LBTmEFREREDT -

BREERAES

tbTEFAArTFAaANSF EL R
Shanghai Key Laboratory of Molecular Medical Mycology

2018+ 12 H




Bt 3 &

B —F Rk EETESFARA) FTANF TELR TN I, KMNE
WXL FE AR B AFTHIREEL BRINSERR. BATEERES
BATE T RO ARG RRERMARR —F 5" “ER@A”

FERERRADH, (ZEFRFANE, PRESARITAEENE
Eéﬁﬁ%%%mﬁ%#\%ﬁﬁ%%%¥%ﬁﬁ E#ﬁ@%%k%
5RMREAR. T2RBRALASE EMEERNF S 5@yt
EABEBREZRBA TG, BMNAERTEARELREREMN « “HLy
B2 3" FEImRARG BB Fe TR EY AR TAZRFA B <K
BA “—F—3" LARBRALRARKSGIZS %ﬁm»,aﬁ@%“*
PRz LA EFEEZARR, LLE ‘BBRAR ATHEL, BT
ﬁﬁ#ﬁﬁmi%yﬁ&ﬁ& %Akﬂfﬁ%likﬁﬁﬁﬁﬁ%
FARE “—F—T B EA RN A RN R IR SR IE A
X, FEMNGEARETKERAAERE <P B ARG EGAES
M EARRENESF BB EAIRAIHEHR, KT —F
7] 69 B R o

BH TG A’ T — X VAR £ ABAR B AT AE AR F5 F - K A 8B 7T
15, BRT—HEFREBENGFT FFFRAL . TME5E R IF—RHF
%m%%ﬁTﬁkx}%éﬁim,ﬁﬂﬁﬂ&@ﬁﬁ%%ﬁ%ﬂﬁ%
% BYH. B/ —F—R BERERALAMGIERS. SEANS

%ﬁuké,ﬁléﬁ&flﬁﬁﬁk%A%ﬁ,;ﬁ%%ﬁw~m
BIEF, WBARRB, ELIANAFETE, AHOIELER, ARIE. H
e BmG. M. STM FHFnE ﬁm%Alrk#%ﬁ%ﬁ%%%o

AEEHER. LETHE KPEHAF ERMFHOESHTIFT,
AR EIE AR T 69 A% A T, RAVEG2018 K # #H . B ET, &RAN
X HKsEAAEI A F AN BARGHITA L, IMEIA G EEEMN, LiF
OFHARE, HNFLEFARFHLHNIREFPIRIFE S R 5 RA R
R, Bi#HZRERH 6 KA BUEE S

EAEGHFZ I A PR AR ZEFHTHHT, B 5HETEH, &
hEWEEERAEETER, RAKRARNKRY Bk, 2dk. a5, #R
gHEAY, AR, BRI, RERE;, AFL, BIHTRE. B RIKLY
AE, LI BEe4E, BB, —RIESD TR T LR TAFE G #

a5 !
/
b & AR Be e

20184F12 H21H



ZE5FERMERAR B

58 eIk

BAE

EARRE LS
FEEREANR:
i 3CHE. REEBR
Z5mE NR:

. BRE. BFR KE. KH.
Heg. XIRE. ZF OBl RIER. BRIV



R 1 B N N = TSRS 6
T E B T AN B F I8 B AT e 6
B =0 NSO OSSOSO 8
TTE G 7 T P 25 e 9
G TR I AT I Tttt bbbttt b e eaens 11
S0 = ) N A - S TSRS 12
T T R T I T B8 ettt ettt b ettt ettt bese s ne bt nes 16

T 2018 AEFEE . FEAr . MITEE IR IR e 18
B T T ettt ettt ettt et et ae et st s eneebe e neneas 18
PG CARAEE S R IH (BT 2234, 18 7)o 20
GERRIE Sy (TR G W BFIFILE B oot 23
B T ettt ettt ne bt eneene e 24

=\ 2018 EE N A FETE G I I AT TG I veevereveevieiseece e 26
) T T A T ettt ettt ea e a et eaeneas 26
) DB I B et 26
) B B 2 s 26
DUD AP G G R vttt ettt 27
B A0 A i1 3 = TR U USRS PRSURURRRUSRON 30
N BRI FE N T Do 30
) B T L T eveeveeeeeeeeee e ettt ettt e e e e e et et et et eeeee et e e ereeeees 31

PU. 2018 4 B T2 AR I BT I Moo vreeeeeeeeeeseiee ettt 41
T T A T Y 2 ettt ettt 41
R B TR A I A o 50
A B B 2 R I 0ottt ettt b ettt b e aens 59

Fiv 2018 4FFE AT R TAE BB BEAB I eeeveereeeeiresieeiec et 80
T A B A5 8 T AR oo 80
TEZZ TN B E R B TG TE 5 e A BN oo 84
VT PG BRI B B TG T 5 b AR T v 88
B AR I B B T TE I T TS oo 89
AU BE B B T T B TAE oottt 95

B2 X BE 8 B T 8 b BT evvreveereere e 98



AL TR R B BEBE B TG BE b TAES oo, 99

SISl A7 150 b S K =3 OSSOSO 101
KB T COM BE AT B TAE T oo 103
757 2018 FEFE AR ST ZE BT I vttt 104
o IZE R e 104
Ty S I B TAIBE W vttt 107
By G E B ZEZEED oo 113

B s 2018 AESZIG ZZ R4 SCI S EE B T eeeeeeeeeeeeeeeee e eeeeee et et eeeeeseeeeseeeeseseeeeseseees 114



—. ZREREKRFR
IR PREES St e P

IR S L A T AR AU S I 2010 4F 5 HE Rl TR ME LUK S I
WAL E B 3, 2 SR B 4 400 T, 2012 4F 12 Hilid Bkl R &5
e, JET 2014 4EF0 2016 FFFUCEIT LI IPAL, IR LI TR IR AN SR BT S = AT
A E TR R L B, EARZE A AR T E TR e L MRk

ARSI 52 T 7 T R 5 PR 9 K G 5% B R, 2 2 20
SR S AT ATy TR ARV . 40 S 4E5k, BB R U6 1 R 1 A B M\ i Bk
B ERER AT, R T R S — IR 5005, X BERE O 4K R G
T RICRENLR. 51 A AR RIS T 7 RS SR AT T R % AT,
A 9 SR TR R SR AT

AT, 78 B iR R A KAEE R ARG I0 . 185 F, L5 s B @ i 2 00 pus
RIBRSEShas, WA B TME. 70054 WL T ARSI RR AR B 51 AR RS, DA 7RI H
NG|, HREEM R EESWEERE. NIH, fif 2% CBS B 2 A M7t o O 55 FH bR
A B FL R TR R T 224N 55 S sl o T B VERIE 5, 7= A ) — b Bk B 7 R 4 10
G F AU T« SV BB A 7 A B R 8 I S RS 2 R R R ST 28 34 0 R R G L LT R Gt
REARIFFE 78 J5 L 18 25 WD URE MR AT 90 25 VR 2 5 TR 9 USR] Py 4D 2 BB 20T 72 40
R A T IOREE M . T JLAE, SRE0E & I H 4R E New England Journal of Medicine.
Clinical Infectious Disease. Frontiers in Immunology. Plos Neglected Tropical

Diseases « Journal of Antimicrobial Chemotherapy . Antimicrobial Agents and

Chemotherapy. Emerging Microbes & Infections Z5AHI<4I TN R HATI AR L e L.

el = MA T E TR R 1N, A4 N, BiEAERIT2 A, BETHFA G
28 N, ER T ORI Z BB  BRAPR RS SRR ORI el e
NIH, JUMRZEEHE P FEERE T, FRERLH LA RIHEEEER, CREAEME
AR DR EE TR T BRI AR BB

SRS % B T R E R SR R (R K S A EAREAE L TR R RS E



L o T T R DR TS 24 5 ) B 23T e A5 o BAT [ Bk ) DA R A L MALDI-TOF
MS, SZI 5 E B PCR S8R A% O 1 B L TR ZE DR A 22 LR P 65 S8 R e g AT LB 85
Iy HMRST B TR . IRIRFEARWCEE . 73 TAEY AR ESEMT AL AR, BT, SEin=/KiE 7 200
BRI, IARTZ Tk 2234. 18 JiTC.

SR FR O Bl WA 3EF T ISATHLE], ARIE B IERAEEE e B R AR BR
B T b S8 = s RANEHITAC S, Insi 55 N SNBHIEI LR IS i A A, I SR 2 11 I

www. shmedmyco. com [a#t< A FFR .

S0 R TEILE, DABLERTEI. 9 T LRI BRI, TIN5
Wodoft, GESBEEE(RRAESE T T E0R 2018 (ST SRR, DHCHRSCH S RN
PRI SR TR TR A0 BT S0 T DA B 0 5 S

S0 R A, BRIFRBE 2, L iR R T 4 S SRR TR A
PRI, SRR T AR B LR K . 2L 8920 56 5 15 % R o R
(KT AR AL



FLREEEER

SKIRE R AR BT EA AR TAEY S E AR

SLOG U L FR: Shanghai Key Laboratory of Molecular Medical Mycology
[T Wk : www. shmedmyco. com

WE AT R HE D T AV E SR =

WFERAL: R KAEEERE

W E A BAH

LI E AL AR TR BRI

DA E NG 32 44, HorbrE TR L 1 A SRR 4 N, RZIRFR9 N, HR
AN, i3 N, Pd 5 sk, LRI 3 N Bl TEAE 10 A

KR EBUNA AR TR S DNA $RIUE . HE R =SSR, M 5SmAgf s
Y EE . BRI R HOE S5 AR T, &R RO M. Mk
AARFERE . SISO E B PCR AL, IRE FIEAC . Wik TNl BURBUR RS 4 H 5D
BEbr (X AN . SO B MR M4, NG, BATAF, H&RMEEZRERNRIHME
S5 AT TR FE 6 RS SR S A



B I 7 A N A

DN AL R = 2 T A i PR S BB AN B R AT T ) 7 2L, SRER W AT R R — R =
AT

(—) EEREREESEEAROETER;

e EE 2009 0T 55 i AR B AR FH I — RV AT FU 400, T R 0o TR Dy e 2k A1 21 22 A 31K
MR AR 2RI 7T S A ENLHIRE T, B WA S 2 FOR SO AL, D ARRIRRI2 16 5 4Rk 5 1d
P EAT, SRS (KIRE0 EE R T R B R TR 25 1% (K 70 15 4R AL 7k 7 A0 B 0 3
T 631 T S RERILR A A5 S BB T . BT TT 5 1) H BT 3R K R B 7T T )
(9737 kD (HEZURZBMEBUW H 56 EARLAE K2 T S 9RPLEIRT ) SR 2

WHREE G AL b FHEIUH S

(2 WREERD TAEYEE PR

RITH S8 H AT Im R LB BB 2B &2, K T Ir A T IR R &R 2 i, (2]
HER N FI2 R0 SIS o 7N s ot R JE R A e DU AR R O A S22 Wi,
55 714 e HL B S YIS W A UM AT R S o [RII WSO I PR R T R R A B o 2,
JREERL A TR . 20T U7 ) H R 3R E S AR R E R IR A (1R 2R P A
PRI SRR R T TU) . (i E2290 2 MR 2 BRI B 15) 45 B TR 0 S0

(=) EXAEERARHASEMREA

BT H AT 2 Vi PO AL 1 5 2 IR W PR TR PR AR 58 IR AR HEAT R G LA 7L, L S
Il S AL AT 1t X 0 B R MR 4 B AR OGS B, 00 PR B AN R b X R AU A T 3 AT SR R, 4R
2R R AR D 0 7R 5 0 TR 2 R 2 8] R 9% AR o S S L I A EAT v LR R B R 8 00 T
PRI T bk 2R SR A T MRS (8 18 R K B AW IL 1Z 00T 9L C3RIE K E AR 2
b 2K 5 PR PR DA K B B AR 4R 00 H SCHF

N Y EAF T R R 2 B ORI AT, SEIG SR BUA VR TRE . W L OR0E . A Bk H
H1 58 2 il ] B AT T e ORGSR B B, I CORIV IR TR HIL . WBURVR 45 R DR el
AN-80"C IR UKAR DRI Ml R 70 BRI A R o B CLORGB0A R TR T A 1200 bk, BLHE
MERA filf 220 56 AT LE A I S [ 5K 51 MR BRI AR R, A2 B ER K H it R A7 TRk 300
AR, HHE R FE R 300 bk, BMEIRZ YRR BrliFs, SimirdErk. ImRk



FIRSE Y Bk TR RO SRR E . HhEs. RERE. BB o B 0 R 5 LR
T3 ECER o ESEI SR AR, A TT A HT R 3 BT O S0 B AL R . RIS, R R
o O TR LSRN, 5 A AR TR R B AR RS 1, HEAT B RN ST L 2R
TRIBLTAE, PRI 5 B W 7E TAE SR IR SEORIE . SR8 S AL K T — iRt i
[ - {0 (Shanghai Center of Mycology Collection, SCMC) Al_E i &E wf B
WA E B L, S AR ORE 0 6 E ATCC. A7 2% CBS. ELAIRT BOCM 45 [ bR — i £
L



LR EBTAE R

ASSEI S ARFE B AL LR BE B R B, A8 5 58— ZE R R B 5 FE R TP
A [ B2 g BBk i b s S Al E 2R TR S HR 0 T A S SR, e
R A 7D SRR R . FOR B SRS B U I PR A8 = = AR AR, i
SRR ORISR L R R I RSG5 T o SRR E IS AT B ST SR 5 A A T
MBI TSR], LR EAE— 4. BEREFARE, BELRERFAE, EERIN,
ARABFAAT B 5 2R A2 R LI = MR8 FHU, T 2R 552 B S = [ H 5.
A TTT A, SRR R E RGBS RIS, SR TN QAR Sei= e
S WNANE-9YNANE Y 755 % INAYIIE YN et L T HES Y SN VRS2 4 el
14). fif 22 2R BB H B AW 2 FEPERE T 0 Sybren de Hoog #d% .« i 22 H B AW 2 FE1E
WFFE L Teun Boekhout FfZA13E E A 70 K25 John Perfect ¥ st = & PR .

KU LAT PR Wish. WAL EET s T LR, @RI Cadne. AT,
JLTFRC BN, SR [ N A AT RS, s b PR S Bl s de ARV R S, IR
] Py A0 42 273 B S AT SRS, IRIE AR 2 E SR T R AR T . B E
A FEHEEAREEBE . AT K IR e B e 5 B0 22 B AR AR SIS AT 0 7T A . SeaR s A
KPRt A BRI SEBE, MRS AR BORPMLATR 28 B A R
P Bk, 78 PRAERMIFITH ANl A 1 S, 4 B R MGl e J2 R BE 22 O 22 A A



LI E N B &1

| EEMPERZE R EAE

) <
=
Il
H,
w
Hrol

S i o

WERR=THE MNERAZREEIHEER RAEERW =R
BER&RL BRAtFR T BB

BT BE £9T4 FIBUS P———
AT




57 w0 N B

ol
= ‘ e

: ' 2008
HXiE Lt tLBRR% FrAniE F 18 RlaREnE

Bh#

HRE B PRICEE B E 9 B

BARN R

T B



(R E A E) iR HIB

Pt

P
—

\ %

‘ &
AR K

FIMERK



oy ."I
WSRRRERE RS .
BERETAG S RERERR o

Teun Boekhout Sybren de Hoog


Wenjie Fang
图章

Wenjie Fang
图章

Wenjie Fang
图章


B BRI &

FE WA B2 Bt 1 JER AR R T L b S5 5 0 58 — 2 % K2 1 JERO 5 JL TR T 98 BT AT
TR a& LAl b, 30 R B e DK 2 2R S SR BRI 5 1 #8 FH T e DR 18095, B R AH SC SR B0 B
58 B L A R PRI 2 2 A ST TR T 65 A0 3 1 DRl e i st A o R L 0 T2
FH SR I SRR 32 6, BAERMEMPES S RS R TR, 2R
. Real-time PCR 45 5x EAXAE (W 1D, X AGSIRAP AU ERSERE . CISERE .
P 75 45 1 0 I A R A R J K A9 T L 1 2 BOm ML i B2 (IR S 3

K1 Wo@SkE—%

P | AR RS, Bom | s
1 S ¢t € B PCR ABI Prism 7900 1| £
2 A EASMIE e EPOCH 1 |
3 38 PCR 1 ABI 2720 2 | EH
1 VR etE Hfsafe—1200A2 2 F=
5 VR etE Hfsafe—1500TE 1 F=
6 HRCIR OKFE HFH686 7.7, 1 |2
7 GEE AR e DW-40L508 1 IR
8 IR UK A DW-40L.188 1 R
9 B R R G TANON2500 1 F=
10 BRRR i AR AR R 4t 1| #0O
11 R AR B O AL 1|0
12 HIVKHL 1 7
13 H, AR IR B R T A DHG-9070A 1| B
14 = AL AE TR KR DK-8D 1 =
15 I R A =B OAL TDoM 1 [ =
16 BRI MJ-250-1 1 =
17 BRIk 5 T2 46 GHP-9080 1| E
18 GERIE RS PDS-1000 1 | EHE
19 3% A Bl-F 1 B L L TDZAA-WS 1| R AL




FPs | AR AR RS Kok | e

20 gt KA MILI-Q CENTURY IR EEV IR S
21 AP S ST RS | MB-80 1 [ desgel|
22 (P T02 & REIEIRAO 1

23 N BT125D 2 | AW
24 RUR TR 1| 2H

25 B2 V. VR4 HYCD-205 1 [ R

26 1 KR 1.2 K 1 i

27 AR TR MCO-15AC 1 | A

28 =TEAHETH R MLS-3750 1 | H&

29 | ERAERE HYC-360 L 22

30 2y ORAF AR HYC-326A 1 | ¥#R

AT — 6 AfE CM-1600 MALDI-TOF MS i EW % w 2% . I MARERILE
AL L TR T

@

CMI-1600 I FRIMAE ¥4 B BRI R4
BE3 2]




—. 2018 FEEXE. E&. XUERE

WXRE. FIURAEF

@R (FHFD RREFEZ 125, IP3RIT6RE. U3, #Hii 1.

1. Arastehfar A, Fang W, Pan W, Lackner M, Liao W, Badiee P, Zomorodian K, Badali
H, Hagen F, Lass-Florl C, Boekhout T. YEAST PANEL multiplex PCR for
identification of clinically important yeast species: stepwise diagnostic
strategy, useful for developing countries. Diagn Microbiol Infect Dis. 2018 Sep
21. pii: S0732-8893(18)30381-X. doi: 10.1016/j.diagmicrobio.2018.09.007
[Epub ahead of print] PubMed PMID: 30377018. [IF=2.3]

2. Hong N, Chen M, Xu N, Al-Hatmi AMS, Zhang C, Pan WH, Hagen F, Boekhout T,
Xu J, Zou XB, Liao WQ. Genotypic diversity and antifungal susceptibility of
Cryptococcus neoformans isolates from paediatric patients in China. Mycoses
2018 Oct 19. doi: 10. 1111/myc. 12863. [Epub ahead of print] PubMed PMID: 30341799.
[1F=2.793]

3. Arastehfar A, Fang W, Pan W, Liao W, Yan L, Boekhout T. Identification of
nine cryptic species of Candida albicans, C. glabrata, and C. parapsilosis
complexes using one—step multiplex PCR. BMC Infect Dis. 2018 Sep 25;18(1) :480.
doi: 10.1186/s12879-018-3381-5. PubMed PMID: 30253748; PubMed Central PMCID:
PMC6156947. [1F=2.62]

4. Tang L, Fang W, Lin J, Li J, Wu W, Xu J. Vitamin D protects human
melanocytes against oxidative damage by activation of Wnt/ B —catenin
signaling. Lab Invest. 2018 Dec;98(12) :1527-1537. doi: 10. 1038/
s41374-018-0126-4. Epub 2018 Sep 11. PubMed PMID: 30206310. [1F=4.2]

5. Fang W, Wang G, Tang L, Su H, Chen H, Liao W, Xu J. Hydrogen gas inhalation
protects against cutaneous ischaemia/reperfusion injury in a mouse model of
pressure ulcer. J Cell Mol Med. 2018 Sep;22(9):4243-4252. doi:
10. 1111/ jcmm. 13704. Epub 2018 Jun 19. PubMed PMID: 29921037; PubMed Central

PMCID: PMC6111801.  [TF=4.31]



6. Arastehfar A, Fang W, Badali H, Vaezi A, Jiang W, Liao W, Pan W, Hagen F,
Boekhout T. Low—Cost Tetraplex PCR for the Global Spreading Multi-Drug Resistant
Fungus, Candida auris and Its Phylogenetic Relatives. Front Microbiol. 2018 May
29;9:1119. doi: 10.3389/fmich.2018.01119. eCollection 2018. PubMed PMID:
29896181; PubMed Central PMCID: PMC5987591. [1F=4.019]

7. Sang J, Yang Y, Fan Y, Wang G, Yi J, Fang W, Pan W, Xu J, Liao W. Isolated
iliac cryptococcosis in an immunocompetent patient. PLoS Negl Trop Dis. 2018
Mar 29;12(3) : e0006206. doi: 10. 1371/ journal. pntd. 0006206. eCollection 2018 Mar.
PubMed PMID: 29596420; PubMed Central PMCID: PMC5875738. [1F=4.31]

8. Dengs, Lei W, de Hoog GS, Yang L, Vitale RG, Rafati H, Seyedmousavi M, Tolooe
A, van der Lee H, Liao W, Verweij PE, Seyedmousavi S. Combination of Amphotericin
B and Terbinafine against Melanized Fungi Associated with Chromoblastomycosis.
Antimicrob Agents Chemother. 2018 May 25:62(6). pii: e00270-18. doi:
10. 1128/AAC. 00270-18. Print 2018 Jun. PubMed PMID: 29581111; PubMed Central
PMCID: PMC5971613. [1F=4.2]

9. Chen M, Xu Y, Hong N, Yang Y, Lei W, Du L, Zhao J, Lei X, Xiong L, Cai L,
Xu H, Pan W, Liao W. Epidemiology of fungal infections in China. Front Med. 2018
Feb;12(1) :58-75. doi: 10.1007/s11684-017-0601-0. Epub 2018 Jan 11. Review.
PubMed PMID: 29380297. [1F=2.01]

10+ Chen M, Kondori N, Deng S, Gerrits van den Ende AHG, Lackner M, Liao
W, de Hoog GS. Direct detection of Exophiala and Scedosporium species in sputa
of patients with cystic fibrosis. Med Mycol. 2018 Aug 1;56(6):695-702. doi:
10. 1093/mmy/myx108. PubMed PMID: 29228273.  [1F=2.799]

11. Novel multiplex qPCR approach for direct detection of Candida auris and
its relatives in spiked serum samples. Amir Arastehfar, 1, Wenjie Fangf, Farnaz
Daneshnia, Abdullah M S Al-Hatmi, Wanqing Liao, Weihua Pan%*, Ziauddin Khan,
Suhail Ahmad, Katharina Rosam, Michaela Lackner, Cornelia Lass—Flo ™~ rl, Ferry
Hagen & Teun Boekhout Future Microbiology in press [I1F=3.19]

12+ Unequivocal identification of an underestimated opportunistic yeast

species, Cyberlindnera fabianii, and its close relatives using a dual—-function



PCR and literature review of published cases Amir Arastehfar,
Abdullah M. S.
Bakhtiari,

Wanqing Liao,

Mycology [1F=2.7991]

Al-Hatmi,

Weihua Panx,

Mohammad Hosein Afsarian,

Sara Khanjari Sadati,

Hamid Badali,

Sadegh Khodavaysi,

Kamiar Zomorodian6* and Teun Boekhout.

e 3R T8 i SR R 7 B R A I 77921, 201310627949, X (R BH#ZHD
—Fh T AZ B 3 18 0 7 REAE 2 B MDNA TS A 2 H B 772 1. 201610114856, 0 (R FH#ZED

— o S R FE AR R M 2R B AL A B ) £ VRN F 21, 201610007802, 4 (& FHIZAD

— PR MR I #E201721864805. 6 GErAIIRED

FEURTEARESERTE (4% 2234.18 J5)

Farnaz Daneshnia,

Fg TRREAL R il A2 kR ] %% (Jijm) | WHEKE
“Ug Loty 7 &
2018. 01-2020. 1
1% B SRR B B | BT 1104. 18 [ Z B 56
2
R ) e
BE L “—ar—ig”
2018. 12-2020. 1
2% IR E X BRRS | BHE 100 rb [ TR
2
By 2 S W 7
Ik KAEER “&7 8T
B —— EHEMFE | o 2018-2021 30 KAE BB
“NA
i B R IR
2018. 01-2022. 1 EEAELS
4 PG OB BG4 | BT 232
2 I g
AL IR 7T
circ 0091746 LLpy s
554 RNA 7 &
miR-6848-5p 7 LI 2018. 01-2021. 1 PSSR
5 g SHCE 65
20 0 4708 A R R 1 TRk 2 S
Y M1/M2 B AL H 1R
FH S 4z AL
GM-CSF. TF 7F 3% EdE 2018.01-2021. 1 BE4=EavE
6 BRIV 53
HIV JE e Bk o 14 i 2 e

Wenjie Fang,

Ferry Hagen,

Medical




i 58 B R R IR

FH AL BIF 5
FiETERRSE S
2017.07-2020. 0 T At
7 G EmRIRIREE 2 | BTG 325 é
6
R
8 FETHAEAA | 2017-2020 40 TR
2017. 05-2020. 0
9 T RIEENIR | K B 20 TR
5
T B B 1 X
20151. 1. & EE4SES !
10 HAERSERBE R N IERE | BT 80
2018. 12. 31 R
AR TN
% 5 B TR AR MR AR T TR
2016-8-31 &
11 R HIA R R | BETE 20 HiAR bR
2019-7-31
I T
TR EE ST TR
12 BTE 2017-2020 150
RS IR B SR
T BB GAZ R 2
KA
13 Wir P I DNA $E B | 7 SCHE 2016-2018 5
Bt
F & B R Ak Ak
SO phh B T 24 35 TR R A
KR F S A 5 8T WEERK
14 P& 2017-2019 10
AU I RA UE 12 W7 TR =
FRE NG

*2018 HEH7 S I

HEFLIREN A

1. “Wg b22gq2 Bt” BE IR B R R A e 90 T

WHIUE SBAE “ g L2292 7 WA SN X ST A% G IR A IR BTy BB M M A4k &%, 46
E AL YR RAT IS 00, A B X R AL G I DN, S ST R X 2% ST = 0 T 1




RO BT i B WY R SORIX . R R G, R SR R 2
UG 8 0 ZE R (Y R . R, TR R St M B SRR, R —
IR B PRI B« IR B R e N SRR BOR B AT — R B PR
2 W A2 77 i EL 35 A7 P ) 5 S BRSS9 303K 368 S 56 = 1) DR AU
DT AN 22 b Jo i e R AN 735 BL RS AR RIS Wk A2 T 72 i, TR — A2 2
TR 95 S A PRGBS B AR F o IR T % ANREBEE L 2l RIS ST 7 &
T E RN F R GRAT A RAETF R AERIE R A EARASE. SR ED1E
B IR IR AE A AR BOR S S ST A0 R S Ji A ) e e R ) R 6 ) R
A, ATHTHOR . RKAE TR E AR ER A AN 558, DL R Sl BRI L= o XA 5
TRURAT 9 =5 RS TPt 73 A T ASRAS AR S0 IR A IR AR A5 2, it — 2D (e S A 0 % 25 39T
LE-1GR

FESWEFUA A IR i B2 2 B WS ER B RO R IRAT I D0, $87s AH SG M0 1A 2E
Vi REPEALR, EALE T 3 RA SRR e W T ik

FERZARbR: 1. S8 1000 BIFAT R =R AT, 30 MBISZREME TR, dEnr 40 PREA A A
P AL S 50 AN L b gt pT AR W e B R AL e, B 300 AN BRI T RS IR AE ML
Y&, 2. 25 PCR PUEZ Wik R 4-5 %, 7F 2-4 /NFFLA AT LS B 20 AN S0w @ fh;  g@ior
MR T &, BILE MR TOERE T & i E KR LR 7-10 Ti.

2. BER “—iH—B” IREXHERKE PRSI

iR BUE I 100 EAER, B 4D, g s ERK. RBH
RIS NG E MR STk, —SPIE L BER R W L2 B FVRRE XY B
H AR TR i — i — 2% 7 A N E Dy B o L il SRR K 1) 2 i 24 HE 4 FL B 7 (Cand ida
auris, BBk ) FET-FEIA 60% LA Lo HBRE CAE 4Bk 30 A 5K H I B 61 5 =)
WIRRAT, Horb 60% LA B AT T RIE “—— % WL, X RIEAETERK I N 7R X
o ] ) —Hy — B [ 5 AE B B B 4% 7 T IR & i 9, Bl — e i e A etk .
[ AH 5% | 5K 28 A AR AE AU A 3 S B A ) B VR R URI I 2, Bk 2 B BLAS o BB R0 IB e
{1 o B0 LV o R S URAT AT I A TV R 4

T, ARWTHMMELT =AJ7m, AT SRS T 7T

C) BT R i — 7 20 JL TR 2 R A P A S SRS 7 7« AT R T IR ) 2 —



7 AR R R AL R A O SR E TR “ i — 7 IR R TR S
TG AR MIREA T 6 F S

) JRIE Sl — B 7 W AR R 5K S B Wk T M LA B [ 5 VR SR R - AT R % —
B T2 E XA TR S s E S EBUIR A0, 3R “— W — B HEW RS

S8 RS

(=D M FRE B i — % 2k B 5 A8 N R B2 SR WA SR 3E4T 38 B
PEICTE IR B 42 SRR A A AR AR OB BT $ M HRR B2 B BORAE “ —H — %"
L [ SR HE ) SR

ASPRIBURE P R [ B — 7 — %7 TR B X B IR B il SaE TR e e
25 DAER I AR 55 e AR B o, N i — i 7 W2 OGO RTR fA
PR G (B R4 A B 2 S

SRS (TR RRBIBH S8

o [ TR 5 e - 5 v 0 [ 5 v R P O B S RS E A e —, 20184F 1129
HFF14:30-16:00, [ AR B & g A (i 470 20 08 25 P07 SR [ JA SIS A7) 330
HALE R T B 2% B o TAE W B A = W E BT 7 I H 458 2 Stk ik 10 5
BN LREEMSMLRE . TRE= RS ERK. SRR PAESH A P
PRk KAEZERE AR EAFRIPE K . HREE B, BER L. RBUIER S5 — 8 = b 5+
HEIG K, e, TR — AREREH R B, R eEp &R EE, FF
Fh2 B 22 R 2 T Be A s BRI E 04 L M 2R R R 2 2 2 RIRP BRI R

SV H W H IR R B R E R H A2 H T CGREUA R
YRI5 Sk [ A AR LA ) I H BB FL T 5t BRI ORI B SR AC I DL, KRB
. Mo, Oy SR NI 7S TIRERIEE T B ER. BTICN R BT S AR
W S5 WS S 0 o T H 1) 25 B A 0 e R TR s 0 R AT R BT 25 R R T A
Lo B R R 2T 2T R SRS VA DU A T o 2 BUITE], A X R B AT
MBI TR S etk AT 7R RS HEAT TR E, — BRI AZ I H 201 S R 458

2 vhie, 5T EAELT IR



() BRI 8 T N A i i i 55 A2 3% i B s o 3P i i AT i %
Lt 2R B BRARIE AL, (HAR 70 3 B AR S E X2 R AT A5 3 o I DX sk AT 32
R AT A T 245 1 T P32 W R

(=) PLHEEHAMFI RS ARBE MWD, ST, (HIL5E R TR S i

B HIA P o

(=) JELEIAT 251 A AT FC 7 T 5 E PR D, (B BRI A ik [ 5K (K 70 b & 5
MREF 1A — 58 220 o SR FEAEHEAE T T 2500 05 T A [ B Se b, 785 45 4 Tl 5K
R B IED S 1PN AN

PO 770 AR A B 24 6 PR O DL 34 B, T A Dl S0 i S AR R T P 25 7

)2
(1) HEGTEEGHIA WAL TR B TP RAESH BB . ZRHa1E.

FAC ML S D5 TR BN o T3 Je “—aff — 7 Wk M A 2 MRS T IR 2L, RO
A B E R BT H 250K

B 22 b
75 FRALTHH AR RALE T FRAZ ] (] 2 ) SERAN | SERCALL
F5 R 3k D 2 —
1 ¥ 2018 BB H— H—
— & B B K
2 = 2F R L gt 2 ¥ 2018 B F— H—
R 2 R A B R
3 ¥ 2018 BB H— H—
fi &)
CETTIRT BB
4 ¥ 2018 BB H— H—
— A A3
W R RENF
5 — sy 2018 0 H— H—
e A 4
R AR B 2 2 7 T
6 4 2018 BB H— H—
SR A
7 TS R =¥ 2018 B B H—




i SE A R SCL 3L

4

TR s R
AR AR SCT 3L

4

PEE2

2018




=. 2018 FFENA BEFREX M IE I

—. BIUAEHSF

20185244 101, A UMIE 1 Bl A8 ST IR ARG 24 A6

20185 VBT FL A4 B J5 SO (). et (). IRIR. MOCEE. EE.

e _:
— 2 s

—. HE®B*

20184EAE[F AN 2N 1244, Cllnl[E24 .

J7CHEE ARG 2 CBS U o SRR T L S 2. I e R B ARG, S a Rl

=3
WESTERDIJK @w
FUNGALBIO

DIVERSITY JOHNS HOPKINS

INSTITUTE UNIVERSITY

=. HEz2S

1. B, WHEEEER 6 H 30 HZ 20th
Congresses of the International Society for Human

and Animal Mycology C(ISHAM) k<=

2. 5 H 19 H, EHiEF LSt i E NEh
S HE SR RS




- SMEER RV

—) fiZ= BB Teun Boekhout #IZHK 15

Teun ##% R BTTER B T AN 8 LS S BRI, M2 B XA ER A2
FEVE O REHAK . 545 H 2 H, Teun #IR 5 H % A Chen Shuhui Tan f# 15238k 3%
BHF 0T o B AR R BORI A . MALDI-TOF MS JoR il F 15 RIUE AT AS TR v, A el SO
ARSI B RE . S DU IR MR L 5 5 1 At 22 47 SR AE BBk B AU LA

“Preservation of Micro-organisms and Collection Management’ 11.00-12.00  Lunch

AR TR

12.00-10.20  rast {we can go and travel araund)
Dr. Shuhui Tan i.c.w. Dr. Chen Min, Prof. Dr. Teun Boekhot, ....

ik
Shanghai Key Laboratory of Molecular Medical Mycology, Shanghai Institute of
Medical Mycology, Changzheng Hospital, Secand Military Medical University,

Shanghai, China

14301505 Theareri

1 basis preservation micro-rganisms (PART I, Dr. Shuhui Tan

AR 3

o o Including: How to avaid intracellular freeing damage fincluding video freaze-drying
S Fed R B S AT microscopy)
May 12018 How to freeze and dry mico-organisms without damaging membranes and proteins
2018 s B Design af freese-drying and cryapreservation pratocols
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Agreement on Joint Research

1. Collaborative Research Title

Epidemiology of Candidemia in Iranian ICU Patients: A Prospective,

ationwide

Surveillance Study by Iranian Working Group of Candidemia (IWGC) of Iran and One-belt,

One-road Working Group on Fungal Diseases (B&R WGFD) of China
Leading Scientists
Party A: Principal Investigators of Iranian Working Group of
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Affiliation: Shiraz University of Medical Sciences
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Abstract

Detection of species of Exophiala and Scedosporium in the respiratory tracts of cystic
fibrosis (CF) patients remains controversial because of highly variable results. The results
of our study suggested a significantly higher prevalence and more complex colonization
than previously estimated. Approximately 17% (27/162) of clinical sputum samples were
found to be positive for Exophiala dermatitidis and 30% (49/162) were positive for Sce-
dosporium apiospermum |/ S. boydii species complex determined by reverse line blot
(RLB) hybridization. In contrast, only 14.2% (23/162) and 1.2% (2/162) of clinical sputa were
positive for E. dermatitidis and S. apiospermum / S. boydii species complex when tested
by culture, respectively. Molecular detection methods, such as loop-mediated isothermal
amplification (LAMP) or reverse line blot (RLB) hybridization, have the potential to be-
come powerful alternatives to selective culture, providing a more realistic understanding
on the prevalence of E. dermatitidis and S. apiospermum / S. boydii species complex in
the respiratory tract of CF patients.

Key words: Exophiala dermatitidis, Scedosporium, cystic fibrosis, sputum.

Introduction among Caucasian populations.! CF is caused by mutations
in the CF transmembrane conductance regulator (CFTR)

Affecting over 70,000 individuals worldwide, cystic fibro-
sis (CF) is the most common genetically inherited disease
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bronchial mucus that may facilitate microbial accumula-
tion and colonization.>> In addition to bacteria such as
Staphylococcus aureus and Pseudomonas aeruginosa, sev-
eral fungi colonize the respiratory tracts of CF patients,>*
though their prevalence and pathogenicity remain contro-
versial.>® Aspergillus fumigatus is the filamentous fungus
most commonly isolated from CF patients and is capable
of precipitating a chronic allergic inflammatory response
or invasive infection after lung transplantation.* However,
the fungal biota colonizing the lungs of CF patients are
more complex and include various non-Aspergillus fila-

7=9 and

mentous fungi such as Scedosporium apiospermum
Exophiala dermatitidis.*'%=12 In the genus Scedosporium,
S. apiospermum, and S. boydii have recently been aggre-
gated as the “S. apiospermum complex’ because of their ge-
netic similarity and the lack of clinical differences observed
between sibling species.!3-14

The black yeast E. dermatitidis is another filamentous
fungus regularly involved in colonizing the respiratory tract
of CF patients.”~!2 Persistent colonization and repeated
infection with E. dermatitidis or S. apiospermum /|
S. boydii may occur in CF patients over decades.!%~1? Sce-
dosporium species are resistant to many antifungal agents
including amphotericin B.!® In addition to Aspergillus and
Candida, patients with CF were observed to be colonized
by E. dermatitidis or Scedosporium; however, this may be
an artifact because published studies that detected them in
combination are scant. In addition, culture only has a lim-
ited sensitivity, these species usually remain undetected be-
cause they are easily outcompeted by Aspergillus and Can-
dida species.'>>!” Possible correlations with underlying dis-
eases remain uncertain because of limited amount of data
available. An exceptionally high recovery rate of approx-
imately 20% of E. dermatitidis was recently reported by
incubating sputa on erythritol-chloramphenicol agar (ECA)
medium from Sweden, but conventional culture-based diag-
nosis strategies are hampered by the mucoid consistency of
CF sputum or bronchoalveolar lavage (BAL) specimens.'8
Thus, frequencies of accompanying fungi may be under-
estimated,'>!® though recent applications of semi-selective
media, which inhibit rapidly growing Aspergillus and Can-
dida, enable fungi with delayed growth to be revealed.!”-2%
Detection by culture still requires viable cells in the sam-
ples and highly skilled laboratory technicians for successful
cultivation.

Molecular techniques have improved detection and
thereby our understanding of fungal colonization of the
respiratory tracts of CF patients.>!»>> Among these meth-
ods, loop-mediated isothermal amplification (LAMP)?! and
reverse line blot (RLB) hybridization”->! have shown added
value to elucidation of the epidemiology of less common
colonizers in the CF patient population.”-2"22 Molecular

detection of E. dermatitidis in clinical samples was not
conducted frequently to date. Therefore, we compared the
detection of E. dermatitidis, S. apiospermum, and S. boydii
from CF sputa by two molecular approaches (polymerase
chain reaction [PCR]-RLB and LAMP) and culture.?’ The
aim of this study is to improve our understanding of the
prevalence of E. dermatitidis, S. apiospermum, and S. boy-
dii in the respiratory tracts of CF patients.

Methods

Clinical specimens

Between September and December 2012, a total of 162 spu-
tum specimens from 103 CF patients were collected by the
Department of Clinical Microbiology, Sahlgrenska Univer-
sity Hospital, Sweden. Each sample was divided into two
portions: one part for the isolation of conventional or semi-
selective culture, the other part for molecular detection by
PCR-RLB and LAMP assays.

Isolation of fungi from sputum samples
by culture

Approximately 1 ml of sputum specimens from each CF
patients was routinely cultured on Sabouraud glucose agar
(SGA), CHROMagar Candida, maltose agar, and ECA
plates. Sputum was liquefied by the addition of pancreatin
(10 mg/ml) in a volume ratio of 1/1, vortexed and incu-
bated at 20 C for 5 min prior to culture. Cultures were
then incubated at 30°C and examined for fungal growth
for up to 20 days. Isolated fungi were identified to the
species level using morphological criteria, the ability to
grow at present at 42°C and on mycobiotic agar plates sup-
plemented with cycloheximide. A set of reference strains
included 46 strains (Table 1) of E. dermatitidis and an-
other 22 Exophiala species that are taxonomically close
to E. dermatitidis were obtained from Westerdijk Fungal
Biodiversity Institute, Utrecht, The Netherlands, for evalu-
ation of sensitivity and specificity of designed E. dermati-
tidis species-specific primer sets of RLB and LAMP assays
according to the previous analysis.?32* All reference strains
were grown on potato dextrose agar (PDA) at 30°C for
7 days prior to use.

Molecular detection

Genomic DNA from reference strains was extracted us-
ing cetyltrimethylammonium bromide (CTAB) as described
previously.'* To extract fungal DNA directly from clini-
cal sputum, a High Pure PCR Template Preparation Kit
(Roche Inc., Mannheim, Germany) was used according to
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Table 1. Fungal isolates (n = 46) analyzed with PCR-RLB and LAMP assays for detection of E. dermatitidis.

Serial number Strains Species Source PCR-RLB detection LAMP detection
1 CBS 207.35 Exophiala dermatitidis Clinical strain + +
2 CBS 424.67 Exopbiala dermatitidis Clinical strain + +
3 CBS 632.69 Exophiala dermatitidis Environmental strain + +
N CBS 314.90 Exophiala dermatitidis Environmental strain + +
7 CBS 292.49 Exophiala dermatitidis Environmental strain + +
8 CBS 109140 Exophiala dermatitidis Environmental strain + +
9 CBS 109146 Exophiala phaecomuriformis Environmental strain -

11 CBS 134012 Exophiala phaecomuriformis Environmental strain - -
12 CBS 124194 Exophiala phaecomuriformis Environmental strain - -
13 CBS 121744 Exophiala phaeomuriformis Environmental strain -

14 CBS 120563 Exophiala phaeomuriformis Clinical strain - -
15 CBS 120555 Exophiala phaecomuriformis Environmental strain - -
16 CBS 899.68 Exophiala spinifera Clinical strain - -
17 CBS 425.92 Exophiala spinifera Environmental strain - -
18 CBS 269.28 Exophiala spinifera ND - -
19 CBS 668.76 Exophiala exophialae Environmental strain - -
20 CBS 507.90 Exophiala jeanselmei Clinical strain - -
22 CBS 482.92 Exophiala angulospora Environmental strain - -
23 CBS 352.52 Exophiala bergeri Clinical strain - -
24 CBS 353.52 Exophiala bergeri Clinical strain - -
25 CBS 526.76 Exopbiala bergeri Clinical strain - -
26 CBS 402.95 Exophiala mesophila Environmental strain - -
27 CBS 836.95 Exophiala mesophila Environmental strain - -
28 CBS 158.58 Exophiala castellanii Clinical strain - -
29 CBS 102400 Exophiala lecanii-corni Environmental strain - -
30 CBS 232.39 Exophiala lecanii-corni Clinical strain - -
31 CBS 256.92 Exophiala psychrophila ND - -
32 CBS 191.87 Exophiala psychrophila ND - -
33 CBS 521.82 Exophiala alcaophila Environmental strain - -
34 CBS 157.67 Exophiala salmonis ND - -
35 CBS 537.73 Exopbhiala pisciphila Clinical strain - -
36 CBS 101610 Exopbhiala pisciphila Environmental strain - -
37 CBS 520.76 Exophiala moniliae ND - -
38 CBS 109807 Exopbhiala oligosperma Clinical strain - -
39 CBS 109811 Exophiala opportunistica Environmental strain - -
40 CBS 109812 Exophiala castellanii Environmental strain - -
41 CBS 115142 Exophiala cancerae Environmental strain - -
42 CBS 115831 Exophiala xenobiotica ND - -
43 CBS 117641 Exophiala xenobiotica Clinical strain - -
44 CBS 118722 Exopbiala alcalophila Environmental strain - -
45 CBS 119638 Exophiala heteromorpha Environmental strain - -
46 CBS 119912 Exophiala aquamarina Clinical strain - -

ND, no data; +, positive result; -, negative result.

the manufacturer instructions with two modifications: eight
acid-washed glass beads (diameter 10 mm) were separately
added into 1 ml of each clinical sample and thoroughly
shaken using a MoBio vortex for 10 min, after which pro-
teinase K (40 ul) digestion was performed at 70°C for
1 hour instead of 10 min. The quality of extraction of fungal
DNA was quantified using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher, Wilmington, DE, USA). DNA

Samples were stored at —20"C until use. During the period
of the molecular detection, we simultaneously collected 1 ml
human sputum from one single healthy donor in Utrecht,
The Netherlands, which was tested as a negative control.
Fungal cells of S. apiospermum type strain CBS 1168997
(ranging from 8600 cells/ml to 8.6 cells/ml) and E. der-
matitidis strain CBS 207.35T (ranging from 4,800 cells/ml
to 4.8 cells/ml) were separately added into sputa from the
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Table 2. Primers and probes used in this study.

Primer or probe Oligonucleotides (5'-3)

Specificity Reference

Probes used for PCR-RLB:

Apio_P amino-GAGGTAAGTTTTTGGCTAAAGC S. apiospermum 18
Boy_P amino-CGAGGTAAGTTTTTGGTTCAAA S. boydii 18
PE_P amino-CTGCTGTCGCTGGGACTAACAAA E. dermatitidis This study

Primers used for LAMP:
FIP_SA (F1c+F2)
BIP_SA (B1c+B2
F3_SA

B3_SA

FIP_SB (F1c+F2)
BIP_SB (B1c+B2)
F3_SB

B3_SB

FIP_ED (F1c+F2)
BIP_ED (B1c+B2)
F3_ED

B3_ED

ATGGCACTTCTGAACTCCAG
GGGCTCGAGATCTACAAGGA

ATGGCACTTCTGAACTCCAG
CGAGATCTACAAGGACAGCG

GGACTTGTACACAGTCTCATCA
ATGCGACACAAGCACCAG

CAACCGGCCCGTGGCTTTAGCTTGAGCGCATGAGCGTC
GTGTCATCCGGCCTCCGTTGTTTGTTGCCCGAAGCCTAT

AACCAGCCCGTGGTTTGAACCCTTGAGCGCATGAGCGTT
GTGTGGTGTCATCCAGCCTCCTTTGTTGCCCGAAGCCTAT

TCCGCAACCTACTACAGTGAATGGGTCTTCAGCTTGGGTCATTGA
TGCAATTGAGACACTTACCAGGCCACGACCATAAAATCAGTAGCGT

S. apiospermum 18
S. apiospermum 18
S. apiospermum 18
S. apiospermum 18
S. boydii 18
S. boydii 18
S. boydii 18
S. boydii 18
E. dermatitidis This study
E. dermatitidis This study
E. dermatitidis This study
E. dermatitidis This study

healthy donor for sensitivity testing in spiked specimens and
as positive controls, with 10 times dilution of fungal cells.

PCR-RLB

A primer set for E. dermatitidis targeting the BT2 region
of the B-tubulin gene was designed (Table 2). Additionally,
the primers developed by Lu et al. were used for Scedospo-
rium.”*! Two species-specific probes and a species complex
specific probe PE_P specific for Exophiala species were la-
beled with Cé-amino linker at the 5" end. All primers and
probes were BLAST searched against nucleotide databases
available at GenBank and the CBS in-home database, to
verify specificity. PCR amplification of BT2 was performed
consisting of 1 x GoTaq Green Master Mix (Promega,
Fitchburg, WI, USA), 400 nmol of primers and 2 ul tem-
plate DNA (100 ng/ul) to 94" C for 5 min, followed by 35
cycles of 94°C for 45 s, 56 C for 45 s, 72°C for 90 s and
post-elongation at 72°C for 7 min. Sensitivity tests were
repeated twice using 10-fold serial dilutions (ranging from
200 ng/ml to 2 pg/ml) of template DNA extracted from ref-
erence strains and spiked sputum specimens (ranging from
4800 fungal cells/ml to 4.8 fungal cells/ml).

LAMP

Assays for detection of Scedosporium species were per-
formed as previously described.”?! LAMP used in the
present study detects E. dermatitidis with a combination
of the F3, B3, FIP, and BIP primers designed using Primer
Explorer V4 software (http://primerexplorer.jp/e/) based on

the partial sequence (BT2) in the 8-tubulin region (GenBank
KF928572) of type strain of E. dermatitidis, CBS 207.357
because fragment BT2 of the B-tubulin gene provided more
information than ITS as a target for the identification of
E. dermatitidis and Scedosporium species.>! The sequences
of the primer sets used in this study are listed in Table 2. All
LAMP reagents were bought from New England Biolabs
(Ipswitch, MA, USA). LAMP reactions were conducted in
25 ul reaction volumes using a PCR machine containing
the following reagents: 4 ul each FIP and BIP (10 pmol),
0.5 ul each F3 and B3 (10 pmol), 0.5 ul MgSO4 (80 mM),
2 ul ANTP (5 mM), 4 ul of 5 M betaine (Sigma, Zwijn-
drecht, The Netherlands), 2.5 ul of 10 x Thermo buffer
[20 mM Tris-HCI, pH 8.8, 10 mM KCI, 2 mM MgSO,,
10 mM (NHy4),SO0y4, 0.1% Triton X-100], 1 ul Bst DNA
polymerase (New England BioLabs), 5 ul double-distilled
water (ddH,O), and 500 pg template DNA (1 ul). The reac-
tion was performed by heating samples to 65 C for 90 min,
followed by 85 C for 2 min to terminate the reaction. Simi-
larly, the sensitivity tests were repeated twice using template
DNA extracted from reference strains and spiked sputum
specimens, respectively.

Statistical analysis

The statistical package for SAS version 9.3 (SAS Institute,
Cary, NC, USA) was used to analyze the data. The obtained
data were evaluated by percentage ratios. Comparison of
percentage ratios yielded by molecular assays was accom-
plished using the x? test. A P value of less than .05 was
considered to be statistically significant.
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Figure 1. Comparison of results yielded from culture, PCR-RLB and LAMP.

Results

A total of 162 clinical sputum samples were verified for
growth of E. dermatitidis and Scedosporium species. E.
dermatitidis was detected in 23 sputum samples (14.2%)
using selective ECA culture, while S. apiospermum [ S. boy-
dii was detected in two samples (1.2%) using nonselective
routine media.

Detection by PCR-RLB

The specificity and sensitivity of the PCR-RLB assay for
S. apiospermum and S. boydii has previously been reported
to be 100% and approximately 5.0 x 103 copies of genomic
DNA for specificity and sensitivity.”! Genomic DNA from
46 reference and clinical strains covering each of the main
genotypes of E. dermatitidis were analyzed to determine
the specificity of our newly-designed PCR-RLB assay for
E. dermatitidis (Table 1). No cross-reaction was observed,
including DNA of a sibling species, E. phaeomuriformis,
CBS 109146. Thus, specificity of the PCR-RLB assay was
100% in our study. The detection limit of PCR-RLB for
genomic DNA of E. dermatitidis was approximately 1.1 x
103 genomic DNA copies (20 pg) per run. Sensitivity of
the PCR-RLB assay was determined using spiked samples,
in which concentrations above 4.8 x 103 E. dermatitidis
spores/ml were positive.

The PCR-RLB assay detected E. dermatitidis in approx-
imately 17% of clinical samples (Fig. 1). Among the 23
E. dermatitidis culture -positive samples, 21 samples were
positive by the PCR-RLB assay. The PCR-RLB assay yielded
approximately 30% positive S. apiospermum | S. boydii, of
which 4% were S. apiospermum and 26% were S. boydii,
respectively (Fig. 1). Only one of the two Scedosporium
culture-positive samples was confirmed to be positive by
PCR-RLB assay.

B E. dermatitidis
u S, apiospermum

1.S. boydii

LAMP

Detection by LAMP

The specificity and sensitivity of the LAMP assay for S.
apiospermum | S. boydii were previously shown to be 100%
and approximately 5.0 x 10? copies of genomic DNA, re-
spectively.?! In this study, no cross-reaction with any of
the tested Exophiala species was observed after 90 min-
utes of the LAMP reaction (Table 1). The sensitivity of the
LAMP assay was then further evaluated with spiked spu-
tum samples, in which concentrations above 4.8 x 102 E.
dermatitidis cells/ml were positive.

A total of 162 sputum samples, including two
and 23 E.
dermatitidis-culture positive samples, were analyzed by our
LAMP assay. LAMP assay of the DNA extracted from
sputa yielded 32% of positive S. apiospermum | S. boy-

Scedosporium-culture  positive samples

dii samples. Both Scedosporium culture-positive samples
were confirmed to be positive by LAMP. Additionally,
the LAMP assay detected E. dermatitidis in 30% of clin-
ical samples, and 49 samples were E. dermatitidis posi-
tive by LAMP, including the E. dermatitidis-culture positive
samples.

Comparison of results yielded from culture,
PCR-RLB, and LAMP

Of the 162 sputum samples from CF patients, 12 clini-
cal samples were positive by both PCR-RLB and LAMP,
whereas five LAMP-negative samples were PCR-RLB pos-
itive, 36 PCR-RLB-negative samples were positive with
LAMP, and 109 of the total samples were negative by
both PCR-RLB and LAMP. For E. dermatitidis, 14% of
the samples were positive by culture, 17% by PCR-RLB,
30% by LAMP and 14% were positive by both PCR-RLB
and LAMP. For Scedosporium, LAMP had a higher detec-
tion rate (27%) than PCR-RLB (P < .0001). Similarly, the
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LAMP assay also provided a higher detection rate (30%)
for E. dermatitidis (P = .0039).

Discussion

Previous studies revealed a highly variable prevalence of Ex-
ophiala and Scedosporium species in the respiratory tracts
of CF patients (Table 3).8:12:16,17:25-31 T ack of standard-
ization of the procedures for detection on filamentous fungi
in sputum samples from CF patients may be a possible
cause for the variable reported data.>! Moreover, routine
processing procedures for isolating filamentous fungi from
respiratory sputum samples may underestimate fungal
prevalence.'® Notably, LAMP technology can rapidly and
accurately amplify genomic DNA in an isothermal step
from partially processed and/or nonprocessed samples in
approximately 1 hour without the need for sophisticated
equipment and the products can be assessed by the naked
eye.3> The PCR-RLB assay has been used to detect Sce-
dosporium species in the respiratory samples of CF pa-
tients.” Thus, E. dermatitidis-specific and Scedosporium-
specific molecular assays, PCR-RLB and LAMP, and culture
assays were used to detect the prevalence of E. dermatitidis
and Scedosporium species in 162 clinical sputa in a double
blind experiment.

