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Overexpression of the phosphatase gene Ssppel regulates the
sexual mating and pathogenicity of Sporisorium scitamineum
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Abstract: Sugarcane smut is a severe fungal disease caused by Sporisorium scitamineum, resulting
in yield reduction and economic losses. Reversible protein phosphorylation plays a crucial role in
the sexual mating and pathogenicity of S. scitamineum. Protein phosphatases, as key regulators of
reversible protein phosphorylation, remain poorly characterized in S. scitamineum.|[Objective] To
elucidate the biological functions of the protein phosphatase SsPpel in S. scitamineum, providing a
potential target for effective control of sugarcane smut. [Methods] We constructed overexpression
mutants OE-Ssppel by Agrobacterium-mediated genetic transformation technology and analyzed
the sporidium morphology, sexual mating ability, stress tolerance, and pathogenicity. [Results] The
OE-Ssppel sporidia exhibited pseudohyphal morphology with multiple nuclei and abnormal chitin
accumulation. The OE-Ssppel mutants showed reduced tolerance to NaCl and SDS, sexual mating,
and pathogenicity. RT-qPCR and RNA-seq analyses revealed that Ssppel overexpression affected
the expression of genes related to pheromone response, MAPK, and cAMP-PKA signaling
pathways. In addition, Ssppel overexpression affected protein synthesis and folding process.
[Conclusion| The protein phosphatase SsPpel is involved in regulating the sporidium morphology,
stress responses, sexual mating, and pathogenicity of S. scitamineum. These findings provide a
theoretical basis for thoroughly elucidating the pathogenic mechanisms of S. scitamineum and
developing targeted disease control strategies.

Keywords: Sporisorium scitamineum; protein phosphatase; SsPpel; sexual mating; pathogenicity
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AR Ry — 280, FE B h C 4 3 b
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it ) 2 2R R X H TR Ry TRT A A T A RN
JEPEFAE R OCHE 2, HEIERHEN, AR
T Ssppel i FRIRFEALM, IH RGP AR
FIA . BFRAK. hamsz . A5
AV RSy T R AR L, U — 2R
PP2A-like MR SsPpel 7 H FHEHE Sy B o A0 A
YIFTIRE, AT LR 25 (W A RN H T SRR
Al AN B PR SRR

1 AR5

1.1 ##8

1.1.1  EERRRL

R B R TR T AR AU HH AT JG35 (MAT-2)
F1JG36 (MAT-1), 4T AGL1 ff1F T -80 °C
UKF 3 pEX2 BURLIRAE T-20 °CUKAf -
1.1.2 ERE

el FH B2 HUY) - B 11 PR - THE AR (yeast extract-
peptone-sucrose, YePS) Fll 3& fili £% F% F& (minimal
medium, MM)35 53 H RERER B B (1 LB 557
g @ 1% S 1% 9% 5 (induction medium,
IM) (gL): KH,PO, 1.360, MgSO, 0.241,
FeSO; 0.003, CaCl, 0.078, MES 8.528,
(NH4),SO4 0.528, NaCl 0.146, 7 %5 B% 1.802,
Hh 5.000; pH 5.6,
1.2 Ssppel EFE T FIZFRAIDE

Ph pEX2 Bk A, H pEX2-GAP-F/R 7|
Yy 3t GAP WIS B 1P LU REHESE T/ 5
K40 DNA Rt , {# ] pEX2-Ssppel-F/R 5|4
P14 Ssppel JE9 . ¥ GAP B 3115 Ssppel Fil
G, Iz A R B bR pEX2 2k L, B
40 i KL pEX2-GAP-Ssppel, S1WIF5 W3 1,
) FH e Jok w9228 pEX2-GAP-Ssppel Jiiki s 4k 5
PRI AGL B2 254 4,

P IBCRIE TE B A AT T AL 4R 3] 5 mL
LB &, B F 28 °C. 200 r/min ;3% &
ODgoo M 0.8-1.0, 25°C. 1000xg &.C> 10 min,
FEERREE, IS 200 pmol/L Z Tt T 7 )
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Table 1 Primers used in this study

Primer names  Primer sequences (5—3’)

