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WO B B2 ik J) T8 Fusarium solani (Mart.) Sacc.5 | 2 (1% ¥ £t AR J 995 ™ 5 5% W A AL Lycium barbarum L. ¢ 7= 18 F 5 5T,
MAEE pH 506 R LR AE K . R LBUR B VIHE . AWF SR SE A 5 I 55 pH X 8 e 4 7 1 A= < R 350 1 1 52
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Preliminary analysis of the mechanism of pathogenicity of wolfberry root rot pathogen under

environmental pH conditions
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Abstract: Root rot caused by Fusarium solani (Mart.) Sacc. poses a serious threat to the yield and quality of goji berry (Lycium
barbarum L.), and ambient pH is closely related to the growth, development, and pathogenicity of pathogenic fungi. This study
investigated the effects of different environmental pH levels on the growth and pathogenicity of F. solani. It was found that F.
solani grew better under conditions of pH 6-8. Both strongly acidic (pH 3-5) and strongly alkaline (pH 10-11) environments
inhibited its colony growth, reduced biomass and sporulation, and delayed spore germination. The lesion diameter at pH 5 was
significantly larger than that at pH 7 and 9, indicating that an acidic environment favors its pathogenicity. Functional
characterization of the pH-responsive transcription factor FsPacC showed that the FsPacC gene is 2 485 bp in full length and
contains three conserved Cys,His, zinc finger domains. The FsPacC protein is localized in the nucleus, contains 108 potential
phosphorylation sites, and is not a secreted protein. Ambient pH significantly affected the expression of FsPacC; acidic conditions
suppressed its expression, while alkaline conditions induced it. Furthermore, F. solani was able to reduce the pH of a neutral
environment. The results demonstrate that FsPacC responds to changes in ambient pH and that F. solani can modulate the

environmental pH.
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FFRNG A AT pH XA AT AR JE R B O AL 80 45 5 B 57

22 ] TE ML B 2 RN 4R A R 2 SN g B R R, T UK
JoTFR A LI, B e AR A A IR, 2 T BELAS K 43 AN 3R
S B W 5 32 i (Pan et al., 2023; 5K /NEE %5, 2020) .

IEE pH J& 52 M B AR K R B RSO T ) O B
W A F 2 —(Wang et al., 2022) . B A5 R
W22 R K T S i R IR A R e i,
BS54 Z0w A SR A 1y K3k 5 JE P T 1 40
e, DTS MR T 9 A A 5 K J& (Liu et al., 2024) o £
0 IR LB RE A8 R B S pH VBRI N AR, il AR R
pH Z i Pk (pH 6.5~7.5) , 58 iR 5 5 i 21 58 X A=
i T 2l 77 A O8N o A, TR]— i D T AE
AR AR 5 —fe £ R G rb ] GER I pH I NP Y 22
5. BAMREMN, 1R Y Nicotiana tabacum L1
&5 Kz ik 01 VA TR Wk BBl A K pH (L R 6.0, 1T 51 RS I 2
% Artocarpus heterophyllus Lam A3 J& 5 09 /&5 B2 9 JJ 16
il A pH{E 9 7.0088 B RUAE, 2024; % 3C A,
2016), 15t B 5t TR 1 pH 3 N P 5 H el 2 R 95 RN A
TR E VI . (E15 TE B2, MACE R [ 3
BT NN AR, HRE . TEREAR X,
A BT SR E R A6 XA A D, T 66
FEMEZE N, W 7E pH {E R 8.45~9.50 B JK 45 + J b ik Hb
1E AR KOO 4 15 AR 7 B (IR W45, 20255 % Ji AN,
2024) o TEX —FFERAEBET ., B R M T T T RE 2B R
DX 1) At Sk Y5 3t PR B9 pHUE B AL, X — RS
AR 25 00 A FEU S 2 DA O

