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ABSTRACT:
Definitive diagnosis of the bat disease white-nose syndrome (WNS) requires
histologic analysis to identify the cutaneous erosions caused by the fungal pathogen
Pseudogymnoascus [formerly Geomyces] destructans (Pd). Gross visual inspection does not
distinguish bats with or without WNS, and no nonlethal, on-site, preliminary screening methods
are available for WNS in bats. We demonstrate that long-wave ultraviolet (UV) light (wavelength
366–385 nm) elicits a distinct orange–yellow fluorescence in bat-wing membranes (skin) that
corresponds directly with the fungal cupping erosions in histologic sections of skin that are the
current gold standard for diagnosis of WNS. Between March 2009 and April 2012, wing
membranes from 168 North American bat carcasses submitted to the US Geological Survey
National Wildlife Health Center were examined with the use of both UV light and histology.
Comparison of these techniques showed that 98.8% of the bats with foci of orange–yellow wing
fluorescence (n580) were WNS-positive based on histologic diagnosis; bat wings that did not
fluoresce under UV light (n588) were all histologically negative for WNS lesions. Punch biopsy
samples as small as 3 mm taken from areas of wing with UV fluorescence were effective for
identifying lesions diagnostic for WNS by histopathology. In a nonlethal biopsy-based study of 62
bats sampled (4-mm diameter) in hibernacula of the Czech Republic during 2012, 95.5% of
fluorescent (n522) and 100% of nonfluorescent (n540) wing samples were confirmed by
histopathology to be WNS positive and negative, respectively. This evidence supports use of longwave UV light as a nonlethal and field-applicable method to screen bats for lesions indicative of
WNS. Further, UV fluorescence can be used to guide targeted, nonlethal biopsy sampling for
follow-up molecular testing, fungal culture analysis, and histologic confirmation of WNS.
Key words: Bat, Chiroptera, dermatomycosis, fungal infection, Pseudogymnoascus (Geomyces) destructans, ultraviolet (UV) fluorescence, white-nose syndrome.

brown myotis (Myotis lucifugus), northern
myotis (Myotis septentrionalis), Indiana
myotis (Myotis sodalis), Eastern smallfooted myotis (Myotis leibii), tricolored
bat (Perimyotis subflavus), and big brown
bat (Eptesicus fuscus) (Turner et al. 2011).
Pd has also been isolated from bats in
Europe (Puechmaille et al. 2011a), with
documentation of characteristic invasive

INTRODUCTION

White-nose syndrome (WNS) is caused
by the psychrophilic fungus Pseudogymnoascus [formerly Geomyces] destructans
(Pd) (Lorch et al. 2011; Minnis and
Lindner 2013). Mortality from Pd infection has been confirmed for six species of
North American bats, including little
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lesions diagnostic for WNS (Pikula et al.
2012); unusual mortality has not been
reported among European bats infected
by Pd (Martı́nková et al. 2010; Puechmaille
et al. 2011b; Sachanowicz et al. 2014).
White-nose syndrome is the first invasive cutaneous ascomycosis reported in
mammals. Currently, histopathology is
required to diagnose WNS (Meteyer
et al. 2009). To collect an adequate sample
of wing membrane (skin) to conduct a
thorough histopathologic analysis, euthanasia is typically required. A rapid, fieldapplicable, and nonlethal technique to
identify presumptive WNS would reduce
the need to euthanize bats to obtain a
diagnosis. Such a technique would additionally serve to enhance ability to expand
diagnostic activities to assess the presence
of disease in new species and additional
regions of the world, and to screen bats
rapidly to determine efficacy of potential
mitigation strategies.
Since the historic observation in 1925
that typical fungal dermatophyte infections fluoresce under long-wave ultraviolet
(UV) light, this technique has been used as
aid for diagnosing keratinaceous fungal
infections, including ringworm in domestic animals (Koeing and Schneckenburger
1994) and tinea capitis in humans (Margarot and Deveze 1925). Applying this
technique to wing membranes of bats with
suspect WNS, long-wave (366–385 nm)
UV light was shown to be a rapid, reliable,
and field-applicable diagnostic tool for
preliminary identification of WNS in batwing membranes and an accurate guide
for targeted, nonlethal biopsy sampling for
subsequent histologic confirmation.
MATERIALS AND METHODS
Paired assessments with the use of UV
illumination and histology in the laboratory

