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Figure 1. Fungal calcineurin signaling pathway
diagram™. Cch1: calcium channel; Mid1: transporter;
CaM: calmodulin; CnA: calcineurin A subunit; CnB:
calcineurin B subunit; CyP: cyclophilin.

1t CaP"RE A7 AN A CANVR I L PR R X D s 2R R Ak
s ia B R 4ERE ca Rast, e R, W
M7 Y F R Ca™ R, WAL £ 4 Ca™
iz, U Yvel (WIEHFEA). Vexl
(H*/Ca®* 3¢ #155 11) Fl Pmcl (Ca?*-ATP i), 75 5 /K
FEARFIN M H, Ca® %€ Pmrl, Codl Al Ecal i
FE 5 R S A LS5 Ca* Atk 7K S o 1 I 1
CaM W] LIAGIN 2 MR Ca® W JE Ay A8 1k,

Ca™-5iEAE AW S M HE AL AEALSS,
L F5 G VR IR T T R AR 1 Ve A 2
HAM O BERLEES, 7E(R85 8 FIRE R, CnB I
FL 5 G JRBE (45 A A B, T A A 0] B
Wi CnA I IE A AL AL A s 24 Ca® Wi R i, 5
T HEAE A CnB WAL A, S35 CnB LK

http://journals.im.ac.cn/actamicrocn



3846

Yingying Feng et al. | Acta Microbiologica Sinica, 2021, 61(12)

R4, F5IREE S CnA ILRELE G, RY)
S5 RURET AR, AT SR 0 ]l R i 2

BERR AL AR

P R MR A R e — &) 2 A 1E T HE
AR IELESE I b BE R ST I 2 D) Re R 5,
HoA A 5 PR K (CSA) S5 & 1) CyP It K 5
fih 3¢ 55 F] (FK506) 25 A 1) FKBP K%, A1 HA
A i SR 1 S UK JVC 4 L 52 S ) 1 P ) KA
GATBEIG S S AL il . S BRI R CsA Fil FK506 43
31|38 1 B 2SRRI EE 1 CyP R FKBP 411 i 475 ] i 1
B AL BOIEEE,  DATT A 5 15 5 SR S o

5 ) 5 R A 5 e A IR A LA 21 B A
FEFFAE A A RN TR Z M2 AL . K280
PR 1 S R B R AN S B L R Y, B
IHA RIS BT E . i Ca®*-ATPase
(PMCA) A2 455 25 - D\ 40 g 41 24 55 i A Y 3 %58

Figure 2.

/

" Glucose metabolism (Gpx2)

\Transcription (Pmcl, Tisl) J

E, EAFEAY P ESE S HE TR HACS 8@ iE M
LI PR FIEA,
1.2 AR T irRERE

TEVFZ A, A0S R Crzd 245 1
BRIt T U i 2 -, SRR -Crzl iR
A S S AN A F A S
B, Crzl & — s 245 C Kl DNA 25
G CoHy BFF8 A5 A B, J2& FCTR O ST 1Y £5  m 1
AR B B R A 1Y Crzd By Ar ) 40 M A2 o - 3%
Crzl OB EE I ik, Hoh s S 5L T A Al
(Chs7)Fl R %32 (Pmcd) i i PR 2 191

5 ] A TR A 1) T U A A 3R A T A X L TR TR
W REh O 785 B 9E, BBERR LY Crzl HEA
A%, IS HE B O S R E ER I . AR
Crzl R W I (CDRES)45 4, 5% 40 Fks2 .
Pmcl.Gyp7.Surl .Gpx2 Fll Renl 25 5L (1&] 2)1,

@“_A)\Eﬁa;

N\

P rf: -y
P ™
(L e
\ Nucleus

) Crzl-dependent pathway ™ |

~ s S

Vesicle transport (Gyp7, Ypt53)
Cell wall synthesis (Fks2, Chs7)
Lipid synthesis (Surl, Csg2)
Signaling (Renl, Ren2, Bag7)

Polarized growth (Elm1, Boi2)
\_ Transcription (Ume6, Yap1) //

|
—
T

'-(‘rzl-indcpcmlcnl pathway )

Ca signal transport (Cchl, Renl) "‘
Protein transport (Rod1, Hphl)
Membrane function (Siml, Sim2)
Cell wall integrity (Skg3)
Autophagy (Atgl3)

Cell cycle (Rts1, Hsll, Elm1)