Purpose

pEX2-GAP-F CTGATCCAAGCTCAAGCTAAGCTT ATTAGATCTTGCTGATAGGC Construction of pEX2-GAP-Ssppel vector

pEX2-GAP-R  GGTGGAAGAGTGTTTTGG

pEX2-Ssppel-F CCAAAACACTCTTCCACC ATGACCGTCGGCAATCCA
pEX2-Ssppel-R GTCGACCTGCAGGCATGCAAGCTT TCAGAGGAAGTACTGGCT

HPT-LB-226 GGTCAAGACCAATGCGGAGC
HPT-RB-225 GCAAGACCTGCCTGAAACCG
qQRT-Ssppel-F  GCATCATCGCACGAGCCC
qRT-Ssppel-R  GTGACCGCACCTCCGAAC
06048-qPCR-F CAATCGCGCAACAAGACACA
06048-qPCR-R GCACCACCACCAATCCAAAC
06202-qPCR-F TCGAGCGCAATCATCACCTT
06202-qPCR-R TAAGCGCATTCCTGACCGAG
05370-qPCR-F CAGTTCCTCACCCAGCACAT
05370-qPCR-R CCTGCTCACACCAACATCCT
10005-qPCR-F TTGGTCGATGCCGGTTCTTT
10005-gPCR-F TTGGTTGCATTCGTCCACCT
02973-qPCR-F CATTCGAGACAGCAAAGCCG
02973-qPCR-R TGTAGGTGTCGAGGGGTGAA
03056-qPCR-F TCTCGCTTGCTCTTCTTGCT
03056-qPCR-R CACTCTCGGCGTTGTTGATG
03937-qPCR-F GGAATCGCCTCAACTCGACA
03937-gPCR-R TGCGTCTCTTGTGGCATCTT
03733-qPCR-F GGTCGGTCTAGGCTTTGCTT
03733-qPCR-R GGATGTAGGGGAAGAAGCCG
03734-qPCR-F GAGGTTTGGAGCTTGCGTTG
03734-qPCR-R TGCCTAGCTTGACCTCTGGA
05350-qPCR-F TCCGCAACACCGAAATCACT
05350-qPCR-R CTTGCGAGTGAGGTCGAACA

Verification of the HPT fragment

RT-qPCR

5mL IM iR SRk, #OLIES 6 he 20
PRECH IR A E JG35 M JG36 T YePS M4 L:
Firh, 28°C, 200 r/min ¥535% ODgoo M 0.8-1.0,
W5 T 5 AR KT 4 5 5 SRR R JG35 Al
JG36 WIR A, FHR G5 I B IR A fE A
0.45 um FEFLIEMEAY IM AR L, 28 °CiEyGhs 77
3dJE, HALIEREE LR 200 ng/mL WIE R
H1300 pg/mL SKLFEBENTEA1Y YePS P4k I, 28 °C
i FE 7-10 do XK IR AL T 31T 3 e e
VeI, $RBUE LRI 4] DNA, Fff A HPT-
LB-226/HPT-RB-225 5| ¥ %} HPT itk i Be i 47

PCR ¥ 0E, ffi FH qRT-Ssppel-F/R 5|9 %t Ak F
(1) Ssppel HePHFRikIKF-#4T RT-qPCR Fiik.
1.3 EGHHRIRE

WA H e R TR AR, R AT
k] SDS Tl ik BOEE R 2H DNA, PCR J )i
R Z (25 uL): 2xPhanta Max Master Mix 12.5 pL,
. F#SI A0 pmol/L) & 1 pL, DNA ##z
1 pL, ddH,0 9.5 uL., PCR JZ i &4 95 °CHi
AF % 3 min; 95 °CAEPE 15 s, 56 °CiR K 15,
72 °CHEfH 2 min, F 35 NEHR; 72 °CLLE fi
5min. {1 TransZol ifF) (& & LY H AR AR
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7y Al BB RNA. i HiScrip I Q RT
SuperMix for qPCR 7l & (Fd 51 i MERE L B
A BR2S \l) K B RNA S %% 5 i cDNA, fif H
ChamQ Universal SYBR gPCR Master Mix (F§ it
W MERE A R AT BR 22 W) #E4T RT-qPCR 43 #7,
LA ACTIN HHE RN ZHH, it RT-qPCR 5|
Wy W22 SCHk[17], RT-qPCR J W& £ (20 pl):
ChamQ Universal SYBR qPCR Master Mix 10 pL,
. U #7(10 pmol/L)#% 0.4 uL, cDNA #if
1 pL, ddH,O 82 pL. RT-gPCR fZ Jif 4% 1 :
95 °CHIZ 4 30 s; 95 °CZEME: 10's, 60 °CiE k
30s, 340 ME,
1.4 HEYFRENE
1.4.1 HEBEFREENE