The fluorescence of bat wings in response to
long-wave UV light was compared to the
histologic gold standard for diagnosing WNS.
Three different UV light sources were used in
these studies described below; a hand-held
flashlight for quick detection of fluorescence
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in the laboratory, a stationary Wood’s lamp for
photography in the laboratory, and a stationary
9-watt UV light for transillumination in the
field. These light sources are described in
detail below and all had wavelengths of 366–
385 nm.
The wings of 168 bats of 11 species
submitted to the US Geological Survey
National Wildlife Health Center Madison,
Wisconsin, USA (USGS NWHC) from 21
states between March 2009 and April 2012
were evaluated for fluorescence with the use
of a hand-held 51-LED 385-nm UV flashlight
(model 7202 UV-385 nm, LED Wholesalers,
Hayward, California, USA) in a darkened
room. Laboratory personnel wore UV-protective eyewear when illuminating bat wings and
the same individual performed all visual
assessments for fluorescence to ensure consistency. Photography was performed in a
darkened room with the use of a Nikon
(Tokyo, Japan) D80 digital SLR camera (Fstop 3.3, ISO 200, shutter speed 8 sec) with an
AF 60 mm lens with no filter and a Wood’s
lamp (366 nm; BLAK-RAY Model UVL-56,
San Gabriel, California, USA) mounted approximately 13 cm above the bat at a 35–40degree angle as the sole light source to
illuminate the outstretched wing from above.
After external examination, the entire membrane was removed from a wing for histologic
evaluation with the use of periodic acid–Schiff
stain as described by Meteyer et al. (2009). All
samples were coded for impartial histologic
assessment for WNS and later compared with
the UV-fluorescence status. Fisher’s exact test
(SigmaPlot 11.0, Systat Software, Inc., San
Jose, California, USA) was used to determine
whether there was a relationship between
fluorescence and WNS lesions.
UV fluorescence for targeted sample collection for
WNS confirmation

A field study was conducted to determine if
UV fluorescence could provide a preliminary
diagnosis of WNS and guide nonlethal collection of wing tissue to determine WNS status
by histopathology. Torpid bats were removed
from roosts during surveys, captured in flight
while exiting hibernacula, or found dead at
hibernacula entrances. Methods and equipment used in the field for UV illumination of
bat wings were the same in the US and the
Czech Republic. White or UV light was used
to illuminate wing membrane of bats either
from above (light on the same side as the
person viewing) or below (transilluminating the
wing with the light source on the opposite side
of viewing). A GloBox (Artograph, Delano,
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Minnesota, USA) was used for white light
transillumination, and a field-portable 9-watt
368-nm fluorescent light (WTC 9L-110, Way
Too Cool, from Fluorescents.com [www.
fluorescents.com]) was used for UV transillumination. The use of white light illumination
was discontinued after the effectiveness of UV
fluorescence was established. During transillumination of live bats in the field, bats were kept
in the dark, placed on the working surface of
the light unit with wings extended. Photographs
were then taken of wings with the use of a
Canon (Melville, New York, USA) EOS 350D
digital SLR camera (F-stop 5–10, ISO 200, and
shutter speeds 0.5–30 sec) equipped with an
EFS 18–55 mm or EF 100-mm lens with 58mm ultraviolet filter (in Pennsylvania); or a
Nikon D300 digital SLR camera (F-stop 5.3–
5.8, ISO 1000, and shutter speeds 0.15–0.4 sec)
with AF NIKKOR 28–80-mm lens (in the
Czech Republic). Cameras were mounted on a
tripod (Fig. 1A). Bats were rapidly processed to
reduce handling time and minimize stress. To
prevent cross-contamination, field equipment
was either sanitized between bats or covered
with a disposable plastic sheet (Shelley et al.
2013). Dedicated ‘‘clean’’ equipment was used
in uninfected sites to decrease risk for inadvertent introduction of a pathogen.
To characterize ability of field biologists to
assess WNS-related fluorescence accurately,
wings of M. lucifugus (n56) from two
Pennsylvania sites known to harbor bats with
WNS were collected in 2010 and 2011,
transilluminated with UV light, and multiple
1-cm2 regions of wing membrane were outlined on each bat with permanent marker and
labeled as either fluorescent (n514) or nonfluorescent (n513). Marked wings were then
photographed during UV transillumination,
and bats were euthanized by isoflurane
overdose. Carcasses were shipped overnight
(chilled) to the NWHC for histologic evaluation as described above.
To evaluate the effectiveness of UV transillumination-guided biopsy sampling for WNS
testing, four sizes of sterile biopsy punches
(McKesson, Richmond, Virginia, USA) were
used. One biopsy punch of each size (3, 4, 5,
and 6 mm) was used to collect areas of wing
fluorescence from each of five bats providing
20 skin biopsy samples of different sizes for
histopathology evaluation.
Single biopsy samples (4-mm diameter)
guided by UV transillumination were collected
from each of 62 live bats of six different
species in the Czech Republic as they exited
their hibernacula in spring 2012. Following
collection, all biopsy samples were placed into
individually labeled vials containing 10%

