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University of Utah, Salt Lake City, Utah, . . . . . .
USA been characterized. Often, the extent of diversity and distribution of fungal communi-

ties is difficult or near impossible to assess due to the fact that many fungi are cryp-
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tic and persist predominantly hidden within substrates such as soil or plant material.
This is particularly true for hypogeous sporocarps, such as truffles and false truffles,
which are extremely difficult to survey in a systematic manner. However, hypogeous

fungi have evolved traits that make them highly attractive to animals, such as small
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(BTMD) mammals, which ingest and disperse fungal spores through defecation. Here, samples

of feces from 138 small mammal museum vouchers collected in the western United
Funding information

Natural History Museum of Utah States were assessed for total fungal diversity using a dual-index metabarcoding ap-

proach. Our findings exhibit many identifications within the mushroom-forming fungi
(Agaricomycetidae), with 65 of the 138 samples containing sequences belonging to
several species of the false truffle-forming genus Rhizopogon. Metadata for each col-
lection, such as geospatial coordinates, can be used as a proxy for the presence or
absence of Rhizopogon species identified in their feces. Utilizing these proxy data from
only a few years of sampling, these records quadrupled the rate of observations of
Rhizopogon made over the past 100 years, including some species that have only been
recorded once previously. This substantial increase in datapoints has implications for
how fungal distributions are interpreted, with direct impact on standard assessment

tools for fungal conservation.

1 | INTRODUCTION

macroscopic sporocarps, resulting in a severe bias in biodiversity

knowledge towards plants and animals (Troudet et al., 2017). Recent

Kingdom Fungi is extremely diverse and ubiquitous across the
globe, with ~148,000 currently accepted species known from the
estimated 2.2-12 million species distributed on all continents and
in most aquatic habitats (Hawksworth & Liicking, 2017; Wu et al.,
2019). Documentation of fungal diversity has lagged far behind that
of other groups of multicellular organisms, largely due to their gener-

ally cryptic habits and their unpredictable production of ephemeral

technological advances such as molecular identification with high-
throughput sequencing have made it possible to document fungal
diversity indirectly from environmental samples, greatly accelerat-
ing the rate at which fungi can be detected and identified (Begerow
et al., 2010; Chase & Fay, 2009; Nilsson et al., 2019; Schmidt et al.,
2013). Despite this increase in efficiency, our knowledge of fungal

distributions is still overwhelmingly incomplete. This may be due, in
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part, to the inefficiency inherent in environmental sampling: small
volumes over large areas require large numbers of samples, which
is compounded by the generally low biomass of target organisms in
each sample. Unlike plant and animal surveys, where the target or-
ganisms are more easily observed and more consistently observable
over long periods of time or can be baited and trapped, comprehen-
sive fungal surveys are much more difficult given the cryptic nature
of their subjects. The resulting deficiency of information on fungal
diversity has major consequences for a number of fields, such as tax-
onomy and conservation. Coupled with the high diversity of fungi,
low sampling efficiency creates a double-edged sword that has led
to the vast majority of species being undocumented, undescribed,
or known only from DNA sequences (dubbed “dark matter fungi”)
(Ryberg & Nilsson, 2018).

Many fungi participate in specialized associations with other or-
ganisms, especially plants (Tehler et al., 2003). Therefore, accurate
documentation of these fungi is important to understand how these
associations function at varying scales, from one-to-one interactions
up to whole ecosystems. For example, ectomycorrhizal fungi that
form symbiotic relationships with plant roots can provide important
benefits to their host plant, including increased uptake of micronu-
trients, and receive carbon via photosynthates in a mutualistic ex-
change (Courty et al., 2010; Smith & Read, 2010). This symbiosis is
globally important, with an estimated 60% of all woody tree stems
belonging to obligately ectomycorrhizal plants (Steidinger et al.,
2019). Baseline documentation of both partners in this important
symbiosis is fundamental to fully understanding the association and
to accurately predicting its response to future change. For example,
the presence/absence of host generalist or specialist symbionts, and
the relative role they play in maintaining and shaping the symbiosis,
is key to understanding its resilience to environmental change (Liao
et al., 2016; Wilson et al., 2012).

