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Green mold caused by Penicillium digitatum is one of the
most serious postharvest diseases of citrus fruit, and it is
ubiquitous in all citrus growing regions in the world. Sterol
14a-demethylase (CYP51) is one of the key enzymes of sterol
biosynthesis in the biological kingdom and a prime target
of antifungal drugs. Mutations in CYP51s have been found
to be correlated with resistance to azole fungicides in many
fungal species. To investigate the mechanism of resistance to
prochloraz (PRC) in P. digitatum, the PRC sensitivity was
determined in vitro in this study to assess the sensitivity of
78 P. digitatum isolates collected in Hubei province. The
results showed that 25 isolates were prochloraz-resistant
(PRC-R), including six high-resistant (HR) strains, twelve
medium-resistant (MR) and seven low-resistant (LR) strains.
A sequence analysis showed no consistent point mutations
of PACYP51A in the PRC-R strains, but four substitutions
of CYP51B were found, Q309H in LR strains, Y136H and
Q309H in HR strains, and G459S and F506I in MR strains,
which corresponded to the four sensitivity levels. Based on
the sequence alignment analysis and homology modeling
followed by the molecular docking of the PACYP51B pro-
tein, the potential correlation between the mutations and
PRC resistance is proposed.
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Introduction

Citrus green mold, which is caused by Penicillium digitatum,
is well known as the most destructive postharvest fungal
disease in the world (Porat et al., 2000). Sterol 14a-deme-
thylase (14DM, CYP51), a microsomal cytochrome P450 in
eukaryotes, is a key enzyme for the sterol biosynthesis that
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contributes to cell membrane formation and thus is essential
for the survival of many biological organisms (Lepesheva and
Waterman, 2011). Currently, an important group of fungi-
cides widely used to manage citrus green mold in agriculture
and in medicine are the 14a-demethylase inhibitors (DMIs),
including triazoles, imidazoles, piperazines, pyrimidines,
and pyridines (Hamamoto et al., 2000). However, the exces-
sive use of these chemical fungicides reduces the sensitivity
to DMIs in several important plant pathogens, such as Ery-
siphe graminis (Brown et al., 1992), P. digitatum (Eckert et
al., 1994; Zhu et al., 2006), P. italicum (De Waard and Van
Nistelrooy, 1984), and Cercospora beticola (Karaoglanidis et
al., 2000). The molecular basis of fungal resistance to DMIs
is an important topic that needs to be addressed.

Fungal resistance mechanisms to DMI fungicides have been
intensively studied; these include the over-expression of the
ATP-binding cassette (ABC) transporter protein (PMR1 and
PMR5) (Nakaune et al., 1998, 2002; Hamamoto et al., 2001)
and the sterol 14a-demethylase (CYP51) (Ghosoph et al.,
2007). A unique 126-bp transcriptional enhancer was found
to be repeated five times in tandem in the promoter region of
the CYP51A gene within IMZ-resistant P. digitatum strains,
whereas it was present only once in IMZ-sensitive isolates
(Hamamoto et al., 2000). Another report described that an
insertion of a 199-bp sequence was found in the 126-bp
transcriptional enhancer unit of Pdcyp51A in some of the
IMZ-resistant strains, but none were found in the sensitive
ones (Ghosoph et al., 2007). Furthermore, a 199-bp inser-
tion (PAMLEI) was also found in the promoter region of
Pdcyp51B, which may confer DMI resistance in P. digitatum
(Sun et al., 2011). Blast searching and southern blot analyses
showed that this 199 bp element was unique to P. digitatum.
PAMLEI may have acted as a powerful promoter and most
likely recruited the transcription factor(s) that led to the
overexpression of the PACYP51B gene and conferred DMI
resistance to P. digitatum (Sun et al., 2013). Recently, the ge-
nome sequences of three P. digitatum strains have become
available: two DMI-resistant strains, Pd1 and Pd01-ZJU,
and a sensitive strain, PHI26. Comparative genomics re-
vealed a weak relationship between the resistant phenotype
and genome variations, which suggested that the insertion
of PAMLE1 should be the major, if not the only reason for
DMI fungicide resistance in the Pd1 strain (Marcet-Houben
et al., 2012; Sun et al., 2013). Point mutations in cyp51 as-
sociated with DMI-resistance were previously reported in
various types of pathogenic fungi (Fraaije et al., 2007; Canas-
Gutierrez et al., 2009; Stammler et al., 2009). However, none
were detected in the promoter or the coding regions of the
Pdcyp51 genes.