Pk HL YePS ~F- i L ) T 7R B R A T JG35.
JG36 Mt KR AL RE R VE E S A 0.6 mL
YePS AR K I EP 45 h, 28 °C. 200 r/min
Riged ik, 25°C. 1000xg B> 10 min, FFEH;
FeEL, JFHICHIKBER 2 Ik, &5 100 pL )
ToHKER:, A 10 uL KRB S RO EHE
7| Y& {4 & [calcofluor white stain solution (CFW);
b HT S FERR A FRA W18 47,6- k-2 5
5| g [4” , 6-diamidino-2-phenylindole (DAPI); b
HREERHABRAR], #HE S min 55 T%
St 1% (Olympus 23 7)) B WLEL
142 HKERZEEN

Pk B YePS - Hi |- %) 7 8 kY TR JG35.
JG36 Flid IR AR A BLTR 7% 2 5 mL YePS ¥
RREFREE T, B3RS ODgyy N 1.0, 3 HIHL 1 mL
PR IEFP 2 100 mL BT EFY YePS ARG =58
i HoW) 1y ODeoo 14 0.1, T 28 °C. 200 r/min
KA, 8hillZE 1 YK ODgoo fH, HZE 40 h )5
ODgoo THFA TFE o
1.43  [ENTHSZ N

4 ODegoo M1 1.0 B HF A= 7R 1o F SR PR TR o0
BIBSEERBEZE 107, 1072, 107, 1075, £
e 1 pL ¥ 7E 43 %% i NaCl (500 mmol/L).
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H;0; (1 mmol/L). SDS (0.1 mmol/L), Congo red
(0.5 mmol/L){J YePS Hl MM ¥4 |-, & T 28 °C
FiR 3 d JrdA LR
144 BMHEEREIEN

B ODgoo 2 1.0 YRS A= RUFIST e R AR R AR
P s M B AR AT, B 1 pl TR TR AR
YePS -z b, 28 °CHiFR 3 d Ja WA A PERC & 1
W2 ARG . VR IE 0 Ja BB K B A
AR B (Nikon 22 FIARE, HIAT KR 2B
i 62 B U BE (Olympus 23 5D $A
1.5 BUmtEan

¥ ODeoo 2 1.0 ITRRAE 25 °C . 1 000xg 2§
0 10 min PCRTER, FFHICHE/K GRS 2 A H
SERRR Y JO TR K HRE A R [ A2 B Y A
TRIPBEERBIEE G, RHBRBEMNG
RV 0T B R B R A H R Y
I, BT 28 )CA T A =g B 557
3dEBEEFRA T, BETEIARFM A
Ko MR —PRIRIER S 5 5 d Gt 1 UOpy
RIRFEMRECGE . FREEH e, R Ay
A AL AT YT, T 0.4% & Wil G (U
XA G NETE 22 AT O, R OWL T I R
B ARG O
1.6 RNA-seq 34