neutral buffered formalin for histopathology
processing.
RESULTS

The effectiveness of long-wave UV light
for detection of lesions consistent with
WNS was tested with the use of a
combination of field and laboratory studies. Roosting bats with distinct foci of
orange–yellow fluorescence could be identified when bats were illuminated from
above with UV light (Fig. 1B), but this was
infrequent. Wings of bats extended and
illuminated from above with white light
occasionally showed indistinct white fungal
growth (Fig. 1C), but evidence of fungal
growth or wing damage was not apparent
when the wings of the bats were transilluminated with white light (Fig. 1D). However, when long-wave UV light was used to
illuminate outstretched bat wings from
above (Fig. 1E) or transilluminate wings
from below (Fig. 1F), distinct areas of
orange–yellow fluorescence were seen.
Photography in the laboratory was most
successful with a Wood’s lamp illuminating
the wing from above (Fig. 1E). When
photographing live bats under field conditions, UV transillumination (as opposed to
UV illumination from above) provided the
most expedient and reliable approach for
detecting the orange–yellow fluorescence
(Fig. 1F). When white fungal growth was
seen on the wings of bats illuminated from
above with white light, it corresponded to
the pattern of orange–yellow fluorescence
seen during UV transillumination (Fig. 1C,
F). Computer magnification of digital
images enhanced the ability to detect
isolated pinpoint areas of fluorescence.
Paired assessments with the use of UV
illumination and histology in the laboratory

Of the 168 bats submitted to the NWHC
for diagnostic investigation, 80 had areas of
characteristic orange–yellow fluorescence
when the wings were illuminated from
above with a hand-held 51-LED 385-nm
UV flashlight; 79 of these were histologically
positive and one histologically negative for
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FIGURE 1. Long-wave ultraviolet (UV) and white-light illumination of lesions associated with white-nose
syndrome. All photographs are from bats of the US; blurring in photos of live bats in C, D, and F is due to
animal movement during long exposure. (A) Camera in cave, mounted on tripod directed at platform
constructed to transilluminate bat wings with UV light (photo by Craig Stihler with permission). (B) Points of
orange–yellow fluorescence (arrows) detected on a roosting Indiana myotis (Myotis sodalis) following surface
illumination with a field-portable 9-watt 368-nm fluorescent UV light (photo by Tina Cheng with permission).
(C) Wing from live little brown myotis (Myotis lucifugus) lit from above in cave with white light shows
dispersed pattern of fungal growth. (D) White-light transillumination of wing from the live bat in C shows no
obvious pattern of fungal infection or wing damage. (E) Wing from dead tricolored bat (Perimyotis subflavus)
lit from above with hand-held 51 LED 385-nm UV flashlight shows points of orange–yellow fluorescence. (F)
Transillumination of wing from live bat in C with the use of a field-portable 9-watt 368-nm fluorescent UV
light. The pattern of orange–yellow fluorescence follows the distribution of surface fungal growth seen in C.

