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Abstract: White-nose syndrome is an emergent wildlife disease that has killedmillions of North American bats. It is caused by Pseu-
dogymnoascus destructans, a cold-loving, invasive fungal pathogen that grows on bat tissues and disrupts normal hibernation patterns.
Previous work identified trans-2-hexenal as a fungistatic volatile compound that potentially could be used as a fumigant against P.
destructans in bat hibernacula. To determine the physiological responses of the fungus to trans-2-hexenal exposure, we characterized
the P. destructans transcriptome in the presence and absence of trans-2-hexenal. Specifically, we analyzed the effects of sublethal con-
centrations (5 μmol/L, 10 μmol/L, and 20 μmol/L) of gas-phase trans-2-hexenal of the fungus grown in liquid culture. Among the three
treatments, a total of 407 unique differentially expressed genes (DEGs) were identified, of which 74 were commonly affected across
all three treatments, with 44 upregulated and 30 downregulated. Downregulated DEGs included several probable virulence genes in-
cluding those coding for a high-affinity iron permease, a superoxide dismutase, and two protein-degrading enzymes. There was an
accompanying upregulation of an ion homeostasis gene, as well as several genes involved in transcription, translation, and other
essential cellular processes. These data provide insights into the mechanisms of action of trans-2-hexenal as an anti-fungal fumigant
that is active at cold temperatures and will guide future studies on the molecular mechanisms by which six carbon volatiles inhibit
growth of P. destructans and other pathogenic fungi.
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Introduction
White-nose syndrome (WNS) is a fungal disease of hibernating
bats that has devastated North American bat populations since
its discovery in the winter of 2006–2007 (Blehert et al., 2009; Frick
et al., 2010). WNS is caused by the psychrophilic species Pseu-
dogymnoascus destructans (formerly Geomyces destructans) which
grows optimally between 12.5°C and 15.8°C and infects bats while
they are hibernating (Verant et al., 2012). The precipitous decline
in bat populations has negatively affected ecosystem services pro-
vided by bats, especially their role in controlling insects that cause
damage to agricultural crops (Boyles et al., 2011).

A concerted national research effort has sought to develop
treatment methods to curb the growth of P. destructans and spans
approaches that use a spectrum of biological, chemical, and phys-
ical control agents. For example, one promising biocontrol strat-
egy uses Pseudomonas spp. isolated from the skin of bats that were
found effective in constraining the growth of P. destructans in vitro
(Hoyt et al., 2015). A subsequent extensive survey of over 350 bac-
teria and fungi isolated from bat hibernacula yielded a further
32 fungal and 60 bacterial isolates that showed biocontrol poten-
tial. Of these, the fungal species Oidiodendron truncatum produced
several nontoxic norditerpene oidiolactones that were especially
active against P. destructans (Rusman et al., 2020). Vaccines are yet
another biologically based approach that have shown efficacy in
preliminary trials (Rocke et al., 2019).

Under the category of physical agents, ultraviolet light is par-
ticularly promising for WNS control. P. destructans is far more sen-
sitive to UV light than other Pseudogymnoascus species (Palmer
et al., 2018) and shows practical promise for use in bat hiber-
nacula (Kwait et al., 2021). Nevertheless, to date, most of the re-
search on P. destructans growth inhibition has involved chemical
control measures. Chemical treatments that have shown promise
include azole drugs (Chaturvedi et al., 2011); chitosan (Kulhanek,
2016; Lopez-Moya et al., 2019); and linoleic acid (Frank et al., 2016).
In addition, efficacy has been shown by exposure to a number
of low-molecular-weight volatile organic compounds (VOCs) such
as trans, trans-farnesol (Raudabaugh & Miller, 2015); 2-methyl-1-
butanol, 2-methyl-1-propanol, and 1-pentanol (Micalizzi & Smith
2020), and mixtures of natural bacterial VOCs (Cornelison et al.,
2014a, 2014b). In our laboratory, we have investigated possible fu-
migation treatments for bat hibernacula using environmentally
safe VOCs and have reported that low concentrations of gas phase
racemic 1-octen-3-ol (“mushroom alcohol”) can inhibit growth of
P. destructans (Padhi et al., 2017). Furthermore, we found that the
R enantiomer of 1-octen-3-ol was more effective than the S enan-
tiomer, and that gas phase trans-2-hexenal (“leaf aldehyde”) was
more effective than 1-octen-3-ol (Padhi et al., 2018). At a concen-
tration of 0.05 μmol/ml, vapor phase trans-2-hexenal inhibited
growth of mycelial plugs and prevented spore germination of P.
destructans (Padhi et al., 2018). To our knowledge, this was one of
the first studies to show that a volatile agent that is commonly
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used to control plant pathogenic fungi also shows activity against
an animal pathogen.

