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Abstract: In order to adapt to different environmental stresses including heat stress, oxidative stress,
osmotic pressure stress and ultraviolet stress in the process of growing and infecting agricultural products,
fungi have developed a set of high osmolarity glycerol mitogen-activated protein kinase (HOG-MAPK)
pathway to alleviate the environmental stresses. This pathway plays an important role in the growth,
development, mycotoxin production and pathogenicity of fungi. There are two branches in the
HOG-MAPK pathway, among which the SLN1 branch is more sensitive to osmotic stress than another
branch (SHO1 branch), and is able to respond to high osmotic pressure and high salt concentration. The
SHOI1 branch is involved in a variety of signal transduction in response to oxidative stress and thermal
stress. This paper reviews the functions of key genes sinl, shol, stell, ssk2, pbs2 and hogl in the
HOG-MAPK pathway of phytopathogenic fungi in responses to different environmental stresses such as
osmotic stress and oxidative stress. We show that the HOG-MAPK pathway can respond to a variety of
environmental signals and is involved in regulating the growth of phytopathogenic fungi such as
Aspergillus flavus and Aspergillus ochraceus, and the production of mycotoxins such as aflatoxins and
ochratoxins. Understanding the mechanism of how HOG-MAPK pathway regulates mycotoxins’ formation
under different environmental stresses that provides a theoretical basis and guidance for the prevention and
control of mycotoxins in agricultural products such as food and feed.

Keywords: high osmolarity glycerol mitogen-activated protein kinase (HOG-MAPK); mycotoxins;
environmental stress; food safety
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&1 HOG-MAPK BREMN TR IRIZE FRIEE
Table 1 Responses of the HOG-MAPK pathway to different environmental regulators

Regulatory Fungus species Effects References
factors
Temperature Aspergillus flavus The optimum growth temperature in peanut: 37 °C; [28]

Water activity

Light
(ved/velB/laeA)

Oxidative stress

(vapl)

Osmotic pressure
(hogl)

Saccharomyces cerevisiae

Aspergillus fumigatus

Aspergillus flavus

Aspergillus ochraceus

Aspergillus flavus

Alternaria alternata

Aspergillus ochraceus

Aspergillus carbonarius
Aspergillus flavus

Beauveria bassiana

Trichoderma guizhouense

Alternaria alternata

Aspergillus flavus

Monilinia fructicola

Glarea lozoyensis

Saccharomyces cerevisiae

Penicillium nordicum

Aspergillus ochraceus
Aspergillus carbonarius

Penicillium nordicum

the optimum toxigenic temperature in peanut: 28 °C;

Transcript levels of most toxigenic genes and proteins are [29]
up-regulated at 28 °C

Heat stress signal is transduced by Shol, Ste20, Ste50, Stell and [30]
Pbs2 in the HOG-MAPK signaling pathway, then activates Hogl

to regulate heat stress

Hogl can be activated by cold stress and participate in the [31]
regulation of growth and toxin production affected by cold stress,

and its activation depends on the SLN1 branch, not the SHO1

branch

Optimal conditions for controlling fungal growth and toxigenicity [32]
in rice with temperature <25 °C and Ay<0.80

The optimum ochratoxin synthesis condition of coffee beans is [35]
35°C, Ay: 0.515-0.821

The protein Sinl in the HOG pathway was up-regulated at [36]
0.99 Ay, and the knockout of the hog! gene made fungi used a
decrease in toxin production and sporulation

hog genes in the HOG-MAPK pathway are involved in the [37]
regulation of water activity on fungal toxigenicity

Ultraviolet rays have a great inhibitory effect on the growth and  [39]
toxicity of strains; short wavelengths (blue light, violet light)
significantly inhibit ochratoxin production in strains

Affects sporulation, UV stress tolerance and aflatoxin synthesis in [40]

strains
veA gene mediates light dependence of strain conidia [41]
hogl is a core part of the light signaling network and controls [42]

73.9% of differentially expressed genes regulated by blue light

Light affects the hyperosmotic stress response of hogA gene in the [44]
HOG-MAPK pathway

afapl gene is involved in the regulation of oxidative stress and [46]
toxin production

mfapl gene positively regulates the oxidative stress and toxin [48]
production
glyapl gene positively regulates the oxidative stress and [49]

secondary metabolites production

In HOG-MAPK pathway, Hogl is stably phosphorylated through [50]
the Pbs2 pathway and is involved in anti-oxidative stress

