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Bioinformatics Analysis of PacC Gene of Geotrichum citri-aurantii Isolated from Citrus Fruit and Its Expression

Pattern in Response to pH

ZHENG Jie, TAN Xiaoli, HU Jinjin, TAO Nengguo, OUYANG Qiuli, LI Maohui, LI Lu™
(College of Chemical Engineering, Xiangtan University, Xiangtan 411105, China)

Abstract: Studies have shown that Geotrichum citri-aurantii can adjust the pH of infection sites to enhance its pathogenicity,
and PacC, a key transcription factor in the pH signal transduction pathway, plays an important role in fungal response to
environmental pH changes, but the role of PacC in G. citri-aurantii remains unclear. In this study, two candidate PacC genes
were annotated from the genome of G. citri-aurantii and analyzed by bioinformatics methods and their expression patterns
under different pH conditions were also studied. The results showed that PacCI and PacC2 belonged to the C,H, protein
family, and were closely related to the PacC of Penicillium digitatum. PacCl and PacC2 had differences in chromosomal
location, protein molecular mass and isoelectric point. Under in vitro conditions, G. citri-aurantii could adapt to a wide
range of pH, and the optimal pH value was found to be 3.0. The expression of PacC! and PacC2 was regulated by pH, and
their expression trends were similar. Under in vivo conditions, the pH of sour rot lesions in ‘Miyagawa-wase’ mandarin fruit
tissue at pH > 3.0 decreased significantly with the progression of the disease, while the pH of sour rot lesions in Eureka
lemon fruit tissue at pH < 3.0 increased significantly, and the relative expression levels of PacCI and PacC2 showed an
increasing trend. In conclusion, it can be seen that the environmental pH affects the growth of G. citri-aurantii, which in

turn regulates the environmental pH. Due to the differences in gene structure and physicochemical properties, the degree and
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mode of pH response are different between the two PacC genes. They play an important role in the wide pH adaptability of
G. citri-aurantii and in accelerating its infection process in citrus fruit.
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B EMAE -, HLXRME, ERFEE, BWx/
KH#EME R EHEEREWN S ZHHREE
(Penicillium digitatum)  ZRXFIHE (P italicum)
B IR (Geotrichum citri-aurantii) %5 5 BUR 2 1# 1
RO, R, MERERINRAER ETHEE, e
2NN E S, (b2 B A 2 B b R S 95 11 3=
BT, AR TR B AR R B R A AR e K
M b S5 S0 1R TG 0 1) 17 428 3 A 3 RO, BRI AT UK
ER G BRI T BT AR E T Hk, IR
NI FE IR T 98 T 5 AT s SR S AE SR S 30 119 LA 56 Zont
TR B 45 AT (.

W pHE XN R B A KK E MR ES —%
AR RS, 1 IR BN P S p HA B — € A i
FATRE ) . Hrp, RSB FPacCA R HpHIESE 5
Wi B2 AR AE AR T2 AR, RS 2 R R P R
A RS B e IR AR A SR . BN, PacCIf)
B2 TT CAsz i AR B (Colletotrichum fructicola)
M AdK. TR, MERERLSOR A ¥
JEH B (P expansum) PacCHURFRBARTIERK S 54
T A R N S RN AL R S 2o D R T, HAE
pH>6.00 REEF= AR HmEE R HAl, BRI w
53 pHAR 138 B BA K Pac CHRAEAE FIE R 58 487K
Ub, AHIE T S Bt TA (R pHAEL R R JE8 95 1 A (R i
TE 4 B DR 2H 7K P 05 348 B 85 3 B Pac CIR HI IS S, R HSE
GRF . BN R HL g 5 1) B BT A R BEAT TR, B S
€& FAEAS [F] pHAB A SR 942 Gead B b i) ik =X, DA
itk — I FUAAG R B 05 T 1) 50 L2 B LA

1 MREHE

1.1 MEERH

2 T 7 T TR A M TAFRE K 2 B 20 SR el v 8 R 0 2 P T
R R o B A s", AT THERSEYS
i TAE R PP R

SMRNASRHGAF G AN AR IR A
RNA 5 57 & . qPCR SYBR Green Master Mix.
PhyZol™ Total RNA Extraction Reagent. Hifair® ITI 1%
Strand cDNA Synthesis SuperMix for qPCRI #4587 &5
Hieff UNICON® Universal Blue qPCR SYBR Green Master
Mixidil &  EEERE (R BROARA .