The fungicide prochloraz (1-{N-propyl-N-[2-(2,4,6-trichlo-



rophenoxy)ethyl]carbamoyl}; PRC) is an imidazole and has
been used in China since 1993 as a broad spectrum anti-
fungal compound. The initial purpose of this study was to
identify the molecular mechanisms contributing to proch-
loraz resistance in P. digitatum isolates collected from dif-
ferent places in Hubei province, where prochloraz had been
widely used. Because eukaryotic CYP51s are membrane-
bound proteins and their crystal structures are difficult to
determine, the resistance mechanisms related to point mu-
tations are not easily explained. Molecular docking experi-
ments based on the homology modeling of CYP51 from
Aspergillus fumigatus (Xiao et al., 2004), Candida albicans
(Xiao et al., 2004), Cryptococcus neoformans (Sheng et al.,
2009), and Mycosphaerella graminicola (Cools et al., 2011)
have been performed to explore the mechanisms of the de-
velopment of azole resistance from the specific residue sub-
stitutions. To this end, a three-dimensional model of CYP51B
from P. digitatum was also built via homology modeling, and
the binding mode of the target enzyme with prochloraz
was identified via molecular docking in this study.

Materials and Methods

Fungal collection and sensitivity test

The P. digitatum strains used in this study were collected
from green-mold-infected citrus fruits from citrus orchards,
packing houses and markets in Yichang, Jingzhou, Hankou,
Jiangxia, and Wuchang of Hubei province from 2010 to
2013. All strains were cultured on potato dextrose agar (PDA)
medium at 25°C for one week, maintained on PDA at 4°C
and re-cultured on PDA when needed. After growing for
five days, the mycelium of P. digitatum was cultured in liquid
potato dextrose on a rotary shaker (180 rpm) at 25°C for
three days, whereas the conidial suspensions were harvested
from plate-cultured colonies.

The fungicide prochloraz was used for the resistance test of
P. digitatum strains. To distinguish the sensitivity levels of
the isolates to the prochloraz, their growth on PDA amended
with PRC was assessed (Holmes and Eckert, 1999; Zhang et
al., 2009). Five different concentrations of PRC were used,
with two different ranges of concentration for strains diffe-
ring in sensitivity; PRC-sensitive strains were tested with 0,
0.005, 0.010, 0.015, and 0.020 mg/L; PRC-resistant strains
were tested with 0, 0.05, 0.10, 0.20, 0.50, 1.0, 2.0, 5.0, and
10.0 mg/L. PRC-S phenotypes were characterized by little
to no growth on PDA with 0.1 mg/L of prochloraz, while the

Table 1. Primers used in this study
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PRC-R strains were those growing after one week at 25°C
on PDA amended with 0.5 mg/L or more prochloraz. Each
of the P. digitatum strains was tested in triplicate.

Approximately 50 ul of conidial suspension were spread
onto PDA plates without fungicide, and this plate was used
as the seed plate. A 9-mm diameter disk was cut from these
seed plates with a cork borer, and one inoculum disk was
placed in the center of each dish containing various con-
centrations of prochloraz. The colony diameter was meas-
ured after the plates were incubated at 25°C for one week.
Three replicates were used for each experiment. The aver-
age colony diameter for each test was used to calculate the
ECso. All isolates selected (including all of the PRC-R strains
and some of the PRC-S strains) were tested and divided into
different sensitivity groups based on the ECs calculation of
each strain.

DNA extraction and analysis of the cyp51A and cyp51B up-
stream sequences

The genomic DNA of each selected P. digitatum isolate was
extracted from approximately 50 mg of fresh and dried
mycelium cultured in PDA using the Genomic DNA Mini
Kit (SBS Genetech Co., China). To detect insertions in the
Pdcyp51A and Pdcyp51B promoter regions, two pairs of spe-
cific primers were designed for PCR amplification, P1/P2
for Pdcyp51A upstream and P3/P4 for Pdcyp51B upstream
(Table 1; Sun et al., 2011). The PCR conditions consisted of
an initial denaturation at 95°C for 5 min, followed by 35
cycles of 94°C for 1 min, 58°C for 1 min and 72°C for 2
min, with a final elongation step at 72°C for 10 min. All of
the amplified fragments were confirmed by agarose gel
electrophoresis and subsequent DNA sequencing.

PCR amplification and sequencing of the cyp51A and cyp51B
genes

The genomic DNA of P. digitatum isolates was extracted us-
ing the Genomic DNA Mini Kit (SBS Genetech Co.). The
Pdcyp51A and Pdcyp51B promoter regions were amplified
by PCR using primers A1/A2 and B1/B2 (Sun et al., 2011)
(Table 1). The complete cyp51A and cyp51B genes were
cloned and sequenced from the selected P. digitatum strains.
The primers CYP51A-F/R and CYP51B-F/R (Table 1) were
designed based on the published sequences (GenBank: AB-
030179; Sun et al., 2011) and used to amplify Pdcyp51A and
Pdcyp51B. Reverse transcription (RT)-PCR was carried out
as follows: the total RNA of each P. digitatum isolate was
extracted using TRIZOL reagent (TaKaRa Biotechnology Co.,

Primer DNA sequence (5'>3") Purpose

Al TAGCTCCAAAACAAATCGTCTGCC Amplification of PACYP51A upstream
A2 GGTGAAGATATTGCCGTACTAGAC
Bl TATAGCGACATTAGTTTGGC Amplification of PACYP51B upstream
B2 AGGAAAGTTGCAGAGAGACCCAT

CYP51A-F ATGGATCTCGTCCCATTGGTAA Amplification of PACYP51A

CYP51A-R CTATGAACGGACTTCCCAGCG

CYP51B-F ATGGGTCTCTCTGCAACTTTC Amplification of PACYP51B

CYP51B-R

TGCCTTGACTCCACGTTTCT
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Fig. 1. ECs value of 40 P. digitatum isolates to prochloraz.

