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The mechanisms of cold adaptation by fungi remain unknown. This topic is of high interest due to the

emergence of white-nose syndrome (WNS), a skin infection of hibernating bats caused by

Pseudogymnoascus destructans(Pd). Recent studies indicated that apart fromPd, there is an abundance

of otherPseudogymnoascusspecies in the hibernacula soil. We developed anAgrobacterium tumefa-

ciens-mediated transformation (ATMT) system forPdand a related fungusPseudogymnoascus pannorum

(Pp) to advance experimental studies.URE1gene encoding the enzyme urease was used as an easy to

screen marker to facilitate molecular genetic analyses. A Uracil-Specific Excision Reagent (USER)

Friendly pRF-HU2 vector containingPdorPp ure1::hygromycin (HYG) disruption cassette was introduced

intoA. tumefaciensAGL-1 cells by electroporation and the resulting strains were co-cultivated with coni-

dia ofPdorPpfor various durations and temperatures to optimize the ATMT system. Overall, 680Pd

(0.006%) and 1800Pp(0.018%) transformants were obtained from plating of 107conidia; their recoveries

were strongly correlated with the length of the incubation period (96 h forPd; 72 h forPp) and with tem-

perature (15–18C forPd;25C forPp). The homologous recombination in transformants was 3.1% forPd

and 16.7% forPp. The availability of a standardized ATMT system would allow future molecular genetic

analyses ofPdand related cold-adapted fungi.

2015 Published by Elsevier Inc.
1. Introduction bats, which seems to be missing in otherPseudogymnoascusspp.
Pseudogymnoascus destructans(Pd)isthe etiologic agent of

white-nose syndrome (WNS), a skin infection of hibernating bats.

This pathogen has caused unprecedented reductions in the abun-

dance of the bat populations in the northeastern United States

since 2006, with up to 95% mortality in some hibernacula

(Blehert et al., 2009; Chaturvedi et al., 2010; Frick et al., 2010;

Blehert, 2012).Pdis a newly recognized fungus that is well adapted

to growing under cold conditions found in caves and mines. It

secrets proteolytic enzymes documented in other pathogenic fungi

to cause vertebrate skin infections. The pathogen appears to have a

clonal population in the US (Rajkumar et al., 2011; Ren et al., 2012).

However, the precise mechanisms by which Pdsurvives and

invades the skin of the hibernating bats are not clear.

Phylogenetic analyses of hibernacula soil revealed large number

ofPseudogymnoascusspp., which have not been implicated in

WNS (Minnis and Lindner, 2013). These results indicated thatPd

possess certain unique virulence repertoire to cause disease in
Itis also conceivable that mammalian or non-mammalian hosts

areyetto be identified for otherPseudogymnoascusspp.

Recently, integrated genome profile analyses of Pd and

Geomycespannorum(re-namedasPseudogymnoascus pannorum;

accession no. AYKR00000000) yielded preliminary information on

the fundamental biological capabilities including pathogenicity,

cold adaptation, and regulation mechanisms (Chibucos et al.,

2013). However, follow-up experimental studies are not yet possi-

ble due to unavailability of an efficient transformation system. The

lack of molecular tools also extends to other fungi inhabiting the

cold environment.

TheAgrobacterium tumefaciens-mediated transformation sys-

tem (ATMT) has been successfully used for molecular genetic stud-

ies of yeasts and filamentous fungi, includingSaccharomyces(Piers

et al., 1996),Cryptococcus(McClelland et al., 2005),Coccidioides

(Abuodeh et al., 2000),Aspergillus(Gouka et al., 1999; Michielse

et al., 2005),Trichophyton (Yamada et al., 2009),Fusarium

(Mullins et al., 2001),Glomus (Helber and Requena, 2008),

Oculimacula(Eckert et al., 2005) andVerticillium(Dobinson et al.,

2004). ATMT also has been shown to be an important alternative

to other fungal transformation systems, as it yields a high number

of transformants, is easier to perform, does not require special

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fgb.2015.05.009&domain=pdf
http://dx.doi.org/10.1016/j.fgb.2015.05.009
mailto:sudha.chaturvedi@health.ny.gov
http://dx.doi.org/10.1016/j.fgb.2015.05.009
http://www.sciencedirect.com/science/journal/10871845
http://www.elsevier.com/locate/yfgbi
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equipment, and is characterized by a high frequency of homolo-

gous recombination (Frandsen, 2011).