We noticed that only two samples were positive for
S. apiospermum | S. boydii and 23 samples were positive
for E. dermatitidis upon culture assay in our study. This
may due to cultivation of Exophiala by selective medium,
and Scedosporium culture was nonselective. Some filamen-
tous fungi such as A. fumigatus can overlap other fungi
such as Scedosporium species on non-selective medium be-
cause they grow faster than other non-Aspergillus fungi
that colonize the respiratory tract of CF patients.* Gener-
ally, our results are similar to the recovery rates reported
using comparable media for Scedosporium species and E.
dermatitidis.\9-12:33:3% In contrast, positive recovery rates
for Scedosporium tend to increase at approximately 15%
when the sputum samples processed by benomyl-based
media.?3

In addition to A. fumigatus, E. dermatitidis and species
of the S. apiospermum complex are the most frequent molds
recovered from respiratory secretions of CF patients, but
their recovery rates vary greatly.'$-3%3% With its ability
to grow at 37 C, E. dermatitidis has a worldwide distri-
bution in hot environments, not only in CF respiratory
tracts!0:26:36:37 byt also warm indoor environments such
as steambaths®® and dishwashers.>® Although the signifi-
cance of E. dermatitidis in causing disease in patients with
CF remains unclear, this fungus is known to cause severe
invasive fungal infections.* With selective ECA medium,
the prevalence of E. dermatitidis ranges from 5% in

Germany to 19% in Sweden.'’'%18 Published recovery
rates in Sweden were exceptionally high, around 17-19%
by selective culture.'>3”7 Our data, which were also from
Sweden, showed a high positive rate of 14%, confirming
that this detection rate is rather consistent. PCR-RLB and
LAMP assays yielded 15 and 30% of E. dermatitis detec-
tion, respectively, which was significantly higher than cul-
ture. The prevalence in Sweden is 2 to almost 20 times
higher than in European countries, which is possibly be-
cause of differences in indoor conditions. For a better under-
standing of E. dermatitidis prevalence among CF patients,
further multi-center epidemiological studies are needed.

Regarding the positive rate for Scedosporium species,
the results of our molecular assays showed that approxi-
mately 10.5% of the CF airway samples were positive for
the S. apiospermum complex using the PCR-RLB assay, and
the positive rate yielded by the LAMP assay was approx-
imately 31.5%. This positive rate for S. apiospermum / S.
boydii was lower than the maximum reported rate of 61.5%
that was obtained using PCR-RLB.” The high detection rate
yielded by LAMP is likely closest to actual value, and LAMP
technology would be the most efficient for amplification of
target DNA from partially processed and/or non-processed
CF specimens.?? The selective ECA medium yielded a com-
paratively high positive recovery rate of E. dermatitidis,
and this figure might be tripled to approach the real preva-
lence generated by molecular methods. However, LAMP
may have a higher risk of false positive results than PCR-
RLB, which might be caused by pre-PCR contamination of
samples, as the method is highly sensitive. Careful precau-
tions to prevent cross-contamination need to be taken dur-
ing sample collection, and the methods should be executed
using separated rooms and filtered tips. In general, analysis
of larger numbers of samples is required to determine their
prevalence in clinical samples, and the method should be
repeated several times to enable for reliable determination
of the presence in a single patient. The recent application of
next-generation sequencing (NGS) technology has allowed
us to conduct meta-genomic studies,*! which may provide
more comprehensive insight into chronic fungi colonization
in airways of CF patients. Finally, we noticed two samples
with positive culture results for E. dermatitidis were nega-
tive upon both PCR-RLB and LAMP assays. The quality of
the fungi DNA extracted from respiratory sputum samples
is likely poor, and sputa from CF patients might contain
PCR inhibiting substances, both of which could influence
the performance of the molecular assays.

In summary, current data on the prevalence of Exophiala
and Scedosporium in the respiratory tract of CF patients
remains variable and controversial. The results of our com-
parative detection study suggested a significantly higher
prevalence and more complex colonization than previously
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Table 3. Overview of E. dermatitidis and Scedosporium detection in sputum of CF patients.

Time  Geography Samples (n) E. dermatitidis Scedosporium species Reference

1991 Germany 121 SGA + CDA: 9% NA 25

1998  Australia 52 NA IGS-PCR: 10% (S. apiospermum complex) 26

2000  France 128 NA Culture using filtrate antigens:8.6% 16
(S. apiospermum complex)

2003  Germany 94 SGA + ECA: 1% NA 27

2004  Germany 81 ECA: 6.2% NA 32

2009  Germany 42 NA SceSel: 14% (S. apiospermum complex) 28

2009  Australia, Germany, 162 NA SGA: 14% (S. prolificans) 17

France, Spain, USA

2010  Belgium 154 ECA: 5.8% NA 11

2011 Sweden 97 ECA: 19% NA 12

2011 France 59 NA SceSel + PCR-RLB: 61.5% (S. apiospermum 7
complex)

2013 France 50 NA SGA + YPGA: 24% (S. apiospermum complex) 8

2015  Germany 2346 NA SceSel: 3.1% (S. apiospermum complex) 20

2016  Germany 3186 ECA: 2.8% SceSel: 2.4% (S. apiospermum complex) 30

2017 Sweden 162 SGA, ECA, LAMP,  SGA, LAMP, RLB: 30-39% (S. apiospermum This study

RLB: 17-30%

complex)

Abbreviations used: CDA, Czapeck Dox Agar; ECA, Erythritol Chloramphenicol Agar; NA, not applied; SGA, Sabouraud’s Glucose Agar; SceSel, Scedosporium

Select Agar; YPGA, Yeast Peptone Glucose Agar.

estimated. Molecular detection methods such as the LAMP
or NGS technology have the potential to become power-
ful tools that can be used in place of selective culture for
to provide a more realistic description of the prevalence of
Exophiala and Scedosporium in the respiratory tracts of CF
patients, upon the improvement of the protocols for the ex-
traction of filamentous fungi DNA from clinical specimens.
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Abstract With the increasing number of immunocompromised hosts, the epidemiological characteristics of
fungal infections have undergone enormous changes worldwide, including in China. In this paper, we reviewed the
existing data on mycosis across China to summarize available epidemiological profiles. We found that the general
incidence of superficial fungal infections in China has been stable, but the incidence of tinea capitis has decreased
and the transmission route has changed. By contrast, the overall incidence of invasive fungal infections has
continued to rise. The occurrence of candidemia caused by Candida species other than C. albicans and including
some uncommon Candida species has increased recently in China. Infections caused by Aspergillus have also
propagated in recent years, particularly with the emergence of azole-resistant Aspergillus fumigatus. An increasing
trend of cryptococcosis has been noted in China, with Cryptococcus neoformans var. grubii ST 5 genotype isolates
as the predominant pathogen. Retrospective studies have suggested that the epidemiological characteristics of
Pneumocystis pneumonia in China may be similar to those in other developing countries. Endemic fungal
infections, such as sporotrichosis in Northeastern China, must arouse research, diagnostic, and treatment
vigilance. Currently, the epidemiological data on mycosis in China are variable and fragmentary. Thus, a
nationwide epidemiological research on fungal infections in China is an important need for improving the
country’s health.

Keywords fungi; infection; epidemiology; China

has also augmented the prevalence of fungal infections in
mammals by its selection of adaptive thermo-tolerant
fungal species possessing significant pathogenic potential
despite their current nonpathogenicity due to being
restricted by mammalian temperatures [3]. To date,
approximately 400 fungal species have been reported to
be pathogenic to humans, with emerging pathogenic fungal
species recorded annually [4].

The patterns of fungal infections are diverse and vary
worldwide depending on the fungal species, host immune
status, and infection site. For example, superficial fungal
infections (SFIs), such as tinea capitis, are closely related to

Introduction

Fungi are eukaryotic organisms found throughout nature.
They emerged about 1.6 million years ago and serve the
important function of returning the nutrients removed by
plants to the soil [1]. Historically, fungi are major
pathogens of plants, rotifers, insects, and amphibians,
with a relative few causing infections in humans. However,
human modification of natural environments has intensi-
fied the dispersal of fungal infections [2]. Global warming
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host lifestyle and socioeconomic conditions [5—7], whereas
invasive fungal infections (IFls), such as candidemia, are
closely linked to host immune status and fungal species [8].
Since the 1950s, SFIs have steadily declined in incidence
globally, especially in fast-developing countries, such as
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China, because of improving sanitary conditions [6,7]. By
contrast, IFIs have been recognized as an increasing major
threat to human health because of the growing prevalence of
immunocompromised populations in recent decades [8]. For
example, the human immunodeficiency virus (HIV) epidemic
in Uganda has dramatically increased the incidence of IFIs
that were once considered rare, such as cryptococcosis and
disseminated histoplasmosis [9-11].

China, one of the largest countries in the world, is
located at the western part of the Pacific Ocean. This
country is rich in diversity of geographical environments
and microorganisms. As the nation with the world’s largest
population (1400 million people), China has also report-
edly steadily increased in the number of immunocompro-
mised hosts [12,13]. A retrospective research based on
single-center autopsy data (3447 cases) in China indicated
that the prevalence of IFIs has risen steadily for decades
[13]. The drastic socioeconomic lifestyle transformation
among Chinese people may have altered the epidemiolo-
gical characteristics of fungal infections in the country.
Nonetheless, epidemiological data on fungal infections in
China remain scarce. In the present research, we system-
atically reviewed the epidemiological data on fungal
infections across China to obtain the epidemiological
profiles and trends of Chinese fungal infections.

Superficial fungal infections

SFIs are fungal infections limited to the outermost layers of
the skin and appendages. These infections are believed to
affect approximately 25% of the world’s population
[5,6,14]. SFIs can be classified by infection site, for
example tinea corporis, tinea pedis, tinea cruris, tinea
manuum, onychomycosis, tinea capitis, and tinea faciei.
The chief causative agents of SFIs are dermatophytes and
yeasts. Dermatophytes are a group of filamentous fungi
that infect keratin-rich tissues, such as the skin. The
geographic distribution of dermatophytes is variable [5,6].
Currently, Trichophyton rubrum, Trichophyton interdigi-
tale, Trichophyton tonsurans, and Microsporum canis are
the major dermatophyte species globally [15]. Meanwhile,
Malassezia spp. and Candida spp. are the principal yeast
pathogens that cause SFIs [5,6]. To date, the majority of
epidemiological studies on SFIs in China were conducted
in separate disease categories or segmental regions [7].
Consequently, the epidemiological profile of SFIs in China
remains thin and fragmented. In this portion of our
research, we sought to summarize the epidemiological
data on SFIs in China, particularly tinea capitis and
onychomycosis.

Previous studies demonstrated that the patterns of SFIs
and their chief causative agents vary across the many
different geographical regions of China. Tinea corporis and
tinea cruris (53.4%; 1682/3152) are the most prevalent

types of SFIs in Northern China [16], whereas onycho-
mycosis is the most prevalent in Eastern (55.2%;
5277/9566) and Southern China (28.6%; 199/697)
[17,18]. Notably, tinea faciei is the most frequent SFI in
Southern China among patients aged below 22 years
(median age of 9 years). In Central China, tinea corporis
(32.4%; 67/207) is the most prevalent type of SFI, and T.
rubrum (50.7%; 34/67) is the predominant fungal patho-
gen [19]. In Northwestern and Northeastern China, tinea
pedis (33.1%, 471/1422; 20.0%, 164/818, respectively) is
the most prevalent type of SFIL, and 7. rubrum is again the
predominant fungal pathogen [20,21]. In Southwestern
China, tinea cruris (30.1%; 385/1279) is the most prevalent
type of SFI, and 7. rubrum is the predominant fungal
pathogen [22].

In summary, dermatophytes, such as T rubrum, remain
as the most common fungal pathogens causing SFIs,
especially onychomycosis, tinea pedis, and tinea cruris, in
the majority of China. Similar observations were described
by investigators in Brazil, America, Sweden, and France
[23-26]. Tinea pedis is also the most prevalent type of SFI
in Northern China, a finding compatible with previous
epidemiological studies from Singapore [27].

Tinea capitis

Tinea capitis, an infection of scalp hair follicles and the
surrounding skin caused mainly by dermatophyte fungi
[28], is the most common SFI among children of school
age, especially in developing countries [7]. From the 1950s
through the 1960s, hyperendemic favus, generally a severe
form of tinea capitis, was dominant in some provinces of
China, such as Hubei, Jiangsu, and Jiangxi [7]. For
example, in 1965, the prevalence of favus in Jiangxi
reached 3410 per 100 000 [29]. However, after a
prevention and treatment project for tinea capitis was
initiated successfully in the 1960s, the incidence of favus
decreased significantly, down from 1160 per 100 000 in the
1970s to below 1 per 100 000 in the 2000s [7,30-32]. Over
time, the prevalence of tinea capitis gradually resurged in
some regions of China. For example, in Shanghai, the
number of tinea capitis cases increased from 25 cases in
1993 to 105 cases in 2001 [32]. These changes in incidence
were probably related to the changing lifestyles of the
population. Although finding a nationwide epidemiologic
study on tinea capitis in China is difficult, a recent review
suggested that anthropophilic fungi overwhelmed the
zoophiles across vast regions of China before 1985 and
that the dominant species nationwide was 7. schoenleinii
despite the variability of endemic species across different
geographic regions [7]. Notably, the predominant etiology
switched from 7. schoenleinii to T. violaceum in Europe
during 1963-1993, whereas the zoophile M. canis
increased dramatically since 2000 [33]. Similarly, a shift
of etiological agents from anthroponoses to zoonoses also
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occurred in contemporary China. Pets became the most
likely sources of tinea capitis in modern society, replacing
the earlier human-to-human transmission mode [7]. The
details are provided in Fig. 1.

Onychomycosis

Onychomycosis is a chronic fungal infection involving the
nails, nail bed, nail plate, and matrix. This infection is
responsible for almost 50% of all nail diseases [34]. In
2015, Wang et al. reported that the dominant form of
onychomycosis in China is distal lateral subungual
onychomycosis (DLSO: 54%; 531/978), followed by
total dystrophy (TD: 24%; 237/978), superficial white
onychomycosis (SWO: 16%; 155/978), and proximal
subungual onychomycosis (PSO: 6%; 55/978) [35]. The
details are provided in Fig. 2. The global prevalence of
onychomycosis was estimated to be 5.5% [36], but no
accurate data exist about the incidence rate of onychomy-
cosis in China. Onychomycosis can be caused by
dermatophytes, non-dermatophyte molds, or yeasts. In
China, the pathogenic fungi that cause onychomycosis
were found to be most commonly composed of dermato-
phytes (84.0%; 672/800), followed by yeasts (11.4%;
91/800) and non-dermatophyte molds (4.6%; 37/800) [35].
These observations are consistent with those of some
previous reports [6,34,37]. Among the dermatophyte
species, 1. rubrum was dominant (80.9%; 647/800) [35].
These observations are compatible with previous epide-
miological studies from China and other countries, such as
India and Italy [34,37-40], but different from the findings
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in Greece, Iran, and Brazil, where yeasts were the
predominant agents of onychomycosis [41-43]. These
differences may be attributed to the geography, regional
climate, or population migration, among other factors, in
the regions studied [38]. C. glabrata was the most
frequently found pathogenic yeasts (16.8%; 135/805) in
Guangdong Province [44]. Increasing reports of onycho-
mycosis in China have also implicated a new yeast
pathogen as a causative agent. For example, our team
reported the first case of onychomycosis caused by
Rhodotorula minuta in an immunocompetent girl in 2013
[45]. A nationwide epidemiology survey on onychomy-
cosis in China is needed in the future.

Invasive fungal infections

Invasive fungal infections (IFIs) are opportunistic fungal
pathogens that infect deep solid organs and/or the blood-
stream mainly in immunocompromised patients, such as
those with prolonged neutropenia or cancer [8,46]. IFIs are
caused primarily by Candida spp., Aspergillus spp.,
Cryptococcus spp., and others, all of which are distributed
universally in the environment [8,47—49]. In general, the
epidemiological profile of IFIs is characterized by
geographical and temporal variability, with different
incidence rates and new emergence incidents revealed
over the past 20 years [50]. Notably, two separate single-
center autopsy studies conducted in the 2000s showed that
the incidence of IFIs increased steadily over time [51,52].
Until recently, the epidemiology of IFIs in China was
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Fig. 1 Dynamic change of fungal etiology of tinea capitis in China.



Min Chen et al. 61
Percentage
100%:
BO%:
:\"\ 60%:
40%
@ DLSO 200 B0 Dermatophytes
4 = TD B Yeasts
: = PS5O @0 Non-dermatophyte
- SWO moulds
0% Type

Clinical type of onychomycosis

DLSO ™ PSO SWO
Fungal composition of each clinical type

Fig. 2 Clinical type and fungal etiology of onychomycosis in China.

poorly understood because of insufficient and inaccurate
data. Epidemiological studies on IFIs were reported mainly
in numerous, separate case studies, and most of these
studies were written in Chinese [53,54]. Consequently,
information about the epidemiology of IFIs in China
remains limited. In the following sections, we summarize
the epidemiological data of IFIs in China with focus on the
five main IFIs caused by Candida, Aspergillus, Crypto-
coccus, Mucorales, and Pneumocystis species.

Invasive candidiasis (IC)

Candida species are important nosocomial yeast pathogens
that cause IC, including candidemia. These pathogens may
be disseminated to internal organs [8,55,56]. The mortality
rates can reach 35%—80% among immunocompromised
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and other seriously ill patients [57-60], a finding that is
similar to the mortality rates reported by several studies
(36.6%—60%) of I1C in China [56,61-64]. Risk factors for
IC include the extensive use of invasive procedures and
devices, broad-spectrum antimicrobial agents, advanced
life support, and aggressive chemotherapy [62,65].
Improved detection may also have raised the reported
number of cases. The risk factors for Chinese patients
infected with IC [56] are similar to the factors found by
studies of patients from Spain and Canada [66,67], except
for some unique risk factors. One such factor was IC
caused by Candida albicans commonly found in patients
with subclavian vein catheters or peritoneal drainage tubes
[61]. The details are provided in Fig. 3.

For the past two decades, the incidence of candidemia
doubled and currently ranks as the fourth and sixth most
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Fig. 3 Risk factors and dynamic change of species composition in invasive candidiasis in China.
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common nosocomial bloodstream infection in American
and European studies, respectively [68,69]. Notably, the
incidence of IC in intensive care units was 0.32% (32 per
1000 admissions) in a multicenter prospective observa-
tional study in China from November 2009 to April 2011.
This rate was consistent with the global incidence rates of
0.03%—0.5% in hospital-based studies [59].

Although C. albicans remains the most common
etiological agent worldwide, Candida species other than
C. albicans have been encountered more often than
previously reported [8,64,70-76]. In some countries,
these species account for increased number of episodes
of IC, including candidemia, relative to C. albicans
[50,56,77-79]. In China, C. albicans (40.1%; 156/389)
also remains the most common causative agent of IC in
recent decades, followed by C. parapsilosis (21.3%;
83/389), C. tropicalis (17.2%; 67/389), C. glabrata
(12.9%; 50/389), C. krusei (2%; 1/389), and others
(8.2%; 32/389) [56,61,78,80,81]. These findings differ
slightly from the results based on data of ARTEMIS DISK
Global Antifungal Surveillance Program, associated with
China from 1997 to 2007, which showed that C. tropicalis
was the second most common Candida species found in IC
patients within the Asia-Pacific regions, including China’s
Taiwan [71,82,83]. Moreover, C. parapsilosis was the
most common Candida isolates from blood in China
(33.2%; 107/322) [78].

Significant geographical differences exist in the dis-
tribution of Candida species involved in IC worldwide.
Similarly, variations are present in the distribution among
different geographic regions in China [62,84-89]. In
general, C. albicans is the strain most commonly isolated
from candidemia in China, particularly in Southern China,
but C. tropicalis (28.6%; 38/133) is the most common
cause of candidemia in Nanjing [62,84—89].

Recently, uncommon Candida species, such as C.
guilliermondii, C. rugosa, C. quercitrusa, and C. auris,
have emerged worldwide, including in China [90-93]. For
example, C. guilliermondii has been recently reported to
cause candidemia in Taibei, Shanghai, and Nanjing and has
been proven to be more resistant to both fluconazole (FLU)
and voriconazole (VRC) in the Asia-Pacific region than in
other regions [62,71,94,95]. More recently, C. auris
emerged globally as a nosocomial pathogen, which is the
multidrug-resistant yeast that exhibits resistance to FLU
and shows a markedly variable susceptibility to other
azoles, including amphotericin B (AMB) and echinocan-
dins [93,96-98]. To date, IC caused by C. auris remains
unreported in China, but this new yeast pathogen has been
found recently in India and Oman and hence must still be
monitored by mycologists [99,100].

In China, the majority of studies on the antifungal
susceptibility patterns of Candida spp.-associated IC were
defined partially in specific regions and/or particular

populations [80,86,101-103]. Consequently, results
reflecting the distribution and the associated antifungal
susceptibility patterns of Candida species frequently
differed among these studies. Because many non-albicans
Candida spp. are resistant or mildly susceptible to
antifungal agents [90-92], the timely and continuous
determination of the antifungal susceptibility patterns of
these yeasts is required. In the multicenter nationwide
China Hospital Invasive Fungal Surveillance Net (CHIF-
NET) study, most ( > 94%) of the isolates of C. albicans,
C. tropicalis, and C. parapsilosis were susceptible to FLU
and VRC, although such susceptibility varied with the
species [78]. Again, this result was consistent with those of
other studies, such as the ARTEMIS DISK Global
Antifungal Surveillance Program [56,66,72,87,104]. Nota-
bly, 12.2% of the C. glabrata isolates were FLU resistant,
and 17.8% exhibited a non-wild-type susceptibility to
VRC [78].

The China Survey of Candidiasis reported a widespread
resistance to itraconazole (ITC) [56]. Only 0.6% C.
albicans showed susceptibility to ITC, and 96.0% of C.
glabrata were ITC resistant. No resistance to caspofungin
(CFG) was identified in any Candida strain isolated from
China [56]. Regarding ketoconazole (KTC), the resistance
rate was particularly high in Candida spp. (61.9%), and
almost all isolates were resistant to KTC [62]. AMB and 5-
flucytosine (5-FC) remained close to 100% effective
against common Candida spp. in China, except for C.
krusei and C. guilliermondii (which were only 20% and
71.4% susceptible to 5-FC, respectively) [72,85]. Notably,
the resistance to FLU and VRC of Candida species other
than C. albicans in elderly patients was approximately
double that of younger patients (30.6% vs. 15.1% and
8.3% vs. 3.8%, respectively). However, the distribution of
Candida species did not differ between the elderly and
younger patients in China [86].

In conclusion, C. albicans remains the most common
causative agent of IC in China, whereas the number of
cases of IC caused by other Candida species has increased
in the last decade. C. parapsilosis is the most common
pathogen causing candidemia, but with geographical
variation in China. FLU and VRC demonstrated good
activity against C. albicans, C. parapsilosis, and C.
tropicalis but not against C. glabrata. Cross-resistance to
both azoles was noted in C. glabrata and in uncommon
Candida strains, such as C. auris. Continued surveillance
of IC in China is warranted. Details are shown in Fig. 3.

Invasive aspergillosis

Invasive aspergillosis (IA) is a serious opportunistic
infection that mainly affects immunocompromised
patients, with an extremely high mortality rate ranging
between 40% and 90% [105,106]. Inevitably, people inhale
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Aspergillus spores or conidia daily; these particles can
induce the occurrence of the following four main types of
IA: invasive pulmonary aspergillosis (IPA), chronic
necrotizing aspergillosis (CNA), allergic bronchopulmon-
ary aspergillosis (ABPA), and aspergilloma [107].
Approximately 60 000 IA cases per year occurred in
Europe, whereas more than 160 000 IA patients per year
were estimated to have occurred in China, suggesting a
heavy burden [108].

In China, the most dominant pattern of aspergillosis is
IPA (approximately 15%), followed by ABPA (approxi-
mately 4%), CNA (approximately 3%), and aspergilloma
(approximately 1%) [107]. IPA is the most severe type of
pulmonary aspergillosis, with a high mortality in immu-
nocompromised individuals (39%—100%), especially in
patients with malignant hematological disorders, such as
neutropenia, or who have undergone hematopoietic stem
cell transplantation (HSCT) [109—111]. The mortality rate
of IPA in China is similar to the rates found in various
countries of Europe, including Italy [50,112].

Previous studies revealed that the overall IA infection rate
in China ranged from 0.29%—14% depending on different
underlying diseases or conditions [13,110,111,113]. Overall,
this rate is similar to the rates exhibited in other countries,
such as Italy (0.2%; 13/5561), and in Europe (6.9%;
127/1850) [50,112]. In addition, the lung (71.9%;
1047/1457) is the most frequent site of aspergillosis infection
in China [53], followed by sinus infection (18.7%;
273/1457), eye infection (5.0%; 72/1457), and others
(4.4%; 64/1457), all of which is consistent with reports
from other nations [106,114]. However, the proportion of
lung infections in China was lower than noted in an
international, multicenter observational study in which lung
infections accounted for 94% of the cases [114].

Currently, more than 30 Aspergillus species have been
implicated in A, the most common are the following: 4.
Sfumigatus, A. flavus, A. niger, A. terreus, and A. nidulans
[115]. In China, A. fumigatus was the most commonly
isolated Aspergillus species (59.3%; 153/258), followed by
A. flavus (27.5%; 71/258), A. niger (5.8%; 15/258), A.
terreus (2%; 5/258), A. sydowii (2%; 5/258), and others
(3.4%; 9/258) [53]. These preponderance levels are higher
than those found by an Italian study, where A. fumigatus
accounted for 41.7% (5/12) [50], but lower than those in an
international, multicenter observational study and a
European study, where 4. fumigatus accounted for 92.2%
(519/563) and 96.1% (98/102), respectively [112,114].

The occurrence of 1A caused by Aspergillus species
other than A. fumigatus has increased in China recently
[53]. For example, Li ef al. reported an elevated number of
IA cases caused by 4. niger and A. tubingensis, the main
black Aspergillus species present in clinical and environ-
mental samples in China [116]. Wang et al. also found that
for patients with HBV-related liver failure, the number of

IPA occurrences caused by A. flavus (37.9%; 25/66 cases)
was greater than that attributed to 4. fumigatus (27.3%;
18/66 cases) [117].

Since 1997, azole-resistant A. fumigatus has been widely
identified in clinical isolates from all over the world [118].
Currently, most A. fumigatus azole-resistant strains have
been associated with mutations of cyp5i4, followed by
TR34/L98H and TR46/Y121F/T289A mutations [118]. In
2011, the ARTEMIS DISK Global Antifungal Surveillance
Program first reported that the TR34/L98H mutation can
be found in A. fumigatus isolates collected in China [115].
Subsequently, Liu et al. found that the TR34/L98H
mutation (or isolates containing the S297T/F4951 muta-
tion) remains the predominant mutation in China and is
fairly common in Europe and some other Asian countries
[118,119]. Studies in China found that mutations in A.
Jfumigatus isolates were the TR34/L98H/S297T/F4951
mutation, TR34/L98H mutation, G432A, M220I mutation,
and TR46/Y121F/T289A mutation [115,118,120,121]. At
present, azole-resistant A. fumigatus has spread mainly
across Southeastern and Northern China [108]. Until
recently, no infection caused by A4. fumigatus in China has
developed the TR/L98H mutation under pressure of
triazole therapy, which has proposed that the increase in
frequency of this particular mutation in clinical isolates
from the Netherlands is driven by the use of azole
compounds as fungicides in agricultural practice [115].

In summary, the incidence of IA in China has increased
over the past 20 years, with new emerging Aspergillus
species and azole-resistant A. fumigatus. The lung is the
most frequent site of IA in China. Molecular methods are
essential for the identification of uncommon Aspergillus
pathogens, such as azole-resistant Aspergillus species, in
China. Further nationwide surveillance of IA is needed in
China.

Cryptococcosis

Cryptococcosis is a life-threatening infection afflicting both
immunosuppressed and immunocompetent individuals,
which is caused primarily by two sibling basidiomycetous
yeasts, Cryptococcus neoformans and Cryptococcus gattii
[122]. In general, C. neoformans and C. gattii have been
further subdivided into several genotypes, such as VN I —
VN IV genotypes in C. neoformans and VG I — VG IV
genotypes in C. gattii [12,123,124]. Recent phylogenetic
tools have improved our understanding of molecular
epidemiological cryptococcosis. In 2009, multilocus
sequence typing (MLST) was recommended by the
International Society of Human and Animal Mycoses as
the preferred method for typing cryptococcal strains [125].
According to research based on the MLST analysis of 305
Chinese clinical C. neoformans isolates, sequence type 5
(ST 5) was the predominant sequence type (89.2%) in C.
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neoformans isolates, followed by ST 31 (6.2%) [126]. The
predominance of ST 5 genotype in Chinese clinical C.
neoformans isolates was also reported by Dou et al. (94.9%;
75/79) and Wu et al. (82.9%; 34/41) [127]. Actually, ST 5 is
the major sequence type in C. neoformans isolates from
East Asian countries where cryptococcal data were
available, including China, Japan, and South Korea [128—
130]. However, in Thailand, ST 4 and ST 6 were found to
be the major MLST types, whereas ST 93 was dominant in
India and Indonesia [128,131]. Recent MLST analysis has
indicated that the evolutionary origin of C. neoformans var.
grubii in Thailand is in Africa [131]. The C. neoformans
var. grubii in China was of the same low molecular diversity
as the C. neoformans var. grubii in Thailand. Thus, the C.
neoformans var. grubii in China may have the same
evolutionary origin followed by a global expansion and is
potentially vector transmitted by avian migration.

In China, cryptococcosis caused by C. gattii has been
reportedly increasing mostly in patients living in sub-
tropical and tropical regions [132,133]. VG 1 genotype
strains were predominant in Chinese C. gattii isolates,
whereas the VG IIb genotype strain has been reported in
recent studies [134]. The C. gattii isolates from China may
be distantly related to the highly virulent strain (VG Ila
genotype) that caused the outbreaks of cryptococcal
infection in western North America. In 2010, the VG Ila
genotype strain was reported to have caused infections in
Japan, which is adjacent to China [135]. This observation
suggests that the VG Ila genotype strain has spread already
to the Asia Pacific as a result of international travel and
commerce and animal migration. Xue et al. [132] stated
that if a greater number of laboratories undertook MLST
analysis, more cases of C. gattii would be diagnosed.

Although an accurate incidence rate of cryptococcosis in
China is unavailable, the number of reported cryptococ-
cosis cases in China has increased gradually over the past
two decades [12]. A recent survey of invasive yeast
infections has indicated that cryptococcosis has become
the second most common invasive yeast infection (7.7%)
in China [78]. Moreover, meningitis is the most frequent
meningoencephalitis in cryptococcosis in China. Accord-
ing to the latest literature review of cryptococcosis in
Chinese mailand (1985-2010), central nervous system
(CNS) infections occurred in 83.4% (7315/8769) of
cryptococcosis patients [136]. A high CNS prevalence
involving cryptococcosis was also reported in China’s
Taiwan (58.9%) and Hong Kong (67.4%) [137,138].
Cryptococcosis is an opportunistic fungal infection
because it occurs mainly in immunocompromised popula-
tions, such as patients with AIDS, organ transplant
recipients, and patients with autoimmune diseases. Nota-
bly, a significantly high proportion of cryptococcosis cases
have been reported in immunocompetent individuals in
China [139-141], which might be the result of a
predisposition in the ethnic Chinese population [142].

However, in accordance with a recent meta-analysis of
cryptococcosis in China based on 8769 cases in 1032
reports, only 17% of the cases were without identifiable
underlying diseases [136]. Therefore, a large-scale epide-
miological study is necessary for further understanding of
cryptococcosis in China.

Research on environmental Cryptococcus strains has
been relatively lacking in China. Existing research is either
limited in geographic area [143] or lacking the application
of the latest molecular typing techniques [144]. Soil
enriched with pigeon excreta, decaying wood, and tree
detritus such as Fucalyptus species and Laurus species are
ecological niches for C. neoformans and C. gattii,
respectively [144]. Our research group has already isolated
C. gattii from eucalyptus trees in Yunnan Province
(unpublished data). Further high-density sampling of the
environmental strain of Cryptococcus is needed.

Until today, our understanding on the epidemiological
features of Cryptococcus and cryptococcosis in China was
mainly based on single-center retrospective studies, which
cannot reflect the overall prevalence and fungal burden of
cryptococcosis in China. The large numbers of reported
cryptococcosis in immunocompetent patients but low
numbers in immunocompromised hosts in China warrant
re-evaluation. Thus, an effective nationwide surveillance
of cryptococcosis in China is necessary.

Mucormycosis

Mucormycosis (previously called zygomycosis) is an
opportunistic infection caused by fungi belonging to the
order Mucorales and the family Mucoraceae [145,146].
Rhizopus, Mucor, and Lichtheimia (formerly Absidia) are
the most common genera that cause mucormycosis [147].
With the augmented size of immunocompromised popula-
tions, the prevalence of mucormycosis has also increased
annually.

In places such as California and Spain, the annual
incidence of mucormycosis was 0.43—1.7 cases per 1 million
individuals [148—150]. By contrast, the morbidity in China is
unclear. A review conducted in 2016 found that the
prevalence of diabetes combined with mucormycosis
increased in Chinese mainland from 10 cases before 2000
to 28 cases in 20102016 [151]. Several researchers reported
that the overall mortality rate was 29.4% (126/428)—40.8%
(40/98) [151-153], which is similar to the rate reported by
non-Chinese sources. For example, the rate for Europe
ranged from 23.5% (125/531) to 54.3% (504/929)
[145,154,155]. The most frequent pathogen of mucormy-
cosis in China is Mucor spp. (54.3%; 19/35), followed by
Rhizopus spp. (28.6%; 10/35) [152]. These statistics vary
from the findings in Europe, where Rhizopus spp. accounted
for 33.7% (58/172), Mucor spp. accounted for 19.2%
(33/172), and Lichtheimia spp. accounted for 18.6% (32/
172) [145].
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According to one report external to China [147], the
variability of susceptibility to AMB, along with resistance
to most other conventional antifungal agents, leads to high
mortality. Currently, no large sample studies in China
conducted the antifungal susceptibility testing of Mucor-
ales.

Because mucormycosis is an opportunistic infectious
disease, patients with underlying diseases are more likely
to be infected than healthy individuals [151]. Internation-
ally, mucormycosis is most common in patients with
malignant tumors, diabetes, or organ transplants [154].
However, in China, this disease is more common in
patients with diabetes, HIV infection, and viral hepatitis
and in individuals who are long-term steroid or immuno-
suppressant users [152]. The close connection of mucor-
mycosis with diabetes is worth noting because China has
seen a rising burden of diabetes (92.4 million adults above
the age of 20 years) [156].

In China, mucormycosis has occurred mainly on the
coast and in humid areas [152]. The most common sites of
infection are pulmonary (36.5%; 27/74), followed by
rhinocerebral (32.4%; 24/74), skin (10.8%; 8/74), intra-
cranial (6.8%; 5/74), and others (13.5%; 10/74) [151]. This
finding is similar to the observations in Europe [145] but
differs from the results of an international review that
reported the sinus area as the most common site (39%;
359/929) [154].

To date, epidemiological data for this type of mucormy-
cosis are scant in China. Most reports about mucormycosis
lack evidence of molecular biological diagnosis. Addi-
tional effort should be exerted to identify species by
molecular biology, and antifungal susceptibility testing is
needed. Mucormycosis and diabetes are closely related;
thus, attention must be focused on preventing and
controlling diabetes.

Pneumocystis pneumonia

Pneumocystis pneumonia (PCP) is a potentially fatal
pulmonary infection that occurs in immunocompromised
individuals, especially in AIDS patients with a low CD4
cell count (below 200/mm?®) [157,158]. PCP in humans is
only caused by Pneumocystis jirovecii, which has recently
been reclassified as fungal species [159—-163]. Given the
widespread use of PCP prophylaxis and highly active
antiretroviral therapy, the incidence of PCP has declined
significantly in developed countries [164].

However, PCP remains a common opportunistic infec-
tion in HIV-infected patients in developing countries,
including China [165-167]. The earliest HIV/AIDS-
associated PCP case in China was reported in 1985
[167]. From 1985 to 2009, the number of PCP patients
afflicted by HIV/AIDS increased dramatically in China,
apparently 70.2% (1646/2344) of which were identified
along with HIV infection [167]. PCP also affects other

immunocompromised patients [168]. In China, the pre-
valence of P, jirovecii colonization in patients with chronic
pulmonary diseases is apparently 63.3% (62/98), which is
higher than previous reports in North Lebanon (17.3%;
4/23) and Iran (7.9%; 7/89) [169]. However, the incidence
of PCP in China is rare among HIV-positive and HIV-
negative hosts because all performed epidemiological
studies on PCP in China were retrospective studies [170].

The mortality of PCP is diverse among different studies
in the world, including China. A retrospective study in
Beijing showed that mortality (15.2% vs. 12.4%) did not
significantly differ between the PCP cases of HIV-positive
and HIV-negative populations [171], which differ from
studies in Beijing. Moreover, the mortality of non-HIV—
PCP (30%—60%) in other countries, such as Japan, is
higher than that of HIV-PCP (11.3%-20%) [157,172—
174]. The difference in mortality may be associated with
the different genetic backgrounds of P, jirovecii and anti-
PCP treatment strategy.

Although trimethoprim (TMP)-sulfamethoxazole
(SMX) remains the first-line agent for PCP [170],
mutations in the dihydrofolate reductase (DHFR) and
dihydropteroate synthase (DHPS) genes of P, jirovecii with
resistance to TMP and SMX, respectively, have progres-
sively emerged [170]. Currently, the prevalence of P
jirovecii DHPS and DHFR mutations in HIV-positive
patients in China remains low, which is similar to that in
other developing countries [175]. Approximately 60% of
P jirovecii isolates harbor nucleotide mutations in the
DHFR gene in China. The majority ( > 90%) of these
mutations were synonymous, similar to the data reported in
Japan and Thailand [175—-177]. Meanwhile, the prevalence
of P, jirovecii DHPS mutations in China was 12.0% (3/25)
[175], which is similar to those reported from other
developing countries, such as South Africa (3.8%; 2/53)
[178], but lower than those determined from developed
countries, such as the United States (40%; 58/145) [179].

In summary, the epidemiological data on PCP are
limited in China to date, although the above-mentioned
retrospective studies suggested that the epidemiological
characteristics of PCP in China are similar to those in other
developing countries. A prospective epidemiological
survey focused on PCP in China is needed.

Endemic fungal infections
Sporotrichosis

Sporotrichosis is a subcutaneous mycosis caused by
several Sporothrix species, namely, S. brasiliensis, S.
globosa, S. mexicana, and S. luriei, besides the classical
species S. schenckii [180]. Sporotrichosis is globally
distributed, but Sporothrix species have shown high
degrees of endemicity [180]. Given the data in existing
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literature, the most endemic regions are China (3299
cases), South Africa (3154 cases), and Brazil (5814 cases)
[181]. In China, since sporotrichosis was first found in
1916 [182], the disease has existed nationwide but has
been observed mainly in Northeastern China, including
Jilin Province, Heilongjiang Province, and Liaoning
Province [180,183]. S. globosa exhibits a global distribu-
tion with nearly identical genotypes, and this species is the
only pathogenic Sporothrix species that has been reported
to date in China [180,183—186]. Such pattern is similar to
those found in India and Spain [181].

Although the transmission mode of sporotrichosis
remains unclear, trauma may be strongly implicated.
Contact with decaying plant material was frequently
noted in S. globosa and S. schenckii, whereas S.
brasiliensis was significantly associated with transmission
by cats [181]. Relative immune impairment and underlying
metabolic diseases are important risk factors for sporo-
trichosis [180].

Sporotrichosis presents as the following three main
clinical types: lymphocutaneous, fixed cutaneous, and
multifocal or disseminated cutaneous sporotrichosis [187].
Globally, the most common clinical form is lymphocuta-
neous sporotrichosis, but in China, the fixed cutaneous
form is prevalent, followed by the lymphocutaneous form
[180,181,187,188]. Classically, sporotrichosis occurs in
temperate and subtropical climates of relatively high
humidity. By contrast, the climate is relatively cold in the
hyperendemic area of Northeastern China, where S.
globosa is prevalent [181].

As the number of immunocompromised patients rises,
the epidemiological monitoring of sporotrichosis is
increasingly needed, and research is necessary to indicate
whether S. schenckii or other Sporothrix species exist in
China. Additional protective measures should be under-
taken to avoid infection during agricultural activities.

Penicilliosis

Penicilliosis is a deep fungal infection caused mainly by
the dimorphic fungus Talaromyces marneffei (formerly
known as Penicillium marneffei), a species endemic to
Southeast Asia, including some districts in China (e.g.,
Guangdong, Guangxi, Yunnan, Fujian, Yunnan, and Hong
Kong) [189-191]. The organism was discovered in 1956 in
bamboo rats [192], and the first natural human case of
infection was reported in 1973 [193]. In China, the first
case of 7. marneffei infection was noted in 1984 [194].
After the 1990s, with the prevalence of AIDS in Southeast
Asia, the number of patients with 7. marneffei infection
increased rapidly in this area, including Chinese mainland
[195,196]. More than 87% of the number of reported 7.
marneffei infections was noted with HIV infection in China
[196], and nearly 16% of the patients with AIDS were

infected with 7 marneffei in Guangxi [197]. To date, more
than 600 cases of 7. marneffei infection have been
identified in China, with 82% of the cases reported in
Guangxi and Guangdong [196,198]. The mortality of 7.
marneffei infection is higher in patients without antifungal
therapy (50.6%; 45/89) than in patients with antifungal
therapy (24.3%; 138/569) [196]. Cao et al. confirmed that
the T. marneffei isolates from humans are similar to those
from infected bamboo rats, and in some cases, the isolates
are identical, which parallel the data from Thailand and
India [197,199,200]. Although the potential sources of
infection are rodent species, particularly bamboo rats, the
transmission route of 7. marneffei to humans remains a
mystery [197]. In recent years, 7. marneffei infection has
increasingly impacted immunocompromised patients in
Southern China, especially individuals with HIV/AIDS
[196]. Additional studies should be conducted to determine
the transmission route of 7. marneffei, and raised attention
should be paid to immunocompromised patients, espe-
cially those in endemic areas.

Histoplasmosis

Histoplasmosis, caused by the soil-based dimorphic
fungus Histoplasma capsulatum, is a common endemic
mycosis in midwestern United States and in Central
America [201]. However, sporadic cases of autochthonous
histoplasmosis have been encountered in China, a region
traditionally considered non-endemic for H. capsulatum
[202]. The first case of histoplasmosis in China was
reported in 1958 in an individual returning from the USA
[203]. Since 1990, 300 cases of histoplasmosis have been
reported in China, of which only 17 cases were potentially
imported cases [204]. The majority of these cases (75.0%;
225/300) occurred in nine provinces and regions traversed
by the Yangtze River. Among these regions, Yunnan
Province accounted for more than 27.7% (83/300) of the
reported cases of histoplasmosis [204]. Pan er al. found
that Chinese H. capsulatum isolates may have originated
from Australia or other continents, such as North America
[202].

Underlying diseases associated with histoplasmosis
include HIV infection (22.0%; 38/173), diabetes mellitus
(10.4%; 18/173), and liver diseases (7.5%; 13/173).
Diabetes and malignancy are common in patients with
pulmonary infection, but HIV-infected patients are prone
to systemic dissemination. This information suggests that
the clinical spectrum of histoplasmosis depends on the
underlying host immune status [204]. Although histoplas-
mosis may prefer infecting individuals with underlying
illness, research demonstrated that 49.1% (85/173) of
patients lack an identifiable underlying disease [204].

At the time of our research, the epidemiology and
ecology of H. capsulatum in China were unknown. As
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Table 1 Recent reports of fungal infections caused by rare fungal species in China

Case Date Species Infective sites Prognosis Reference
1 2004 Arthrographis kalrae Eye and sinuses Blindness [207]
2 2007 Prototheca wickerhamii Brain Cured [208]
3 2010 Coniosporium epidermidis Toes Cured [210]
4 2011 Exophiala asiatica Brain Died [209]
5 2012 Filobasidium uniguttulatum Brain Cured [211]
6 2013 Pichia fabianii Blood Cured [212]
7 2013 Trichophyton tonsurans Face Cured [213]
8 2013 Penicillium capsulatum Lung Cured (214]
9 2013 Rhinocladiella basitona Face Cured [215]
10 2014 Rhodotorula minuta Nail Cured [45]
11 2014 Phialemonium curvatum Brain Cured [216]
12 2015 Veronaea botryosa Cutaneous Cured [217]
13 2016 Bipolaris oryzae Corneal Cured [218]
14 2017 Chrysosporium keratinophilum Subcutaneous Cured [219]
international travel becomes increasingly accessible, H.  Conclusions

capsulatum may progressively spread globally from China
or other endemic countries. A further detailed epidemio-
logic investigation of H. capsulatum is worthwhile.

Coccidioidomycosis

Coccidioidomycosis (CM) is a deep mycotic infection
endemic to the Americas [205]. Although China is not a
known endemic area for CM, the number of case reports of
CM has risen [206]. Since 1958 when the first case was
reported, 30 CM cases, of which 27 cases were from
Southern China, have been recorded in China. Risk factors
for infection include residence in or travel to a CM-
endemic region, occupations with high exposure risk,
immunocompromising conditions, or other underlying
diseases [206]. However, the majority of Chinese patients
(80.0%; 24/30) presented with no history of exposure to
CM-endemic areas [206]. Since CM has been reported
rarely in China, the possible local sources of CM in such
region or in other countries remain uncertain.

Rare fungal infections

With the development of molecular diagnosis approaches,
the number of case reports on fungal infections caused by
rare fungal species has been increasing in China since 2000
[45,207-219]. For example, Pan et al. reported a case of
meningitis caused by azole- and FLU-resistant Filobasi-
dium uniguttulatum in 2012 [211]. Chen et al. also
published the first case of a fungus ball (Penicillium
capsulatum) in the left lung of a patient with type 2
diabetes [214]. Fungal infections caused by newly reported
species should be monitored in China in the future. The
details are provided in Table 1.

We systematically reviewed the epidemiological data of
fungal infections across China to understand the related
epidemiological profiles and trends. Our analysis demon-
strated that the overall incidence of SFIs in China was
stable. The overall incidence of IFIs in China continued to
increase in both immunocompromised and immunocom-
petent individuals, with rising numbers caused by Candida
species besides C.albicans, azole-resistant A. fumigatus,
and Cryptococcus species. Moreover, epidemiological
studies on mucormycosis and Prneumocystis are scarce in
China. As regards the endemic fungal infections in China,
sporotrichosis, penicilliosis, and histoplasmosis showed
obvious regional distribution characteristics with raised
number of cases. In addition, the occurrence of fungal
infections caused by rare fungal species has augmented in
China during the last decade. Considering these findings,
we conclude that a nationwide epidemiological research
focused on fungal infections in China is direly needed.
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1 | INTRODUCTION

Abstract

Pressure ulcer formation depends on various factors among which repetitive ischae-
mia/reperfusion(l/R) injury plays a vital role. Molecular hydrogen (H,) was reported
to have protective effects on I/R injuries of various internal organs. In this study,
we investigated the effects of H, inhalation on pressure ulcer and the underlying
mechanisms. H, inhalation significantly reduced wound area, 8-oxo-dG level (oxida-
tive DNA damage) and cell apoptosis rates in skin lesions. H, remarkably decreased
ROS accumulation and enhanced antioxidant enzymes activities by up-regulating
expression of Nrf2 and its downstream components in wound tissue and/or H,O5,-
treated endothelia. Meanwhile, H, inhibited the overexpression of MCP-1, E-selectin,
P-selectin and ICAM-1 in oxidant-induced endothelia and reduced inflammatory cells
infiltration and proinflammatory cytokines (TNF-a, IL-1, IL-6 and IL-8) production in
the wound. Furthermore, H, promoted the expression of pro-healing factors (IL-22,
TGF-B, VEGF and IGF1) and inhibited the production of MMP9 in wound tissue in
parallel with acceleration of cutaneous collagen synthesis. Taken together, these
data indicated that H, inhalation suppressed the formation of pressure ulcer in a
mouse model. Molecular hydrogen has potentials as a novel and alternative therapy
for severe pressure ulcer. The therapeutic effects of molecular hydrogen might be
related to its antioxidant, anti-inflammatory, pro-healing actions.

KEYWORDS
hydrogen, inflammation, oxidative stress, pressure ulcer, reperfusion injury, wound healing

death. Pressure ulcer has become a serious public health problem

owing to aging of the population.t

Pressure ulcer is a chronic inflammatory dermatosis primarily occur-
ring over bony prominences (such as the sacrum, trochanter and the
heels) of senior bedridden patients. Without prompt treatment, pres-

sure ulcer may progress to cellulitis, osteomyelitis, sepsis and even

Wei Fang and Guizhen Wang contributed equally to this work.

There are several hypotheses for the mechanisms underlying
chronic pressure ulcer, such as local tissue hypoxia, repetitive ischae-
mia/reperfusion (I/R), wound bacterial colonization, etc.?® Among
these factors, I/R injury is thought to be a principal causative fac-
tor.*® Long-time recumbent position interrupts arteriolar capillary

blood flow and thus induces local ischaemia in cutaneous tissue with
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prominent bony protrusions. After a change of body position, reper-
fusion of blood to the ischaemic skin initiates a series of harmful
events because of a large increase in reactive oxygen species (ROS).®
Excessive ROS cause direct damage on lipids, proteins and nucleic
acids, leading to cell apoptosis and tissue injury. Meanwhile, these
free radicals induce the development of inflammatory responses
such as endothelial dysfunction, neutrophil and macrophage infiltra-
tion, production of proinflammatory cytokines and, thereafter, tis-
sues necrosis.®” Consistently, several studies demonstrated that skin
ulcers induced by cutaneous I/R were inhibited by treatment with
antioxidants such as vitamin E, melatonin and deferoxamine.® 1
Therefore, antioxidant administration may be a good therapeutic
strategy for promoting healing of pressure ulcers.

In the past decade, H, as a novel medical gas has gained wide
attention. In 2007, Ohsawa and colleagues found that H, affords
neuroprotection against brain I/R injury by selectively neutralizing
hydroxyl radicals and peroxynitrite.!* Later studies demonstrated
similar protective effects of hydrogen on I/R injuries of other organs
such as liver, heart and intestines.*?** The potential mechanisms
might be involved in its antioxidant and anti-inflammatory and anti-
apoptotic properties.> These biological effects further enhanced the
potential of H, in clinical application of various organ system dis-
eases.’>'® Moreover, molecular hydrogen displayed high safety
in vivo even at high concentration and high pressure, which could
effectively reach target tissues and cells by gaseous diffusion but
has no effect on physiological variables such as pH, oxygen satura-
tion and blood pressure.r”*® Taken together, we hypothesized that
H, could act as an effective treatment for pressure ulcer induced by
repeated cutaneous I/R injury.

A recent study reported that hydrogen-water intake promoted
wound size reduction and early recovery in 22 elderly in-patients
with severe pressure ulcer.'” However, there has been no experi-
mental evidence of the beneficial effects of molecular hydrogen on
I/R-induced pressure ulcer using animal models. This study aimed to
determine the possible protective effects of H, on pressure ulcer

and the underlying mechanisms.

2 | MATERIALS AND METHODS

2.1 | Animals and cells

Female C57BL/6 mice (8 to 12 weeks old) were purchased from
Changzhou Cavens Laboratory Animal Ltd. (Changzhou, China). All
experiments were approved by the Ethical Committee for Animal
Experiments of Fudan University, and strictly carried out in accordance
with the approved guidelines. HUVEC cells were purchased from
ATCC (Manassan, VA), and maintained in RPMI 1640 containing 10%
foetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA).

2.2 | I/R cycles and analysis

The cutaneous I/R model was established according to previously

published reports.2°22? Briefly, all mice were anaesthetized, and their

backs were shaved and cleaned with 75% ethanol. The dorsal skin
was gently pulled up and placed between two round ferrite magnetic
plates that had a 12-mm diameter and 5-mm thickness (NeoMag Co,
Ichikawa, Japan). A single I/R cycle was initiated with a 12-hour per-
iod of magnet placement, and followed by a release or rest period of
12 hours. After three I/R cycles, all of the mice developed two circu-
lar ulcers separated by a bridge of normal skin. For analysis, each
wound site was digitally photographed after wounding, and wound
areas were measured on photographs using Image J (version 1.48,
NIH, Bethesda, MD) as previously described.?®?® To assess the
effects of hydrogen gas on wound healing, the mice were housed in
a specific airtight device producing air mixture including 2% or 75%
H, and 21%0, for one week (6 hours per day) before the beginning
of I/R cycles. H, treatment was continuously performed until the
wounds completely healed. The hydrogen-producing device was pro-
vided by Shanghai Asclepius Meditec Co. Ltd (Shanghai, China).
Wound sites were digitally photographed at various time-points after
wounding, and wound areas were measured on the images using
ImageJ software version 1.46r (NIH, Bethesda, MD).

2.3 | Histological and immunohistochemical
examinations

The wounds were harvested with a 5-mm rim of unwounded skin
tissue from sacrificed mice. Skin samples were fixed in 10%
paraformaldehyde and embedded in paraffin. Sections (6 um) were
stained with HE and Masson or processed for subsequent immunos-
taining. For immunohistochemistry, deparaffinized sections were
incubated with 3% H,O, for 5 minutes to block endogenous peroxi-
dase activity. After blocking with 10% foetal bovine serum, sections
were stained with primary antibodies of interest followed by sec-
ondary Abs. Sections were washed three times with PBS buffer. The
colour was developed using DAB substrate-chromogen solution (Bio-

care Medical). The sections were then counterstained with HE.

24 | ROS measurement

ROS levels were measured in wound homogenates using ROS
ELISA Kit (J&L Bio., Shanghai, China). For ROS detection in vitro,
HUEVC cells were incubated in 2% or 75% H, incubator (Shanghai
Asclepius Meditec Co. Ltd) for 24 hours and then stimulated with
0.25 mmol/L H,0, (100 mL/well) for 2 hours as previous report.?®
The control group was without H, pretreatment. The ROS levels
were then examined with dihydroethidium (DHE) (Beyotime, Shang-
hai, China) according to the manufacturer’ protocol. Fluorescent
pictures were collected by fluorescence microscope (Olympus
IX71), and fluorescence intensity was analysed by Image J software
(NIH, Bethesda, MD).

2.5 | CCKS8 assay

The rate of cell proliferation was detected using CCK8 assay kit
(Beyotime, Shanghai, China). After H, preincubation and 0.25 mmol/
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L H,O, treatment, 10* of HUEVC cells were placed into 96-well
plate (200 uL per well) and 20 uL CCK8 was added into each well
for 24 hours. The optical density (OD) was read at 450 nm wave-
length by ELISA microplate reader (Thermo Multiskan MK3).

2.6 | Apoptosis (TUNEL) assay

Apoptosis assay was carried out in both skin sections and H,O,-
treated HUEVC cells using terminal deoxynucleotide transferase
dUTP nick end labelling (TUNEL) staining kit (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s instructions. Pho-
tographs were taken and visualized with inverted fluorescence
microscope (Olympus 1X71). The number of apoptotic cells was
determined by counting TUNEL and Hoechst double positive nuclei

in the field as previously described.?

2.7 | Quantitative real-time PCR

For real-time PCR, total RNA was isolated from injured skin samples
or H,O,-treated HUVEC cells using the Rneasy kit (QIAGEN Ltd.,
Crawley, UK) according to the manufacturer’s protocols. First-strand
cDNA was synthesized using the SuperScript Ill First-Strand Synthe-
sis Kit (Invitrogen) according to its protocol. Resulting cDNA was
used as template for subsequent real-time PCR using iQ SYBR Green
Supermix (Bio-Rad) according to the manufacturer's recommenda-
tions. Primers (Table S1) were synthesized by Shanghai Sangon Bio-
tech Co., Ltd (Shanghai, China). Relative expression of PCR products

2 —AACT

was determined using the method and calculated relative to

the control group.

2.8 | Western blot

For protein blotting, total proteins were extracted from homogenized
skin tissue using as previously described.?* Twenty micrograms of
proteins was loaded into 8% SDS-PAGE and then transferred onto a
polyvinylidene fluoride membrane. After blocking and washing, the
membranes were incubated with the indicated primary Abs. The
membranes were then incubated with horseradish peroxidase-
labelled secondary antibody and developed with the ImmobilonTW
Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA).
The blots were assessed by Image J software (NIH, Bethesda, MD).

All the antibodies (Abs) and their sources in the study are listed
in Table S2.