China); first-strand cDNA was synthesized using an RNA
PCR Kit (AMYV) 3.0 kit (TaKaRa Biotechnology Co.). Both
the genomic DNA and ¢cDNA were used as templates to
amplify the gene sequences and coding regions by PCR.
The PCR conditions consisted of an initial denaturation at
95°C for 5 min, followed by 35 cycles of 94°C for 1 min, 58°C
for 1 min and 72°C for 2 min, with a final elongation step
at 72°C for 10 min. All amplified fragments were analyzed
by agarose gel electrophoresis and purified using a DNA Gel
Extraction Kit (Axygen Biosciences Co.). The amplified frag-
ments were cloned into the pMD18-T vector (TaKaRa Bio-
tech. Co.) and sent for sequencing (GenScript Co., China).
All gene sequences of Pdcyp51A and Pdcyp51B and the de-
rived protein sequences were aligned by DNAMAN 7.0
(http://www.lynnon.com/).

Analysis of homology modeling and docking

The PACYP51B sequence was aligned with other homologous
proteins from the CYP51 family using ClustalW (Larkin et
al., 2007) with a gap penalty of 10 and BLOSUM series weight
matrix. The structural model of PACYP51B was constructed
by employing the web server SWISS-MODEL (Arnold et
al., 2005) with the crystal structure of human CYP51 (PDB
ID: 3LD6) (Strushkevich et al., 2010) as a template. The re-
sulting models of PACYP51B (wild-type and mutated pro-
teins) were assessed with the PROCHECK program (Lasko-
wski et al., 1993), and the root mean square deviation (RMSD)
values of the constructed model and crystal structure were
calculated using the Dali server (Holm and Rosenstrom,
2010). Prochloraz was docked into the active site of the
PdCYP51B model with the AutoDock 4.2 software package
(Morris et al., 2009).
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Results

Isolation and prochloraz sensitivity assay of P. digitatum
strains

A total of 78 P. digitatum strains were isolated from different
locations in Hubei province during the period of 2010 to
2013. All strains were isolated using PDA, and the sensi-
tivity phenotype to prochloraz was determined according to
the tested ECso values. The results showed that 25/78 strains
(about 32%) were found to be resistant to prochloraz. The
PRC-R phenotype strains were detected in Yichang, Jing-
zhou, Hankou, and Wuchang but not in Jiangxia.

The sensitivities of P. digitatum to prochloraz were deter-
mined by calculating the ECs, values of the 40 P. digitatum
isolates (containing all 25 PRC-R phenotype strains and 15
PRC-S phenotype strains) (Fig. 1), and the tested population
was divided into four groups based on differences in their
sensitivity level. The ECs value was 0.009-0.019 mg/L for
sensitive strains (S), 0.239-0.457 mg/L for LR strains, 0.688-
1.275 mg/L for MR strains and 3.800-6.882 mg/L for HR
strains. The ECsy value of the most resistant isolate was
more than 680-fold that of the most sensitive one.

Analysis of the Pdcyp51A and Pdcyp51B upstream sequences
The Pdcyp51A and Pdcyp51B upstream sequences were am-
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Fig. 2. Analysis of Pdcyp51B upstream sequences from the different
isolates. PCR products for the Pdcyp51B upstream sequences were de-
rived from two PRC-S strains (1-2) and seven PRC-R strains (3-10).



plified from the 40 isolates and sequenced to detect any in-
sertions in the PRC-R strains. The PCR products of appro-
ximately 506-bp Pdcyp51A upstream sequences from the
selected strains were cloned and analyzed. The lengths of
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which is consistent with the results described by Sun et al.
(2011).

Sequence analysis of Pdcyp51A and Pdcyp51B

the fragments obtained from the PRC-R phenotypes appeared
to be equal to those of the PRC-S phenotypes. There were
no insertions in the Pdcyp51A promoter region of PRC-R
strains. The sequence analysis of the Pdcyp51B promoter
region showed an extra 199-bp fragment insertion in each
of the PRC-R strains but not in the PRC-S strains (Fig. 2),

To explore the possibility of new mechanisms associated
with prochloraz resistance, the 1,760-bp Pdcyp51A gene and
the 1,751-bp Pdcyp51B gene of P. digitatum were amplified
with genomic DNA as the template and sequenced. Both of
the Pdcyp51A genes and the cDNA fragments from 25 P.