The enzyme urease encoded byURE1geneisan important vir-

ulence factor for the fungal pathogensCryptococcus neoformansand

Coccidioides posadasii(Olszewski et al., 2004; Mirbod-Donovan

et al., 2006) and the bacterial pathogensHelicobacter pyloriand

Proteus mirabilis(Jones et al., 1990; Eaton et al., 1991; Tsuda

et al., 1994). It has been reported thatPdalso secretes significant

amounts of urease, but its precise function in either the sapro-

phytic or parasitic life of this fungus is not clear (Chaturvedi

et al., 2010; Reynolds and Barton, 2014). In this report, we have

used the urease-encoding geneURE1as an easily screenable mar-

ker to develop an ATMT system for cold-adapted fungi, which

would prove valuable for future molecular genetics and pathogenic

studies ofPdand other related species in this genus.
2. Materials and methods

2.1. Strains, plasmids and media

All strains and plasmids used in this study are listed inTable1.

P.destructans(Pd) andP. pannorum (Pp)strains were routinely
Table 1

Strains, plasmids and oligonucleotides used in this study.

Strains Description

E. coliTop10 lac[74 recA1 deoR F – mcrAD(mrr-hsdRMS-mcrBC)

araD139D(ara-leu)7697 galU galK

Agrobacetrium tumefaciens

(AGL-1)

Genotype-AGL0 recA::bla pTiBo542deltaT Mop+ CbR

Pseudogymnoascus

destructans(Pd) M1379

Wild type strain

Pseudogymnoascus pannorum

(Pp) M1372

Wild type strain

Pdure1–10 ure1 mutant ofPd

Pdure1–25 ure1 mutant ofPd

Ppure1–4 ure1 mutant ofPp

Ppure1–11 ure1 mutant ofPp

Plasmid Description

pRF-HU2 Vector for targeted gene replacement containingHYG

marker

pPdure1::HYG 50and 30prime arms ofPdURE1gene cloned into pRF

pPpure1::HYG 50and 30prime arms ofPpURE1gene cloned into pRF

Oligonucleotides Sequence (50–30)

V2149a GGTCTTAAUTTTAGGCGGAGCTATGAC

V2150a GGCATTAAUAAGGGCGTTGATGATGAC

V2151a GGACTTAAUTATGTTGCAGGCTTTGGA

V2152a GGGTTTAAUGATCTGGCATCATATCGTC

V2171 AGCTGCGCCGATGGTTTCTACAA

V2172 GCGCGTCTGCTGCTCCATACAA

V2173 GGGTTTAAUTGCCACCGCCAATGTATC

V2174 GGACTTAAUTCATCATCAACGCCCTTA

V2175 GGCATTAAUACGGTGACGAGGTAGGTT

V2176 GGTCTTAAUGACGAGGCGGTTGAGGAA

V2199 CCATACCGTCACGCAGAG

V2200 AATAAAGGGCGGAAGAGG

V2201 TAAATCCGTTCTTGATGCCGATATC

V2202 AATGTTGCGGATCTCATG

V2203 ATTGTTGATTGGAGTGGTATT

V2204 CCGCATGTTGTTCTTGCC

V2205 CATCATCAACGCCCTTAT

V2206 AGCTCCCATGTCGTGTAA

V2281 GACCAGTTGCCTAAATGAA

V2282 GTAAGTATGGGAAGCAGAAA

V2285 TTTCGGCGTGGGTATGGT

V2286 TCGGATTCAAGCGACTGG

V2370 TTCAGTAACGTTAAGTGGATCC

V2372 CGCAAGGAATCGGTCAATAC

The underlined sequences denote 9-bp long 2-deoxyuridine containing overhangs for di
maintained on yeast extract peptone dextrose (YPD) agar and

stored in 15% glycerol at 70C. Potatodextrose agar (PDA;

Difco), Christensen’s urea agar (Sigma–Aldrich), YNB medium [2%

glucose, 0.17% yeast nitrogen base without amino acids and

ammonium sulfate (Cat. no. 233520) and 2% agar], YNB-U

(0.227% urea as sole source of nitrogen) were used to assess pheno-

types of mutants and wild type (WT) strains ofPdandPp.The

induction medium (IM) used for co-cultivation experiments was

composed of K2HPO43H2O 1.9 g, K2HPO4 2.05 g, MgSO47H2O

0.5 g, (NH4)2SO40.5 g, glucose 1.8 g, 4% (w/v) glycerol and a final

concentration of 40 mM MES hydrate (Sigma–Aldrich) per liter

(Zhang et al., 2013). Yeast extract broth (YEB) used for culture of

A. tumefaciens(AGL-1) cells contained 10 g peptone, 1 g yeast

extract, 5 g sucrose and 0.5 g MgSO47H2O per liter and adjusted

to pH 7.0.
2.2. URE1 gene characterization from Pd and Pp

DNA sequences of PdURE1andPpURE1were firstobtained

fromPd(http://broadinstitute.org/annotation/genome/Geomyces_

destructans/MultiHome.html) and Pp (http://fungalgenomics.

concordia.ca/fungi/Gpan.php) genome databases and then blasted
Source

/80 lacZDM15D Invitrogen

Dr. Seogchan Kang, University Park, PA, USA

Bat skin (Chibucos et al., 2013)

