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Abstract

One of the major barriers of fungal infections of mammals is the inability to grow and/or survive at
mammalian body temperature, typically around 37°C. This has provided mammals an advantage over fungi.
However, environmental fungi may soon adapt to persist at higher temperatures, consistent with mammalian
body temperature, due to thermal selection pressures imposed by climate change, global warming, and
increased frequency of extreme heat events. Consequently, there is a need for more updated information
about the thermal tolerance range of fungi near humans, such as in urban areas. The heat island effect
suggests that cities are up to 8°C warmer than their suburban counterparts because of increased heat
production, asphalt coatings and reduced greenspace among other factors, and it is more common in lower
income and marginalized urban communities. Thus, urban centers are at increased risk for the emergence of
heat tolerant fungi. In this study, we developed a methodology to collect and archive fungal isolates from
sidewalk and soil samples in both warmer and cooler neighborhoods in Baltimore, Maryland. We demonstrate
a novel methodology for fungal sample collection from sidewalks, employing the use of standardized and
commercially available taffy. Analysis of fungal isolates collected from warmer neighborhoods revealed
greater thermal tolerance and lower pigmentation, suggesting local adaptation to heat. Lower pigmentation in
hotter areas is consistent with the notion that fungi use pigmentation to help regulate their temperature.
Further, we identified the robust presence of the polyextremotolerant fungus Aureobasidium pullalans from the
warmest neighborhood in Baltimore, further showing that the extreme conditions of cities can drive proliferation
of extremotolerant fungi. This study develops new techniques for environmental fungal collection and provides
insight on the fungal census in an urban setting that can inform future work to study how urban environments
may drive stress/thermotolerance in fungi, which could alter fungal interactions with humans and impact
human health.
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Introduction

Natural and human-made disasters have been associated with adaptive changes in environmental that
can lead to diseases in humans, plants, and animals [1]. Global warming is hypothesized to be associated with
the observed emergence of new human fungal pathogens, such as Candida auris [2,3]. In this theory, global
warming and extreme heat (including prolonged and more frequent heatwaves), will drive new thermotolerance
of environmental fungi, leading to their ability to survive within mammalian hosts and those with pathogenic
potential will acquire the capacity for human virulence by virtue of being able to grow at higher temperatures.
Today, most fungi are unable to survive at or above human body temperature, and analyzes of yeast thermal
tolerance has shown that there is a 6% reduction in the fungal species able to survive at each degree above
30°C [4,5]. In recent decades we have seen the sharp emergence of new fungal pathogens such as Candida
auris and Sporothrix brasiliensis, a phenomenon that has been attributed to gained thermotolerance [2,6].
Analysis of environmental fungi deposited at the Westerdijk Fungal Diversity Institute shows that fungi
deposited in recent decades have a higher maximum growth temperature than those in decades prior,
potentially showing the shift of gaining thermotolerance [4].

To anticipate and understand future emerging fungal pathogens, it is important to know what fungi are
found in areas conducive to emergence, for example, in areas where there is heavy environmental use of
antifungals (i.e. agriculture), or where there is high thermal selective pressure. Environment with high thermal
selective pressure around the globe are urban centers. Cities and urban centers across the globe are subject
to the “heat island effect” where the city tends to be nearly 5-8°C warmer than rural or suburban neighboring
areas [7—-10]. This warmer environment in cities is predominantly due to reduced greenspaces, blocked airflow,
high heat absorbance of buildings, and heat production by machines and cars. Within cities, there is a large
temperature difference even between neighborhoods, where some experience more severe heat than others,
predominantly in marginalized communities [10—12]. This includes Baltimore, Maryland, where cooler
neighborhoods are about 8°C cooler than the warmest neighborhoods.

Currently, there is a lack of many studies investigating the mycobiome of urban centers, in part, some
of the lack of mycobiome analysis in areas where there is ample bacterial microbiome analysis is due to
technical difficulties in performing metagenomic analysis of fungal DNA and aligning sequences [13,14]. There
are even fewer studies studying the heat-resistance and phenotypic profiles of urban fungi. A previous study
has shown that filamentous fungi isolated from urban sites in Louisville, Kentucky have faster rates of growth
and have higher enzymatic activity at higher temperatures than the fungi of the same species isolated from
rural sites nearby Louisville [15]. This highlights the need for more functional characterization of urban
mycobiome and a more detailed characterization of how heat affects urban fungal populations.