Table 2. Amino acid substitutions in PdACYP51B and corresponding prochloraz susceptibility phenotypes of P. digitatum

Isolate number® Location Source” Sensitivity level® Amino acid substitution(s)
HSPd-D11 Wuchang Navel orange HR Y136H, Q309H
HSPd-E11 Hankou Navel orange Y136H, Q309H
HSPd-F6 Yichang Navel orange Y136H, Q309H, 1440V
HSPd-F10 Yichang Navel orange Y136H, Q309H
HSPd-G13 Yichang Navel orange Y136H, Q309H
HSPd-K3 Hankou Navel orange Y136H, Q309H
HSPd-B5 Yichang Navel orange MR G459S, F5061
HSPd-B9 Yichang Citrus dellciosa G459S, F5061
HSPd-B10 Yichang Citrus dellciosa G459S, F5061, M144T
HSPd-C4 Wuchang Citrus dellciosa G459S, F5061, V55A, R462H
HSPd4-C7 Wuchang Citrus dellciosa G459S, F5061, E331A
HSPd-C12 Wuchang Citrus dellciosa G459S, F5061
HSPd-D19 Wuchang Citrus dellciosa G459S, F5061, K449R
HSPd-E9 Hankou Navel orange G459S, F5061
HSPd-E14 Hankou Citrus dellciosa G459S, F5061, K253E, T432
HSPd-F9 Hankou Navel orange G459S, F5061
HSPd-G16 Yichang Navel orange G459S, F5061
HSPd-K16 Hankou Navel orange G459S, F5061
HSPd-C5 Wuchang Navel orange LR Q309H
HSPd-C14 Wuchang Navel orange Q309H
HSPd-C15 Wuchang Navel orange Q309H
HSPd-D4 Wuchang Citrus dellciosa Q309H
HSPd-E8 Hankou Navel orange Q309H, G511S
HSPd-G1 Yichang Citrus dellciosa Q309H, S507P, K508R
HSPd-W1 Jinzhou Navel orange Q309H
HSPd-22 Wuchang Citrus dellciosa N WT
HSPd-31 Wuchang Citrus dellciosa wrt?

HSPd-32 Wuchang Citrus dellciosa wr?
HSPd-B1 Yichang Citrus dellciosa wrt?
HSPd-B2 Yichang Citrus dellciosa WT
HSPd-B7 Yichang Navel orange WT
HSPd-Cé6 Wuchang Citrus dellciosa wr?
HSPd-D5 Wuchang Citrus dellciosa WT
HSPd-D10 Wuchang Citrus dellciosa WT
HSPd-E3 Hankou Navel orange wrt?
HSPd-E4 Hankou Navel orange wr?
HSPd-G3 Yichang Navel orange WT
HSPd-H1 Jingzhou Citrus dellciosa WT
HSPd-H3 Jingzhou Citrus dellciosa WT
HSPd-H6 Jingzhou Citrus dellciosa WT
GU124588 - Q309H
HQ724323 = WT

*GU124588 and HQ724323, GenBank accession nos. for Pdcyp51B nucleotide sequences

®Source, the host source of the isolates.

“Four sensitivity levels = LR, low resistant; HR, high resistant; MR, medium resistant; S, sensitive.
Contains one or more amino acid substitutions also seen in fully susceptible isolates



I 766 Wang et al.

