207 917 300 PE150 97.16 91.02 53.79
pH 4.5-3 24 148 437 7 244 531 100 PE150 97.07 90.75 54.16
pH 6.5-1 24 137 796 7 241 338 800 PE150 96.98 90.45 53.33
pH 6.5-2 24018 249 7205 474 700 PE150 97.08 90.83 53.09
pH 6.5-3 24 122 407 7 236 722 000 PE150 97.33 91.62 53.11
pH 8.0-1 24 037 565 7211 269 500 PE150 97.14 91.10 53.31
pH 8.0-2 24 035 734 7210 720 200 PE150 97.43 91.88 53.28
pH 8.0-3 24 145 820 7 243 746 000 PE150 97.28 91.46 53.41
A o — o — — [\l cn o o

R I s e R s s

<t <t <t el oo =) =) oo [e’]

I T I T T I T T =T

Q Q Q. Q. Q, o o Q, Q _ 1.0
pH 4.5-3 [1.00[0.90/0.90(0.75(0.74(0.54|0.54{0.58|0.63 05 s0L

) ' m
pH 4.5-10.90/1.00/1.00/0.78/0.82|0.74/0.74/0.730.80|| | - ol 8.0-1
pH 4.5-2 (0.90/1.00{1.00/0.78/0.82/0.74/0.74/0.73{080| | | o4 & 55|
— ] Groups
pH 6.5-1|0.750.78/0.78|1.000.98/0.79/0.79(0.87(0.87|| | 02 & pH 8.0-2 ®pH4sS
pH 8.0-1{0.74/0.82(0.82|0.98/1.00{0.87]0.87|0.92|0.94|| | 0. E oo ® M pH 80
pH 6.5-2 |0.54[0.74(0.74 [0.79[0.87(1.00{1.00{0.93[0.95 | | —0-2
pH 6.5-3 |0.54|0.74/0.74 [0.79]0.87|1.00[ 1.00[0.93[0.95| | [ ~0-4
3 25+
pH 8.0-2/0.58(0.73(0.73 | 0.87{0.92|0.93|0.93|1.00/0.97 06 pH45.1 PH 43.»
—0.8 @ pH 4.5-2
pH 8.0-3 0.63[0.80(0.80 [ 0.87]0.94|0.95/0.950.97|1.00 ;
B0 —40 0 40
Dim1 (51.9%)

2 AREBINEEAE pHOIEBETEREARBRES M

Figure 2 Reproducibility of Fusarium graminearum transcriptome data under different pH treatments. A: Heat
map of RNA expression values between different samples. Pearson correlation coefficients are represented by
color and number. B: PCA shows distances between samples from different groups.
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Figure 3 Classification analysis of differentially expressed genes (DEGs). A: Number of DEGs. B: Veen
diagram of up-regulated and down-regulated DEGs at pH 4.5 vs. pH 6.5 and at pH 8.0 vs. pH 6.5. C: The heat
map shows the genes whose expression is consistently up-regulated as the pH continues to increase. Red
indicates high expression and blue indicates low expression. Color scale indicates normalized FPKM values
(log, FPKM). D: The heat map shows the genes whose expression is consistently down-regulated as the pH
continues to increase. Red indicates high expression and blue indicates low expression. Color scale indicates
normalized FPKM values (log, FPKM).
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metabolic process); TE4rTIIREH, HEEEM
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18} 1 #2 (carbohydrate metabolic process). %[
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(translation) .
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Figure 4 GO enrichment analysis of DEGs under acidic or alkaline stress. A: GO enrichment analysis of
up-regulated DEGs at acid stress. B: GO enrichment analysis of down-regulated DEGs at acid stress. C: GO
enrichment analysis of up-regulated DEGs at alkaline stress. D: GO enrichment analysis of down-regulated
DEGs at alkaline stress. BP: Biological process; MF: Molecular function; CC: Cellular component.
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Figure 5 KEGG enrichment analysis of DEGs under acidic or alkaline stress. A: KEGG enrichment analysis
of up-regulated DEGs at acid stress. B: KEGG enrichment analysis of down-regulated DEGs at acid stress. C:
KEGG enrichment analysis of up-regulated DEGs at alkaline stress. D: KEGG enrichment analysis of
down-regulated DEGs at alkaline stress.
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Figure 6 Expression analysis of genes regulating DON synthesis and pathogenicity-related transcription
factors under acidic or alkaline stress. A: Expression of TRI genes in Fusarium graminearum under acidic or
alkaline stress. B: Expression of transcription factors regulating DON synthesis or pathogenicity in Fusarium

graminearum under acidic or alkaline stress.
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Figure 7 Inhibition of glycine, threonine and tryptophan metabolism by alkali stress in Fusarium graminearum.
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