Soil (UAMH1062) (Chibucos et al., 2013)

This study

This study

This study

This study

Source

gene as selection (Frandsen et al., 2008)

-HU2 This study

-HU2 This study

Purpose

pPdure1::HYGvector construction

pPdure1::HYG vector construction

pPdure1::HYGvector construction

pPdure1::HYGvector construction

Hyg+transformant screening andHYGprobe for Southern

analysis ofPpure1mutants

Hyg+transformant screening andHYGprobe for Southern

analysis ofPpure1mutants

pPpure1::HYGvector construction

pPpure1::HYGvector construction

pPpure1::HYGvector construction

pPpure1::HYGvector construction

Ppure1mutant screening

Ppure1mutant screening

Ppure1mutant screening

Ppure1mutant screening

Pdure1mutant screening

Pdure1mutant screening

Pdure1mutant screening

Pdure1mutant screening

Pdure1mutant screening

Pdure1mutant screening

Ppure1mutant screening

Ppure1mutant screening

HYGprobe for Southern analysis ofPdure1mutants

HYGprobe for Southern analysis ofPdure1mutants

rectional cloning into pRF-HU2 vector (Frandsen et al., 2008).

http://broadinstitute.org/annotation/genome/Geomyces_destructans/MultiHome.html
http://broadinstitute.org/annotation/genome/Geomyces_destructans/MultiHome.html
http://fungalgenomics.concordia.ca/fungi/Gpan.php
http://fungalgenomics.concordia.ca/fungi/Gpan.php
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against Pd M1379 (http://www.ncbi.nlm.nih.gov/nuccore/

AYKP00000000) andPpM1372 (http://www.ncbi.nlm.nih.gov/

nuccore/AYKR0000 0000) databases to get full-length sequences

(Chibucos et al., 2013). Open reading frame (ORF) analysis was car-

ried out using the programs AUGUSTUS (Stanke et al., 2004; Stanke

and Morgenstern, 2005) and FGENESH (www.softberry.com). Gene

models were manually curated using exon/intron boundary pre-

dictions from SPLICEPORT (Dogan et al., 2007). Multiple sequence

alignments were created with reference to selected GenBank

sequences using the MAFFT program (Katoh et al., 2009).

Phylogenetic analysis using the neighbor-joining (NJ) method with

1000 bootstrap replicates was done using MEGA 4.1 (Tamura et al.,

2007).

2.3. Vector construction

Genomic DNA fromPdandPpcultureswasextracted using a

modified protocol (Möller et al., 1992). In brief, approximately

two loopfuls of the fungal colony was removed from the agar plate

and placed in 300ll of genomic DNA extraction buffer (100 mM
Tris [pH 8.0], 10 mM EDTA, 2% SDS, 1.4 M NaCl, 1% CTAB, 0.4lg/ml
proteinase K). The mixture was incubated at 65C for 1 h followed

by chloroform: isoamyl alcohol (24:1) extraction, and precipitation

with isopropanol and washing with 70% ethanol. The precipitated

DNA was centrifuged at 12,000 rpm and the resulting pellet was

dried under air and dissolved in 50ll of Tris–EDTA (TE) buffer.
The 50- and 30-prime arms of theURE1 gene (approximately

1.5 kb) fromPdandPpwere PCR amplified using primers that

contained 50-deoxyuridine extensions (Table 1). These PCR

amplicons were cloned into the Uracil-Specific Excision Reagent

(USER)-Friendly cloning vector pRF-HU2 flanking the hygromycin

B resistance (HYG) gene under the control of theAspergillus

nidulans trpCpromoter and terminator. The vector contained the

necessary elements (oriVandtrfA) for replication inEscherichia coli

andA. tumefacienscells (Frandsen et al., 2008; Zhang et al., 2013).

The resulting plasmids were designated aspPdure1::HYGand

pPpure1::HYGgene disruption cassettes.

2.4. ATMT transformation procedure

The ATMT transformation ofPdandPpwascarriedout as per

published protocols (Gouka et al., 1999; Mullins et al., 2001). In

brief, A. tumefaciens strain AGL-1 was transformed with

pPdure1::HYGandPpure1::HYGdisruption cassettes by electropora-

tion (Mozo and Hooykaas, 1991). The transformed AGL-1 cells

were subsequently grown in YEB broth containing kanamycin

(50lg/ml) for 48 h at 28C. One milliliter of the cell culture was
spun down and washed with induction medium (IM). Bacterial

cells were diluted in IM medium (10 ml) with or without 200lM
acetosyringone (AS; Sigma–Aldrich) to an OD600= 0.30 and incu-

bated (200 RPM) at 28C until an OD600= of approximately 0.80

(1 108cells/ml) reached.