12 {5 &%

PHS-WH&IpHit  EgHERERA R A ; ABI
2720%4PCRAL & ABIZAE]; OSE-260-03 % il & 52
B RIEAEMRH bR ARAF; LightCycler96
Mg |mAC HiERocheAd]; FA1004NM 4 #y
R BHEPREERAACERT SW-CI-1DAY 2R B L T
EG  UrERRMER R AR A A .

1.3 Jjik
1.3.1  FHIE R B3 3 P Pac Oz ge 5 R ¥ i ik

AR A AT BAE A B A T R BUR AN B R
[ 2 &) f# FHSMRTH A, 4% & Tllumina Hiseq-PE1503 5> Al
Pacific Biosciences RSTII 4 12 i 75 B 3 R 4 A7 P
R P B R RS SR 0% HH Pac CI S ], HERHILEAT 04T
132 AFEYF A PacCE K bt & FE 12 5 51 U 5 OR <7
He 7T

FENCBI (https://www.ncbi.nlm.nih.gov) 1§k I
T EFARR S5 BUW B PacCHmAS I Z R 7 41, R4
Clustal X F GeneDoc:K AN [7] ) 7l ] [7] 5 3 K] 1) 28 2= 12
BILbxt, FFHEL M EEMEME Suite 5.4.1 Chttps:/meme-
suite.org/meme/) F455MEGA7.0% 44 5 TBtools A4 Fil
T2 56 TR JE
133 ANEIF I PacCR ST

FIFIMEGA 7.03fFh AT EE MR R RK BEM, IF
HEAT1 000 IREFTRFEVHAL, HADSEI A ™.
1.3.4  FHHE R 5 9 T PacC 45 MR B e €0 1k 43 A1

FIHAE LM 35GSDS 2.0 (http://gsds.gao-lab.org/) X
PacC#% 5% [N 1 5 M5 e 03 1) B IR 45 i gt A7 o0 i, R AE 4R
M EMG2Cv2.1 (http://mg2c.iask.in/mg2c_v2.1/) FH 5K
53 FITLE e i B HEAT B
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1.3.5 BRI PacCHmhl i 11 4504 5 BRAGE I 73 At

F/FNCBI ORF Finder Chttps://www.ncbi.nlm.nih.
gov/orffinder/) X} PacCHFJEU I SLHEREAT 0, ) FH A2 2k
T 5 EXPA Sy /R £E 28 T. H.ProtParam (Chttps://web.
expasy.org/protparam/) Xt PacC4mtid 2 (1774 (K1 AH 5 2 AL
PRI, R AE 28 9 B 55 EXPASy ProtScal Chttps://
web.expasy.org/cgi-bin/protscale/protscale.pl) F£/, X
PacCHi =4y () i 7K P A S K VE AT 20 B R AR 4%
W3 TMHMM  Chttps://services.healthtech.dtu.dk/service.
php? TMHMM-2.0) X} Pac CH % 5 s 45 44 3833 47 A= 4
SR S0 M. R SignalP 5.0 Server Chttps://services.
healthtech.dtu.dk/service.php?SignalP-5.0) . HXJPacC
{5 SRR HEAT M, F FHNetPhos3.1 Chttps://services.
healthtech.dtu.dk/service.php?NetPhos-3.1) #F £/ #r L B
X PacCRERRAL AL R BEAT 0T A AEZ K35 WoLF PSORT

