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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.

Keywords: pH stress; Fusarium graminearum,; transcriptome; differentially expressed genes
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H RS EIY AR G AT R 5,
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45,65, 8.0 KM TR REEN
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Y B A &GS (gene ontology, GO)%r#fr . DEGs
T ER AR S LR A A R4 F5(Kyoto encyclopedia
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AR HR I AT PDA B55: 5 I, 28 °C
g2 7 d, FTEHEHRATIL, 200 5 AR P
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BV RNA, TE 1%BUEHHEERE FAI RNA 25
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(BGI Genomics Co., Ltd. )47 SCEAS A1 7
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1.6 ERFRREMWEHRKNKXEE PCR
(RT-qPCR)3G1E

J T HE—HKE RNA-seq SLE0 25 R Ay AT 5
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Green I %) 7E HE TR 1) &0 (R 5LV MERE A= Rt
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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 BER549

2.1 A[E pHH PDB &£ TELYE KK

W i 7 R A i T R R DR ICAAS TR pH 1
PDB 5 55 h R 74595 48 h, pH 6.5 B2k
WFE, pH 8.0 I 22 /b, pH 4.5 g
BEHELAERKZEIIE 2R EH, RAHI]
HFEARTF pH 00 FAERARS AR, He s
K pH Jyrhtk, fERRME s Bk S5 1 R A K 2 3
I 1),

A

1 AFE pH EZFHTRARIIENERKRKS
Figure 1
C: pH 8.0.

2.2 HRBEBIERE T

KT RGN R pH (EAL B R R Ak )
MFE A BATEOL, 7w pH 4.5, 6.5
8.0 M FRIFEMIM L, RIS RNA HHfTHE 5%
My, BE 3 WAEYFEL P50 k2
B Q20 A1 Q30 43 3ll# 1 97.07%H1 90.45% , G+C
AR 53.09%54.16% (3 2). 45 R%H], ¥k
JtE AT, AT LAEA T i S AL 5B o ARSI 7 4L
it & L NCBI AJL 848 FE (755 N
GSE267311),

C

Growth status of Fusarium graminearum under different pH conditions. A: pH 4.5. B: pH 6.5.
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KA Pearson tHXREMNIF T EWER
BEAR A SEM:, 3 N F A 2 A A ek
ZHCE T 0.78 (B 2A). R T HE— 4% 255
PRI B, A T E RS 2 BT (PCA 438, &l
2B)& P, pH 8.0-1 #1 pH 6.5-1 5 H A 2 A&
B2 SRR, RS 22 40 B 63X 1 2H B4
TRBR, RSB R4, AT T
0 .

*2 HREAKEGU

Table 2 Statistics of the transcriptome data

23 EFREERLSH

SR U =N 0 I S SN T i Sl N 2 g )
FPKM, AITEMRVESITT, 46 9 341 MR
AREE; TEPHESAIET, 6 8974 MG
Tkt ; TERMESAMET, 47 9386 PMIEAA«
ikt 4T DEGs 45 50K1], TERRYES1:
T, 4 4283 4 DEGs, H 45 2032 4 i
DEGs #1 2 251 4~ T~ 4 DEGs (& 3A., [ff# S1,