Conidia fromPdandPpculturesgrownin PDA agar for four

weeks were harvested by gently scraping fungal growth from the

agar surface and passing it through 27G needle to get a suspension

of single conidia (Fig. S1A and B). Conidia were counted microscop-

ically and adjusted to concentrations as needed for various exper-

iments. To determine optimum concentration of hygromycin B

required for complete inhibition ofPdorPpgrowth, approximately

100ll of conidial suspension (108) were spread on PDA plates con-
taining various concentration of hygromycin B (50–200lg/ml) and
plates were incubated at 15C for 1–4 weeks and presence or

absence of growth of WT strains ofPdorPpwas assessed.

For transformation studies, conidia were adjusted to

1 107cells/ml in IM broth with or without AS. Aliquots of

100llofPdorPpconidial suspension (1 106conidia) were
mixed with an equal volume of AGL-1 cells (1 107cells) carrying

either pPdure1::HYGorpPpure1::HYG,andwere evenly spread onto

sterilized nitrocellulose membranes (Cat. no. D9527, Sigma–Aldrich)

placed on IM agar with or without AS. A total of 3 membranes

per condition were used. The co-cultivation experiments were

performed at various temperatures (10–30C) and time intervals

(24–96 h). The membranes were then transferred to PDA contain-

ing hygromycin (100lg/ml) as a selection agent for the recovery of
putative hygromycin positive (Hyg+) transformants and cefotaxime

(200lg/ml) to kill theA. tumefacienscells. Representative plates
containing putative Hyg+PdandPptransformants are shown

(Supplementary Fig. S1C and D). The putative Hyg+transformants

were then streaked on selection medium and plates were incu-

bated at 15C for 2 weeks. Representative plates with putative

Hyg+colonies are shown (Supplementary Fig. S1E and F).

2.5. DNA extraction and analysis

Genomic DNA from the putative Hyg+ transformants was

extracted as described above for thePdandPpWT strains. The trans-

formants were first screened for the presence of theHYGgene and

then forure1::HYGdisruption cassette integration at the homolo-

gous site by PCR (Table 1). The PCR conditions were: initial denatu-

ration at 95C for 3 min followed by 40 cycles at 94C for 30 s,

annealing at 55Cto63C for 30 s (based on primer pair) and exten-

sion at 72C for 40 s to 3 min (based on amplicon size). The transfor-

mants with single ure1::HYGintegration at the homologous site

were further confirmed by Southern analysis. In brief, genomic

DNA ( 5lg) was digested with restriction enzymes, fractionated
by electrophoresis (1% agarose gel), transferred to a Hybond™-XL

nylon membrane (Cat. no. RPN303 S, GE Healthcare), and fixed by

UV cross-linking. The membranes were hybridized overnight at

55C withHYGprobe [PCR amplified fragment ofHYGlabeled with
32P-dCTP by random priming (Perkin Elmer)]. Following hybridiza-

tion, these membranes were washed, dried and visualized using

Image Quant Software (Molecular Dynamics Inc.).

2.6. Urease enzyme activity assay

The urease enzyme activities of mutants and WT strains were

assessedbyinoculating 10ll of conidial suspensions (107coni-
dia/ml) on Christensen’s urea agar tubes and these tubes were

incubated at 15C for 2 weeks. A color change to bright magenta

was indicative of urease production.

For assay of urease enzyme activity, theure1mutant andWT

strains were first inoculated in YNB-U broth and incubated at

15C for 10 days. Cells were harvested by centrifugation at

10,000 g for 10 min. The cell pellets were washed twice in

50 mM sodium phosphate buffer (pH 7.6) and re-suspended in

the same buffer. Cells were disrupted at a setting of 6.5 for 45 s

with a FastPrep FP120 apparatus (Bio101 Savant Instruments,

Inc., Holbrook, NY). Cellular debris was removed by centrifugation

at 12,000gat 4C for 15 min, and the supernatant assayed for

urease enzyme activity according to the protocol described in the

QuantiChrom™ Urease Assay Kit (BioAssay Systems, Hayward,

CA, USA). One unit of urease enzyme activity is defined as the

amount of enzyme required to hydrolyze onelmol of urea per
min at 25 C. Hydrolysis was measured by monitoring the rate of

release of ammonium ions (NH4
+) plus ammonia (NH3) from the

urea substrate as determined by the Bertholet reaction. All analy-

ses were conducted in triplicates.

Next, we tested ifURE1geneisinvolved in urea metabolism.