29 | ELISA

Supernatants of mouse wound homogenates or cell culture medium
were used for ELISA assay for SOD, GPx, CAT (BioVision), IL-1B,
TNF-a, IL-6, IL-8 and IL-22 (eBioscience) according to the manufac-
turers’ recommendation. Total protein in the supernatant was
detected with a commercial kit (BCA Protein Assay kit; Pierce, Rock-
ford, IL). The data were expressed as anti-oxidative enzyme (unit/
mL) or cytokine (pg/mL)/total protein (mg/mL) for each sample.

WILEY--22

2.10 | Statistical analysis

Results were expressed as means + SEM. Unpaired, two-sided Stu-
dent’s t test was performed determine the statistical differences
between the sample means using GraphPad Prism 6.0 (La Jolla, CA).

P < .05 were considered statistically significant.

3 | RESULTS

3.1 | H, inhalation protected against cutaneous 1/
R-induced pressure ulcer formation

To assess the preventive effects of H, on the development of cuta-
neous pressure ulcers after I/R injury in vivo, a decubitus ulcer-like
mouse model was constructed as previously described.?>2% In order
to reach fully saturation in cutaneous tissue, 2% or 75% H, was
inhaled by mice in experimental groups for one week (6 hours per
day) before the beginning of I/R cycles according to the discovery of
Scottish physiologist John Scott Haldane about the human body and
the nature of gases.?> Wound areas in H,-treated mice were signifi-
cantly smaller than those in control mice especially in early stage
after I/R cycles (Figure 1). Inhalation of 75% H, significantly short-
ened the wound closure time in pressure ulcer mice. Furthermore,
we also observed cleaner wounds and less scratching behaviour in
H,-treated mice than in control group. These results suggested that
H, inhalation especially at high concentration protected the forma-

tion of cutaneous ulcers after I/R cycles.

3.2 | H, inhalation altered the histopathological
characteristics of pressure ulcer skin after cutaneous
I/R

Haematoxylin and eosin (HE) staining showed that H, inhalation
reduced inflammatory cell infiltration and tissue necrosis in skin
wound caused by I/R cycles (Figure S1). Compared with the control
group, Hy-treatment groups (especially 75%H,) displayed notable
acceleration and enhancement in dermal collagen synthesis of skin
wound (Figure 2). These results suggested that H, inhalation allevi-
ated the inflammatory response and promoted the wound healing in

pressure ulcer.

3.3 | H, inhalation alleviated oxidative DNA
damage and suppressed apoptosis in skin tissues
after cutaneous I/R

We further evaluated the levels of oxidative DNA damage (8-oxo-
dG) and cell apoptosis after cutaneous I/R injury. Immunohistochem-
ical (IHC) analysis showed that three groups had similar levels of
8-0x0-dG staining at 4 days postreperfusion. However, the area and
intensity of positive staining in Ho-treated mice were significantly
reduced compared to those in control mice and 75% H,-treated
group had lowest level of 8-oxo-dG at 6 and 8 days after reperfu-
sion (Figure S2A). TUNEL analysis showed that wound tissues of
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FIGURE 1 H, inhalation protected against ulcer formation in cutaneous I/R injury mice model. A, Representative photographs of wounds
after cutaneous I/R in control or Hy-treated mice at 4, 6, 8, 10 and 13 days after reperfusion. B, Relative wound area after I/R injury in normal
C57BL/6 mice with or without H, inhalation (N = 8 for each time point and groups). The ulcer size in control mice at 4 days after reperfusion
was assigned a value of 100%. *P < .05; **P < .01; ***P < .001 compared to control
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FIGURE 2 H, treatment promoted dermal collagen synthesis in skin wound caused by I/R cycles. Skin tissue samples from pressure ulcer
mice of each group were fixed and paraffin embedded. The tissue sections were subjected to Masson staining. Representative images from the

wound skin tissues are shown. Scale bar, 20 um

control mice had a large number of apoptotic cells, which was signif-
icantly reduced by H, inhalation (especially 75% H,) at day 8
postreperfusion (Figure S2B and Figure 2C). These results suggested
that H, inhalation could alleviate the oxidative DNA damage and
suppress apoptosis of skin tissues, and high-concentration H, had As ROS is essential mediators of reperfusion induced tissue dam-

optimal protective effect against cutaneous I/R injury. age, 2’ we assessed ROS levels and the activities of major

3.4 | H, inhalation reduced ROS accumulation and
up-regulated antioxidant enzyme activities in skin
tissue after cutaneous I/R
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antioxidant enzymes including superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx) in the wound tissue at day 6
postreperfusion. H, suppressed the ROS accumulation in skin tissue
caused by I/R injury (P < .01) in a concentration-dependent manner
(Figure 3A). Activities of SOD, CAT and GPx in mice inhaled H,»

were significantly higher than in control mice (Figure 3B-D).

3.5 | H, activated the NRF2-ARE pathway in skin
tissue after cutaneous I/R

We next investigated whether NRF2/ARE antioxidant pathway medi-
ated the inhibition of ROS level of pressure ulcer tissue by H,. Quanti-
tative real-time PCR analysis showed that H, significantly up-regulated
the mRNA levels of NRF2 and its target genes (heme oxygenase-1,
HO-1; NADH quinone oxidoreductase 1, NQO1; aldo-keto reductase,
AKR1C1) in a concentration-dependent manner in the skin tissue (Fig-
ure 4A). Immunoblotting also confirmed the enhanced expression of
NRF2-ARE pathway components in the skin tissue of H, treatment
group (especially 75%) (Figure 4B). These results indicated that H,
activated the NRF2 pathway in skin lesions after cutaneous I/R.

3.6 | H, inhalation inhibited cutaneous I/R-induced
inflammation

As proinflammatory cytokines are important for tissue damage dur-
ing I/R injury, the levels of proinflammatory cytokines in the
wounded skin were assessed. At day 6 post-I/R, H, treatment signif-
icantly reduced the relative mRNA and protein expression of TNF-q,
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IL-1B, IL-6 and IL-8 in wounded tissue, and their expression was
lowest in pressure ulcer mice treated with 75% H, (Figure 5A and
B). IHC further confirmed that the protein levels of TNF-o, IL-18, IL-
6 and IL-8 in cutaneous I/R injured skin tissue of mice inhaled H2
were substantially lower than those of control mice (Figure 5C).
Meanwhile, H, treatment significantly up-regulated the expression
of IL-22, an essential pro-healing cytokine involved in repair events
on different models of epithelial regeneration,®3! at both mRNA
and protein levels and 75% H, treated group displayed the highest
level of IL-22 (Figure 5), which was mainly expressed in the dermal
layer of perilesional skin tissues in mice treated by H, (Figure 5C).
These results indicated that hydrogen inhalation reversed proinflam-

matory effects of skin wound environment after cutaneous I/R.

3.7 | H, inhalation modulated the expression of
healing-associated molecules in vivo after cutaneous
I/R

The metalloprotease MMP9 and pro-healing factors TGF-B, VEGF
and IGF-1 play crucial roles during proliferative and remodelling
phases of wound healing. To investigate how H, improves wound
healing in pressure ulcer mice, its effects on expression of aforemen-
tioned molecules were analysed by quantitative PCR and
immunoblotting. H, inhalation significantly decreased the expression
level of MMP9 and enhanced the expression of TGF-p1, VEGF and
IGF-1 at both mRNA and protein levels in the wound. Mice treated
with 75% H, had the lowest level of MMP9 and highest expression

of pro-healing factors in skin tissue among three groups (Figure 6).
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FIGURE 3 H, inhalation reduced ROS accumulation and enhanced antioxidant enzyme activities in skin tissue. ELISA assays for detection
of ROS production (A) and the activities of SOD (B), GPx (C), and CAT (D). *P < .05; **P < .01 compared to control
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FIGURE 4 Hydrogen activated the NRF2-ARE pathway in wounded tissue. A, The mRNA levels of NRF2, HO-1, NQO1 and AKR1C1 were
analysed by quantitative RT-PCR assay. B, Immunoblots of NRF2, HO-1, NQO1, AKR1C1 and B-actin. *P < .05; **P < .01 compared to control

3.8 | H, reversed the adverse effect of H,O, on
cell proliferation and apoptosis of vascular endothelia
cells

I/R injury is closely associated with microvascular dysfunction, which
is largely a consequence of endothelia cell impairment.” Thus, we
further examine the effects of H, on human umbilical vein endothe-
lial cells (HUVECs) against oxidative damage. Preincubation with H,
for 24 hours significantly relieved the 0.25 mmo/L H;05-induced
proliferation inhibition of HUVECs in a concentration-dependent
manner (P < .01) (Figure S3A). After exposure to 0.25 mmol/L H,0,,
HUVECs showed a 2.5-folds increase in the apoptosis rate, which
was markedly reduced by H, pretreatment (especially 75%H,)
(P < .01) (Figure S3B and C).

3.9 | H, rectified the imbalance of oxidation-
reduction system in H,O,-treated vascular endothelia
cells through the activation of Nrf2/ARE pathway

To further understand the mechanism of H,-mediated protective
effects on endothelial cells during cutaneous I/R, a series of in vitro
studies were performed in oxidant-treated HUVECs. H,O, notably
up-regulated intracellular ROS production (Figure S4A) and sup-
pressed the expression of various anti-oxidative enzymes (SOD, GPx,
and CAT) (Figure S4B-D) in HUVECs, suggesting of a severe distur-
bance of intracellular oxidation-reduction system. Preincubation with
H, resulted in a trend towards normalization of both intracellular
ROS and anti-oxidative enzyme in H,O,-treated HUVECs
(Figure S4A-D). Quantitative PCR assay demonstrated that H, signif-
icantly up-regulated the expression of NRF2 and its target genes

HO-1, AKR1C1 and NQO1 in HUVECs exposed to H,O, in a concen-
tration-dependent manner (Figure S4E-H). Together, these results
suggested that H, might maintain intracellular homoeostasis of
oxidation-reduction system in vascular endothelial cells through the
activation of Nrf2/ARE pathway.

3.10 | H, inhibited the expression of several
chemokine and adhesion molecules in vascular
endothelial cells stimulated by H,O,

Endothelial damage is a critical event in the early phase of inflamma-
tory responses induced by cutaneous I/R, which could drive the up-
regulation of various chemokines and adhesion molecules and then
mediate leucocyte recruit, adhesion and emigration.7'32 Vascular
endothelial cells more than doubled the transcriptional levels of
MCP-1(monocyte chemoattractant protein-1), E-selectin, P-selectin
and ICAM-1(intercellular cell adhesion molecule-1) after H,O, expo-
sure (Figure 7). Pretreatment with H, significantly suppressed the
elevation of their expression in H,O,-exposed HUEVCs (P < .01)
(Figure 7). The inhibitory effects were positively correlated with H,
concentration. Our results suggested that H, might exert anti-inflam-
matory effects against cutaneous I/R injury by down-regulating the

expression of endothelial chemokines and adhesion molecules.

4 | DISCUSSION
In the present study, we first demonstrated the protective effects of
H, inhalation on pressure ulcers in a murine model. H, treatment

significantly reduced the wound area in a concentration-dependent
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manner in the early phase after cutaneous I/R. The improvement in
skin ulcer recovery induced by H, was paralleled by significant reduc-
tions in oxidative DNA damage, cell apoptosis and acceleration of cuta-
neous collagen synthesis. This result was consistent with a clinical
study that hydrogen-water intake (0.8-1.3 ppm, 600 mL per day) via
tube-feeding significantly reduced the wound size in 22 hospitalized
patients with pressure ulcer.? Theoretically, hydrogen administration
through respiratory route displays higher blood concentration and more
accessibility for cutaneous lesions than those through gastrointestinal
absorption.'> Therefore, H, inhalation has a greater potential to be
applied in the prevention and treatment of patients with pressure ulcer.

H,-mediated protection against pressure ulcers was primarily

dependent on its antioxidant property. Oxidative stress plays

crucial roles in the initiation and progression phases of cutaneous
I/R injury.>%2% In pressure ulcers, blood reperfution after cuta-
neous ischaemia induced abundant reactive oxygen species
(ROS), which could directly damage skin tissue and cause cell
apoptosis. These toxic free radicals further aggravated leucocyte
infiltration, which in turn triggered more ROS release and thus
trapped in a vicious circle. In our study, H, treatment remarkably
decreased the ROS accumulation and 8-oxo-dG formation (a sensi-
tive biomarker of oxidative DNA damage), and also enhanced the
activities of several antioxidant enzymes (such as SOD, GPx and
CAT) in wound tissue and/or H,O,-treated HUEVCs. The antioxi-
dant ability was positively correlated with its dosage, and high con-
centration of H, was more advantageous in maintaining intracellular
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homoeostasis of oxidation-reduction system in skin tissue after I/R
injury.

We also determined the mechanism underlying the antioxidant
property of H, against cutaneous I/R injury, which was closely associ-
ated with the activation of Nrf2/ARE pathway. The transcription fac-
tor Nrf2

exogenous and endogenous oxidative stresses.*3*% Under moderate

is essential for regulating the adaptive response to

oxidative stress, Nrf2 translocates to the nucleus where it binds to
ARE and induces the transcription of downstream antioxidant genes.
In our study, H, treatment significantly up-regulated the expression of
Nrf2 and its downstream targets such as HO-1, NQO1 and AKR1C1
in wound tissue and HUEVCs exposed to H,O,. Similar phenomena

H,0,

control group; ##p < 01, *P < .05,
compared to H,O,-treated group

Hs0,4+2%H, H,0,+75%H,

were also observed in previous studies of other organ I/R injury or
other inflammatory diseases.>>® Molecular hydrogen could attenuate
intestinal injury in wild-type but not NRF2-knockout mice with severe
sepsis by regulating HO-1 expression.®” Therefore, hydrogen might
activate the Nrf2/ARE pathway to restore the homoeostasis of cuta-
neous oxidation-reduction system against I/R injury.

The protective effects of H, were also attributed to its potent
anti-inflammatory activity. After I/R cycles, plenty of macrophages
and neutrophils were accumulated in the treated tissue accompanied
by significant production of proinflammatory cytokines, which
caused skin injury and necrosis in the wound.?? In our study, H,
inhalation attenuated inflammatory cells infiltration and cutaneous
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necrosis in the wound induced by I/R injury. Proinflammatory cytoki-
nes such as TNF-o, IL-1, IL-6 and IL-8 were decreased while [L-22
was increased in the wounded skin of H,-treated mice. Distinct from
proinflammatory cytokines, IL-22 mediates a crosstalk between
immune system and cutaneous cells (such as fibroblasts and ker-
atinocytes) and plays a pro-healing role in wound repairment.3%3?
Our data demonstrated that H, reversed the excessive inflammatory
response induced by cutaneous I/R injury.

The anti-inflammatory property of hydrogen might be partially
attributed to its protection on vascular endothelial cells against
oxidative stress. During I/R injury, endothelial damage initiated leu-
cocyte adhesion, recruitment and infiltration by up-regulating the
expression of chemokines and adhesion molecules.®”? Our in vitro
assay showed that H, treatment significantly alleviated the oxida-
tive injury of endothelial cells and reduced the overexpression of
MCP-1, E-selectin, P-selectin and ICAM-1 in HUEVCs exposed to
H,0,. MCP-1 is a critical molecule for chemotaxis and activation of
macrophage, which is a significant source of proinflammatory
cytokines and contributes to I/R injury of skin and other
organs.214%42 The adhesion molecules studied here were mainly
responsible for leucocyte rolling, localization and adhesion to the
endothelium.**** Hence, hydrogen might modulate those molecules
associated with leucocyte—endothelium interaction to inhibit subse-
quent inflammatory reaction caused by cutaneous I/R injury.

In pressure ulcer, the wound sites were constantly in the
dynamic pathological alterations of inflammatory injury and tissue
repair. Outcome of wound healing process was mainly determined
by the presence and concentration of the healing-associated factors
such as MMPs, TGF-B, VEGF and IGF1.%***” Overproduction or high
activity of MMP9 and suppressed expression of TGF-B were identi-
fied as indicators of poor healing in skin samples of chronic
ulcers.*¢*® In our study, H, promoted the expression of pro-healing
factors (TGF-B, VEGF and IGF1) and inhibited the production of
MMP9 in wound tissue of pressure ulcer, accompanied by accelera-
tion of dermal collagen synthesis. Hence, hydrogen had a wound
healing promoting effect against cutaneous I/R injury.

Taken together, the present results indicated that hydrogen
suppressed the formation of decubitus ulcers by its antioxidant, anti-
inflammatory, pro-healing activities against cutaneous I/R injury.
Similar therapeutic effects of hydrogen were also reported in common
senile diseases concomitant with decubitus, such as cerebral or
myocardial infarctions, COPD, diabetes, hyperlipaemia, malignant
tumours.*3649-5% Fyrthermore, H, had no cytotoxicity in vivo in
human body even at a high concentration.!” Therefore, hydrogen gas
has a great potential for preventing and/or treating pressure ulcer.

There were still some limitations in our study. Firstly, we did not
detect the cutaneous hydrogen concentration, which might provide
direct evidence to support the dosage-dependent protection of
hydrogen gas against cutaneous I/R injury. In addition, the exact
mechanisms by which hydrogen modulates oxidative stress, inflam-
mation and wound repair in pressure ulcer were still unclear. More
experiments are needed to work out these problems before the clini-
cal trial of H, in pressure ulcers.
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ABSTRACT Cryptococcus neoformans is a major opportunistic fungal pathogen. Like
many dimorphic fungal pathogens, C. neoformans can undergo morphological transi-
tion from the yeast form to the hypha form, and its morphotype is tightly linked to
its virulence. Although some genetic factors controlling morphogenesis have been
identified, little is known about the epigenetic regulation in this process. Pro-
teins with the plant homeodomain (PHD) finger, a structurally conserved domain in
eukaryotes, were first identified in plants and are known to be involved in reading
and effecting chromatin modification. Here, we investigated the role of the PHD fin-
ger family genes in Cryptococcus mating and yeast-hypha transition. We found 16
PHD finger domains distributed among 15 genes in the Cryptococcus genome, with
two genes, ZNFla and RUM1e, located in the mating type locus. We deleted these
15 PHD genes and examined the impact of their disruption on cryptococcal mor-
phogenesis. The deletion of five PHD finger genes dramatically affected filamenta-
tion. The rumial and znflaA mutants showed enhanced ability to initiate filamenta-
tion but impaired ability to maintain filamentous growth. The byelA and the phd11A
mutants exhibited enhanced filamentation, while the set302A mutants displayed re-
duced filamentation. Ectopic overexpression of these five genes in the correspond-
ing null mutants partially or completely restored the defect in filamentation. Further-
more, we demonstrated that Phd11, a suppressor of filamentation, regulates the
yeast-hypha transition through the known master regulator Znf2. The findings indi-
cate the importance of epigenetic regulation in controlling dimorphic transition in C.
neoformans.

IMPORTANCE Morphotype is known to have a profound impact on cryptococcal in-
teraction with various hosts, including mammalian hosts. The yeast form of Crypto-
coccus neoformans is considered the virulent form, while its hyphal form is attenu-
ated in mammalian models of cryptococcosis. Although some genetic regulators
critical for cryptococcal morphogenesis have been identified, little is known about
epigenetic regulation in this process. Given that plant homeodomain (PHD) finger
proteins are involved in reading and effecting chromatin modification and their
functions are unexplored in C. neoformans, we investigated the roles of the 15 PHD
finger genes in Cryptococcus mating and yeast-hypha transition. Five of them pro-
foundly affect filamentation as either a suppressor or an activator. Phd11, a suppres-
sor of filamentation, regulates this process via Znf2, a known master regulator of
morphogenesis. Thus, epigenetic regulation, coupled with genetic regulation,
controls this yeast-hypha transition event.

KEYWORDS plant homeodomain (PHD) finger, morphogenesis, pheromone,
unisexual development, dimorphism
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ryptococcus neoformans is an opportunistic fungal pathogen that claims hundreds

of thousands of lives each year globally (1, 2). The fungus can undergo morpho-
logical transition from the yeast form to the hypha form. Like many dimorphic fungal
pathogens (3, 4), the morphotype of Cryptococcus is tightly linked to its virulence (5, 6).
To understand the biology and pathology of Cryptococcus, some important genetic
factors that regulate yeast-hypha transition have been identified. Morphological tran-
sition in Cryptococcus occurs during unisexual development or during bisexual a-«
mating (7-9), which is controlled by the pheromone signaling pathway under mating-
inducing conditions (10). The HMG domain transcription factor Mat2 is an effector of
the pheromone pathway (11). Mat2 activates the zinc finger transcription factor Znf2
under mating-inducing conditions, which ultimately determines the yeast-hypha tran-
sition (11). Znf2 is the decision maker in filamentation, and it also bridges morphology
and virulence potential in Cryptococcus (6, 11, 12).

The mating-type locus of the Cryptococcus genome carries many genes that control
the mating process (13), including several components of the pheromone pathway,
such as the pheromone gene MFa/a (14, 15), the pheromone receptor gene STE3a/a
(14, 16), STE20«/a, and elements of the MAPK cascade STET1«a/a and STE12a/a (9, 17).
The mating type locus also harbors the cell identity factor gene SX/7a/2a (13, 18). Two
uncharacterized plant homeodomain (PHD) finger genes, RUM1 o/a and ZNF1 o/a, are
also located in the mating type locus (13, 15). The PHD finger was first identified in the
plant Arabidopsis (19). The highly conserved small PHD fold consists of 50 to 80 amino
acid residues and a cross-brace topology in which two zinc atoms are anchored by
the Cys4-His-Cys3 motif. PHD finger proteins are important readers of histone
modifications and are involved in epigenetic regulation in plants and mammals (20).
Although PHD finger proteins are universally distributed in eukaryotes, their bio-
logical functions in the fungal kingdom are poorly understood. In another human
fungal pathogen, Candida albicans, histone modification contributes to the yeast-
hypha transition (21), indicating that epigenetic factors can be important in regu-
lating fungal morphogenesis. However, nothing is known about epigenetic regu-
lation of morphogenesis in Cryptococcus.

Here, we systematically analyzed the PHD finger genes in the genome of C
neoformans. We identified 16 PHD finger domains harbored by 15 genes. We generated
and characterized 15 PHD gene knockout mutants and 5 PHD gene overexpression
strains. These five selected PHD genes exhibit important roles in filamentation, indi-
cating that some PHD proteins are critical for Cryptococcus morphotype transition.

RESULTS

Identification of PHD finger genes in C. neoformans. As mentioned in the
introduction, two PHD finger genes, RUM1 and ZNF1, are located in the mating type
locus. To identify additional putative PHD finger-containing genes, we used the PHD
domain sequences from ZNF1a as the query sequences in a BLAST search against the
genome of C. neoformans strain JEC21 (serotype D). Based on the Pfam database, we
obtained 16 putative PHD finger domains carried by 15 genes in the genome of JEC21
(Table 1). Corresponding genes also exist in the genome of C. neoformans strain H99
(serotype A). The predicted protein sequences of these PHD genes were compared with
those of PHD proteins in other eukaryotic species, including budding yeast, fission
yeast, mouse, and human. However, these homologues are not conserved with cryp-
tococcal PHD genes except for some conserved domains. The closest homologues of
some PHD proteins in Saccharomyces cerevisiae that have been previously characterized
are provided in Table 1.

Alignment of these PHD finger domain sequences using the DNAMAN software
(Lynnon, CA, USA) indicated that they share a feature with the same basic PHD finger
topology—two zinc atoms harbored by the Cys4-His-Cys3 motif (Fig. 1A)—as expected
based on previous studies (20). The motif scan results revealed additional important
domains related to histone modification in Phd11 and Set302 (Fig. 1B). Phd11 carries a
MOZ-SAS domain, which may potentially possess lysine acetyltransferase activity (22).
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TABLE 1 Fifteen PHD genes in the genomes of JEC21 and H99

Gene ID .
Homologue in
Gene name JEC21 H99 S. cerevisiae
PHD1 CNG02500 CNAG_03329 Pho23
BYET CNK01990 CNAG_01859 Bye1l
PHD3 CNK01390 CNAG_07532 Yng1
PHD4 CNK00900 CNAG_02604
PHD5 CNI02340 CNAG_04315
PHD6 CNG01620 CNAG_03423
PHD7 CNGO01970
SPP101(PHDS8) CNGO01770 CNAG_03406 Spp1
PHD9 CNC00260 CNAG_07967
PHD11 CNG00240 CNAG_03583
SET302(PHD12) CNF04280 CNAG_06591 Set3
RUM1(PHD13) CNDO05870 CNAG_07411
ZNF1(PHD14) CNDO05730 —a
PHD15 CNDO04210 CNAG_01301 Yng2
PHD16 CNDO03810 CNAG_07430 Cti6

aZNF1 exists in H99 (13), but there is no annotation of the gene in the current genome database.

Set302 harbors one SET domain, which shows histone methyltransferase activity in S.
cerevisiae and other organisms (23, 24). The homologue in Saccharomyces forms a Set3
complex, which acts as a meiotic-specific repressor of the sporulation genetic program
(23). The presence of these motifs in Phd11 and Set302 in Cryptococcus suggests that
these PHD proteins might act as chromatin modifiers, in addition to chromatin readers.

Different expression patterns of the PHD genes during development. XL280
has been widely used as a reference strain to study morphogenesis, sexual devel-
opment, and pathogenicity (12, 25-28). It has superior ability to transit from the
yeast form to the hypha form (12, 29). We decided to examine if PHD genes are
involved in cryptococcal development in the wild-type XL280 strain during vege-
tative yeast growth in YPD (1% yeast extract, 2% Bacto Peptone, and 2% dextrose)
medium and during unisexual development on V8 juice agar medium (30, 31). We
first examined their expression patterns by transcriptome sequencing (RNA-Seq)
and real-time (RT) PCR.

When the wild-type cells were cultured in YPD medium, the transcript levels of the
PHD finger genes were 2°- to 2°-fold lower than that of the housekeeping gene TEFT
(translation elongation factor 1) based on our previous RNA-Seq data (32) (Fig. 2A). The
real-time PCR results for the wild-type strain XL280 cultured in YPD liquid medium for
16 h were largely consistent with the pattern observed in the RNA-Seq data (Fig. 2B).
The low transcript levels of the PHD finger genes compared to the housekeeping gene
TEF1 are consistent with their potential regulatory roles.

Many morphogenesis factors show development-associated transcription. To exam-
ine if the transcript levels of the PHD finger genes change at different cryptococcal
development stages under mating-inducing conditions, we analyzed the numbers of
fragments per kilobase per million (FPKM) of the PHD genes from our RNA-Seq data
obtained from wild-type XL280 cultured alone on YPD medium (yeast growth) and on
V8 medium for 24 h (initiation of filamentation), 48 h (filamentation elongation), or 72
h (filamentation and initiation of sporulation). Interestingly, although the transcript
levels of PHD finger genes remained low under all the conditions tested, the transcript
levels of BYE1, PHD4, PHD5, PHD11, SET302, ZNF1w, and PHD15 dramatically increased
after 24 h to 72 h of culture on V8 medium compared to those in YPD medium,
particularly at the later time points (Fig. 3). The transcript levels of PHD6 and PHD9
showed significant increases only at the 72-h time point.

We also tested the transcription levels of PHD genes during a-a bisexual mating on
V8 medium. Here, we cocultured XL280« and its congenic pair strain, XL280a (12), on
V8 medium for bisexual mating. We found that the transcript levels of the BYE1, PHD4,
PHD6, PHD11, SET302, and PHD16 genes were increased more than 4-fold after 24 h or
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FIG 1 Multiple-sequence alignment for the 16 PHD domains and domain structure of the PHD finger genes in C. neoformans. (A)
Multiple-sequence alignment analysis of 16 PHD domains in C. neoformans showed that they share the same basic topology: two zinc atoms
harbored by the Cys4-His-Cys3 motif. Dark blue, residues that are conserved in all PHD fingers. Light blue, residues that are shared in most
PHD fingers. (B) PHD finger proteins in C. neoformans may contain one or two PHD finger domains. Some harbor other functional domains
related to chromatin modifications, such as the MOZ/SAS domain in Phd11 and the SET domain in Set302. The positions of these domains
are indicated in the diagram.

48 h during bisexual mating on V8 medium compared to those in YPD medium (Fig. 4).
These observations suggest that the expression of the PHD family genes in C.
neoformans is positively correlated with the filamentation process. In particular, the
transcript level of PHD4 during bisexual mating on V8 medium was dramatically
increased compared to that in YPD medium, with a maximum 120-fold increase at
the 48-h time point (Fig. 4). Together, both the RNA-Seq and real-time PCR data
suggest that PHD genes, particularly BYE1, PHD4, PHD6, PHD11, and SET302, may
play a role in cryptococcal development based on their development-associated
expression.

Phenotypical characterization of the PHD gene deletion mutants. To character-
ize the biological roles of the PHD genes, we deleted the 15 PHD finger genes
individually in the XL280 background. Given that C. neoformans is a fungal pathogen
with well-established virulence traits, we first examined if the deletion of these genes
would affect the following traits: thermotolerance, UV sensitivity, capsule production,
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FIG 2 Transcript levels of PHD genes during yeast growth. (A) Transcript levels for all PHD genes are
relatively low during vegetative yeast growth in YPD medium based on our RNA-Seq data (32). The FPKM
value of the housekeeping gene TEFT was used as a reference. RUMTa (15) was not included in the
RNA-Seq database due to its omission in the current genome annotation file. (B) The transcript level of
each PHD finger gene in the wild-type strain XL280 cultured in YPD medium for 16 h was measured by
real-time PCR. The transcript level of TEFT was used as a reference. The error bars indicate standard
deviations. dCt (delta cycle threshold) = C; (PHD gene) — C; (TEF1).

and melanization. Many fungal species cannot tolerate or grow at mammalian body
temperature (33), a prerequisite for systemic infections. Consequently, temperature-
sensitive cryptococcal mutants, such as calcineurin mutants or RAM pathway mutants,
are often avirulent (34-36). Most of the PHD gene deletion mutants grew well at 30°C,
37°C, or 39°C, similar to the wild type (WT) (Fig. 5A). The bye1A mutant showed modest
growth reduction at 37°C, while the phd3A and phd15A mutants showed severe growth
defects at both 30°C and 37°C (Fig. 5A). Colonies of the phd3A and the phd15A mutants
were smaller than those of the wild type even at 30°C, and their growth defects
appeared to be much more severe at higher temperatures. At 39°C, there was barely
any growth observed in the phd3A mutant or the phd15A mutant, and some growth
was recovered after temperature downshift from 39°C to 30°C (Fig. 5B). To determine
if the smaller colony size was due to a lower growth rate or a smaller cell size at 30°C,
we examined the generation time of the phd3A mutant and its cell size. We did not
observe any significant difference in cell size in the phd3A mutant compared to the wild
type (Fig. 5C). As expected, the generation time for the phd3A mutant was twice as long
as that of the wild type at 30°C in YPD liquid culture (Fig. 5D). We also tested the
sensitivities of all the PHD finger deletion mutants to UV radiation. Most had sensitivity
to UV radiation similar to that of the WT strain (Fig. 6A), with the exception of the phd3A
mutant, which showed increased resistance (Fig. 6A and B). Interestingly, the other
slow-growing phd15A mutant did not show significantly increased resistance to UV
radiation, suggesting that Phd3 and Phd15 are not functionally identical. Melanin and
capsule production are two other major virulence traits of Cryptococcus. All the mutants
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FIG 3 PHD genes show differential patterns of expression during unisexual mating. Shown are the
changes in the transcript levels of PHD genes in the wild-type strain cultured under mating-stimulating
conditions (V8 medium) for different times. The overnight culture of the wild type in YPD medium was
used as the zero time point. The transcript level of each gene at 24 h, 48 h, and 72 h after inoculation
on V8 was compared to that in YPD medium. The FPKMs of TEFT at the different time points were used
as a reference. Two-way analysis of variance (ANOVA) multicomparison was used for statistical analysis.
Statistical significance is shown below (ns, not significant [P > 0.05]; *, P = 0.05; **, P = 0.01; ***, P =
0.001; **** P = 0.0001).

were capable of producing melanin on L-3,4-dihydroxyphenylalanine (.-DOPA) medium
(see Fig. S1A in the supplemental material), and all formed capsule with no apparent
defects based on microscopic examination using India ink negative staining (see Fig.
S1B in the supplemental material). Thus, it appears that most of the PHD genes are not
critical for expressing these classic virulence traits.

Five PHD genes are important for yeast-hypha transition. Besides the classic
virulence traits, the morphotype has a profound impact on cryptococcal interactions
with various hosts. Filamentation confers on Cryptococcus resistance to predation by
soil amoebas (37), but filaments are immune stimulatory in a mouse model of crypto-
coccosis (5, 38). As PHD domain proteins are known to be involved in development in
plants and animals (20, 39, 40), we decided to examine their roles in morphogenesis
and sexual development in Cryptococcus. C. neoformans undergoes bisexual mating
involving « and a cells (no mating type switch) (7, 41), and it can also undergo
unisexual development that involves cells of only one mating type (42). During
unisexual development, colonies derived from a single cell (and thus a single mating
type) can filament and generate meiotic progeny (25, 27, 28, 42).

We first examined these PHD gene deletion mutants for self-filamentation during
unisexual development at 48 h and 96 h after inoculation on V8 medium. Filamentation
in wild-type XL280 became obvious under a stereoscope at 48 h postinoculation, and
filaments were clearly visible as the white fluffy edge of the colony at 96 h postinoc-
ulation (Fig. 7). Among the 15 mutants, 5, namely, byel1A, phd11A, set302A, rum1ad, and
znflad, displayed alteration in filamentation (Fig. 7). Reduction in filamentation was
also observed in the phd3A and phd15A mutants. However, given their growth defects
and temperature-sensitive phenotype (Fig. 5), we decided not to focus on these two
mutants. The byeTA and phd11A mutants showed more robust hyphal growth than the
wild type both at 48 h and at 96 h postinoculation (Fig. 7A and B), indicating that Bye1
and Phd11 normally repress filamentation. In contrast, the set302A mutant exhibited
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FIG 4 Transcript levels of PHD genes during bisexual mating. The transcript levels of the PHD genes
during XL280 a-« bisexual mating were measured by real-time PCR at 3 h, 10 h, 24 h, 48 h, and 72 h after
inoculation on V8 mating-inducing medium. The transcript level of TEFT was used as a reference.
Two-way ANOVA multicomparison was used for statistical analysis. The transcript level of each gene at
24 h, 48 h, and 72 h postinoculation on V8 medium was compared to that in YPD medium. Statistical
significance is shown below. None of the data at 3 h and 10 h showed significant difference from the 0-h
time point. ns, not significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, P < 0.0001. The error bars indicate
standard deviations.

drastically reduced filamentation at both time points examined (Fig. 7A and B), sug-
gesting that Set302 is an activator for filamentation. Interestingly, the rumiaA and
znflaA mutants showed slightly increased robustness in filamentation at 48 h but
ended up with shorter filaments than the wild type at 96 h (Fig. 7A and B). This suggests
that Rum1 and Znf1 repress the initiation of filamentation but are required for sus-
tained hyphal growth.

Filamentation precedes sporulation in Cryptococcus. To examine if the five PHD
genes that regulate filamentation also play a role in sporulation, we examined the
corresponding gene deletion mutants for their ability to sporulate. The wild-type strain
produced basidia with four long chains of spores after 1 week of incubation on V8
medium (see Fig. S2 in the supplemental material). The set302A mutant rarely yielded
spore chains at this point but eventually produced spores after prolonged incubation.
This delay in sporulation was likely due to its severely impaired hyphal growth (Fig. 7A
and B). All the other mutants were able to produce normal and abundant spore chains
(see Fig. S2 in the supplemental material). This result demonstrates that PHD genes
were not specifically required for sporulation.

Based on the results obtained with the gene deletion mutants, five PHD genes,
namely, BYE1, PHD11, SET302, RUM1a, and ZNF1«, play important roles in regulating
filamentation. To further examine their roles in filamentation, we decided to constitu-
tively express these PHD genes using the promoter of the housekeeping gene GPD1.
For Phd11, we also fused the fluorescence protein mCherry in frame to its C terminus.
We then introduced these PHD gene overexpression constructs ectopically into the
corresponding gene deletion mutants. Increased transcript levels of the PHD genes in
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FIG 5 The phd3A and phd15A mutants have temperature-dependent growth defects and longer generation times. (A and B) The PHD
finger gene deletion mutants and the wild-type strain were cultured on YPD medium at 30°C, 37°C, and 39°C. (C) The cell sizes of the
phd3A and wild-type strains were measured microscopically, and there was no statistically significant difference in cell size. The error bars
indicate standard deviations. (D) The generation times of the phd3A and wild-type strains cultured in YPD liquid medium were examined
by plotting changes in the optical density at 600 nm against time.

the transformants were observed based on the real-time PCR results (see Fig. S3 in the
supplemental material), indicating that these strains indeed overexpress the corre-
sponding PHD genes compared to the wild type. We then examined self-filamentation
of these strains. We found that overexpression of SET302, RUM1a, and ZNFl1a led to
complete or partial restoration of filamentation in the corresponding set302A, rum1aA,
and znflaA mutants (Fig. 7C). Interestingly, overexpression of BYET and PHD11 sup-
pressed the overly robust filamentation of the byelA and phd11A mutants (Fig. 7C),
corroborating their roles as repressors of filamentation. Collectively, our data indicate
that these five PHD genes play important roles in controlling filamentation. The
phenotypes of the gene deletion mutants and the gene overexpression strains indicate
that Bye1 and Phd11 suppress filamentation while Set302 enhances filamentation.
Rum1 and Znf1 suppress the initiation of filamentation, but they are important to
sustain filamentous growth.

Impacts on the pheromone and the filamentation genes caused by changes in
the PHD finger genes. The evidence presented above reveals the importance of the
five PHD genes in regulating filamentation. As mentioned in the introduction, the
pheromone pathway is a well-characterized pathway that activates filamentation in
Cryptococcus under mating-inducing conditions. The transcription factor Mat2 is essen-
tial in controlling this pheromone-sensing and response pathway and is required for
cell fusion (11). Mat2 then activates Znf2 under mating-inducing conditions (6, 11). Znf2
is the key transcription factor that is required for filamentation under all conditions
tested. Deletion of ZNF2 itself does not abolish the pheromone pathway or cell fusion
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FIG 6 Sensitivity of the PHD gene deletion mutants to UV radiation. (A and B) The wild-type strain, along
with all PHD finger gene deletion mutants, was inoculated onto YNB medium and air dried. The cells were
then treated with 300 J/m2 of UV for 0's, 3 s, and 5 s.

(11). Since the disruption of the PHD finger genes altered filamentation, we speculate
that these PHD finger genes may directly or indirectly affect Znf2 via pheromone-
dependent or pheromone-independent pathways.

If a mutant cannot sense or respond to pheromones, cell fusion is abolished, as we
observed previously for the mat2A mutant (11). To determine if any of the five PHD
finger proteins are essential for cell fusion, the gene deletion mutants in the XL280«
background (G418 resistant or NAT resistant) were cocultured with the wild-type a
mating partner carrying a different drug selection marker on V8 medium. Cell fusion
products with two different drug resistance markers were easily recovered from all
crosses between the PHD deletion mutants («) and the wild-type a mating partner. In
contrast, no fusion products were recovered when the mat2A mutant was cocultured
with a compatible wild-type mating partner, consistent with the essential role of Mat2
in cell fusion. The ability of the PHD mutants to undergo bisexual mating is also
supported by the fact that we obtained all the PHD mutants in the mating type a
background by crossing the mutants in the & mating type with XL280a (Table 2). The
results indicate that these PHD genes, unlike genes in the pheromone pathway, are not
essential for cell fusion.

We further examined the effect of the disruption or overexpression of the PHD
genes on the expression of the pheromone pathway controlled by Mat2 and the
filamentation pathway controlled by Znf2. Here, we chose to measure the transcript
levels of MFa and CFLI1, the respective downstream factors of Mat2 and Znf2. It is
known that their transcript levels reflect the activities of the two transcription factors
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FIG 7 Mutations of the five PHD genes affect self-filamentation. The wild-type, byelA, phd114, set3024,
rumlad, and znflaA strains were cultured on V8 agar medium at 22°C for 48 h (A) or 96 h (B and C).
The wild type and strains with overexpression of BYE1, PHD11, SET302, RUM1«, and ZNF1a in the
corresponding gene deletion mutant background were cultured on V8 agar medium for 96 h. The

upper images show whole colonies, while the lower images show enlarged views of the edges of
colonies. Bars, 10 um (upper panels in white) and 5 um (lower panels in black).

(6, 11, 29). All the transcript levels in the mutants and the wild-type control were
normalized to that of the wild type cultured in YPD medium (Fig. 8; see Fig. S4 in the
supplemental material).

Cfl1 is a hypha-specific protein downstream of Znf2, and the transcript level of CFLT
correlates with filamentation (6, 11, 12, 43). In the byeTA mutant, the transcript level of
CFL1 was approximately 16-fold higher than that of the wild type (Fig. 8B), consistent
with the enhanced filamentation of the byelA mutant (Fig. 7A and B). In the BYE71°¢
strain, the pattern was reversed, and the transcript level of CFLT was more than 16-fold
lower than that of the wild type (Fig. 8E). This is consistent with the decreased
filamentation observed in the BYE7°¢ strain (Fig. 7C). Similarly, a higher CFLT transcript
level (~25-fold) at the 16-h time point was observed in the phd11A mutant (Fig. 8A),
consistent with the enhanced filamentation of the mutant (Fig. 7A and B). Again, the
pattern was reversed, with a much lower CFL1 transcript level (>8-fold reduction) in the
PHD11°¢ strain (Fig. 7D), consistent with the reduced filamentation of the PHD11°¢
strain (Fig. 7C). The rum1aA and the znflaA mutants showed increased transcript levels
of CFL1 (about 4- to 8-fold) at the 16-h time point. However, their CFL1 transcript levels
became comparable to that of the wild type at the 24-h time point. This is consistent
with our speculation that Rum1 and Znf1 suppress the initiation of hyphal growth but
are needed to sustain filamentous growth. The CFL1 transcript level was about 4-fold
lower in the set302A mutant than that of the wild type at the 24-h time point (Fig. 8B),
consistent with its reduced filamentation (Fig. 7A and B). Surprisingly, the CFL1 tran-
script level in the SET302°¢ strain was still about 4- to 6-fold lower than that of the wild
type, even though the strain showed robust hyphal growth. Overall, the transcript
levels of CFLT in the PHD gene deletion and gene overexpression strains are largely
consistent with their impacts on filamentation.

In contrast to CFLT, the MFa transcript levels in these PHD gene deletion and
overexpression strains were not as predictable. For example, the set302A and byelA
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TABLE 2 Strains and plasmids used in this study

Source or
Strain or plasmid Genotype reference
Strains
XL280« Wild type 43
XL280a Wild type 12
YM1 MATa PHD1:G418 This study
YM3 MATa PHD1:G418 This study
YM8 MAT« BYET:G418 This study
YM10 MATa PHD3:G418 This study
YM12 MATa PHD3::G418 This study
YM20 MATa PHD4::G418 This study
YM23 MATa PHD4:G418 This study
YM27 MATa PHD5::G418 This study
YM28 MAT a PHD5:G418 This study
YM32 MATa PHD6::G418 This study
YM34 MATa PHD7:G418 This study
YM38 MATa PHD7:G418 This study
YM42 MATa PHDS8::G418 This study
YM45 MATa PHD8:G418 This study
YM66 MAT« PHD9:NAT This study
YM50 MATa PHD11:NAT This study
YM52 MATa PHD11:NAT This study
YM60 MATa SET302:NAT This study
YF36 MATa SET302:NAT This study
YM61 MATa RUMT:NAT This study
YF92 MATa RUMT1:NAT This study
XL571 MATo ZNFT:NAT 11
YM69 MATa ZNF1:NAT This study
YM62 MATa PHD15:NAT This study
YF63 MATa PHD15:NAT This study
YM63 MATa PHD16:NAT This study
YM64 MATa PHD16:NAT This study
YM72 MATa Pgpp;-PHD11-mCherry:NEO This study
YF58 MATa Pgpp;-SET302-HYG SET302:NAT This study
YF27 MATo RUMT:NAT Pgpp,-RUMT-HYG This study
YF30 MATa ZNF1:NAT Pgpp,-ZNF1-HYG This study
YF159 MATa Pgpp;-BYET-HYG BYET:NEO This study
XL574 MATa ZNF2:NAT 11
YF133 MATa PHD11:NAT ZNF2:NAT This study
XX17 MATo ZNF2:NAT P g ,-mcherry-ZNF2 (G418) 33
LW1 MATa ZNF2:NAT P gpp;-ZNF2D-NEO 6
YF127 MAT« Pgpp;-PHD11-HYG ZNF2:NAT pCTR4- This study
mcherry-ZNF2 (G418)
XL1348 MATa XL280a G418" This study
XL1109 MATa XL280« NAT" This study
XL1142 MATa JEC20a NAT" This study
XL1411 MATa JEC20a G418 This study
XL942 MATa MAT2:NAT 11
Plasmids
pXL1-PHD11-mcherry Psroi-PHD11-mCherry-G418 This study
pXL1-SET302 Psppi-SET302-HYG This study
PXL1-RUM1 Pgpn-RUMT-HYG This study
pXL1-ZNF1 Psppi-ZNF1-HYG This study
PXL1-PHD11 Pgpp-PHD11-HYG This study
pXL1-BYE1 PGPD1-BYE1-HYG This study
pPZP-NEO1 pPPZP-NEO1 50
pPZP-NATcc pPZP-NATcc 50

mutants showed opposite phenotypes in term of filamentation, but their MFa tran-
script levels were similar. In the BYET7°¢ strain, the MFo level decreased dramatically
(~2>-fold changes) at the 16-h and 24-h time points compared to that of the wild type.
In the rumTaA and znflaA mutants, the MFa transcript levels were comparable with
that of the wild type, while the transcript level of MFa in the rum7aA mutant showed
only about 2-fold reduction at the 24-h time point. The transcript levels of MFa were
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FIG 8 The transcript level of the filamentation marker CFLT shows good correlation with the filamentation phenotypes of the PHD gene deletion or
overexpression strains. The transcript levels of CFLT were measured by real-time PCR in the wild type, the five PHD gene deletion mutants (byelA, phd11A,
set302A, rumiad, and znflad), and overexpression strains (BYET°¢/byel1A, PHD11°¢/phd11A, and SET302°¢/set302A). Overnight cultures of these strains in YPD
liquid medium were considered the zero time point. The cells were then cultured on V8 agar medium for 16 h and 24 h. The CFL1 transcript level in the wild
type at the zero time point was used for normalization. The y axes show the log, changes in the transcript level of CFL1. The error bars indicate standard
deviations.

significantly different in the phd11A and PHD11°¢ strains at the 16-h time point (see Fig.
S4 in the supplemental material), and the difference became smaller at the later time
point. The inconsistency of the MFa transcript levels in these strains with the mutant
phenotype in filamentation is consistent with the idea that the pheromone pathway is
not the major effector of these PHD proteins.

Phd11 functions upstream of Znf2 in regulating filamentation. Although Znf2 is
well established in its essential role for hyphal growth (6, 11, 12), the regulatory circuits
controlling Znf2, especially factors that suppress filamentation, are unclear. Given the
phenotypes of the PHD11 gene deletion mutant (enhanced filamentation) and the
overexpression strain (reduced filamentation) (Fig. 7A to C), Phd11 works as a suppres-
sor of filamentation. Here, we decided to further investigate the relationship between
Phd11 and Znf2. First, we examined the impacts of deletion and overexpression of ZNF2
on the transcript level of PHD11. As shown in Fig. 9A, the PHD11 transcript levels in the
wild-type strain, the znf2A mutant, and the ZNF2°¢ strain were similar regardless of
whether cells were cultured in YPD or on V8 medium. This suggests that Znf2 does not
affect Phd11 at the transcript level. We then examined the transcript level of ZNF2 in
the wild type, the phd11A mutant, and the PHD11°¢ strain. As expected, the transcript
level of ZNF2 was low when wild-type cells were cultured in YPD and it was drastically
increased (~25-fold higher) when the wild-type cells were cultured on V8 medium (Fig.
9B). Although the deletion of PHD17 did not show much impact on the ZNF2 transcript
level, the overexpression of PHD11 led to a drastically reduced transcript level of ZNF2
(>2¢-fold reduction) on V8 medium when ZNF2 is normally induced in the wild type.
Altogether, Phd11 may act upstream of Znf2 and negatively affect the ZNF2 transcrip-
tional level.

To further investigate the relationship between PHD11 and ZNF2, we made the
phd11A znf2A double mutant. The phd77A single mutant showed enhanced filamen-
tation, while the znf2A single mutant had filamentation abolished (Fig. 9C). The phd11A
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FIG 9 Phd11 functions upstream of the master morphogenesis regulator Znf2. (A) WT, znf2A, and ZNF2°¢ cells were cultured in YPD liquid medium
overnight or on V8 agar medium for 24 h. The transcript levels of PHD11 were measured by real-time PCR. The PHD11 transcript level in the
WT cultured in YPD medium was used as a reference. (B) WT, phd11A, and PHD11°¢ cells were cultured in YPD liquid medium overnight or
on V8 medium for 16 h. The transcript levels of ZNF2 were measured by RT-PCR. The ZNF2 transcript level of the WT cultured in YPD was
used as a reference. (C) WT, phd11A, znf2A, and phd11Aznf2A double-mutant cells were cultured on V8 agar medium for 3 days. (D) Diagram
of the strain with constitutive expression of PHD11 driven by the GPD1 promoter and the inducible expression of ZNF2 driven by the CTR4
promoter. The expression of ZNF2 is induced by copper limitation and suppressed by excess copper. (E) The WT, the P,,-PHD11/phd11A
strain, the P,,-ZNF2/znf2A strain, and the Pgpp,-PHD11/P75,-ZNF2/znf2A strain were cultured on copper-limited V8 juice agar medium
(ZNF2-inducing condition) and on V8 agar supplemented with 50 uM CuSO, (ZNF2-suppressing condition). The error bars indicate standard

deviations.

znf2A double mutant showed no hyphal growth, similar to the znf2A single mutant
(Fig. 9C). Thus, the deletion of PHD11, although it increased filamentation in a wild-type
background, failed to confer filamentation on the znf2A mutant.

To further examine the relationship between Phd11 and Znf2, we constructed a
strain with constitutive overexpression of PHD11 and inducible expression of ZNF2. We
hypothesized that if Phd11 functions upstream of Znf2, then overexpression of PHD11
when ZNF2 is not expressed would recapitulate the znf2A-like nonfilamentous pheno-
type. On the other hand, overexpression of the downstream factor ZNF2 should
overcome the suppressive effect of the overexpression of PHD11 and drive robust
filamentation. For this purpose, we had PHD11 driven by the constitutively active GPD1
promoter and ZNF2 by the inducible promoter of the copper transporter gene CTR4
(Fig. 9D). Because V8 medium itself is slightly copper limiting, the CTR4 promoter would
be activated under these conditions, and consequently, ZNF2 would be expressed.
Indeed, the Pr,-ZNF2/znf2A strain showed robust hyphal growth on V8 medium (Fig.
9E). The addition of copper to V8 medium suppresses the CTR4 promoter, and ZNF2 is
not expressed. Consistently, the Pz,-ZNF2/znf2A strain grew only yeast colonies in the
presence of copper (Fig. 9E). When PHDT1 was constitutively overexpressed, the
Psepi-PHD11/phd11A strain showed repressed hyphal growth compared to the wild
type (Fig. 9E). When both PHD11 and ZNF2 were expressed on V8 medium, the
Psppi-PHD11/P 7p,-ZNF2/znf2A strain showed robust hyphal growth, similar to the
ZNF2°¢ strain (Fig. 9E). When excess copper ion was added to the V8 medium,
the expression of ZNF2 was suppressed. This resulted in the nonfilamentous phenotype
of the Pgpp;-PHD11/P1,-ZNF2/znf2A strain (Fig. 9E), as we predicted. These results
again corroborate the essential role of Znf2 in filamentation and demonstrate that
Phd11 indeed functions upstream of Znf2 in controlling the yeast-to-hypha morpho-
logical change.

May 2018 Volume 84 Issue 9 e01732-17

aem.asm.org 13


http://aem.asm.org

Meng et al.

DIC mCherry DAPI Merge

't

FIG 10 Phd11 is located in the nucleus. The Phd11-mCherry strain was cultured in YPD medium. Cells
were fixed and stained with DAPI. DIC, differential inference contrast.

DISCUSSION

The PHD finger is found in many chromatin-remodeling proteins in eukaryotes (20,
39, 40), and their activities could lead to altered gene expression and, consequently,
regulate various biological processes. In our study, we systematically deleted PHD
finger genes in the environmental opportunistic fungal pathogen C. neoformans. We
found that PHD3 and PHD15 are critical for thermotolerance. Given that growth at
mammalian body temperature is a prerequisite for cryptococcal pathogenesis, it would
be interesting to identify the effector genes and to investigate their potential impacts
on cryptococcal virulence in the future. Interestingly, we identified five PHD genes,
namely, BYET, PHD11, SET302, RUM1, and ZNF1, that contribute to the yeast-hypha
morphological switch in Cryptococcus. Accordingly, we found that the deletion or
overexpression of these five PHD genes alters the expression of filamentation-related
genes. Among the products of the five PHD finger genes, Byel and Phd11 work as
suppressors of filamentation and Set302 functions as an activator of filamentation.
Rum1 and Znf1, two PHD proteins encoded in the MAT locus, suppress the initiation
of filamentation but are important for maintaining robust hyphal growth. We chose
to investigate Set302 and Phd11 further because set302A and phdi11A strains
showed the most dramatic and opposing phenotypes in terms of filamentation.
Set302 and Phd11 are predicted to be nuclear proteins due to the presence of a
nuclear localization signal (NLS). While attempts to construct mCherry-fused Set302
failed, the generated Phd11-mCherry indeed yielded stable and clear fluorescence
that colocalized with DAPI (4',6-diamidino-2-phenylindole) staining (Fig. 10). The
nuclear localization of Phd11 is consistent with its predicted nuclear function as a
chromatin reader. Phd11 harbors a predicted histone acetyltransferase MOZ-SAS
domain, while Set302 contains a SET domain. The unique domain structures in
these two PHD proteins suggest that Phd11 and Set302 may act not only as readers
of histone modifications, due to their PHD domains, but also as writers of histone
modifications. Further mechanistic studies are warranted to fully understand their
modes of action.

MATERIALS AND METHODS

Strains and growth conditions. The strains used in this study are listed in Table 2. All the strains
were stored as glycerol stocks at —80°C. For experiments, cells were streaked out from freezer stocks and
cultured on YPD medium at 30°C unless otherwise indicated.