L AE 9 Ik N FRBE pH AF 5 DA T TR B
pH AH 5C BE P, il 2o 73 W Uk AR i W 4 O Ak AR
PRI pH R, A HC ik B il AR A A5 o 0 it T RN
pH 5 5 3= % iy Pald. PalB. PalC. PalF., Pall, PalH
(pH adaptation locus A/B/C/F/I/H) Fll PacC( pH-associated
transcription factor C) 7 P54, Horh Pald/B/C/F/I/H
2 1 1Y A 1R A D[R S B RO A A 3, T S
P& K PacC W 52 pH {5 5 W W 2% 42 B9 A% O BE A
PacC W] i i 0T Bl P 4% 10 T B9 Ak BE D L A R
AT Y 2R 3 B PR R U8 Y L B BR8N BB T L IR
AR W& R BO ) 55 2 Fh A= ¥y ad 72 (Jimdjio et al.,
20215 Li et al., 2021), X 2 Ff i J5 B A9 28 1 1 E0R
H A 2 % % 1 (Chen et al., 2018; Rascle et al., 2018) ,
ASBIF 5 38 3o R 5 AN [R) B BE pH X JE B e 0 B A K
) 5% W, 500 FsPacC i A1 45 149 F0 2 68, 43 B 1% 2
RPE AR pH 25 48 N 19 3R 38 7K 7 DL K8 Bz e 0 o %o
I pHAE 52 Wi, 5 7 % BT I K 9k U0 TR % 26 85 pH
(BB 38 LM, DASBI TR A B i 24 58 pHE 5 1 B Bl U0 T
O I Z K FR o

LR i

1.1 #F#

AT R 06 T F. solani 76 H 7 4 i K 2 b2 B
AR S50 = o B AT R A, 2GR e =
PDA % 3% 3 (Potato dextrose agar) £} i, i B F 0~4 °C
RAFs .

12 FHi&
121 RRApHEWHTHEMRIBREALEX, 29T,
A Aeda T 9 R Fm R

i F < % 4 1 mol/L #) HCI Hl NaOH ¥ PDA 5 5%
LY pH {E 43 0 9 1y 2 3, 4. 5. 6. 7. 8,9, 10, 11,
PDA K5 3% 5L 5l FH 5 35 18 g/Lo KE 1 L (¥ Ji 1 e
1 W A6 U W (1x10° 8 /mL) £ # T K [7] pH 5
FREEM AR, 28 C JRRE KRR 7 d. At T
A8 SO I TR VR LA, JT U TR 22 T E AR )
W, B pHMEER S AEE (T RS, 2023), K
27 dJE, MR A 10 mL TG B K, K R TR
A a5 % 2 T PDA V- M 3% T A9 98 5, R i Bk 4
HEAT TR v e

YCHE FE Ry 1 10° 1 F /mL B4 8 5% 9l 70 T il B 7%
W10 pL, 4% 0 2] pH {5 & 3~11 () PDB %% 5% 3 (Potato
dextrose broth) #, F 28 C BG4 T HE B I% . B
Fe12h 5, 78 B T WAL 107 A O, BB A
Geit 150~200 A4 5 A 7204 KOl A B4 1
KR 12 45 H e 0 & Ao, Ge it i & il 7 50, %
HRO & 90 05 A S 98 7 0 HO(E T 5398 7 i R R
(Wang et al., 2022) .

122 RF pH & T & &9k 71 Jm A w2

R HT BRI ) 28 il 45 Fh ik, DU 5E AN [R) pH 3R 58
Ji& B S 01 TR B0 1 o RS Y RSk BT AE A AL S
Pt Fr 2w 2R, B BB BE 2 0.2 em RYIERIAL, Bl S
TE 4 M L2y i 4R 1 pL pHAE N 5. 7. 9 HIk R
1>10° 61 F /mL 1) JE 52 ik 00 18 98 7 B VR L [ I i
25 X B, 7R H A AL A 1 pl JE T TG OK .
B 5 K v BT 30 °CL AR R A 80% A i fH I
FAF T HEEFR, 72 h IR WLEE T s M e K i O, Te]
98 BE B A2 (3B K 524, 2024; Zhang et al., 2024) .
1.2.3  FsPacC A B &M B AL F /9 54

i A4 T B LR 4549 1 7R 3 4t (Gene Structure
Display Server, GSDS) X} FsPacC %& [H (1) 45 ¥ $:1F 9547
S, IR AR LR T & SMART Bl FsPacC ({57 45
o (X1 SCHE 45, 2022) o 78 36 W AR I BOR 5 B
/> (National Center for Biotechnology Information, NCBI,
https://www.ncbi.nlm.nih.gov) %% #f B¢ v K & If F 2k H
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K OE 3%

s BOWK B PacC 3 [H 45 15 1) 2 £ R /7 51, GenBank
BoRSANER 1 PR, ff H DNAMAN 4 X K [7] 4 F
(] f1%) [i) Y 2k PR B R 5 9 A 7 L X o