The strains have good growth and toxigenic ability under different [53]
NaCl concentrations

With the increase of NaCl concentration, the growth, toxin [54]
production and related genes (such as aootad) of the strain were
significantly inhibited

: 010-64807509
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RETE 8% i 05 R A WG MR /K 2316 2 5 ol
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meridionale) TER G ™ [l 48 25 8 Hik 0 TR I B 1Y)
BB SR 25 CHI Ay 0.96°% . Estrada-Bahena
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0.515-0.821, &5 L3R W L ME Ak 739 1) 3 o
P Aw BEFE IR h 2 R I SO R ARk
SRR AE Ay 0.99 FAF N E A
HOG-MAPK @2 HH H Sinl 3K %28 T
W, afsakA (hogl) FEPR YR bk 2 1 85 ph 25 XF 7K
o SER =01 N R b A DN = oY
Uil HOG-MAPK &4 Sinl Ml Hogl #& 5
f 25 S e K A B A K 43 W 4RO
Graf 55L& B, HAEACHEMES (Alternaria alternata)
H aahog KPR I AT BELIBT 1 L 11 B 2R A& S 16 193 1Y)
Ho, HOZA G R TK 41 B 7,
A E A A2 Bl % HOG-MAPK 12 H Y hog
N2 51 K06 R B - s R . Bk
Ul TERCE RSO A R b, KOS
TN R AN EERNER, 7K
FEXT BB R AL, A TR E Ak
R LR R R P45
23 KxER

HOG-MAPK #4212 56 BN, iy Sz,
VeA =2 W FK % (velvet family) H—FpSCH Y
HE, TR 2R B B & T AR
i, EHR D SRR (4. ochraceus)
AR OTA 77 A2 SR BERC IR N 1, Liu HBA A
PR AR X s h B Ak SR EE (4. carbonarius)
A 5 P s AR AR A RIAE T, AR
(e, ) BEMBMAERE DM EERN
FEAE T LSO B R B A F D
Park P BN & B 22 50 5 1t 073 TR -7 B il 4 vh ol
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2R a2 v fE RO Wang 25 & PR, VeA 7E
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PR OGS 5L, A o A OB AR
W, JFAE PR T B PR A2 M vh R AR AR A
FM, HOG-MAPK & £ A7 1E X 5 5 6 IR 5
FRA KRR, Yo BB KBS M OAR S
(Trichoderma guizhouense) " Hogl &1 5 M
KR, TEHE 73.9%% WOt R £
FRIBFEE, £ HOG-MAPK &4E2 5 K
O WG S MR AR BTG Y Y Bk
P, EM M (4. nidulans)  HOG-MAPK
AR sakd (hogl) F:HS 52006 K H
WlE 5152 A sC A O e R i
[AF FphA 7#7E T HOG-MAPK &2 K41 N ,
HEBH A AR R hogA SR Y 598 1% L
WIS 352 fphd WIVATE, fohd HERAK 280
HEM s m™, 28 Bk, e R E YR
H, VeA 25PN OIS 5 T ER AR
KRB MRARW A, S50 FRE
HOG-MAPK 424 FL I 5 3R A 4% RO
2.4 FHNH

LI GE H 23l o AT B E S (o
HOG-MAPK {55 5 ik 48) e (UniEEE iy
AR S IR T Yapl) SRR o i A AL
I, Yapl M HAE 22 R B ) R R IR ) 02
i} 32 S8 A 7 S A R0 R Y, Lin 1 BA & B
MG hrs R hikE (bZIP) ¥k Afapl 78
B A AR Ak R Bt R B R AR R R
FESAEVE YO, Yu S & B SRR F Yapl f9[H]J
Y1 Mfapl 2 PRSI E (Monilinia fructicola)
H AR AR DRI 7= 2 B 1R DG A 3 R 2 kK
Davide % % 914 H,O, 3 it , Hiigs & iy 48 4k 1
B 29I (F. proliferatum) A0S
SR (F. subglutinans) WA= R /D BB 2R R
(moniliformin, MON) FIfR & & (fumonisins,
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FBs) /=1t Dong KL T Glarea lozoyensis
i Glyapl 5 8Lk i b ML SRR E B,
(pneumocandin By, —F RIRBLETTZ5H)) & L
IR MRS, H glyapl RAZVKE L E
By F= it LB AR A B E T, HOG-MAPK i
A4 B8 1 L 11 38 3 4801 107 VI Al HS B 2 O
Bilsland 45 & BLAE FRTE 1 B 10 S8 A 7 33 S g
TEN S S Pbs2 A, TR
Hogl H I ARAFE NN EBERML, EWREH
WAL LIS 5 B0, DT e A A I IR ) 7
PR, Lee 55 K& B Ho 0 75 A0 M 57 Hhd 220
it Hogl 5| i MR irs e R 1) S Ak g s i B
yapl FEIER T BRI ERET . AR
P BESF AN MLIG 3, Al A A S Y DR Y
1574 (reactive oxygen species, ROS) 7K -7
b B A S A T4
2.5 EEE

