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expression analysis during HT-toxin induction process

ZHANG Shuhong', ZHANG Yunfeng', GAO Fengju', WU Qiuying', LI Yazi', XU Ke',
FAN Yongshan'’, LIU Yuwei*"

1 Tangshan Key Laboratory of Agricultural Pathogenic Fungi and Toxins, Hebei Key Laboratory of Plant
Biotechnology Research and Application, Faculty of Life Science, Tangshan Normal University, Tangshan
063000, Hebei, China

2 Hebei Bioinformatic Utilization and Technological Innovation Center for Agricultural Microbes, College of
Life Sciences, Hebei Agricultural University, Baoding 071000, Hebei, China

Abstract: [Objective] The basic leucine zipper (bZIP) factors are a group of large and
conserved transcription factors in eukaryotes, and they are involved in the growth,
development, and infection of pathogenic fungi in plants. This study aims to identify the bZIP
transcription factors in the whole genome of Setosphaeria turcica and explore their functions
during HT-toxin induction. [Methods] The members of the bZIP family were screened and
identified from the genome database of Setosphaeria turcica, and their physicochemical
properties, conserved domains, subcellular localization, Cis-acting elements, phylogenetic
relationship, and protein-protein interaction network were analyzed. The RNA-seq database
was used to analyze the expression of bZIP family members during pathogen infection and
HT-toxin induction. [Results] Fourteen bZIP family members (StbZIP1-14) were screened
from the genome of Setosphaeria turcica, with significant differences in physical and chemical
properties. These factors had the lengths of 226-613 aa, relative molecular weights of
25.24-66.30 kDa, isoelectric points of 4.66—10.36, and the subcellular localization in the
nucleus. These factors carried 660 cis-acting elements involved in abiotic stress, hormone
induction, cell cycle regulation, enhancers, and core promoters. The phylogenetic analysis with
11 other major pathogenic fungi in plants indicated that StbZIPs were clustered into 10 groups
and had a clear co-linear relationship with AabZIPs of Alternaria alternata. The expression
levels of SbZIP1, SbZIP5, SbzZIP7, SbZIP10, and SbZIP11 were significantly correlated
with HT-toxin induction, among which SbZIP5 had the highest expression level and
demonstrated upregulated expression after 21 days and 28 days of HT-toxin induction. The
protein-protein interaction network of StbZIPs predicted three StbZIPs interaction pathways
centered on StbZIPS5. [Conclusion] The members of the bZIP family of Setosphaeria turcica
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have significant physicochemical and structural differences, extensive genetic diversity, and

significant functional differentiation, playing an important role in transcriptional regulation

during HT-toxin induction.

Keywords: Setosphaeria turcica; basic leucine zipper protein; phylogenetic analysis; HT-toxin;

expression analysis
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HT-ZEX21ESEREFRRIEDH
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R, WLHIREKGEE 3 WeET, FHHK
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K& (20 pL): 2xSYBR Green Abstart PCR Mix
10.0 uL, cDNA 1.0 uL, IE .\ JZ[a] 5[4 (10 pmol/L)
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(CK2), AREEm R << AR 24k 0.7)3%
7N HT-8 RAEW A IR 1R/
1.7 S5EXKKBFHFEE bZIP & FEFEZEHE
EWERERIAERIZHE

FF batchCorrelation.r #X4f1i+%5 HT-
BER VT W F MK bZIP # 5 A 7 5 RNA-seq
B SR 2 B0 JE A HA L T B9 Pearson A 56 &
B, o o0k Y IR 25 IE A 6 RN B 3 R DG
10 AR, RIHAEYE B0k e dln
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1.8 HIBG It thAME

WA W RN KK %%, A A GraphPad
Prism # A #E4T two-way ANOVA I 1443 B Fil
TE.