Several laboratories have used molecular approaches to inves-
tigate the infection process during WNS. For instance, Field et al.
(2015) showed that the pattern ofmammalian gene expression as-
sociatedwithWNS in hibernating bats was accompanied by an in-
nate antifungal immune response such as that caused by Candida
albicans infections (Field et al., 2015). They identified several differ-
ences in fungal gene expression during the infective process, in-
cluding expression of a number of P. destructans secreted proteases
that serve as postulated virulence factors (Field et al., 2015). After
the genome of P. destructans was sequenced and annotated (Drees
et al., 2016), it opened the way for enhanced genetic analysis of
the infection process and the response of P. destructans to different
environmental agents. The effect of different nutrients and tem-
peratures on the P. destructans transcriptome has shown that tran-
script levels were significantly different with different substrates
and incubation temperatures, with substrate having a greater im-
pact that temperature (Donaldson et al., 2018). Transcriptomics
also can be used to compare whole transcriptome changes in gene
expression between the pathogen alone, the pathogen infecting
the host, and the host lacking the pathogen (Enguita et al., 2016).
This approach was used by Reeder et al. (2017) who showed that
the most significantly differentially expressed genes (DEGs) were
involved in cell wall remodeling, heat shock response, and mi-
cronutrient acquisition. Herein, we have conducted a transcrip-
tomic study to identify genes that are differentially expressed by
P. destructans following exposure to trans-2-hexenal in order to bet-
ter understand the inhibitory ability of this six-carbon VOC. The
DEGs have been annotated to give putative identifications of their
functions.

The immediate aim of our study is to identify fungal genes
involved in the mode of action of trans-2-hexenal against P. de-
structans. The long-term goals of our research are to provide infor-
mation that can be used to develop rational strategies for find-
ing agents that may be used in the control of WNS, as well as
to understand something of the critical fungal metabolic path-
ways affected by trans-2-hexenal, a natural metabolite produced
by plants that is known to have a broad range of antifungal activ-
ity against plant pathogens.

Materials and Methods
Volatile Organic Compound
Liquid phase trans-2-hexenal (IUPAC name = (E)-hex-2-enal;
synonyms include trans-2-hexen-1-al, (E)-2-hexenal, 3-propyl
acrolein, and leaf aldehyde) was purchased as a chemical stan-
dard from Sigma-Aldrich (St. Louis, MO, USA). Aliquots of liquid
were added in appropriate amounts such that after evaporation
they delivered concentrations of 5, 10, or 20 μmol/L.

Fungal Strain and Media
P. destructans, (MYA-4855TM) was obtained from the American
Type Culture Collection, Manassas, VA, USA. Throughout our
work, P. destructans was handled according to all procedures re-
quired for biosafety level 2 classification pathogens. Sabouraud
Dextrose Agar (Difco, Becton Dickinson & Company, Sparks, MD)
supplemented with 200 mg/L MnSO4 was used for the production
of P. destructans conidiospores. Exposure experiments with trans-
2-hexenal were conducted with P. destructans in Potato Dextrose
Broth (PDB) (Difco).