Z 55 PR A oL T AR W) i
TE FL IR 75 21 A A rpolie B/ AR AT, Mg
NaCl fyfIHE, SH&EBEEPNE, #i% HOG-
MAPK #4%, HiH Hogl J& HOG-MAPK & 41E
— D EEBE L R . Sonjak SR,
HH (P. nordicum) TEAIE] NaCl ¥ FARAE K
RAF I A e K Ao i 2 2 21, X R LA 2
FHBAERE & NaCl (TR @), Liu
VTN & B NaC1 14 % 4 1) o 2 0T e 25 L e
M8 1 P. nordicum W EE . FoEERE 1 LA ™ 5
FEAOE B A 5 . BEEE NaCl ¥R pg34 i,
B AR A2 3 W, h &R
HFEK, 1 Hogl MYBERRALACF-YEM. mbivk
JE bt AR 2 R 0 BRI, {HXF Hogl
BRAL B /N, B Hogl X B B A8 Ak i fi
P A /NPY S Furukawa 254 B, FRE R 095
B VR B SHOL # SLN1 Bi%& %55
(g, {EAL B EE A9 HOG-MAPK 42761535 £
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BTSN ME5iER () SLN1 4332) ¥
T, K BEBIF I 4G S A R T R S L
B B A 2 FE R AL S B NaCl A& i B
R, ARTEIBY) . AR T AR S5 A
b AR AR i R R R A

3 FREFEMET HOG-MAPK # 4
PEEXAEEH TG

3.1 SHO1 94X
3.1.1 Shol
Shol & HOG-MAPK &% b i J8 W 43 32

SHOI f— A ZRIV A, Shol SV #w7E
AN T 258 531 g L TR 40 i v 2 R AN TR A 4 RO
Shol i1 Stell #i% Pbs2 F1 Hogl i 75 Hih
B AR T, FERRPEE R, Shol Y
Z 5B EEIE , A B T A RE N (R
EriB); EHAOSERE (Candida albicans) i
BB E S, Shol EH LM, HAEX
SR IO A LR T P04 Sy P kS T A
Shol ZRABMAXRE BT E MY . okt
JHE R R S R, SR BRI BEAE Sy Bt L AT HE
S PSSR i X ST AIETE (Colletotrichum
gloeosporioides) W shol R lE, 55T
shol WIIEIRIEN cgShol, LX) cgShol wilE
ENSIANZER I /YU 2 /NI 71171 5 ) S Y DDV B 29772
B, BRGEASAR L BEA B A K NG E , R 22
B, e B e TR, R
X AL B NS i O E R RE R [ X R,
cgShol FER B H R shol LIRS 5T
MR AR R E . 75 AR
IFRANI” S5i-Ja VAT 458 VAN

3.1.2 Stell (MAPKKK)
Stell & HOG-MAPK 4% SHOI1 437

MAPKKK ¢k, 7157 B m B & E e . 25
ARG S1E 0, 7845 3T #05 Stell
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SEREFEM Y . 78 SHO1 i {2 i — i
Rt Ste50 1 MAPKKK Stell S#47E Pbs2 Fll
Hogl #1795 15 R A 517, Stell i 253
S H SAM XI5 Ste50 FEFPELE AL Stes0-
Stell AW, ZREWAEMNZRGER . A
IR B FE IR (E S T R A 2 e E L AAE
Mo Stell BEFRAL H 2378 83 FE N T ™ A=
{HAYA Ste50-Stell FI Stell BAph i wERR AL 2 A
R 52 40 E HOG-MAPK & 7219163 J8#5 Stell
PSS s TR — AR 22l i, T N i
JAYE X 54045 SteS0 7E IS R & 1 A AH A
Ste50 fE A — M ERLE M, ¥ Cded2-Ste20 H G
Y% Stell, MIMIESY Stel1!,
3.2 SLN1 %%
3.2.1 SInl