E1 ERKAWFE DZIP EEREMNEBEFEN
Figure 1

2 BER540

2.1 ERKWFHFE bZIP EFEFRIER R
S EREREERRVIBLERS R

I 65K R B T 4k PR 4l 85 T R R o
e, HRE] 14 NEA bZIP 55N T MR 55 4y
1 PFO0170 WYy 5T, 43 Al fir 44 4 StbZIP1-14,
EATETF 9 4% scaffold |, HH scaffoldl. 11,
19, 20 F1 26 FAUA 1 A4~ StbzIP R, 7¢
scaffold3, 6 1 7 A7 2 4> StbZIP HEH, 7E
scaffoldd A 3 4~ StbzZIP FHE 1), 40t
StbZIPs 1Y B Ak 14 J5t IF 2 47 . 48 Mo 5 o7 F51 )
(F 1), Z5REH, SbZIP1-14 {075 G KPR AL
226 (StbZIP14)—613 (StbZIP9), F-14 363.8 44
FLERFRIL ; AN 4> F i 25.24 kDa (StbZIP14)—
66.30 kDa (StbZIP12), *}-# 39.4 kDa; Hi/KE
FEE(—1.143)~(-0.617), ¥IHEKEH; AMaE
fEEL 44.80-88.04, BN AREERM; FH A
4.66 (StbZIP12)—10.36 (StbZIP13), F-3J 6.86;
STV 200 160 2 A7 359 R A0 LA

Chromosomal localization of the bZIP gene family of Setosphaeria turcica.
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F1 ERADFE bZIP EERIEHRDEHRIIEL4 FRA0 T 4050 E L

Table 1
of Setosphaeria turcica

Physicochemical properties and subcellular location of the protein encoded by the bZIP gene family

Gene name Number of Molecular weight Hydropathicity Instability index Isoelectric point  Subcellular
amino acids (kDa) location
SbzIP1 376 40.97 —0.636 67.89 4.98 Nuclear
SbhzIP2 335 37.16 —0.877 58.75 6.71 Nuclear
SbzIP3 536 57.05 —0.911 60.19 7.78 Nuclear
SbzIP4 372 42.25 —0.929 55.50 6.13 Nuclear
SbzIP5 296 32.22 -0.617 48.00 5.64 Nuclear
SbzIP6 298 32.49 —0.988 66.86 6.20 Nuclear
SbzIP7 242 26.71 —0.849 88.04 8.91 Nuclear
SbzIP8 304 32.87 —0.822 56.67 5.81 Nuclear
SbzIP9 613 65.71 —0.857 44.80 4.90 Nuclear
SbzIP10 229 25.68 —0.884 57.85 5.82 Nuclear
SbzIP11 292 31.02 —0.632 64.83 9.43 Nuclear
SbzIP12 604 66.30 —0.633 61.10 4.66 Nuclear
SbzIP13 370 36.33 —-1.016 77.85 10.36 Nuclear
SbzIP14 226 25.24 —1.143 48.25 8.69 Nuclear

2.2 EKAWFE bZIP EFEFRIE
HRRRZH N SEB D

FIH MEGA 11.0 3K {444 StbZIP1-14 &
GREW(E 2A), 45REI 14 4> bZIP 4 5 H
Fa] LA 5 4H( group A—group E ). H:H group
AFH 3 ANEERETF . StbZIP4 | StbZIPS Fl
StbZIP11; group B A 2 N RKET: StbZIP2
1 StbZIP7; group C A 2 N7 F: StbZIP3
Al StbZIP12; group D 43 2 MK ¥ StbZIP1
F1 StbZIP14; group E A 5 M5 % [FF : StbZIP6
StbZIP8. StbZIP9. StbZIP10 Fl StbZIP13., M
B 2A HA[ LA P, bootstrap (EH AL, FIMH
DNAMAN {48 SthZIP1-14 Z 8] 1 J¥ 5141
IPEI R 13.83%, ULH] StbZIP1-14 Z[EIfF7E
BRI 4 22 S