Construction of gene deletion mutants and overexpression strains. For gene deletion, we used
the method of double-joint PCR as described previously (44). Briefly, two partially overlapping parts of
the chosen drug selection marker (NEO, NAT, or HYG) were fused with the 5’ or 3’ flanking region (1 kb)
of the open reading frame (ORF) of each gene of interest. The mixture of the pair of fusion products was
then introduced into the recipient strain by biolistic transformation as described previously (45).
Transformants grown on the drug-selective medium (YPD plus NAT, YPD plus NEO, or YPD plus HYG)
were checked for stability, and stable transformants were then screened for homologous replacement
events based on diagnostic PCR, as described previously (46). The primers used in generating gene
knockout strains and for screening the homologous replacement events are listed in Table 3. For gene
overexpression, the ORF of the gene of interest was amplified using the genomic DNA of the wild-type
strain XL280 as a template. The resulting amplicons were digested with restriction enzymes Fsel and Pacl,
and the digested products were then inserted into the plasmid pXL1 after the GPD1 promoter as
described previously (6). The resulting plasmids were linearized after restriction enzyme digestion and
then introduced into C. neoformans cells by biolistic transformation as described previously (45).
Transformants grown on the drug-selective medium (YPD plus NAT, YPD plus NEO, or YPD plus HYG)
were examined for stability after 5 passages on nonselective medium, and the stable transformants were
confirmed by phenotypic assay, diagnostic PCR, or real-time PCR. For the inducible expression system,
the construct was generated by the same method except that the amplicon was inserted after the CTR4
promoter as described previously (6).
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TABLE 3 Primers used in this study

Applied and Environmental Microbiology

Primer no. Name Sequence

M13F GTAAAACGACGGCCAG

M13R AACAGCTATGACCATG
Linlab2091 PHD1-Left Forward CTACATGTGACACTTACCGTACTG
Linlab2092 PHD1-M13F complement+Left Reverse CTGGCCGTCGTTTTACCTGGTAGATGAGCGCTATG
Linlab2093 PHD1-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCTATCCATACCCCTTATAATG
Linlab2094 PHD1-Right Reverse AAGAATTGGAGGATTTACAAAG
Linlab2095 PHD1-Far left forward TCGTCTCGAGAGGTAGTTGTC
Linlab2096 BYE1-Left Forward ACATGCAGCTTTGTGATACG
Linlab2097 BYE1-M13F complement+Left Reverse CTGGCCGTCGTTTTACAAGCTGTGTCTATCCCGC
Linlab2098 BYE1-M13R complement+Right Forward GTCATAGCTGTTTCCTGGTATTGTTGCACGTGTTCAGTC
Linlab2099 BYE1-Right Reverse AGCGCTGTTATTTCTTATCG
Linlab2100 BYE1-Far left forward ATGCGACTCCACCACTACTAG
Linlab2288 BYE1-Left-forward-nested CATGGCTTTGTTGCTTCAC
Linlab2101 PHD3-Left Forward CACGAAAGTATCTTCATTCATTG
Linlab2102 PHD3-M13F complement+Left Reverse CTGGCCGTCGTTTTACTGTAGGGCGAATTATATGG
Linlab2103 PHD3-M13R complement+Right Forward GTCATAGCTGTTTCCTGTACTATCGTTACTGGCACATAC
Linlab2104 PHD3-Right Reverse GAAACTCACTGCCGTAGAGG
Linlab2105 PHD3-Far left forward GCTACCTCTTTGTCTACTACTGC
Linlab2106 PHD4-Left Forward CCTATCGATGGAGTAGAGCC
Linlab2107 PHD4-M13F complement-+Left Reverse CTGGCCGTCGTTTTACATTCATGCCCTCGGAGC
Linlab2108 PHD4-M13R complement+Right Forward GTCATAGCTGTTTCCTGATCCTGCCTTTCTCAATGC
Linlab2109 PHD4-Right Reverse CATCCATCACACTGCATACTC
Linlab2110 PHD4-Far left forward GCATCCAGGACAATTACATC
Linlab2225 PHD4-Right reverse2 CGCCTTTCATGACTCTCG
Linlab2289 PHD4-Left-forward-nested TGTTCAGCCCTTCTCGTG
Linlab2160 PHD5-Left Forward GGACGAGAGAGAGGACGAG
Linlab2161 PHD5-M13F complement-+Left Reverse CTGGCCGTCGTTTTACAGATGCACCGATGAGCG
Linlab2162 PHD5-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCATCGGCGTTTGACTG
Linlab2163 PHD5-Right Reverse ATCCGAGCTGTCGTTGG
Linlab2164 PHD5-Far left forward CCATCACCTCCGAGCT
Linlab2165 PHD6-Left Forward AGCAACGCTGGATCTGG
Linlab2166 PHD6-M13F complement+Left Reverse CTGGCCGTCGTTTTACATACAGCGATGGAAAGTGG
Linlab2167 PHD6-M13R complement+Right Forward GTCATAGCTGTTTCCTGGTGCATAGGCATATACTTGG
Linlab2168 PHD6-Right Reverse GGTACCGCCTGCACAAG
Linlab2169 PHD6-Far left forward TGGAGGTCCTCGAACTCTG
Linlab2348 PHD6-Left Forward-nested GGCGACAACAGTTGCATAG
Linlab2349 PHD6-Right reverse-nested TCAGCAGACTCAATCAGCG
Linlab2170 PHD7-Left Forward AAACGGTATTGATCTTCGC
Linlab2171 PHD7-M13F complement+Left Reverse CTGGCCGTCGTTTTACACTGATGCGATGTTATGCC
Linlab2172 PHD7-M13R complement+Right Forward GTCATAGCTGTTTCCTGCGTTCACCGAACTGTACG
Linlab2173 PHD7-Right Reverse CTGTTGTTGCCAACCCTG
Linlab2174 PHD7-Far left forward AGAGCCGCTGAGTCCTTC
Linlab2175 PHD8-Left Forward CGGTCATGGCGTAGAGTC
Linlab2176 PHD8-M13F complement+Left Reverse CTGGCCGTCGTTTTACAAGACAAGGGCAAAGCG
Linlab2177 PHD8-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCATGTGCATCTCCTCTCC
Linlab2178 PHD8-Right Reverse CCCAGAGCCATCTAGCG
Linlab2179 PHD8-Far left forward AGGCGACTTTCGTGATTG
Linlab2356 PHD9-Left forward-nested GGCTGCGAAGGACAAAG
Linlab2357 PHD9-Right reverse-nested TGGCTTCCTGTCACTTGC
Linlab2220 PHDO9-Left Forward CACGAGCACTTGGATGG
Linlab2221 PHD9-M13F complement+Left Reverse CTGGCCGTCGTTTTACATTGACAACAGGTGGATGC
Linlab2222 PHD9-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCTCCAGATCCGAGATTG
Linlab2223 PHD9-Right Reverse AGTTCACTGGGGTGTTGC
Linlab2224 PHD9-Far left forward GCGAGGAATTTGAACCAG
Linlab2190 PHD11-Left Forward CATCAAACTCTGCCACAGG
Linlab2191 PHD11-M13F complement+Left Reverse CTGGCCGTCGTTTTACCGTGTCTCATGCATGGAG
Linlab2192 PHD11-M13R complement+Right Forward GTCATAGCTGTTTCCTGCAAGTTTCGGGCTTTGG
Linlab2193 PHD11-Right Reverse GTGGACCGAGGCGAAAG
Linlab2194 PHD11-Far left forward GGCCGTGAAGCGTGTAG
Linlab2195 SET302-Left Forward GGTCCGACATTTTCCAGG
Linlab2196 SET302-M13F complement+Left Reverse CTGGCCGTCGTTTTACATCTACAAGCGGGTCAGG
Linlab2197 SET302-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCGTTACCGTTGTTGTCC
Linlab2198 SET302-Right Reverse CCCCTTTTCGCTTTTGC
Linlab2199 SET302-Far left forward AAGCGTTGGGATCCCAG
Linlab2350 SET302-Left forward-nested CTCGCTTTCGGGATGAG
Linlab2351 SET302-Right reverse-nested CAACGGCTTAACCCTGTC
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TABLE 3 (Continued)
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Primer no. Name Sequence

Linlab2200 RUM1-Left Forward GCCACAACTCGTCCGTG

Linlab2201 RUM1-M13F complement+Left Reverse CTGGCCGTCGTTTTACAAAGGGAGTGCGTGCTG
Linlab2202 RUM1-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCTTCCAGATTCGTGAGC
Linlab2203 RUM?1-Right Reverse GAGCTGCTCGATGTACCAC

Linlab2204 RUM1-Far left forward CGTCACCATCATTTCCG

Linlab2205 ZNF1-Left Forward AACTCCTGGGCTCAACG

Linlab2206 ZNF1-M13F complement+Left Reverse CTGGCCGTCGTTTTACTTTGCACAGGGTGACCAG
Linlab2207 ZNF1-M13R complement+Right Forward GTCATAGCTGTTTCCTGATTCCGGCTGATGCTTC
Linlab2208 ZNF1-Right Reverse CCAAGCTTGGCAATTCG

Linlab2209 ZNF1-Far left forward GCAAGCGTTGGCTCAAC

Linlab2210 PHD15-Left Forward TGTGAAGCCGAGGGACC

Linlab2211 PHD15-M13F complement+Left Reverse CTGGCCGTCGTTTTACAGATGGATGAGTGGCGG
Linlab2212 PHD15-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCGAGATGGTTGCTTTTG
Linlab2213 PHD15-Right Reverse TCCAACCTCCAACACCAC

Linlab2214 PHD15-Far left forward GCTTCCGGGGATAAACC

Linlab2352 PHD15-Left forward-nested TGGCTAGAGGAATGGCTG

Linlab2353 PHD15-Right reverse-nested TGTGTTTTGCGGTGTTGAG

Linlab2354 PHD16-Left forward-nested CACCGAGTACAGCTGCAAC

Linlab2355 PHD16-Right reverse-nested GGCGTTCAGACTCCTTTG

Linlab2176 PHD8-M13F complement+Left Reverse CTGGCCGTCGTTTTACAAGACAAGGGCAAAGCG
Linlab2177 PHD8-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCATGTGCATCTCCTCTCC
Linlab2178 PHD8-Right Reverse CCCAGAGCCATCTAGCG

Linlab2179 PHD8-Far left forward AGGCGACTTTCGTGATTG

Linlab2356 PHD9-Left forward-nested GGCTGCGAAGGACAAAG

Linlab2357 PHD9-Right reverse-nested TGGCTTCCTGTCACTTGC

Linlab2220 PHD9-Left Forward CACGAGCACTTGGATGG

Linlab2221 PHD9-M13F complement+Left Reverse CTGGCCGTCGTTTTACATTGACAACAGGTGGATGC
Linlab2222 PHD9-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCTCCAGATCCGAGATTG
Linlab2223 PHD9-Right Reverse AGTTCACTGGGGTGTTGC

Linlab2224 PHD9-Far left forward GCGAGGAATTTGAACCAG

Linlab2190 PHD11-Left Forward CATCAAACTCTGCCACAGG

Linlab2191 PHD11-M13F complement+Left Reverse CTGGCCGTCGTTTTACCGTGTCTCATGCATGGAG
Linlab2192 PHD11-M13R complement+Right Forward GTCATAGCTGTTTCCTGCAAGTTTCGGGCTTTGG
Linlab2193 PHD11-Right Reverse GTGGACCGAGGCGAAAG

Linlab2194 PHD11-Far left forward GGCCGTGAAGCGTGTAG

Linlab2195 SET302-Left Forward GGTCCGACATTTTCCAGG

Linlab2196 SET302-M13F complement+Left Reverse CTGGCCGTCGTTTTACATCTACAAGCGGGTCAGG
Linlab2197 SET302-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCGTTACCGTTGTTGTCC
Linlab2198 SET302-Right Reverse CCCCTTTTCGCTTTTGC

Linlab2199 SET302-Far left forward AAGCGTTGGGATCCCAG

Linlab2350 SET302-Left forward-nested CTCGCTTTCGGGATGAG

Linlab2351 SET302-Right reverse-nested CAACGGCTTAACCCTGTC

Linlab2200 RUM1-Left Forward GCCACAACTCGTCCGTG

Linlab2201 RUM1-M13F complement+Left Reverse CTGGCCGTCGTTTTACAAAGGGAGTGCGTGCTG
Linlab2202 RUM1-M13R complement+Right Forward GTCATAGCTGTTTCCTGCCTTCCAGATTCGTGAGC
Linlab2203 RUM1-Right Reverse GAGCTGCTCGATGTACCAC

Linlab2204 RUM1-Far left forward CGTCACCATCATTTCCG

Linlab2205 ZNF1-Left Forward AACTCCTGGGCTCAACG

Linlab2206 ZNF1-M13F complement+Left Reverse CTGGCCGTCGTTTTACTTTGCACAGGGTGACCAG
Linlab2208 ZNF1-Right Reverse CCAAGCTTGGCAATTCG

Linlab2207 ZNF1-M13R complement+Right Forward GTCATAGCTGTTTCCTGATTCCGGCTGATGCTTC
Linlab2209 ZNF1-Far left forward GCAAGCGTTGGCTCAAC

Linlab2210 PHD15-Left Forward TGTGAAGCCGAGGGACC

Linlab2211 PHD15-M13F complement+Left Reverse CTGGCCGTCGTTTTACAGATGGATGAGTGGCGG
Linlab2212 PHD15-M13R complement+Right Forward GTCATAGCTGTTTCCTGGCGAGATGGTTGCTTTTG
Linlab2213 PHD15-Right Reverse TCCAACCTCCAACACCAC

Linlab2214 PHD15-Far left forward GCTTCCGGGGATAAACC

Linlab2352 PHD15-Left forward-nested TGGCTAGAGGAATGGCTG

Linlab2353 PHD15-Right reverse-nested TGTGTTTTGCGGTGTTGAG

Linlab2354 PHD16-Left forward-nested CACCGAGTACAGCTGCAAC

Linlab2355 PHD16-Right reverse-nested GGCGTTCAGACTCCTTTG

Linlab2215 PHD16-Left Forward CGATGCTGATTTACCCG

Linlab2216 PHD16-M13F complement+Left Reverse CTGGCCGTCGTTTTACTGGATGAAGAGTTGCTCG
Linlab2217 PHD16-M13Rcomplement+Right Forward GTCATAGCTGTTTCCTGCGGGATATCGGGTGTTC
Linlab2218 PHD16-Right Reverse AGCCTCGGACGATCCTG

Linlab2219 PHD16-Far left forward GTCTTGGAAGCAACCTCG
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TABLE 3 (Continued)
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Primer no. Name Sequence

Linlab2669 Fse1+PHD11 Left Forward TGATCTGGCCGGCCGACAGAATCAAACTCTCCATGC
Linlab2724 Asisi+PHD11 Right Reverse ATATGCGATCGCAACATCATAGTCAATATACTCCTCATC
Linlab3279 Pac1+PHD11Right Reverse GTTTAATTAATCAAACATCATAGTCAATATACTCC
Linlab2828 Fsel+BYE1-LeftForward TGATCTGGCCGGCCATGGCAGGTCCAGTCATC
Linlab3219 Pacl+BYE1-Right Reverse GTTTAATTAACTATTCCTCCTCCTTTTCTTC
Linlab2901 Fse1+SET302-Left Forward TGATCTGGCCGGCCAAATGGACACCATCAACC
Linlab3220 Pacl+SET302-Right Reverse GTTTAATTAATTATCCACCTCTCCCACG
Linlab2903 Fse1+RUM1+Left Forward TGATCTGGCCGGCCAATGCTGCCATCAAGCC
Linlab3137 Pacl+RUM1+Right Reverse GTTTAATTAATTATTGGTTCTCCATAGTAACATC
Linlab2949 Fse1+ZNF1+Left Forward TGATCTGGCCGGCCATGTGTATGTTTCACTACCTTG
Linlab3138 Pacl+ZNF1+Right Reverse GTTTAATTAACTAATTTTGGTTCTTAAAC
Linlab2405 PHD1-RT-left forward GCAAGGTGGAAGAAAACTG

Linlab2406 PHD1-RT-right reverse CGTTATCACAGCCAATCATC

Linlab2787 PHD2-RT-left forward CCTCGATGGCCTAGTCTAC

Linlab2788 PHD2-RT-right reverse GAACTCGACCGGATACTACTC

Linlab2407 PHD3-RT-left forward GTATGCCGAGATGGAGATG

Linlab2408 PHD3-RT-right reverse TCTTTCGCCTCTCAATACAC

Linlab2789 PHDA4-RT-left forward AGAAAGGGAGCTTTTCGAG

Linlab2790 PHD4-RT-right reverse CAGCGTCATAAGTTACCAATC

Linlab2791 PHD5-RT-left forward CTGAAGCTGCCGTCTCTG

Linlab2792 PHD5-RT-right reverse CTTCTTGCCTGACCCTTG

Linlab2793 PHD6-RT-left forward CAGAATCGTCAGCAAGAGC

Linlab2794 PHD6-RT-right reverse CGTTTCCATCCTCCATTG

Linlab2795 PHD7-RT-left forward GATGCGCAAGAGGTCGT

Linlab2796 PHD7-RT-right reverse TGTACGTGAGTGAATTTGAGTG

Linlab2629 PHD8-RT-left forward TGGGAAGCTAGCCTGATC

Linlab2630 PHD8-RT-right-reverse ATTCTCCTGCAGGCTTTC

Linlab2805 PHD9-RT-left forward CACTGCTAGATACCCACACC

Linlab2806 PHD9-RT-right reverse CTGCTGACGAGTGTCTTGC

Linlab2409 PHD11-RT-left forward ACCTGTCAAGCCTGTTACC

Linlab2410 PHD11-RT-right reverse CTCCTTCTGCATCGTCATC

Linlab2797 SET302 RT-left forward CGTTTAGTGGTTCGGGAG

Linlab2798 SET302-RT-right reverse TCCTCTTGACAATCCCAGAC

Linlab2799 RUM1-RT-left forward GATTCACGTGAAGGCTCTG

Linlab2800 RUM1-RT-right reverse CTCCATAGTAACATCTTCATCG

Linlab2821 ZNF1-RT-left forward CGACGGAACCGTACAATC

Linlab2822 ZNF1-RT-Right reverse GGCAGAGCAGTCGCAAT

Linlab2801 PHD15-RT-left forward CACGTCAAATGTGTCAACATC

Linlab2802 PHD15-RT-right reverse GTTGCCCTTGTCATTTGAG

Linlab2803 PHD16-RT-left forward CAGGTAAGGGATTGGACG

Linlab2804 PHD16-RT-right reverse CCTGAGTGATTTCCTCTACCT

Linlab1345 ZNF2-RT-Left Forward GCCATCTTACCCCTACCATCTAC

Linlab1346 ZNF2-RT-Right Reverse TGGACATAGGAACGCTGACAAT

Linlab329 TEF1-RT-Left forward CGTCACCACTGAAGTCAAGT

Linlab330 TEF1-RT-Right Reverse AGAAGCAGCCTCCATAGG

Linlab1341 CFL1-RT- Left forward CTCCACTCTCGTGCTCCTGAA

Linlab1342 CFL1-RT-Right Reverse AGTTCGCTTGCCTTTTCCTTT

Linlab1267 MFa-RT-Left Forward ATCTTCACCACCTTCACTTCT

Linlab1268 MFa-RT-Right Reverse CTAGGCGATGACACAAAGG

Construction of mCherry-fused Phd11. The PHD11 ORF was digested with the restriction enzymes

Fsel and Asisl and then introduced into the plasmid pXL1-mCherry between the GPDT promoter and
mCherry in frame (6). Linearized plasmids were introduced into the corresponding phd11A mutant by
biolistic transformation. Stable transformants were examined for the presence of mCherry fluorescence
and for the increased transcript level of PHD11 by real-time PCR. To examine the subcellular localization
of Phd11-mCherry, the strain was cultured in liquid YPD at 30°C overnight. The cells were fixed with
formaldehyde and stained or not with DAPI as described previously (42). Images were acquired using a
Zeiss Imager M2 with an Axiocam 506 camera with Zen 11 software (Carl Zeiss Microscopy). The mCherry
signal was visualized using the FL filter set 43 HE Cy3 (Carl Zeiss Microscopy).

Mating and isolation of recombinant progeny. For the self-filamentation assay, the strains were
first cultured in YPD liquid medium overnight. Cells were collected, washed with water, and
resuspended to achieve a cell density (optical density at 600 nm [ODg,,]) of 3.0. Then, 5 ul of the
cell suspension was spotted onto V8 juice agar (5% V8 juice, 0.5 g/liter KH,PO,, 4% agar, pH 7), and
the cells were incubated at 22°C in the dark for the indicated time before images of the colonies
were taken. For overexpression strains driven by the copper-inducible promoter, cells were main-
tained and cultured in YPD medium plus 200 uM bovine calf serum (BCS), washed, and resuspended
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to achieve a cell density (ODy,,) of 3.0. The cells were inoculated onto V8 or V8 plus 50 uM BCS agar
and then incubated as described above. The filamentation and the fruiting structure produced by
unisexual development of each mutant were examined under an Olympus CX41 microscope with a
20X objective after 2 weeks.

For bisexual mating, the « and a mating pair in equal cell numbers were mixed and cocultured on
V8 juice agar at 22°C in the dark. Bisexual mating was monitored by examining the production of mating
hyphae and spores microscopically. Spores were isolated by microdissection. The genotype of the gene
of interest (deletion or overexpression) of the dissected progeny was confirmed by diagnostic PCR and
by the presence or absence of the selective drug marker. The mating type of the dissected progeny was
determined by their ability to mate with reference strains JEC21a and JEC20a, as described previously
(12). Mendelian segregation of the mating type and the drug marker (gene deletion) was confirmed prior
to their use in the subsequent phenotypical analyses.

Cell fusion assays. Cell fusion assays were performed as previously reported (6, 11). Strains were first
cultured on YPD solid medium for 2 days. Cells were collected and resuspended in water. The cell
concentration was measured by spectrophotometer, and the OD,,, was adjusted to 3.00. Equal amounts
of mating partner cells were mixed, and 5 ul of the mixture was dropped onto V8 juice agar medium (pH
7.0). The byelA « mutant and the control wild-type XL280« strain with the G418 resistance marker
(XL1348) were cocultured with the wild-type mating partner JEC20a marked with NAT" (XL1142).
Similarly, the phd11Aq, set302Ac, rum1ad, znflad, and wild-type XL280« strains with the NAT resistance
marker (XL1109) were cocultured with the wild-type mating partner JEC20a marked with G418" (XL1411).
XL942a (mat2:NAT") and XL574a (znf2::NAT") cocultured with JEC20a marked with G418 (XL1411) were
used as the negative and positive controls. After 16 h of incubation at 22°C in the dark, colonies were
cut off from the plates and suspended in 1 ml water. After 45 s of vortexing, the cells were plated on YPD
selective medium with NAT and G418 drugs and examined for growth of the fusion products after 2 days
of incubation.

In vitro phenotypic assays. /n vitro phenotypic assays were performed as reported previously (47,
48). Briefly, cryptococcal strains were cultured in YPD liquid medium at 30°C with shaking overnight and
then washed twice with sterile water. All strains were adjusted to the same cell optical density (ODg,, =
3) and then 10X serially diluted. Then, the serial dilutions of each strain (4 ul) were spotted onto various
agar media for phenotypical analyses as described previously (49). To test melanin production, yeast cells
were spotted onto L-DOPA medium and incubated at 30°C and 37°C. To characterize the production of
capsule, cells were spotted onto RPMI medium and incubated at 37°C with or without 5% CO,. Capsule
was visualized microscopically as a halo surrounding the yeast cell by India ink exclusion. For the
temperature sensitivity test, yeast cells were spotted onto YPD medium and incubated at 30°C, 37°C, or
39°C. For the test for susceptibility to UV radiation, cells of different strains at the same concentration
were spotted onto yeast nitrogen base (YNB) agar medium and air dried. Then, the cells were exposed
to 300 J/m2 UV radiation for 0's, 3 s, and 5 s in a UV cross-linker. The treated cells were incubated at 30°C
for an additional 2 to 3 days before images of the colonies were taken.

Growth curve and generation time. The phd3A mutant and wild-type cells were inoculated in YPD
liquid medium at the same cell density. Cultures were incubated at 30°C with shaking at 225 rpm.
Measurements at ODy,, with a spectrophotometer (SmartSpec Plus; Bio-Rad) were taken at 1-h intervals.
The experiment was carried out with three independent biological replicates. Data analysis was per-
formed with GraphPad software.

RNA purification and quantitative PCR (qPCR) analyses. Strains were cultured in YPD liquid
medium at 30°C overnight and washed twice with distilled water. To examine the transcript levels
during bisexual mating, equal numbers of cells from the wild-type mating pair XL280«a and XL280a
(ODgoo = 1) were mixed and spotted onto V8 juice agar medium. The cells were incubated at 22°C
in the dark. Cells from the coculture were collected from the V8 medium at 0 h, 3 h, 10 h, 24 h, 48
h, and 72 h after incubation. The 0-h time point was used as a reference. Total RNA samples were
collected from three biologically independent replicates for each time point using the PureLink RNA
minikit (Life Technology) according to the manufacturer’s instructions. Synthesis of the first-strand
cDNA was carried out using a Superscript Ill cDNA synthesis kit (Invitrogen). Real-time PCR was
performed using SYBR Fast qPCR master mix (KAPA Biosystems, Wilmington, MA) on a realplex?
instrument (Eppendorf). The housekeeping gene TEFT was used to normalize the gene transcript
level as described previously (32). To examine the transcript levels of the genes of interest during
unisexual mating, the wild-type XL280«, the gene deletion mutants, and the gene overexpression
strains in the mating type a background (OD = 1) were spotted onto V8 juice agar medium. Cells
were collected at 0 h, 16 h, 24 h, and 48 h postinoculation. Overnight liquid culture of XL280« in YPD
medium was used as a reference. The extraction of total RNAs and synthesis of the first-strand cDNA
were carried out using the same procedures described above. The relative levels of transcripts were
quantified by real-time PCR as described previously (6, 28). Primers for real-time PCR are included in
Table 3.
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ABSTRACT Our in vitro studies showed that a combination of amphotericin B and
terbinafine had synergistic effects against the majority of melanized fungi associated
with chromoblastomycosis (CBM) and similar infections, including those with Clado-
phialophora carrionii, Cladophialophora arxii, Exophiala dermatitidis, Exophiala spinifera,
Fonsecaea monophora, Fonsecaea nubica, Fonsecaea pedrosoi, and Phialophora verru-
cosa. This drug combination could provide an option for the treatment of severe or
unresponsive cases of CBM, particularly in cases due to species of Fonsecaea and
Cladophialophora.
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hromoblastomycosis (CBM) is a serious fungal skin disease associated with signif- March 2018
icant morbidity (1). The disease is characterized histologically by muriform cells that Accepted manuscript posted online 26
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cause chronic inflammation of the skin and subcutaneous tissues (2, 3). The infection are
lead . lif . fh . f . f lifl lik . Citation Deng S, Lei W, de Hoog GS, Yang L,
eads to excessive proliferation of host tissue, formation of cauliflower-like eruptions on Vitale RG, Rafatl H, Seyedmousavi M, Tolooe A
the skin, or hyperkeratosis, or it may exhibit intermediate forms, depending on the type van der Lee H, Liao W, Verweij PE,
of interaction between host and fungal cells (4, 5). Because of chronicity, the CBM Seyedmousavi 5. 2018. Combination of
lesi I d lasti f . leadi ki h amphotericin B and terbinafine against
esions may also undergo neoplastic transformation leading to skin cancer (6). The ) e

chronic nature of the infections seems to be due to inadequate innate recognition and chromoblastomycosis. Antimicrob Agents
subsequent failure to mount protective inflammatory responses (7). Chemother 62:¢00270-18. https://doi.org/10

. ) . N . . . .1128/AAC.00270-18.
The disease has worldwide distribution, mainly in tropical and subtropical climates . ) )
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(8). Species in humid climates, particularly members of the genus Fonsecaea (F. pe- Microbiology. All Rights Reserved.
drosoi, F. monophora, and F. nubica), are prevalent agents of CBM (9). Cladophialophora Address correspondence to S. Seyedmousavi,
carrionii is the predominant agent of the disease under arid desert-like climate condi- Seyedmousavi@nih.gov.
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tions (10). Sporadic cases of CBM-like infections have also been reported for Clado- Mpfesgmladdf;“- > Sege;mousav"f’\cﬂo‘ml”af
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CBM is extremely difficult to treat due to its recalcitrant nature, and there is no y )
. R L . S.D.and W.L. contributed equally as first
consensus regarding the treatment of choice (16). Based on open clinical studies and it

expert opinions, itraconazole is the first-line recommended therapy for CBM (17),
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followed by terbinafine (18). However, infections by F. pedrosoi strains resistant to
itraconazole have been reported (19). Cure rates with itraconazole and terbinafine
monotherapy may range from 15 to 80%, which on average, is insufficient (20). When
possible, the addition of physical therapeutic methods, such as laser and photodynamic
therapy, is recommended (21, 22), which is still associated with rather low cure rates
and high refractory rates.

Alternative therapeutic strategies employing newer antifungal agents and/or com-
bination of drugs (23-26) might be promising to treat CBM more efficiently. In a recent
study, we also demonstrated that amphotericin B in combination with flucytosine may
have a role in the treatment of primary cerebral infections caused by other melanized
fungi of the order Chaetothyriales (27). We therefore sought to investigate the in vitro
antifungal activity of amphotericin B in combination with terbinafine against a collec-
tion of black fungi obtained from patients with CBM.

A collection of 46 isolates of melanized fungi associated with CBM or similar skin
infections were studied, including C. carrionii (n = 10), C. arxii (n = 1), Exophiala
dermatitidis (n = 9), E. spinifera (n = 3), Fonsecaea monophora (n = 7), F. nubica (n =
5), F. pedrosoi (n = 5), Phialophora verrucosa (n = 3), and Veronaea botryosa (n = 3). The
identities of the organisms were confirmed by sequencing of the internal transcribed
spacer regions of ribosomal DNA (rDNA), as described previously (28). All isolates were
subcultured on malt extract agar (MEA) at 25°C. Conidial suspensions were harvested
and suspended in normal saline containing 0.025% Tween 20. Supernatants were
adjusted spectrophotometrically at 530-nm wavelengths to optical densities (ODs)
that ranged from 0.15 to 0.17 (68 to 71% transmission) for all isolates, except E.
dermatitidis, whose ODs ranged from 0.09 to 0.13 (80 to 83% transmission), as
described previously (27).

Amphotericin B (Sigma-Aldrich, St. Louis, MO, USA) and terbinafine (Novartis, Arn-
hem, The Netherlands) were obtained as standard pure powders, and serial dilutions
were prepared according to the Clinical and Laboratory Standards Institute (CLSI) broth
microdilution guidelines (29). Antifungal susceptibility and drug interaction testing
were performed by using the broth microdilution checkerboard (2-dimensional, 8-by-
12) method (27). The final concentrations of the antifungal agents ranged from 0.125
to 8 wg/ml for amphotericin B and 0.008 to 8 wg/ml for terbinafine. To assess the nature
of in vitro interactions between amphotericin B and terbinafine, the data obtained
were analyzed using nonparametric approaches of the following two no (zero)-
interaction theories: Loewe additivity, defined as the fractional inhibitory concentration
(FIC), and the Bliss independence (Bl) parameter, obtained from response surface
analysis (30), as described previously (27). Drug interactions were defined as synergistic
if the FIC index was <1, additive if the FIC index was 1, and antagonistic if the FIC index
was >1 (31). The Bl drug interactions were considered synergistic if AE was >0 (positive
AE), indifferent if AE was 0, or antagonistic if AE was <0 (negative AE) (32). All
experiments were performed in three independent replicates on different days. All data
analyses were performed by using the software package GraphPad Prism version 5.0 for
Windows (GraphPad Software, San Diego, CA, USA). A P value of =0.05 was considered
significant (two-tailed).

The mean (range) MICs were 4.46 (0.125 to >8) ug/ml for amphotericin B across all
isolates and 0.86 (0.16 to >8) for terbinafine (Table 1). For the amphotericin B and
terbinafine combinations, the geometric mean FIC indices, in increasing order, were
0.41 for F. monophora (>FIC range, 0.25 to 0.5), 0.5 for E. spinifera (> FIC range, 0.25 to
1), 0.63 for E. dermatitidis (> FIC range, 0.25 to 1), 0.7 for C. carrionii (>FIC range, 0.5 to
1), 0.72 for P. verrucosa (> FIC range, 0.5 to 1), 0.76 for F. nubica (> FIC range, 0.25 to 1),
0.76 for F. pedrosoi (>FIC range, 0.5 to 1), and 1 for C. arxii (n = 1), which indicate
synergy and additivity for these strains. However, antagonism was noted in V. botryosa
isolates, with a mean FIC value of 1.4 (> FIC range, 1 to 2).

The Bliss independence drug interaction analysis for the amphotericin B and terbi-
nafine combination resulted in a synergistic interaction for 71.74% (33/46) of the strains
tested. The degree of synergy was the highest among the C. carrionii strains (sum AE,
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TABLE 1 MIC, FIC indices, and Bliss independence results for the in vitro combination of AmB and TBF against melanized fungi
associated with chromoblastomycosis

MIC .
. Bliss
Strain w FIC independence
no. Fungal species Strain Source Origin TBF AmB index index
1 Cladophialophora carrionii  CBS 131844 Human, chromoblastomycosis China 0.031 1 075 111.3
2 CBS 131854 Human, chromoblastomycosis Madagascar 0.063 8 0.5 69.24
3 CBS 131833 Human, chromoblastomycosis China 1 8 1 —4.48
4 CBS 131847 Human, chromoblastomycosis China 0.031 4 0.5 410.73
5 CBS 160.54 Human, chromoblastomycosis Australia 0.031 1 0.75 —8.29
6 CBS 859.96 Dry plant debris Venezuela, arid zone west 0.016 1 0.75 —40.42
of Coro
7 CBS 863.96 Dry plant debris Venezuela, arid zone west 0.016 2 0.75 6.37
of Coro
8 CBS 131736 Soil Venezuela, arid zone west 0.031 4 0.5 75.15
of Coro
9 CBS 860.96 Dry plant debris Venezuela, arid zone west 0.016 4 0.75 893.89
of Coro
10 CBS 861.96 Dry plant debris Venezuela, arid zone west 0.125 8 1 143.51
of Coro
1 Cladophialophora arxii CBS 102461 Human, brain abscess USA 0.5 4 1 90.2
12 Exophiala dermatitidis CBS 120542 Human or animal, stool Slovenia 0.5 4 0.5 138.26
13 CBS 120562 Human, keratitis USA 0.5 025 1 151.7
14 CBS 120473 Human, brain USA 0.25 0.5 1 —4,736
15 CBS 424.67 Human, chromoblastomycosis Germany 0.5 0.125 1 —-11.78
16 CBS 550.9  Human, sputum, cystic Germany 0.031 2 1 258.1
fibrosis
17 CBS 126590 Human, sputum, cystic The Netherlands 0.5 1 0.25 89.2
fibrosis
18 CBS 120550 Steam bath Austria 0.5 2 0.5 133.05
19 CBS 120483 Flying fox's feces Thailand 025 4 0.25 346.03
20 CBS 109138 Hall of sauna complex The Netherlands 0.5 4 1 —43.35
21 Exophiala spinifera CBS 899.68 Human, nasal granuloma USA 2 2 1 62.94
22 CBS 269.28 Human, chromoblastomycosis Unknown 0.5 8 0.5 64.9
23 CBS 194.61 Human, systemic mycosis India 0.5 >8 0.25 450.11
24 Fonsecaea monophora CBS 117236 Human, brain abscess USA 0.5 8 0.5 305
25 CBS 269.37 Unknown, Unknown 025 8 0.5 209.7
chromoblastomycosis
26 CBS 117238 Unknown, brain England 5 8 0.25 49.7
27 CBS 122742 Human, chromoblastomycosis China 0.5 8 0.5 14.98
28 CBS 100430 Human, brain Africa 0.5 8 0.5 311.02
29 CBS 102229 Decaying vegetable Piraquara, Parand, Brazil 0.5 4 0.5 27.6
30 CBS 289.93  Animal, lymph node, The Netherlands 8 8 0.25 526.72
aspiration biopsy
31 Fonsecaea nubica CBS 277.29 Human, chromoblastomycosis Brazil 1 4 1 154.1
32 CBS 444.62 Human, chromoblastomycosis Suriname 0.5 8 1 —7.07
33 CBS 122733 Human, chromoblastomycosis China 025 4 1 —69.4
34 CBS 269.64 Human, chromoblastomycosis Cameroon 0.5 8 075 —79.6
35 CBS 125198 Human, chromoblastomycosis China 025 8 0.25 —223.17
36 CBS 127264 Human, chromoblastomycosis Mexico 1 4 1 —271.7
37 Fonsecaea pedrosoi CBS 102247 Human, chromoblastomycosis Parana, Brazil 0.5 4 0.5 123.76
38 CBS 285.47 Human, chromoblastomycosis Puerto Rico 0.5 4 0.5 298.9
39 CBS 122739 Human, chromoblastomycosis Mexico 0.5 4 1 114.3
40 CBS 117910 Human, chromoblastomycosis Venezuela 0.5 4 1 297.27
41 CBS 671.66  Soil Venezuela 0.5 2 1 64.1
42 Phialophora verrucosa CBS 120349 Plant China 0.5 4 1 123.76
43 CBS 262.93 Exudate from right hand Germany 0.016 0.5 0.5 52941
(human or animal)
44 CBS 115.89 Disseminated (human or Libya 025 8 0.75 —47.99
animal)
45 Veronaea botryosa CBS 122826 Railway tie treated with Brazil 1 4 2 —271.7
creosote for 20 years
46 CBS 121506 Cutaneous lesion, wrist Japan >8 2 1 160.1

9The final concentration range for TBF was 0.008 to 8 pg/ml, and that for AmB was 0.125 to 8 pg/ml.

June 2018 Volume 62 Issue 6 €00270-18 aac.asm.org 3


http://aac.asm.org

Deng et al.

Antimicrobial Agents and Chemotherapy

Bliss independence 3-dimensional plot:
Exophiala spinifera (CBS 194.61) (MIC AmB 0.5 pg/ml, MIC TBF >8 pg/ml)
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Bliss independence 3-dimensional plot:
Veronaea botryosa (CBS 122826) (MIC AmB 1 pg/ml, MIC TBF 4 pug/ml)
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FIG 1 Interaction surfaces obtained from response surface analysis of Bliss independence no-interaction model for in vitro combination of amphotericin
B (AmB) plus terbinafine (TBF). The x and y axis represent the efficacy of AmB and TBF, respectively. The z axis is the AE (%). The 0-plane represents Bliss
independent interactions, whereas the volumes above the 0-plane represent statistically significantly synergistic (positive AE) interactions. The
magnitude of interactions is directly related to AE. The different tones in three dimensional plots represent different percentile bands of synergy. The
highest level of synergistic interactions was found between 0.25 ug/ml amphotericin B and terbinafine concentrations in the range of 0.008 to 0.5 ug/ml.
(A) Synergistic interaction of AmB plus TBF against an Exophiala spinifera strain (CBS 194.61) (AmB MIC, 0.5 ug/ml; TBF MIC, >8 pg/ml). The mean AE *+
standard error of the mean and sum AE were 5.36% =+ 1.81% and 450.11%, respectively. The highest level of synergistic interactions was found between
0.25 png/ml amphotericin B and terbinafine concentrations in the range of 0.008 to 0.5 wg/ml. (B) Antagonistic interaction of AmB plus TBF against a Veronaea
botryosa strain (CBS 122826) (AmB MIC, 1 ug/ml; TBF MIC, 4 ug/ml). The mean AE =+ standard error of the mean and sum AE were —3.23% *+ 1.70% and —271.70%,

respectively.

1,546%), followed by F. monophora (sum AE, 1,140%), F. pedrosoi (sum AE, 775%), E.
spinifera (sum AE, 515%), P. verrucosa (sum AE, 481%), E. dermatitidis (sum AE, 449%),
and C. arxii (sum AE, 90%). The strongest synergistic interactions were found at
amphotericin B and terbinafine concentration ranges of 0.125 to 0.5 ug/ml and 0.008
to 0.5 ug/ml, respectively. Examples of Bliss independence 3-dimensional plots for the
synergistic and antagonistic interactions of amphotericin B and flucytosine are shown
in Fig. 1.

Overall, our results show that the amphotericin B and terbinafine combination
has synergistic effects against the majority of melanized fungi associated with CBM,
including C. carrionii, C. arxii, E. dermatitidis, E. spinifera, F. monophora, F. nubica, F.
pedrosoi, and P. verrucosa. The results of FIC analysis were supported by response
surface analysis using a Bliss independence no-interaction model for the isolates
tested.

Terbinafine is one of most commonly used antifungal agents in the treatment of
patients with CBM (18), due to its high degree of effectiveness and tolerability. In an
athymic murine model of CBM caused by F. pedrosoi, terbinafine, especially at the
highest dose, was able to reduce the inflammatory response to the infection to levels
similar to those with azoles (33), although a total cure in patients with CBM remains
difficult to achieve (26, 34). On the other hand, various formulations of amphotericin B
have been developed and are now available in most countries (35). The compound is
nevertheless not recommended as a first-line therapy in chronic infections because of
its adverse effects, such as nephrotoxicity, neurotoxicity, hematological side effects, and
allergic reactions (36). However, the use of combination therapy can reduce cost- and
toxicity-related effects and may prevent the emergence of resistance (35). Combination
therapy is also recommended in salvage therapy scenarios for patients with antifungal-
resistant and invasive refractory mycoses (37). Few studies have reported data on the
efficacy of antifungal combination therapy in the treatment of severe and refractory
CBM. Treatment with amphotericin B and a subsequent combination of flucytosine and
itraconazole was shown to be effective in a patient with a CBM-like infection caused by
P. verrucosa (23). Combinations of itraconazole with flucytosine (24, 25) and itracona-

June 2018 Volume 62 Issue 6 €00270-18

aac.asm.org 4


http://aac.asm.org

Combination of Antifungals against Chromoblastomycosis

zole with terbinafine have also shown better efficacy than monotherapy for CBM
caused by F. pedrosoi (26) and F. monophora (38). In general, however, combination
therapy still is inadequate, requiring long-term therapy at high doses, and treatment
failure of CBM remains common. The in vitro results obtained in the present study
confirmed that terbinafine is active against the majority of strains tested. Of the nine
species investigated, Cladophialophora carrionii and Phialophora verrucosa were more
sensitive to terbinafine than species of Fonsecaea and Exophiala. The three species of
Fonsecaea showed similar degrees of susceptibility. As in previous reports (39-41), in
our study, E. spinifera and V. botryosa were resistant to terbinafine and amphotericin B
when used alone. Although a synergistic interaction was found in a combination
setting for E. spinifera, the combination of terbinafine and amphotericin B exhibited an
indifferent interaction for tested isolates of Veronaea botryosa. In the current study, a
wide range of amphotericin B MICs (0.125 to >8 ug/ml) was observed for agents of
CBM. Exophiala dermatitidis and P. verrucosa were the species being relatively suscep-
tible, which is in agreement with previous studies (27, 42). When terbinafine and
amphotericin B were used in combination, the highest synergy was shown for F.
monophora and E. spinifera, followed by E. dermatitidis, C. carrionii, F. nubica, and F.
pedrosoi. Our findings agree with those of Daboit et al. (43), demonstrating in vitro
synergy between amphotericin B and terbinafine for Fonsecaea spp., C. carrionii, and P.
verrucosa. Biancalana et al. (44) also reported 96.5% in vitro synergy between terbin-
afine and amphotericin B against clinical isolates obtained from cases of phaeohypho-
mycosis and CBM, including F. pedrosoi, Curvularia spp., Exophiala jeanselmei, Alternaria
alternata, Cladophialophora bantiana, and Bipolaris species. In contrast, Yu et al. (45) did
not find an interaction for this combination against agents for CBM.

Overall, the management of CBM is complicated and requires long-term antifungal
therapy, surgery, thermotherapy, chemotherapy, or combinations of these (3). Impor-
tantly, the clinical experience with posaconazole and voriconazole is limited for CBM.
However, the good in vitro activities and in vivo efficacies of these agents against
dematiaceous fungi (46-48), together with the tolerance of the drug in long-term
therapies, suggest that further studies are warranted to evaluate the potential use of
these drugs for the treatment of CBM.

Collectively, the present study demonstrated that the combination with terbin-
afine allows a significant reduction in amphotericin B MICs and could be an option
for severe or unresponsive cases of CBM, particularly in cases due to Fonsecaea and
Cladophialophora species, and in E. spinifera. Our results therefore suggest that a
combination of amphotericin B and terbinafine may have a promising role in the
treatment of CBM.
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Introduction
Overview

Cryptococcal osteomyelitis is an infrequent infection that is usually associated with dissemi-
nated cryptococcosis or underlying immunocompromised conditions. Here we describe a rare
case of isolated iliac cryptococcosis in an immunocompetent patient. Through histological,
microbial, and molecular biological examinations, the pathogen was finally identified as Cryp-
tococcus neoformans VNI genotype, which likely originated from environmental bird drop-
pings. The clinical isolate was hypomelanized but fully virulent in a mouse infection model.
The patient displayed a lower CD4" T-lymphocyte ratio, reduced serum interferon gamma
(IFN-y) and interleukin 12 (IL-12) levels, and a dysregulated transcriptional profile of blood
leukocytes compared with the healthy host. After surgical excision and 34 weeks of antifungal
treatment, the patient achieved clinical cure. Our study suggests that cryptococcosis develop-
ment is closely associated with the interaction of the fungal agent and host immunity. Accurate
diagnosis of bone cryptococcosis depends mainly on histological and fungal examinations. A
combination of an antifungal agent treatment regimen and surgery are highly effective for
resolving bone cryptococcosis.The C. neoformans species complex primarily causes opportu-
nistic infections in immunocompromised patients, commonly involving the lungs and central
nervous system [1]. Skeletal involvement is infrequent and usually associated with dissemi-
nated cryptococcosis or underlying predisposing conditions such as sarcoidosis, tuberculosis,
or other systemic disorders [2,3]. We present here a rare case of isolated skeletal cryptococcosis
in an immunocompetent host and further discuss the manifestation of the infection from both
pathogen and host perspectives by in vitro and in vivo assays. Informed written consent was
obtained prior to publication of the case details.

Case report

A previously healthy 46-year-old woman presented with left hip pain of undetermined origin
for 2 months. The pain was not alleviated after symptomatic treatment. Physical examination
showed slight swelling of the left hip with no broken skin, and the patient presented a limp.
There was no obvious spine deformity or muscle atrophy nor tenderness or a mass detected
upon palpation. The Patrick sign and ankle or knee jerk reflexes were normal. The patient had
no fever, cough, coma, headaches, or weight loss.
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Fig 1. 18FDG-PET/CT scan and histological examination. (A) '"*FDG-PET/CT indicated hypermetabolic lesions in
the bilateral iliac crest, especially in the left iliac crest. (B) Histological examinations (HE stain, left panel; PAS stain,
right panel) after left iliac biopsy revealed round yeast cells. HE, hematoxylin and eosin; PAS, periodic acid-Schiff;
EDG-PET/CT, "*fluorodeoxyglucose positron emission tomography and computed tomography.

https://doi.org/10.1371/journal.pntd.0006206.9001

Most of the laboratory examinations were normal, such as blood biochemistry tests, HIV
test, antinuclear antibodies, and tumor markers. The blood profile revealed 79.8% neutrophils
(high) and 12.9% lymphocytes (low). CD4 and CD3 counts were further performed, and the
results were negative (CD3: 63.6%, normal; CD3 absolute value: 284; CD4: 25.1%, low; CD4
absolute value: 112; CD8: 37.5%, high; CD8 absolute value: 168; CD4/CD8: 0.67%, low). Bfuo-
rodeoxyglucose positron emission tomography and computed tomography (‘**FDG-PET/CT)
indicated hypermetabolic lesions in the bilateral iliac crest, especially in the left iliac crest (Fig
1A). The pulmonary computed tomography (CT) scan demonstrated multiple obsolete bilat-
eral lung lesions (S1 Fig). The patient underwent a left iliac bone biopsy. Microscopic examina-
tion and fungal culture displayed abundant small round organisms, which were suspected to
be C. neoformans based on morphological characteristics and histopathological findings (Fig
1B). The blood cryptococcal antigen test was positive (>1:5,120). The cerebrospinal fluid
(CSF) biochemistry and microbial tests were negative.

After excision of skeletal cryptococcosis, treatment with liposomal amphotericin B (4 mg/
kg/day) and flucytosine (100 mg/kg/day) was administered for 2 weeks; voriconazole (0.4 g/
day) was then administered for 8 weeks. The patient was discharged to her home on oral flu-
conazole (800 mg/day for 12 weeks) for consolidation, which was then tapered to 400 mg/day
for 12 weeks. The serum cryptococcal antigen titers were 1:2,560 after 1 month of treatment,
1:1,280 after 2 months of treatment, and 1:2 at 1 year postdischarge. The pelvic CT findings at
1 year postdischarge suggested clinical cure (S1 Fig).
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Fig 2. In vitro assay of virulence factors. Different media (DMEM liquid, L-DOPA, and Christiansen’s urea agars)
were utilized to test the production of major virulence factors (such as capsule, melanin, and urease) in C. neoformans.
Compared with the hypervirulent strain (H99) or environmental isolate (El1), the clinical isolate (Pt) displayed a
significant defect in melanization at host temperature but not in capsule or urease production.

https://doi.org/10.1371/journal.pntd.0006206.g002

We examined her epidemiological history to determine the potential source of exposure to
cryptococcosis. Three yeast colonies were finally isolated from 20 samples of wild bird drop-
pings near the patient’s residence. The internal transcribed spacer (ITS) sequencing [4] and
PCR fingerprinting [5] confirmed that all the clinical and environmental isolates were C. neo-
formans VNI genotype (S2 Fig and S1 Table). In vitro phenotypic assays showed that the clini-
cal isolate exhibited significant hypomelanization at 37°C but normal production of capsule or
urease (Fig 2). Furthermore, the clinical isolate was fully virulent in vivo, although it displayed
extended survival in a mouse inhalation model (P < 0.001) (Fig 3B) and exhibited a significant
reduction in intracellular survival compared with the standard strain (H99) or the environ-
mental isolate (EI1) (P < 0.01) (Fig 3A).

Cytokine and transcriptional profiles were examined in patient serum samples by ELISA
and RNA-seq analysis, respectively. The results revealed a significant reduction of interferon
gamma (IFN-y) (P < 0.001) and interleukin 12 (IL-12) (P < 0.05) compared with the healthy
control groups (53 Fig). The transcriptional profiles (Gene Expression Omnibus Accession
number: GSE108534) showed an enrichment of a primary immunodeficiency phenotype, such
as T cell signaling pathways, the hematopoietic cell lineage, the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«B) signaling pathway, antigen processing and presen-
tation, and natural killer cell-mediated cytotoxicity (S3 Fig). All the materials and methods are
provided in S1 Text.

Discussion

Skeletal cryptococcosis is usually secondary to direct inoculation during trauma or hematoge-
nous dissemination [3]. Since the patient had multiple obsolete pulmonary lesions and a high
blood cryptococcal antigen titer but no history of trauma, we speculated that the agent origi-
nated from primary pulmonary lesions. PCR fingerprinting revealed that all isolates grouped
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Fig 3. Macrophage killing assay and murine inhalation model. Both macrophage (A) (P < 0.01) and animal (B)
(P < 0.001) infection experiments displayed attenuated virulence of the clinical isolate compared with the

hypervirulent strain H99.
https://doi.org/10.1371/journal.pntd.0006206.g003
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into the VNI genotype [6]. Thus, an environmental carrier (bird droppings) of C. neoformans

might be the ultimate source of skeletal infection in this case.

Pathogenesis and progression of cryptococcosis depends on the interaction between the

fungal agent and host immunity. The clinical agent in this study showed complete virulence in
vivo and ex vivo, although its virulence was inferior to the standard strain (H99) or environ-
mental isolates, which might be partially attributed to its hypomelanization at host tempera-

ture. Several laboratory test indices, such as HIV, autoimmune antibodies, and tumor

markers, were normal, and the patient’s medical history showed no medical use of steroids or
immunosuppressants. The patient displayed a lower CD4" T-lymphocyte ratio, significantly
reduced serum Thl cytokine (IFN-y and IL-12) responses, and a dysregulated transcriptional

profile of blood leukocytes, as compared with healthy populations. Two potential scenarios

may explain this phenomenon. On the one hand, the presence of cryptococcal antigens (such

as glucuronoxylomannan) or previously applied anti-inflammatory therapy might cause a
slight compromise of host cellular immunity [7,8]. On the other hand, the abnormalities in

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006206 March 29, 2018

4/6


https://doi.org/10.1371/journal.pntd.0006206.g003
https://doi.org/10.1371/journal.pntd.0006206

®'PLOS |

NEGLECTED

TROPICAL DISEASES

immunological indices might originate from host subclinical immune impairment, which
remains to be further confirmed.

We reviewed the literature on immunological analyses in apparently normal individuals
with cryptococcosis. The ILI2RBI gene mutation has been reported in pediatric patients with
cryptococcal osteomyelitis or disseminated cryptococcosis [9,10]. Several studies have also
suggested that genetic polymorphisms of some immune molecules (such as mannose-binding
lectin, dectin-2, and Fcy receptor IIB) are closely associated with cryptococcosis in immuno-
competent populations [11,12,13]. All these factors were associated with host immune func-
tions essential for fungal control and containment, such as phagocytic activity and T cell
responses [14,15]. Thus, subclinical immune impairment might be a non-negligible factor in
apparently healthy patients with cryptococcosis.

The clinical symptoms and radiological findings of skeletal cryptococcosis were nonspe-
cific. A correct diagnosis still relied on histopathological and fungal examinations of lesion
specimens. After focal cleaning operations, multiple antifungal agents were sequentially
administered, such as liposomal amphotericin B, flucytosine, and azole agents, and the patient
achieved clinical cure.

Conclusions

Isolated skeletal cryptococcosis is rare but may occur in healthy individuals after daily expo-
sure to the organism. Herein, the clinical isolate likely originated from environmental bird
droppings disseminated from the pulmonary lesion to the hip. The development of crypto-
coccosis was closely associated with the interaction of the fungal agent and host immunity.
Accurate diagnosis of bone cryptococcosis depends mainly on histological and fungal exami-
nations. A combination antifungal agent treatment regimen and surgery were quite effective
for resolving bone cryptococcosis.

Ethics statement

This study was approved by the Committee on Ethics of Biomedicine Research, Changzheng
Hospital. All subjects gave written informed consent in accordance with the Declaration of
Helsinki. The animal experiments were carried out in strict accordance with the recommenda-
tions in the Regulations for the Administration of Affairs concerning Experimental Animals of
the State Science and Technology Commission (China). The protocol was approved by the
Animal Experiment Center of Second Military Medical University.

Supporting information

S1 Text. Materials and methods.
(DOCX)

S1 Fig. CT scans. (A) The pulmonary CT scan on admission showed multiple obsolete lesions
in the bilateral upper lobes and lower lobe of the left lung. (B) The pelvic CT scan at 1 year
post-discharge suggested the infectious lesions had disappeared. CT, computed tomography.
(TIF)

S2 Fig. Molecular-type identification of clinical and environmental isolates by PCR finger-
printing. All isolates were identified as VNI genotype. Pt is the cryptococcal strain isolated
from the iliac lesion of the patient. EI denotes environmental isolates from the patient’s area of
residence.

(TTF)
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S3 Fig. Serum cytokine and transcriptional profile analyses. (A) The serum cytokine assay
revealed a significant reduction of IFN-y and IL-12 compared with the control groups. ***
means P < 0.001. * means P < 0.05. (B) Bioinformatics analysis of RNA sequencing in the
patient serum sample displayed an enrichment of several immunological pathways. IFN-v,
interferon gamma; IL-12, interleukin 12.

(TIF)

S1 Table. Strains used in this study. Pt, cryptococcal strain isolated from the biopsy speci-
men; EI-1,2,3, cryptococcal strains isolated from bird droppings near the patient’s residence.
The other strains were provided by our laboratory.

(DOCX)
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Candida auris, C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii are
closely related and highly multidrug resistant yeast pathogens. The high cost and
low accuracy of current diagnostics may underestimate their prevalence, especially
in medical resource-limited regions. In this study, we used 172 C. auris stains and
its relatives and 192 other fungal strains to establish and validate a novel multiplex
end-point PCR. A prospective and a retrospective clinical screenings using this assay
were further performed in China and Iran respectively. We identified the first isolate
of C. pseudohaemulonii in China and the first isolate of C. haemulonii in Iran from
821 clinical isolates in total, without any false positive. Animal models of C. auris and
C. haemulonii were established for validation. The overall positive rates of the assay for
mice blood and tissue were 28.6 and 92.9%, respectively. Compared with previously
developed assays, our assay is more available and affordable to the developing
countries, and may contribute to a better understanding of the epidemiology of C. auris
and its relatives in these regions.