#& 1 HE#E GenBank RS
Tab. 1 List of strains and their GenBank accession numbers
LR BN HEHBRXY
Species name Protein accession number
KAJ3469264.1

Fusarium solani

Fusarium euwallaceae RSL98102.1
Fusarium ambrosium RTE77740.1
Fusarium coicis KAF5965209.1
Fusarium globosum KAF5698280.1

Aspergillus niger XP_001399922.1
XP_037178910.1
XP_025576081.1
XP_003001059.1
XP_057128439.1

ACO55074.1

Colletotrichum aenigma
Aspergillus ibericus
Verticillium alfalfa
Penicillium waksmanii

Sclerotinia sclerotiorum

1.2.4 FsPacC & & # & St Lt 3

fd FH MEGA 7.0 4, 36148427 (Neighbor-joining
method) A # FsPacC EH M AR A B W . I T WAL
ARG R E WM M, SR A A B (bootstrap) i 17
1000 Kk 5 52 il FEAG 50, LR 43 B S804 00 T BRIA
# (Chen et al., 2020), H#5%) #l &% GenBank % 3% 5 i¥
U= S
1.2.5 FsPacC & & % # 5 3L R 547

I FH 78 28 43 #F 5 ExPASy " i) ProtParam T. H.,
WU FsPacC 4 % 2 11 7= 9 1 AH SC B AL M T, 4045 2
T A LRGN L R M T A [R] A
1% & B9 ProtScal T &, 43 ¥Mr FsPacC #itis =¥ /) 5
KN 2R K, DAV A 0 7 0 2% R G R %
2024; B2 H & 45, 2024) ; F HI7E 4 B 3 TMHMM i
FsPacC F 5 JIE 45 #4 3a, TR A T ik JHL B A 110 I 5 15K %
e CE 3 30 45, 2024) ; ) A SignalP 5.0 Server T. E. X
FsPacC {5 5 BK 247 T , > 85 115 19 43 9 ML ) 5 40
B e 7 32 it B B4R K A H NetPhos 3.1 76 26 43 #F T
H 7 BT FsPacC B 2 1k A7 s, Bh 7 R ) % HC 2y 8 1A
505 515 Tk B Ol 3 5, 2021) 5 38 2 78 2k W
Swiss-Modeling X} FsPacC K & 3 iR F¢ %1 #F 17 8 A fi
=GR AE R T 5 3 3 PredictProtein 7E 2k % 3 T 25 A
JO E A0 A PN ) T A S A O Gl R 45, 2024)

1.2.6 FsPacC /2R F| pH & # T & 4 F oK Tl &

R FEAS[R] pH 2514 X FsPacC 3[R %% 56 K SF 19
SR, B AE pH (N 7. 28 °C, 160 r/min £5F F 1555 36 h
BT B e 00 TR TR 22 A, 3 O e % pHAE R 3~11 1Y
PDB 3 % B vh 4k 22 42 3% 35 7% 15 min. B 5 JH LR 2
A 3k g AR TR 22, AR VR IS T80 C UK AR R A