Sample name Clean reads Clean base (bp) Read length Q20 (%) Q30 (%) G+C content (%)
pH 4.5-1 24 024 525 7207357500 PE150 97.13 90.96 53.83
pH 4.5-2 24 026 391 7207917300  PEI150 97.16 91.02 53.79
pH 4.5-3 24 148 437 7244 531 100 PE150 97.07 90.75 54.16
pH 6.5-1 24 137 796 7241338800 PEI150 96.98 90.45 53.33
pH 6.5-2 24 018 249 7205474700  PE150 97.08 90.83 53.09
pH 6.5-3 24 122 407 7236722000 PE150 97.33 91.62 53.11
pH 8.0-1 24 037 565 7211269 500  PE150 97.14 91.10 53.31
pH 8.0-2 24 035 734 7210720200 PE150 97.43 91.88 53.28
pH 8.0-3 24 145 820 7243746 000  PE150 97.28 91.46 53.41
A o — o — - o on o o
T T T s s B
< < < O [ee] o) o) [ee] [ee]
E L L & & L & a sl o)
pH 4.5-3 [1.00[0.90[0.90|0.75]0.74| 0.54/0.54/0.58|0.63 0 sol.
. ' E
pH 4.5-10.90|1.00{1.00|0.78{0.82|0.74/0.74]|0.73|0.80 0.6 pH 8.0-1
pH 4.5-2 [0.90f1.00(1.00(0.78/0.82/0.74{0.74{0.73{0.80( | | 4 & 2L
: = ] Groups
pH 6.5-1 [0.75/0.78/0.78 1.00/0.98(0.79(0.79|0.87/0.87| | | 0.2 = pH 8.0-2 ® pH 4.5
; i %1 ]1” 8.0-3 pH 6.5
pH 8.0-1 (0.74]0.82/0.82(0.98|1.00|0.87(0.870.92|0.94 | | 0. I | B, S N S N A B pH 8.0
pH 6.5-2|0.540.74/0.74 | 0.79/0.87/1.00/1.00(0.93(0.95 | | —0-2
pH 6.5-3 0.54]0.740.74 [ 0.79]0.87| 1.00{1.00{0.93| 0.95| | [ —0.4
25+
pH 8.0-2[0.58[0.7300.73 [0.87]0.92]0.93]0.93{1.00[0.97] | [ "¢ pHas5-] PH 4.
—0.8 o 59
pH 8.0-3 (0.63]0.80/0.80 [ 0.870.94|0.95(0.95(0.97|1.00 M ¥ Uik G
-1.0 =40 0 40
Diml (51.9%)
B2 RARIIEEARE pH BT RERIBREEM

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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B
2500 -
2251
20321 pH 4.5 vs. pH 6.5-down pH 8.0 vs. pH 6.5-up
2000 ' P
B Up pH 4.5 vs. pH 6.5-up / pH 8.0 vs. pH 6.5-down
1500 [ Down
1000 - 53
500 - 269 20
pH 4.5 vs. pH 6.5 pH 8.0 vs. pH 6.5

C D

o . —— e I i
Grou 10 Group 10
FG2G00320 IS
FCaC14330 15 FG3G29970 16
| FG2G31890
FG2G32870 0
j 2G01450

4
RS I_5 FG4G05100 |
-2
FG3G03830
Foaapiay  Group FG3G36700 Group
FG3G29480 mpH 4.5 mpH 4.5
— mpH 6.5 mpH6.5
#pH 8.0 FG3G35620 wpH 8.0
FG2G26300

FG2G32710

FG1G49000
FG4G17790
FG2G39360
FG3G30830

G3
FG3G35980
FG4G20910
FG2G02040
FG2G03880
FG4G10090
FG3GO01550
FG2G36120
FG4G17720
FG4G21250
FG2G41090
FG1G35780
FG4G21450

FG2G35360

FG4G05110

FG1G25770

FG1G10110

FG2G05270

FG2G05250

FG1G33570
FG1G31720
FG2G11000
FG4G01780
FG2G27460

FG2G05260

3 ERREEERNS LD

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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s R FA AR SR O, ST
NMDCX0000326); TEBRMEAAE T, A 498 4~
DEGs, JH 269 4~ Fif DEGs #1229 /4~ i DEGs
(& 3A. BiEE S1, BdEC e A YRl 5k
P, 5. NMDCX0000326), H4b, 7emE
2T, i DEGs % £ T T DEGs, IMfE
FRYE S5 AL, T DEGs w2 (& 3A).

AL, 414 4~ DEGs TEBRYE S A A 45 14
FRIAAAE 25 S 308, Hoh TR BRI S5 F AN 24
T4 92 4> DEGs L6 B, A 162 4~ DEGs #t
[ FE( 3B). HAy 60 4~ DEGs 1EBRME A
ZArrh R I A O R A (B 3B), X g
DEGs WA A A g 5 R4 i J) I 7EAN ] pH PR
INER SR P

FENE I AN AL g AR R, RAT R T
REA%IE LI 1 A B ARk RO EE A aa |,
HORIR A pH SR . HiE pH M9FRLE BT,
5 pH ROV ARG SRR Rr e 2 A28k, B i
7N, FE8E EE DEGs 47 43 48 30), [RIATR
2L N4 DEGs f1 13 N(# 3D)., S 20
R 3] — 2o 15 2 A= Wy W38 A G 14 R A 32 2 1 RO
KRGS, e MERIB Y GABA iz &