HOG-MAPK #421) SLN1 43 3¢ 2 i i iR i
BRGEHIE . Sinl & SLN1 7 X L,
EBEWE RS ELEEN . RN R,
ScSinl JEME— R ZA TR, W& 50 & I Ek
XS MHAIE N RE ), HLEUR & 580 KT %
ik, MR EERE A AERE 11, 78 STk
W, sind RSB0, AR 1TE R
IEIR S AR B . FERJEDR I (Magnaporthe
oryzae) W, FEEE moSinl ¥EIN T RIS % &
FE AL LY B R, IR e 8o v, R
Btk B SInl-Ypd1 &8 AR EAR I3 )
(SCER R 5 SR 3R 50 ST BR it i J 5 38 i
BEEFEEER (0 hogl) FiEAKF, M
i 953385 A I fiE 77107, KR8 SLNT 4337 (i &
Z 2% TesB XRMRTEA K K | Bréafbn i fbe
BB RO TG S R i 1 R B
3.2.2  Ssk2 (MAPKKK)

fEEE HOG-MAPK & 12 187795 178 He g 3 )
W T 22 2 15 AL B 1 (MAPK) Hogl 240k
L, IV AL MAPKKKSs Ff) Ssk2/Ssk22
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1 Stell, BA CEAE MAPKK Pbs2 JEI [, 2z
FHLIRBHRIIE (F. graminearum) HOG-MAPK
WAt b 3 VIS FgSsk2 . FgPbs2, FgHogl
DL Ko 3 f HS e IR 42 S IR 7 FgSR RFSExs
G, RIAEGMEREAN IR T, 5B AR BB RRAH L,
WG BA B 98 AR K AFgSsk2 . AFgPbs2 . AFgHogl
H FgSR HYBERRAL/KF-0855 , EBERR ALK 2
TR, URHAE R A iR T A P G B A B A 14
T, HOG-MAPK i&4% I ¥ EE g ik FgSsk2 .
FgPbs2. FgHogl £3if i MR 1b4% 5% A+ FgSR
SR 27 A (8 WA R PR (1 Rk OV

KB (Botrytis cinerea) "' ssk2/ssk22 Fl
pbs2 BRI ST H I E SR . BEME RIS
25 AR AR I A0 35 7 i U0 A Sl A
B % e N s A AU 5 W R 3R ) Pbs2 55
Ssk2 KRR A1 4438 2] Hogl; 8745 M8 1 Z A
PN B HOG-MAPK & 42 2 i R il Ssk2.
Pbs2 F1 Hogl MIBEERILIIEY, Ssk2 AI1ER
Hog1 ZIK S 0 (4715 14, DT -5 At 07 384 s 17 3%
BAMEAEN, mAEES S HOG-MAPK #&1%
A EL AR P 0 40 i R o e P R s g A U7
3.3 Pbs2 (MAPKK)

Pbs2 & HOG-MAPK i&42 M 4~4r % (SHO1

FISLN1) WA S, ZBAE Hogl FHRR Mg
HERIME—E . Pbs2 5 Hogl AYZARIARIE |
HAMMPIMER, 5 Hogl 25{Ll, Pbs2 B #IE
W2 5 WERER Z2 R0 NI N (U2 3% e 1 AN
AALNLH) . Pbs2 WE 5 TAK KT ML,

pbs2 W RABRLEARR S50 F TR 22 K 5 e 1
A58 Wang SEUEM T pbs2 BRI TE SO 1
KRB E (Metarhizium rileyi) WIHEIETEL .