(https://wolfpsort.hge.jp) XFPacCHE FH 1B REREAT T 41 A

SENM EI AR 4k ik Swiss-Modeling  (https:/swissmodel.
expasy.org) X PacCI¥I 2 5L 7 F1 347 8 1 it = 4E 2544 (1) ]
TR, RFHEIERTY, =R,
1.3.6  ANFIpHAE ™ R B 11 T 22 A6 KB (Rl g

%% Tan Xiaoli%P ik, #A &%, TpH 1.0,
2.0, 2.2, 2.5, 3.0, 40. 5.0, 6.0, 7.0, 8.0, 9.0, 10.0,
11.0fJPDBH; F2 FE i A 1 mLZ& K ~10° spores/mL
TR JE3 9 T - B, AN ACBES M, B T28 CREIR

(160 r/min) PRFHHEFE2 do FEFRGEH, BOWEETUE, Ui

VER LK EEIR, BEHITEE T —80 CHMKIRIKAE
B, F2RIATEBRGTR, SR ER LT E.
137 RS

AR . R/AN—B BB NI ERG (Citrus unshiu
Marc., pH>3.0) FIJE 7k (Citrus limon (L.) Burm.
F., pH<3.0) fEAMEL, ZHLi LuZe® 7 ik ik A7 8
Fo ZEMEKIE VG 1E2% NaClOW i H92 #12 min, Z%1#
AKIGBE3 I BRI T o TG T AR JIAE R SR AL
®2 A3 mm X3 mm X2 mmff5 1, BEL WG, EH
AbBEFR 10 nLER T 14 6 T B (1107 spores/mL)
I T-28 C MK 85 % ~90% ) 2 P % 32 46 o
2 Al & SRR A pHAR , REAAAE 3 AT, IR
iR EGE R, RAE T — 80 CHUTIEVKAE™, M T )54
RNA 2L
1.3.8  SEEF R ARE RN (real-time polymerase chain
reaction, real-time PCR) 4 #7

BREAE N £ KIS 2% Yuan XingxingZ ™) 5
%5, BEEE, T UEWEE/EpH 3.0 PDBX; 77 ik b R i 5
724 hIR G BRI P B 22, BG83l 5% 7% 22 pH 1.0,
3.0, 5.0, 7.0. 9.0. 11.0/YPDBE;F=FEH, M FEL h
Ja, WEEE 2, T —80 C{A1F, M TEERNAKIEIL.

{4 FHPhyZol™ Total RNA Extraction Reagentf/Hl 5
A 2% A 35 7 DA S 1 SR S (R TR 8 9 A1 T 22 A RNA, - 1)

Hifair® IIT 1* Strand cDNA Synthesis SuperMix for qPCRIJ
el &5 BcDNASE 155 . F cDNABLRRAS P % J [X]
FKikKF¥, WSRREANB-actin, F|HHAFPrimer 5.015¢11
REETIY, SIMFAIRAERL, EEER (KiD) AY)
PHEE R AR SR, {8 FHHieff UNICON® Universal Blue
gPCR SYBR Green Master Mix i 7| & 17 real-time PCR.
SNk Z: 10.0 pL Blue gPCR SYBR Green Master Mix,
. FWBIW&0.4 L (10 pmol/L) , 1.0 pL#EH,
8.2 uL ddH,0. FFMFESIEAT3 AR ER . [N 4 1F:
95 CHIAEM:120s; 95 C 10s, 60 C 30s, 45 NMEIR,
BEURBE IR OFE 5 ChpH 3040 B X R, SRS L LLR R
2 dZH 2 J5 1 B DR ST ot B, SR
S PacCHEA A AL B o (R AR G R0k &

#1  real-time PCRY| 4751

Table1 Primer sequences used for real-time PCR
3 Ef51) (5'3") IEf51H) (5'-3") S
PacCl AAGACAGCTTTCGCAGGAC AGGCGTAGAAGACGGCATA 187
PacC? GAAGCCACTGCTGAGTTTATT ~ TTTCGCCTTGTTGTGATGT 292
P-actin ACGGACTGGGACGATATGGA ~ TGCTCGTGGATTGAGAGGTG 114