aA’
Pd B Laooooo o
Pd_B 1 ...MGLSATFLAIFCEHCSTOSIY........... TLASIGALS. . .FIALSVVI Lxﬁ.‘sgxx..a}wp
Af B MVPMLW. .. ‘e + +LTAYMA. . V. .AVLTAILL VY l-lll'l |RLWNRTHF
Bgh 1 . MGISESFMFPYLQPLLOLGFG........... IALASGILS. . LLLLLTFLNVLKQLLFKN. . PNE
Bgt 1 .MGIPESFMSPYLQPLLQFGFS........... IALASGIIS. .LLLLLTFLNVLKQLLPKN. . PNEP
Ca 1 ...MAIVETVIDGIN..... ¥YFLS....ovunsn LSVTQQISI..LLGVPPVYNLVWQYLYSL.RKDR
Hs 1 MLLLGLLQAGGSVLGQAMEKVTGG... NLLSMLLIACAFTLSLVYLIRLAAGHLVQL.|.[PA.GVKS
Pt 1 ... MSSVIGSLLEPIGSFSTF. ... ..... .. HNOVLIYLVL. .AVVSIISINIFD I.I I[PK . DPTAP|
Mg 1 «+ MGLLQEVLAQFDAQFGOTSLW. . ... ...... KLVGLGFLA. .FSTLAILL LS LL:?P{G.KLSUP
ME 1 ...MGLLQDAAALFDAQFGQIATW... +v...KLVPLGFSI..PPAVSVLLNVLRQLLFRN.P.NEP
Un 1 ...MYIADILSDLLTQQTTRYGWI........... FMVTSIAFS..IILLAVGLNVLSOLL |RR..P‘|’EP
Cn 1 ... MSAIISQVQQLLGQVAQFIPPWFAALPTSVKVVIAVIG. . IPALVIGLNVFLOLCLIPR . RKDLP
Tbb 1 MLL.EVAIFL..LTALA.LY ?FMS&N\?TRPTD
Pd B
Fd B 73 T|
Af 58 T
Bgh 73 T
Bgt 73 T|
ca (13 HAKL[S T|
Hs 82 FHSKN[E |
Pt 71 LHGKLS T|
Mg 74 T
ME 73 T
Un 73 T|
cn a2 T|
Thbb 53 )
Pd B .
Pd_B 162 . .SPALODTHKGVFNVSKVI ] Dls . TFREMYHRDLDKGF S .. MA
Af 147 . . SPNFQGSSGRMDISAAMAR \ s epolyroLoklerTrInpMLE . | WAl
Bgh 162 .. .CDDFRKSKGIINIDAVMAEITHVERYSHTH . SLRVLYHDLDMGFTRINPM LAl
Bgt 162 1 ... CDDFRESEGIINIAAVMAEI L . Y VLYHDLDMGFTPINFMLH Ml
Ca 158 RERILNYFVTDESFRLEKEKTHGVANVMETORE(I /| G D LYSDLDEGFTPINFV|F .EL
He 171 5 EKRTKEYFESW. . . ... .GESGEKNVFERLS;}!L | O LYADL IGGFSI’U\RNL « ML}
PE 160 dTISYLEDH . VFENPKTOQTVKDTFKVAS[E|I LYHDLDGGFTPLHFAFR. . .E:L.
Mg 163 \ Dls . LYHYLDMGPTPINPMLE. . . WA
ME 162 TEEATKDFFSKDNPSKKFASTHGTVDLPPAMARILT I vEEYS| . SFRDLYHDLDMGFTRINPM P. . . WA
Un 162 1 .. .CVSFOQGESGTVNISKVMAR[I H A B LYHDLDMGFTPINFTFY. M
cn 171 TSPCEDFFTKE . VGISPOKPSATLDLLKSMSE[L e L - YYEDLDGGFTPLNFMF .blL
Tbb 142 FVIPAMOHEVREKFMAA. .. .. NWDKDEGEINLLEDCS[IM o cHElE OLLAKMESISLIPARVFILPILLKL
aly
Pd_B LOCCOOCOCO0OCO0C00000
Pd B 245 [RERD]A KELTETYMDIIKA RTSGEK IVE
Af 230 [K[KRDA u!_nnns:sl VDI IN QLR
Bgh 245 RIARDHEJORTVAKIVMETINSERT
Bgt 245 RARDHIJORTVAKINMETINSQR
ca 244 WRRDARNOKKISATYMKEIKSER HILOD
Hs 251 RRRDR H|REIKDIFYK IQKER TLOK
Pt 245 RRRDR IL.AMRNF MNIIKKER .. i DIIVA
249 RERDY| IKKHSET ‘HSII KHRE . . . SKTGEHEED]
ME 248 RAIRDR lKKMAL’V TAIIKERREKGEPTSGEKEQ |
Un 245 RARDHIQRTVARTYMNIIQARIREEKRSG . . ENKHD|
cn 256 HDEN\P KAMSDFYLKIMENERKGES. . . . DHEHD] VVE
b 227 ARCHEMRTELOKILSEXITAMKEEEY . NKDSSTSD) VEKH
al al’ 18 ak'
Pd B EREREELELD L0000 A000000000000 Loo00
P4 B 332 ELYQEQLQILGS....D.. |,n-pE|1'u|=.c. 0 KEDEH s kv I[K] LR APINSIL
Af 318 ELYQEQLANLGPAGP.DGSLPPLQYK.D DKLIPFHQHVIR] TLEIHSSIHSIM
Bgh 333 ELYQEQLEL[ S.‘..E..LPPL!K [E . D| S""!‘-T HONVLEKEVLE APIHSIL
Bgt 333 \-‘ll( E.D ISKL‘TLHONV’\I’R u APIHSILEKVEN |HP| P .
Ca 332 [LT[¥[E . D QKLIPlSVNNT I T| MPLHSIFIEVTNPLRIF. e
Ha 336 Liti¥lo | ok ofsiLorRC 1K T| ReprmimmBvarTFOTVA . ... ... .. .
P 332 PIL DL ERUQS|P:.MIM:1:L VLELHFPIHS I MK VIS P
336 LIT/YA . NLS KL TLILNQV VERET APIHSILEAKVESPMPIE. .......
ME 338 Ll‘l‘ . D(I/S RILIPLIL N QV VK] T, APIHSILEIOVES
Un 333 [LIQ[Y[E . DLS KILOLH O N VLRG| APIHSIMEAKVEN
cn 342 Y|)( |E.D ll(EL!PIHDSIIR T APIHSIYERKVLS
Thb 316 . LEALRKEIEEFF.......AQL| NNV |DL’u!’£AERCR S| LERID/PP L L M LM
K’ aK"
Pd_B 20000 L0000000
N_B 407 ARSPEF|FPDPLEWHN WDE.SGTV........ TTKDEDEBQI ‘IG\'GLV"?K ITNiSPYLP LVRHLEK
Af 398 ALSDEHFPHNAGCHD ENQATK. .. ‘e EQEND[BV V| ‘IG\'QRVSP{I ITSiBPYLP INRHLR
Bgh 408 SRDASY[FPNPLEWD] DTGSGGV. . IGTDMEDRK FDYGYGLISTGAASPYLP MV RS F K
Bgt 408 SRDASYFPNPLEWD] IGTDMEDEKFDYGYGLISTGAASPYLP MVR(S FK
Ca 410 HTSERYFDNPED|FD YGFGKVSKGVSSPYLP FVYNLR
Hs 40% QRLEKDSWVERLD|FN MLRLYE
Pt 421 QLDGSIWS[S PHEFD . .KAGETQEBMV VIIRNCD
Mg 415 SREMDEH[FPDCLHMWE| L PTTALGS IAEEBKE| MVRDFPE
ME 417 SRMDEHFPEAMLWERHEWDENPSEKYAHLAPKHVKEGVAERTE VIIRDFK
Un 410 SQDATFFPDPLEKWORHEIWDIGSGKV. . ... ... LGNDAVDEKY MVR[FFR
Cn 428 QMDPRIWQDAKVWHNERABIWHDEKGFAAA . AMAQYTKARQ VVRNFT
Tbb 388 EPRRMDEERDERVEG. . .. ... ... oo vu . AERISYD
-1 -2 3-3
vas B Bz p
pd B 488 DAPFPEFDYSSLPSKPLGMSF. VRYEKRGVKA. . ..
Af 477 KEG) PETDY'SSLFSG;EMKP'SI,IGNEK}&SKNTSK.‘
Bgh 430 ETDY|SSMF SR MOPIAT . IAWEKR(. . . .....
Bgt 490 ETDY'SSHI"SR INA? T.IRWEK:RDKKDKTEC
ca 493 .[p|. 6YK PDan!ssnvvuhTer E.IIWEKRETCMF. ..
Ha 472 s . YFPTVNYTTMIHTRENPV. . IRYKRRISK. ... ..
Pt 503 .|. APE[F[PKPDYTTMLVCPLKPRD . IKFTRRNHL. . . ..
Mg 505 FYNVDGSDNVVGT........ j ....................
ME 507 DEVVGTDY|SSLFSRPLSPAV . VEWERREKK. .. ..
Un 492 4 G EQG| VKTDYISSLFSMI II..A? L.IGWEKR|. .......
cn 513 |- VPEFIPETNYRTMIVOPNNPILY . TPTLRNAEVE. . ..
Thb 445 .. RDEMPDPDYHTHMVVGERTASIOCRVEY IRRKAARA . . .