Conidiospore Production and Isolation
P. destructans conidiospores were harvested from plates that had
been incubated at 15°C for 21 days. They were collected by adding
10 mL 0.05% (v/v) Tween 80 and 0.9% (w/v) NaCl solution to each
plate and gently scraping the fungal growth with an inocula-
tion loop to help release the spores. The suspension was then
filtered through glass wool and the flowthrough was centrifuged
at 5,000 rpm for 15 min. The supernatant was removed and the
conidiospore pellet was resuspended in 10 mL of 0.2 M phosphate
buffered saline solution (pH 7.0; Padhi et al., 2018). Viable counts
of conidiospores were determined by plate dilution assay.

Exposure of P. destructans to Gas Phase
Trans-2-hexenal
Stationary cultures of P. destructans were prepared by inoculation
with ∼ 2× 105 conidiospores.Wheaton 500mLmedia bottles were
used, each containing 100 mL of PDB. They were incubated for
4 weeks at 10°C and were then exposed to 0, 5, 10, or 20 μmol/L
trans-2-hexenal by pipetting liquid trans-2-hexenal onto a 0.2 μm
membrane which was taped to the inside of the cap of each bottle.
Caps were slightly loosened to allow some airflow and then sealed
with a single layer of Parafilm before incubation for an additional
4 weeks at 10°C. Each treatment was performed in triplicate.

RNA Extraction and Sequencing
After 8 weeks of incubation, the loads of mycelia from each
treated sample bottle were separated from the growth media by
filtrating out the spent media. Using a sterile spatula, duplicate
samples from each mycelial load were removed, weighed in cryo-
genic tubes, frozen in liquid nitrogen, and then crushed with a
micro pestle before transfer to a bead bashing tube, followed by
vortexing for 10 minutes. Using the ZR Fungal/Bacterial RNA Mini
Prep kit (Zymo Research Corporation, Irvine, CA, USA), RNA was
extracted according to the manufacturer’s instructions and sent
to the Genome Core facility at the Waksman Institute in Rut-
gers University for quality check, preparation, and sequencing.
An Illumina NextSeq 500 instrument was used to yield single-
end 1 × 75 bp reads. Sequencing reads without adapter sequences
were deposited in the NCBI SRA database under accession num-
ber PRJNA523070.

Bioinformatics Pipeline
The genome sequence and annotation files of P. destructans were
retrieved from the NCBI Genome database (Drees et al., 2016)
(assembly GCA_001641265.1). FastQC version 0.11.5 was used to
check the quality of the sequencing reads before aligning them to
the genome of P. destructans using STAR version 2.6 guided by the
GFF3 annotation file (Dobin et al., 2013). The output SAMfileswere
converted to sorted BAM files using Samtools version 1.7. Stringtie
version 1.3.5 was used for differential gene expression analysis
with DESeq2 version 1.22.1 (Li et al., 2009; Love et al., 2014; Pertea
et al., 2015). To identify the most relevant transcripts for com-
parisons between control and experimental groups, an adjusted
p-value ≤1−5 and a log2 fold change ≥1 or ≤–1 was considered sta-
tistically significant. Blast2GO was used to annotate such genes
(Götz et al., 2008).

Results
Over >92% of the sequencing reads had quality scores >Q30 for
all treatment replicates. We identified the statistically significant
DEGs that had an adjusted p-value ≤1−5 and a log2 fold change ≥1
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Fig. 1. Venn diagrams of statistically significantly differentially expressed genes (DEGs) based on an adjusted p-value <1−5 and a log2 fold change <1−5

and a log2 fold change >1 or ←1 for both the down (left) and up (right) regulated genes for treatments of trans-2-hexenal at (A) 5 μmol/L, (B)
10 μmol/L, and (C) 20 μmol/L.

or ≤–1. Of the three sublethal levels of trans-2-hexenal tested,
the highest number of DEGs (314) was observed after exposure
at 10 μmol/L. Across all three treatments, there were 407 unique
DEGs that responded to exposure to the three tested levels of
trans-2-hexenal exposure of which 194 were upregulated and 213
downregulated (Fig. 1). Of these unique DEGs, 74 were common
among all treatments, of which 44 were upregulated and 30 were
downregulated. A heat map showing the 74 commonly expressed,
unique DEGs and their gene IDs is given in Fig. 2. Supplemen-
tary Tables S1 and S2 list the individual genes, their annotations,
and their fold changes in response to the three levels of trans-2-
hexenal.