1 (sodium and chloride-dependent GABA
transporter 1, FGSG_04240)7] g 5 & F 4% ia

X5 il 1 (antigen 1, FGSG_03954) 0] fE7E W X}
HPRIRG ARG R AEVE ] s MK R 76
(glycoside hydrolase family 76, FGSG_04584)n]
RE SHEAL G W KA O . RS E 2R
2 5 28 1 AR DG iy I A R AL B S,
3-F2FE TN SURE(3-hydroxybutyryl-dehydrogenase,
FGSG_13963) Al Be 5 ARMiRR A O¢; 2Bl s
fiff (alcohol dehydrogenase, FGSG 03546)1] Gt 5
BE A A G 4-E T R E R
(4-aminobutyrate aminotransferase, FGSG_06751)
R S MG G £5 Bk, BEE pH 1)
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R I, AR iR ] TR R 3 R A s R R
ik e HEREAL G W A DL e AR AR A R R
N ARG A2 AL
24 EFREEEM GO BEAM

R T A b R R A i T R AEAS [R] pH A5 F
TSR DEGs myIRESrE, A% b
DEGs #I T DEGs #4717 GO JiRg s # /04,
W 3 6 B[R0 43 Sk 4 N 9 AR ) 3 7% (biological
process, BP). 4> IfE(molecular function, MF)
A4 B 43 (cellular component, CC)., B4 544
T I DEGs .3 & %19 GO terms L4 211 14,
EAEY A, B E SN terms AL 4E BF
KB 1 & Bt B (peptide
biosynthetic process)fll ncRNA i FE(ncRNA
metabolic process); TEZrTHIREH, mEEEMN
terms 1 $5 2 WK 10 25 # A 49 (structural
constituent of ribosome) ,RNA 2% 4 (RNA binding)
FNEEFE 43 F 15 P (structural molecule activity); 7E
MR, SRR terms WIFZIZE N
2 & W (ribonucleoprotein complex) . 1% M {4
(ribosome) F dAE BE 45 & M 40 ML A
(non-membrane-bounded organelle) (5] 4A), T4
DEGs &3 & %) GO terms L7 72 4>, Hipte
AP, S EER terms WKL EY)
18} 3 72 (carbohydrate metabolic process). 2 [
IKfi# (proteolysis) I L i 2 %12 (monoatomic
ion transport); £ F-IEEH, = E EEM terms
£ 45 7K BTG P (exopeptidase activity) ., KEETG
P (peptidase activity) A1 & Kk [ & M
(carboxypeptidase activity); FEAIMIRLH, HE
AR terms fUF5 iR (plasma membrane) . il fifi #h
X (extracellular region) Fl 40 Mg #b Fl (cell
periphery) (Kl 4B). TERRTEFEE T R4 I T# 1Y
VR BE DY 32 B AR B 5 A A Y G R 22 R
TETEAH G B, X RUITERESRE T, KA

(translation) .
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 PANPURUR LT Y A RN -Re N PP
AV 290 B A 383 A 3 I 40 L A7 PR 85 1 AR Ak

B SF T, FF DEGs 8.3 & 449 GO terms
A 334, ST Y 1 DEGs &4 211
terms HIAHML, 1140 EHi%F (translation) . MR
ZE R 147 (structural constituent of ribosome)F11%
WA (ribosome) (1 4C). T4 DEGs 2 % & 21
GO terms A7 40 4>, Hp 7A=Yt fih, &)
& HEN terms A5 A R 1L i £ (oxoacid
metabolic process) . A HLEZ 11 F2E(organic acid
metabolic process) Fl & 2 A #f it 1 (carboxylic
acid metabolic process); FE4rFIIREH, FHEE

LW terms L35 Mk 5 B 5% 12 26 1136 M (amide
transmembrane transporter activity). KIS P
(exopeptidase activity) F1 #b Bk W 3 M
(exopeptidase activity); FEANMLRLATH, HEE
LW terms LIEZE A (ribosome) . A
4 W) (ribonucleoprotein complex) A LSS A AY
21l }fd %% (non-membrane-bounded organelle) ([l
4D). TERPESFAMET, RAHIIER T DEGs
F2 w4 B R AU A S I AR R S A a8 2R 1Y
PEA G %, RUITESEIAEE T, R A]
DI SE M A -5 B0 I 3 2k 40 ) B 1
PECAURZZ AT, AT B Ji-h )3 0 &/ SR A5 b3

A BP: Cellular nitrogen compound biosynthetic process |

BP: Organonitrogen compound biosynthetic process
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Figure 4 GO enrichment analysis of DEGs under acidic or alkaline stress. A: GO enrichment analysis of
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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.