Keywords: end-point PCR, Candida auris, multi-drug resistance, animal model, clinical validation, molecular
diagnosis

INTRODUCTION

The evolving epidemiology of non-albicans Candida species and other emerging opportunistic
pathogenic yeasts contributes to an increasing morbidity and mortality globally (Miceli et al.,
2011; Fang et al., 2017). Among them, Candida auris and its medically important relatives in the
Metschnikowiaceae clade, e.g., C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii, are
well known as highly multidrug resistant pathogens that can lead to both superficial and deep-
seated infections (Cendejas-Bueno et al., 2012). C. auris appears to be the most notable species
at present due to its outbreak potential and high mortality rate (30-50%) (Calvo et al., 2016; de
Almeida et al., 2016). After the first isolate from the external ear canal of a Japanese inpatient in
2009, a number of severe C. auris cases occurred subsequently in 17 countries from five continents
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(Chowdhary et al.,, 2017; Mohsin et al., 2017; Arauz et al., 2018).
Meanwhile, other phylogenetic related species (C. haemulonii,
C. duobushaemulonii, and C. pseudohaemulonii) share similar
characteristics of C. auris and are also emerging worldwide
(Sugita et al., 2006; Ramos et al., 2015; Boatto et al., 2016; de
Almeida et al., 2016; Fang et al., 2016; Kumar et al., 2016).

Besides the antifungal profile and outbreak characteristics,
clinical intervention for C. auris, C. haemulonii,
C. duobushaemulonii, and C. pseudohaemulonii infections
are mainly challenged by diagnostic difficulties. Firstly, the
most commonly used identification systems, e.g., VITEK and
API-20C AUX, are time-consuming and tend to misidentify
C. auris as other yeasts, such as C. haemulonii, C. sake, C. famata,
Rhodotorula glutinis, Saccharomyces cerevisiae (Chowdhary
et al., 2017). Secondly, more specific diagnostic methods (e.g.,
sequence-, RT-PCR- and MALDI-TOF MS- based) require
high-cost equipment and trained technicians (Girard et al,
2016; Kordalewska et al, 2017). Thirdly, although there are
some in-house developed detective systems, such as the updated
MALDI-TOF MS library for C. auris, there is no FDA approved
one that can be used in the clinic till now (Mizusawa et al., 2017).

The high cost, low accuracy and unavailability of current
diagnostics tools may underestimate the global prevalence of
these pathogens, especially in medically resource-limited regions
(such as the Africa and Southeast Asia). Consequently, this may
lead to the fact that nearly all the reported cases were from
developed countries (such as United States, United Kingdom,
and Germany) or medically developed cities in the low-income
regions (such as New Delhi, India) (Kumar et al, 2016;
Chowdhary et al,, 2017; Rudramurthy et al., 2017).

Herein, the aim of our study is to establish a multiplex assay
that can identify C. auris, C. haemulonii, C. duobushaemulonii,
and C. pseudohaemulonii. Simplicity and affordability of our
assay allow the researchers in developing countries to exploit our
multiplex PCR assay as a robust screening tool.

MATERIALS AND METHODS

Fungal Isolates

Reference strains for the tetraplex PCR validation comprised
C. auris (n = 138), C. haemulonii (n = 26), C. duobushaemulonii
(n = 6), and C. pseudohaemulonii (n = 2) (Table 1). Human
genomic DNA (Sigma-Aldrich, St. Louis, MO, United States) and
192 other fungal strains ranging from the closest to distant related
species were used for specificity testing (Table 2). All the samples
were obtained from the collection department of Westerdijk
Fungal Biodiversity Institute in the form of freeze-dried powder.
Subsequently the strains were incubated on Glucose Yeast Extract
Peptone Agar plates at 25°C for 48 h, and subsequently pure
colonies were confirmed by MALDI-TOF MS (Bruker, Billerica,
MA, United States) and LSU sequencing (Vlek et al., 2014; Stielow
etal., 2015).

DNA Sample Preparation
DNA extraction from pure colonies of yeast cells was performed
using the CTAB method as previously described (Gupta et al.,

2004). DNA was purified from blood and tissue (kidney)
samples using the animal tissue and blood DNA isolation kit
(DENAzist Asia, Mashhad, Iran) according to the manufacturer’s
instructions.

Primer Design and PCR Amplification

The 26s rDNA sequence were obtained from our own in-house
database or from NCBI Nucleotide Database' and searched
for species-specific and universal regions for primer design.
Kordalewska et al. (2017) classified 47 C. auris isolates from India,
Pakistan, Venezuela, Japan, and South Africa into four clades
using Genome-wide SNP-based phylogenetic analyses, which
indicated there is high genetic heterogeneity within C. auris
globally. Considering this and also the large number of new cases
after 2016, we designed the primers for C. auris by analyzing
more isolates from a wider range. For the reverse specific
primer for C. auris, we analyzed the 26S rDNA sequence of
233 isolates from Kuwait, Japan, Korea, Pakistan, South Africa,
Venezuela, India, Malaysia, Israel, United States, and Oman.
137 sequences were done by ourselves and the rest were
downloaded from Genbank. By alignment, genetic heterogeneity
was easily found in 26S rDNA. Accordingly, a region which
is stable within C. auris, and specific to other species was
chosen for reverse primer. The primer system used in this
assay were shown in Figure 1, which contained one universal
forward primer (Uni-F: 5-GAACGCACATTGCGCCTTGG-
3’) and four species-specific primers (C. auris: Au-R, 5'-
TCCAAAGGACTTGCCTGCT-3'; C. duobushaemulonii: Du-R,

'https://www.ncbi.nlm.nih.gov/nuccore/

TABLE 1 | Reference strains used for tetraplex PCR validation.

Species name Strain code

C. auris (n = 138) CBS 10913; CBS 12372; CBS 12373;
CBS 12766; CBS 12767; CBS 12768;
CBS 12769; CBS 12770; CBS 12771;
CBS 12772; CBS 12773; CBS 12774;
CBS 12775; CBS 12776; CBS 12777;
CBS-12874; CBS 12875; CBS 12876;
CBS 12877; CBS 12878; CBS 12880;
CBS 12881; CBS 12882; CBS 12883;
CBS 12884; CBS 12887; CBS 12886;
Five clinical stains from Oman; 105
clinical strain for Kuwait

CBS 5149; CNM CL4642; CNM
CL3458; CNM CL6800; CNM CL7793;
CNM CL4640; CNM CL4641; CBS
7801; CBS 5150; CBS 6590; CBS
5468; CBS 7802; CBS 6332; CBS
10968; CBS 10969; CBS 10970; CBS
10971; CBS 10972; CBS 10973; CBS
12439; CBS 6915; CBS 12371; CNM
CL7256; CNM CL7462; CNM
CL7239T; CNM CL7073

CBS 7800; CBS 7799; CBS 9754;
CBS 6915; CBS 7798; CNM CL7829P

CBS 10004; CBS 12370

C. haemulonii (n = 26)

C. duobushaemulonii (n = 6)

C. pseudohaemulonii (n = 2)
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TABLE 2 | Fungal isolates for specificity test.

TABLE 2 | Continued

Species name Strain code Species name Strain code

Candida albicans CBS 2704; CBS 2691; CBS 2697; Lindnera fabianii CBS 5640
CBS 1893; CBS 2712; CBS 5703; Lindnera jadinii CBS 1600
CBS 6552; CBS 2689; GBS 2690; Lodderomyces elongisporus CBS 2605
CBS 2691; CBS 2695; CBS 2698; ) )
CBS 2696; CBS 5137: CBS 2702: Magnusiomyces capitatus CBS 162.8
CBS 1912; CLF-2: CLF-11; CLF-32; Metschnikowia pulcherrima CBS 5833
CLF-41; CLF-52; CLF-61; CLF-71; Meyerozyma caribbica CBS 9966
CLF-82; CLF-91; CLF-844; CLF-177; Millerozyma farinosa CBS 185
CLF-282; CLF-283; CLF-378; Ogataea polymorpha CBS 4732

Candida africana
Candida tropicalis

Candida parapsilosis

Candida metapsilosis

Candida orthopsilosis

Candida glabrata

Candida krusei

Candida norvegensis
Pichia cactophila
Candida lusitaniae
Candlida famata

Candida dubliniensis
Candida guilliermondii
Candida kefyr

Candida sake

Candida rugosa

Candida zeylanoides
Yarrowia lipolytica

Pichia fermentans

Pichia kluyveri

Pichia membranifaciens
Pseudozyma thailandica
Kluyveromyces lactis var. lactis
Kluyveromyces marxianus
Kodamaea ohmeri

CLF-403; CLF-435; CLF-539;
CLF-Llama 1; CLF-Llama 2; CLF-Llama
iR

CBS 8781

CBS 2313; CBS 94; CBS 1920; CLF-6;
CLF-15; CLF-26; CLF-36; CLF-45;
CLF-56; CLF-65; CLF-75; CLF-86
CBS 11045; CBS 7154; CBS 604;
CBS 2197; CBS 2915; CBS 11059;
CBS 11920; CBS 8050; CBS 2216;
CBS 1954; CBS 2194; CBS 2211;
CBS 11043; CBS 11359; CBS 7248;
CBS 7156; CBS 10947; CBS 11130;
CBS 7157; CBS 8836; CBS 2215;
CBS 8181; CBS 12025; CBS 7155;
CBS 6318; CBS 2196; CBS 2195;
CLF-8; CLF-17; CLF-47; CLF-58;
CLF-67; CLF-77; CLF-88; CLF-97
CBS 10907; CBS 2916; CBS 10747;
CBS 11127; CBS 2315

CBS 8825; CBS 9894; CBS 9348;
CBS 10741; CBS 10906; CBS 11337,
CBS 9347; CBS 10743; CBS 2212;
CBS 10744; CBS 11698; CBS 10745;
CBS 8548

CLF-4; CLF-13; CLF-24; CLF-34;
CLF-43; CLF-63; CLF-73; CLF-83;
CLF-84; CLF-93; CLF-310; CLF-611A;
CLF-Llama 3; CLF-Llama 24; CLF-
Llama 63

CBS 5147; CLF-30; CLF-40; CLF-60;
CLF-69; CLF-79; CLF-99; CLF-611B
CBS 6564

CBS 6926

CBS 6936; CLF-19

CBS 767

CLF-10; CLF-49

CBS 7099

STA#63

CBS 159

CBS 613

CBS 619

CBS 6124

CBS 187

CBS 188

CBS 107

CBS 10006

CBS 683

CBS 712

CBS 5367

(Continued)

Cryptococcus neoformans
Cryptococcus deneoformans
Cryptococcus gattii
Cryptococcus bacillisporus
Cryptococcus deuterogattii
Cryptococcus tetragattii
Cryptococcus decagattii
Cryptococcus amylolentus
Rhodotorula mucilaginosa
Saccharomyces cerevisiae
Saccharomyces paradoxus
Trichosporon asahii
Trichosporon inkin
Debaryomyces nepalensis
Exophiala dermatitidis
Galactomyces candidus
Hortaea werneckii
Hyphopichia burtonii
Torulaspora globosa
Wickerhamomyces anomalus
Wickerhamomyces onychis
Zygosaccharomyces rouxii
Schizosaccharomyces pombe
Schizosaccharomyces japonicus
Aspergillus fumigatus
Aspergillus flavus

Aspergillus niger

Aspergillus terreus
Aspergillus nidulans
Fusarium moniliforme
Fusarium solani

Aspergillus versicolor
Fusarium oxysporum

CBS 8710; CBS 6885
CBS6900; CBS10511
CBS 7229; CBS 6289
CBS 6955; CBS 8755
CBS 10514; CBS 7750
CBS 10101;

CBS 11687

CBS 6039

CBS 316

CBS 1171

CBS 432

CBS 2479

CBS 5585

CBS 5921

CBS 207.35

CBS 615.84

CBS 107.67

CBS 2352; CBS 2532
CBS 764

CBS 5759

CBS 56587

CBS 732

CBS 356

CBS 354

CBS 114.55

CBS 107.45

CBS 102.12

CBS 106.25

CBS 100.20

CBS 130180

CBS 101427

CBS 106.57

CBS 100.97

5'-GTAGACTTCGCTGCGGATATGTTA-3'; C. haemulonii: Ha-
R, 5'-ATTGCGCCAGCATCCTTATTG-3'; C. pseudohaemulonii:
Ps-R, 5-GCACCCGATGCTGACAGTCTAC-3'). Primers were
synthesized by Integrated DNA Technologies, Coralville, IA,

United States.

A total volume of 50 p] PCR mixture containing 5 1 of buffer,
1.5 mM magnesium chloride, 2.5 units of Taq polymerase enzyme
(BIO-21040, BioLine Company, London, United Kingdom),
0.2 mM dNTP (BIO-39043, BioLine Company, London,
United Kingdom), 5 pM Uni-F primer, 5 pM Du-R, 2 pM
Ps-R, 3 pM Au-R, and 10 pM Ha-R, 1 pl template DNA
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I-!:_

Candida auris GAACGCACATTGCGCCTTGGGGMAT TCHCCAAGGCATG
C. duobushaemulonii |GAM’G<' ACATTGCGCCTTGGGGCATTCMCCAAGGCATG
C. haemulonii |w,,,\, A
C. pseudohaemulonii |u-m [

A\BATTGCGCCTTGGGGCATTCH

Candida auris |
C. duobushaemulonii |
C. haemulonii |
C. pseudohaemulonii | / =

primer; Ha-R: C. haemulonii specific reverse primer.

A==--TGCEECAGEGAAGTCTACGCTTTCACTGCT-~-

ATANCA--TTECBGCAGCGAAGTCTACGCTTTCACTGCTCC

TTGCABCEAGACANGG - - INNEGGEC GGGECAGCATCRRGTEHGANCGGGGETA
TTGCAGCHMAGACA=-=-=====-== -~ BENGHC AGCATCGGGTGGAGCGGABCTA
TTGCANCHEAGACARGGEENNEIGGEC GGGECAGCATCGGGTG GGMGGGAGCGA

TTGCAGGEAGAC-—-----—---———— WGECAGCATCGGGTGMAGCGGANCTA

FIGURE 1 | Primer sequences and positions used in the tetraplex PCR. Uni-F: Universal forward primer for Candida auris, C. duobushaemulonii, C. haemulonii, and
C. pseudohaemulonii; Du-R: C. duobushaemulonii specific reverse primer; Au-R: C. auris specific reverse primer; Ps-R: C. pseudohaemulonii specific reverse

CAGGEAAGTCC TEITGGAACHAG)

ABBGCGG- - - THTEMAGGAT GCTGGCGCAAT ‘ amplicon size: 331 bp ‘
amplicon size: 115 bp '
amplicon size: 696 bp I
amplicon size: 576 bp I

ABICGC - -EATTTGAAGGATGCTGGCGCAAT

or single colony pick (1 mm?), and 38.3 ul Mili-Q water
(Millipore Corporation, Billerica, MA, United States) was used
for amplification of DNA from target species.

The PCR was performed using a 2720 thermal cycler (Applied
Biosystems, Waltham, MA, United States), and the PCR program
consisted of 5 min pre-denaturation at 94°C, followed by 35
cycles of 30 s at 94°C, 30 s at 62°C, 30 s at 72°C and 8 min at
72°C as final extension.

Validation via Animal Model

When certain infected human samples are not easily available
for diagnostic validation, animal model can be an alternative
(Bialek et al., 2001). To evaluate its potential use for infected
human blood or tissue, animal models infected by the most
important pathogens in Metschnikowiaceae clade, i.e., C. auris
and C. haemulonii, were developed for diagnostic purpose. All
procedures related to animal experiments were approved by
the ethics and research committee of Mazandaran University of
Medical Sciences, Sari, Iran.

Candida auris (CBS 10913, type strain), C. haemulonii (CBS
5149, type strains) and C. albicans (ATCC 29008, control) were
cultured twice at 35°C for 48 h on Sabouraud dextrose agar (SDA,
Difco). All isolates were subcultured in brain heart infusion broth
and incubated at 37°C with shaking at 150 rpm. Supernatants
were carefully removed and washed twice in sterile phosphate
buffered saline (PBS). After centrifugation, the cells were washed
in PBS and a hemocytometer was used to count the yeast cell.
The yeast cell concentration was adjusted to an inoculum size of
5 x 10° yeast/ml. The viable counts of isolates were confirmed by
10-fold serially diluting the cell suspension on SDA plates.

Immunocompetent female ICR (CD-1 specific pathogen- free)
mice with a mean weight of 22 g (purchased from Royan Institute,
Tehran, Iran) were used in the study. Animals were housed at the
accredited Animal Experimentation Facility in standard cages,
received sterilized food and were monitored daily (Fakhim et al.,
2018). Seven mice were allocated into each of the three mice

groups infected with C. auris. C. haemulonii and C. albicans.
Infection was induced in the mice for each group with an
inoculum of 5 x 10° CFU/mouse in a volume of 0.2 ml into
the lateral tail vein. No immunosuppressive scheme was used.
Mice were checked daily and euthanized when symptoms of
disseminated infection were detected. Any animal that had more
than one of the criteria including, decreased activity, hunched
posture, torticollis or barrel rolling, inability to eat or drink and
hypothermia was humanly euthanized by intracardiac puncture
under general anesthesia (Conti et al., 2014). Tissue sections were
also stained with hematoxylin and eosin (H&E) for microscopic
examination. Tissue (kidney) and blood samples were recovered
under aseptic conditions. Tissue samples were homogenized in
sterile saline and 100 pl of homogenate was cultured on SDA
at 35°C to confirm Candida infection and determine the colony
forming units (CFU) were determine (Fakhim et al., 2018). All
yeast cells cultures were identified by our tetraplex PCR. In
addition, 100 pl of each EDTA-blood sample was cultured on
SDA plates. The rest of the homogenate and blood samples were
used for tetraplex PCR test.

Application in Clinical Setting

A single-center prospective clinical screening for C. auris,
C. duobushaemulonii, C. haemulonii and C. pseudohaemulonii
was performed during 2017.05.01 to 2017.11.01 in Shanghai
Changzheng Hospital, China. The newly developed multiplex
PCR system worked as a supplementary tool to BD BACTEC™
FX40 Instrument (Becton, Dickinson and Company,
Franklin Lakes, NJ, United States), CHROMagarTM Candida
(CHROMagar Microbiology, Paris, France) and microscopic
examination to finding infection cases by the targeted species.
In order to further test the specificity of our assay using more
clinical isolates, we used a wide range of sample types for
screening, including blood, sputum, feces, bronchoalveolar
lavage fluid and oral swab. We test all the clinical yeast isolates
that are identified by CHROMagar™ Candida as non-albicans
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Candida species. As soon as the clinical culture is obtained by
conventional diagnostic methods, single colony (&1 mm?) is
tested by this multiplex PCR system. DNA extraction and ITS
sequencing are done as well to confirm the accuracy of the assay
in the clinical settings as described before (Stielow et al., 2015).

Two hundred and fifty five clinical non-albicans Candida
isolates (identified by CHROMagar™ Candida) from
Mazandaran University of Medical Sciences, Iran, were used
as a retrospective screening sample in this study. The isolates
were collected from blood, sputum, feces, oral swab and vaginal
samples during 2016.1-2017.6. Multiplex PCR were performed,
and MALDI-TOF and LSU sequencing were done as well to
confirm the accuracy of the assay in the clinical settings (Vlek
et al., 2014; Stielow et al., 2015).

All the tests were approved by the ethics and research
committees of Shanghai Changzheng Hospital and Mazandaran
University of Medical Sciences.

RESULTS
Analytical Validation

Figure 2 showed that four amplicons exhibited major bands that
could be differentiated from each other. The gel figure for all
the strains of C. auris and its relatives tested in this study was
shown in Supplementary Figure S1. Sequencing results of PCR
amplicons were 100% matched with the targeted species. Human
genomic DNA and 192 other fungal species were tested, and no
cross-reactivity was found (100% specificity).

Animal Model Testing
Figure 3 showed the detailed information of the animal model
testing.

M 1 2 3 4 M
— —
—_— —

C. haemulonii
C— —

700 bp —— —

e pseudo@lom’i

500 bp —— W

C. auris
300bp — -
200 bp — gt C. duobushaemulonii

FIGURE 2 | Agarose gel electrophoresis (2% agarose) of PCR amplicons.
Lanes 1-4 are C. auris (CBS 10913 type, 331 bp), C. duobushaemulonii (CBS
7798 type, 115 bp), C. haemulonii (CBS 5149 type, 696 bp) and

C. pseudohaemulonii (CBS 10004 type, 576 bp), respectively. Lane M,
HyperLadder™ 100 bp (Bioline, London, United Kingdom).

Application of the tetraplex PCR in blood showed a higher
overall positive rate (4 of 14, 28.6%) than blood culture
positive rate (1 of 14, 7.1%) in animal models of C. auris and
C. haemulonii. Specifically, three C. auris (3/7, on the 3rd, 4th,
and 5th day post-infection (PI)) and one C. haemulonii (1/7, on
the 5th day, PI) infected mice showed positive PCR results from
blood, without cross-reactivity in C. albicans group (0/7). Culture
results were positive only in one blood samples of C. auris (1/7,
on the 4th day, PI), negative in all C. haemulonii infected mice
(0/7), and positive in three C. albicans infected mice (3/7, on the
3rd, 4th, and 5th day PI), with CFUs ranging from 1 to 6 colonies
in 100 L

The overall positive PCR rate of mice kidney samples was
92.8% (13/14) among C. auris and C. haemulonii, without cross-
reactivity in C. albicans group (0/7). Among the kidney samples
from 21 mice examined by culture, 19 were positive due to
C. auris (7/7), haemulonii (6/7), and C. albicans (6/7) with CFUs
ranging from 8.3 x 10 to 4.3 x 10* colonies in 100 pl (mean
3.5 x 10> colonies).

Clinical Validation

Applying our assay in a prospective (566 clinical isolates) and
a retrospective cohorts (255 clinical isolates), revealed one
C. haemulonii isolate (S49AF, accession number: KY112738)
from Iran and one C. haemulonii isolate (SCZ90793,
accession number: MG637448), one C. duobushaemulonii
isolate  (SCZ91445, accession number: MG963993) and
one C. pseudohaemulonii isolate (SCZ90800, accession
number: MG242063) from China. Specifically, the Chinese
C. pseudohaemulonii was isolated from sputum of a 65-
year-old male who suffered from lower esophageal resection
(Shanghai, China). To our knowledge this the first isolate
of C. pseudohaemulonii from China. Whereas the Iranian
C. haemulonii isolate was recovered from toenail sample of a
36-year-old diabetic male in 2016 (Shiraz, Iran), and also was the
first C. haemulonii isolate from Iran.

DISCUSSION

Achieving a timely and accurate diagnosis of infections
caused by C. auris and its phylogenetic relatives is of great
difficulty in clinical settings (Mizusawa et al., 2017). Nearly
all the C. auris isolates were misdiagnosed as C. haemulonii,
C. sake, C. famata, Rhodotorula glutinis, Saccharomyces cerevisiae
by clinical commercial methods such as Vitek-2 YST ID
system, API-20C AUX, AuxaColor 2, BD Phoenix, and
MicroScan (Chowdhary et al., 2017). Studies also showed
that C. pseudohaemulonii failed to be distinguished from
C. haemulonii by these methods (Kim et al, 2009). All the
identifications from the biochemical assays should be confirmed
by sequencing. The Centers for Disease Control of America
speculated that the unavailability of appropriate diagnostic
method underestimate its prevalence in many countries (Sarma
and Upadhyay, 2017), which includes medical resource-limited
regions. Hence, we developed a novel end-point tetraplex PCR
system in a low-cost, rapid and accurate format. This novel assay
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infected with C. haemulonii; Lanes B15-B21 are PCR results of blood sample from seven mice infected with C. albicans; Lane BC1-4 are PCR results of four
cultured strains from blood samples of all the 21 mice; Lanes T1-T7 are PCR results of kidney tissue sample from seven mice infected with C. auris; Lanes T8-T14
are PCR results of kidney tissue sample from seven mice infected with C. haemulonii; Lanes T15-T21 are PCR results of kidney tissue sample from seven mice
infected with C. albicans; Lane TC1-7 are PCR results of seven cultured strains from kidney samples of mice infected with C. auris; Lane TC8-13 are PCR results of
six cultured strains from kidney samples of mice infected with C. haemulonii; Lane TC14-19 are PCR results of six cultured strains from kidney samples of mice
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has been validated by a large number of CBS/clinical isolates,
diagnostic animal models and clinical application. We hope this
assay can help to understand the global clinical impact of C. auris
and its relatives, especially in the under-served and poor regions.

Our new end-point tetraplex PCR was designed to identify and
differentiate the most medically important and related species to
C. auris. Recently, two real-time PCR based assays for C. auris
were developed (Kordalewska et al., 2017; Leach et al.,, 2017).
Compared with the real-time PCR method, our end-point PCR
is non-automated and labor-intensive. The electrophoresis step
of our assay normally required 45 min, which is more time-
consuming than real-time PCRs. Additionally, since the nature
of end-point PCR, our assay is unable to quantify the fungal load
of host. However, the advantages of our assay over theirs are also
obvious.

Kordalewska et al. (2017) established the first SYBR Green
real-time PCR system for C. auris, C. duobushaemulonii,

C. haemulonii, and C. lusitaniae; While Leach et al. (2017)
developed a probe-based singleplex real-time PCR only
for C. auris. Considering the high misdiagnostic rate
between C. auris, C. haemulonii, C. duobushaemulonii,
and C. pseudohaemulonii, and higher resistance of
C. pseudohaemulonii to AMB than C. auris, C. haemulonii,
C. duobushaemulonii, and C. lusitaniae (Kim et al., 2009;
Shin et al,, 2012), we used a multiplex strategy for this assay
and included C. pseudohaemulonii instead of C. lusitaniae.
Among the selected species, C. haemulonii initially was
known as a multi-antifungal resistant pathogen since the first
case report in 1984, and it can cause outbreaks and infect
immunocompetent individuals (Loosova et al., 2001; Khan et al.,
2007). Subsequently, C. haemulonii was recognized as a complex
species and reclassified as C. haemulonii, C. duobushaemulonii,
and C. haemulonii var. vulnera (Cendejas-Bueno et al., 2012).
C. auris and C. pseudohaemulonii were described in 2009 and
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2006, respectively. Both of them were multi-antifungal resistant
pathogens and the latter is spreading across the world at an
accelerated pace (Sugita et al., 2006; Chowdhary et al., 2017).
Correct species-level identification for the four species is needed
due to the clinical importance and heterogeneity in terms of
taxonomy, spreading prevalence and antifungal susceptibility
profile.

Our multiplex PCR system is the first assay for C. auris
that has been validated by animal model testing. The
overall PCR positive rates of mice blood and tissue were
28.6 and 92.9%, respectively, which showed slightly higher
performance than culture based identification. And PCR/culture
from tissue samples showed higher value than those from
blood for diagnosing infections caused by these pathogens.
Moreover, our new assay is much faster than culture based
identification. PCR directly from tissue/blood only requires
3 h from sample preparation to result read-out; while culture
based identification is more time-consuming (normally 1-
3 days).

Our new assay is also featured by its low cost and potential
to be used in medical resource-limited settings. Due to the
poor economic condition, lack of basic medical facilities and
the relatively poor population health, the developing countries
were reported to have a much higher risk of infections than
the developed ones (Pittet et al., 2008). Among the 17 countries
reported with C. auris prevalence, seven are the developing ones
(Oman, Venezuela, Colombia, South Africa, Kenya, Pakistan,
and India). Considering this, our new assay was established
to help to extend the global knowledge of the epidemiology
of these important and emerging pathogens, especially for
medical resource-limited countries. Compared with MALDI-
TOF and real-time PCR cycler, end-point PCR cycler used in
this assay is more portable and much cheaper ($130-$4,000
per cycler) (Wong et al.,, 2015). For clinical validation, we used
isolates from two clinical settings that can represent different
situations of medical care in developing countries (Shanghai,
China and Sari, Iran). In Shanghai, specific diagnostic tools
such as MALDI-TOF and sequencing are available to most
hospitals. However, since China is a developing country, there
are still a large number of patients that cannot afford these
tests. While in Iran, to our knowledge, there is no MALDI-
TOF and sequencing machine. There was only one epidemiology
study related to C. haemulonii and C. duobushaemulonii in
China and no epidemiology data is available in Iran (Hou et al.,
2016). Hence, we hold the prevalence of C. auris and its close
related relatives are underestimated due to the lack of low-cost
and accurate assays in both countries. By using this assay, we
successfully found the first clinical isolates of C. haemulonii
in Iran and first clinical isolates of C. pseudohaemulonii
in China. However, no C. auris isolate was found in both
cohorts.
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Abstract

Vitamin D analogs have been widely utilized for the treatment of vitiligo, but the molecular mechanism underlying
their pharmacological effects (especially their antioxidant properties) has not yet been investigated. We evaluated the
relationship between serum vitamin D level and oxidative damage severity in vitiligo patients, and investigated the
molecular mechanism of vitamin D in protecting melanocytes against oxidative stress. Serum levels of 25-
hydroxyvitamin D and malondialdehyde (MDA) were first measured in patients. A variety of in vitro experiments such
as intracellular reactive oxygen species (ROS), cellular viability, migration, and apoptotic assays were then performed
to detect the effects of vitamin D or fB-catenin silencing on H,O,-treated melanocytes. Expression of Wnt/p-catenin,
Nrf2, apoptotic, and MITF pathways was finally examined using quantitative real-time PCR and western blot. In this
study, we initially found that vitamin D insufficiency was closely associated with the severity of oxidative stress in
vitiligo patients. Using ex vivo cell models, we further showed that vitamin D positively modulated p-catenin
signaling at both translational and posttranslational levels in melanocytes under oxidative stress. Like WNT agonists,
vitamin D significantly inhibited ROS accumulation and cell apoptosis in H,O,-treated melanocytes and promoted
their proliferative and migratory activity, while the protective effects of vitamin D against oxidative stress were
abolished by p-catenin silencing in melanocytes. Furthermore, f-catenin deficiency also blocked the activation of Nrf2
and MITF as well as the inhibition of apoptosis induced by vitamin D. Taken together, vitamin D insufficiency was
associated with severity of oxidative stress in vitiligo patients. Our work also provides new insights into the
mechanism of vitamin D against vitiligo, in which vitamin D protects melanocytes against oxidative stress by
activating Wnt/p-catenin signaling.

Introduction

Vitiligo is an acquired skin disease characterized by pro-
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gressive depigmentation due to localized destruction of
epidermal melanocytes. The etiology of vitiligo is still not
fully understood, but several factors have been implicated in
the melanocyte destruction, such as oxidative stress, auto-
immunity, and genetic predisposition [1-4]. Among them,
oxidative stress has been attracting increasing attention. It
can directly damage lipids and proteins, leading to func-
tional impairment or cell apoptosis of melanocytes, and also
initiate the autoimmune response that subsequently med-
iates melanocyte cytotoxicity 5, 6]. Therefore, antioxidant
treatment has become a promising therapeutic direction for
vitiligo.

Vitamin D exerts potent physiological and pharmacolo-
gical actions through its nuclear receptor (VDR) in various
cell types, and thus it has great potential for treating a
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variety of diseases such as osteoporosis, cancer, and auto-
immune diseases [7]. Vitamin D analogs (particularly cal-
cipotriol and tacalcitol) have been widely utilized as topical
therapeutic agents in vitiligo [8, 9]. In addition, serum
vitamin D insufficiency and VDR gene polymorphisms
were also reported in vitiligo patients, further highlighting
the significance of vitamin D against vitiligo [10-12]. The
multipronged effect of vitamin D analogs against vitiligo
has been confirmed in several studies. For example, vitamin
D compounds can modulate the proliferation, differentia-
tion, migration, and apoptosis of melanocytes, and influence
the local immune response by regulating T cell activation in
vitiligo [8, 13—15]. A recently proposed mechanism invol-
ving the pharmacological action of vitamin D against viti-
ligo is based on its antioxidant properties since oxidative
stress is crucial during the onset and progression of vitiligo
[16, 17]. However, the molecular mechanism by which
vitamin D protects human melanocytes against oxidative
damage is still not clear.

Canonical Wnt signaling is a fundamental mechanism
that governs cell proliferation, differentiation, and apop-
tosis by regulating the amount of the transcriptional co-
activator PB-catenin [18-20]. In the absence of Wnt sig-
naling, cytoplasmic p-catenin is constitutively degraded
via destruction of the Axin complex. When Wnt binds to
Frizzled receptor (Fz) and its co-receptor (LRP6 or
LRP5), Wnt/p-catenin signaling is activated. Formation of
the Wnt-Fz-LRP6 complex together with recruitment
of the scaffolding protein Dishevelled (Dvl) further
mediates the disassembly of the destruction complex, and
thus the stabilization of B-catenin, which accumulates and
travels to the nucleus and activates target gene expression.
p-catenin stabilization is negatively associated with the
activity of glycogen synthase kinase 3 (GSK3f), which
is an essential component of the destruction complex [20].
Recently, some studies have found that Wnt/B-catenin
signaling is inhibited in H,O,-treated keratinocytes and
melanocytes, while Wnt agonists trigger melanocyte dif-
ferentiation and melanogenesis in vitiligo [21, 22]. In
addition, Wnt/p-catenin pathway has also been shown to
be responsible for the protection of vitamin D against
oxidative stress in other types of cells such as osteoblasts
and nephrocytes [23, 24]. Thus, we hypothesized that
vitamin D protects human melanocytes from oxidative
stress by activating Wnt/p-catenin signaling.

Materials and methods
Patient and control specimens

After obtaining informed written consent, blood samples
were collected from 53 vitiligo patients with non-segmental
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disease (29 men and 24 women; 37 active and 16 stable;
age range, 11-57 years; mean age, 30 years) and from
23 healthy controls (10 men and 13 women; age
range, 18-60 years; mean age, 33 years). The lesional
area in all vitiligo patients was more than 3% of the
body area. None of the patients underwent any systemic or
topical treatment 3 months before the blood samples
were obtained. This study was approved by the local
ethics committee of Huashan Hospital and performed
in strict compliance with the principles of the Declaration
of Helsinki.

Serum MDA and vitamin D measurement

Serum MDA levels were tested using the thiobarbituric acid
(TBA) reactive substances assay (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) [25]. MDA is an
oxidative degradation product of lipids, which reacts with
TBA and then forms red complexes with the absorbent at
532nm. Serum vitamin D (25-hydroxyvitamin D) was
detected using an enzyme-linked immunosorbent assay
kit (Groundwork Biotechnology Diagnosticate Ltd, San
Diego, CA, USA), according to the manufacturer’s proto-
col. The 25-hydroxyvitamin D levels were divided into
‘sufficiency’ (>75 nmol/L), ‘insufficiency’ (225 nmol/L but
<75 nmol/L), and ‘deficiency’ (<25 nmol/L) as previously
reported [26].

Cell culture and treatment

The immortalized human epidermal melanocyte cell lines
PIGI1 (normal melanocytes) and PIG3V (vitiligo melano-
cytes) were gifts from Dr. Caroline Le Poole (Loyola
University Chicago, Maywood, IL) and cultured in Medium
254 (Cascade Biologics/Invitrogen, Portland, OR, USA)
supplemented with human melanocyte growth supplement
(Cascade Biologics/Invitrogen), 5% fetal bovine serum
(Invitrogen, CA, USA), and penicillin—streptomycin anti-
biotic mix (Invitrogen) at 37 °C in the presence of 5% CO,
[27]. Melanocytes were pretreated with 1 nM 1,25-dihy-
droxyvitamin D3 (D1530, Sigma) or 40uM SKL2001
(S8230, Selleck, USA) for 24 h as in previous studies [21,
28]. Oxidative stress was then induced by addition of 0.5
mM H,0, (Sigma) for another 24 h.

Determination of cell viability by the CCK-8 assay

Cell viability was measured using the CCK-8 assay (Cell
Counting Kit-8; Beyotime Institute of Biotechnology, Hai-
men, China) to count living cells following the manu-
facturer’s protocol. PIG1 or PIG3V cells were seeded into
96-well plates (3x 10° cells per well) in quadruplicate.
After treatment with the indicated agents, 10 uL of CCK-8
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reagent was added to 90 uL medium and incubated for 90
min at 37 °C. Cell viability was determined by monitoring
the color change using an ELISA plate reader (Bio-Rad,
Hercules, CA, USA) at an absorbance of 450 nm.

Apoptosis detection by Annexin V-FITC

Melanocytes were cultured in six-well plates at a density of
1.2 x 10° cells for PIG1 and 0.8 x 10° cells for PIG3V. Cell
apoptosis was evaluated using the Annexin V-FITC
Apoptosis Detection Kit (MaiBio, Shanghai, China). FITC
fluorescence was detected using a flow cytometer (Beckman
Coulter, Miami, USA) and analyzed with the
Expo32 software (Beckman Coulter).

Transwell migration assay

Cell migration was evaluated in Transwell cell culture
chambers (Costar 3422; Cambridge, MA, USA) as pre-
viously described [29]. PIG1 and PIG3V cells were treated
with 0.5 mM H,0O, for 24 h and then seeded into the top
chambers of the Transwell in medium containing 1nM
1,25-dihydroxyvitamin D3 or 40 uM SKL2001 for 48 h.
The bottom chambers of the Transwell were filled with
500 uL 10% FBS supplemented with different treatments.
Non-migrating cells on the top surface of the membrane
were scraped with a cotton swab, and the cells that had
traveled to the bottom side (migrating cells) were fixed
with cold 4% paraformaldehyde for 10 min. Migrating
cells were stained with 0.1% hexamethyl pararosaniline,
imaged with a Nikon microscope, and then quantified by
manual counting.

Measurement of intracellular reactive oxygen
species (ROS)

Melanocytes were seeded into 96-well plates at a density of
6 x 10* cells for PIG1 and 3 x 10* cells for PIG3V. Fol-
lowing the indicated treatments, intracellular ROS levels
were determined using the fluorescent probe H2DCFDA
(Thermofisher, MA, USA) according to the manufacturer’s
protocol.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen)
and then reverse-transcribed into cDNA using the Super-
Script III First-Strand Synthesis Kit (Invitrogen). Sub-
sequent real-time PCR was performed using iQ SYBR
Green Supermix (Bio-Rad) per the manufacturer’s recom-
mendations. Primers (Supplementary Material, Table S1)
were synthesized by Shanghai Sangon Biotech Co., Ltd
(Shanghai, China).

Western blot analysis

Nuclear-cytoplasmic fractionation was carried out using the
NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Fisher Scientific, USA). Proteins were extracted
from cells after the indicated treatment and quantified using
the BCA protein assay kit (Pierce, Rockford, IL, USA).
Equal amounts of proteins were loaded into 8% SDS-PAGE
and then transferred onto a polyvinylidene fluoride mem-
brane (Millipore, Billerica, MA, USA). After blocking and
washing, the membranes were incubated with the indicated
primary Abs and then with horseradish peroxidase-labeled
secondary antibody. The blots were assessed using Imagel
software (NIH, Bethesda, MD). All antibodies (Abs) and
their sources are listed in Table S2.

RNA interference

The siRNA for beta-catenin (Supplementary Material,
Table S1) was purchased from Genepharm technology,
China. Melanocyte cells were seeded at 2x 10° cells per
well for 24 h before transfection. Cells were transfected
with beta-catenin siRNA and an irrelevant siRNA control at
50 nM (GenePharma, China) with LipofectamineTM 2000
(Invitrogen, Carlsbad, USA) following the manufacturer’s
protocol.

Statistical analyses

The data represent the mean + SD of at least three inde-
pendent experiments. All statistical analyses were per-
formed using the GraphPad Prism version 5.0 software
(GraphPad Software, San Diego, CA, USA). Dual com-
parisons were carried out with the two-tailed Student’s
unpaired ¢ test. Groups of three or more were analyzed by
one-way analysis of variance (ANOVA) with Dunnett’s
post-tests. The Pearson correlation coefficient was calcu-
lated to examine the association between serum MDA and
vitamin D levels. P values <0.05 were considered statisti-
cally significant.

Results

Decreased serum vitamin D levels correlated with
increased serum MDA in vitiligo patients

Malondialdehyde (MDA) is a specific indicator of lipid
peroxidation, reflecting the extent of oxidative damage in
vitiligo patients. To investigate the possible role of Vitamin
D in the pathogenesis of vitiligo, serum levels of vitamin D
and MDA were first tested in 53 patients with non-
segmental vitiligo (lesional area>3%) and 23 healthy
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control subjects by using ELISA. Median serum MDA
levels were significantly higher in the patients with vitiligo
(8.02 £ 3.22 nmol/mL) than in healthy controls (6.54 + 1.68
nmol/mL) (Fig. 1a). However, the overall level of serum
vitamin D in vitiligo patients (34.23 +13.57 nmol/L)) was
clearly lower than that in healthy controls (45.80 +12.01
nmol/L; Fig. 1b). The rate of vitamin D deficiency was
24.5% in vitiligo patients as compared with none in healthy
controls. Moreover, we also assessed the relationship
between serum vitamin D levels and MDA levels in vitiligo
patients. Statistical analysis suggested that the level of
serum vitamin D was inversely correlated with that of serum
MDA in vitiligo patients (r = —0.3185, P =0.0201, n = 53;
Fig. lc).

Since vitamin D exerted pleiotropic biological effects on
the growth and differentiation of cutaneous cells via the
nuclear vitamin D receptor (VDR) [30], we further assessed
the expression of VDR in both normal (PIG1) and vitiligo
melanocytes (PIG3V). Protein blotting showed that the
protein level of VDR was significantly lower in PIG3V
than PIG1 (P<0.001; Fig. 1d). Taken together, these
results indicated that serum vitamin D insufficiency and
functional impairment was involved in vitiligo pathogen-
esis, which might be associated with oxidative damage in
melanocytes.
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Vitamin D activated the WNT/B-catenin pathway in
human melanocytes under oxidative stress

Since the pB-catenin pathway was involved in the protection
of vitamin D against various skin diseases [30, 31], we next
evaluated the effect of vitamin D on the expression of f-
catenin pathway components in both normal and vitiligo
melanocytes. A concentration of 1nM vitamin D (1,25-
dihydroxyvitamin D3) was selected for dosing according to
our previous study, using the Wnt agonist SKL2001 (40
uM) as a positive control [21, 28, 32]. Melanocytes were
pretreated with vitamin D or SKL.2001 and then challenged
with 0.5 mM H,O, for 24 h. As shown in Fig. 2, 0.5 mM
H,O, significantly downregulated the expression of f-
catenin and its downstream effector CDH3 at both mRNA
and protein levels in both PIG1 and PIG3V cells. Vitamin D
partially reversed the inhibitory effect of oxidative stress on
the expression of f-catenin in both H,O,-treated PIG1 and
PIG3V, similarly to SKL2001 (Fig. 2a-d). We further
showed that vitamin D significantly enhanced the nuclear/
cytosolic ratio of B-catenin in these two melanocytes with or
without oxidative stress. Consistently, vitamin D also
induced a significant enhancement of CDH3 expression at
both mRNA and protein levels in both PIG1 and PIG3V
under oxidative stress, demonstrating the functional
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nuclear translocation and transcriptional activity of [-
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signaling, and the stabilization of p-catenin is directly pro-
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calculated by densitometry analysis. () Western blots of total GSK3p
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together, vitamin D activated WNT/B-catenin signaling in
both normal and vitiligo melanocytes against oxidative
stress.

Vitamin D ameliorates H,0,-induced oxidative
damage in human melanocytes similar to Wnt
agonist

To further assess the protective effects of vitamin D against
vitiligo, a series of in vitro assays were performed in both

normal and vitiligo melanocytes. As shown in Fig. 3a, H,O,
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“Fig. 3 Vitamin D attenuated
H,0,-induced oxidative damage
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viability determination by the
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treatment significantly increased intracellular ROS produc-
tion in human melanocytes, especially PIG3V. Never-
theless, pretreatment with vitamin D or SKL2001 attenuated
H,0,-induced ROS accumulation. Moreover, CCK8 and
Transwell assays further revealed that either vitamin D or
SKL2001 dramatically increased the cell viability and
migratory rates of H,O,-treated melanocytes (Fig. 3b, c,
Fig. S1). Similarly to previous studies, we also found that
H,0, exposure increased the apoptotic rates of PIG1 and
PIG3V approximately five- to six-fold, whereas pretreat-
ment with vitamin D or SKL2001 markedly reduced mel-
anocytes apoptosis by 66-70% (Fig. 3d, Fig. S2). Although
vitiligo melanocytes were more susceptible to oxidative
stress than normal ones, vitamin D displayed potent pro-
tective effects on the proliferation, migration, and apoptosis
of PIG3V similarly to those on PIG1. Taken together, these
results indicated that vitamin D could reverse H,O,-induced
oxidative damage of human melanocytes similar to the
WNT agonist.

B-catenin silencing abolished the protective effect
of Vitamin D on melanocytes against oxidative
stress

To test whether the WNT/p-catenin pathway is required for
the effects of vitamin D protecting melanocytes against

oxidative stress, we used a specific short interfering RNA
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(siRNA) to downregulate the expression of [-catenin.
Quantitative real-time PCR and immunoblotting showed
significant changes in $-catenin mRNA and protein levels
after p-catenin siRNA#2 (S2) transfection compared with
scrambled siRNA (NC) (Fig. 4a, b). In subsequent experi-
ments, PIG1 and PIG3V cells were pretreated with NC or
S2 for phenotypic analyses. p-catenin deficiency markedly
abrogated the downregulation of ROS production in vitamin
D-treated melanocytes under oxidative stress (Fig. 4c). In
addition, vitamin D induced enhancement of the prolifera-
tion and migration of H,O,-treated melanocytes was also
abolished by f-catenin silencing (Fig. 4d, e, Fig. S3).
Consistently, B-catenin silencing also neutralized the pro-
tection of vitamin D against H,0O,-induced apoptosis
(Fig. 4f, Fig. S4). Both PIG1 and PIG3V cells with p-
catenin silencing displayed similar phenotypes in vitro
under oxidative stress. These results suggested that f-
catenin activation was essential for the protective capacity
of vitamin D in melanocytes against oxidative stress.

Vitamin D modulated Nrf2, MITF, and apoptosis
pathways by activation of B-catenin in melanocytes

Previous studies have shown that Wnt/pB-catenin signaling
controls cell proliferation, differentiation, and apoptosis by
regulating a large number of target genes [19, 33]. We first
examined the alterations of the Nrf2/ARE pathway, which
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Fig. 4 P-catenin silencing abolished the protection of vitamin D in
H,0,-treated melanocytes. Quantitative real-time PCR (a) and Wes-
tern blotting (b) were carried out to evaluate B-catenin expression in
melanocytes transfected with p-catenin siRNA and an irrelevant
siRNA control. BC blank control, NC negative control, S1-S3 f-

is a master regulator that governs the redox balance of
melanocytes [27, 34]. We found that H,O, exposure
induced a significant decrease in the ratio of nuclear/cyto-
solic of Nrf2 and the expression of HO-1 in normal mela-
nocytes (Fig. 5a-c). Impairment of the Nrf2/ARE pathway
caused by H,0, was markedly reversed by addition of
vitamin D, while activation of the Nrf2/ARE pathway
induced by vitamin D was further blocked by f-catenin
silencing. Therefore, f-catenin pathways mediated the
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viability determination by the CCK-8 assay. e Cell migration assay.
f Cell apoptosis assay. *P < 0.05, **P < 0.01, ***P<0.001, com-
pared with the control group; #P<0.05, #¥P<0.01, ¥P<0.001,
compared with the H,O, group

activation of Nrf2 in vitamin D-treated melanocytes against
oxidative damage.

Microphthalmia-associated transcription factor (MITF) is
an essential transcription factor involved in melanocyte
differentiation, migration, and melanogenesis. We found
that vitamin D treatment significantly upregulated the pro-
tein level of MITF in PIG1 cells with or without p-catenin
silencing (Fig. 5a, c). Moreover, vitamin D also notably
reversed the inhibitory effect of HO, on MITF expression,
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Fig. 5 p-catenin activation was required for vitamin D to modulate
Nrf2, MITF, and apoptosis pathways in melanocytes. a Western
blotting was performed to assess the expression of downstream com-
ponents in Wnt/B-catenin signaling. The ratio of nuclear/cytosolic of

but the protection of vitamin D was abolished by p-catenin
deficiency. The results indicated that vitamin D might
positively modulate MITF to promote melanocyte pro-
liferation and migration by activating the f-catenin
pathway.

In addition to Nrf2 and MITF, the apoptotic pathway is
another important target of the WNT/B-catenin pathway
[33]. Thus, expression of caspase 3 and its cleaved form
were tested in melanocytes. Consistent with the increased
apoptotic rates of melanocytes, H,O, exposure induced a
ten-fold upregulation of the ratio of cleaved-caspase3/cas-
pase3 (Fig. 5a, d). Vitamin D treatment remarkably clearly
inhibited the upregulation of cleaved caspase 3, while its
protective role was further blocked by f-catenin silencing.
These results suggested that the P-catenin pathway was
required for the anti-apoptotic effect of vitamin D on human
melanocytes.

Discussion
Recent evidence indicates that treatment with vitamin D
analogs enhances repigmentation in vitiligo, especially in

combination with UV light or corticosteroids [8]. However,
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the molecular mechanisms underlying the pharmacological
action of vitamin D compounds against vitiligo have not yet
been investigated. In the present study, we revealed a new
mechanism of vitamin D as an antioxidative agent for
vitiligo treatment. We found that vitamin D protected
melanocytes against oxidative damage by activating the
WNT/B-catenin pathway. The f-catenin pathway was
required for vitamin D to modulate downstream targets such
as Nrf2/ARE, MITF, and apoptotic pathways.

Oxidative stress is a critical factor in the onset and pro-
gression of vitiligo [1, 2, 6, 27]. Consistent with previous
studies [10, 35-37], we found that patients with vitiligo had
higher MDA levels and lower vitamin D levels than the
healthy control group. Intriguingly, the decreased serum
vitamin D level was inversely correlated with serum MDA
levels in vitiligo patients, indicative of the potential anti-
oxidant effect of vitamin D. A series of in vitro experiments
was conducted and further confirmed that vitamin D atte-
nuated H,0O,-induced ROS accumulation in human mela-
nocytes and ameliorated the effect of oxidative stress on
proliferation, migration, and apoptosis of melanocytes.
Furthermore, vitiligo melanocytes displayed a significant
decrease in protein levels of VDR compared with normal
melanocytes. Our results were highly consistent with
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previous studies which revealed that VDR expression was
remarkably decreased in the lesional/perilesional skin while
repigmentation was accompanied with upregulated VDR
expression in vitiligo patients [38, 39]. The VDR gene
polymorphisms were also reported to be associated with
serum 25-hydroxyvitamin D levels in Chinese patients with
generalized vitiligo [12]. Therefore, vitamin D insufficiency
or functional impairment of the vitamin D pathway might
attenuate the antioxidant capacity of patients and thus
represent a risk factor for vitiligo.

It has been reported that vitiligo patients with comorbid
autoimmune illness have lower levels of 25-hydroxyvitamin
D [11]. The mechanism by which vitamin D modulates
autoimmunity is unknown, which might be explained by the
following possible reasons. On the one hand, vitamin D has
multiple effects on innate and adaptive immune responses
by regulating various immune cells in vitro [40]. On the
other hand, oxidative stress has been shown to be an
important initiate factor in the pathogenesis of various
autoimmune diseases [6, 41, 42], and vitamin D ameliorates
oxidative damage and thus reduces the incidence and
severity of autoimmune responses. The antioxidant property
of vitamin D has been validated in various human cells,
such as cardiac cells, endothelial cells, gastric epithelial
cells, and melanocytes [16, 43-45]. In the present study, we
further showed that vitamin D could protect melanocytes
against oxidative damage by activating the canonical WNT/
B-catenin pathway.

A previous study by Regazzetti et al has demonstrated an
inhibition of the WNT/B-catenin pathway in keratinocytes
and melanocytes under oxidative stress [21]. Moreover,
lesional vitiligo skin is also characterized by downregulated
expression of WNT pathway components such as LEFI,
CDH2, CDH3. Similarly, in our study, vitiligo melanocytes
displayed lower expression of CDH3 (p-cadherin) and
nuclear P-catenin than normal melanocytes. Because f-
catenin is a transcription factor, nuclear translocation of f-
catenin is critical for its dissociation from GSK3f and
transcriptional activation of multiple target genes [18, 33].
We further found that in addition to downregulation of
CDH3 and B-catenin expression, H,O, also decreased the
nuclear/cytosolic ratio of B-catenin in both PIG1 and PIG3V
and prevented GSK3p phosphorylation on Ser9 in PIG3V,
indicating that oxidative stress inhibited the nuclear trans-
location of B-catenin. The inhibitory effects on p-catenin
signaling induced by H,O, were reversed by addition of
vitamin D or WNT agonist (SKL2001). Thus, vitamin D
positively modulated f-catenin signaling at both transla-
tional and posttranslational levels in melanocytes under
oxidative stress.

A previous study has shown that WNT agonist induces
the differentiation of resident stem cells into pre-
melanocytes in vitiligo lesional skin ex vivo [21]. Our

study further highlighted that WNT pathway activation was
essential for the antioxidant properties of vitamin D in
melanocytes. Like the WNT agonist, vitamin D sig-
nificantly inhibited ROS accumulation and cell apoptosis in
H,0O,-treated melanocytes, and promoted their proliferative
and migratory activity. The protective effects of vitamin D
against oxidative stress were abolished by f-catenin silen-
cing in melanocytes. Similar protective effects and
mechanisms of vitamin D have been reported in other cells
and tissues [23, 24, 46, 47]. For example, activated (-
catenin signaling is required for vitamin D to promote
osteogenesis in oxidative stress, while inhibition of the
WNT pathway is involved in the protection of vitamin D
against colorectal tumorigenesis [23, 47]. Thus, vitamin D
might utilize different modulatory patterns of the WNT/p-
catenin pathway to protect against various diseases.

The transcription factor Nrf2 is a critical regulator of
oxidant metabolism in melanocytes, and it is required for
the effectiveness of aspirin and simvastatin as novel ther-
apeutic strategies against vitiligo [27, 48-50]. Several stu-
dies also revealed that Nrf2 signaling is involved in the
protective effects of vitamin D in various disease models
[51-53]. Consistently, our results also showed that vitamin
D promoted the upregulation of nuclear Nrf2 and its
downstream component HO-1 in melanocytes. Furthermore,
activation of Nrf2 signaling was completely blocked by f-
catenin silencing, indicating that the p-catenin pathway
mediated Nrf2 activation in vitamin D-treated melanocytes.
Recently, a number of studies have explored the relation-
ship between the Wnt/p-catenin and Nrf2 pathways [54—
57]. For example, WNT-3A controls the antioxidant meta-
bolism of hepatocytes by activating Nrf2 in a f-catenin-
independent manner, and Nrf2 pathway disruption induces
neurogenic impairment in Parkinsonian mice via Wnt/p-
catenin dysregulation [54, 57]. Therefore, Wnt/p-catenin
signaling has complex interactions with Nrf2 signaling that
might be specific to the cell type and disease model. The
potential mechanism by which f-catenin activates
Nrf2 signaling in melanocytes remains to be further
investigated.

In addition to Nrf2 signaling, we also found that MITF
and apoptotic pathways were regulated by f-catenin in
vitamin D-treated melanocytes. MITF is a central regulator
of the differentiation, migration, survival, and melanogen-
esis of melanocytes [58—60]. Previous studies have shown
that MITF is significantly upregulated by WNT/p-catenin
pathway activation in both vitiligo lesional skin ex vivo and
hair follicle melanocytes in vitro [21, 61]. Consistently, we
observed that vitamin D treatment enhanced the expression
of MITF in human melanocytes. In our study, however, f3-
catenin deficiency abolished the upregulation of MITF in
melanocytes under oxidative stress, but not in melanocytes
without H,O, exposure. A previous study by Watabe et al.
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once showed that vitamin D induced MITF expression by
stimulating endothelin B receptor signaling [13]. Thus, we
speculated that vitamin D could modulate MITF through
multiple pathways and Wnt/B-catenin signaling might be
crucial for MITF regulation in melanocytes under oxidative
stress. These hypotheses remain to be validated in further
experiments. We also showed that -catenin activation was
essential for vitamin D to modulate apoptotic pathway in
melanocytes. When p-catenin was silenced, vitamin D could
not reverse the increase in cleaved caspase 3 expression or
apoptotic rates in H,O,-treated melanocytes.