FIF MEME 43 #7 StbZIP1-14 () Motif £54iF
(Kl 2B), LB 5 Fl Motif, 4F—Fh StbZIP &
£ 1-3 4> Motif, I HIA Motif 1 (K 2E).
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StbZIP1 . StbZIP7 . StbZIP11 . StbZIP12 Al
StbZIP14 ¥ HA 1 4~ Motif 1 ; StbZIP2 ,StbZIP3 .
StbZIP5. StbZIP6. StbZIP10 F1 StbZIP13 & T
A Motif 14, &A1 Motif 3. Motif 4
a Motif 5; StbZIP4, StbZIP8 Fll StbZIP9 37
H 3 > Motif, Motif 2 {XHBI7E StbZIP8 Fi
StbZIP9, Motif 4 {X H} BL7E StbZIP5 Fil StbZIPS.
FI ] MEME 3 () Tomtom 4% {4448 % 5 Motif 1
VEECAY 0 Motif, 45 R &, Motif 1 /) 16-27
{ ££4E CTF/NF-I DNA-binding domain signature
(PROSITE entry PS00349). %5 20-39 {4

bacterial  chemotaxis sensory transducers
signature (PROSITE entry PS00538) . % 9—16 {if

A4 ribosomal protein S12 signature (PROSITE
entry PS00055) . %5 1-6 {ii ¥ A nuclear transition
protein 1 signature (PROSITE entry PS00541),
FUIZ Motif 1] §EZ 5 DNA 454 | btk &
WSR3 s S ARG S
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Figure 2 Phylogenetic and structural analysis of the bZIP family members of Setosphaeria turcica. A:
Phylogenetic tree; B: Motifs; C: Domains; D: Gene structure; E: Motif 1.

NCBI CDD # Interpro 434 StbZIP1-14 fY45H4
WEE RS (E 2C), SEHRINRR TR bZIP
ZERAIER bZIP #HE SR (bZIP superfamily) LLAb, 84
HAth 5 Flt bZIP Z5H4(bZIP_ GCN4 ., bZIP_ATF2.
bZIP_YAP .bZIP ul FlbZIP_HACI-like), 3 Fit Aftl
ZEFIR (Al HRA . Aftl HRR Fl Aftl_OSA), 2
Filt PAP1 Z5A3801 1 Al Sme #E . BR T StbZIP3

TELE 4 FhZER. StbZIPS I StbZIP9 &4 2 s
FpssLAAh, oA StoZIP BV SA 1 Pt ie,

FF TBtools 43 #r SbZIP1-14 (1) 3 [K 25 4

(K 2D), 45 Rk Bl SbZIP2, IbZIP12, SbZIP13

%n SbZIP14 f£7E UTR J¥41; IbZIP2 Fl SbZIP14

EM AR, {UA 14 CDS; SbZIP3 H:A

*’Jfa/\, & 44> CDS; SbZIP1, IbZIPA,
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SbzZIP5, SbhZIP7 Fl SbZIP12 54 2 4> CDS;
Group E H1i SbZIP J:[H 4 3 4~ CDS.,
2.3 EFARKWFFE bZIP 5 RE TRk
X 51 B = R LA AR B TN
FIH SWISS FELZE M Tl StbZIP1-14 1) —
HLE, BRT SbZIP9 L) KNG I (Bipolaris
oryzae) bZIP & [ N (Seq identity 87.09%).
StbZIP10 LAk K 27 M B 9% 14 (Pyrenophora teres)
bZIP 1 N iR (Seq identity 87.61%), Fif
StbZIP FJLL F KR KBER A Et28A (1) bZIP F 1N
A (Seq identity 100%)FHE = G5BT (A 3).
4 Jmy B RS i & il U (global model quality
estimation, GMQE) i [fl 4 0.52-0.70, ¥4
0.60, FEHH BT = G LT o R AU
2.4 ERAWFE bZIP (3EFHEFHRIE
B G BIR A A T o i
PEBUE K KRB E bZIP & [N 5Kk b 2%