WEAE YePS Pl B3 SR 3 d IFIA B Bk K
9 1) Y A4 A JG36 Ak ik Pk JG36-OE-Ssppel
MR VEEI T, 3R Z )Nl B\ W 1T RNA 2
W SRR AN e R S A 1 1
R HHE 24 CASAVA B8 HE PR 3 e 16k 17 97) 254
(reads), XEIREEEHITINE, HPrEek . &
N DA AR5 i i) reads, 15 %] clean reads. fii FH
RSEM #1158 4 A i P 0 3R 58 K7, fi
DESeq2 # 4 i & 2 # = 5 XX ML H
(differentially expressed genes, DEGs). fii FH 45 i%
7% B (false discovery rate, FDR)<0.05, log; [fold
change|>1 YEN T A1, 122 7 R IA T Y
R BH M2 . RNA-seq 19 Ji i K dls & b5 &
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NCBI, J3 %) 52 B #4 J& (sequence read archive,
SRA)*Z & PRINA1256139 Fl PRINA1393594
1.7 ARSI

B LA 3 YOk ST 52 5 ) 2 (B A o 1R 2
(SE)#/K. JH] GraphPad Prism 6.0 #1748 4A,
HH ¢ KSR T 2 AFEASTH Y 25 57 B Pk, R
7R P<0.05, **FIR P<0.01, ***FIx P<0.001,
kEx IR P<0.000 1, ns Ron T FZES . Iri
B 53 B 3K 44 (GraphPad Prism 6.0 il Snapgene)
PICTES BT

2 ERE

2.1 Ssppel 3 FTEMKBIFIE S0

B FHACFT T T-DNA $fi A B9 7 3% 44 7
Ssppel FEH L FIR ALK . 1 oty L Fak
. pEX2-GAP-Ssppel, ¥4 Ssppel 3£ J¥ 51 5
GAP )3 3 Rl &5 J5 15 2 GAP-Ssppel il R
B, JFsakER] pEX2 #AR (K 1A). FHFRHITEN
VI Hind Il (ThermoFisher Scientific 23 w]) X} &
AR IEATREYI B AE, AT —4% 1 762 bp 1)
ZH (K 1B), KWk pEX2-GAP-Ssppel 15
.

A BORL 53 501 3 Ak 28 T RE I TR R IR G35 Al
JG36, fdi i HPT-LB-226/HPT-RB-225 5| ¥ %} it
1AL F AT PCR Bailk, ENHE A 3Rk ik
AL AT 3G i R BRI Be(81 10),
i —2il ik RT-qPCR 43#7 Ssppel HEHTER AL+
YRR, HEAERIMELL, XL Frh
1) Ssppel K& H 3Rk 7K V-3 I 3 4 & (& 1D,
1E), X SL2b IR Ssppel 1o 35 0k 4 2 hL
o Ja S5 ¥l ] Ssppel 3 3k i B 1Y
JG35-OE-Ssppel-12 F1 JG36-OE-Ssppel-12 % 715
PREAT SR B %S . A MGG g T B0 P
53T o
2.2 Ssppel FFRIEF M HEHERMEL
i<

SRR Ssppel 33 kb H IR TR A

(RIS, T A AR R AR 4 A3 FP T YePS
WARKE SRR PSR, REb 8 h DI iRk B, I
il A4 . 4R W, JG35-OE-Ssppel it
FERRRAY AR K S B A IG35 A i & £ 5
I JG36-OE-Ssppel i FIKFRIEREFRAT 16 h Y,
HA R HCRAL T EF A 1G36 (K 2).
2.3 Ssppel FRIEEZMHEHEEM R
BanH

NWEGE Ssppel i3 3% 5 XF HRE #i 22 0y TR 5
i FICE MR, 0 %) BF AR RN 38 3K Bk
YA T AT BOR g . g5 R Bon, HEAE
R A FE ., JG35-OE-Ssppel F1 JG36-OE-Ssppel
4 F KB 2 B (B 3A), JG35-OE-
Ssppel 1T Y T Bt g & B m (& 3B)., F—
R A CFW G 58 JL T Joa 76 B AR A Rk 3%
KRR A . SR BN, A R IR
FHJLT BT F 850 A0 T Widm ;10 AE of 3k Bk
e, LT 0T R A i A A A SR RE K B AR
B LA B R A 1) i b A W I 43 A (B 3C),
T£ JG35-OE-Ssppel F1 JG36-OE-Ssppel 1 iX Fil
S LT BT 43 A B 96 43 00 7 8.2% il 9.6%
(&1 3E). itk — 20 WL 4 B A R A ook 3R 38 98 A8
R A iS00, R DAPIL % €5 X028 200 g 4%
(o0 A I 0 o BF A2 AL JG35 F1 JG36 o A
To1-2 YR, I 7 JG35-OB-Ssppel I
JG36-OE-Ssppel 73 5l A 12.2% F1 8.2% Ay
fil i 2 AL gRMa A% (Bl 3D, 3F), X4k
gE K H Ssppel 33 3k T4 T H I 20
M) IE W A 25y 3, T 8 JG35-OE-Ssppel Fl
JG36-OE-Ssppel ZFRPHTIEAFH
2.4 Ssppel i3 Fik 200 H =R B X
115 B B i 52