1.4 HEAL ST

LI T3 3 AP AT HUE F Excel SR #EAT A0 FE, SR
Origin 202134722 &, FIHSPSS 25.0K H K F J7
TS ARG %% 5, P<0.05UNAFTE R
R

2 ZERESH

2.1 AHHEBR R b6 PacCEE B2 0 i
211 AHAEER B 7 18 Pac CI7 32 32 [R 1R i e 245
AR AH AT TR 5 7 e 4 6 PR 2 B PRV RS L e 312 A
PacCliEik 3 FH PacCIfPacC2, EA15 A& PacCHEF [F]
PEPESY B FIET6.7%A174.7%, W] A B4 PacCHIBLTIAE
I, JEEX AN R AT A B A AR A A AT
2,12 AEYIFE PacCER Jit S HE L T 41 LE X 5 IR
B P
B SR EERE (Saccharomyces cerevisiae)  H

&Pk W (Candida albicans) . Bih% (Aspergillus
niger) « R E®H (P digitatum) . R TIH
(Fusarium oxysporum) =5 HAth B 1 ) Pac CRE R 4w i & &
FRIFBIEAT XL, RIMBR IR W B PacC S ik EEXT BB 1 2

SERIAREL, 53 MRS Cys, His, B 18 85 1 45 F 3,
BTCHEAZRE (KD « FIHTELMEEMEMEH 454
MEGA7.0F1TBtools B A Tl -3k F i Pac CHIfR <1 34 17,
s 10 My R E, HdMotifl . Motif2, Motif3 .,
Motif7. Motif9iE ER-F . RIS # PacCl 5 PacC245 ¥
FEL, HAMFEFR T (Motifl . Motif2. Motif3.
Motif4, Motif5S. Motif6. Motif7. Motif9) ([2) .
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ICT‘. oxysporum TPAPS-ATSNTSQSS DDNG

. aenigma A ADD!
S. sclerotiorum N 1GONVV----ADDS
Penicillium digitatum IQATPTPSASVTATAVAATAAVNN-PSMNG----AGE
P. chrysogenum S AATAAVNNAPSMNG----AGEQ f
A. niger : ACQ SAAATAAAASA. TTTRPSE!
Trichoderma harzianum * LRAQPPQQCQPQQCGQQGC JGCCQQPTSQTVOSVPVOASLORARRARARVAPPGVCQVAPSSPNARGS
PacCl : ENPSNTDTFRP SL A DINSKSDAIC
PacC2 : PSTNHKQDSENSISPITSNS 'TONITKQPTPPQE! 1
C. albicans i SQSYTQPAQQLPTQLHPSLNQAYNNQPSYYLHQPT YHDHHGYYSNNNILNGNQPAPQONPVKPFKKTYRKIRDEDLKGPEH
S. cerevisiae : B ASAVSPT S A I

F. oxysporum
C. aenigma

S. sclerotiorum
P. digitatum
P. chrysogenum
A. niger

T. harzianum
PacCl

PacC2

C. albicans

S. cerevisiae

Bl BRI i PacC 5 1L

Fig.1  Alignment of predicted amino acid sequence of PacC between G. citri-aurantii and other fungi
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PacCl — B
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K E£/bp

B2 BRI R PacC 5 1A YCR Pac CIR-T 3E)F 50 BT
Fig.2  Alignment of predicted conserve motif of PacC between

G. citri-aurantii and other fungi

213 NEPFIEEIPacCR A AL BT
HAGZKENITLEH, BREWEMKPacCl
MPacC2s% R A2 it MRADMF, SREH
(P, digitatum) . 755 (P chrysogenum) VLK B
(A. niger) WEEGRZAZRIE, SHENEERE (S cerevisiae) «
LR (C albicans) SFYIFMRIEG R RRBOE (K3 .