WNS (98.8% agreement between UV and
histopathology assessments; Table 1). The
88 bats that were UV-fluorescence negative
were all histologically negative for WNS

(Table 1). There was a strong Fisher’s exact
test association between UV fluorescence
and WNS lesions (P,0.001) in these 168
bats.
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TABLE 1. Summary of paired ultraviolet (UV) fluorescence and histologic analyses for bats from North
America and UV-targeted biopsy-based study for bats from Europe.
Positive
Bat species

Negative

Fluorescence

Histology

Fluorescence

Histology

Total

59
1
1
5
11
0
0
0
0
0
0
3
80

58
1
1
5
11
0
0
0
0
0
0
3
79

40
1
0
7
16
7
11
1
1
3
1
0
88

41
1
0
7
16
7
11
1
1
3
1
0
89

99
2
1
12
27
7
11
1
1
3
1
3
168

17
2
2
0
0
1
22

16
3
2
0
0
1
22

13
10
5
6
5
1
40

14
9
5
6
5
1
40

30
12
7
6
5
2
62

US (whole carcasses)
Myotis lucifugus
Eptesicus fuscus
Myotis leibii
Myotis septentrionalis
Perimyotis subflavus
Myotis grisescens
Myotis velifer
Myotis sodalis
Myotis yumanensis
Myotis austroriparius
Tadarida brasiliensis
Unidentified Myotis sp.
Total
Czech Republic (biopsy samples)
Myotis
Myotis
Myotis
Myotis
Myotis
Myotis
Total

myotis
daubentonii
nattereri
bechsteinii
alcathoe
emarginatus

Of the 88 bats that were UV-fluorescence negative and histologically negative,
22 had microscopic evidence of fungal
colonization in the superficial keratin layer
of wing skin that was morphologically
distinct from WNS, and these fungi were
considered to be different from Pd.
Use of UV fluorescence to target sample collection
for WNS confirmation

Histologic examination of all 1-cm2 targeted samples of fluorescent wing membrane collected from bats in Pennsylvania
(n514) were positive for the dense aggregates of fungal hyphae that form cupping
erosions, which define WNS (Fig. 2A, B).
When these 1-cm2 skin samples encompassed single, pinpoint dots of fluorescence,
microscopic examination identified individual fungal erosions diagnostic for WNS as
small as 20–40 mm in diameter (Fig. 2B).
Nine of 13 1-cm2 regions of wing membrane
marked as nonfluorescent had no cupping
erosions when examined microscopically.

The remaining 4 of 13 nonfluorescent
samples examined microscopically had a
single fungal cupping erosion (20–40-mm
diameter) diagnostic for WNS. Retrospective computer magnification of the digital
images taken in the field of these four
fluorescence-negative bats subsequently detected scattered small pinpoint fluorescent
areas that were not initially detected,
suggesting that the reliable margin of
accuracy in assessing unmagnified digital
images may be lesions approximately 20–
40 mm in diameter.
The utility of nonlethal UV-targeted
biopsy sampling and biopsy size requirements was evaluated with the use of wing
skin samples from bats in Pennsylvania.
Biopsy samples of four diameters (3, 4, 5,
and 6 mm) from each of the five bat
carcasses provided adequate tissue for
diagnosing cupping erosions characteristic
of WNS, confirming the usefulness of this
nonlethal sampling technique for biopsies
as small as 3 mm in diameter.
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Consistent with samples analyzed from
North America, 21 of 22, 4-mm targeted
biopsy samples from UV-fluorescent wing
skin of bats from the Czech Republic also
contained dense aggregates of fungal hyphae filling cupping erosions that are
diagnostic for WNS (95.5% agreement
between UV and histopathology assessments; Fig. 2C; Table 1). Retrospective
review of digital images indicated that, for
the histology-negative animal, the circled
region of wing skin targeted for biopsy
sampling had missed the point of fluorescence. For reporting purposes, however,
this animal was classified as fluorescencepositive and histology negative. Additionally,
a biopsy sample from 1 of 40 fluorescencenegative bats from the Czech Republic was
positive for WNS by histology.
DISCUSSION

FIGURE 2. Ultraviolet fluorescence in wings of
live bats (main images) and periodic acid–Schiff
stained histologic sections (insets) of bat-wing skin
with lesions diagnostic of white-nose syndrome;
blurring in photos is due to animal movement during
long exposure. (A) Black circle outlines an approximately 1-cm2 area of wing from a little brown myotis
(Myotis lucifugus), Pennsylvania, USA with foci of
fluorescence (white arrow). Inset shows the histologic section of this 1-cm2 area of tissue with densely
packed fungal hyphae in cupping erosions (arrowheads). (B) Black circle outlines a 1-cm2 area of wing
from a little brown myotis, Pennsylvania, with a
single fluorescent dot (white arrow). Inset shows the
only fungal cupping erosion (arrowhead) found in the
histologic section from this labeled area of wing
membrane. (C) Black circles outline foci of fluorescence on the wing skin of a greater mouse-eared
myotis (M. myotis) from the Czech Republic (white
arrow). Inset (scale bar 5 50 mm) shows the
histologic section from a 4-mm biopsy sample taken
from an area of fluorescence with densely packed
fungal hyphae in cupping erosion (arrowhead).