SRYAIE Ssppel 3% 5% H IR HE R B bk e
i} 52 M S, ASHIFSE A T B A ARG Rk
RAMRLEAR T 0 F T RAER . 250 0
7N, TEVRHN SDS Al NaCl #9355 5 |, JG35-
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A RBT-DNA repeat Hind Iil b
loxP
v HygR
( 50
VS1 StaA 2\
& 4 CaMVpoly(A) signal ‘3‘ 8
pEX2 loxP 20 1762 bp
’ /LB T-DNA repeat gapspromoter Ssppel 10
pVSI1 RepA /;\' 7
J 2 ; ~~~ SmR
pVSl or1V “ori 400
& 7 200
RB T-DNA repeat Hind 111
GAP promoter
<4, C
= . bp M1 2 345€6 78
pVSI StaA % < Hind 111
loxP 5000
EX2-GAP-Ssppel ” S
pVSI RepA UAEmSsppe i 1000
j ~HysR 100 <518 bp
pVSI oriV x /&CaMVpoly(A) signal 200
bom =" LB T-DNA repeat
SmR
D E
327 *kk g 80
Z 2 < 60} :
o ]
g 15 E |
% 10 *%% 8 40 - folod
2 st 22
ks =
[ R J . s S 9 . s
~ &
5 % Q v © A ® O
\C;J QQ\ q,\'\ ) N \6” Q@\ 5 N
5& %%QQ %sQQ {(;%sQ %sQQ $$QQ
AR 7 fb"'o ° 6’0
\6 \C;) \é‘) \6 G"‘) ,\C/;‘)
Strains Strains

E1l  SsppeliTFRILRTIREIHIE

Figure 1

Construction of Ssppel gene overexpression mutants. A: Schematic diagram of the construction of the

PEX2-GAP-Ssppel plasmid; B: Restriction enzyme Hind III digestion verification of the pEX2-GAP-Ssppel
plasmid (Lane M: Marker; Lane 1: pEX2 plasmid after restriction enzyme digestion; Lane 2: GAP-Ssppel

fragment; Lanes 3, 4: pEX2-GAP-Ssppel plasmid after restriction enzyme digestion); C: PCR analysis of Ssppel
overexpression transformants (Lane 1: JG35; Lanes 2—-4: JG35-OE-Ssppel mutants; Lane 5: JG36; Lanes 6-8:
JG36-OE-Ssppel mutants); D, E: RT-qPCR analysis of JG35-OE-Ssppel mutants and JG36-OE-Ssppel mutants
[The expression level of Ssppel in JG35 or JG36 was set as 1.0. Error bars indicate the standard error of three

independent assays; *: P<0.05; ***. P<0.001 (Student’s ¢ test)].

=

OE-Ssppel 5 1G36-OE-Ssppel it 3 ik ¥k 19 4 K
PR A A 2R (P 4), R Ssppel 13215
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20 G35
’ JG35-OE-Ssppel
JG36 a
JG36-OE-Ssppel ab adg
1.5 . bbb Mgg-
% 1.0F

0.5+
J
0.0
E2 OE-Ssppel RTHRBVEKIF R

The growth status of the OE-Ssppel

mutants. Error bars represent the SD from three

= S de |
| T ¢
32 40
t/h
Figure 2

separate experiments. Distinct letters above the bars
denote significant differences in treatment (ANOVA
and Tukey’s test, P<0.05).