# Hl . fdiF OMEGA Fungal RNA Kit(R6840) izt 7 £
3 91§ A% pH b B 2 TR 22 (R (Y 8L RNA, 12 U 2R 17
Jo o A I, A I AL AR RNA B9 4l (A260/
A280 t fH ). fff ] Hifair® AdvanceFast One-step RT-
gDNA Digestion SuperMix for qPCR 3¥i #; 5% iR 7 & & i
cDNA, W Hfi FsPacC 3 #5545 B, Beit 4 1k
Y1, WS 3R B-actin, 5148 it Primer 5.0 5 1F 1%
i, B b TR E YRR A A PR A w5 L S
¥ W2 2, fifi F Hieff® qPCR SYBR Green Master Mix
i ) & P47 real-time PCR. J 44 & : 10.0 uL Hieff
qPCR SYBR Green Master Mix, I, T i 5| ¥4 0.4 uL
(10 pmol/L), 0.8 pL # 4 DNA, 8.4 uL ddH,0. %~k
A BEAT 3 IHE A o [ 26 95 °C FUAEE 300 ;5 95 C
10's, 60 °C 30 s, 40 M EFR . LA pH {ELA 7 4 4k 2 8 X6F
M, R 27 et 8 FsPacC BN E R 6 pH 4 4F F
) AH XT3 38 1, 43 pH X FsPacC 2 K 3 35 14 5% )
(Yuan et al., 2023; Yang et al., 2024; FS A%, 2023) .

2 PCR¥IEFFASI¥MRFSI

Tab.2 Primer sequences used for PCR amplification

5149 % R EIR7)E]

Primer name Primer sequence
B-actin-F CACCACCTTCAACTCCATCA
B-actin-R TCGGAGAGACCAGGGTACAT
PacC-F GCCACTCTGCTACCACAACT
PacC-R AGACTCGCTCGCCTTAGGA

127 kGBI EN AR A AR P A
I A pH 9% m

J65 K2 9 U1 T8 T 22 /K 7E PDB(Potato dextrose broth)
Wik FR24 0 5, 13 )2 C W2 A o ug i 4
P22 AR, B SR i AN B A 3 2 IR ATy A IR -
RIS AT g = EEE, DL R BR TR 2 K 3R
T 7K 53 o Sk W 6 B Sl 070 1 %k R 458 pHL Y 52 1, TC )
75 mL ¥4 pH My 7 9 PDB 15 553, KL HIGHEA 1 g
254 U A B IS 1 B 2244, F 28 °CL 160 t/min S T IR
YRR, A BIE RS 0. 12, 24, 36, 48, 60, 72 h H
#, I %€ H: pH {H ( Townsend et al., 2020) .
1.3 HESH

F| F Microsoft Excel 2019 1 IBM SPSS Statistics 26.0
AR AT B b #, R ] Duncan's #7 2 22 5 617 8.
FEMEA BT, {8 Origin 2024 22 4] .

2 HERSH

21 HEpHMBREBEINEEKEFTHNIM
pH {H Ky 3~7 I, J&§ 1 Bl 70 TR B 7K 8L A% Bl pH T
R, pHAE R 7 B3k 8 e K 2 pH KT 7 ), &



EERR]

LRGSR pH O A AT AR B 5 B8 B0 P HIL ) B 80 25 2 A 59

B TR TR VR AR SO B, BT AR A T
/INCETAL B) o [RIFE, AR F - fil i 2 3% b
THIE T B #a $, 78 pH (B N 7 B 3K 3 B K pH (B N
3R 1L AERR, JE R ik 70 TR AR W s AR B pH (B Ry 7 B
53 B FEAR 69.97% Fi1 72.90% (15 1C) . pHAE Jy 7 B, )™
6 5 f K pHE R 11 B, 7= 46 5 fe /N (Bl 1D) o KE 3%

12 h B, pH{E R 7 (9 25 14 F 185 W & 235 97.83%, H
A pH3 6

pH {H 4 10, 11 B f1 1 & R KT 5.00%, JLTF5¢ 4
T B &, 22 B b M R B AL T R, TR B
%#ﬂ%ﬂﬁﬁﬁﬁi L e A o A R G 2 (8] LE)

e LTS A SRR S AL R AN
Eh\ AW o LA R, pHE N 7 2
ool AR K B %, T S R R iR B A% 1 X W A
il B S D TR AR K

7 11

B 100

~ 80t a
gé C b b C d
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#@? f
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Fig. 1 Effects of environmental pH on the growth and development of F. solani

A HEIES;

s B. BV ELAS; C. AR D7 B TR R BAFRARIER, AR TRAFREFEZSR (P<0.05), T,

Notes: A. Colony morphology; B. Colony diameter; C. Biomass; D. Sporulation; E. Spore germination rate. Bars indicate the standard error. Different letters indicate

significant differences (P < 0.05), the same below.