StbZIP1 StbZIP2

5+ i 2 000 bp J&i 8+ A Bt , #H PlantCARE
PEATIREAE AT pr (B 4), HREBLT 25 Fh
660 M CAE T, R84 bZIP %A ¥
B AE G 47.1 4, Hrp SbzIP12 i1
Mot Z, A 62 1; SbZIPT7 i AE el
&, A 354, SbzZIPs BIRRAE FH e al 2y
a2k (1) 6. MR, Bok . B EEA I
Rt piootE, A 280 4. Hidk oo
iz, 1 222 4, HERRRR B O, A
13 4~ (2) K #i M H B§ (methyl jasmonate,
MeJA) . JWi7% IR (abscisic acid, ABA), K&
(auxin) Fl 75 25 Z (gibberellin) 3 R 2175 o0,
A 227 4~ Hip MeJA RVTCIFHRZ, B 142 4
HWCh ABA ROWILH:, A 65 1~ (3) s+
MR S5 ooit, A 151 4>, Hrpigsirr
A 1054, BLJash 4 46 45 (4) d0iEfE
IR, R 24

e A

StbZIP3

StbZIP4 StbZIP5

2 Fpo P €

StbZIP6 StbZIP7

StbZIP8

StbZIP9 StbZIP10

& W

StbZIP11 StbZIP12

StbZIP13
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3 ERKBEFE bZIP KA FREM AP = REMER

Figure 3 Tertiary structure model of bZIP transcription factor family members of Setosphaeria turcica.
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Figure 4 Analysis of cis-regulatory element of bZIP transcription factor family members of Setosphaeria

turcica.
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Figure 5 Phylogenetic and synteny analysis of the bZIP transcription factor family members of 12
important plant pathogenic fungi. A: Phylogenetic branched tree (lower groups: G1—-GS5; upper groups:
G6—Gl11); B: Phylogenetic circle tree (—StbZIP: Setosphaeria turcica bZIPs; *AabZIP: Alternaria
alternata bZIPs; BgbZIP: Blumeria graminis bZIPs; BcbZIP: Botrytis cinerea bZIPs; CgbZIP:
Colletotrichum graminicola bZIPs; FgbZIP: Fusarium graminearum bZIPs; FobZIP: Fusarium
oxysporum bZIPs; MIbZIP: Melampsora lini bZIPs; MgbZIP: Mycosphaerella graminicola bZIPs;
PgbZIP: Puccinia graminis f. sp. tritici bZIPs; PobZIP: Pyricularia oryzae bZIPs; UmbZIP: Ustilago
maydis bZIPs); C: Synteny analysis (A—J: SbZIP1, 2, 3, 4, 5, 8, 10, 11, 12, 14; a—j: AabZIP1, 2, 3, 4, 6,
9, 10, 12, 13, 14).
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Figure 6 Protein-protein interaction network of bZIP family members in Setosphaeria turcica. Number of
nodes: 34; Number of edges: 156; Average node degree: 9.18; Average local clustering coefficient: 0.516;
Expected number of edges: 33; Enrichment P-value: <1.0E—16; Line thickness indicates the interaction
strength; The thicker lines denote stronger interactions; A: TRAFD; B: SRD5a; C: BHLH.
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*®2 ERRIHE bZIP HERETFREEBEEMEHNEEE DT

Table 2 Functional enrichment analysis of protein-protein interaction network of bZIP family members in