When initially checked against the NCBI database, more than
half of the unique DEGs did not have a functional annotation
and were described as hypothetical proteins. Further analysis
with Blast2GO provided 23 more homologies. Nevertheless, at
the end of our analysis, 23 of the upregulated DEGs and 10 of
the downregulated DEGs remained categorized as “hypothetical
proteins.” Several of the commonly upregulated genes were in-
volved in transcription, translation, and replication, such as U3
small nucleolar RNA-associated protein 13 (VC83_02882) (Dragon
et al., 2002); translation initiation factor eIF4A (VC83_04809)
(Hernández & Vazquez-Pianzola, 2005); protein kinase Rio1
(VC83_06045) (Guderian et al., 2011); translational elongation
factor EF-1 alpha (VC83_06666) (Song et al., 1989); DEAH-box
ATP-dependent RNA helicase prp43 (VC83_08625) (Arenas &
Abelson, 1997); ATP-dependent RNA helicase dbp7 (VC83_06819)
(Daugeron & Linder, 1998); eukaryotic translation initiation fac-
tor 6 (VC83_00399) (Russell & Spremulli, 1980); ribosome-binding
protein (VC83_06825) (Ho & Johnson, 1999; Niessing, 2012); and
DNA-dependent ATPase of the nucleotide excision repair fac-
tor 4 complex (VC83_04407) (Guzder et al., 1998). Other upreg-
ulated genes included those predicted to code for a mitochon-
drial glycerol-3-phosphate dehydrogenase (VC83_03689) (Rønnow
& Kielland-Brandt, 1993); the Rab protein geranylgeranyl trans-
ferase component A (VC83_02426) that aids in vesicle transport as
a transport protein (Andres et al., 1993); a magnesium transporter
(VC83_07808) (Lee & Gardner, 2006); and a calcium-transporting
ATPase 2 (VC83_01014) that acts as a part of ion homeostasis and
can contribute to survival (Reeder et al., 2017).

Downregulated genes included those predicted to code
for glyceraldehyde-3-phosphate dehydrogenase 1 (VC83_08761),

which catalyzes the sixth step of glycolysis (Harris & Waters,
1976); phosphomevalonate kinase (VC83_06822), which is essen-
tial in isoprenoid/sterol biosynthesis (Tsay & Robinson, 1991);
methylglyoxal reductase (NADPH-dependent) gre2 (VC83_ 00883),
which is involved in magnesium utilization, reducing methylgly-
oxal to (S)-lactaldehyde (Murata et al., 1985); and SED4, involved
in vesicle formation and transport at the endoplasmic reticulum
(VC83_06276) (Watson & Stephens, 2005).

The most notable of the downregulated genes were those
that were implicated as fungal virulence factors in P. destruc-
tans or other fungal pathogens. These include SOD1 superox-
ide dismutase (VC83_07077), which is essential to removing toxic
superoxide radicals by creating molecular oxygen (McCord &
Fridovich, 1969) and a high-affinity iron permease (VC83_07149),
associated with pathogenicity in C. albicans and Rhizopus oryzae
(Ramanan & Wang, 2000). In addition, the following genes as-
sociated with protein metabolism were downregulated: pepti-
dase S28 (VC83_03247), a serine peptidase (Barrett, 1994); as well
as an amino acid permease (VC83_06026); a high-affinity iron
permease (VC83_07194), and the subtilisin-like protease 1 gene
(VC83_04892) which codes for a collagen degradation enzyme and
was named PsSP1 by Pannkuk et al. (2015) and Destructin-2 by
O’Donoghue et al. (2015).