Here, we explore the urban fungal census from sidewalks across thermally diverse neighborhoods in
Baltimore, Maryland using a new technique for collection, and show examples of genotypic and phenotypic
characterization of the fungi present, including pigmentation variation and the presence of polyextremophilic
yeasts.

Materials and Methods
Sample Site and Date Selection

To collect samples from thermally diverse neighborhoods in Baltimore, MD, we relied on publicly
available data showing heat disparities across Baltimore City in 2018, in a study supported by the National
Oceanographic and Atmospheric Administration (NOAA) [16]. For warm neighborhood sites, we chose the
corner of N. Wolfe St and E. Fayette St. and the corner of N. Charles St. and Washington Park East; for an
average neighborhood site we chose the corner of S. Wolfe St., and Fell St, and for a cool neighborhood we
chose the corner of N. Charles St. and St. Paul St. We collected samples during sunny weather, at least 3
days after last precipitation on August 20", 2023 and September 4, 2023 between 12 P.M. and 2 P.M.
Thermal images of each site were taken using an FLIR C2 IR camera, and images were processed using FIJI
(ImageJ) IRimage plugin [17].

Sidewalk Sample Collection

To collect fungal samples from sidewalks, we developed a collection protocol using Starburst taffy
(Mars Corporation, VA, USA) (Figure 1A). Taffy is soft, sticky and easy adapts its contour to that of
environmental surfaces. To collect environmental fungi found in the nooks and crannies of the sidewalk, we
rolled a yellow Starburst taffy in an approximately 100 cm? area along the sidewalk for 30 seconds, making
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sure to press the taffy into the pavement. We then added the taffy to 10 mL PBS containing 60 pl of 25% KOH
solution to neutralize the citric acid in the candy upon dissolving. After the taffy was dissolved and all the
sidewalk fungi were released into solution, we strained the solution through a 100 ym filter to remove debris.
We then removed 200 pl aliquots and spread them on Sabouraud Dextrose Agar (SDA) with 2X Penicillin-
Streptomycin solution. Samples were incubated at room temperature (22°C)

Dirt Sample Collection
Dirt samples were collected by
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transferred to a Yeast Peptone Figure 1. Sample Collection Methods. A. Fungal sample collection from the
Dextrose (YPD) agar plate_ This was sidewalk via Starburst. B. Fungal sample collection from dirt.
repeated daily for 7 days. Picked
colonies were labelled according to location and source. Once the cultures grew on YPD plates at room
temperature, they were observed microscopically to confirm they were of fungal origin by size, morphology,
and appearance of intracellular organelles and not bacterial. Isolate appearance was catalogued.

Isolates were then transferred to a 96-well plate with freezing media (25% glycerol, 75% YPD broth),
and stored at -80°C. Another plate was made using sterile PBS and stored at 4°C. All original plates were
wrapped in parafilm and stored at 4°C.

Pigmentation Analysis

Pigmentation of the fungi was performed as previously described [18]. To measure the pigmentation of
molds, each original sample plate was scanned using a Canon CanoScan9000F at 600 dpi. To measure the
pigmentation of yeast isolates, the frozen stocks stored at -80°C were stamped onto YPD agar in an OmniWell
agar plate using a flame-sterilized microplate replicator (Boekel Scientific) and grown at room temperature.
Grown yeast colonies were scanned using the CanoScan9000F at 600 dpi. The mean gray value of mold and
yeast colonies were measured using FIJI (ImagedJ) measure tool.

Thermal Absorbance Analysis

Petri dishes with mold cultures were acclimated to room temperature for an hour (22°C). Petri dishes
were unlidded and exposed to a pre-warmed 19W 4000K white light bulb at a distance of 50 cm for 10
minutes. Following the 10 min exposure, plates were imaged immediately using an FLIR E96 infrared camera.
Images were processed using FIJI (Imaged) IRimage plugin [17], and temperature measurements were
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recorded for each mold colony. Mean gray value measurements were taken using the visible light spectrum

image taken by the FLIR E96 camera at time of experiment.

Internal Transcribed Spacer (ITS) Sequencing

Each isolate was touched lightly with a pipette tip and transferred to an empty PCR tube and deposited
along the inside of the tube in a thin layer. The tubes were microwaved on high for 2 minutes as previously
described [19]. DreamTaq Green PCR Master Mix (ThermoFisher) was added to each tube with 0.2 uM ITS4
and ITS5 primers to amplify the internal transcribed sequences. The sequences of these primers are as
follows: ITS4 - 5’-TCCTCCGCTTATTGATATGC-3' and ITS5 - 5'-GGAAGTAAAAGTCGTAACAAGG-3'. PCR
products were amplified according to the manufacturer’s protocol; 3 min initial denaturation at 95°C, 35 cycles
with 30 s denaturation at 95°C, 30 s annealing at 55°C, and 1 min extension at 78°C, with a final 5 min
extension at 78°C. Samples were run on 1% agarose gel to confirm product amplification, and Sanger
sequenced at the Johns Hopkins School of Medicine Sequencing & Synthesis Core facility. Resulting
sequences were analyzed using 4Peaks software and NCBI Blast nucleotide feature.