Setosphaeria turcica

Category Term ID Term description Observed Background Strength
gene count gene count
GO process GO:0006355 Regulation of transcription, DNA-templated 16 603 0.96
G0:0031323 Regulation of cellular metabolic process 18 1003 0.79
GO:0051171 Regulation of nitrogen compound metabolic process 18 1010 0.79
GO0:0080090 Regulation of primary metabolic process 18 1030 0.78
G0O:0060255 Regulation of macromolecule metabolic process 18 1106 0.75
GO:0006357 Regulation of transcription by RNA polymerase II 12 440 0.97
G0:0050794 Regulation of cellular process 19 1550 0.62
GO0:0042761 Very long-chain fatty acid biosynthetic process 2 5 2.14
GO function GO:0003700 DNA-binding transcription factor activity 15 242 1.33
GO0:0000976 Transcription Cis-regulatory region binding 10 149 1.36
G0O:0000981 DNA-binding transcription factor activity, RNA polymerase 10 213 1.21
II-specific
GO:0003677 DNA binding 14 698 0.84
GO0:0000977 RNA polymerase II transcription regulatory region 6 84 1.39
sequence-specific DNA binding
G0:0000978 RNA polymerase II cis-regulatory region sequence-specific 5 63 1.44
DNA binding
G0:0004707 MAP kinase activity 3 5 2.31
G0:0097159 Organic cyclic compound binding 18 2 696 0.36
GO0:1901363 Heterocyclic compound binding 18 2 684 0.36
KEGG map00062 Fatty acid elongation 5 32 1.73
map05132 Salmonella infection 5 36 1.68
map04621 NOD-like receptor signaling pathway 4 33 1.62
map01040 Biosynthesis of unsaturated fatty acids 5 90 1.28
map04141 Protein processing in endoplasmic reticulum 6 197 1.02
map01212 Fatty acid metabolism 5 143 1.08

SbZIP5 fi) RT-qPCR 43 #r4F 5 RNA-seq
SR A —F(F 8B, 8C), HT-HHEIETH
21 RN 28 Kit, IbZIP5 7E ASTKL HAH X} Ak
HNEAREREST WT, HiAaMEEER,
29 5 sbzIps BEHXMERERIKE
ISEE

| F batchCorrelation.r #4431 SbZIP5

5 HT-% %215 557 s 450 e b H At 3% 5] )
Pearson FH5¢ R %, 435107k H 12 35 1E A S AL
FMAA 10 NIEF (R 3. F4),

5 SbZIP5 3 IEAH G Y 2Rk A A 4 iy
FUAEE 1 B MAH GRS B 1 . Bl sk A
T L-myc-2. BWIRZTT IR A IEEE . —RIR
RIETRE BN . BRIk E R R . LA
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Figure 7 Gene expression analyses of bZIP transcription factor family members under HT-toxin induction
of Setosphaeria turcica. A: HT-toxin induced for 7 days; B: HT-toxin induced for 14 days; C: HT-toxin
induced for 21 days; D: HT-toxin induced for 28 days. *: Significant difference (P<0.05); **: Significant

difference (P<0.01).
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FIGTENE (CKL: 10% DMSO; CK2: JLHFI RPN 25 WT: BFAETIREBR 01-23; ASTKL: STK1
FEINRBRRALIR s FKRASLHR: B73); B: RNA-seq ¥ %4170 #7; C: RT-qPCR 7#r. **: P<0.01,

Figure 8 Expression model of SbZIP5 genes and HT-toxin activity assay during HT-toxin induction in
Setosphaeria turcica. A: HT-toxin activity assay (CK1: 10% DMSO; CK2: Toxin extraction from medium

without inoculation; WT: Wild type strain 01-23; ASTK1: STK1 gene knockout mutant; Maize inbred line:
B73); B: RNA-seq transcriptome analysis; C: RT-qPCR analysis. **: Significant difference (P<0.01).

#*3 5 sbziPs BEEHRXNERRINGETRE

Table 3 Genes and functional annotations significantly positively correlated with SbZIP5