In conclusion, our study shows that vitamin D protects
human melanocytes against oxidative damage by activation
of Wnt/p-catenin signaling, indicating targeting Wnt/f3-
catenin signaling could be a useful approach to improve
treatment of vitiligo. Serum vitamin D insufficiency or
functional impairment of the vitamin D pathway might be a
risk factor for vitiligo due to impairment of the antioxidant
system in vivo. Further studies using vitiligo mice are
necessary to confirm the therapeutic potential of systemic
administration of vitamin D for vitiligo.
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Abstract

clinical settings.

of the developed assay were evaluated.

complexes.

Background: Candida albicans, Candida glabrata, and Candida parapsilosis are three prevalent causes of candidiasis,
worldwide. These species are considered as nine medically important complex species. Limited knowledge about
these newly recognized species prompted us to develop a one-step, multiplex PCR to detect and identify them in

Methods: Primers targeting Hyphal Wall Protein | gene for the C. albicans, C. dubliniensis, C. africana, Intergenic Spacer
for the C. glabrata, C. nivariensis, C. bracarensis, and Intein and ITS rDNA for the C. parapsilosis, C. orthopsilosis, and C.
metapsilosis were designed. Using 168 CBS reference strains and 280 clinical isolates, the specificity and reproducibility

Results: Our developed assay successfully identified and distinguished all the nine species. No cross-reaction with
closely- and distantly-related yeast species, Aspergillus species and human DNA was observed, resulting in 100%
specificity. The ambiguous results obtained by MALDI-TOF for C. albicans and C. africana were corrected by our 9-plex
PCR assay. This assay identified all the cryptic complex species from two test sets from Iran and China, correctly.

Conclusions: Our developed multiplex assay is accurate, specific, cost/time-saving, and works without the tedious DNA
extraction steps. It could be integrated into routine clinical laboratories and as a reliable identification tool and has the
potential to be implemented into epidemiological studies to broaden the limited knowledge of cryptic species

Keywords: Cryptic species, Candida, Molecular diagnosis, Multiplex PCR

Introduction

Candida albicans, C. glabrata, and C. parapsilosis were
reported to be the three most clinically important
Candida species [1]. Due to the inclusion of newly
designated species through taxonomic studies, these
three Candida species are now considered cryptic
complex species, including C. albicans, C. africana,
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and C. dubliniensis (as C. albicans complex) [2, 3], C.
glabrata, C. nivariensis, and C. bracarensis (as C.
glabrata complex) [4, 5], and C. parapsilosis, C.
orthopsilosis, and C. metapsilosis (as C. parapsilosis com-
plex) [6]. Despite the fact that for more than a decade these
cryptic species have been introduced, still limited knowledge
exists on their distribution, pathogenicity, and antifungal
susceptibility pattern. Moreover, from an evolutionary stand-
point, identification and discrimination of these cryptic
species complexes could shed light on pathogenicity acquisi-
tion, as Pryszcz et al. (2015) found C. metapsilosis as a highly
heterozygous opportunistic pathogen arose from a two
parental lineages that were not pathogenic [7].

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Biochemical and morphological tests failed to unequivo-
cally identify and differentiate these cryptic species, which is
attributed to the presence of similar phenotypic properties
among the complexes [8]. Accordingly, various methodolo-
gies, including amplified fragment length polymorphism
(AFLP) [9], matrix-assisted laser desorption-time of flight
(MALDI-TOF) [10], sequencing of ITS rDNA [11] have
been used to tackle this problem. Nowadays, due to afford-
ability and the high reproducibility of PCR, myriad aspects
of biology have been revolutionized throughout the world
[12, 13]. In line with this, identification and differentiation of
Candida albicans, Candida glabrata, and Candida parapsi-
losis complexes representatives through fast and simple con-
ventional PCR by targeting hyphal wall protein 1(HWP1)
gene [14], large ribosomal protein 31 (RPL31) gene [15], and
vacuolar ATPase (VMA) gene [16], have been addressed.
However, the simultaneous detection of all of aforemen-
tioned nine medically important cryptic species in a single
reaction was not described, previously.

Consequently, the aim of this study was to develop an
easy-to-perform, low-cost, highly specific and accurate,
multiplex PCR assay capable of differentiation of all
these nine medically important Candida species, with-
out tedious DNA extraction steps and directly through
mixing of pure colonies into the PCR master mix.

Materials and methods

Isolates and growth conditions

Four hundred forty-eight isolates including, 168 reference
strains (111 target cryptic strains and 57 non-target strains
representing 57 species) from Westerdijk Fungal Biodiversity
Institute (Additional file 1: Table S1) and 280 clinical isolates
comprising only cryptic species complexes (Table 1) were
included. Chinese clinical isolates (1 =145) were pooled
from a Chinese collection (#=1500), and included cryptic
species of C. glabrata and C. parapsilosis complexes and the
Iranian clinical isolates (n=135) included cryptic species
complexes of C. albicans. Clinical isolates were from diffe-
rent anatomical sites, ranging from nail, sputum, urine and
bronchial fluids to blood and were collected from different
hospitals in Iran and China (Table 1). CBS reference strains
were used for optimization and specificity testing, while cli-
nical isolates used for confirming reproducibility of the de-
veloped multiplex PCR assay. Isolates were grown on
Glucose Yeast Extract Peptone Agar (Westerdijk Fungal Bio-
diversity Institute, Utrecht, Netherlands) at 25 °C for 48 h.

DNA extraction

DNA extraction was carried out using CTAB and
phenol-chloroform method as described previously [17].
Briefly, a full loop of fresh yeasts colonies was suspended
in 700 puL of CTAB buffer followed by bead beating
(TissueLyzer II, QIAGEN, Hannover, Germany) for
3 min, 3000 beats/minute. After incubation for 60 min
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Table 1 Clinical isolates utilized for reproducibility and
validation testing

Species Number of Isolates Origin
Iran (n = 135)
C. albicans 128 Urine, blood
C. africana 3 Vagina
C. dubliniensis 4 Urine
China (n= 145)
C. nivarensis 2 Sputum
C. glabrata 87 Urine, blood, sputum, BALF?

C. metapsilosis 20 Sputum

C. orthopsilosis 6 Nail, blood, mouths
C. bracarensis 2 Sputum

C. parapsilosis 28 Urine, blood, nail, sputum

®BALF bronchoalveolar lavage fluid

at 55 °C, 700 pL of phenol-chloroform was added. Upon
vortexing and centrifugation for 20 min at 14000 rpm,
4 °C, 400 uL of supernatant was added to isopropanol.
Finally, upon washing with 70% ethanol and drying the
DNA samples on air, the pellets were suspended in
Tris-EDTA (10 mM Tris Base, 1 mM EDTA, pH 8.0)
buffer. DNA purity and quantity was assessed using
NanoDrop and Qubit Broad range kit (Invitrogen) and
the quality was evaluated by electrophoretic separation
of 5 pl of DNA samples on 1% agarose gel.

Primer design

Target sequences were retrieved from NCBI website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Primers utilized
in this study were all designed by authors, and are listed
and depicted in Table 2 and Fig. 1. Primers were selected
if 1) lack of cross-reactivity with each other and other
non-target species, 2) Compatible PCR product size, 3)
compatible in Tm values, and 4) positioned in the most
stable part of target loci. Gaps and mismatches with
non-target species were located in the 3" end of primers,
hence allow specific amplification of target species. On-
line free software of Integrated DNA Technology was
used to calculate Tm and Delta G of primers (https://
eu.idtdna.com/calc/analyzer).Primers were manufactured
by Integrated DNA Technology (IDT) Company.

PCR condition

The PCR reaction was optimized in a final volume of
50 pL as follows: 37 uL MiliQ water (Merck Millipore,
Billerica, Massachusetts, United States), 5 uL. 10X buffer,
1.5 mM MgCl,, 2.5 units of Taq enzyme (Bio Taq DNA
Polymerase, Biolab), 0.2 mM of mixed dNTP (dNTP
mix, 100 Mm, Biolab), C. albicans complex primers pair
10 p-mole each one, 5 p-mole for the rest of the primers
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Primer Name Primer sequences Annotation

PACF GCTACCACTTCAGAATCATCATC Universal forward (PACF) and reverse (PACR) primers for C. albicans, C. dubliniensis
PACR AGATCAAGAATGCAGCAATACCAA and C. afficana

PGCF TCACTTTCAACTGCTTTCGC Universal forward primers for C. glabrata, C. nivariensis and C. bracarensis
GR TGCGAGTCATGGGCGGAA Reverse primer only for C. glabrata

NR ACCCCAGAGGCATAAATAGC Reverse primer only for C. nivariensis

BR GCAACTGGACGAAAGTGC Reverse primer only for C. bracarensis

PF GCGGAAGGATCATTACAGAATG Forward (PF) and reverse (PR) primers specifically for C. parapsilosis

PR CTGGCAGGCCCCATATAG

OMF GAGAAAGCACGCCTCTTTGC Universal forward (OMF) and reverse (OMR) primers for C. orthopsilosis
OMR TCAGCATTTTGGGCTCTTGC and C. metapsilosis

(C. glabrata and C. parapsilosis complex primers), and
1 pL of DNA template.

PCR (2720 Thermal Cycler, Applied Biosystems,
Waltham, Massachusetts, USA) used the following
program, pre-denaturation for 5 min at 94 °C, 35 cy-
cles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s,
and final extension at 72 °C for 8 min. PCR products
were run on 2% agarose gel for 70 min (8 Volt/cm),
stained with GelRed (BioTium Corporation, USA) and
visualized using gel documentation with exposure
time of 4 s (Gel Doc XR*, BioRad, California, USA).
In order to prepare in-house ladders, 10 uL of PCR
products from controls (90 pL), 10 pL deionized
water, and 20 pL of 10X loading dye were mixed.
15 pL of prepared in-house ladders were utilized as

marker to aid in identifying target species (Additional
file 2: Figure S1).

Optimization of 9-plex PCR assay using CBS reference
strains

After initial successful amplification from CBS 2691 (C.
albicans), CBS 7987 (C. dubliniensis), CBS 8781 (C.
africana), CBS 138 (C. glabrata), CBS 9983 (C.
nivariensis), CBS 10154 (C. bracarensis), CBS 11045
(C. parapsilosis), CBS 10906 (C. orthopsilosis) and
CBS 2916 (C. metapsilosis), A panel of 111 CBS
reference strains (Additional file 1: Table S1) encom-
passing only cryptic species of C. albicans, C. glab-
rata, C. parapsilosis complexes were further tested
with our 9-plex PCR.

l [N

Candida albicans 1090 bp

Candida africana 901 bp l A -

Candida dublini

is 721 bp | —_

Candida nivariensis 588 bp l ‘

41 44

Candida glabrata 386 bp l

Candida bracarensis 214 bp I ‘ ‘

Candida orthopsilosis 476 bpl —

Pan-albican complex forward primer (PACF)
Pan-albican complex reverse primer (PACR)
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Candida metapsilosis 308 bp I T

4144V 4y
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Fig. 1 Primer information. List of covered species, their PCR product sizes, and their locations are depicted
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Specificity testing

To evaluate the specificity of the 9-plex PCR assay, 100
DNA samples containing 57 closely- and distantly-related
yeast species, Aspergillus spp., and human DNA (from
blood) and 43 target strains pooled from CBS reference
(optimization test set) were prepared in a blinded fashion
(blind test set) (Table 1). For preparation of the specificity
test set, two technicians were involved. The first techni-
cian randomly dispersed DNA samples and serially coded
them from one to 100. The second technician subjected
the specificity blind test set to the optimized multiplex
PCR. The first technician was provided with the results
derived from PCR and the consistency of the results was
checked with the CBS identity of each strain.

Pure colony testing

In order to eliminate the DNA extraction step and
confirm the compatibility of the multiplex assay, single
colonies of yeast species derived from the blind test set
were subjected to PCR as a template (except for Rhodo-
torula mucilaginosa). Briefly, a single colony (~ 1 mm?)
was suspended in the prepared PCR master mix (50 pl)
as mentioned earlier.

Validation of 9-plex multiplex PCR using clinical isolates
Upon optimization of the multiplex PCR assay using
CBS reference strains, specificity and pure colony test-
ing, a panel of clinical isolates (n = 280) (Table 1) pre-
pared in a blind fashion were subjected to the 9-plex
assay. One technician performed the LSU sequencing and
MALDI-TOF. Upon, identification, the first technician
coded the yeast culture plates from 1 to 280, and then a
new random number (integer number from 1 to 280) for
each plate was generated by SPSS random number gene-
rator (version 21, International Business Machines Corp,
Armonk, New York, United States) and used as blind test
number. The second technician subjected the blind test
set to the optimized multiplex PCR. The first technician
was provided with the results derived from PCR and the
consistency of these results with MALDI-TOF and
sequencing were evaluated.

MALDI-TOF

The full extraction method using MALDI-TOF MS (Bru-
ker Biotyper, MicroFlex, LT, Bruker Daltonics, Bremen,
Germany) was followed, according to the manufacturer’s
instructions (https://www.bruker.com/fileadmin/user_up-
load/8-PDF-Docs/Separations_MassSpectrometry/Instruc-
tionForUse/IFU_268711_267615_226413_MALDI_Biotar-
get_48 Revl.pdf). Briefly, after suspending of pure
colonies in 300 puL of MiliQ water, 900 pL of absolute
ethanol was added. After centrifugation step (14,000 rpm,
3 min, room temperature) the supernatant was discarded
and another centrifugation step was repeated to totally
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discard the supernatant. Subsequently, 70% formic acid
(Sigma Aldrich, St. Louis, Missouri, United States) was
added and upon five minutes incubation at room
temperature equal amount of Acetonitrile was added.
After a final centrifugation step (14,000 rpm, 3 min, room
temperature) 1 uL of clear supernatant was transferred
onto the 96-well target plate. Subsequently, 1 pL of matrix
was overlaid on the top of air dried samples. Finally, the
96 well target plate was loaded into the MALDI-TOF
device.

Sequencing

In order to ensure that the designed primers targeted
the right genes, the amplified PCR products were subject
to bidirectional dideoxy chain terminated Sanger
sequencing using the respective primers. Obtained
sequences were subjected to online searching database
of NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

The ribosomal DNA large subunit (LSU) primers in-
cluding LROR (5'-ACCCGCTGAACTTAAGC-3’) and
LR5 (5'-TCCTGAGGGAAACTTCG-3") were exploited
to address the identity of each isolate [18]. Sequences
obtained for each isolate was subject to BLAST online
database tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Results

Development of 9-plex PCR assay using CBS reference
strains

Subjecting 111 CBS reference strains belonging to the spe-
cies complexes of C. albicans (n =55), C. glabrata (n = 28),
and C. parapsilosis (n = 28) successfully differentiated and
identified the nine target species (Fig. 2). Although, the
lengths of PCR products were different from those were de-
signed, target species were unequivocally distinguishable
from one another (Figs. 1 and 2 and Table 3). In order to
prevent misidentifications it is advised to prepare in-house
master mixes in large scale by mixing PCR products of
target species and storing them at 4 °C for future identifica-
tion purposes.

Specificity testing using the blind test set

Subjecting 100 DNA samples (containing 66 fungal species)
to our 9-plex PCR assay ranging from closely- and
distantly-related yeast species, Aspergillus spp. resulted in
100% specificity and no cross-reaction with any other
fungal species. Additionally, subjecting human DNA to our
9-plex PCR assay, showed no cross-reaction either.

Pure colony testing

Subjecting 105 yeast pure colonies from 61 yeast species
pooled from the optimization test set (Additional file 1:
Table S1) resulted in successful amplification of all nine
target species. No PCR inhibition by cell components was
observed, indicating that pure colonies are compatible


https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/Separations_MassSpectrometry/InstructionForUse/IFU_268711_267615_226413_MALDI_Biotarget_48_Rev1.pdf
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https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/Separations_MassSpectrometry/InstructionForUse/IFU_268711_267615_226413_MALDI_Biotarget_48_Rev1.pdf
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/Separations_MassSpectrometry/InstructionForUse/IFU_268711_267615_226413_MALDI_Biotarget_48_Rev1.pdf
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with the 9-plex PCR. Compatibility of our 9-plex PCR
with pure colony testing allowed decreasing turn-around
time from 7 h to 4 h.

Agreement of 9-plex PCR assay with MALDI-TOF MS

Results obtained from our 9-plex PCR for 280 clinical
isolates were compared with MALDI-TOF (Table 4).
Previously in Westerdijk Fungal Biodiversity Institute,
clinically isolated yeast species were identified by
MALDI-TOF MS and it showed 98-100% agreement
with sequencing [19, 20]. Hence, in this study
MALDI-TOF MS along with Sanger sequencing were
used as validation tools. Additionally, the spectra for
many yeast species utilized in brewery have been
added to the MALDI-TOF CBS in-house database. Of
131 strains identified as C. albicans using
MALDI-TOF MS, our 9-plex PCR assay identified

128 as C. albicans and three as C. africana. The rest
of cryptic species complexes of C. glabrata (n=91),
and C. parapsilosis (n=54) were all identified
correctly by MALDI-TOF MS. The overall agreement
between MALDI-TOF MS and our 9-plex PCR assay
was 98.93%.

Agreement of 9-plex PCR assay with sequencing

Results obtained from our 9-plex PCR was 100% consistent
with sequencing of D1/D2 domains of LSU rDNA for 280
clinical strains (Table 4). Cryptic species complexes of C.
parapsilosis (n = 54) and C. glabrata (n = 91) were all clearly
distinguishable using sequencing of respective domain.
Despite the fact that, C. dubliniensis (n =4) and C. albicans
(n=128) clearly were distinguishable using sequencing of
respective domain, C. africana and C. albicans showed >
99% similarity, and, hence, making their discrimination at
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Table 3 Expected and actual PCR products on gel are shown. Despite of deviation of amplicon sizes in both individual PCR
products and home-made ladder containing mixture of PCR products, target species were clearly distinguishable from each other

Target species Expecetd PCR

product size

Actual home-made ladder
PCR product sizes on gel (approximately)

Actual indidividual PCR product
size on gel (approximately)

Candida albicans 1090 bps 950 bps
Candida africana 901 bps 800 bps
Candida dubliniensis 721 bps 600 bps
Candida nivariensis 588 bps 500 bps
Candida orthopsilosis 476 bps > 400 bps
Candida glabrata 386 bps > 350 bps
Candida metapsilosis 308 bps 280 bps
Candida bracarensis 214 bps 200 bps
Candida parapsilosis 112 bps 100 bps

1200 bps
1100 bps
950 bps
700 bps
576 bps
486 bps
400 bps
300 bps
250 bps

the species level difficult. However, our 9-plex PCR
assay clearly discriminated the two closely related
species complexes of C. albicans and C. africana.
Consistently, 9-plex PCR assay distinctly identified all
of the cryptic species complexes as distinct fragment
on the gel. The overall agreement between sequencing
of D1/D2 LSU rDNA was 100%.

Discussion

Representatives of the cryptic species of Candida albicans,
Candida glabrata, and Candida parapsilosis complexes
account for the majority of candidiasis cases [21]. Appro-
priate identification and differentiation of cryptic species
complexes is clinically relevant, as not only there are dif-
ferences on virulence and antifungal susceptibility patterns
among species within the same complex, but also contra-
dictory observations for antifungal susceptibility patterns
among different studies have been reported [5, 22-25].
Due to facing these contradictory results along with the
limited epidemiological data for cryptic species complexes,
the genuine distribution and antifungal susceptibility pro-
files of these species in different geographical locations
remained unclear. Moreover, as antifungal susceptibility

profile of cryptic species within the same complex are va-
ried, identification down to the species level is imperative
to establish the appropriate antifungal therapy [24, 26, 27].
In line with this, providing epidemiologists and small la-
boratories with a fast, accurate, specific, and cheap means
of identification to disclose the prevalence and antifungal
susceptibility profiles of isolates belonging to cryptic
Candida species. Accordingly, we have developed and
validated an inexpensive, reliable, accurate, specific, and
user friendly multiplex PCR assays capable of identifying
nine cryptic species in one assay.

From different perspectives including, time needed to
finish the experiments, required expenses and need of
trained technicians our assays is comparable to other
PCR-based assay and platforms such as MALDI-TOF.

Application of cryptic species complexes strains iso-
lated in clinical settings with our 9-plex PCR assay and
its comparison with results obtained by Sanger sequen-
cing of D1/D2 domain of LSU rDNA, revealed 100%
consistency between these techniques. However, due to
the high similarity between C. albicans and C. africana
in the sequences of the D1/D2 and ITS rDNA fragments
(99.3-100%), distinguishing these two species is difficult

Table 4 Comparison of 9-plex PCR with CBS in-house MALDI-TOF database and sequencing of D1/D2 LSU rDNA

Species Multiplex PCR

MALDI-TOF Sequencing

C. albicans (n=128)
C. dubliniensis (n = 4)

C. albicans (n=128)
C. dubliniensis (n = 4)
C. africana (n =3) C. africana (n=3)
C. glabrata (n = 87) C. glabrata (n = 87)
C. nivariensis (n = 2) C. nivariensis (n = 2)
C. bracarensis (n = 2) C. bracarensis (n = 2)
C. parapsilosis (n = 28) C. parapsilosis (n = 28)
C. orthopsilosis (n = 6) C. orthopsilosis (n = 6)

C. metapsilosis (n = 20) C. metapsilosis (n = 20)

C. albicans (n=128)
C. dubliniensis (n = 4)
C. albicans (n=3)

C. glabrata (n = 87)

C. albicans (n=128)
C. dubliniensis (n = 4)
C. africana (n = 3)°

C. glabrata (n = 87)

C. nivariensis (n = 2) C. nivariensis (n = 2)
C. bracarensis (n = 2) C. bracarensis (n = 2)
C. parapsilosis (n = 28) C. parapsilosis (n = 28)
C. orthopsilosis (n = 6) C. orthopsilosis (n = 6)

C. metapsilosis (n = 20) C. metapsilosis (n = 20)

2 Similarity between C. albicans and C. africana using sequencing of D1/D2 LSU rDNAwas more than 99%
This library has been enriched with a diverse range of yeast species utilized in brewery
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[28]. Consistently, the sequencing of LSU rDNA frag-
ment in C. africana showed >99% similarity with C.
albicans. Importantly, application of our 9-plex PCR
could discriminate these two species. Like DNA micro-
array [29] and pyrosequencing [30], Sanger sequencing re-
quires highly trained technicians and more turn-around
time [8], while our multiplex PCR assay is straightforward
and running of the whole application (from master mix
preparation to visualization on the gel) only consumes
four hours. In terms of expenses, only 0.75-1 euro is
enough to finalize the results on the gel electrophoresis,
however, sequencing require specific devices and is more
expensive. However, in order to resolve the issue of dis-
crepancy between the length of predicted and actual PCR
products we suggest to use either our in-house ladder or
to run the amplicons of each control species individually
in a separate lane.

Our multiplex PCR successfully identified all C. africana
isolates and, hence, improved the results obtained from
MALDI-TOF. Except for C. africana strains (n= 3),
Bruker MALDI-TOF MS could identify the rest of cryptic
species complexes, resulting in 98.93% agreement with
our multiplex PCR assay. Variability in accuracy of
commercial MALDI-TOF MS database for identification
of uncommon and cryptic Candida species [9, 31, 32],
inability of the Bruker MALDI-TOF to distinguish C.
africana from C. albicans, and incompetence of VITEK
MS systems for identification of C. bracarensis, C. niva-
riensis, and C. orthopsilosis and low cut-off value of Bruker
MS systems (< 1.700) for identification of C. bracarensis
complex reinforced the urge for molecular identification
tools [22, 33]. On the other hand, unlike the domination
of PCR even in developing countries [12, 13], MALDI-
TOF is a newer introduced platform, mainly restricted to
large or reference laboratories [34—36].

Unlike, AFLP [9] and RFLP [37], there is no need for
restriction of the PCR products, several visualization
steps and reading of the results are straightforward.
Muriel Cornet et al. (2011) used PCR-RFLP, to identify
all eight cryptic species except for C. africana. However,
this method used three primers targeting ribosomal
intergenic spacer (IGS), tedious post-PCR restriction and
required electrophoretic visualization twice making this
experiment daunting, time consuming, and expensive
[37]. Additionally, digestion of PCR products with re-
striction enzymes generated multiple fragments, in turn,
makes the interpretation difficult when compared to
banding pattern of reference strains.

The successful identification of all nine cryptic species
in one tube, complements previous studies identifying
members of the species complexes of Candida albicans
[14], Candida glabrata [15], and Candida parapsilosis
[16] using three separate tubes, and, hence, is time- and
cost-saving.
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Application of broad diversity of yeast species, five Asper-
gillus species, and human DNA for specificity testing and
inclusion of an extensive number of CBS reference strains
and clinical isolates, showed that our 9-plex PCR is 100%
specific. As a result, our assay circumvents the imperfec-
tions of phenotypic assays (CHROMagar, VITEK 2 and ID
32C) that suffer from the lack of specificity [38, 39].
Additionally, subjecting various populations of the same
species to phenotypic assay could showed various results
[32, 40, 41]. Accordingly, as suggested by Griseo et al.
(2015), small clinical laboratories can take advantage of spe-
cific phenotypic methods supplemented with easy-to-
perform PCR-based approaches to identify and report
isolated cryptic Candia species [8].

Conclusion

Due to the problems with the identification and discrimin-
ation of cryptic Candida species from their closest relatives,
there is still uncertainty and unclarity about their epide-
miology, pathogenicity and antifungal susceptibility pattern
[43,44]. Consequently, developing reliable, specific, cost and
labor effective methods is necessary. Successful testing of
specificity and validation using a broad range of CBS
reference strains and clinical isolates, revealed the
potential of this assay to be implemented in routine
diagnostics and epidemiological studies. As C. albi-
cans, C. glabrata, and C. parapsilosis complex species
constitute 80-90% of candidiasis cases, identification
of all nine cryptic species within one multiplex PCR
assay, could be of a great assistance.

Additional files

Additional file 1: Table S1. CBS reference strains utilized for
optimization of 9-plex PCR. (DOCX 20 kb)

Additional file 2: Figure S1. Comparison of home-made ladder and
Thermofisher commercial ladder (SM0323). Obviously, amplicons of all
target species are distinguished and differentiated from one another.
(JPG 79 kb)

Acknowledgements

We would like to Thank Dr. Kamiar Zomorodian, Sadegh Khodavaisy, Hamid
Badali, Weiwei Jiang, and Ferry Hagen for kind provision of clinical strains
and revision of the manuscript.

Funding

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Sklodowska-Curie
grant agreement No 642095, National Health Department of China
[20182X10101003], National Natural Science Foundation of China [31770161],
Second Military Medical University [2017JZ47] and Shanghai Science and
Technology Committee [14DZ2272900 and 14495800500].

Availability of data and materials
All data are presented in this manuscript.

Authors’ contributions
AA and WJF have designed the study participated in study design and
practical works, and drafted the manuscript. WHP and TB have contributed


https://doi.org/10.1186/s12879-018-3381-5
https://doi.org/10.1186/s12879-018-3381-5

Arastehfar et al. BMIC Infectious Diseases (2018) 18:480

in study design and revision. WL and LY helped with study design, strain
provision, drafting and revising manuscript. All authors read and approved
the final version.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Weihua Pan is the editor of BMC Infectious Diseases and we declare that her
co-authorship has not influenced the editorial processes.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

1Westerdijk Fungal Biodiversity Institute, Utrecht 3584, the Netherlands.
’Department of Dermatology, Shanghai Key Laboratory of Molecular Medical
Mycology, Shanghai Institute of Medical Mycology, Shanghai Changzheng
Hospital, Second Military Medical University, Shanghai 200003, China.
*Institute of Biodiversity and Ecosystem Dynamics, University of Amsterdam,
Amsterdam 1012 WX, the Netherlands.

Received: 13 February 2018 Accepted: 13 September 2018
Published online: 25 September 2018

References

1. Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, et al.
Multistate point-prevalence survey of health care-associated infections. N
Engl J Med. 2014;370:1198-208. https://doi.org/10.1056/NEJMoa1306801.

2. Tietz H-J, Hopp M, Schmalreck a, Sterry W, Czaika V. Candida africana sp.
nov., a new human pathogen or a variant of Candida albicans? Mycoses.
2001,44:437-45. https://doi.org/10.1046/j.1439-0507.2001.00707 x.

3. Sullivan DJ, Westerneng TJ, Haynes KA, Bennett DE, Coleman DC. Candida
dubliniensis Sp-Nov - phenotypic and molecular characterization of a novel
species associated with Oral Candidosis in Hiv-infected individuals.
Microbiology-Uk. 1995;141:1507-21.

4. Alcoba-florez J, Méndez-dlvarez S, Guarro J, Pérez-roth E, Arévalo P,
Cano J, et al. Phenotypic and molecular characterization of Candida
nivariensis sp . Nov ., a possible new opportunistic fungus. J Clin
Microbiol. 2005;43:4107-11.

5. Bishop JA, Chase N, Magill SS, Kurtzman CP, Fiandaca MJ, Merz WG. Candida
bracarensis detected among isolates of Candida glabrata by peptide nucleic
acid fluorescence in situ hybridization: susceptibility data and
documentation of presumed infection. J Clin Microbiol. 2008;46:443-6.

6. Tavanti A, Davidson AD, Gow NAR, MCJ M, Odds FC. Candida orthopsilosis
and Candida metapsilosis spp. nov. to replace Candida parapsilosis groups |l
and lll. J Clin Microbiol. 2005;43:284-92.

7. Pryszcz LP, Németh T, Saus E, Ksiezopolska E, HegedUisova E, Nosek J, et al.
The genomic aftermath of hybridization in the opportunistic pathogen
Candida metapsilosis. PLoS Genet. 2015;11:1-29.

8. Criseo G, Scordino F, Romeo O. Current methods for identifying clinically
important cryptic Candida species. J Microbiol Methods. 2015;111:50-6.
https://doi.org/10.1016/j.mimet.2015.02.004.

9. De Carolis E, Hensgens LAM, Vella A, Posteraro B, Sanguinetti M, Senesi S, et
al. Identification and typing of the Candida parapsilosis complex: MALDI-TOF
MS vs. AFLP. J Music Ther. 2015;52:123-30.

10.  Sendid B, Ducoroy P, Francois N, Lucchi G, Spinali S, Vagner O, et al.
Evaluation of MALDI-TOF mass spectrometry for the identification of
medically-important yeasts in the clinical laboratories of Dijon and Lille
hospitals. Med Mycol. 2013;51:25-32.

11. TM P SP, ID K, GW C. Rapid identification of fungi by sequencing the ITSI
and [TS2 regions using an automated capillary electrophoresis system. Med
Mycol. 2003;41:369-81.

12. Ragheb SM, Jimenez L. Polymerase chain reaction/rapid methods are
gaining a foothold in developing countries. PDA J Pharm Sci Technol. 2014;
68:239-55.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 8 of 9

World Health Organization. Establishment of PCR laboratory in developing
countries. 2016. http://apps.who.int/iris/bitstream/10665/249549/5/
9789290225317-Eng.pdf?ua=1.

Romeo O, Criseo G. First molecular method for discriminating between
Candida africana, Candida albicans, and Candida dubliniensis by using hwp1
gene. Diagn Microbiol Infect Dis. 2008;62:230-3.

Enache-Angoulvant A, Guitard J, Grenouillet F, Martin T, Durrens P,
Fairhead C, et al. Rapid discrimination between Candida glabrata,
Candida nivariensis, and Candida bracarensis by use of a singleplex PCR.
J Clin Microbiol. 2011;49:3375-9.

Prandini THR, Theodoro RC, Bruder-Nascimento ACMO, Scheel CM, Bagagli
E. Analysis of inteins in the Candida parapsilosis complex for simple and
accurate species identification. J Clin Microbiol. 2013;51:2830-6.

Theelen B, Silvestri M, Guého E, Belkum A, Boekhout T. Identification and
typing of Malassezia yeasts using amplified fragment length polymorphism
(AFLPTm), random amplified polymorphic DNA (RAPD) and denaturing
gradient gel electrophoresis (DGGE). FEMS Yeast Res. 2001;1:79-86. https.//
doi.org/10.1111/.1567-1364.2001.tb00018x.

Stielow JB, Lévesque CA, Seifert KA, Meyer W, Irinyi L, Smits D, et al. One
fungus, which genes? Development and assessment of universal primers for
potential secondary fungal DNA barcodes. Persoonia - Mol Phylogeny Evol
Fungi. 2015;35:242-63. https://doi.org/10.3767/003158515X689135.
Taj-Aldeen SJ, Kolecka A, Boesten R, Alolagi A, Almaslamani M, Chandra P, et
al. Epidemiology of candidemia in Qatar, the Middle East: performance of
MALDI-TOF MS for the identification of Candida species, species distribution,
outcome, and susceptibility pattern. Infection. 2014;42:393-404.

Kolecka A, Khayhan K, Groenewald M, Theelen B, Arabatzis M, Velegraki A, et
al. Identification of medically relevant species of arthroconidial yeasts by use
of matrix-assisted laser desorption ionization-time of flight mass
spectrometry. J Clin Microbiol. 2013;51:2491-500.

Guinea J. Global trends in the distribution of Candida species causing
candidemia. Clin Microbiol Infect. 2014;20:5-10. https://doi.org/10.1111/
1469-0691.12539.

Hou X, Xiao M, Chen SC, Wang H, Yu S, Fan X. Identification and Antifungal
Susceptibility Profiles of Candida nivariensis and Candida bracarensis in a
Multi-Center Chinese Collection of Yeasts. 20178 January:1-8.

Romeo O, Scordino F, Pernice |, Lo Passo C, Criseo G. A multiplex PCR
protocol for rapid identification of Candida glabrata and its phylogenetically
related species Candida nivariensis and Candida bracarensis. J Microbiol
Methods. 2009;79:117-20. https://doi.org/10.1016/j.mimet.2009.07.016.
Borman AM, Petch R, Linton CJ, Palmer MD, Bridge PD, Johnson EM.
Candida nivariensis, an emerging pathogenic fungus with multidrug
resistance to antifungal agents. J Clin Microbiol. 2008;46:933-8.
Yazdanparast SA, Khodavaisy S, Fakhim H, Shokohi T, Haghani I, Nabili M, et
al. Molecular characterization of highly susceptible Candida africana from
vulvovaginal candidiasis. Mycopathologia. 2015;180:317-23.

Gacser A, Schafer W, Nosanchuk JS, Salomon S, Nosanchuk JD. Virulence of
Candida parapsilosis, Candida orthopsilosis, and Candida metapsilosis in
reconstituted human tissue models. Fungal Genet Biol. 2007;44:1336-41.
Borman AM, Szekely A, Linton CJ, Palmer MD, Brown P, Johnson EM.
Epidemiology, antifungal susceptibility, and pathogenicity of Candida
africana isolates from the United Kingdom. J Clin Microbiol. 2013;51:967-72.
Rodriguez-Leguizamon G, Fiori A, Lopez LF, Gdémez BL, Parra-Giraldo CM,
Gomez-Ldpez A, et al. Characterising atypical Candida albicans clinical
isolates from six third-level hospitals in Bogotd, Colombia. BMC Microbiol
2015;15:1-10. doi:https://doi.org/10.1186/512866-015-0535-0.

Campa D, Tavanti A, Gemignani F, Mogavero CS, Bellini |, Bottari F, et al.
DNA microarray based on arrayed-primer extension technique for
identification of pathogenic fungi responsible for invasive and superficial
mycoses. J Clin Microbiol. 2008;46:909-15.

Borman AM, Linton CJ, Oliver D, Palmer MD, Szekely A, Odds FC, et al.
Pyrosequencing analysis of 20 nucleotides of internal transcribed spacer 2
discriminates Candida parapsilosis, Candida metapsilosis, and Candida
orthopsilosis. J Clin Microbiol. 2009;47:2307-10.

Jamal WY, Ahmad S, Khan ZU, Rotimi VO. Comparative evaluation of two
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) systems for the identification of clinically significant yeasts.
Int J Infect Dis. 2014;26:167-70. https;//doi.org/10.1016/}.jid.2014.05.031.
Kim T-H, Kweon OJ, Kim HR, Lee M-K. Identification of uncommon Candida
species using commercial identification systems. J Microbiol Biotechnol.
2016;26:2206-13. https://doi.org/10.4014/jmb.1609.09012.


https://doi.org/10.1056/NEJMoa1306801
https://doi.org/10.1046/j.1439-0507.2001.00707.x
https://doi.org/10.1016/j.mimet.2015.02.004
http://apps.who.int/iris/bitstream/10665/249549/5/9789290225317-Eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/249549/5/9789290225317-Eng.pdf?ua=1
https://doi.org/10.1111/j.1567-1364.2001.tb00018.x
https://doi.org/10.1111/j.1567-1364.2001.tb00018.x
https://doi.org/10.3767/003158515X689135
https://doi.org/10.1111/1469-0691.12539
https://doi.org/10.1111/1469-0691.12539
https://doi.org/10.1016/j.mimet.2009.07.016
https://doi.org/10.1186/s12866-015-0535-0
https://doi.org/10.1016/j.ijid.2014.05.031
https://doi.org/10.4014/jmb.1609.09012

Arastehfar et al. BMIC Infectious Diseases (2018) 18:480

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sow D, Fall B, Ndiaye M, Ba BS, Sylla K, Tine R, et al. Usefulness of MALDI-
TOF mass spectrometry for routine identification of Candida species in a
resource-poor setting. Mycopathologia. 2015;180:173-9.

Posteraro B, Efremov L, Leoncini E, Amore R, Posteraro P, Ricciardi W, et al.
Are the conventional commercial yeast identification methods still helpful
in the era of new clinical microbiology diagnostics? A meta-analysis of their
accuracy. J Clin Microbiol. 2015;53:2439-50.

Posteraro B, De Carolis E, Vella A, Sanguinetti M. MALDI-TOF mass
spectrometry in the clinical mycology laboratory: identification of fungi and
beyond. Expert Rev Proteomics 2013;10:151-164.

Clark AE, Kaleta EJ, Arora A, Wolk DM. Matrix-assisted laser desorption
ionization-time of flight mass spectrometry: a fundamental shift in the routine
practice of clinical microbiology. Clin Microbiol Rev. 2013;26:547-603.

Cornet M, Sendid B, Fradin C, Gaillardin C, Poulain D, Nguyen HV. Molecular
identification of closely related Candida species using two ribosomal
intergenic spacer fingerprinting methods. J Mol Diagnostics. 2011;13:12-22.
https://doi.org/10.1016/jjmoldx.2010.11.014.

Bishop JA, Chase N, Lee R, Kurtzman CP, Merz WG. Production of white
colonies on CHROMagar Candida medium by members of the Candida
glabrata clade and other species with overlapping phenotypic traits. J Clin
Microbiol. 2008;46:3498-500.

Cendejas-Bueno E, Gomez-Lopez A, Mellado E, Rodriguez-Tudela JL,
Cuenca-Estrella M. Identification of pathogenic rare yeast species in clinical
samples: comparison between phenotypical and molecular methods. J Clin
Microbiol. 2010;48:1895-9.

Albaina O, Sahand IH, Brusca MI, Sullivan DJ, De Larrinoa IF, Moragues MD.
Identification and characterization of nine atypical Candida dubliniensis
clinical isolates. J Med Microbiol 2015:64:147-156.

Romeo O, Criseo G. Candida africana and its closest relatives. Mycoses. 2011;
54:475-86.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.jmoldx.2010.11.014

Received: 1 August 2018 Revised: 20 September 2018 Accepted: 14 October 2018 ‘ —d
eck for
‘ updates

DOI: 10.1111/myc.12863

ORIGINAL ARTICLE WILEY [BhiGsmis

Genotypic diversity and antifungal susceptibility of
Cryptococcus neoformans isolates from paediatric patients in
China

Nan Hong"? | Min Chen?® | NanXu® | Abdullah M. S. Al-Hatmi*>¢ |
Chao Zhang'? | WeiH.Pan?® | Ferry Hagen* | Teun Boekhout?”? |
Jianping Xu’® | XianB.Zou!® | Wan Q. Liao?

Department of Dermatology, Changzheng Hospital, Second Military Medical University, Shanghai, China

2Shanghai Key Laboratory of Medical Mycology, Changzheng Hospital, Second Military Medical University, Shanghai, China
3Department of Dermatology, Shanghai East Hospital, Tongji University School of Medicine, Shanghai, China

4Department of Medical Mycology, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands

®Centre of Expertise in Mycology, Radboud University Medical Centre/Canisius-Wilhelmina Hospital, Nijmegen, The Netherlands
6Ministry of Health, Directorate General of Health Services, Ibri, Oman

7Department of Yeast and Basidiomycete Research, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands

8|nstitute of Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam, The Netherlands

“Department of Biology, McMaster University, Hamilton, Ontario, Canada

ODepartment of Dermatology, First Affiliated Hospital of PLA General Hospital, Beijing, China

Correspondence
Wan Q. Liao, Department of Dermatology, Abstract
Shanghai Key Laboratory of Molecular Cryptococcosis is a life-threatening mycosis primarily occurring in adult patients par-

Medical Mycology, Changzheng Hospital,

Second Military Medical University, ticularly those with immunosuppression such as HIV infection/AIDS. The number of

Shanghai, China. reported cases of paediatric cryptococcosis has increased in the last decade around
Email: liaowanging@smmu.edu.cn . . . . . ..
and the world, including China. However, current information on the characteristics of

Xian B. Zou, Department of Dermatology, cryptococcosis in children, particularly the genotypic diversity and antifungal sus-
First Affiliated Hospital of PLA General

Hospital, Beijing, China.
Email: zouxianbiao25@sina.com lates of Cryptococcus neoformans were genotyped using the ISHAM-MLST scheme. In

ceptibility of the isolates, is limited. In the present study, a total of 25 paediatric iso-

Funding information vitro susceptibility to antifungal agents of the 22 isolates was tested using the CLSI

National Health Department, Grant/ M27-A3 method. Our analyses revealed that the genotypic diversity of C. neoformans
Award Number: 2014ZX09J14106-02A . . L. . .

and 20187X10101003; National Natural isolates from Chinese paediatric patients was low, with ST 5 (80%) and ST 31 (12%)
Science Foundation of China, Grant/Award being the two major sequence types. Reduced susceptibility to fluconazole (FLU),

Number: 81201269; Shanghai Science
and Technology, Grant/Award Number:

14Dz22201000 lates from Chinese paediatric patients, particularly among the ST5 isolates, which

5-flucytosine (5-FC) and itraconazole (ITR) was observed among C. neoformans iso-

was similar to observations made on C. neoformans isolates from Chinese adult pa-
tients. In addition, the majority of isolates (3/4, 75%) obtained from deceased pa-
tients showed decreased antifungal susceptibility, which indicates that further
monitoring of antifungal susceptibility of Cryptococcus isolates is warranted in man-

agement of paediatric cryptococcosis.

Nan Hong, Min Chen and Nan Xu contributed equally to this work and share the first co-authorship.

Mycoses. 2018;1-10. wileyonlinelibrary.com/journal/myc © 2018 Blackwell Verlag GmbH | 1


www.wileyonlinelibrary.com/journal/myc
http://orcid.org/0000-0002-0629-9264
http://orcid.org/0000-0001-8077-023X
http://orcid.org/0000-0003-2915-2780
mailto:liaowanqing@smmu.edu.cn
mailto:zouxianbiao25@sina.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmyc.12863&domain=pdf&date_stamp=2018-11-13

HONG ET AL.

Q_Wl LEY mycoses

Diagnosis, Therapy and Prophylaxis of Fungal Diseases

KEYWORDS

antifungal susceptibility, China, Cryptococcus neoformans, genotype, paediatric

1 | INTRODUCTION

Cryptococcus neoformans and Cryptococcus gattii are two major ba-
sidiomycetes yeasts which form a species complex and are associ-
ated with cryptococcosis, a life-threatening mycosis involving both
immunosuppressed and immunocompetent hosts.> Cryptococcus
neoformans has a worldwide distribution, occurring naturally in avian
excreta and causing over 80% of cryptococcosis cases each year.3
Cryptococcus gattii is mainly associated with trees and has emerged
as a pathogen of immunocompetent humans in temperate regions of
North America.*

The recent development of molecular techniques, such as multi-
locus sequence typing (MLST), has improved our understanding of
the genetic diversity and taxonomy of C. neoformans and C. gattii
as both are recognised as species complexes.>” Cryptococcus neo-
formans (serotype A) has been divided into three major molecular
types, namely AFLP1/VNI, AFLP1A/VNII/VNB and AFLP1B/VNII;
molecular type of Cryptococcus deneoformans (serotype D) is AFLP2/
VNIV; molecular type of the hybrid isolates (serotype AD) is AFLP3/
VNIIL In addition, C. neoformans and C. gattii have two opposite
mating types, MATa and MATa, with MATa being the prevalent mat-
ing type of clinical and environmental isolates.®?

The rapid emergence of multidrug-resistant pathogenic fungi
has become a major threat to human health.1° Currently, azoles,
particularly fluconazole (FLU), are generally recommended for the
treatment of cryptococcosis during the consolidation and mainte-
nance phases.11 However, cryptococcosis caused by FLU-resistant
Cryptococcus isolates has recently been reported.'? Moreover, anti-
fungal susceptibility of Cryptococcus isolates has been noted to vary
among genotypes and geographic regions.'”

Cryptococcosis is primarily observed in adult patients with HIV/
AIDS, while cases involving children are rarely reported.13'16 It has
been documented that paediatric cryptococcosis accounted for
0.9% of all cryptococcosis cases in South Africa.t” The number of
reported cryptococcosis in children, however, has increased world-
wide in the last decade, including China.'®'® A previous study in-
dicated that the majority (approximately 70%) of children (>2 years
old) in the Bronx, New York, USA had serologic evidence for C. neo-
formans infection,’ particularly those older than 5 years old.%°

To date, data on the characteristics of cryptococcosis in chil-
dren, particularly the genotypic diversity and antifungal susceptibil-
ity of the isolates, are limited. To the best of our knowledge, only
one study from South Africa has investigated isolates from paediat-
ric cryptococcosis cases, indicating a high genetic diversity among
C. neoformans isolates from paediatric patients. Here we report the
first genotyping and antifungal susceptibility profiles of paediatric
cryptococcosis in China.

2 | MATERIALS AND METHODS

2.1 | Isolates

The paediatric cryptococcosis cases in the present study were all
confirmed by a positive culture. Patients whose age at the time of di-
agnosis was <16 years were included in this study. Twenty-two C. neo-
formans strains isolated from paediatric patients were included in our
study. All these isolates were collected from six university hospitals in
China namely: Changzheng Hospital (n = 15), Xinhua Hospital (n = 1)
and Huashan Hospital (n = 1) in Shanghai; West China Hospital (n = 2)
in Chengdu, Sichuan Province; the First Affiliated Hospital of Zhejiang
University (n=2) in Hangzhou, Zhejiang Province; and Guangzhou
General Military Hospital (n = 1) in Guangzhou, Guangdong Province.
In addition, we also included the MLST sequence and clinical informa-
tion of three paediatric isolates (PU 18, PU 31 and PU 158) which were

reported previously from Beijing21 for comparison analyses.

2.2 | Mating type

To determine the mating type of the C. neoformans isolates, PCRs
were performed as previously described.?? Cryptococcus neoformans
strains CBS 10512 (MATa; AFLP1/VNI), CBS10515 (MATwa; AFLP1/
VNI), and C. deneoformans strains CBS 10511 (MATa; AFLP2/VNIV),
CBS 10513 (MATa; AFLP2/VNIV) were used as controls.

2.3 | DNA extraction, PCR and sequencing

DNA extraction of C.neoformans isolates was performed follow-
ing the instructions of the UltraClean® microbial DNA isolation kit
(MoBIO Laboratories, Carlsbad, CA, USA). Each locus (CAP59, GPD1,
IGS1, LAC1, PLB1, SOD1 and URA5) in C. neoformans was amplified in
a 25 pL PCR volume according to the ISHAM-MLST scheme.?® PCR
products were purified with Sephadex G-50 fine (GE Healthcare Bio-
Sciences, Uppsala, Sweden) and were sequenced from both direc-
tions. Sequence reads were manually edited using SeqMan v8.0.2
(DNASTAR, Madison, WI, USA) and each MLST sequence was aligned
using MUSCLE version 3.8.312% and concatenated by the FASconCAT
program,25 and then queried against the online MLST database (http://
mlst.mycologylab.org) to assign allele type (AT) for each of the seven
loci. The final sequence type (ST) for each isolate was determined

based on the combined allelic assignments at the seven sequenced loci.

2.4 | Genotyping

Principal component analysis (PCA) of the sequence data of

C. neoformans isolates was performed using the Adegenet 2.1.1
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package26 for software R (version 3.4.4). Moreover, nucleotide
diversity (), number of polymorphic sites (S), average number of
nucleotide differences per sequence (k) and average number of
nucleotide substitutions per site between populations (ny) were
calculated using DnaSP version 6.10.03.2” The recent study on
paediatric C. neoformans isolates from South Africa did not fol-
low the full ISHAM-MLST scheme to analyse genetic diversity.
However, among the 11 loci analysed by them, five loci (GPD1,
LAC1,1GS1, PLB1 and SOD1) overlapped with the seven loci used in
our study. For comparative analysis of the paediatric C. neoformans
isolates between China and South Africa, the results of our ge-
netic diversity analysis were all based on the five-locus sequence
data. Comparisons of ST distributions between C. neoformans iso-
lates from Chinese paediatric cases and that from Chinese adult
cases were conducted using Fisher’s exact test corrected with the
Benjamini-Hochberg method for multiple comparisons. The ST in-
formation of C. neoformans isolates from 162 Chinese adult cases
was collected from two previous studies by Dou et al?! (n = 77)
and Chen et al?® (n = 85).

2.5 | Phylogenetic analysis

We selected four representative C. neoformans isolates from Chinese
paediatric patients representing four different STs identified here, five
C. neoformans isolates from Chinese adult patients with five different

STs and twenty-one isolates from paediatric patients in South Africa

to show the relationships among the different STs in a phylogenetic
tree. Our phylogenetic tree was based on the five-locus sequence data
(GPD1, LAC1, IGS1, PLB1 and SOD1). The sequence data of these five

1%* and con-

loci were aligned individually using MUSCLE version 3.8.3
catenated by FASconCAT program.25 The concatenated alignment was
then uploaded into MEGA7.0.9 to construct a phylogenetic tree using
maximum likelihood (ML) and maximum parsimony (MP) methods with

K2 + G model and 1000-replicate of bootstrap test, respectively.?’

2.6 | Antifungal susceptibility testing

To assess the in vitro antifungal susceptibility of the isolates, anti-
fungal drugs amphotericin B (AMB), 5-flucytosine (5-FC), fluconazole
(FLU), itraconazole (ITR), voriconazole (VOR), posaconazole (POS) and
isavuconazole (ISA) were applied to the Cryptococcus isolates using
the CLST M27-A3 protocol‘30 The minimum inhibitory concentra-
tion (MIC) values were determined after 72 hours of incubation at
35°C. Candida krusei strain ATCC 6258 and C. parapsilosis strain ATCC
22019 were used as quality control (QC) strains. Based on the rec-
ommendation of previous studies, the epidemiological cut-off values
(ECVs) of C. neoformans for 5-FC and FLU used in the present study
were 8 mg/L; 0.25 mg/L for ITR, VOR and POS; 1 mg/L for AMB; and
0.12 mg/L for ISA, respectively.3¥23 In this study, isolates with MIC
values above the ECVs were considered as non-wild-type (non-WT)
isolates and isolates with MIC values equal to the ECVs were consid-

ered as having decreased susceptibility to antifungal drugs.
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FIGURE 1 Geographical distribution of paediatric C. neoformans isolates from China that were included in this study
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3 | RESULTS

3.1 | Demographic data of the paediatric isolates

The isolates included in our study were collected from 25 paediatric pa-
tients living in 13 different provinces across China as shown in Table 1.
The majority of the isolates were obtained from Sichuan (16%, 5/25),
followed by Shanghai (12%, 3/25), Hubei (12%, 3/25), Beijing (8%,
2/25), Hebei (8%, 2/25), Henan (8%, 2/25), Shanxi (8%, 2/25), Zhejiang
(8%, 2/25), Fujian (4%, 1/25), Anhui (4%, 1/25), Guangdong (4%, 1/25),
Hunan (4%, 1/25) and Jiangsu (4%, 1/25). The majority of these iso-
lates were recovered from cerebrospinal fluid (CSF) (80%, 20/25), fol-
lowed by blood (12%, 3/25), and skin (8%, 2/25). The mean age of these

RSA 4573 ST3 VNI
RSA 4724 8T12 VNI X

Diagnosis, Therapy and Prophylaxis of Fungal Diseases

patients was 10.4 + 3.5 years (range: 3-15 years), with the majority
within the age range of 11-15 years (56%, 14/25). The male/female gen-
der ratio was 1.5 (15:10). The majority of the paediatric patients (80%,
20/25) had no underlying diseases. Only three paediatric patients were
HIV-infected, and two patients had systematic lupus erythematous
(SLE). Patient characteristics are presented in Table 1 and Figure 1.

3.2 | Genotypes and mating types

All of the paediatric isolates from China were identified as C. neo-
formans (AFLP1/VNI, MATa). Among these, four STs were identified
with ST5 (80%, 20/25) being predominant, followed by ST31 (12%,

X =
=
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FIGURE 2 A phylogenetic tree for the representative paediatric C. neoformans isolates from China and South Africa using ML and MP
methods based on the sequences of five loci (GPD1, LAC1, IGS1, PLB1 and SOD1). Sequence types in blue derive from the ISHAM-MLST
scheme; sequence types in black derive from 11-loci MLST scheme. ST represents sequence type
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TABLE 2 Nucleotide polymorphisms in each locus and concatenated sequences of paediatric C. neoformans isolates from China and

South Africa
Paediatric isolates from South Paediatric isolates from China and
Paediatric isolates from China Africa South Africa
Locus 5 x k S x k S z k D
PLB1 1 0.00015 0.080 0.00208 1.106 6 0.00192 1.021 0.00202
LAC1 1 0.00017 0.333 7 0.00298 1.398 7 0.00288 1.355 0.00315
GPD1 1 0.00054 0.280 6 0.00201 1.044 6 0.00202 1.050 0.00231
1GS1 10 0.00388 2.800 12 0.00654 4.714 12 0.00597 4.307 0.00560
SoD1 0 0 0 1 0.00011 0.059 1 0.00008 0.043 0.00006
Concatenated 13 0.00044 3.493 32 0.00300 8.321 32 0.00280 7.776 0.00282

S, number of polymorphic sites; &, nucleotide diversity; k, average number of nucleotide differences per sequence; D,, average number of nucleotide
substitutions per site between populations (paediatric isolates from China vs paediatric isolates from South Africa).

3/25), ST53 (4%, 1/25) and ST93 (4%, 1/25). The details are shown
in Table 1.

3.3 | Phylogenetic analysis

The phylogenetic tree revealed that the predominant ST5 isolate
(based on the ISHAM-MLST) in Chinese paediatric isolates (repre-
sented by strain SCZ 20172) clustered together with a ST9 isolate
(based on 11-loci MLST) from the South Africa study (represented by
strain RSA 1162). Moreover, the major ST8 isolate (based on 11 loci
MLST) from South Africa (represented by strain RSA 1195) clustered
together with ST 93 isolate (based on the ISHAM-MLST) from China
(represented by strain SCZ 20067). Details of the phylogenetic tree
are shown in Figure 2.

3.4 | Comparison of genetic diversity of paediatric
isolates between China and South Africa

The PCA was used to assess the genetic structure of the paediatric
C. neoformans AFLP1/VNI isolates from China and South Africa. The
genetic structure captured by the first two principal components
showed a combined contribution of 77.8%. The paediatric isolates
from China clustered into four groups, whereas the paediatric iso-
lates from South Africa clustered into 10 groups. The PCA results
agreed with the results of the phylogenetic analysis, which revealed
that the ST5 (based on the ISHAM-MLST) isolates from China were
closely related to ST9 (based on 11-loci MLST) isolates from South
Africa, and ST93 (based on the ISHAM-MLST) isolates from China
were closely related to ST8 (based on 11-loci MLST) isolates from
South Africa.