Results

We sampled four locations across Baltimore City in late-summer afternoons, with an average outdoor
temperature of 30°C. Our sample sites represented both warmer and cooler neighborhoods and were
representative of the approximate environment of the neighborhoods (Figure 2A, B). As expected, the soil and
sidewalk collection sites from N. Wolfe St and E. Fayette St (Fayette St.) and N. Charles St. and Washington
Park East (Mt. Vernon) had the warmest environments, with the soil samples at either site reaching up to 55°C
on average, with some spots reaching 60°C (Figure 2C). Both the sidewalk sites in these locations were
slightly cooler at ~40°C (Figure 2D). S. Wolfe St. and Fell St. (Fell’s Point) had a cool soil around ambient
temperature (27°C), while the sidewalk sample was warmer at ~40°C (Figure 2C, D). Both sidewalk and dirt
samples from N. Charles St. and St. Paul St. (Guilford) were ~27°C.
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Figure 2. Thermal Properties of Sampling Sites in Baltlmore MD. A. Map of the four sites sampled in Baltimore, MD
(counter-clockwise from the bottom: Fell’s Point, Fayette, Guilford, Mt. Vernon). B. Google StreetView images from the

sampling sites taken during summer months in recent years. Infrared images of the sidewalks (C) and dirt (D) on August
20th, 2023 with visible light photo overlayed (top rows), and the raw temperature image standardized to 27°C (min) and
60°C (max) with the average temperature measured overlayed (bottom rows).
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We successfully isolated fungi from all four sites, including the sidewalk and dirt from Fayette St. and

Mt. Vernon despite the exceedingly high surface temperatures. We found that the mold and yeast isolates from
Fayette St. were significantly less pigmented/lighter in color than those from Guilford from both isolation days
(Figure 3A, B). Overall, the mold colonies found in Guilford absorbed more heat than the mold Fayette St.
(Figure 3C, D). There was a correlation between temperature following exposure to 10 minutes of white light
and the mean gray value of the colonies (Figure 3E) indicating some evidence of thermal melanism or thermal
albinism, as these phenomena have been called, to regulate thermal properties of the fungi. This has been
previously described as it relates to fungi of different latitudes, where fungi from arctic regions display
enhanced pigmentation to promote head absorbance, while equatorial fungi have less pigmentation to avoid
too much heat absorbance [18].
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Figure 3. Fungi collected in thermally diverse neighborhoods exhibit thermal and pigment differences. The mean
gray value of mold (A) and yeast (B) isolated from Fayette St. is higher than the mean gray value of the fungi isolated from
Guilford, indicating less pigmentation in the Fayette St. fungi. (C,D) Following exposure to light, the Guilford samples get
warmer than the Fayette samples. (E) There is a correlation between colony temperature and the mean gray value, where
the darker colonies get warmer. A,B show mean values with 95% CI and t-tests, while C shows median temperature and
non-parametric Mann-Whitney test.

Of the 42 yeast-like isolates collected from Fayette St. in our study, 15 (35%) of them are identified as
Aureobasidium pullulans, representing 45% of the total yeast-like fungi isolated from the August 20t sidewalk
samples. The identity of this fungus was established using ITS sequencing, showing conserved ITS sequence
to the A. pullulans PE_11 strain (Figure 4A, B). A. pullulans is notable as it is a polyextremotolerant fungus,
including temperature, saline stress, and nutrient stress, having first been isolated in glacial ice [20].
Microscopically, we observed A. pullulans to have diverse morphology with hyphae, yeast-like structures, and
other abnormal shapes (Figure 4C). Identification of this species in a neighborhood experiencing the most
extreme heat in Baltimore City is thus a notable finding and places further context in this fungus’ role as a
potential future human pathogen.
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Figure 4. ldentification of Aureobasidium pullulans from High-Temperature Environment. A. alignment of three of
the 15 A. pullulans cultures isolated from Fayette St. sidewalk (208S, 219S, 220S) to the A. pullulans PE_11 isolate,
and their phylogenetic relationship (B). (C) Microscopic images of the A. pullulans cultures show hyphal, yeast-like, and
irregular shaped. Scale bar represents 20 pym.