The gold standard for diagnosing bat
WNS is the histologic identification of
aggregates of fungal hyphae that form
characteristic cupping erosions and ulceration of wing membrane (Meteyer et al.
2009). The large amount of wing membrane needed to detect these lesions
histologically necessitates euthanasia of
the bat. Given the detrimental effect that
WNS has had on bat populations (Blehert
et al. 2009; Frick et al. 2010; Turner et al.
2011), detection protocols that do not
require euthanasia would be advantageous.
Illumination/transillumination of wing
membranes of bats with WNS with the
use of long-wavelength UV light (366–
385 nm) elicited a distinct orange–yellow
fluorescence that correlated with the
presence of fungal cupping erosions used
to diagnose WNS by histopathology
(Figs. 1, 2). This correlation of fluorescence to WNS histologic lesions was
observed in wings from five North American and four European species of bats
(Table 1), with 98.8 and 95.5% agreement
between UV and histopathology assessments for bats of North America and
Europe, respectively. In addition, the 22
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of 88 fluorescence negative bats that had
fungi along the superficial keratin of wing
skin were also histologically negative for the
cupping erosions that confirm WNS. This
supports our hypothesis that it is the lesion
of cupping erosion, characteristic of WNS,
that is fluorescing with UV light, and not
superficial fungal hyphae. We thus conclude that observation of orange–yellow
fluorescence following illumination/transillumination of wing membranes with UV
light facilitates identification of bats with
WNS. Pd is an ascomycete fungus, as are
numerous plant pathogens. Ascomycete
plant pathogens change morphologically
as they penetrate the plant cuticle and the
distinct subsurface hyphae release novel
products related to virulence at the fungal–
tissue interface (Valent and Khang 2010). A
similar scenario might explain fluorescence
associated with the invasive lesion of WNS
and not surface hyphae. Once penetration
of the epidermis occurs, Pd hyphae may
secrete novel proteins, metabolic products,
and enzymes that contribute to the erosion
of living tissue and fluorescence.
Bats severely affected by WNS had
numerous conspicuous large, coalescing
regions of fluorescence distributed over
much of the wing membrane and were
readily identifiable (Fig. 1E, F). In North
American bats with mild WNS (Fig. 2B), as
in the WNS-positive bats in Europe
(Fig. 2C), the random, sparse, and pinpoint
pattern of fluorescence was more difficult
to see, particularly when environmental
white light was not eliminated. In addition,
ability to discern sparse, subtle fluorescence often varied by observer, potentially
because of factors such as inexperience
with the technique, red–green color blindness, or other differences in visual acuity.
Because of these difficulties, UV technique
may miss individual bats with mild cases of
WNS. Laboratory tests including PCR for
detection of Pd (Muller et al. 2013), culture
for Pd (Lorch et al. 2010), and histology
to diagnose WNS (Meteyer et al. 2009)
continue to play a definitive role in
confirming WNS. The ability to observe

sparse points of fluorescence can be
enhanced by using digital photography
with extended exposure time and augmentation by computer magnification of the
digital images. The smallest points of
fluorescence that could be visually detected
with the unaided eye correlated to cupping
erosions .20 mm in diameter.
In addition to the demonstrated utility
of long-wave UV light as a rapid field
assessment technique to obtain a preliminary diagnosis for WNS, this technique
can also be used to optimize nonlethal
collection of small (4-mm) biopsy samples
for testing by histology, PCR, or culture.
Another benefit of the enhanced accuracy
afforded by UV-guided sampling is the
ability to identify bats with fluorescent
lesions (Fig. 1B) while limiting disturbance to nonfluorescent bats within a
hibernaculum. This nonlethal assessment
technique can also assist natural resource
managers and researchers investigating
WNS by facilitating the ability to track
progression of disease in individual bats
and by providing the potential, in the
hands of trained field personnel, to
generate accurate preliminary on-site results to inform mitigation strategies more
quickly. The ability to perform targeted
and nonlethal sampling of bats for WNS
offers a needed tool to facilitate enhanced
surveillance and research for this disease.
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