The nucleotide diversity (z) of paediatric isolates from South
Africa (= = 0.00300, n = 82) was significantly higher than that from
China (z = 0.00044, n = 25). The average number of nucleotide dif-
ferences per sequence (k-value) of paediatric isolates from South
Africa (k = 8.321) was also higher than that of paediatric isolates
from China (k = 3.493). Together with the paediatric isolates from
China and South Africa, the nucleotide sequences of all five loci had

polymorphic sites ranging from 1 to 12. Locus IGS1 had the highest
nucleotide diversity (z = 0.00597) and the highest average number
of nucleotide differences per sequence (k =4.307), followed by
LAC1 (= =0.00288, k = 1.355) and GPD1 (z =0.00202, k = 1.050).
There was a significantly higher percentage of ST31 isolates from
Chinese paediatric cases than that from Chinese adult cases (Fisher’s
Exact test, calibrated P = 0.036). However, there was no significant
difference in ST5 distribution between C. neoformans isolates from
Chinese paediatric cases and that from Chines adult cases (calibrated
P =0.183). The details are shown in Table 2, Table 3 and Figure 3.

3.5 | Invitro antifungal drug susceptibility

The MIC values of QC strain ATCC 6258 in this study were 1 mg/L
for AMB, 16 mg/L for 5-FC, 32 mg/L for FLU, 0.5 mg/L for ITR and
POS, 0.25 mg/L for VOR and ISA. The MIC values of QC strain
ATCC 22019 in this study were 1 mg/L for AMB, 2 mg/L for FLU,
0.125 mg/L for POS, 0.063 mg/L for VOR, 0.031 mg/L for ISA,
0.25 mg/L for 5-FC and ITR. Our results are consistent with what
have been reported for these two strains in CLSI M27-A3 and in
previous studies.’*3% The MIC values of the paediatric isolates
of the present study were determined for seven antifungal com-
pounds, namely AMB, 5-FC, FLU, ITR, VOR, POS and ISA. For the
22 isolates, the in vitro antifungal MIC,, and susceptibility ranges
were 0.5 mg/L(0.25-0.50 mg/L) for AMB, 8 mg/L (2-8 mg/L) for 5-
FC, 4 mg/L (0.5-8 mg/L) for FLU, 0.125 mg/L (0.031-0.125 mg/L)
for VOR, 0.125 mg/L (0.008-0.125 mg/L) for POS, 0.25 pg/mL
(0.031-0.250 mg/L) for ITR and 0.031 mg/L (0.004-0.063 mg/L)
for ISA. None of the isolates in this study showed resistance to
FLU and 5-FC, which are the two most commonly used antifungal
drugs in the treatment of cryptococcosis. Five ST5 isolates from
Chinese paediatric patients were observed to have decreased sus-
ceptibility to ITR, and seven isolates were found to have decreased
susceptibility to 5-FC. One ST5 paediatric isolate (SCZ 20172)
was observed to have decreased susceptibility to FLU, 5-FC and
ITR. The ST93 and ST53 paediatric isolates in our study were not
observed to be resistant or have decreased susceptibility to the
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TABLE 3 Comparison of two major ST
distributions between paediatric isolates
and adult isolates in China

FIGURE 3 Genetic relationships
among C. neoformans AFLP1/VNI
paediatric isolates from China and South
Africa by principal component analysis.
Circles represent the isolates from South
Africa, and triangles represent the isolates
from China. Sequence types in blue derive
from the ISHAM-MLST scheme; sequence
types in black derive from 11-loci MLST
scheme. SA represents South Africa

TABLE 4 The MICrange, MIC,,, MIC,,
and geometric mean MIC of seven
antifungal agents for paediatric

C. neoformans isolates from China

seven antifungal compounds. Most paediatric isolates from de-
ceased patients (3/4, 75%) in this study had decreased susceptibil-
ity to antifungal compounds. Specifically, two isolates (SCZ 20154

Isolates from
paediatric

ycoses

nosis, Therapy and Prophylaxis of Fungal Diseases

Isolates from adult

WILEY-Z

Sequence type cases (n = 25) cases (n = 162) P-value Calibrated P-value
ST5 20 (0.800) 145 (0.895) 0.183 0.183
ST 31 3(0.120) 2(0.012) 0.018 0.036
PC2 (19.48%)
3
Isolates from pediatric patients
in SA (ST based on 11-loci MLST)
Isolates from pediatric patients
in China (ST based on ISHAM-MLST)
: o)
1 o
ST93 (7 loci, n = 1, China) O
0 ST8 (11 loci, n = 19, SA)
o) O
_ A ST31 (7 1oci,n =3, China)
ST16 (11 loci, n = 3, SA) ST53 (7 loci, n = 1, China)
-1
ST9 (11 loci, n = 9, SA)
AO
ST5 (7 loci, n = 20, China)
-2
—4 -3 -2 -1 0 1 2
PC1 (58.29%)
MIC
Geometric
Isolates Antifungal agents Range MIC;, mean MIC MIC,,
This study AMB 0.25-0.5 0.5 0.441 0.5
(n=22)
5-FC 2-8 4 4.832 8
FLU 0.25-8 2 2.130 4
ITR 0.031-0.25 0.125 0.097 0.25
VOR 0.031-0.125 0.063 0.069 0.125
POS <0.008-0.125 <0.008 0.019 0.125
ISA <0.004-0.063 0.015 0.012 0.031

and SCZ 20078) had decreased susceptibility to 5-FC and one iso-
late had decreased susceptibility to ITR (SCZ 20321). Details are
shown in Table 4 and Table S1.
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4 | DISCUSSION

Cryptococcosis is a lethal fungal infection that primarily affects adult
patients, especially those with AIDS or suffering from other underly-
ing diseases.>** In contrast, cryptococcosis is rare in children, even
those who are HIV-infected.'**°> However, the number of reported
cases of cryptococcosis in children has increased in Africa, Europe,
South America and Asia, including China.}>1¢183640 Except for
the recent study in South Africa,®” data on the genotypic diversity
and antifungal susceptibility of paediatric Cryptococcus isolates are
limited.

In this study, cryptococcosis mainly occurred in older children
with a mean age of 10.4 + 3.5 years old, which is similar to that of
previous studies.'*%” One possible explanation for the older onset
age is that the amount of cryptococcal exposure is important for
cryptococcal infection.?® Repeated exposure of C.neoformans in
early childhood may be necessary to establish a latent fungal burden
which can be reactivated at older age.20 Sixty per cent of paediatric
cryptococcosis patients were male, which is similar to previous stud-

ies,13'14

supporting the theory that C. neoformans infections might
be gender-related.‘w'41 In terms of infection profiles of paediatric
cryptococcosis, the most frequent (84%) symptom was Cryptococcus
meningitis, followed by disseminated cryptococcosis (12%) and skin
lesions (4%). The majority of our C. neoformans isolates (80.0%) were
recovered from apparently immunocompetent children, and this
agrees with previous studies in China (83.6%, 92/110),13'16'18'40 but
differs from studies in USA (20.6%, 13/63)'* and South Africa (4.4%,
2/45).%¢ Earlier investigations suggested that cryptococcosis pri-
marily occurs in apparently immunocompetent adults in China.?t*?
However, in China, AIDS patients are generally transferred to special
hospitals for treatment and the clinical data of these patients are
unavailable. Thus, the incidence of cryptococcosis in HIV-positive
patients in China might be underestimated.

A considerable percentage of paediatric cryptococcosis cases
caused by members of the C. gattii species complex has been re-
ported in Colombia (5.9%),'°> South Africa (7.0%)*® and Brazil
(29.6%).** In contrast, cryptococcal isolates from Chinese paediatric
patients were all C. neoformans genotype AFLP1/VNI and could be
divided into four STs (ST5, ST31, ST53 and ST93), with ST5 as the
predominant one. This result is not surprising because ST5 isolate is
also predominant among cryptococcal isolates from Chinese adult
patients.*® This result might also be related to the predominance
of C.neoformans AFLP1/VNI in China's natural environment.*
Notably, our study indicated a significant difference in the distribu-
tion of ST31 between C. neoformans isolates from Chinese paediatric
and adult cases (calibrated P = 0.036). More studies on the virulence
of ST31 isolates are needed to explain the different capability that
ST31 isolates showed in infecting Chinese paediatric patients and
infecting Chinese adult patients in this study. In addition, all the
paediatric isolates were mating type a, which agrees with previous
observations that over 90% of both clinical and environmental iso-
lates of C. neoformans are mating type o,®? including isolates from
China.*?% The skewed distribution of MAT« isolates might result

from clonal expansion by asexual reproduction, self-fruiting, and/or
same-sex mating and reproduction among these isolates.*”

In the present study, low genotypic diversity among isolates ob-
tained from Chinese paediatric patients was observed. Currently, a
total of 24 STs of C. neoformans have been identified within isolates
obtained from Chinese adult patients with predominant sequence
type ST5.4212846 |n our study, only four STs have been identified,
and ST5 was also the predominant sequence type (80%, 20/25). This
result is reasonable because adult and paediatric patients in China
may be exposed to the same natural environment harbouring C. neo-
formans isolates. The genotypic diversity among paediatric isolates
in China is lower than that observed in South Africa.®” Both z and k
values of the paediatric isolates from South Africa were higher than
those of the isolates from China, which is similar to the results of
previous studies.*®? Since only five loci sequences were shared be-
tween our study and the study from South Africa,®’ phylogenetic
analysis and PCA were based on these five shared loci. Phylogenetic
analysis suggested that the predominant ST5 (based on the ISHAM-
MLST) isolates from China are closely related to ST9 (based on
11-loci MLST) isolates from South Africa, and ST93 (based on the
ISHAM-MLST) isolates from China are closely related to the pre-
dominant ST8 (based on 11-loci MLST) isolates from South Africa.
The PCA results agree with our phylogenetic findings, suggesting
significant differences in the population structure of paediatric
Cryptococcus isolates between China and South Africa. Moreover,
we suggest that the ISHAM-MLST scheme should be utilised in in-
vestigating the genotypic diversity of more paediatric C. neoformans
isolates in the future.

The number of reported C. neoformans isolates with FLU resis-
tance has increased in the past decade? and varies with genotype
and geographic region.33? According to the current clinical guide-
lines for cryptococcosis,** AMB and 5-FC were recommended to
treat central nervous system (CNS) cryptococcal infection and dis-
seminated cryptococcosis in children and FLU is used in maintenance
therapy of cryptococcosis in children. When we apply the recently
published ECVs to evaluate the current results, none of the isolates
in this study showed resistance to FLU and 5-FC, however, eight
ST5 paediatric isolates and two ST31 paediatric isolates showed
decreased susceptibility to 5-FC, and/or FLU, and/or ITR. These
results agree with the findings of a previous study that showed in-
creasing rates of C. neoformans isolates that are resistant to FLU in
China, particularly the ST5 isolates.® Moreover, most paediatric iso-
lates from deceased patients (3/4, 75%) in this study had decreased
susceptibility to antifungal compounds. Two paediatric isolates had
decreased susceptibility to 5-FC and one paediatric isolate had de-
creased susceptibility to ITR, suggesting that decreased suscepti-
bility to antifungal drugs of C. neoformans isolates might be related
to therapeutic failure. Thus, antifungal drug susceptibility testing of
C. neoformans isolates should be recommended to improve progno-
sis of paediatric cryptococcosis patients.

In summary, the genotypic diversity of paediatric C. neofor-
mans isolates from China is low, and the two most frequent se-
quence types were ST5 and ST31. Decreased susceptibility to
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FLU, 5-FC and ITR were observed among paediatric C. neoformans
isolates from China, particularly among the ST5 isolates. Further
investigations of paediatric C. neoformans isolates from around the
world, particularly relating to genotypic diversity and drug resis-
tance, are needed for better prevention and treatment of paediat-
ric cryptococcosis.
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Identification of opportunistic yeasts in developing countries is mainly performed by phenotypic assays, which
are time-consuming and prone to errors. Wrong species identification may result in suboptimal treatment and
inaccurate epidemiological data. To improve rapidity and accuracy of species identification, a diagnostic strategy
using a stepwise “YEAST PANEL multiplex PCR assays” targeting 21 clinically important yeast species of Candida,
Trichosporon, Rhodotorula, Cryptococcus, and Geotrichum was designed. Four hundred CBS reference strains were
used for optimization and specificity testing. Eight hundred clinical species were prepared in blinded sets for
multiplex polymerase chain reaction (PCR) and matrix-assisted laser desorption time of flight mass spectropho-
tometry (MALDI-TOF MS) investigation. Results obtained from YEAST PANEL multiplex PCR assay were 100%
consistent with those of MALDI-TOF MS. Utilization of pure colony testing showed distinct amplicons for each
species, thus eliminating the need for DNA extraction. The targeted yeast species of this assay are responsible
for 95% of the yeast infections. In conclusion, due to the high accuracy and coverage of a broad range of yeasts,
this assay could be useful for identification in routine laboratories and epidemiological studies.
© 2018 The Author(s). Published by Elsevier Inc. This is an
open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The number of patients with invasive fungal infections (IFIs)
continues to rise (Pfaller and Diekema, 2007), and the majority of the
infections are attributable to members of yeast genera, e.g., Candida,
Trichosporon, Rhodotorula, Cryptococcus, and Geotrichum (Pappas et al.,
2010; Pfaller and Diekema, 2007). Candida species account for the
majority of candidiasis in patients with a broad range of underlying
conditions (Miceli et al., 2011). Trichosporon species are the second
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leading cause of fungemia among patients with hematological disorders
(Miceli et al., 2011). Rhodotorula species are linked to catheter-related
infections (Miceli et al., 2011), while Cryptococcus species are more
likely to be found in HIV/AIDS-infected patients (Park et al., 2009).
Geotrichum species are associated with infections in severely immuno-
compromised patients (Miceli et al., 2011). Depending on the species,
mortality of invasive yeast infections ranges from 15 to 80% (Pfaller
and Diekema, 2007; Richardson and Lass-Florl, 2008). Additionally,
the growing number of non-albicans Candida species that are less sus-
ceptible to fluconazole is worrisome (Cleveland et al., 2015;
Vallabhaneni et al., 2016).

Historically, phenotypic and biochemical assays are frequently used
in developing countries for species identification (Posteraro et al.,
2015). However, these assays are time-consuming and prone to error
(Kathuria et al., 2015). Despite the rising popularity of matrix-assisted
laser desorption time of flight mass spectrophotometry (MALDI-TOF
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MS), this technique is suffering from the limited availability of reference
spectra for rare Candida species and opportunistic yeast species in gen-
eral, and the database should be updated regularly (Clark et al., 2013;
Posteraro et al., 2013, 2015). Sanger sequencing of so-called DNA
barcodes is the gold standard approach in medical mycology; however,
the application in developing countries is limited (Clark et al., 2013;
Criseo et al., 2015; Posteraro et al., 2013, 2015). Limited usage of
MALDI-TOF MS and Sanger sequencing in developing countries is due
to high costs (Azim et al., 2015; Criseo et al., 2015; Mathur et al., 2014).

Nowadays, polymerase chain reaction (PCR) is regarded as a stan-
dard platform in many clinical laboratories even in developing countries
due to its affordability and reproducibility (Ragheb and Jimenez, 2014;
World Health Organization, 2016). Herein, we developed a panel of
PCR assays, the YEAST PANEL multiplex PCR assay, which identifies
the most clinically important yeast species, including the most impor-
tant species of Candida, Cryptococcus spp., Trichosporon asahii,
Rhodotorula mucilaginosa, and Geotrichum spp.

2. Materials and methods
2.1. Isolates and growth conditions

For the primary validation, our multiplex PCR assay was evaluated using
405 CBS reference strains. In order to optimize and test the specificity of
the YEAST PANEL multiplex PCR, 121 CBS reference strains (Supplemen-
tary Table A1), including 100 strains of clinically important nontarget
fungal species and 21 yeast target species (pooled from the validation
test set), were used. Upon optimization and proving specificity, 305
CBS reference strains containing 21 target species were employed for
the validation test set. Finally, in order to assess the reproducibility of
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the multiplex PCR assay, 804 clinical isolates from Austria, Iran, and
China were used (Fig. 1). Isolates were grown on Glucose-Yeast
Extract-Peptone-Agar (GYPA) media for 48 h at 25 °C. In order to detect
mixed colonies and presumptively identify target species, the same
copy of strains alternatively was grown on CHROMagar (Chromogenic
Technology, Paris, France). Afterward, single pure colonies were sub-
jected to the second round of culture on GYPA media for 48 h at 25 °C.

2.2. Primer design

Target loci for primer design were retrieved from NCBI database
(https://www.ncbi.nlm.nih.gov/nucleotide/). Selection criteria for
primers were as follows: 1) primers should not cross-react with the
other species, 2) compatibility of amplicon sizes of one target species
with the rest of target species in the same multiplex PCR, 3) melting
temperature compatibility of primers within the same multiplex PCR,
4) LOCATION of primers in the most stable segment of target loci, and
5) in order to prevent cross-reactivity with nontarget species, the gaps
and mismatches were positioned in the 3' end of primers. Online free
software of Integrated DNA Technology was used to calculate Tm and
Delta G of primers (https://eu.idtdna.com/calc/analyzer). Primers
were constructed and shipped by IDT Company (Leuven, Belgium). All
employed primers in this study are listed in Supplementary Tables A2-
A4.

2.3. DNA extraction

DNA samples were extracted by QIAGEN DNeasy Blood and Tissue
Kit (QIAGEN, Hilden, Germany) with slight modifications. One full
loop of pure colonies (with the volume of 10 pL) was mixed with 200
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Fig. 1. Workflow chart utilized in this study. After initial optimization, specificity, and validation using CBS reference strains, YEAST PANEL multiplex PCR assay was subjected to
reproducibility testing using two blinded test sets containing clinical isolates (204 isolates from Austria and 600 isolates from Iran and China).
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UL of ATL buffer and 20 pL of proteinase K (QIAGEN, Hilden, Germany)
and incubated at 56 °C for 30 min. Cell suspensions were bead-beaten
for 3 min with the frequency of 30,000 oscillations/min. Subsequently,
samples were mixed with 200 L of AL buffer and incubated at 56 °C
for 30 min. The rest of DNA extraction was performed as instructed by
manufacturer. Quantity and quality of DNA samples were measured
by QuBit dsDNA BR Assay Kit (Thermo Fisher Scientific corporation,
Waltham, MA, USA) and NanoDrop™ 2000 (Thermo Fisher Scientific,
Waltham, MA), respectively. DNA samples were adjusted at 1 ng/uL,
and 1 pL of DNA samples was used as PCR template.

2.4. PCR conditions

The PCR was optimized in a final volume of 50 pL as follows: 5 pL 10x
buffer (10x NH4, No MgCl,), 1.5 mM MgCl,, 0.2 mM of mixed dNTP
(dNTP mix, 100 Mm, Biolab), 2.5 U of Taq enzyme (Bio Taq DNA Poly-
merase, Biolab), and 1 pL of DNA, and MilliQ water was used to adjust
the volume to 50 L. The quantity of each primer used for each reaction
is mentioned in Supplementary Tables A2-A4.

PCR was carried out on Applied Biosystem 2720 Thermal Cycler
(Thermo Fisher Scientific, Walham, MA). PCR conditions and programs
are mentioned in Supplementary Tables A2-A4. Upon PCR, amplicons
were run on a 2% agarose gel for 75 min (8 V/cm), stained with GelRed
(BioTium, USA), and visualized using gel documentation (Gel Doc XR™,
BioRad, USA). Species identification was achieved by discrimination of
amplicon sizes (Fig. 3).

A

Clinical Yeast Isolates

First multiplex assay

\ tropicalis
\

\
\

\  gattii, Rhodotorula mucilaginosa

|Other rare yeast species \

_______ Jd

1. Major pathogenic Candida species

// Pichia kudriavzevii, Candida dubliniensis,
6 / Candida albicans, Candida parapsilosis,
\
\ Candida auris, Candida glabrata, Candida

y / Debaromyces hansenii, Diutina rugosa,

Meyerozyma guilliermondii , Kluyveromyces

|
|
/ Pichia norvegensis, Clavispora lusitaniae, [
|
. - . |

\ marxianus, Yarrowia lipolytica I

Trichosporon asahii, Cryptococcus
neoformans, Geotrichum candidum,

Cryptococcus deneoformans, Cryptococcus

2.5. Specificity testing and optimization

A test set encompassing closely and distantly related yeast species (CBS
reference strains), filamentous fungi (CBS reference strains), and
human genomic DNA (Promega Corporation, Madison, WI) was pre-
pared by a first technician in a blinded fashion. Isolates were sequen-
tially ordered from 1 to 121 (Supplementary Table A1). The second
technician carried out the PCR as indicated in the workflow (Fig. 2).
The results obtained from YEAST PANEL multiplex PCR assay were com-
pared to the species identity as designated by Westerdijk Institute,
Utrecht, Netherlands (http://www.westerdijkinstitute.nl/Collections/).
For ease of identification and prevention of misidentifications, the fol-
lowing tips are essential: 1) running respective controls along with un-
identified isolates to monitor presence of inhibitors or appropriate
condition of master mix (inactivity or lack of PCR components) and
2) instead of regular commercial ladders, 15 pL of mixture of PCR prod-
ucts of target species was utilized, which contained 10 pL of PCR product
from each target species (70 pL), 10 pL of deionized water, and 16 pL of
10x loading dye.

2.6. Validation of YEAST Panel Multiplex PCR Assay using pure colonies of
CBS reference strains

In order to optimize each PCR reactions of YEAST Panel multiplex
PCR assay, 305 CBS reference strains were utilized. In this stage, in
order to shorten hands-on time, instead of DNA samples, the pure

3. Breaking cell wall
and amplification

4. Results read-out

Fig. 2. The workflow of YEAST PANEL. A) The identification strategy used. If the first multiplex PCR is negative, the yeast colony is subjected to the second multiplex PCR. If the result from
the second multiplex PCR is negative, a third multiplex PCR is carried out. If the third multiplex PCR is negative, it could be another yeast species not covered by our multiplex PCR. B) Two
to 3 small colonies are mixed with the PCR master mix followed by running PCR program. Results are visualized on the gel, and the banding patterns are compared with the respective

controls.
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colonies of each target species were utilized. Briefly, one full loop of col-
onies (1 pL volume, around 1-3 small colonies) was used as the PCR
template, and by turning the loop, colonies were completely mixed in-
side the PCR master mixes (Table 1 and Fig. 1).

2.7. Identification strategy

The identification strategy of YEAST PANEL multiplex PCR assay is
summarized in Fig. 2. Initially, pure yeast colonies are obtained, and
they were subjected to the first multiplex PCR assay targeting the
most clinically encountered Candida species. In case of negative results,
the pure colonies were employed in the second multiplex PCR targeting
less common Candida species. If strain identification was not successful,
the pure colonies were mixed in the third tube, targeting common ba-
sidiomycetous yeast species and Geotrichum spp. If identification
through the final multiplex was not possible, the yeast species is not
present in the panel, and it might be regarded as a rare yeast species.

2.8. Evaluation of YEAST Panel Multiplex PCR assay through MALDI-TOF
MS-identified clinical strains (blind test set I)

In order to validate the reproducibility of YEAST Panel multiplex PCR
assay, one blind test set from Hygiene and Medical Microbiology Divi-
sion, Innsbruck, Austria (n=204) was prepared. These isolates were
identified by MALDI-TOF MS, and they were serially coded from 1 to
204. Blind test set was prepared as mentioned before. Results obtained
from the PCR were compared with those of MALDI-TOF MS. In this ex-
periment, pure colonies were used as template.

2.9. MALDI-TOF MS

Identification by MALDI-TOF MS (Bruker Biotyper, MicroFlex, LT,
BRUKER DALTONIOS, Bremen, Germany) was performed by full extrac-
tion method (Cassagne et al., 2013).

Table 1

2.10. Evaluation of YEAST Panel Multiplex PCR assay through Sanger
sequencing-identified clinical strains (blind test set II)

In order to validate the reproducibility of the YEAST Panel multiplex
PCR assay, a second blind test set from Invasive Fungal Research Center,
Sari, Iran, and Shanghai Key Laboratory Molecular Medical Microbiol-
ogy, Shanghai, China (n=600), was prepared. These isolates were iden-
tified by dideoxy-chain termination sequencing using large subunit
ribosomal DNA primers and internal transcribed spacer (Stielow et al.,
2015). The blind test set was prepared as mentioned before. Results ob-
tained from the PCR were compared with those of Sanger sequencing. In
this experiment, except for Rhodotorula mucilaginosa (appeared as red
colonies), for the rest of isolates, pure colonies were used as PCR
template.

3. Results
3.1. Specificity testing

Specificity testing using a wide range of yeast species, 4 filamentous
fungi (Aspergillus spp.), and human DNA showed no cross-reactivity for
the first and third multiplex PCR assay. In the second multiplex PCR,
Meyerozyma caribbica was identified as Meyerozyma guilliermondii. Ad-
ditionally, in the same reaction, Candida zeylanoides was misidentified
as M. guiiliermondii.

3.2. YEAST PANEL Multiplex PCR assay resolution for species identification

Subjecting 305 CBS reference strains to the YEAST PANEL multiplex PCR
assay resulted in unequivocal identification of each target species as
designated by the Westerdijk Institute (Supplementary Table A1,
Fig. 3). Additionally, members of the cryptic species complex of
C. albicans and C. africana were identified as C. albicans species complex.
C. parapsilosis, C. orthopsilosis, and C. metapsilosis were identified as

CBS reference strains utilized for validation of YEAST Panel Multiplex PCR Assay. Species identification was assigned based on distinct PCR products sizes. Identification for all of strains was
performed on pure colonies, while for R. mucilaginosa, DNA samples extracted were used as PCR template.

Species PCRID PCR results

Amplicon Size (bp) First tube Second tube Third tube
Candida albicans (n=38) Candida albicans 606 bp 38/38 0/38 0/38
C. africana (n=1) Candida albicans 606 bp 11 NA NA
C. dubliniensis (n=15) C. dubliniensis 718 bp 15/15 0/15 0/15
C. glabrata (n=20) C. glabrata 212 bp 40/40 0/40 0/40
C. nivarensis (n=1) NA NA 0/1 0/1 0/1
C. bracarensis (n=1) NA NA 0/1 0/1 0/1
C. parapsilosis (n=26) C. parapsilosis complex 490 bp 44/44 0/44 0/44
C. orthopsilosis (n=1) C. parapsilosis complex 490 bp 11 NA NA
C. metapsilosis (n=1) C. parapsilosis complex 490 bp 11 NA NA
C. auris (n=35) C. auris 331 bp 35/35 0/35 0/35
Pichia kudriavzevii (n=15) Pichia kudriavzevii 1159 bp 15/15 0/15 0/15
C. tropicalis (n=15) C. tropicalis 126 bp 15/15 0/15 0/15
Debaromyces hansenii (n=5) Debaromyces hansenii 818 bp 0/5 5/5 0/5
Meyerozyma guilliermondii (n=8) Meyerozyma guilliermondii 302 bp 0/8 8/8 0/8
Kluyveromyces marxianus (n=2) Kluyveromyces marxianus 203 bp 0/2 2/2 0/2
Yarrowia lipolytica (n=8) Yarrowia lipolytica 149 bp 0/8 8/8 0/8
Clavispora lusitaniae (n=12) Clavispora lusitaniae 377 bp 0/12 12/12 0/12
Pichia norvegensis (n=5) Pichia norvegensis 536 bp 0/5 5/5 0/5
Diutina rugosa (n=13) Diutina rugosa 689 bp 0/13 13/13 0/13
Cryptococcus deneoformans (n=19) Cryptococcus deneoformans 235bp 0/19 0/19 19/19
Cryptococcus neoformans (n=30) Cryptococcus neoformans 392 bp 0/30 0/30 30/30
Cryptococcus gattii (n=22) Cryptococcus gattii 184 bp 0/22 0/22 22/22
Geotrichum candidum (n=6) Geotrichum spp. 299 bp 0/6 0/6 6/6
Rhodotorula mucilaginosa (n=6) Rhodotorula mucilaginosa 111 bp 0/6 0/6 6/6
Trichosporon asahii (n=10) Trichosporon spp. 483 bp 0/10 0/10 10/10
Trichosporon lactis (n=7) Trichosporon spp. 480 bp 0/7 0/7 7]7

Candida africana was identified as Candida albicans (606 bp), Candida orthopsilsis and Candida metapsilosis were identified as Candida parapsilosis (490 bp), and Candida zeylanoides was

misidentified as Candida guilliermondii (302 bp).

NA = not amplified.
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Fig. 3. Banding patterns and the strategy of discrimination of opportunistic yeast species in each multiplex PCR are depicted. Species identification was assigned based on distinct PCR
products sizes.

C. parapsilosis. However, the specific primers of C. glabrata did not am- C. tropicalis, C. glabrata and C. tropicalis, and C. glabrata and
plify C. nivariensis and C. bracarensis. Subjecting mixtures of cells of C. parapsilosis resulted in 2 separate bands in 1 lane corresponding to
C. albicans and C. glabrata, C. albicans and C. parapsilosis, C. albicans and target species (Supplementary Fig. 1).
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3.3. Comparison of MALDI-TOF MS with YEAST PANEL Multiplex PCR assay

Two hundred isolates from Austria were prepared in a blinded way
and identified by MALDI-TOF MS (Table 2). YEAST PANEL multiplex
PCR showed 100% consistency with results obtained from MALDI-TOF
MS. Nontarget yeast species were not amplified, leading to further
proof of specificity.

3.4. Comparison of sequencing with YEAST PANEL Multiplex PCR assay

Testing 600 clinical isolates from Iran and China with the YEAST
Panel multiplex PCR assay and its comparison with results obtained
from the sequencing of D1/D2 large subunit of rDNA and internal tran-
scribed spacer were fully concordant (Table 3).

3.5. Pure colony testing

The YEAST PANEL multiplex PCR assay, except for Rhodotorula
mucilaginosa, showed full compatibility with pure colony testing. Of
12 clinical isolates of Rhodotorula mucilaginosa, none were amplified
using pure colony testing; hence, DNA samples were extracted for
these isolates. Subsequently, 12 DNA samples corresponding to 12 clin-
ical isolates of Rhodotorula mucilaginosa were all successfully amplified.
Failure in amplification of direct colonies of Rhodotorula mucilaginosa is
linked to its pigments that hamper PCR amplification.

4. Discussion

Due to the worldwide growing incidence of non-albicans Candida
species and their association with difficulty in treatment (Richardson
and Lass-Florl, 2008), identification to the species level is of great impor-
tance. However, hospitals and clinics in developing countries due to
limited financial supports are deprived of precise but expensive means
of identifications, i.e., DNA sequencing and MALDI-TOF MS (Azim
etal., 2015; Mathur et al., 2014), leading to poor infection and mortality
control in these regions (Herwaldt et al,, 1996). However, because of the
affordability of the PCR device even for developing countries (Ragheb
and Jimenez, 2014; World Health Organization, 2016), this technique
can be successfully employed as a useful identification tool. Hence, we
present a YEAST PANEL multiplex PCR assay that can identify and distin-
guish the most clinically important opportunistic yeast species.

Table 2

Our assay presents a novel stepwise strategy for identification of
the clinically most important yeasts belonging to Ascomycota and
Basidiomycota. The ARTEMIS-DISK study has shown that Candida
and basidiomyceteous yeast species account for 95.8% and 4.2% of
episodes of yeast infections, respectively (Pfaller et al., 2009). Al-
though Geotrichum spp. was not reported in the ARTEMIS study,
other studies conducted in the United States, France, and Denmark
showed that this opportunistic pathogen accounts for 4.5% to 10.1%
of episodes of non-Candida yeast infections (Arendrup et al., 2014).
The YEAST PANEL multiplex PCR assay can identify 99.6% of the caus-
ative agents of candidiasis, and 95% of infections caused by all yeast
pathogens (Pfaller et al., 2009). Additionally, as C. auris caused fatal
outbreak in 5 continents (Chowdhary et al., 2017) and constitutes
5.2% of nosocomial infections in India (Chakrabarti et al., 2014),
this globally emerging multidrug-resistant yeast was included in
our multiplex PCR assay.

The consistency between YEAST PANEL multiplex PCR assay and
MALDI-TOF MS was 100%. Although MALDI-TOF MS bears a high degree
of specificity, misidentification of important Candida and other yeast
species due to insufficient number of spectra is considered as a
deficiency of this platform (Jamal et al., 2014; Kim et al., 2016; Ling
et al., 2014). Additionally, despite lower experimental costs of MALDI-
TOF MS than conventional phenotypic assays, the purchase and
maintenance of a MALDI-TOF MS device are cost-prohibitive, driving
developing countries to rely on nonspecific conventional and
phenotypic methods (Kim et al., 2016; Mathur et al., 2014; Xiao et al.,
2016).

Subjecting a wide range of yeast species to the YEAST PANEL multi-
plex PCR assay and its comparison with sequencing resulted in 100%
agreement with all clinical target strains (n=600). Traditionally, Sanger
sequencing is considered as the gold standard approach in medical my-
cology (Pryce et al., 2003). However, the inevitable requirement for
highly trained technicians to run the device, apart from being more
time-consuming and expensive, is a deterrent factor for its popularity
in routine laboratories (Criseo et al., 2015). However, YEAST PANEL
multiplex PCR assay is less expensive and requires less hands-on time
when compared to sequencing.

Despite the widespread usage of phenotypic and biochemical assays
in routine laboratories, especially in developing countries (Kathuria
et al,, 2015), a multitude of studies have revealed that commercially
routine biochemical assays misidentify uncommon yeast species (de

Clinical strains from Austria utilized for validation of YEAST Panel Multiplex PCR assay and its comparison with MALDI-TOF MS. Species identification was assigned based on distinct PCR

products sizes.

Species PCRID Amplicon size PCR results Concordance with MALDI-TOF MS
First tube Second tube Third tube

C. albicans (n=84) C. albicans 606 bp 84/84 NA NA 84/84

C. dubliniensis (n=3) C. dubliniensis 718 bp 3/3 NA NA 3/3

C. glabrata (n=33) C. glabrata 212 bp 33/33 NA NA 33/33

C. parapsilosis (n=26) C. parapsilosis complex 490 bp 26/26 NA NA 26/26

Pichia kudriavzevii (n=17) Pichia kudriavzevii 1159 bp 17/17 NA NA 17/17

C. tropicalis (n=15) C. tropicalis (n=15) 126 bp 15/15 NA NA 15/15

Meyerozyma guilliermondii (n=3) Meyerozyma guilliermondii 302 bp 0/3 3/3 NA 3/3

Kluyveromyces marxianus (n=2) Kluyveromyces marxianus 203 bp 0/2 2/2 NA 2/2

Clavispora lusitaniae (n=5) Clavispora lusitaniae 377 bp 0/5 5/5 NA 5/5

Diutina pararugosa (n=5) NA NA 0/5 0/5 0/5 0/5

Diutina rugosa (n=1) Diutina rugosa 689 bp 0/1 11 NA 11

Pichia inconspicua (n=5) NA NA 0/5 0/5 0/5 0/5

Cryptococcus neoformans (n=2) Cryptococcus neoformans 392 bp 0/2 0/2 2/2 2/2

Trichosporon asahii (n=1) Trichosporon spp. 483 bp 0/1 0/1 11 11

Stephanoascus ciferrii (n=1) NA NA 0/1 0/1 0/1 0/1

Saccharomyces cerevisiae (n=1) NA NA 0/1 0/1 0/1 0/1

Total number (n=204)? n=192 n=178 (100%) n=11 n=3 n=192 (94%)
(94%) (100%) (100%)

NA = not amplified.

¢ Among total 204 isolates, 12 are nontarget yeast species, while the rest of 192 isolates are among target species.
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Table 3

Clinical strains from Iran and China utilized for validation of YEAST Panel Multiplex PCR assay and its comparison with Sanger sequencing. Species identification was assigned based on
distinct PCR products sizes. Identification for all of strains was performed on pure colonies, while for R. mucilaginosa, DNA samples extracted were used as PCR template.*a, **b

Species PCRID Amplicon size  PCR results Concordance with Sanger sequencing
First tube Second tube Third tube
C. albicans (n=156) C. albicans 606 bp 156/156 NA NA 156/156
C. dubliniensis (n=8) C. dubliniensis 718 bp 8/8 NA NA 8/8
C. glabrata (n=140) C. glabrata 212 bp 140/140 NA NA 140/140
Pichia kudriavzevii (n=25) Pichia kudriavzevii 1159 bp 25/25 NA NA 25/25
C. parapsilosis complex® (n=80) C. parapsilosis complex 490 bp 80/80 NA NA 80/80
C. tropicalis (n=65) C. tropicalis 126 bp 65/65 NA NA 65/65
Debaromyces hansenii (n=19) Debaromyces hansenii 818 bp 0/19 19/19 NA 19/19
Meyerozyma guilliermondii (n=40)  Meyerozyma guilliermondii ~ 302 bp 0/40 40/40 NA 40/40
Kluyveromyces marxianus (n=17) Kluyveromyces marxianus 203 bp 0/17 17/17 NA 17/17
Yarrowia lipolytica (n=3) Yarrowia lipolytica 149 bp 0/3 3/3 NA 5/5
Clavispora lusitaniae (n=1) Clavispora lusitaniae 377 bp 0/1 11 NA 11
Pichia norvegensis (n=3) Pichia norvegensis 536 bp 0/3 3/3 NA 5/5
Diutina rugosa (n=5) Diutina rugosa 689 bp 0/5 5/5 NA 5/5
Cryptococcus neoformans (n=10) Cryptococcus neoformans 392 bp 0/10 0/10 10/10 10/10
Geotrichum silvicola (n=9) Geotrichum spp. 299 bp 0/9 0/9 9/9° 9/9
Trichosporon asahii (n=7) Trichosporon spp. 483 bp 0/7 0/7 7]7 7]7
Rhodotorula mucilaginosa (n=12) Rhodotorula mucilaginosa 111 bp 0/12 0/12 12/12 12/12

Total Number (n=600)

n=474 (100%)

n=88 (100%) n=38(100%) n=600 (100%)

@ Candida parapsilosis complex contained 2 strains of Candida orthopsilosis and 2 strains of Candida metapsilosis and were identified as Candida parapsilosis (490 bp).

b Geotrichum silvicola is the synonym of Galactomyces candidum

Almeida Janior et al., 2014) and a broad variety of Candida species
(Keceli et al., 2016), especially M. guilliermondii and C. auris
(Castanheira et al., 2013; Kathuria et al., 2015). Additionally, delayed
and inappropriate identifications are associated with a higher mor-
tality rate and hospitalization costs (Morrell et al., 2005). The turn-
around time for identification, another inherent obstacle of
conventional biochemical assays (up to 48 h), was improved with
the YEAST PANEL multiplex PCR assay since identification was
achieved in 3-6 h.

Misidentification of C. zeylanoides as M. guilliermondii in the sec-
ond multiplex PCR reaction was the major limitation of our study.
However, literatures data revealed that the incidence of
C. zeylanoides is extremely low (0.01-0.04%) globally. In the same
tube, Meyerozyma caribbica was misidentified as Meyerozyma
guilliermondii, which can be explained by their close genetic simi-
larity. Although Saccharomyces cerevisiae, C. nivariensis, and
C. bracarensis have been implicated in human infections, they
were not included in our multiplex PCR assay (Enache-
Angoulvant and Hennequin, 2005; Hou et al., 2017). Direct colony
and gel electrophoresis dependence and lack of identification of
clinically important molds were among the other limitations to
our study. As Rhodotorula mucilaginosa contains red-colored pig-
ments, DNA extraction and purification are imperative to obtain
successful PCR amplification and subsequently establish the iden-
tity of this species.

5. Conclusion

Due to the shortages of systematic epidemiological data in devel-
oping countries and the lack of financial supports for high-cost and
precise means of identification, such as Sanger sequencing and
MALDI-TOF MS, these countries might face difficulties in the estab-
lishment of empiric therapies, which cause a higher rate of mortality.
However, because of the affordability of PCR devices, the YEAST
PANEL multiplex PCR assay has the potential to be integrated in
large-scale epidemiological studies. On the other hand, routine labo-
ratories in developing countries can take the advantage of supple-
mentation of biochemical assays with YEAST PANEL multiplex PCR
assay.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diagmicrobio.2018.09.007.
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Abstract

Cyberlindnera fabinaii is rare yeast opportunist, but has ability to cause septicemia, biofilm
production, and rapid acquirement of resistance to fluconazole and voriconazole, have made
its identification from closely related species important. The urge for reliable means of
identification remains unsolved for 28 years, as the biochemical assays misidentify this
species as Cyberlindnera jadinii or Wickerhamomyces anomalus. During six months, six
isolates of Cy. fabianii (central venous catheter n=2 and vaginal swabs n=4) and (vaginal
swabs n=1) of Cy. jadinii from Iranian patients were identified using MALDI-TOF MS and
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sequencing. In order to differentiate between Cy. fabianii, Cy. mississipiensis, Cy. jadinii, and
W. anomalus, we designed a dual-function multiplex PCR assay (conventional and gPCR).
Challenging our dual-function multiplex PCR assay with 30 most clinically important yeast
species, proved its specificity. Additionally, a literature review of published cases from 1990
to 2017 is reported.
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1 Introduction

Candida species are associated with 10-15% causes of nosocomial candiduria (Sobel et al.,
2011) and considered as the fourth common cause of nosocomial bloodstream infections
(Pfaller et al., 2018). Although C. albicans is still the most frequently isolated yeast pathogen,
the dynamic nature of epidemiology shows a shift towards a growing number of rare yeast
pathogens (Miceli et al., 2011). For instance, recently, C. auris, multidrug-resistant yeast has
emerged globally as a nosocomial pathogen and its systemic infections have increased
significantly (Mohsin et al., 2017).

Cyberlindnera fabianii, the teleomorph of C. fabianii, is an uncommon and rare ascomycetous
opportunistic yeast species with low virulence attributes (Jindal et al., 2015). However, it has
been reported causing invasive bloodstream infections (Bhally et al., 2006; Hamal et al., 2008;
Valenza et al., 2006). Another significant factor involved in Cy. fabianii virulence is its ability
to form antifungal resistant biofilms (Hamal et al., 2008). Previous studies reported that Cy.
fabianii developed resistance to different antifungals, including fluconazole, voriconazole,
caspofungin, and amphotericin B (Hamal et al., 2008; Jindal et al., 2015; V&vdagyi et al.,
2015). Infection with Cy. fabianii can lead to a 50% failure outcome with prophylactic and
therapeutic treatment with fluconazole (V&vdgyi et al.,, 2015), and may cause fatal
septicemia (Taj-Aldeen et al., 2014; Valenza et al., 2006; Yun et al., 2013).

Cyberlindnera fabianii is usually misidentified as Cy. jadinii or Wickerhamomyces anomalus
especially when using commercially available biochemical assays (ID-32 C, API 20 C Aux,
Vitek2 YST Card, and Vitek2 Compact) (Baghdadi et al., 2015; Jindal et al., 2015; Lee et al.,
2015; Svobodova et al., 2016a, 2016b; Valenza et al., 2006). However, using molecular
identification, it was found that the prevalence of Cy. fabainii was 10 times higher than W.
anomalus and approximately 37 higher than Cy. jadinii (Svobodova et al., 2016b). Because
susceptibility testing seems to differ between Cy. fabianii, Cy. jadinii, and W. anomalus
species (Svobodova et al., 2016b), a definitive molecular identification to species level is
important. Here, we described the first Iranian cases of Cy. fabianii from CVC and vagina,
performed a systematic review of the literature to identify clinical and mycological features
and outcomes of human Cy. fabainii infections and designed a dual-function multiplex PCR
that can be utilized in both conventional and real-time PCR and that targets Cy. fabianii, Cy.
jadinii, Cy. mississipiensis,and W. anomalus.

2 Materials and methods

2.1 Epidemiology and clinical profile

A clinical and epidemiology evaluation of global Cy. fabianii cases was performed published
cases. Cases from the literature were systematically searched from Pubmed and Google
scholar (searching date: 08-03-2018). The key words for our search were “fabianii” and
“infection”, without any limitation in language or date. All the titles and abstracts were
checked and full-text of related papers were downloaded for further evaluation. All cases have
been confirmed by culture, and appropriate diagnostic tools such as MALDI-TOF MS or DNA
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sequencing for species identification, except for the first clinically isolated Cy. fabianii in
1990, as it was identified by API 20 C and appropriate complementary mating type.

2.2 Isolates and conditions

During six months (01-07-2017 to 31-12-2017), six isolates of Cy. fabianii (two from central
venous catheter and four from vaginal swabs) and one isolate of Cy. jadinii were collected
from Iranian patients in Shiraz, and Fasa. In order to check the specificity and sensitivity of
our multiplex PCR assay, a panel of 70 strains comprising of 30 clinically important yeast
species (40 target and 30 non-target species) were received from the collection of Westerdijk
Fungal Biodiversity Institute (formerly known as CBS) (Supplementary Table 1). Strains
were cultured on GYPA plates for 48 hours at 25 ~C. Central venous catheters and vaginal
swabs were streaked on the SDA and Chromagar media, followed by incubation at 37 “C for
24-48 hours. Clinical isolates of Cy. fabianii (n=6) and Cy. jadinii (n=1) were included in this
study. Patients from who the isolates were collected were asked to sign the consent forms for
both participation in the study and publishing data derived from their isolates and medical
charts.

2.3 MALDI-TOF MS

The initial identification of clinical isolates were carried out by MALDI-TOF MS (Marklein
etal., 2009). Scores over two were considered as reliable identification.

2.4 Sequencing

The molecular identification of our strains was carried out using (ITS1 and ITS4) and (LR5
and LROR) primers targeting ITS and LSU of rDNA (Stielow et al., 2015).

2.5 DNA extraction, quality and quantity assessments

One full loop of pure colonies (10 i) were subjected to the DNeasy Blood and Tissue kit and
DNA extraction was performed according to manufacturer’s protocol. In the last step of DNA
extraction, 70 (i of elution buffer (AE buffer) was added to the columns and they were
incubated at room temperature for 15 minutes followed by centrifugation at 10,000 rpm for
one minute.

NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and QuBit
dsDNA BR Assay Kit (Thermo Fisher Scientific corporation, Waltham, Massachusetts, USA)
were used for quality and quantity assessments, respectively. DNA samples were adjusted at
one nanogram/pl and utilized as template for PCR reactions.
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2.6 Primer design

In order to design specific primers for Cy. fabianii, Cy. mississipiensis, W. anomalus, and Cy.
jadinii, ITS1-5.8s-ITS2 rDNA loci were obtained from NCBI database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). One universal primer and five species-specific
primers were designed (Table 1). The primer properties were evaluated based on the IDT
Oligo analyzer on-line software (https://eu.idtdna.com/calc/analyzer) and primers were
manufactured by the IDT Company (Integrated DNA Technology, Leuven, Belgium).

2.7 Conventional PCR reactions

The multiplex PCR assay was utilized in both conventional and real-time PCR machines. For
the conventional PCR the reactions were adjusted at 50pd as follows, 39 pL MiliQ water
(Merck Millipore, Billerica, Massachusetts, United States), 5 pL 10X buffer, 1.5mM MgCl ,,
2.5 units of Taq enzyme (Bio Tag DNA Polymerase, Biolab), 0.2mM of mixed dNTP (dNTP
mix, 100Mm, Biolab), 5 picomoles of the PR-Ano, PR-Jad, PR-Missi and 10 pM of PF-
Universal, PF-Fab and PR-Fab primers, and 1 1L of DNA template.

PCR (2720 Thermal Cycler, , Applied Biosystems, Waltham, Massachusetts, USA) used the
following program, pre-denaturation for 5 minutes at 94 °C, 35 cycles of 94 °C for 30 seconds,
65 ‘C for 30 seconds, 72 ‘C for 30 seconds, and final extension at 72 “C for 8 minutes. PCR
products were run on 2% agarose gel for 45 minutes (8 Volt/cm), stained with GelRed
(BioTium Corporation, USA) and visualized using gel documentation with exposure time of 4
seconds (Gel Doc XR*, BioRad, California, USA).

2.8 Real-time PCR reactions

For real-time PCR (Applied Biosystems® 7500 fast, Thermo Fisher Scientific corporation,
Waltham, Massachusetts, USA) The following PCR conditions were used: 10 | of Power Up
SYBR Green Master Mix (Thermo Fisher Scientific corporation, Waltham, Massachusetts,
USA) five pM of the PR-Fab, PF-Fab, PR-Ano, PR-Jad, PR-Missi and 10 pM of PF-Universal
primer, 1ul of DNA template and Mili-Q water (Merck Millipore, Darmstadt, Germany) to
reach the final volume of 20d. The PCR program was as following: 50 ‘C for two minutes,
95 °C for 3 minutes, followed by 40 cycles of 95 °C for 15 seconds and 64 °‘C for 30 seconds.
Upon termination of the PCR program, the PCR products were undergone melting curve
analysis using continuous heating of 0.5 C/second increment from 95 ‘C for 15 seconds,
60 C for one minute, 95 “C for 15 seconds and finally 60 ‘C for 15 seconds. Data analysis
was carried out using 7500 software version 2.3 (Thermo Fisher Scientific corporation,
Waltham, Massachusetts, USA).

2.9 Specificity and sensitivity testing

A panel of 70 CBS reference strains comprising 30 clinically-related yeast species were used
for the specificity testing (Supplementary Table 1).
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In order to draw the standard curve, 10 log serial dilutions of DNA samples in duplicate
starting from 10,000 CFU/ and ending at 10 CFU/|d were prepared for each target species.
Sensitivity, reproducibility, and the efficiency of the multiplex PCR were obtained from the
standard curves.

2.10 Antifungal susceptibility testing

Susceptibility testing was assayed for the six identified strains of Cy. fabianii and one isolate
of Cy. jadinii according to the Clinical and Laboratory Standards Institute (CLSI) M27-A3
and M27-S4 documents) (Rex et al., 2008). The following drugs were tested; itraconazole
(Janssen Research Foundation, Beerse, Belgium), voriconazole (Pfizer, Central Research,
Sandwich, United Kingdom), fluconazole (Pfizer, Groton, CT, USA), anidulafungin (Pfizer,
Central Research, Sandwich, United Kingdom), and amphotericin B (Sigma, St. Louis, MO,
USA) were obtained as reagent-grade powders from the respective manufacturers for
preparation of the CLSI microdilution trays. The minimal inhibitory concentration (MIC)
endpoints for amphotericin B and all other agents were determined by 100 and 50% inhibition,
respectively. MICs were compared with previously published breakpoints for amphotericin B
(> 2 pg /ml), itraconazole and voriconazole (> 1 pg/ml), fluconazole (> 8 pg /ml) and
caspofungin (> 1 pg/ml) (Pfaller and Diekema, 2012). Candida krusei ATCC 6258 and
Candida parapsilosis ATCC 22019 were used as quality control strains.

2.11 Utilized software

Genious (version 10.2.3) software was used to design the primers. SPSS (version 21,
International Business Machines Corporation, New York, U.S.A.) and Graph Pad Prism
(version 5, GraphPad Software, Inc. California, U.S.A.) were used for statistical analysis.
Mean =standard deviation (SD) was used for data with normal distribution.

3 Results

3.1 Literature review of cases

Literature review identified 23 detailed cases (Tables 2 and 3). The global distribution of
infectious cases is shown in Figure 1. The majority of the cases clustered in Western Europe
(Figure 1.). Patient characteristics including demographic, clinical information, and
microbiological findings are presented in Tables 2 and 3. The majority of the cases (19/23,;
83%) were published after 2010. Small differences in terms of gender were observed
(male/female =10/12). A high proportion of patients were neonates (<1 month, n=7), infant (>
1 month and <1 year, n=2), and children (> 1 year and <18 years, n=4). Fungemia is the most
common infection caused by Cy. fabianii (15/23, 65%), followed by candiduria (n=4),
prostatitis (n=1), endocarditis (n=1), meningitis (n=1) and peritonitis (n=1). Catheter
insertion was performed in eight cases and three of them showed growth of Cy. fabianii from
catheters. For the seven neonates cases, three of them were preterms born after 24, 25*3, 33*4
weeks gestation, respectively. Thirteen cases had a history of exposure to antibiotics before
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the symptoms of infection. Post-surgery histories were observed among 12 cases. Five cases
were reported with cancer . Other risk factors included steroids exposure, dialysis, leukopenia,
mechanical ventilation, posterior urethral valve, and malnutrition.

Nineteen cases were not identified correctly, with 17 misidentified and two unidentified. Cy.
fabianii was most frequently misidentified as Cy. jadinii (n=10). The most frequently used
identification kits were API kits (n=9) or the VITEK system (n=4), but they failed in all
identification. However, subjecting misidentified cases to either MALDI-TOF or sequencing
resulted in accurate identification.

Antifungal susceptibility testing showed 16.7% (3/21), 12.5% (1/11), 8.3% (1/15), 12.5%
(2/19) resistant rates for fluconazole, itraconazole, voriconazole and amphotericin B. No
resistance to anidulafungin and flucytosine, were observed. The overall mortality for all
included cases was 33.4% (7/23).

As Cy. fabianii, Cy. jadinii, and W. anomalus are easily misidentified by phenotypic and
biochemical assays and in order to obtain a clear image about the epidemiology of Cy.
fabianii, papers that utilized MALDI-TOF and sequencing were investigated, as well
(Supplementary Table 2).

3.2 MALDI-TOF and Sanger sequencing results

From July 1%t 2017 to December 31%, 2017, six isolates of Cy. fabianii and one isolate of Cy.
jadinii were isolated from central venous catheters and vaginal samples. Sanger sequencing
using D1/D2 LSU rDNA domains and MALDI-TOF MS were 100% in agreement with each
other. Cyberlindnera fabianii were isolated from central venous catheter (n=2) and vaginal
swabs (n=4) and the isolate of Cyberlindnera jadinii was isolated from vaginal swab.

3.3 Antifungal susceptibility testing

Supplementary table 3 summarize the MIC values of the tested antifungal drugs against six
clinical strains of Cy. fabiani and one isolate of Cy. jadinii. All strains of Cy. fabiani had low
MICs for anidulafungin, followed by itraconazole and voriconazole, whereas the least active
drug was fluconazole. Among the antifungal drugs, fluconazole exhibited the highest MIC
value that ranged from 1 to 8 ug/mL, followed by amphotericin B (MIC range 0.016-2 ng/
mL), voriconazole (MIC range 0.016-1 ug/mL), and itraconazole (MIC range 0.063-1 pg/mL.
All Cy. fabianii and Cy. jadinii isolates were susceptible to anidulafungin (MIC=0.006 pg/
mL). The MIC value of fluconazole against three isolates of Cy. fabianii (two from CVC and
one from vagina) was >3 log3 higher than that of the other isolates.

3.4 Conventional multiplex PCR results

Subjecting genomic DNA samples of Cy. fabianii (n=14), Cy. jadinii (n=11), W. anomalus
(n=13), Cy. mississipiensis (n=2) to our multiplex PCR resulted in amplicons of 84bps,
176bps, 235bps, and 320bps, respectively (Figure 2A). All four target species could be
distinguished and identified unequivocally. Subjecting CBS 7232 (reference strain of Cy.
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jadinii) to our multiplex PCR resulted in negative amplification. Further identification by
MALDI-TOF and sanger sequencing matched the identity with Pichia guilliermondii. As a
result, designation of CBS 7232 in the collection department of Westerdijk Institute was
corrected. Challenging Our conventional multiplex PCR with DNA samples of 30 clinically
important yeast species, revealed 100% specificity.