F. oxysporum CP052040.1

T. harzianum EF094462.1
C. aenigma XM037322167.1
S. sclerotiorum CP017819.1
A. niger AM270019.1

100 P. digitatum XM014676201.1
P. chrysogenum AM920433.1
o G. citri-aurantii PacCl

o G. citri-aurantii PacC2

S. cerevisiae CP046088.1

C. albicans CP025158.1

P13 BRIBH W PacC 5 HAb S PacCIR 1 5 G &

Fig.3  Phylogenetic tree showing genetic relationship between

100

99

G. citri-aurantii and fungi based on PacC

214 MHEER IS B PacCLt MR I YLt /3 A5
R 1E 4 M55 GSDS 2.05MG2C v2.1%PacClL

RPSQDPOGGLN-YRP : 170
GRSPQDQGMNG-YRA : 151
RTPEQSGGSNGG 155
IRSPEPSMKH~~~ 160

239
: 266
220
ESHPKRLRKKAQRELMRQ---- : 314
B }ESGGIKRERGPRWGSK---~ : 252
dds

YL PacCIY 2R F1E{ SR e &

PacC21) 4516 5 Ge (B A& 43 i b 47 40 #r o e EI4 0] 5,
PacCl15PacC2¥ RGN T 450, HMEFKE 51
1 872 bpHil 779 bp, HTLEHN & FEHUTRX . R ES
A5, PacCl5PacC24y HIAL T 53 5 J A 105
gettfk b, B35 YLK EEN2 879 209 bp, PacClfi
1832 639~1834 510 bp ], 105 Gtk K TN
1531 806 bp, PacC2fiF-877 315~879 093 bp [H].

PacCl
=
PacC2 o shET
5’ 3
r T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
K /bp

Pl 4 HERGERIBSHE 1A Pac CHSFIAFAIE

Fig.4  Structural characterization of PacC of G. citri-aurantii
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Fig.5  Chromosome distribution of PacC of G. citri-aurantii
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HE—EER. H, PacClE AN MIHIEH N1 872 bp,
623 NEIEIR, PacCl4r i & N67.80 kDa, 5 HL AT
R6.71, AIRER AR IAT S Ser56. Thrl8. Tyr§;
PacC2EE AR R &1 779 ANl AL, 45592 N AR,
PacC2%> 1 Jii & Jy64.32 kDa, 251 /5 /98.50, Ser72.
Thr18. Tyrl347 S RER BRI (K2) . PacCILAl
PacC2 8 [ s 4 45 46 ToLill WL P16

3¥ g@v

Fl6 PacCl (A) 5PacC2E T (B) i &5
Fig. 6  Prediction of protein structure of PacC1 (A) and PacC2 (B) of

G. citri-aurantii

2 BRI PacCl 5 PacC2PRILPE iR Lk 45

Table2  Comparison of physicochemical properties between
G. citri-aurantii PacC1 and PacC2
AT bR PacCl1 PacC2
Xof W B % /bp 1872 1779
R 623 592
43T i &t/kDa 67.80 64.32
SV 6.71 8.50
THaE RE 62.00 62.81
SRIGK P SRR SRR E
P IBAT 7 T
EREFI/N I 7
WERRALAL A Ser56. Thr18. Tyr8 Ser72. Thrl8. Tyrl3
P4 5E 7 YL kA

2.2 A[EIpHAE XS R 9% 1 1 42 4 K B R Pac CRIL &)
Al
22.1  AN[EIpHAE XS R JE 55 T T 22 A4 K B R 5
WMET7E R, BRJE A EAEpH 2.0~ 11.075 [H N fE
A, HopH 300 2 B K B35 s T HhpHME, ik
JepH 4.0, 7EpH 2.58pH 5.0~ 10.035 B P # 224 K&
WA REZER . pH 2281105 22 4= K 52 3] 1 2 4],
EpH<2 20 JUPAAK . Bubnl &, pHAE X ER R 7 i
MAEKEAREER, BRIEHERA) 2K pH{EE N
P, EHREE KpHIE L N3.0, X 51 2 A b f SR s
pHE#:IE™",