2.2 [E pH Xt 8 K% 71 & BUR 5180 %2

JB§ B ik 70 W AE AN [R] pH 3R 85 v, FHLEOW 1 K B
BT, HE

BFEES(E2).

A

£ pH{H K 5 B 3

Xof i pH'5 pH 7

5B, P AR T pHE N 7 I 44.7%, 5% B
O HIERE AR RBOIRIEX, B %HKTENERE 6O
T, BEN I AT WK H 242 . pHIE R 71, 5%

B

R PEE A% /mm
Lesion diameter

pH9

B 2 A[E pH & R R ITTE S S8R0
Fig. 2 Effects of different pH on the pathogenicity of F. solani

TE: A AN pH 404 T R B 3 AT 1L BB ELAR ST

Notes: A. Comparison of leaf disease phenotypes under different pH conditions; B. Statistics of the lesion diameter.
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G B TRAR 1 5 R A pHAE N ORI 251 T,
o BE O IR BB DC/IN, s BE R T LT JC AR W] DL TR 22
RS R R, T R ik T B A R R BT M EUR )
SR TSI
2.3 FsPacCEE MR 48 E AR T &M
FsPacC 3£ 1 424 2 485 bp, & A 3 AR SF I
Cys,His, #F 1§ 45t 30 (& 3A) . i 5 F. ambrosium,

A
1 | |

0 100 200 300

Fusarium_solani EFSITSDD: 80
Fusarium_ambrosium PSISSED! 20
Fusarium_coieis PSTSSED 30
Fusarium_globosum PSISSDD 30
Aspergillus_niger EIIRESE 30
Colletotichum_aenigma GSISALD 7
Aspergillus_ibericus ETERFSE 30
Verticillium_alfalfac S5S5SED! 75
Penicillium “waksmanii NETSTDT 80
Sclerotinia_sclerotiorum QNVVARD 7

Consensus

Fusarium_solani

Fusarium_ambrosium 120
Fusarium_coieis 120
Fusarium_globosum 120
Aspergillus_niger 120
Colletotichum _aenigma 112
Aspergillus_ibericus 120
Verticillium_alfalfae 115
Penicillium “waksmanii 120
Sclerotinia_sclerotiorum 111
Consensus

Fusarium_solani 160
Fusarium_ambrosium 160
Fusarium_coieis 160
Fusarium_globosum 160
Aspergillis_niger SEEPGARNPDMEGGG 160
Colletotichum_aenigma RSPOCOEMNCYEACE 152
Aspergillus_ibericus (VB SPEFPGARNPOHMEGGG 160
Verticillium_alfalfae SUR SECECAGMNGYRAGA 155
Penicillium “waksmanii C . SPEMDMKHPVMIFFR 159
Sclerotinia_Sclerotiorum EVLERTFEQSGGSNGYRCEG 151

Consensus

F. coicis. F. globosum. Aspergillus niger. Colletotrichum
aenigma. A. ibericus. Verticillium alfalfae 55 H. 18 i PacC
B TR 4 B 114 28 B R I 91 BEAT L X, K B FsPacC B A
B RSB 3B) . A 25 WX iy 7 51 ¥4
B 3RAF Y CysHis, BEIR 45 3k, & CH, B4 8 1
KR, X B3 AT AR H A 38 B9 B BE N ZE A RRAE .
REGER BN RN, JE KR IIE S F. ambrosium 3% %
KERBIE (K 3C) .