3.5 Multiplex gPCR

Primers utilized for the conventional multiplex PCR were used for identification using a
SYBR Green I-based gPCR assay. Distinctive melt temperatures of 77.6240.19 C ,
80.4840.2 'C, 81.3840.23°C, and 81.56#0.38 °C distinguished Cy. fabianii (n=14), W.
anomalus (n=13), Cy. jadinii (n=11), Cy. mississipiensis (n=2) (Figure 2B). However, the
melting Tm of Cy. jadinii showed an overlap with that of Cy. mississipiensis. As a result, the
specific primer of PR-Missi was taken out from the multiplex reaction to unequivocally
identify Cy. jadinii (as the former species clinically is not important). Challenging our
multiplex PCR with a specificity test set, resulted in minor cross-reaction at higher Ct values
of 25 and 30 with the DNA of Pichia kudriavzevii (Candida krusei) and Pichia guilliermondii
(Candida guilliermondii), respectively (Supplementary Figure 1). However, by adjusting the
threshold at a Ct of 22, three species of Cy. fabianii, W. anomalus, Cy. jadinii were reliably
identified (100 CFU) and cross-reaction with other clinically important yeast pathogens was
not observed. Subjecting one ng DNA from the mistakenly designated reference strain of CBS
7232 to our multiplex qPCR resulted in amplification at a Ct value of 30, while the rest of
DNA of Cy. jadinii were amplified at a Ct value of 14, which was in concordant with results
obtained from the conventional multiplex PCR, MALDI-TOF MS and Sanger sequencing.
Regarding the reproducibility, five runs in three consecutive days generated an average R2
value of 0.99 for all target species, which demonstrated the high reproducibility of the gPCR
conditions (Supplementary Figure 2).

3.6 Accession numbers

D1/D2 LSU and ITS rDNA sequences obtained for Cy. fabianii and Cy. jadinii with the
accession numbers of MH236225, MH236226, MH236227, MH236228, MH236229,
MH236230, MH236231, MH236232, MH236233, MH236234, MH236235, MH236236, and
MH236237 were deposited in the GenBank database
(https://www.ncbi.nim.nih.gov/genbank/).

4 Discussion

Cyberlindnera fabianii rarely is involved in human infections and regularly presented in
fermented products (Nyanga et al., 2013) and alcoholic beverages (Jeyaram et al., 2008). Up
to now multitude of studies in various countries have proved its association with infection in
human (Table 3). In 2009, Pichia fabianii, P. mississipiensis and P. jadinii were transferred
into Cyberlindnera genus. (D.W. Minter, 2009). Herein, we reported the first Iranian cases of
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Cy. fabianii isolated from central venous catheter and vaginal samples and provided a
literature review of cases caused by Cy. fabianii. Additionally, we designed the first multiplex
PCR using the same primers which can be used in both conventional and real-time PCR
platforms as a diagnostic tools.

Using MALDI-TOF MS and sequencing of ITS and LSU rDNA, we identified six isolates of
Cy. fabianii (n=4 from vagina and n=2 from CVC). Two patients (isolates from CVC) had
underlying conditions. One suffered from acute myeloid leukemia (AML), end-stage renal
diseases, hypertension, and diabetes mellitus, and the other one from accident leading to
severe trauma and subsequent surgery. Concordant with previous studies, AML, severe
trauma and surgical interventions are risk factors for development of invasive candidiasis
(Yapar, 2014). Investigating published case-reports revealed that the main risk factors
associated with the acquirement of Cy. fabianii infection are attributable to previous exposure
with antibiotic therapy (54%) followed by central venous catheter insertion, surgery, and
cancer each 34%, neutropenia, chemotherapy, renal failure and low birth weight each 13%. In
our study, four patients with vaginitis did not have any underlying diseases and they were all
immunocompetent. Literature data revealed that there have been four reported cases of
funguria with Cy. fabaianii, however, in all cases the patients suffered from underlying
conditions, (Jindal et al., 2015; V&vdgyi et al., 2015). Although it has been thought that
infections pertained to Cy. fabianii are mainly linked to neonates (Hof et al., 2017b), adults
with the age of >17 years and the range of 17-87 years, constituted the highest strata of
infected individuals (43%) followed by neonates with the age of <1 month (30%), and infants
with the age of <1 year (8%). In concordance with these findings, all of our cases were >18
years, which is in agreement with the Cy. fabianii isolate (obtained from sputum) previously
reported by Karimi et al. from Iran, from a 69-year old man (Karimi et al., 2015). No
significant difference between males and females in terms of acquiring infection by Cy.
fabianii was observed, but females showed a slightly higher proportion of infection (1.18/1)
than males. However, in our cases the ratio of five female to one male was observed, which is
due to the fact that four isolates were obtained from vagina, while CVVC-isolated cases equally
infected one male and one female with Cy. fabianii. Although, Cy. fabianii features a wide
range of clinical syndromes, ranging fungemia and funguria to meningitis, fungemia with the
highest proportion (65.2%), is considered as the most prevalent clinical complication caused
by this opportunistic yeast species.

In the current study, antifungal susceptibility pattern of tested isolates exhibited the highest
MICs for fluconazole, followed by amphotericin B, which is in agreement with previous
reports (Jindal et al., 2015), and even multidrug resistant ( fluconazole and voriconazole) Cy.
fabianii (Hamal et al., 2008). In our study, results showed that 100% of Cy. fabianii isolates
(n=5) were susceptible to anidulafungin, which is in agreement with previous study (Lee et
al., 2015). It has been shown that Cy. fabianii rapidly within 48 hours after treatment with
fluconazole acquired resistance against fluconazole and further treatment with voriconazole
resulted in emergence of strains resistant to both fluconazole and voriconazole (Hamal et al.,
2008). Besides, Cy. fabianii can produce biofilm, which is pertained to resistance to
antifungal drugs (Hamal et al., 2008). However, no significant differences were found in the
activities of tested drugs between Cy. fabianiiand Cy. jadinii (P > .05).

For treatment of Cy. fabianii, fluconazole was the most widely utilized drug followed by
different formulation of amphotericin B, caspofungin, and flucytosine in 14, 10, 7, and 2
studies, respectively. Regarding the efficacy of antifungal drugs for clearance of infection,
studies suggest that a combination of fluconazole with liposomal AMB or caspofungin or
removal of CVC and urinary tract catheter (V&vdagyi et al., 2015). In addition, treatment
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with anidulafungin (Lee et al., 2015) led to successful outcome for all patients infected with
Cy. fabiani. In our cases, one of patients died despite of treatment with AMB. However, death
could not be linked to failure in treatment as the patient suffered from other serious
background diseases. Treatment of the second patient (with trauma and surgery) with AMB
resulted in successful outcome. Regarding the patients suffering from vaginitis (n=4) were all
successfully treated with topical clotrimazole and fluconazole. Although, studied cases
describing infection with Cy. fabianii showed the mortality rate of 30.4% (7/23), all of dead
individuals suffered from other severe health conditions, including hematological disorders,
co-infection with other yeast or bacterial agents, low birth weight, open heart surgery and loss
of skin barrier due to burning (Hill and Wittwer, 2010; Hof et al., 2017a; Jindal et al., 2015;
Katagiri et al., 2016; Taj-Aldeen et al., 2014; Yun etal., 2013).

In order to overcome the persisting challenge of misidentification of Cy. fabianii, we
developed a multiplex PCR. Our dual-purpose multiplex PCR showed 100% agreement with
sequencing and MALDI-TOF MS. A previous study described a singleplex PCR that could
only detect Cy. fabianii and utilized limited number of yeast species for specificity testing
(V&avdagyi et al., 2015). However, our assay firstly tested a broad range of yeast species
proving its specificity and secondly is a multiplex PCR targeting Cy. fabianii, Cy.
mississipiensis , Cy. jadinii, and W. anomalus. Although, MALDI-TOF and sequencing can
definitively identify these three clinically important yeast species, these devices are usually
not available in routine clinical microbiology laboratories and they are either expensive or
require highly trained personnel to perform the experiments (Criseo et al., 2015). Currently,
PCR as an affordable an reproducible device has been exploited as an supplementary
identification tool even in routine laboratories (including developing countries) (World Health
Organization, 2016). Our multiplex PCR Compared to time-consuming biochemical assays
takes only 2-3.5 hours to report the identification results. Although, biochemical assays are
used frequently for identification, especially in developing countries (Kathuria et al., 2015),
they do not have enough discriminatory power and frequently misidentify Cy. fabianii as Cy.
jadinii or W. anomalus (Svobodova et al., 2016b, 2016a). Consequently, important worldwide
studies such as the ARTEMIS DISK global antifungal surveillance over a period of 10.5 years
did not identify a single isolate of Cy. fabianii, while they could identify 88 and 6 isolates of
W. anomalus and Cy. jadinii, respectively (Pfaller et al., 2010). In contrast, MALDI-TOF MS
correctly identified 163 and 222 isolates of Cy. fabianii that previously using API ID 32C kit
were misidentified as W. anomalus and Cy. jadinii (Svobodova et al., 2016b, 2016a).

Obtaining these erroneous results can lead to a concealed image of epidemiology for Cy.
fabianii (Svobodova et al., 2016a). Different epidemiological studies that used either MALDI-
TOF MS or sequencing for identification, showed that Cy. fabianii, although with a low rate,
but consistently is isolated (Fernéndez-Ruiz et al., 2017; Pongr&z et al., 2015; Won et al.,
2013b). From five epidemiological studies, Cy. fabianii, W. anomalus, and Cy. jadinii were
identified in five, two, and no cases, respectively (Fernéndez-Ruiz et al., 2017; Karimi et al.,
2015; Pongr&z et al., 2015; Taj-Aldeen et al., 2014; Won et al., 2013a). In our study, we
found six isolates of Cy. fabianii, one isolate of Cy. jadinii,and no W. anomalus.

Due to the growing number of infections caused by non-Candida albicans yeast species,
establishing definitive breakpoints and the development of specific molecular means of
identification for these species can contribute to both successful treatment and a better
knowledge on the occurrence of uncommon yeast pathogens.
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The limitation of our study was that we utilized only 40 reference strains of Cy. fabianii,
W.anomalus, Cy. jadinii, and Cy. mississipiensis and therefore further experiments in different
setups are required.
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10 Figures legends

Primer Primer sequence Target Target species Melting PCR
name Loci temperature product
size
PR-Missi CCATGCTTCAACACACTACTGC ITS2 Cy. mississipiensis 81.56+0.38 320bps
DNA

Figure 1. Geographical distribution of Cy. fabianii cases are depicted.

Figure 2. Differentiation of target species using A) conventional PCR through amplicon size
polymorphism (M, 100 bps molecular weight, A1-A3, CBS14917, CBS 5481, CBS 5482, A4-AG6,
CBS1517, CBS1726, CBS 621, A7-A9, CBS 6417, CBS 110, CBS 2870, A10-A12, CBS 7023, CBS
5837, CBS 5837) and B) gPCR through melting temperatures.

11 Tables

Table 1. Information of the primers utilized in this study.
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PR-Ano

PR-Jad

PF-

Universal

PF-Fab

PR-Fab

GCTTATTAGTACACTCTTGCTAAGTCAA

ACCAAGTCCCCTAGAGGATC

CAACGGATCTCTTGGTTCTCG

ACTAGCGCGGCGACTAAAAC

CGCAGAAAAGCTAGGCTTATTCC

ITS2
rDNA

ITS2
rDNA

5.8s
rDNA

ITS1
rDNA

ITS1
rDNA

W. anomalus

Cy. jadinii

All except for Cy. fabianii

Cy. fabianii

Cy. fabianii

80.4820.2

81.3840.23

NA

77.6240.19

77.6240.19

235bps

176bps

NA

84bps

84bps
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Table2: Microbiological information obtained from comprehensive review of infections caused by Cy. Fabianii

Identification Successful Morphological AFST FLU ITC VRC CFG MIC AFG AMB 5-FLC Reference
method of signature protocol
identification

1 API 20C API20C hat shaped- ND Susceptible  ND ND ND ND ND Susceptible  Susceptible  (Dooley et
combined with combined with ascospore al., 1990)
appropriate appropriate formation
complementary ~ complementary
mating types mating types

2 API 20C Aux, D1/D2 ND M27-A2 Susceptible  ND ND ND ND ND Susceptible  Susceptible  (Bhally et
D1/D2 sequencing al., 2006)
sequencing

3 API 1D 32C, ITS1 and ITS2  Growth at 40 Commercial Susceptible  Susceptible  Susceptible ND ND ND Susceptible  Susceptible  (Valenza
VITEK-2 YST, C YeastOne etal.,
and ITS1 and 2006)
ITS2
sequencing

4 API ID 32C ITS2 Growth at E-test strips Resistant ND Resistant ND ND ND ND ND (Hamal et
and ITS2 42 C al., 2008)
sequencing

5 26s and ITS 26s and ITS ND E-test strips  Susceptible  ND ND ND ND ND Susceptible  Susceptible  (Hill and
rDNA rDNA Wittwer,
sequencing sequencing 2010)

6 API 1D 32C, ITS and 18s ND E-teststrips ~ Susceptible ND Susceptible  Susceptible  ND ND Susceptible  Susceptible  (Gabriel et
ITS and 18s rDNA al., 2012)
rDNA and EF- sequencing
la sequencing

7 Vitek-2 YST D1/D2 domain ND CLSI M27- Susceptible  ND Susceptible  ND ND ND Susceptible  Susceptible  (Yun etal,
an d D1/D2 of IDNA A3 2013)
rDNA sequencing
sequencing

8 API 20C Aux D1/D2 and ITS  Growth at ATB Susceptible  Resistant Susceptible  ND ND ND Resistant Susceptible  (Wuetal,
and DI/D2 and  rDNA 42 C Fungus3 2013)

ITS rDNA sequencing and CLSI
sequencing

9 MALDI-TOF MALDI-TOF ND M27-A3 Susceptible  Susceptible  Susceptible  Susceptible  Susceptible ND Susceptible  ND (Taj-
and D1/D2 and D1/D2 Aldeen et
rDNA rDNA al., 2014)
sequencing sequencing

10 ITS rDNA ITS rDNA ND ND ND ND ND ND ND ND ND ND (Karimi et
sequencing, sequencing al., 2015)
PCR-RFLP,
and PCR-FSP

11-16 API 1D 32C, ITS rDNA ND ATB Susceptible  Susceptible  Susceptible  Higher™ Highest™ Lowest™ Susceptible  Susceptible  (Vavdgyi
ITS rDNA sequencing and Fungus 3 MIC MiIC MiIC etal.,
sequencing, specific PCR and Etest 2015)
and specific (Liofilchem)

PCR
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26

27

API 20C Aux,
MALDI-TOF
MS, and
D1/D2 rDNA
sequencing
Vitek2 YST
Card, ITS and
D1/D2 rDNA
sequencing
Vitek2
compact and
D1/D2 rDNA
API 20C Aux
and ITS rDNA
sequencing
MALDI-TOF
MS and ITS
rDNA
sequencing
ITS and D1/D2
rDNA and
EFl-a
sequencing
MALDI-TOF
MS, ITS and
18s rDNA
sequencing

MALDI-TOF
MS, D1/D2
rDNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
DNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
rDNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
rDNA

MALDI-TOF
MS and D1/D2
rDNA
sequencing

ITS and D1/D2
rDNA
sequencing

D1/D2 rDNA
sequencing

ITS rDNA
sequencing

MALDI-TOF
MS and ITS
rDNA
sequencing
ITS and D1/D2
rDNA and
EF1-
asequencing
MALDI-TOF
MS, ITS and
18s rDNA
sequencing

MALDI-TOF
MS, D1/D2
rDNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
rDNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
rDNA
sequencing,
multiplex-PCR

MALDI-TOF
MS, D1/D2
rDNA

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

CLSI M27-
A3

CLSI M27-
A3

ND

ND

YeastOne

CLSI M27-
A3

Etest and
EUCAST

CLSI M27-
A3

CLSI M27-
A3

CLSI M27-
A3

CLSI M27-
A3

Susceptible

Susceptible

Susceptible

ND

Susceptible

Susceptible

Susceptible

high

high

low

low

ND

ND

ND

ND

Susceptible

Susceptible

ND

low

low

low

low

ND

ND

Susceptible

ND

Susceptible

Susceptible

ND

low

low

low

low

ND

ND

Susceptible

ND

Susceptible

Susceptible

ND

ND

ND

ND

ND

ND

ND

ND

ND

Susceptible

Susceptible

ND

ND

ND

ND

ND

ND

Susceptible

ND

ND

Susceptible

ND

Susceptible

low

low

low

low

Susceptible

ND

Resistant

ND

Susceptible

Susceptible

Susceptible

high

high

low

low

Susceptible

ND

Susceptible

ND

Susceptible

Susceptible

ND

ND

ND

ND

ND

(Baghdadi
etal.,
2015)

(Lee etal,
2015)

(Jindal et
al., 2015)

(Kim etal.,
2015)

(Flores-
Gonzdez
etal.,
2016)
(Katagiri
etal.,
2016)

(Hof etal.,
2017b)

This study

This study

This study

This study



sequencing, sequencing,
multiplex-PCR multiplex-PCR
28 MALDI-TOF MALDI-TOF ND CLSI M27- high* low low ND ND low low ND This study
MS, D1/D2 MS, D1/D2 A3
rDNA rDNA
sequencing, sequencing,
multiplex-PCR multiplex-PCR
29 MALDI-TOF MALDI-TOF ND CLSI M27- low low low ND ND low low ND This study
MS, D1/D2 MS, DI/D2 A3
DNA rDNA
sequencing, sequencing,
multiplex-PCR multiplex-PCR
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Table 3: Clinical information obtained from comprehensive review of infections caused by Cy. fabianii

No. Publication Location  Age/Sex Specimen type Type of Predisposing factors Treatment option Outcome reference

year infection

1 1990 USA 57 years/Male Urine Prostatitis Chronic lymphoytic leukemia, chronic urinary  Amphotericin B Survived (Dooley et

tract infection al., 1990)

2 2006 USA 5 weeks /Female  Blood Fungemia Born after 25° weeks gestation, multiple Amphotericin B, catheter  Survived (Bhally et
(catheter), antibiotics exposure, steroids exposure, catheter ~removal al., 2006)
endotracheal insertion
suction

3 2006 Germany 46 years /Male Blood, Fungemia Multiple antibiotics exposure, cholecystectomy Fluconazole—caspofungin Dead (multi-  (Valenza et
bronchoalveolar organ failure) al., 2006)
lavage fluid

4 2008 Czech 40 years /Male Blood, aortic Fungemia, congenital combined aortic incompetence of the  Fluconazole Survived  with  (Hamal et

Republic valve Endocarditis mitral valve, Ischemic stroke, decompressive — Voriconazole—A mphotericin  neurological al., 2008)
craniectomy B sequelae

5 2010 France 11 days /Female SKin, mouth,  Disseminated Born after 24 weeks gestation, 700g birth weight, L-Amphotericin B, flucytosine Dead (Hill  and
pleural fluid  Fungemia poor respiratory effort, APGAR scores were 5 and Wittwer,
aspirate, blood 7 at one and five minutes 2010)

6 2012 France 53 years /Female  Oropharyngeal Disseminated Mesenteric ischemia, renal failure (continuous caspofungin — Fluconazole Survived (Gabriel et
swab, urine,  Fungemia dialysis  required), enterectomy, antibiotic al., 2012)
stool, and blood exposure

7 2013 South 47 years /Female  Blood and Fungemia Plasma cell myeloma, autologous peripheral Amphotericin B — caspofungin ~ Dead (multi-  (Yun et al.,

Korea central venous blood stem cell transplantation, chemotherapy, organ failure, 2013)
catheter radiation therapy, respiratory failure, leukopenia, septic shock and
catheter insertion lactic acidosis)
8 2013 China <1 month  Blood Fungemia Born after 33" week of gestation, 1760g birth  Fluconazole Survived (Wu et al,
/Female weight, mild neonatal asphyxia, peripheral venous 2013)
hyperalimentation, respirator, antibiotic exposure;
mother: 33-years-old, hysteromyoma, gestational
hypertension.
9 2014 Qatar 19 years /Male Blood Fungemia Burn (55% of the body surface area) Fluconazole Dead (Taj-
Aldeen et
al,, 2014)
10 2015 Iran 69 years /Male Sputum Suspected ND* ND ND (Karimi et
infection al., 2015)
11 2015 Croatia 35 years  Blood, stool Fungemia antibiotic exposure, chemotherapy, leukopenia, Fluconazole—L-Amphotericin Survived (Vavdgyi
/Female antibacterial therapy B et al., 2015)
12 2015 Croatia 15 months  Urine Funguria Posterior urethral valve, hydronephrosis, surgery, Fluconazole, urinary catheter  Survived (Vavdgyi
/Male antibiotic exposure, catheter insertion removal et al., 2015)
13 2015 Croatia <1 month  Urine, Funguria Gastroschisis, surgery, mechanical ventilation, Fluconazole, urinary catheter  Survived (Vavdgyi
/Female nasopharyngeal parenteral nutrition, antibiotic exposure, catheter removal, central venous catheter et al., 2015)

swab

insertion

removal
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2015

2015

2015

2015

2015

2015

2015

2016

2016

2017

2017

2017

2017

2017

2017

Croatia

Croatia

Croatia

USA
South

Korea

India

South
Korea

Spain

Japan

Germany

Iran

Iran

Iran

Iran

Iran

<1 month /Male

<1 month
/Female
<1 month
/Female

49 years /Female

87 years /Male

5 years /Male

ND

2 years /Male

69 years /Female

<1 month
/Female

58 years /Female

17 years /Male

30/female

56/female

35/female

Urine,
ureostomal
swab, wound,
stool

Blood, stool,
gastric content
Blood, tubal
aspirate,
oropharyngeal
swab

Cerebrospinal
fluid
Blood

Urine

Blood

Blood

Blood (catheter)

Dialysis fluid

Central venous
catheter

Central venous
catheter
Vaginal swab

Vaginal swab

Vaginal swab

Funguria

Fungemia

Fungemia

Meningitis

Fungemia

Funguria

Fungemia

Fungemia

Fungemia

Peritonitis

Fungemia

Fungemia

Vulvovaginitis

Vulvovaginitis

Vulvovaginitis

Hydronephrosis, surgery, parenteral nutrition,
antibiotic exposure

Intestinal atresia, surgery, parenteral nutrition,
antibiotic exposure, catheter insertion

Pulmonary cyst, 740 g weight, antibiotic
exposure, mechanical ventilation, parenteral
nutrition

Ventriculoperitoneal shunt
Obstructive pneumonitis and cancer

ventriculoperitoneal shunt, multiple antibiotics
exposure  (including antitubercular  agents),
intubation, neutropenia, catheter insertion
Neutropenia, catheterinsertion

Short bowel syndrome, hypophosphatemia, severe
malnutrition

Acute leukemia, chemotherapy, umbilical cord
blood transplantation,  neutropenia,  rapid
respiratory failure, noninvasive positive pressure
ventilation, catheter insertion, hemodiafltration,
multiple antibiotics exposure

Multiple antibiotics exposure, open heartsurgery,
peritoneal dialysis

End stage renal disease, diabetes, Acute myeloid
leukemia (M5), catheter insertion

Catheter insertion

Itching

Recurrent vulvovaginal candidiasis/ discharge,
pain

discharge/pain

Fluconazole— caspofungin

Fluconazole, central
catheter removal

venous
Fluconazole— caspofungin
L-Amphotericin B, Flucytosine,
Fluconazole

Anidulafungin

Amphotericin B

Fluconazole

caspofungin

Micafungin — L-Amphotericin
B

Fluconazole— L-A mphotericin
Btcaspofungin—Fluconazole

Amphotericin B

Amphotericin B

Clotrimazole vaginal /
Fluconazole
Clotrimazole vaginal /
Fluconazole
Clotrimazole vaginal /

Fluconazole

Survived

Survived

Survived

Survived

Survived

Dead

ND

Survived

Dead

Dead
(multiorgan
failure,
irreversible

capillary leak
syndrome)

Dead

Survived

Survived

Survived

Survived

(Vavdgyi
et al., 2015)

(Vayvdgyi
et al., 2015)

(Vayvdgyi
et al., 2015)

(Baghdadi
et al., 2015)

(Lee et al.,
2015)

(Jindal et
al., 2015)

(Kim et al.,
2015)

(Flores-
Gonzdez et
al,, 2016)
(Katagiri et
al,, 2016)

(Hof et al.,
2017b)

This study

This study

This study

This study

This study



29 2017 Iran 60/female Vaginal swab Vulvovaginitis  Recurrent vulvovaginal candidiasis/ Clotrimazole vaginal /  Survived This study
discharge/pain/itching Fluconazole
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Supplementary files

Supplementary Figure 1. Late amplification of Pichia kudriavzevii and Pichia guilliermondii are
depicted. Adjusting Ct value of 22, distinguished target from non-target species.

Supplementary figure 2. Cumulative reproducibility > 0.99 for five runs in three consecutive day for
target species.

Supplementary Figure 3. Tm distribution of target species of Cy. fabianii, W. anomalus, and Cy. jadinii.

Supplementary Table 1. Target and non-target species utilized for optimization and specificity testing
in this study.

Supplementary table 2. Epidemiological datathat utilized MALDI-TOF MS or sequencing as a reliable means of
identification of Cy. fabianii, Cy. jadinii,and W. anomalus.

Supplementary table 3. Antifungal susceptibility pattern for Cy. fabianii and Cy. jadinii isolates in this
study.



Future

MICROBIOLOGY

Research Article D\ \ \ \

For reprint orders, please contact: reprints@futuremedicine.com

Novel multiplex real-time quantitative PCR
detecting system approach for direct
detection of Candida auris and its relatives in
spiked serum samples

Amir Arastehfar*', Wenjie Fang*'-23, Farnaz Daneshnia’, Abdullah M S Al-Hatmi'-%>,
Wanging Liao?3, Weihua Pan*23, Ziauddin Khan®, Suhail Ahmad®, Katharina Rosam’,
Michaela Lackner’, Cornelia Lass-Florl”, Ferry Hagen' & Teun Boekhout**:1.3.8

"Westerdijk Fungal Biodiversity Institute, Utrecht 3584, The Netherlands

2Department of Dermatology, Shanghai Changzheng Hospital, Second Military Medical University, Shanghai 200003, PR China
3Shanghai Key Laboratory of Molecular Medical Mycology, Shanghai Institute of Mycology, Shanghai Changzheng Hospital,
Second Military Medical University, Shanghai 200003, PR China

4Center of Expertise in Mycology Radboud University Medical Center, Canisius Wilhelmina Hospital, Nijmegen 6500HB, The
Netherlands

>Ministry of Health, Directorate General of Health Services, PO Box 393, 100 Muscat, Oman

6Department of Microbiology, Faculty of Medicine, Kuwait University, Safat, Kuwait

Division of Hygiene & Medical Microbiology, Medical University of Innsbruck, Innsbruck, Austria

8Institute of Biodiversity & Ecosystem Dynamics, University of Amsterdam, Amsterdam 1012 WX, The Netherlands

*Author for correspondence: Tel.: +86 8188 5494; panweihua@smmu.edu.cn

**Author for correspondence: Tel.: +31 62 929 0360; t.boekhout@westerdijkinstitute.nl

*Authors contributed equally

The multidrug-resistant opportunistic yeast species of Candida auris, Candida haemulonii, Candida
duobushaemulonii and Candida pseudohaemulonii continue to endanger the healthcare settings around
the globe. Due to the lack of a specific qPCR assay for detection of these species from clinical samples, we
developed a multiplex qPCR assay. Analytical specificity and sensitivity showed 100% specificity and the
sensitivity of up to ten genomes of target species with a high value of reproducibility (R?> >0.99). Subse-
quently, from spiked serum samples, our qPCR specifically could detect up to ten genomes of C. auris and
one genome of C. haemulonii, C. duobushaemulonii and C. pseudohaemulonii (R? >0.98). Lack of cross
reaction with the human DNA, a high degree of specificity and sensitivity, showed the potential of our
multiplex PCR for direct detection of C. auris and closely related species from serum samples of suspected
patients. Future studies are warranted to assure its applicability in clinical settings.

First draft submitted: 11 August 2018; Accepted for publication: 20 November 2018; Published online:
12 December 2018
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Nowadays, controlling infections caused by opportunistic yeast species is challenged owing to increasing of im-
munocompromised population, emerging pathogenic species and increasing prevalence of antifungal-resistant

isolates, which potentially lead to diagnostic and therapeutic failures and increased healthcare costs [1-4]. The

globally fast-spreading Candida auris currently is regarded as one of the most important opportunistic emerging

yeast species, which caused a huge concern for healthcare settings [5-71. Using routine typing protocols, clinical

isolates of C. auris are clustered in four distinctive clades namely, east Asian, south Asian, South American and

African (8]. From 2012 to 2017, >361 isolates of C. auris were obtained from blood cultures, accounting for

67.48% of the all recovered isolates from clinical samples, worldwide [9). On the other hand, the other closely

related species of C. auris namely, Candida haemulonii, Candida duobushaemuloni and Candida pseudohaemulonii

have been reported to possess a multidrug-resistant profile and all have been isolated from blood samples in various

countries (10-12). Candida haemulonii, which was first known as a human pathogen in 1984, is being increasingly ~ Future ==
reported worldwide [6,10). Additionally, recent surveillance studies of candidemia conducted in Panama, revealed Med|c|ne
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Table 1. Primers and targets used in the qPCR assay.

Target species Primer name Primer sequence Target loci Product size (bps)
Candida auris Auris-F CGGTGGCGTTGCATTCA Internal Transcribed Spacer 2 244
Auris-R CTGCTGCTAGAACACCTCGT 28S rDNA
Candida haemulonii Haemu-F CCGAGGACCGCAGCAAT 28S rDNA 181
Haemu-R CCCGTCCGAGCACTTCCA 28S rDNA
Candida duobushaemulonii Duobu-F GAACGCACATTGCGCCTTGG 5.85 rDNA 115
Duobu-R GTAGACTTCGCTGCGGATATGTTA Internal Transcribed Spacer 2
Candida pseudohaemulonii Pseud-F TAACCTGCGGAAGGATCATTAAG 18S rDNA 197
Pseud-R AATGTGCGTTCAAAGATTCGATG 5.85 rDNA

that almost half of 36 isolates primarily identified as C. auris were C. duobushaemulonii (13), which highlights the
importance of correct identification of other closely related species of C. auris. Candida pseudohaemulonii that for
the first time in 2006 was detected in the blood sample of a Thai patient showing resistance to amphotericin B
and azoles [14], was accountable for approximately a third of clinical isolates identified as C. haemulonii in a Korean
surveillance study and surprisingly all of the isolates were from blood samples [10].

For these multidrug-resistant pathogens, rapid and precise diagnosis is important to initiate appropriate antifungal
treatment, prognosis improvement and outbreak control [15-17]. Up to now, >20 identification methods have been
published for C. auris [9,18-20]. Biochemical assays as one of the most widely used phenotypic approaches, besides
of being time consuming and expensive, cannot properly identify these species [21]. Recently, several species-specific
PCRs have been established to identify C. auris from DNA samples derived from pure colonies or environmental
swab samples [18,19]. Although the need for a culture-independent molecular method is urgent, unfortunately, this
is still lingering as an unsolved issue.

Herein, we developed the first multiplex qPCR assay for C. auris, and its relatives, that is, C. haemulonii, C.
duobushaemulonii and C. pseudohaemulonii, which can detect these opportunistic yeast species directly from spiked
serum samples with a clinically relevant limit of detection (LOD).

Materials & methods

Fungal strains

Two hundred and eighty-two reference strains and clinical isolates were used in two different analytical validation
test sets. The first test set included 177 reference strains consisted of 33 C. auris, 25 C. haemulonii, five C.
duobushaemulonii, three C. pseudobaemulonii and 111 fungal strains representing 68 other closely or distantly
related species, which were included for testing the analytical sensitivity, reproducibility, specificity and proficiency
testing (Supplementary Tables 1 & 2). Reference strains were obtained from Westerdijk Fungal Biodiversity Institute,
Utrecht, Netherlands. Human genomic DNA (male, 10 ng/ul, Thermo Fisher Scientific, MA, USA) was also used
for specificity testing. The second test set included 105 clinical isolates obtained from Faculty of Medicine, Kuwait
University, Kuwait, which were previously identified as C. auris by matrix-assisted laser desorption/ionization TOF
mass spectrometry (MALDI-TOF MS; Bruker Corporation, MA, USA) [22,23].

Primer design

Sequences of rDNA for C. auris (including the isolates of the four clades analyzed by Lockhart e 2/ in 2016 (8]
and more isolates after 2016) and its relatives were retrieved from GenBank (www.ncbi.nlm.nih.gov/genbank/)
for primer design. We analyzed the rDNA region of 233 global isolates for the reverse primer of C. auris,
of which 138 of the sequences were from our own database and the rest were from Genbank. Only primers
meeting the following criteria were chosen for further optimization: they should cover all the clades of target
species; no cross reaction with other clinically and environmentally important fungi and human DNA; production
of a single discriminative melting peak for each locus, which is at least 1°C different from the other locus;
and being compatible with the rest of primers in the same reaction in terms of primer Tm values and primer
homo/heterodimer formations. uMELT (www.dna.utah.edu/umelt/umelt.html) was used to predict PCR products
melting temperature. IDT OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer) was used to predict primer Tm
values and homo/heterodimers. Subsequently, oligonucleotides were synthesized by Integrated DNA Technology
Company (IDT, Leuven, Belgium). Table 1 shows the primers information used in this study.
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Figure 1. Shows the analytical features obtained for our qPCR assay. (A) Melting profile of target species including Candida

pseudohaemulonii, Candida duobushaemulonii, Candida auris and Candida haemulonii. (B) Standard curves of four target species over

seven orders of magnitude. (C) Melting temperature distribution of C. auris in five countries. (D) Shows the Tm distrib
species.

Analytical validation

Log-10 serial dilutions (starting from 1 ng/pl) of DNA of all four target species were prepared to find the LOD
and the reproducibility of our assay. The analytical specificity was evaluated using 1 ng/pl DNA of diverse range
of other yeast species, filamentous fungi and human.

Two technicians ran the proficiency testing in a blind fashion using DNA of eight target strains of C. auris, C.
pseudobaemulonii, C. duobushaemulonii and C. haemulonii dispersed among 111 nontarget strains representing 68
fungal species (Supplementary Table 3). One technician, who was aware of the identity of each DNA samples,
randomly distributed them and provided the second technician with the blinded test set. Besides, single pure
colonies of C. auris, C. pseudohaemulonii, C. duobushaemulonii and C. haemulonii were subjected to our multiplex

PCR.

Institutional ethical committee approval
As clinical validation phase of our study required serum samples, the procedure of serum sampling was reviewed
and approved by the ethical committee members of Medical University of Innsbruck.

ution of four target
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obtained from negative serum samples. The data obtained from the standard curves including efficiency, limit of detection and R2 values
are automatically calculated by the software installed on the real-time PCR machine and they were not measured manually.

Spiked serum samples

Due to the lack of serum samples of suspected or proven cases, we proceeded with spiking serum samples with the
DNA samples obtained from C. auris (CBS 10913), C. haemulonii (CBS 5149), C. duobushaemulonii (CBS 7798)
and C. pseudohaemulonii (CBS 10004).

For serum preparation, blood clots were subjected to centrifugation with 3000 X ¢ for 15 min. Serum samples
were distributed in 500 pl aliquots in DNase/RNase sterile 2 ml tubes and stored at -20°C for future uses. Serum
samples were collected from two donors.

Five hundred microliters of serum samples were spiked with serially diluted DNA samples (from 10% genome
to 10° genome) obtained from C. auris (CBS10913), C. haemulonii (CBS5149), C. duobushaemulonii (CBS7798)
and C. pseudohaemulonii (CBS10004). As, 100 pg of DNA of C. albicans estimated to be 104 genomes [24] and
due to the similarity of genome size of the C. albicans (14.6 Mb) with those of C. auris (12.36 Mb), C. haemulonii
(13.6 Mb), C. duobushaemulonii (12.58 Mb) and C. pseudohaemulonii (12.64 Mb), we considered 1 ng DNA of

target species as 10° genomes.

10.2217/fmb-2018-0
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Figure 3. Melting curve analysis for Candida duobushaemulonii and Candida pseudohaemulonii (102-100 genomes) and negative
samples. Shows the melting curve obtained from spiked serum samples with DNA (102-10° genomes) of Candida duobushaemulonii and
Candida pseudohaemulonii (A & B), and Candida albicans, Candida parapsilosis, Candida glabrata, Candida tropicalis, Candida krusei and
negative serum samples (C). As it is evident from the figure, nontarget Candida species and negative serum samples (C) generated unusual
melt curves that are readily distinguishable from those of target species (A). Although, normal standard curves include at least four
concentration points, due to the clinical concentration relevance, only three concentration points (1, 10 and 100 genomes) were used.
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Figure 4. Melt curves obtained from serum samples spiked with mixture of Candida albicans and each target species, individually. (A1)
A total of 100 genome (Ge) of Candida albicans—10 Ge of Candida auris; (A2) 100 Ge of C. auris—10 Ge of C. albicans; (A3) 10 Ge of C.
auris—10 Ge of C. albi cans; (B1) 100 Ge of C. albicans—10 Ge of Candida duobushaemulonii; (B2) 100 Ge of C. duobushaemulonii-10 Ge of
C. albicans; (B3) 10 Ge of C. duobushaemulonii-10 Ge of C. albicans; (C1) 100 Ge of C. albicans—10 Ge of Candida haemulonii; (C2) 100 Ge
of C. haemulonii-10 Ge of C. albicans; (C3) 10 Ge of C. haemulonii-10 Ge of C. albicans; (D1) 100 Ge of C. albicans-10 Ge of Candida
pseudohaemulonii; (D2) 100 Ge of C. pseudohaemulonii-10 Ge of C. albicans; (D3) 10 Ge of C. pseudohaemulonii-10 Ge of C. albicans.

Simulating mixed infection in spiked serum samples containing the DNA of C. albicans & target
species

As C. albicans shown to be the most predominant isolated species in coinfection cases [25], hence DNA sample of
each of target species (100 and 10 genomes) were individually mixed with DNA samples of C. albicans (100 and
10 genomes as follows, 100 genome of C. albicans—10 genome of target species, 100 genome of target species—10
genome of C. albicans, 10 genome of C. albicans—10 genome of target species). Twelve serum samples (500 ul)
were spiked with the DNA mixtures and the serum samples were subjected to DNA extraction as mentioned in the
following.

DNA extraction from fungal cells & simulated serum samples

DNA extraction from pure colonies was performed by cetyltrimethyl ammonium bromide (CTAB) method [26].
The obtained DNA samples were checked for purity by NanoDrop™ 2000 (Thermo Fisher Scientific) and for
quantity by QuBit dsDNA BR Assay Kit (Thermo Fisher Scientific Corporation). All the DNA samples were
standardized to 1 ng/ul for further checking of sensitivity and specificity.

Serum samples were extracted by QIAamp® UltraSens® Virus kit (QITAGEN, Hilden, Germany) with a slight
modification of the manufacturer’s protocol. In the last step of elution of DNA samples, instead of two continuous
elution stages with 30 pl, the DNA samples were eluted by two steps of 25 and 20 pl. In order to monitor the
phenomenon of cross contamination during DNA extraction steps, negative serum samples (without DNA of target
species) were included. Eight microliters of each extracted DNA samples were run in the qPCR assays in duplicate.

10.2217/fmb-2018-0227 Future Microbiol. (Epub ahead of print) future science group
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Figure 4. Melt curves obtained from serum samples spiked with mixture of Candida albicans and each target species, individually
(cont.). (A1) A total of 100 genome (Ge) of Candida albicans—10 Ge of Candida auris; (A2) 100 Ge of C. auris—10 Ge of C. albicans; (A3) 10
Ge of C. auris—-10 Ge of C. albi cans; (B1) 100 Ge of C. albicans-10 Ge of Candida duobushaemulonii; (B2) 100 Ge of C.
duobushaemulonii-10 Ge of C. albicans; (B3) 10 Ge of C. duobushaemulonii-10 Ge of C. albicans; (C1) 100 Ge of C. albicans-10 Ge of
Candida haemulonii; (C2) 100 Ge of C. haemulonii-10 Ge of C. albicans; (C3) 10 Ge of C. haemulonii-10 Ge of C. albicans; (D1) 100 Ge of C.
albicans-10 Ge of Candida pseudohaemulonii; (D2) 100 Ge of C. pseudohaemulonii-10 Ge of C. albicans; (D3) 10 Ge of C.
pseudohaemulonii-10 Ge of C. albicans.

PCR conditions

As our study had two phases of optimization (Westerdijk Fungal Biodiversity Institute, Netherlands) and assessment
of performance with spiked serum samples (Division of Hygiene and Medical Microbiology/Reference Centre for
Aspergillus and Aspergillus Infections, Austria), hence, two kinds of master mixes and qPCR machines were used.

In the optimization phase, both DNA samples and pure colonies were subjected to qPCR assay (Applied
Biosystems® 7500 fast, Thermo Fisher Scientific Corporation). The latter was to check whether our assay is able
to detect the signal from pure colonies and, hence, skip the tedious DNA extraction procedures. The following
PCR conditions were used for the optimization phase: 10 ul of Power Up SYBR Green Master Mix (A25742
Thermo Fisher Scientific Corporation), 10 pM of Auris-E Auris-R, Pseud-F and Pseud-R, 8 pM for Haemu-F
and Haemu-R, and 5 pM for Duobu-F and Duobu-R, 1 pl of DNA template (or 1 mm? of pure colony) and
Milli-Q water (Merck Millipore, Darmstadt, Germany) to reach the final volume of 20 pl. The PCR program was
as following: 50°C for 2 min, 95°C for 3 min, followed by 40 cycles of 95°C for 15 s and 64°C for 30 s. Melting
curves were obtained from 65 to 95°C with the increment of 0.5°C/s, and data analysis was carried out by 7500
software version 2.3 (Thermo Fisher Scientific Corporation).

As for the DNA of the spiked serum samples, qPCR ingredients included 10 pl of SsoFast™ EvaGreen® Supermix
with Low ROX (BioRad, CA, USA), 10 pM of Auris-E Auris-R, Pseud-F and Pseud-R, 8 pM for Haemu-F and
Haemu-R, and 5 pM for Duobu-F and Duobu-R, and 8 pl of DNA samples obtained from spiked serum samples
in duplicate. The same PCR program (CFX96, Bio-Rad) used as it was optimized, with the exception of limiting
melt curve analysis from 70 to 90°C, and the increment of 0.1°C/s. Obtained data were analyzed by Bio-Rad CFX

future science group 10.2217/fmb-2018-0227
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Figure 4. Melt curves obtained from serum samples spiked with mixture of Candida albicans and each target species, individually
(cont.). (A1) A total of 100 genome (Ge) of Candida albicans—10 Ge of Candida auris; (A2) 100 Ge of C. auris-10 Ge of C. albicans; (A3) 10
Ge of C. auris—10 Ge of C. albi cans; (B1) 100 Ge of C. albicans-10 Ge of Candida duobushaemulonii; (B2) 100 Ge of C.
duobushaemulonii-10 Ge of C. albicans; (B3) 10 Ge of C. duobushaemulonii-10 Ge of C. albicans; (C1) 100 Ge of C. albicans-10 Ge of
Candida haemulonii; (C2) 100 Ge of C. haemulonii-10 Ge of C. albicans; (C3) 10 Ge of C. haemulonii-10 Ge of C. albicans; (D1) 100 Ge of C.
albicans-10 Ge of Candida pseudohaemulonii; (D2) 100 Ge of C. pseudohaemulonii-10 Ge of C. albicans; (D3) 10 Ge of C.
pseudohaemulonii-10 Ge of C. albicans.

Manager Version 3.1 (Bio-Rad). Efficiency of utilized primers, costs and avoiding cross reaction were the most
important factors ruling the concentration of primers. Candida auris as the main target species had the highest
primer concentration (10 pM), while the rest of target species due to possessing higher efficiency (8 and 5 pM)
required less amount of respective primers.

Sequencing

Sequencing of D1/D2 domain of large subunit of IDNA was performed for all the 283 strains to explicitly approve
the identity of each strain. In order to report the identity of each species, obtained sequences were subjected to
BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Statistical analysis

SPSS (version 25, International Business Machines Corporation, NY, USA) was used for statistical analysis. Results
were presented as mean =+ standard deviation for normal data or median with interquartile ranges for non-normal
data.

Results

Analytical sensitivity, reproducibility & specificity

Based on the melting temperature of the target species, the designed primers unequivocally distinguished C. auris,
C. haemulonii, C. duobushaemulonii and C. pseudohaemulonii. Melting temperatures for C. auris, C. haemulonii,
C. duobushaemulonii and C. pseudohaemulonii were 84.10 = 0.25°C, 85.69 % 0.21°C, 82.44 + 0.25°C and

10.2217/fmb-2018-0227 Future Microbiol. (Epub ahead of print) future science group
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Figure 4. Melt curves obtained from serum samples spiked with mixture of Candida albicans and each target species, individually
(cont.). (A1) A total of 100 genome (Ge) of Candida albicans—10 Ge of Candida auris; (A2) 100 Ge of C. auris—10 Ge of C. albicans; (A3) 10
Ge of C. auris—-10 Ge of C. albi cans; (B1) 100 Ge of C. albicans-10 Ge of Candida duobushaemulonii; (B2) 100 Ge of C.
duobushaemulonii-10 Ge of C. albicans; (B3) 10 Ge of C. duobushaemulonii-10 Ge of C. albicans; (C1) 100 Ge of C. albicans-10 Ge of
Candida haemulonii; (C2) 100 Ge of C. haemulonii-10 Ge of C. albicans; (C3) 10 Ge of C. haemulonii-10 Ge of C. albicans; (D1) 100 Ge of C.
albicans-10 Ge of Candida pseudohaemulonii; (D2) 100 Ge of C. pseudohaemulonii-10 Ge of C. albicans; (D3) 10 Ge of C.
pseudohaemulonii-10 Ge of C. albicans.

79.16 %+ 0.18°C, respectively (Figure 1A & D, Supplementary Table 4). No difference in melting temperature
(p > 0.05) was shown among C. auris strains from different countries (Figure 1C). All the target strains were
correctly identified except for CBS 12371, which was wrongly designated as C. pseudohaemulonii, while our assay
in accordance to D1/D2 sequencing and MALDI-TOF MS identified this strain as C. haemulonii. When the DNA
samples obtained from pure cultures, the LOD for C. auris, C. pseudohaemulonii and C. duobushaemulonii was 10
CFU/PCR with a Cq value of 32, and the LOD for C. haemulonii was 10 CFU/PCR with a Cq value of 29. The
average of R? value for six consecutive runs of qPCR was 0.99, indicating a high degree of reproducibility of this
assay (Figure 1B). Specificity tests showed no cross reactivity with the other fungal species and genomic human
DNA. Subjecting 105 clinical isolates of C. auris from Kuwait to our qPCR gave the same results as those obtained
by MALDI-TOF MS and D1/D2 domain of ribosomal large subunit (LSU) rDNA sequencing, resulting in 100%
agreement with these methods. Using blinded test set, our qPCR showed 100% accuracy and pure colonies as the
pure DNA samples successfully identified target species.

Performance assessment with spiked serum samples

Results obtained from spiked serum samples revealed that our qPCR assay can reliably identify and detect ten
genomes of C. auris (Cq = 31.75) and one genome of C. haemulonii (Cq = 34.82), C. pseudobaemulonii (Cq
= 34.82) and C. duobushaemulonii (Cq = 30.61) (Figure 2A & C), and showed no cross reaction with negative
serum samples (Figure 2D). Spiked serum samples with C. auris and C. haemulonii showed an identical melt curve
as what was obtained for the pure DNA of both species (Figure 2A). Unexpectedly C. duobushaemulonii and C.
pseudohaemulonii generated unique triple peaks specific for each species (Figure 2A). Repeated experimentation of
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spiking serum samples with C. pseudohaemulonii and C. duobushaemulonii provided the same results. However,
in order to prove that these frequent melting peaks are unique for C. pseudohaemulonii and C. duobushaemulonis,
500 pl of serum samples were spiked with three orders of magnitude (10 genomes to 10° genome) DNA of C.
albicans, Candida parapsilosis, Candida glabrata, Candida tropicalis and Candida krusei (Figure 3A & C). As it is
shown in the Figure 3, serum samples spiked with the DNA of aforementioned Candida species and negative serum
samples generated irregular-shaped melt curves, while melt peaks for C. pseudohaemulonii and C. duobushaemulonii
consistently and efficiently resulted in the same melt curve patterns and turned out that those patterns are specific
and distinctive fingerprints of these two species (Figure 3A & B). In order to prove that frequent melting peaks
were not resulted from serum background, we utilized serum samples from two healthy individuals and both
serums resulted in identical and irregular melting peaks. Spiked serum samples with C. auris, C. haemulonii, C.
pseudohaemulonii and C. duobushaemulonii showed acceptable reproducibility value (R? >0.98). These observations
indicated that serum samples could be a suitable blood fraction for detection and identification of target species
when using our multiplex qPCR assay.

In simulated co-infection experiment, serum samples were spiked with DNA mixture of C. albicansand each target
species individually. Results from the qPCR of simulated co-infection test revealed that regardless of concentration
of DNA of C. albicans (ten-times more, ten-times less and equal to target species) target species were detected and
distinguished unequivocally (Figure 4).

Discussion

The lack of reliable clinical diagnostic tools potentially led to underestimation and neglection of C. auris cases (17,27-
29]. When facing C. auris outbreaks, microbiologists mainly handle cultures, environmental swab or clinical samples
(blood, sputum, urine). Using biochemical assays such as VITEK, API20C-AUX, AuxaColor 2, BD Phoenix,
MicroScan etc. 90% of the C. auris isolates are misidentified as C. haemulonii (most commonly), Candida famata,
Candida sake, Candida lusitaniae, Candida catenulata, Candida guilliermondii, C. parapsilosis, C. tropicalis, C.
albicans, Rhodotorula glutinis and Saccharomyces cerevisiae 15).

Detecting C. auris directly from clinical or environmental swab samples in a culture-independent manner is
essential for outbreak control. For environmental screening purposes, Leach er al. (2017) reported the ability of
single-plex probe-based qPCR for detection of C. auris from environmental swabs [18]. Although, in outbreaks
environmental screening is an essential part of infection control, identification of patients suspected with blood-
borne infections by C. auris and its relatives is of a great importance. Epidemiological studies revealed that C. auris
can represent up to 5.2% of candidemia cases in India [30], although with a lower prevalence, fatal bloodstream
infection due to this pathogen is reported from other countries (9. Moreover, it is estimated that delay of 1 h in
starting immediate appropriate antimicrobial therapy for ICU patients will increase the mortality rate [31]. Thus,
the urge for a rapid, specific, reliable and economic molecular means of identification from clinical samples is highly
relevant. Herein for the first time, we developed a multiplex PCR assay that can detect C. auris and its relatives
directly from serum samples in a culture-independent manner. Testing our qPCR with the serum samples spiked
with serially diluted DNA of target species, showed an exceptional LOD of one genome for C. haemulonii, C.
pseudohaemulonii and C. duobushaemulonii, and ten genomes for C. auris. Moreover, serum due to its applicability
for downstream applications such as serology tests and its ease of DNA extraction procedure, has earned reputation
for being a suitable blood fraction for identification of fungemia (32]. It has been shown that for identification of
invasive candidiasis, serum samples showed the same performance as whole blood samples when subjected to real-
time PCR 33]. Additionally, serum has been regarded as a suitable matrix for validation of PCR-based assays meant
to detect Candida species from infected patients [34-36]. The diagnostic strategy using our assay can dramatically
shorten the clinical turn-around time (Supplementary Figure 1). Moreover, our qPCR assay utilizes the most basic
and inexpensive qPCR chemistry, that is, SYBR Greenl and EVA Green, and offers the first qPCR assay with the
potential clinical utility for identification of C. auris and its relatives. Moreover, despite the fact that C. albicans
accounts for the majority of mixed infections, which could affect the specificity and sensitivity of PCR assays [25],
our assay regardless of the DNA concentration of C. albicans (ten-times more, ten-times less and equal to target
species) readily identified C. auris, C. haemulonii, C. pseudobhaemulonii and C. duobushaemulonii in serum samples
spiked the mixture DNA of target species and C. albicans. This observation reinforced the specificity of our gPCR
assay in mixed infections.

For specificity testing, our assay was challenged with 111 reference strains representing 68 nontarget yeast and
filamentous fungal species, while in the published melting curve-based qPCR, only 19 nontarget species were
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tested [37]. Large difference in melting temperature between C. awris and its relatives is another advantage of
our qPCR, as PCR inhibitors, such as humic acid, melanin, hematin and collagen, are commonly found in the
environmental and clinical samples and they can change the melting curve temperature causing melt temperature
shift followed by misidentification [38]. In our assay, the difference in average melting temperature between C. auris
and C. pseudohaemulonii, C. duobushaemulonii, C. haemulonii were 5, 1.7 and 1.6°C, respectively. Additionally, the
minimum difference in melting temperature between any two species was 1.1°C. While in the published melting
curve qPCR, small differences in melting temperature between C. auris and C. duobushaemulonii and C. haemulonii
were observed (0.4 and 1°C, respectively) [371. On the other hand, despite the presence of heterogeneity in the
submitted sequences of C. haemulonii complex, thatis, C. haemulonii var. vulnera and C. haemulonii (C. haemulonii
Group I), our assay successfully amplified various strains within this complex [39].

Although, a given developed diagnostic assays should be assessed with the relevant clinical materials obtained
from suspected patients, in our situation due to the lack of such clinical sources we had to spike serum samples
with the DNA of target species. Hence, clinical performance and utility of our qPCR assay warrants further
experimentations in settings where suspected patients exist.

In summary, we developed a novel multiplex qQPCR, which can discriminate C. auris, from C. haemulonii, C.
duobushaemulonii and C. pseudohaemulonii in one multiplex qPCR reaction. The fact is that our multiplex assay
has been validated by using a comprehensive set of reference strains and clinical isolates, and proved to be rapid,
specific and sensitive with spiked serum samples, indicating that it might have the applications for environmental
screening and diagnostic purposes from clinical samples.

Conclusion

Culture-independent and species-level identification of the multidrug-resistant opportunistic yeast species Candida
auris, C. haemulonii, C. pseudobaemulonii and C. duobushaemulonii is an important clinical practice. Involved
healthcare settings of various countries can evaluate the specificity and sensitivity our multiplex QPCR assay in the
light of culture as the gold standard technique. If proved to be sensitive and specific, it will show implications in
early diagnosis followed by adminstartion of appropriate antifungal drugs. Moreover, its inexpensiveness, rapidity
and sensitivity might highlight its applicability for environmental screening.

Summary points

e Based on the simple melt curve technique, our multiplex qPCR can distinguish and identify Candida auris, and its
relatives, Candida haemulonii, Candida duobushaemulonii and Candida pseudohaemulonii.

e When DNAs obtained from pure colonies were used, the limit of detection for C. auris, C. haemulonii, C.
pseudohaemulonii and C. duobushaemulonii was 10 CFU/PCR, with a high degree of reproducibility (R> = 0.99).

e Specificity tests showed no cross reactivity with the other fungal species and genomic human DNA.

e Subjecting pure colonies of target strains showed the expected melting temperature, which indicated good
compatibility of our assay when using pure colonies without DNA extraction.

e Results obtained from spiked serum samples revealed that our qPCR assay reliably identifies and detects ten
genomes of C. auris (Ct = 31.75) and one genome of C. haemulonii (Ct = 34.82), C. pseudohaemulonii (Ct = 34.82)
and C. duobushaemulonii (Ct = 30.61).

e Spiked serum samples with both C. auris and C. haemulonii showed acceptable reproducibility value (R >0.98%).

e Simulated co-infection test revealed that regardless of concentration of DNA of C. albicans, target species are
identified unequivocally.

e Having a high degree of sensitivity and reasonable difference in the melt profile of target species reveals the
potential utility of our gPCR assay for both serum samples derived from suspected patients and environmental
swab samples for infection control purposes.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: https://www.futuremedicine.com/d
0i/suppl/10.2217/fmb-2018-0227
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