Also notable was the presence of Cystofilobasidium macerans, Rhodotorula spp., Cystobasidium spp.,
and other Cystobasidiumycetes at all the sampled sites (Supplementary File 1). This allows the comparison of
properties of the same species of fungi when exposed to different environmental pressures. For example,
Cystobasidium spp., a rare opportunistic fungal pathogen [21], was found at Fayette St., Mt. Vernon, and
Guilford, but only the C. minutum isolate recovered from the 40°C sidewalk in Mt. Vernon (304S) was
thermotolerant (able to grow at 37°C), while the C. lysinophilum isolate from Fayette St. (242D) and C.
minutum isolate from Guilford (403S) were unable to grow at high temperatures (Figure 5).

Cystobasidium spp.
242D 304S 403S

Figure 5. Thermotolerance of
Cystobasidium spp. Cystobasidium spp.
-~ isolated from Fayette St. dirt (242D) and
Guilford sidewalks (403S) were unable to
grow at 37°C, but C. minutum isolated from
. . - Mt. Vernon sidewalk (304S) were

thermotolerant at 37°C.
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Discussion

As areas vulnerable to extreme heat conditions, cities are crucibles for the adaptation of fungi to
warmer temperature, and consequently, are potential crucibles for the emergence of new human fungal
pathogens. Here we showed a novel way to collect and culture environmental fungi from sidewalks in
Baltimore, MD. We used this technique to demonstrate that fungi from warmer neighborhoods within cities
exhibited different thermal and pigmentation difference. Dark pigments in fungi are often melanins and this
pigments have been shown to have a remarkable capacity to absorb electromagnetic radiation and convert it to
heat[18,22]. Differences in pigmentation have been previously demonstrated on a global scale, where
equatorial fungi and polar fungi are lighter and darker respectively, and our study shows that the extreme
ranges in heat in neighborhoods within urban centers may be enough to drive similar differences [18]. This
finding suggests that the thermal microclimates of an urban environment have strong/varied selective
pressures and are similar to those found on a global scale. The temperatures of the sidewalk and dirt in the
warmer Fayette St. location were 40°C and 55°C, respectively, which are both above the typical temperature
ranges of fungi, and above human body temperature (37°C), thus providing a selective pressure to survive at
mammalian body temperature. Meanwhile, the temperatures at the cooler, more wooded and shaded, Guilford
neighborhood were around 27°C, and thus did not provide a selective pressure to grow at or above mammalian
body temperature.

A prior study suggested that city-dwelling fungi are better equipped at growing at higher temperatures
and have better enzymatic function at higher temperatures compared with rural counterparts of the same
fungal species [15]. Our findings are consistent with that study and suggest the need to consider heat islands
in cities as sites for rapid fungal thermal evolution. It is hypothesized that global warming has led to the recent
emergence of the fungal pathogen Candida auris [2],and our findings suggest the need for increased vigilance
of urban fungi with pathogenic potential.

We also demonstrated the strong presence of the extremotolerant fungus A. pullulans in neighborhoods
with high thermal stress. This fungus is capable of surviving saline, thermal, and nutrient-poor stresses, and
has been shown to be a rare opportunistic human pathogen [23-25]. The presence of this fungus is thus
notable as it indicates the selection for extremotolerant fungal populations, which may correlate to ability to
tolerate other stressors including mammalian immune response. Gostincar et. al. discuss the importance of A.
pullulans as a potential emerging pathogen due to its ability to resist extreme conditions, hyperplasticity, and its
presence within the indoor built environment [20].

The previous studies on urban fungi [15] along with our data indicate that studying fungi cities can
prove valuable to our understanding of how fungi will continue to adapt to our changing climate. In addition,
studying urban fungi and thermal properties of the species found may help identify rising threats to human
health, including precursors to new pathogens. Many of these neighborhoods experiencing extreme heat
vulnerability (and the risk of emerging thermotolerance in fungi), are also often marginalized communities
[10,12,26]. This is particularly worrisome, as these communities are also the ones already most vulnerable to
fungal infection due to healthcare disparities and other social determinants of health [27].

Following the proof-of-principle exploration of urban fungi demonstrated in this study, we will be able to
better collect, understand, and characterize urban fungi and evaluate their stress and temperature resistances.
This will enable and bolster future efforts to related to urban disaster mycology and performing surveillance for
new fungi with pathogenic potential as they emerge in cities.
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