10 20 22 25 30 40 50 60 7.0 80 9.0 100110
pH
INEFRRFARREREE (P<005) .
7 ASIpHAFA T FR2 dVRIBEHE 1 14 2271 4C B (R 5 )
Fig.7  Effect of different pH on the growth of G. citri-aurantii

mycelium cultured for two days

222 EARFATAEpHE XS PacCE Ik & ) FE M

AR 55 973 1 Bl A= K pHAE (pH 3.0) X iR, Lk
B PacCIMPacC2EA [ pHIA MR IE I . 45 KW,
PacCIMPacC2)FiA Y zpHAE TS, H AR RIA
Bkt B — e . 4bHE1 b, PacCIfPacC2
RILHAEPH 11.08 3% i (P<0.05) , HIXFRILESD
AL K224 £5R11.62 %5 PacCl3Rik &1 HAhpH
HE&NF TR BEZESE, (HPacC21EpH 1.0K JL-FAFKIL
(E8) . Ab¥24 hif, PacCIFMIPacC23ikEEpH 9.0
AipH 11.0¥ 82 Eil, HrpH 9.04bFE A iy AN R %
BB YL NN R A4.8 %, PacCIlfEpH 11.0(FILEL
NXTRRIMR.S £, M PacC21 LA EUE =y, 21X
13 %, PR 7R H A pHAA ) %k K P AHAL, {HpH 1.0
B PacC2f) 3Rk w3 .

14

12 OPacCl 1h
1ok ®PacC21h
X H PacCl 24 h
W 8F B PacC224h
®
& 6
® 4

2

0

pH

P8 Al pHA A IS WS 14 PacCT 5 PacC23E 35 1MW
Fig. 8  Effects of different pH on the expression levels of PacCI and

PacC2in G. citri-aurantii

2.3 PacCTERZJE IR AR G MG SR 5242 Yeid 72 Hh i Rk
1.

BN ERG RS N THMER IR E2 di,  RSets B ik
LB BB, WEEE AN (1.9740.13) cm, 4d
WL AaEE, MEEAAE (3.8840.06) cm, &K
6 disf, LT aEeE (E9A. B) o RsEkt
T rp R 2807 M pHAR 2 TR %, 76 dif T [%£50.2,
BELT X (EIC) o BRI B AN PacCHIRIA Bk
B R, HPacCI% pHAEAS Ak i S 58 4R, 12444 d
NREEIEEmT2d, R56 dif RIAE FHE2 diY
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3.9 1%, MiPacC2MIFETELE A HEE LI (HIC) .

TN TR RSN THA BRI A2 divf, SRSl 1 Aab
AT LB SRR, B E AN (1.9240.14) cm, 4d
B AR, RBEEAE N (3.8040.05) cm, FAIH
6 dBf IS LT A EEE D, e (F10A. B)

RIR IR AL pHAE 2 LT, E8Rhe di I
TH£50.4, BEET AR (E10C) o BRJER E M A PacC
(1L BITER Y6 dif R AR 1 (100 .

A

o

AP b EL

74 B e X 8
6 e R AL EE —
£ 5 _—
3 b~
€ —
W3,
'Esf 24—
"
042 : :
T 1
2 4 6
i al/d
OPacCl  —=— Xt18
7- C B PacC2  —o— BeFpibsE q3.6
6r =% 134
=T 135 %
1 5+ At g(z) b
X 4L S D=
® 3 —42.8 O
E 2 B ab 426 &
E2 oy H1247%
0 1 1 2.0
2 4 6
R A /d

ARSI N . BIRHE EAT: C. PacCRILTE I R 45 HpH
B KRG FREAFRIR LG A F 0] PacC1EE R R ik B 22 7 B 3%
(P<0.05) ; /NEFRERFEZRIR NG A F 0] PacC2RE R FRIE R 72 7
B3E (P<0.05) ; = AH[FI AL FpH{E % 7 B (P<0.05) . E10[H.
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