Approximately 10ll aliquots of serial dilutions of conidial suspen-
sion ofPdandPpWT and their respectiveure1mutant strains were

spotted on YNB-U medium and plates were incubated at 15C for

7 days.

http://www.ncbi.nlm.nih.gov/nuccore/AYKP00000000
http://www.ncbi.nlm.nih.gov/nuccore/AYKP00000000
http://www.ncbi.nlm.nih.gov/nuccore/AYKR00000000
http://www.ncbi.nlm.nih.gov/nuccore/AYKR00000000
http://www.softberry.com


Fig. 1.Multiple alignment and phylogenetic relationship of deduced amino acid sequences ofURE1ofPdandPpwith other fungalURE1genes. (A) Portions of the amino acid

sequences of URE1p were used for multiple alignments, and the sequences corresponding to amino acids 399 to 412 and 513 to 525 are numbered based onPpURE1p. The

conserved histidine residues important in binding to the nickel metallocenter (amino acid 406), binding to the substrate (amino acid 408), and catalysis (amino acid 518) are

in boldface and marked with a star. (B) The full-length amino acid sequences of URE1p were used to construct a phylogenetic tree by the neighbor-joining method. The

bootstrap scores are based on 1000 reiterations. The URE1p fromPenicillium chrysogenumis used as an outgroup.

Fig. 2.Co-cultivation parameters for transformation efficiency ofPdandPp.(A and B) Effect of co-cultivation duration.A. tumefaciensAGL-1 cells grown in IM medium

containing AS were mixed withPdorPpconidial suspension at 10:1 ratio and of these suspension, 200ll was inoculated per plate followed by incubation at 15C forPd(A)
and at 25C forPp(B) for various durations prior to hygromycin selection. Data presented as the average of three plates per treatment. (C and D) Effect of co-cultivation

temperatures.A. tumefaciensAGL-1 cells grown in IM medium containing AS were mixed withPdorPpconidial suspension at 10:1 ratio and of these 200ll was inoculated
per plate followed by incubation at various temperatures for 72 h prior to hygromycin selection.

76 T. Zhang et al. / Fungal Genetics and Biology 81 (2015) 73–81
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2.7. Growth and sporulation studies

Theure1mutant andWT strains were assessed for growth at

various temperatures. Conidial suspensions were prepared as

described above, and adjusted to 107cells/ml. Serial 10-fold dilu-

tions were prepared, and 10ll of each dilution was spotted onto
YPD and PDA agar plates. All agar plates were incubated at 6C,

15C and 25C for 7–14 days. For sporulation, mutant and WT

strains were grown on PDA agar at 15C for 25 days, scotch tape

mounts were prepared and assessed microscopically.
2.8. Statistical analysis

The student t-testwas used for the analysis of efficiency of

ATMT transformation including temperature and duration of incu-

bation. Ap-value of <0.05 was considered significant.
2.9. Nucleotide sequence accession numbers

The nucleotide sequence ofPdURE1andPpURE1weredeposited

inGenBank under accession numbers KP195072 and KP195073,

respectively.
Fig. 3.Disruption ofPd URE1by ATMT. (A) Restriction map of thePdure1-disruption 

hygromycin B resistance (HYG) gene under the control ofAspergillus nidulanspromoter (P

gray line representHYGprobe used for Southern analysis. The dashed line (thick) represe

enzymePstI within theHYGgene of the disruption cassette and at the 50end of theURE1

expected size product for mutant strains following enzyme digestion and Southern analy

URE1flankingHYGgene (Bi-3.0 kb in size for mutants and 860 bp in size for WT), prim

(Bii-1.8 kb in size for mutants and no PCR amplicon for WT), and primer pair (V2203-V2

no PCR amplicon for mutants). (C) Southern hybridization analysis. Genomic DNA from th

(3.9 kb band for both the mutants and no band for the WT).
3. Results

3.1. Identification of the Pd/Pp URE1 gene and bioinformatic analyses

Based onPd/Ppgenomedatabasesand sequence alignments,

putative urease orthologues, designatedPdURE1andPpURE1were

obtained. The coding sequences ofPdURE1spans 3127 bp, corre-

sponding to a predicted open reading frame of 837 amino acids,

consisting of six exons interrupted by five introns (KP195072). In

contrast, the sequence ofPpURE1spans 3904 bp coding for a pre-

dicted open reading frame of 882 amino acids with six exons and

five introns (KP195073). The putative amino acid sequence of

PdURE1shared 94% identity with putativePpURE1, and close

homology to the metallo-dependent urease ofGlarea lozoyensis

ATCC 20868 (EPE30823, 77% identity). A similar level of identity

was also noted with the putative urease of Trichoderma reesei

QM6a (GenBank accession no. EGR47585, 75% identity) andC.

posadasii735 (GenBank accession no. AAC49868, 71% identity).

The sequences also showed conservation of all of the histidine resi-

dues thought to be involved in binding to the nickel metallocenter,

binding to the substrate, and catalysis (Cox et al., 2000)(Fig. 1A).