2.5 EFFRIEZERAW KEGG EE7H
R T T MR AR TEA R pH 2504
T DEGs 25t , 44 KEGG $is
AT E T, SR RPERMEI AT,
8 DEGs BF&EEREKA 22 4, TiH
DEGs % & £ 2 ME A 32 (& 5A. 5B);
rmmﬂﬁ_ “MFF, 4 DEGs B#E&E&EFM
WA 8 4, TiH DEGs W& &£ gE

<l actamicro@im.ac.cn, 010-64807516

1348 5C. 5D). 734h, TG R ML Sl
ZAFT, 78 DEGs #8& A5 1A [ 938 #%

191 A% B A (ribosome) Fl 4 2 R 19 25 ) 45
(biosynthesis of amino acids). X AR ik /]
PR E 52 21 2 080 38 I 2 £ HEAZ 0 K 14 5 Bl A
BILRH G . Mo, TR R 2
BPESAF T, T8 DEGs t#bE 5] T MR
W, AR A A 0 A 1A i (biosynthesis



AT | SRR, 2024, 64(11) 4281

A Ribosome | e
Ribosome biogenesis in eukaryotes - @
Biosynthesis of amino acids - ®
) Spliceosome -
Aminoacyl-tRNA biosynthesis - E
Nucleocytoplasmic transport |-
Purine metabolism |- o
2-oxocarboxylic acid metabolism|
Cysteine and methionine metabolism| =
mRNA surveillance pathwayt «  —log,, P-value
RNA degradation| 6
. Nucleotide metabolism |« !
Alanine, aspartate and glutamate metabolismf  « &4
Pyrimidine metabolism| « 22
Phenylalanine, tyrosine and tryptopRhan biosynthesis |- « Count
NA polymerase |- «20
) ) _Arginine biosynthesis - - ® 40
Valine, leucine and isoleucine biosynthesis - ® 60
One carbon pool by folate |-- ® 30
Lysine biosynthesisf= . ) ‘
0.02 0.04 0.06 0.08
: ; : Gene ratio
B Biosynthesis of secondary metabolites |
Tryptophan metabolism |
) Starch and sucrose metabolism |- »
Valine, leucine and isoleucine degradation |
Tyrosine metabolism |
Peroxisome [ »
Galactose metabolism | =
Gl cerolip;&i g]etati.loli'sm oo
atty acid degradation| -« - 3
Glycerophospholipid metabolism - log;y Frvalue
Glycine, serine and threonine metabolism |« ; g)
Pyruvate metabolism = a
Phenylalanine metabolism |« %
Beta-Alanine metabolism | = =
Arginine and proline metabolism [ = Count
ABC transporters | * e 20
Lysine degradation | » ® 40
Ascorbate and aldarate metabolism [ ® 50
o Other glycan degradation |- ® 30
Ubiquinone and other terpenoid-quinone biosynthesis |+ ) )
0.1 02 03
Gene ratio
C D
v o | Biosynthesis of secondary metabolites @
Glycine, serine and threonine metabolism °
Biosynthesis of secondary metabolites - @ Tyrosine metabolism | o
) ) ) ) Carbon metabolism | °
Biosynthesis of amino acids} o Bisayritiesis of cofiotors) .
Phenylalanine, tyrosine and tryptophan}  « —log,, P-value Butanoate metabolism «  _joo  Povalue
!2 f-alanine metabolism| 3
Carbon metabolism|- ¢ i % Alanine, aspartate and glutamate metabolismi- ¢ [,
. Glyoxylate and dicarboxylate metabolismf K&
T T 1 yoxylate and dicar (-)xy ate metabo Tsm
Coimt Nitrogen metabolism| » Cosunt
. L]
Steroid biosynthesisf =« e ?2 Phenylalanine metabolism| 10
°
o ) ® 16 Lipoic acid metabolism -
Lysine biosynthesis Nicotinate and nicotinamide metabolism -
0.10 020 0.30 0.10 0.20 0.30 0.40
Gene ratio Gene ratio

5 EREMEFHT LAMTREERREEREN KEGG EE N

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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