B 2. WREESPSIASERE T ESRKREMN

Diagram of the downstream signaling pathway of calcineurin in Saccharomyces cerevisiae™. The

brackets indicate the genes targeted by Crz1 in this biological process.

actamicro@im.ac.cn



LRSS | MIEYF#, 2021, 61(12)

3847

X Crzd AR I BRLH A AH T Rg |, 7] 0 4 ff R
SERENE | BT IS MAT ABEAC . BAR Crzd 4K
PEE R AN R 4 L b p HE AL PE T, (3
— B4 Crzd ARSI i PR B 22 B S PR S 1 o
FEERG IR . AR A SR SE, AT AL
i) CDRE 5L/7, HIHABEE TR Crzl H R [FJA
Yyal iR B 59 CDRE J#31M%), Crzl Je HH £ [
TR I D REJE RSP, (HJE: Crzl IR % LAY
FRRESEE, I ECE& AN 7 08 SO AN TR

R Crzl RHERREY R ZHE DX
S R W PR A B, (HA — BB R 7T Crzl
ZAh, SRRV Z A M RE . A0 R B
Rts1.Renl Fl Atgl3 S5 5E[K, 2 55 4% 4 ffa f) 19
I 2 1T s S R (1 2)P,

oA 5% R A % S [ Fg01350 27 37 F
Crzl WIE5 R BERR G N U HEAR , SR B 2 3k
TRAT ST TR ) T A A e A ol 2 7 TR
FHEG, Crzl 28745 B iR 3 304 1 sl 8 7 e fia 1 22 784
B 31X 3 WA R B IR A LUK 8t Crzd 1 755X
PRI REDY, Nk, R R ST L
I ) 25 R W R B E LA TR VR, JF Al TR X
FRA ARy 4 BT ) A AR

2 SHARBBALATEKRSE
71 7% B

B I Wl R il o 2 TR M N R A S
AR, M R | B AR S B AR
e, BAPHEERAR . KEMBE I SR 1
SRR R B AL, fol ECRR BE RS T G 3 3
i, AEFRIEE R ARG S B B IR RS ad
ZFHLHZ 58 TR, JF B R R R

HHEARKEH I REVIHX,
21 EEBMMEAEEEERKE

5 IR T ARG 5 R YT 5 0 R R S A A G
SEM L, S 5L Y B BRI L,
A S A VT 22 S0 TR A LA e A8 3 e v i O
VEF o 5% 8 1t 12 T o 7R AT o A Sk s IS PR A
T G TR B >, FF AR B S &
A A 7 A8 A S T A5 5 308 6 3 T i 2L
5 0 R A B AR, ) n 4 B A Y 6
KM HES5E Bz IR A . RS
B AR RED, Fe R R P, A R B R
118 2 725 5 550200 AR P S R A % M I A 4 4B R
A T R ) 3o 3 8 B MY 25 S PO T A
T A ) B S AN R A SRR 11 A B B
Rhol-GTPase {ifi 14 WAl 1 A /™ H i) 20 Jifd 1
BT e RE R 2 R I R A ) B2 2
FOURL TR SEB P2 FE R R BIAUET A5 B AR
B 5 RV B A BBk A A MR B0 . A im0
TG B A 48 S el B o ) TR 2 B i op g o
PEFER, 0 3 s R A0 ) R B IR 45 A B 1 Cts
55 5 ) 1l T It O ) M LA o A i 7 RN 2 i 43
B R T Cnbl JERI AR, Fksl 5t
PRI R HG hn, %k D] 17 5% 40 I R A 10 65 LAY
B-1,3-% FHE A W AW AL

WA, R A R - ) B i A 1 40
SRR Ok i B A S T SR A R
T S K A S T i g 435 A < B 25 TR 1) T i 2
Tt R HEOCHEE T . FEIRFE BT IO A A, 4
AR TR A 1 Bl 2 2 5 | S 4 B 5 S ek e s
S B A0 TR B 22 2 B R g, FLG P
B J 3 4 Wt A T R Y A R K SRR T
R RR B SR AR S R . pH L B

http://journals.im.ac.cn/actamicrocn



3848

Yingying Feng et al. | Acta Microbiologica Sinica, 2021, 61(12)

ERRGIE R SR E 2L BN SN AT i D
PR ERE N ARG B e S B B R el 1 B 7
TIREARSE,  H T 20 B BE 5E B P B 1 5 |2 1) 240
B AR B0,
22 FABREESREEETNER
PRI 50 TR LT . B
BAE S ML T G 8 A 5 R 9 By A A
(T, 3l SR AL R R ) T R A4 R Y i
P o G, B R R A 5 L A AN R RE S R
(R AR R A AT, I M RE ) S B A
TR DA AE A T2 PR AP O NI AR
SRR R BT Rk
P 75 P55 A L A, R SR P R
2 16 25T R T POVR K S T A A A
TR D A e 1 e T A R RO D A ) B ) R AL

HHEA TR R B, A I 4 B LA A [ 1 e e
R, (R S I 5 1R 6 A 27 ) sl o R v L
A URST VR FH o 55 8l I T o 507 L B o5 T 1) TR
MLl N 1 s .