These results strengthened the observation thatURE1gene func-

tion in urea metabolism is conserved across fungal species,
cassette. 50URE1(1.4 kb) and 30URE1(1.5 kb) were cloned into pRF-HU2 flanking

TrpC) and terminator (TTrpC). The arrows represent primers used for PCR and solid

nts genomic sequences outside of the disruption cassette. The location of restriction

locus, outside of the disruption cassette is shown. The dashed line (thin) represents

sis. (B) Analysis ofure1transformants by PCR. Primer pair (V2205–V2206) targeting

er pair (V2281–V2282) located in theHYGgene and right border of theURE1gene

204) located within the deletion region ofURE1gene (Biii-318 bp in size for WT and

e WT and the mutant strains was digested withPstI and hybridized withHYGprobe
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including cold-adapted fungi. The phylogenetic analysis using

neighbor-joining method (Saitou and Nei, 1987) revealed that

PdURE1clustered closely together with the ortholog ofPpURE1,

consistent with their common origin within thePseudeurotiaceae

(Fig. 1B).

3.2. Optimization of ATMT for Pd and Pp

Prior to experimental procedures with ATMT, the hygromycin B

(HygB)minimuminhibitory concentration was determined forPd

andPp. Hygromycin concentration of 100lg/ml showed complete
inhibition of the growth of bothPdandPp, whereas a hygromycin

concentration of 75lg/ml showed restricted growth of both these
fungi (data not shown). Other antibiotics tested, including cefo-

taxime (200lg/ml) and kanamycin (50lg/ml), did not have any
adverse effect on the growth of eitherPdorPp(data not shown).

To determine whether acetosyringone (AS), a natural wound

responsemolecule,is essential for the ATMT ofPdorPp, this chem-

ical was removed from the IM medium in which theAgrobacterium

cells were grown prior to co-cultivation or was removed from the

co-cultivation medium.PdorPpHyg+transformants were not

recovered in the absence of AS, suggesting that this inducer mole-

cule is critical for ATMT of bothPdandPp. In the presence of AS and

at a ratio of 1:10PdorPpconidia and AGL-1 cells carrying either

Pdure1::HYGorPpure1::HYGplasmid, a minimum of 24 h to 36 h
Fig. 4.Disruption ofPpURE1by ATMT. (A) Restriction map of thePpure1-disruption 

hygromycin B resistance (HYG) gene under the control ofAspergillus nidulanspromoter (P

gray line representsHYGprobe used for Southern analysis. The dashed line represents

enzymeSacII within theHYGgene and at the 50end of theURE1locus, outside of the d

(V2201–V2202) targetingURE1flankingHYGgene (Bi-957 bp in size for WT and 2694 bp i

in the right border ofURE1gene (Bii-1.6 kb in size for mutants and no PCR amplicon for

466 bp in size for WT and no PCR amplicon for mutants). (C) Southern hybridization anal

hybridized withHYGprobe (6.4 kb band for both the mutants and no band for the WT).
of co-cultivation was required to obtainPdandPpHyg+transfor-

mants (1–4 per 3 nitrocellulose membranes), respectively.

However,the yields of Hyg+transformants were substantially

increased when the co-cultivation period was extended to 72 h

forPp(p< 0.01) and 96 h forPd(p< 0.01) (Fig. 2A and B).

Next, we determined the influence of co-cultivation tempera-

tureonATMT efficiency. The 1:10 ratio of fungal conidia and

AGL-1 cells spread on membranes were incubated at various tem-

peratures for 72 h, followed by transfer of these membranes to

selection medium (Fig. 2C and D). The optimal temperature for

the recovery ofPdHyg+transformants ranged from 15 to 18C.

Temperatures below 15C or above 18C were detrimental to

the recovery ofPdtransformants (Fig. 2C). In contrast, the optimal

temperature for recovery ofPpHyg+transformants was 25C, fol-

lowed by 20C. The recovery ofPptransformants at 15C was

comparable to that ofPdtransformants, but temperatures below

15C or above 25C were detrimental to the recovery ofPptrans-

formants (Fig. 2D).

Finally, based on ATMT optimizations, the co-cultivation dura-

tionof72 h was used for bothPdandPpand co-cultivation temper-

atures of 15C forPdand 25C forPpwere used. A total of 620Pd

Hyg+ transformants and 1800Pp Hyg+ transformants were

obtained from cultivation of approximately 1 107cells in each

conidial suspension, providing transformant yield of 0.006% and

0.018% forPdandPp, respectively.
cassette. 50Ure1(1.5 kb) and 30Ure1(1.5 kb) were cloned into pRF-HU2 flanking