Discussion
Agricultural scientists have adapted several natural volatile
compounds as postharvest fumigants to control plant pathogenic
fungi in stored fruits and vegetables (Tripathi & Dubey 2004;
Kudalkar et al., 2012; Mari et al., 2016). Several six-carbon
volatiles display antifungal effectiveness under cold storage con-
ditions. These biogenic VOCs have limited toxicity in mammals
(Akutsu et al., 2002; Ito et al., 2009) and a degree of volatility
that allows their application in refrigerated storage facilities
(Jongen 2005). Because fungal plant and animal pathogens often
share physiological features, and because refrigerated storage
facilities and bat hibernacula are cognate environmental con-
ditions, volatile agents offer promise against P. destructans in
WNS control. We focused on trans-2-hexenal, a compound that is
both commercially available and a generally recognized as safe
(GRAS) food additive by the U.S. Food and Drug Administration
(FDA 2018). It is found in olive oil (Kubo et al., 1995) and is
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Fig. 2. Heatmap of differentially expressed genes (DEGs) for (A) 5 μmol/L, (B) 10 μmol/L, and (C) 20 μmol/L gas phase trans-2-hexenal exposure. See
Supplementary Tables S1 and S2 for functional annotations of genes.

characteristic of the odor of cut grass where it is commonly
called a “green leaf aldehyde” and theorized to be involved
in plant defense against insect herbivores in nature (Pare´&
Tumlinson, 1999). Vapors of trans-2-hexenal inhibit plant
pathogenic fungi including Aspergillus flavus growth in corn
(De Lucca et al., 2011), Penicillium expansum on pears (Neri et al.,

2006) and two species of Fusarium on wheat-chick pea rotations
(Cruz et al., 2012). Our preliminary studies demonstrated that
low concentrations of gas phase trans-2-hexenal also inhibited
growth of P. destructans (Padhi et al., 2018). We hypothesized
that exposure of P. destructans mycelia to trans-2-hexenal would
cause changes in gene expression that might reveal genetic
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susceptibilities of this psychrophilic fungal pathogen. Because P.
destructans is slow growing, we precultured the fungus for 4 weeks
to obtain sufficient mycelium for transcriptomics analysis before
exposing the cultures to three sublethal concentrations of vapors
of trans-2-hexenal vapors and then continuing the incubation for
another 4 weeks. Our goal was to use the analysis of the differen-
tial transcripts to help pinpoint the molecular mechanisms that
are essential to pathogen growth and virulence, and guide future
research to formulate precise methods for the control of WNS.We
also hoped to shed light on the global biochemical processes that
change in fungal pathogens in the presence of trans-2-hexenal.

In our study, across the three treatments with sublethal con-
centrations of trans-2-hexanal, a total of 407 statistically signifi-
cant DEGs were identified, of which 74 were common across all
three treatments. Of these common DEGs, 33 putative proteins
identified in our analysis had insufficient sequence similarity to
known proteins in current databases to generate a functional pre-
diction andwere scored as hypothetical (Supplementary Tables S1
and S2). The high number of hypothetical proteins (approx. 44%)
provides evidence that many uncharacterized genes play impor-
tant physiological roles in fungal responses to gas phase trans-2-
hexenal.

Among the downregulated DEGs that were successfully anno-
tated to known proteins, several were identified as having putative
virulence functions. These include a high-affinity iron permease
(VC83_07149), associated with pathogenicity in C. albicans and R.
oryzae (Ramanan & Wang, 2000); as well as superoxide dismutase
(VC83_07077). It is well known that mammalian innate immune
cells produce reactive oxygen species (ROS) in order to destroy in-
vading pathogens. In response, fungal pathogens use superoxide
dismutase to detoxify ROS thereby evading host immune surveil-
lance. Superoxide dismutases are documented virulence factors
for a number of important fungal pathogens including C. albicans,
Cryptococcus neoformans, and Aspergillus fumigatus (Frohner et al.,
2009; Lambou et al., 2010).