A
F506

Fig. 3. Sequence alignment of 12 CYP51 family members. The alignment was performed using ClustalW and prepared in ESPript 2.0 programs. The resi-
dues conserved in more than 99% sequences are shaded in black. The four mutations in this study are marked with triangles below the alignment.
Assignment of secondary structure elements is based on the 3D model of PACYP51B constructed in this study. Sequences include those from P. digitatum
(Pd_B: obtained in this study), A. fumigatus (Af: AAF32372), B. graminis f. sp. hordei (Bgh: AAC97606), B. graminis f. sp. tritici (Bgt: CAC85624), C. albi-
cans (Ca: BAB03399), Homo sapiens (Hs: Q16850), P. triticina (Pt: ACS37521), M. graminicola (Mg: ABO93366), M. fijiensis (Mf: EF581093), U. necator
(Un: AAC49801), C. neoformans (Cn: AEX20236), T. brucei ( Tbb: Q385E8).



digitatum strains (including 20 PRC-R strains and five PRC-S
strains) were cloned and sequenced. The Pdcyp51A gene
(1,760 bp) was found to have three introns and four exons,
with 1,551 bp encoding the corresponding PACYP51A pro-
tein (516 amino acids). The alignment of all 25 PACYP51A
genes with two sequences from GenBank (GenBank: AB-
030179, DQ355161) showed a total of 31 variable nucleotide
positions in the gene-coding regions compared with that of
the sensitive isolates, which resulted in 15 amino acid sub-
stitutions. However, all amino acid substitutions appear to
be random and no consistent mutations between PRC-S
stains and PRC-R strains were found (data not shown).

The Pdcyp51B genes and cDNA fragments from 25 PRC-R
strains and 15 PRC-S strains were cloned and sequenced.
The Pdcyp51B gene contains four exons and three introns,
and the coding regions had 1575 nucleotide base pairs. The
reported 42 Pdcyp51B genes (including GenBank: GU124588,
HQ724323), which were classified into two major sub-groups,
were aligned by DNAMAN 7.0. The results indicated that
47 nucleotide mutations occurred in the coding regions and
resulted in 26 amino acid substitutions in the translated pro-
tein sequences (Table 2). Most of the alterations occurred
haphazardly in different strains, and these changes might not
contribute to the resistance of the isolates. However, one or
two of four consistent substitutions (Y136H, Q309H, 4598,
and F506I) present in the PRC-R strains seemed to be asso-
ciated with different PRC-sensitivity levels. All LR strains
had an identical change in Q309H in the PACYP51B pro-
tein; the HR strains had two substitutions of Y136H and
Q309H; the MR strains had another two substitutions of
G459S and F506I (Table 2).