TrpC) and terminator (TTrpC). The arrows represent primers used for PCR and solid

 genomic sequences outside of the disruption cassette. The location of restriction

isruption cassette is shown. (B) Analysis ofure1transformants by PCR. Primer pair

n size for mutant strains), primer pairs (V2285–V2286) located in theHYGgene and

 WT), and primer pair (V2199–V220) within the deletion region ofURE1gene (Biii-

ysis. Genomic DNA from the WT and the mutant strains was digested withSacII and



T. Zhang et al. / Fungal Genetics and Biology 81 (2015) 73–81 79
3.3. Disruption of PdURE1 and PpURE1 genes

Of 128 putative Hyg+Pdtransformants analyzed by PCR with

primer set (V2205–V2206) targetingURE1flankingHYGgene, four

displayed a single amplicon of 3000 bp in size, whereas the WT

strain displayed a single amplicon of 800 bp in size, indicative of

a homologous transformation of 3.1%. Results of the single integra-

tion event are shown for two of these mutants (Fig. 3A and Bi). All

other transformants had two amplicons of 860 bp and 3000 bp in

size, indicative of ectopic integration (data not shown). The trans-

formants that had single amplicon were further confirmed for the

integration ofPdure1::HYGat the homologous site by two addi-

tional primer sets. The primer set (V2281–V2282) located within

theHYGgene and on the right border outside of the disruption cas-

sette, yielded a 1.8 kb PCR amplicon for mutants, but not for the WT

strain (Fig. 3A and Bii). The primer set (V2203-V2204) located

within the deleted region ofURE1yielded a 318-bp PCR amplicon

for WT strain, but not for mutants (Fig. 3A and Biii). These mutants
Fig. 5.Characterization ofPdure1mutants. (A) Approximately 10ll aliquot ofPd
conidial suspensions (107/ml) from WT and mutant strains were placed on

Christensen’s urea agar and incubated for 2 weeks at 15C. Absence of the magenta

color with mutant strains indicated loss of urease enzyme activity. Tube without

culture served as quality control for medium. (B) The urease enzyme activity from

cell lysates was determined according to the Urease Assay Kit (BioAssay Systems).

The mutant strains did not produce urease enzyme while WT did. C) Approximately

10ll aliquot of the dilution series of conidial suspensions of the WT andPdure1
mutant strains were spotted on two separate YNB-U agar plates to avoid any

residual effect of the growth of WT strain on the mutant strains. Plates were

incubated at 15C for 7-days. A significant difference of growth between mutant

and WT strains confirmed thatURE1is required when nitrogen is the sole source of

nutrient.
were passed through several generations of growth on YPD agar,

which is a rich non-selective medium and thus, likely to facilitate

thelossof any unstable genetic constructs. Southern hybridization

ofPstI digested gDNA yielded single band of 3.9 kb for both the

mutants, further confirming gene replacement at the homologous

site without ectopic integration (Fig. 3A and C). These mutants were

labeled asPdure1–10andPdure1–21. The rationale for selection of

twoPdure1mutants was to test if both mutants had consistent phe-

notypes, as these mutants did not contain a functionalURE1.

Of 36PpHyg+transformants analyzed by PCR with primer set

(V2201–V2202) targetingURE1flankingHYGgene, six displayed

a single amplicon of 2694 bp in size, whereas the WT strain had

a single amplicon of 957 bp in size, indicative of a homologous

integration of 16.7%. Results of the single integration event are

shown for two of these mutants (Fig. 4A and Bi). All other Hyg+

Pptransformants had two amplicons of 957 bp and 2694 bp in size,

indicative of ectopic integration (data not shown). Two of the six

mutants were further confirmed forURE1deletion at the homolo-

gous site by additional primer sets as described forPd(Fig. 4A and

Bii–iii). The Southern analysis of gDNA digested withSacII revealed

a single band of expected size of 6.5. kb in both the mutant strains,

further confirming gene replacement at the homologous site with-

out ectopic integration (Fig. 4A and C). These mutants were labeled

asPpure1–4andPpure1–11,and the rationale for selection of two

Ppure1mutants was same as described above forPdure1.
Fig. 6.Characterization ofPpure1mutants. (A) Approximately 10ll aliquots ofPp
conidial suspensions from the WT and mutant strains were placed on Christensen’s

urea agar and incubated for 2 weeks at 15C. Absence of the magenta color with

mutant strains indicated loss of urease enzyme activity. Tube without culture

served as quality control for medium. (B) The urease enzyme activity from cell

lysates was determined according to Urease Assay Kit (BioAssay Systems). The

Ppure1mutants did not produce urease enzyme while WT did. (C) Approximately

10ll aliquots of dilution series of the conidial suspensions of the WT and mutant
strains were spotted on two separate YNB-U agar plates to avoid any residual effect

of the growth of WT strain on the mutant strains. Plates were incubated at 15C for

a 7-day period. No growth of mutants indicated that theURE1is required when

nitrogen is the sole source of nutrient.