. u
" 400 '500 '600 '700
C
100 [ Fusarium solani %
100 Fusarium ambrosium
Fusarium coicis
100 W( .
Fusarium globosum
4,7 Colletotrichum aenigma
72 Verticillium alfalfae
Sclerotinia sclerotiorum
Penicillium waksmanii
79 ,—Aspergillus niger
100 I;Aspergillus ibericus
—_—

0.050

3 FsPacCERARFINFHESRERESH

Fig.3 Sequence characteristics and phylogenetic analysis of the FsPacC gene
TE: A. FsPacC {#SFAHI BN B. FsPacC 5 HABELH PacC 1925 1 Z LM Xt C. FsPacC S5 HABELH PacC EL KR

Notes: A. Prediction of conserved domain of FsPacC; B. Amino acid alignment of FsPacC and PacC proteins from other fungi; C. Phylogenetic relationship

between FsPacC and PacC from other fungi.

2.4 FsPacC EEHRIELIER

FsPacC & 4 # Ak 14 i 4n 5% 3 i s . FsPacC 7K M
143 F R K CrgoHersoN10sO10mSag 43 F 1 Hy 78 227.86,
PRIE 55 H, 5 (Tsoelectric point, pI) & 9.23, 14 1% & H i
B S R . FsPacC 2 1 P IE H 77 4 6 R % 3
(Arg+Lys) (4 8 it oy 71 /4>, B H far 2 JE iR 4% 5 (Asp+
Glu) 2 574, K, i AR AN ER . 5
%5 1 45 %0 (Aliphatic index) 4 52.67, W ZE H A
BRI RR VTR, S AENR BT A B P R AR . A A
FREFR BNy 72.74, L &5 T 40, £ W] FsPacC 4 H
BT AREEA . BHEKMEES (GRAVY) H-0.778,
TR E A HA B
2.5 FsPacC E AWM AW IE B 24FHETN

2% I K T 5 SR 2 B, FsPacC 55 48 3 24 JE iR
BRI A i o, B KB R 1,789 1T 275 641 137 2 3 1R (1)
SEK R Bk, B /IME M —3.589. 18 11T 81 vh 2R K 1

WM Z T i K M B RR, #ED FsPacC 7% K 1 1
H, s RS LB B A 45 1 — B0 (81 4A) . B
235 4 5 43 Ay 25 R R W], FsPacC R F1 AN AL W] b 1Y
By I DX 3l I8 N 45 4, e Z R PR R IR A L
PEAN B B 240 B R A9 A AT 25 44 (151 4B) o

£ 3 FsPacC EEHELERD T
Tab.3 Analysis of physicochemical properties of FsPacC

protein
— 2 L5 R FEAE Primary structure FsPacC
& HE 2 5. 8 Number of amino acids 716
43 f i Molecular weight 78 227.86
43 F 3 Formula Ci3s0Hs250N 1013010715
Z5EH, 5 PI 9.23
IEHfr 7R K H (Arg + Lys) 71
e, fof 5% 2 45 H (Asp + Glu) 57
AR e 72.74
i 5 1tk 5 #X Aliphatic index 52.67
M SRR YET 5 (GRAVY) -0.778
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Fig. 4 The predicted bioinformatic characteristics of the FsPacC protein
TE: A. FsPacC 8 FRBUKIEMT; B. BSIEEEHIR; C. EHABRRRILALAT D. (55 E. = Z045H; F. WAIMLE 7 o
Notes: A. Hydrophilicity and hydrophobicity analysis of FsPacC protein; B. Prediction of transmembrane domain; C. Protein phosphorylation site; D. Signal peptide;

E.Tertiary structure; F. Subcellular localization.

1 19 Ak 7 5t 9000 25 SR 7R, FsPacC & 1 & KK
P AT 108 AN V8 AR 1O B R 1007 s, L rp 22 SRR 1
TR A AL A5 48 A, I 4 TR 1 s TR 6 A5 55 36 4, T
AR P WERR AL AL 50 24 4>, K B FsPacC 1 7] ETE
Iy ge & i A v i B 22 Bl e Ak R 4 AL (1] 4C) .
155 BRI 45 3 7R, FsPacC 2 A A & 15 S Bk, & W
HARJE T 0 W E (K 4D) o — Z0 45 # 100 45 3 5
/N, FsPacC B L7 110 4> a-I805E (5 E 15.4%) | 16 4~
FIE A BE (5 2.2%) LA K 590 4~ TG B0 0 & il (5 L
82.4%) . JCHLIN A il o5 F T, FIIZE A MK
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