Homology modeling and docking analysis of PACYP51B

The PACYP51B sequence was aligned with the other 11 pro-
teins from the CYP51 family using ClustalW. The results
showed that the mutations in PdACYP51B were highly con-
served in the CYP51 family, including Y136 in the B'/C
loop, H309 in the middle of a-helix I, G459 in the aK'-nK”
loop and F506 in the 4 hairpin (Fig. 3). In Fig. 3, the residues
conserved in more than 99% of the sequences are shaded in
black, and the four mutations found in this study are marked
with triangles at the specific sites.

The PACYP51B model in this study shared 40% identity
with human CYP51 and was structurally similar to the tem-
plate protein, with the 0.5A RMSD calculated by the DaliLite
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Fig. 4. Overall structure and active site of
PdCYP51B. (A) Ribbon representation and
putative substrate entrance of PACYP51B.
The amino acid residues Y136, Q309, G459,
and F506 are shown in red. The putative
access channel for PACYP51B (identified by
the CAVER program) is shown as green
mesh. (B) The docking conformation of pro-
chloraz with Pd CYP51B. Prochloraz, heme
and key residues are shown, with carbon
atoms colored magenta, salmon, and cyan
respectively. Hydrogen bonds are shown
in black dashed lines.

v.3 server. Figure 4A shows twelve major helices, four anti-
parallel B-sheets and the linking loops in the 3D-structure
of PACYP51B; the heme was surrounded by the highly con-
served a-helices E, [, ], K, and L. In addition, the putative
substrate entrance to PACYP51B contained the A’, F” helices
and {4 strands (Fig. 4A). Based on the PROCHECK program
evaluation, the Ramachandran plots for the local backbone
residue conformation of the constructed PACYP51B models
suggested that the conformations of 85.9% of the residues
were in favored core regions, 12.6% in allowed regions, 0.0%
in generously allowed regions and 1.5% in disallowed regions.
This finding further confirmed the quality of the predicted
enzyme structures. Based on the homolog models, the mu-
tated PACYP51B proteins were highly similar to the wild-
type PACYP51B at different structural levels and also shared
a similar binding mode with prochloraz, as determined by
the subsequent docking analysis.

In the docking analysis (Fig. 4B), the trichlorophenyl ring
of prochloraz was observed to be orientated in parallel with
the plane of the hydroxyphenyl group of Y122 and located
within the active site of wild-type PACYP51B, i.e., the large
hydrophobic pocket composed of Y112, Y136, F234, L125,
and F229. Additionally, 1373, A307, and A303 were in van
der Waals contact with the remaining parts of the prochloraz
molecule (Fig. 4B). As shown in Fig. 4B, a sixth ligand, gen-
erated between the imidazole N3 of prochloraz and the heme,
was involved in the inhibitor binding, and the Y136 side
chain participated in the H-bond formation with the pro-
chloraz O11, rather than with the D-ring propionate of the
heme.

Discussion

The molecular mechanisms of fungal resistance to azoles
have been reported in many fungal species. This resistance
can be acquired by either a specific mutation(s) in CYP51 or
by the up-regulation of the target protein expression. In this
study, a 199-bp insertion was detected in all PRC-R strains
in the promoter region of PACYP51B (as reported by Sun
et al., 2011), which indicated that the overexpression of
PACYP51B in resistant strains was widely spread in Hubei.
Moreover, a sequence analysis of CYP51A and CYP51B
showed four consistent amino acid changes in CYP51B in
PRC-R strains, which corresponded to the four different le-
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vels of PRC-sensitivity among the study population, whereas
no point mutations in CYP51A were found to be associated
with resistance.