Fig. 7.Growth ofPdure1andPpure1mutants at different temperatures. (A) Approximately 10ll aliquots of the dilution series of the conidial suspension of WT andPdure1
mutant strains were spotted on YPD and PDA agar. Plates were incubated at 6 C for 14-day, and at 15C and 25C for 7-day periods. No growth of the WT and mutant strains

observed at 25C. (B) Approximately 10ll aliquots of the dilution series of the conidial suspension ofPpWT and Ppure1mutant strains were spotted on YPD and PDA agar.
Plates were incubated at 6C for 14-day, and at 15C and 25C for 7-day periods. Excellent growth of bothPpWT andPpure1mutant strains was observed at all temperatures

tested.
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ThePdure1andPpure1mutants were assessed for urease

enzyme activity along with their respective WT strains. It was

interesting to note that thePdWT and Pdure1mutant strains grew

relatively better than thePpWT and Ppure1mutant strains on

Christensen’s urea agar. Despite growth differences, no color devel-

opment after 2 weeks of incubation, confirmed that theURE1gene

was functionally deleted in both Pdure1andPpure1mutants

(Figs. 5A and6A). These results were further corroborated by mea-

surements of urease enzyme activity in cell lysates prepared from

Pdure1orPpure1mutants. Urease activity of the WT strains ofPd

andPpwas 974 ± 113 U/g and 1205 ± 121 U/g, respectively. In con-

trast, urease activity was undetectable inPdure1andPpure1

mutants (Figs. 5B and6B). Finally, we tested whether theURE1

gene is involved in urea metabolism in these two organisms.

Ppure1mutants failed to grow on YNB-U as compared to the Pp

WT strain (Fig. 6C). In contrast, poor but detectable growth of

Pdure1mutants was observed on YNB-U (Fig. 5C). To further ana-

lyze this discrepant result, we testedPdWT and Pdure1mutant

strains on YNB agar devoid of urea. Similar poor growth of WT

and mutant strains observed indicating that the glucose in the

YNB medium possibly supports minimal growth ofPdbut notPp

strains (Supplementary Fig. S2). These results further corroborated

our findings regardingPdure1mutants, as Ppure1mutants were

unable to utilize urea, confirming that theURE1gene is involved

in urea metabolism in bothPdandPp.

3.4. Growth and sporulation

TheURE1genewasfound to be dispensable for the growth ofPd

orPp,asPdure1mutants grew efficiently on YPD and PDA media

between 6 and 15C whilePpure1mutants grew as well between

6 and 25C(Fig. 7). Similarly,URE1gene was not required for

sporulation, as bothPdure1andPpure1mutants produced spores

as efficiently as their respective WT strains on PDA agar

(Supplementary Fig. S3). These results indicated thatURE1is dis-

pensable for both cold adaptation and sporulation inPdandPp.
4. Discussion

The highlight of this study was the successful use of the ATMT

systemfortargeted gene disruption in cold-adapted fungiP.

destructans(Pd) andP. pannorum(Pp). Among the parameters stud-

ied for ATMT, the incubation temperature seems to be the critical

factor in the transformation ofPdandPp. These results are not
surprising asPdisapsychrophilic fungus, which grows best

between 15Cand18C(Chaturvedi et al., 2010; Verant et al.,

2012). The temperature below 20C has been shown to be detri-

mental to the expression of some vir(tumor forming) genes of

Agrobacteriumnecessary for pilus production and conjugation for

T-DNA transfer from donor to recipient cells (Fullner and Nester,

1996; Baron et al., 2001; Sugui et al., 2005#871). Apart from tem-

perature,Agrobacterium-mediated transformation showed strong

correlation with the duration of co-cultivation and the presence

of AS. These results are in agreement with other fungal pathogens

indicating that the pathways leading to T-DNA insertion are con-

served across fungal species (Piers et al., 1996; Gouka et al.,

1999; Abuodeh et al., 2000; Yamada et al., 2009).

We also found that homologous gene integration was lower in

Pd(3.1%)thaninPp(16.7%). It is important to point out that the

homologous arm of theURE1gene was chosen from the same strain

used for transformation, as strict sequence identity is required for

high efficiency homologous recombination in other fungal patho-

gens (Sudarshan et al., 1999; Narasipura et al., 2003, 2005). The

G+C content appears to be identical betweenPdandPp(Chibucos

et al., 2013), such that this does not appear to be a likely factor

affecting low homologous gene integration observed inPd.

The availability of a simple phenotypic test (color change in

Christensen’surea agar) was a consideration for choosing the

URE1gene encoding urease for gene disruption studies in the pre-

sent investigation. Others and we have demonstrated thatPd

secretes a large amount of urease into the growth medium

(Chaturvedi et al., 2010; Raudabaugh and Miller, 2013). The role

of urease in the fungal and bacterial virulence has been investi-

gated using different vertebrate models (Jones et al., 1990; Eaton

et al., 1991; Cox et al., 2000; Mirbod-Donovan et al., 2006).

Currently, there are no laboratory models available for WNS or

for testing the pathogenic potential ofPdure1andPpure1mutant

strains. Although, a recent study demonstrated that experimen-

tally infected bats withPddevelop WNS (Lorch et al., 2011), the

set-up described is not amenable to fungal mutant comparisons

in the laboratory. Therefore, the evaluation of the role of urease

in the virulence ofPdandPpawaits the availability ofin vivoor

ex vivomodel.
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