With respect to P. destructans andWNS, proteases have received
the greatest attention as putative virulence factors. Certain colla-
gen degradation enzymes contribute to the pathogenicity in some
pathogenic bacteria such as Streptococcus (Bonifait et al., 2010) and
are similar to cuticle degrading enzymes that had previously been
identified from fungi that parasitize insects (Yang et al, 2007).
In 2015, a subtilisin-like serine protease (PdSP1) was identified
as a major protease secreted by P. destructans grown in liquid
culture. The researchers postulated that this collagen degrading
enzyme might serve as a virulence factor involved in epidermal
wing necrosis in WNS. Moreover, they found two similar proteins
with high sequences homology to PsSP1 that they termed PsSP2
and PsSP3 (Pannkuk et al., 2015). Nearly simultaneously, another
group doing similar work on the secretome of P. destructans
isolated a serine endopeptidase that they named Destructin-1.
Biochemical analysis of a recombinant form of Destructin-1
indicated that this enzyme efficiently degraded collagen. Another
endopeptidase that showed 90% amino acid identity was isolated
and named Destructin-2, and a third endopeptidase with 56%
identity to Destructin-1 was named Destructin-3 (O’Donoghue
et al., 2015). Only Destructin-2 (VC83_04892) had enriched
transcript levels in the in vivo pathogenic context com-
pared with the nonpathogenic conditions (Donaldson et al.,
2018). The nomenclature for these peptidases is confus-
ing because PdSP1 is synonymous with Destructin-2 and
PdSP2 is synonymous with Destructins-1. A third protease
from P. destructans that has been experimentally charac-
terized is the serine peptidase PdCP1. It is an ortholog of

tripeptide amino peptidase Sed2/SedB, which is a putative
virulence factor from A. fumigatus (Reichard et al., 2006). Of
the three proteases that have been experimentally character-
ized, in our study, only the gene for PdSP1 (Destructans-2) was
downregulated.

Using a dual RNA Seq approach, Reeder et al. (2017) compared
the changes in fungal gene expression that accompanied a tran-
sition from abiotic growth in culture to parasitic growth during
WNS. As compared to gene expression of P. destructans grown in
culture, they unexpectedly found significantly lower expression
of the genes for the subtilisin family of proteases during infection
(Reeder et al., 2017). Finally, and also perplexingly, the transcrip-
tomics study by Davy et al. (2020), suggested that the production
of virulence factors and increases in active biomass by P. destruc-
tans were similar in lesions on bats that were of varying suscepti-
bilities. They conducted a transcriptomic analysis of P. destructans
growing in lesion-positive and lesion-negative bat wing tissue. P.
destructans responded similarly to growth lesions on diverse bat
speciesMyotis lucifugus, Eptesicus fuscus, andMyotis myotis. Expres-
sion of the subtilisin-like serine proteases Destructin-1, -2, and -3
varied among the species with the greatest expression observed
on the WNS-tolerant bat species M. myotis (Davy et al., 2020).

While we recognize that transcriptome analyses provide only
a “snapshot” of gene expression, they nevertheless can illuminate
a more context-dependent understanding of host–pathogen rela-
tionships.Our study suggests that the presence of trans-2-hexenal,
a safe volatile known to inhibit growth of plant pathogenic fungi,
causes the downregulation of a number of genes believed to be
involved in virulence of P. destructans. To our knowledge, this is
the first transcriptomics study of the effect of trans-2-hexenal on
a fungus. Fumigation with natural VOCs has potential applica-
tions not only for plant pathogenic fungi, but in wildlife disease
scenarios outside of WNS. Information about the mechanistic ba-
sis of the fungistatic and fungicidal effects of volatile agents can
guide future research that seeks to translate these basic findings
into practical methods for the control of a wide variety of fungal
pathogens.

Supplementary material
Supplementary data are available online at JIMB (www.academic.
oup.com/jimb).
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