YA L JBRE SN R A R R B AR
FA1, Ross Z5IFIH T HOG-MAPK #4571 pbs2 iy
BU ST (A S s I 0 N3 NA X U LK 4 S

MR . BRIEERE . SR A A B a5

: 010-64807509

1) pbs2 578 VAN 175 1 JWih 38 F0 48 T 3 )
X m TR A BRI bR, H AL AR5 B
S HTRATE BB pbs2 HA RFERY,

3.4 Hogl (MAPK)

Hogl &% — ik PLAEML 18158 & Whid (5
51 MAPK, 27 BB AP f HARHIE 9 MAPKSs
Z—o EROGIR BN H B MAPK, i1l
R R N /R N = i S 09 S B
3731 253 F1 Herrero-De-Dios 28 7F F K KB
B (Setosphaeria turcica) HOG-MAPK 2% kiR
7 sthogl R ThEEM s &I, stHogl %
PRI R 5% S A8 A o) 12 3 s v 3 S AUk, I DRI 7R
22 AN HHIMAR R R %5 stHogl BEDA 6 4%
22 A KA AR R R (WA . = E )
M, EIERESART AT, FESS
21 e BE 1) 58 REME RS 5 P 5T R B hogl KL
G 70 of A R i L TR 0 A A AR R R e L K
LT O M 0 5 m AT 2RO,

Liu 55 & B FUE TR @R bbhogl 58 7ZF 1A 5
B USRS N . TEZ i AN AL FL S
ABbhogl 58 HME B SRR RS i, oAt 510
KA W FHREAR, RUNZIER S ML) 8E 1)
PR, [FIIF, WFSEIE R BN S bk
PEAT IR, ARLCEFAERL, SAERR ABbhogl 7™
BEFE R TR K A= a1 W B BEART 7. Degols
2k L MAPK KE[H hogl B R IR (T I 1 T4 7 55
BEENA I REAKRET, BABEERK
& F BT Silva SR, hogl BHT
HOG-MAPK 342175 2 (1 AL 18 98 15 7R T
MBS hogl RV StylMAPK A2k T XF
BT B AR SO, 3 AT DG A
AR RO AN AL B AR i T A A
SN AEMS KB (Trichodema harzianum)
HhvelE T SEEEERIEA hogl, RILZIENSY
TRBELR, WE. R pH., S ALNERE 5
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e SENFAA: 0N E i BV YN TN UG S =)
i, HOG-MAPK i&1% L1 hogl :H 51 Z
B (E. BER. ¥, EER . IrER
FPIa) #4755, Ui HOG-MAPK i&4% F Y
hogl F:KTEFREE 38 T HA B LA 1EH

4 Hip

HOG-MAPK & 1% ] LA 15 B 14 7E 52 ] 4
REIIn A —E Wbt Eae ), @ LA EVE
ZUJRETE R, X e SR i R T A,
A B — RS, ENEAE &S BT,
21T 52 B AH N 8 N A S i 2 R HEVE
shol JEFX B EFRARK . AR .
ot A A L A HELHER; pbs2 B S
SR B S RIS s hogl DRI 7E BT HGAH B4
BN hREEEER, SHARKEE . o
Al 7 RN A0 R RE ) SE AT A R R EMER . B
BT, BATEAWIG T HOG-MAPK #®42 b i—
SETREIL N, A R 2R WA B TSR R,
HOG-MAPK &2 IR K 5E 23 ] B T4
ZER P IREE A N TR BOR,, TES YR E
WK AT S5 T LA SR BCMAARK T8 0 v W i o 2 e o 45
BT B B 755 MR 7 1R FLR R AR

HOG-MAPK & A2 75 B &) v i i 58 H il 2
GRSV 2R, SR T A AR [ T iz e
FEA A PRSP AR LR, A B P AR
A BT AR R [ ) HOG-MAPK. &
BAAE SR, XS B D REVE A A fR gkt
— 375, HOG-MAPK &2 2 — N 42 ™
%, MAREAMAHE/ERMEORAR, XEEn
JoTREAS W AR Ak Y PR B A T AR FR AN Y . 6 TR
HOG-MAPK & 1% HAS [m] 1) 28 1 5T 4n el 40 B A
F LA p=A E BANTR 15 5 DA i 6 R 35
KA RN EAT AN F A5 S, BETRGREA
BRI, A, AU 5> A P2 oK ek 345
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SN, B FAWs ok e 2450
JZ T b 43— A I AE AR 06 &R AT A B AR A
o M RGAED =R BRI MA R %, ¥t
AR DNA RS s AR A4
RS TFHEYHEAMEG S, TETEVRS
A B 2 2 RE EL AR o 3 ik T A T 4 T 2L
HOG-MAPK #A2ENEE, 1M T i HOG-MAPK
IEAR )45 A D RE AT Bl T FRATT o 407 b, P Ao LA B
AL B E R, IR B T TR 0 e e A
B TR A, LR R R B i R A
B E B, R PR B £ it 2 4 ] i I — 45 ST .
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