According to this study, a Y136H point mutation in Pd-
CYP51B is a critical substitution contributing to prochloraz
resistance, which agrees with previous reports. Previously,
in vitro experiments documented that resistance to azoles was
tightly related to amino acid substitutions in CYP51 that
are consistent with 136 in PACYP51B, such as Y132H and
Y132F in Candida albicans (Marichal et al., 1999; Morio et
al., 2010), Y136F in Mycosphaerella fijiensis (Canas-Gutierrez
et al., 2009), Y137F in Blumeria graminis (Wyand and Brown,
2005), Y136F in Uncinula necator (Delye et al., 1997) and
Y137F in Mycosphaerella graminicola (Leroux et al., 2007;
Cools et al., 2011). As reported by Kelly et al. (1999), a Y132H
mutation in C. albicans CYP51 led to a loss of interaction
between the aromatic groups of fluconazole and Y132 in
the wild-type protein, which explained enhanced resistance
to fluconazole. For human CYP51, the Y145H substitution
shortened the side chain and generated a hydrogen bond
with the fluconazole-bound water molecule, which partici-
pated in the hydrogen-bond network between fluconazole
and the heme A-ring propionate and thus promoted the
binding affinity of fluconazole to the hCYP51 mutant (Stru-
shkevich et al., 2010). However, based on the present orien-
tation analysis (Fig. 4B), we propose that the O11 and O7
atoms, which are potential H-bond donors in prochloraz,
were farther from the N atoms of 136H in the imidazole ring
than the -OH group of fluconazole. Hence, the water-medi-
ated hydrogen-bond network between prochloraz and the
heme D-ring propionate may not exist in the PACYP51B
mutant. Therefore, the absence of the hydrophobic inter-
action of the aromatic ring of prochloraz with Y136 and/or
the hydrogen bonding of Y136 with the prochloraz present
in wild-type protein could account for the resistance phe-
notype of strains that contain this mutation.

The ECso values determined in this study indicate that
G459S and F5061 also contribute to drug resistance. The
G459S-corresponding substitutions, G464S mutation in C.
albicans CYP51 (CaCYP51) and G484S in Cryptococcus ne-
oformans CYP51 (CnCYP51), are reportedly associated with
azole resistance (Loffler et al., 1997; Marichal et al., 1999;
Sheng et al., 2009). The G484 in CnCYP51 is a residue that
forms part of the conserved heme-binding domain and is
conserved in all eukaryotic CYP51s and bacterial CYP51s
(Rodero et al., 2003; Lepesheva and Waterman, 2011). The
substitution of G484, which is important for the conforma-
tion of the heme environment, might decrease the flexibility
required for interdomain conformational changes upon in-
hibitor or substrate binding (Sheng et al., 2009). Conversely,
as a conserved amino acid residue in the CYP51 family, F506
(PACYP51) plays an important role in the structure and
function of CYP51s. Consistent with the F506, V461 in
Trypanosoma brucei CYP51 (TbCYP51) was predicted to
form the surface of the substrate binding cavity, while the
1488 in human CYP51 (HsCYP51) was hypothesized to act as
a determinant of the sterol side-chain structure (Strushkevich
et al., 2010; Lepesheva and Waterman, 2011). In Aspergillus
fumigatus, the F495] substitution of CYP51 (corresponding
to F5061 in PACYP51B) was recently reported to be involved

in the resistance to azole antifungals. However, this substitu-
tion does not occur alone but arises with the TR/L98H or
S$297T mutation (Mellado et al., 2007; Snelders et al., 2008;
Lockhart et al., 2011). Therefore, we hypothesize that the MR
phenotype of strains depends on the simultaneous substitu-
tions of G459S and F506I, which change the conformation
of the heme environment and/or block the entry of pro-
chloraz into the heme pocket via steric hindrance.

To the best of our knowledge, this study is the first to re-
port the Q309H mutation in LR strains. According to the
sequence alignment, Q309 is located in the CYP51 I-helix
signature sequence (-aGQHtS-), which is most likely invol-
ved in the proton delivery route. The mutation of the cor-
responding QHT and S has been experimentally proven to
significantly affect the activity of rat CYP51 (Nitahara et
al., 2001; Lepesheva et al., 2010; Lepesheva and Waterman,
2011). Hence, the Q309H substitution may contribute to
the LR phenotype of strains that contain this mutation, such
as by changing the active pocket environment or binding
pattern with drugs targeting PACYP51B. To further confirm
the relationship between amino acid changes and resistance
level of P. digitatum towards triazole drugs, the minimum
inhibitory concentration (MIC) of imazalil (another triazole
antifungal drug) for the strains in this study were also tested
(data not shown). The result demonstrated that the resis-
tance distribution of these strains was similar towards ima-
zalil and prochloraz, and strains carrying the same muta-
tions (classified in this study) demonstrated a similar resis-
tance level, which indicates that mutations in the coding
region of CYP51B found in this study were highly related
with the resistance level of P. digitatum towards triazole
drugs. However, the 199-bp insert sequence in the promoter
regions of Pdcyp51B from R strains should also be taken
into consideration. Thus, it is suggested that the observed
azole resistance might be attributed to a combination of
transcriptional and activity control.

Various hypotheses have been proposed based on CYP51
protein modeling and structural biology evidence. Never-
theless, the influences of the target enzyme mutations on
the fungal resistances remain unclear. The PdACYP51B crys-
tal structure data and further interaction analysis of the mu-
tated azole-bound enzyme(s) will elucidate this mechanism.
However, useful information on the human CYP51 crystal
structure that allows for the homology modeling and dock-
ing analysis of the point mutations that result in different
levels of PRC-resistance discussed in this study can provide
a possible strategy for virtual screening based on a structu-
rally optimized azole molecule and the de novo inhibitor
design for the discovery of new antifungal agents.
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