PNE =N oy Y N LI & Rl 7 N Pt SR L
IR BB M R EA T —, SRR
JEHBSREIEAAS . W32 . BN, i
FEIE TR T TT 0, FLAb AR S0 Bk b A
KRE T, Ao SR B e SRR
TEE FARAEE (37 °C) FAEK M /1 8 Pt &
ZAG PR IS 515 SR A v, At 1Emk
P pH (A T AR BRI 22 it T S5 0
W B 5 A DR s )5 3R e 1 TR 15 5 7 400 R
£ S IR U8 VAN W i % R U AA BRI A e oA
A EOCHEBNER, I X S5 00 i 25 1 88 )

1 SR BEERES N ARENS

Table 1. Regulatory mechanism of calcineurin signal on the virulence of pathogenic fungi
Pathogenic fungi Virulence regulation mechanism References
Cryptococcus gattii Maintain cell wall integrity [33]
Candida albicans [36]
Mucor circinelloides [18]
Sclerotinia sclerotiorum [28]
Beauveria bassiana [37]
Aspergillus fumigatus Promote sporulation [34]
Sclerotinia sclerotiorum [28]
Fusarium oxysporum Promote hyphae extension [38]
Aspergillus fumigatus [34]
Candida albicans Regulate morphological changes [36]
Mucor circinelloides [18]
Cryptococcus neoformans Enhanced heat resistance [39]
Cryptococcus gattii [33]
Candida glabrata [40]
Candida albicans Maintain growth in serum [31]
Candida dubliniensis [32]
Candida glabrata [40]
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Table 2. Regulation of calcium signal on fungal metabolism
Fungus species Regulatory factors  Effect References
Torulopsis glabrata Ca* Increase the activity of pyruvate carboxylase [59]
Saccharomyces cerevisiae Ca? Increase in malic acid production by about 5% [60]
Yarrowia lipolytica CaCOg; As a Ca*" provider and pH buffer in the production of [67]
a-ketoglutarate
Curvularia sp. ca* Indolizidine alkaloid production increased by 2.33 times [68]
Clostridium acetobutylicum CaCO3 Up-regulate most enzymes involved in glycolysis, redox [69]

balance and amino acid metabolism

Aureobasidium melanogenum  Crzl

Control the expression of polymalate synthase gene and [61]

polymalate biosynthesis

Daldinia eschscholzii Ca®*-CaM Regulates the biosynthesis of polyketones from Xylaria [62]
spp., increasing the output by 2.59 times

Cercospora nicotianae Ca**-CaM Regulate cephalosporin biosynthesis [63]

Ganoderma lucidum CnA/CnB Regulate the bhiosynthesis of GS [64]
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Calcineurin signaling cascade regulates fungal growth,
metabolism, virulence and stress resistance

Yingying Feng, Xingran Xu, Xiang Zou"

College of pharmaceutical Sciences, Southwest University, Chongging 400715, China

Abstract: Calcineurin is a serine/threonine (Ser/Thr) protein phosphatase and generally conserved in fungal genus.
Its upstream signaling pathway were composed of Ca** channel (CCH1), transporter (MID1), calcium ion sensing
protein (CaM), calmodulin-dependent phosphatase and etc. Calcineurin is the only phosphatase in fungi that is
regulated by calcium ions and calmodulin, and plays a central role in the calcium signal cascade that regulates
fungal Ca®* homeostasis. Through calcium signaling cascade pathway, it participates in biological processes that
regulates the growth, development and virulence formation of fungi for response to changes in external
environmental factors, as well as fungi can adapt to various environment and maintain normal life activities. This
review summarizes the signal composition of fungal calcineurin and the upstream and downstream signal
transduction pathways, as well as the regulation of cell growth and metabolism, the formation of virulence, and
tolerance resistance. With the advantage of the regulation of fungal metabolite synthesis, the mining of calcium
regulating phosphatase signal as a potential synthetic biological element and regulatory switch was also proposed.
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