2.5 Ssppel AFRIZZ M EHEEMER
BMHEEMEIREK

FRFT Ssppel i Fe ik Xt H R HE A B A
Be & FITA 22 K 152, % JG35-OE-Ssppel Fil
JG36-OE-Ssppel WA VERL G BE S T b 45
R, W 3dE, BHAER IG35xIG36 &L hL
HEE WA O EIREE, 1M IJG35-OE-Ssppel
JG36. JG35xJG36-OE-Ssppel . JG35-OE-Ssppel*
JG36-OE- Ssppel HE YR A o BARFVE
(K 5A). ﬂ}LJiﬁK—EEAIWQ%RFJjBﬁﬁj(XJLm
%ﬂ;‘é%ﬁm U2 185 oK e TR 22 (8] 5B, 5C).
X e 2k 8L Y Ssppel U ST e C R Wi ]
BB A RS e
2 6 Ssppel 1T % ZMEEEMWN .
MAPK 1 cAMP-PKA JE_E% EBSE-ES ]!
ik

F ARG ik ik Bk IG35-OE-Ssppel 1 1G36-
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Figure 3

Sporidia morphology of OE-Ssppel strains. A: Statistics of sporidia length for wild-type and OE-

Ssppel strains; B: Statistics of sporidia width for wild-type and OE-Ssppe! strains; C: Distribution of chitin in

different strains; D: Distribution of cell nuclei in different strains; E: Percentage of sporidia with abnormal chitin

distribution in different strains; F: Percentage of sporidia with abnormal nuclear numbers in different strains.
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Figure 4 The stress tolerance test of OE-Ssppel mutants.
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Figure 5 Mating behavior of the JG35-OE-Ssppel and JG36-OE-Ssppel mutants. A: Global view of colonies;
B: Magnified view of colony margin; C: Microscopic observation.
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Figure 6 Effect of Ssppel overexpression on the expression of genes related to sexual mating. A: RT-qPCR
analysis of the expression of these genes in JG35-OE-Ssppel mutants; B: RT-qPCR analysis of the expression of
these genes in JG36-OE-Ssppel mutants; C: RT-qPCR analysis of the expression of these genes in different
mating colonies. The dotted line indicates the levels of gene expression in the wild-type JG35%JG36 colony were
set as 1.0. Error bars indicate the standard error of three independent assays; *: P<0.05; **: P<0.01; ***: P<
0.001; ****: P<0.000 1 (Student’s ¢ test).
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Figure 7 Pathogenicity analysis of the OE-Ssppel mutants. A: Progression of whip development induced by

fungal strains [Each treatment combination was inoculated with at least 10 plants, with three biological replicates.

*#% 0 P<0.001 (Student’s ¢ test)]; B: Histopathology analysis of inoculated plantlets (Red arrows indicate whip,

black arrows indicate fungal hyphae).
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Figure 8 RNA-seq analysis of the regulatory mechanism of Ssppel. A: Volcano plot of differentially expressed
genes between JG36-OE-Ssppel and JG36 (Compared to wild-type, mRNAs with log, fold change >1 indicate
increased expression; mRNAs with log, fold change <-1 indicate decreased expression); B: Verified the
expression levels of 10 DEGs in RNA-seq by RT-qPCR; C: KEGG pathway enrichment analysis of the DEGs in
JG36-OE-Ssppel vs. JG36 groups; D: DEGs in JG36-OE-Ssppel vs. JG36 were subjected to enrichment analysis
based on biological (BP), cellular component (CC), and molecular function (MF).
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Table 2 Information of key differentially expressed genes enriched in KEGG and GO pathways
Gene ID log, fold change Description
SPSC_04169 3.64 Heat shock protein 80
SPSC 06283 3.27 MDJ1-heat shock protein
SPSC 01646 2.58 Heat shock protein Hsp88
SPSC 03756 4.11 U-snRNP-associated cyclophilin
SPSC_00580 6.25 Heat shock protein HSP104
SPSC 01563 2.28 Heat shock protein 10
SPSC 01562 3.58 Heat shock protein HSP60
SPSC 01292 3.04 YDJ1-mitochondrial and ER import protein
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