Protein ID Pearson correlation coefficient P-value  Functional annotations

23404 0.903 309 1.51E-09 KOGO0653 4l ifd il WA 25 11 B B AH DG I G 25 11
Cyclin B and related kinase-activating proteins
183743 0.884 096 1.01E-08 KOG2483 I ji##: A F L-myc-2 &M
Upstream transcription factor L-myc-2 protein
88054 0.871 526 2.96E-08 PF06609 L[ 5 ffl % M % 77 28 S HESE TRI12
Fungal trichothecene efflux pump TRI12
170849  0.861 527 6.43E-08 1.17.4.1 AZHA% 1 W ARk 5 il
Ribonucleoside-diphosphate reductase
167954  0.859 894 7.25E-08 KOG2261 Z il ik 2 [
Polycomb enhancer protein
120128  0.823 684 7.61E-07 2.A.3.10.13 2% 52 JL 1% 8 i i
Dicarboxylic amino acid permease
173072 0.818 696 1.01E-06 PF11735 ke H 82 W ELFE R 1
Cryptococcal mannosyltransferase 1
31852 0.815 767 1.19E-06 KOGO0054 2 24 24 K S 4 11 /oK 5 B 25 25 11
Multidrug resistance associated protein/mitoxantrone resistance protein
90802 0.812 871 1.39E-06 PF12619 UM A RLEFFEE 11 2, MCM2
Mini-chromosome maintenance protein 2, MCM2
169347  0.796 459 3.22E-06 KOG1148 4 Z i tRNA & h

Glutaminyl-tRNA synthetase
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*4 5 SbzIP5s BERHEXNERKINGEER

Table 4 Genes and functional annotations significantly negatively correlated with SbZIP5

Protein ID Pearson correlation coefficient P-value

Functional annotations

KOGO0134 #Z S ARG/ 12 FACHY) — BB L

Flavin oxidoreductase/12-oxophytodienoate reductase

KOG0022 Fisfiii & i 111 2%

Alcohol dehydrogenase, class III

KOGO0069 Z T FR /5% F 79 IR AR i 5 i

Glyoxylate/hydroxypyruvate reductase

KOG2653 6-T iR 1 %4 4R i &

6-phosphogluconate dehydrogenase

KOG 1238 4 2 4 1t 0 i/ HE G0t 201/ s BRI 224 5 Tl

Glucose dehydrogenase/choline dehydrogenase/mandelonitrile lyase

KOG1198 %r4hE S Ak id 5 i

Zinc-binding oxidoreductase

KOG1816 7 Rl AR EM 1

Ubiquitin fusion-degradation protein, UFD1

3.2.1.4 A4

Cellulase

KOG3998 % ¥yiz i 25 1 ERV29

Putative cargo transport protein ERV29

169431 —0.938 05 1.33E-11
103699 —-0.931 60 3.84E-11
168344 —0.930 87 4.30E-11
162784 —0.927 51 7.14E-11
162878 —-0.914 40 4.18E-10
109963 —0.906 43 1.07E-09
167947 —-0.901 18 1.90E-09
19810 —0.900 69 2.01E-09
165740 —0.900 11 2.13E-09
164621 —-0.899 16 2.36E-09

2.A3.42 yv-RILTTRB B

y-aminobutyric acid permease

3 WiEE®

bZIP J& i H Z AV 3 T Rk Z —
TEVFZ Y PR R T bZIP % 53T 0% . #i
Y bZIP #ok N F B ERZ, MOt
(Arabidopsisthaliana)f 75 4~ bZIP F£KH>1, £
K(Zea mays) 125 4~ 3¢ B (Malus domestica)
114 A1 /N (Triticum aestivum) 227 129,
Hz 5 (Castanea mollissima Blume) 59 "1, sh4)
S0 bZIP X, B A (Homo sapiens)H A
56 N8 L LI (Drosophila melanogaster )
27 A, 5 B k2% 1 (Caenorhabditis elegans)
31 AU B A bZIP LB 2RO,
BN Luo ZEPIN 23 Fh 5 2 J& (Penicillium) 2L 14
HRBLT 454 4 bZIP FEH, P EMEEE
19.7 /> bZIP FEPH, FHrh R & (Penicillium
arizonense) bZIP JL K £, 5 28 1~; #HiME &
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Figure 9 Protein interaction pathways of the bZIP transcription factor family members in Setosphaeria

turcica. 1: Significantly up-regulated during HT-toxin induction; |: Significantly down-regulated during
HT-toxin induction; —» : Strong interaction; - % : Weak interaction.
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