Conserving biodiversity is a key strategy to ensuring ecosys-
tem resilience in the face of a changing planet. The IUCN Red List
Categories and Criteria provide guidelines based on aspects of
a species such as population size, the extent of occurrence, frag-
mentation, and ongoing changes to these characteristics to place
species in one of several categories indicating conservation needs
(Endangered, Vulnerable, etc.) (Mace et al., 2008; Rodriguez et al.,
2015). These guidelines are designed to be widely applicable to
many different types of organisms, including fungi (Cannon et al.,
2018). The ability to accurately assess whether an organism can be
categorized as threatened or endangered is extremely important
within the context of conservation. Inaccurate assessment may lead
to the misallocation of resources with respect to the actual risks fac-
ing wild populations. Due to the difficulty of locating most fungi, we
know relatively little about their distributions, making it challenging
to assess whether a particular fungus should receive conservation
focus, or if our time and resources are better spent elsewhere.

One approach to improve sampling efficiency for fungi is to
use a more reliably sampled source that can function as a proxy.
For instance, EJH Corner famously trained monkeys to collect fruit
samples from the tops of trees at the Singapore Botanic Gardens
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(Mabberley, 1999). Similarly, truffle hunters utilize pigs or trained
dogs to locate and excavate prized and commercially valuable culi-
nary delicacies, such as Tuber magnatum Picco (the Italian white truf-
fle) hidden belowground (Riccioni et al., 2016). Like pigs and trained
dogs, many small mammals of northern temperate forests, paralleled
by marsupials of Australian forests, seek out and consume below-
ground (hypogeous) fungi, mostly truffles and false truffles, some-
times as the majority of their diets (Lehmkuhl et al., 2004; Maser
et al., 1978; Vernes et al., 2015). Hypogeous fungi have likely been
selected to encourage the discovery and consumption of their spo-
rocarps by animals as a means to spread their spores aboveground,
necessary due to the loss of ballistospory leading to or during the
adoption of an enclosed sporocarp (Johnson, 1996). Moreover, be-
cause identifications of fleshy macrofungiin the feces of small mam-
mals almost certainly reflect the presence of sporocarps, due to their
small home range and rapid digestions (Hawes, 1977; Langer, 2002;
Padmanabhan et al., 2013), observations of fungi in feces are reliable
indicators of a metabolically active species' presence at a given loca-
tion at a given time. This is important, because, unlike environmental
DNA, these data points represent reproductively mature individu-
als that are established and growing, features that are important for
assessing species distributions but are inherently lacking in eDNA
samples. Fungivorous animals, therefore, are potential proxies for
the fungi they consume. They are attracted to scents produced by
truffle-forming fungi (Splivallo et al., 2011; Stephens et al., 2017)
and have the capacity to continuously survey for them. With the use
of passive trapping, small mammal feces may represent a source of
highly efficient sampling for some fungi, especially those with hypo-
geous sporocarps.

Previous studies have used DNA sequencing of feces to moni-
tor the population of threatened and elusive animals such as snow
leopards and grizzly bears, and more recently to identify popula-
tions of African elephants to aid in identifying illegal ivory trading
routes (Janecka et al., 2008; Phoebus et al., 2020; Wasser et al.,
2004, 2015). Fecal sampling has also been used to identify the con-
tents of animal diets, such as in rodents, hares, and even river otters
(Buglione et al., 2018; Cloutier et al., 2019; Elliott et al., 2020; Harper
et al., 2020), but has focused primarily on community identification,
and in the context of the host diet rather than the ecology of com-
munity members.

These studies show how powerful and informationally rich
fecal sampling can be for population distribution studies, but feces
can also be a valuable source of metadata for taxa associated with
consumption by the host (Boyer et al., 2015). While these previous
studies focused on macrofauna, this same approach could be used
for consumed fungi, which comprise food sources for many meta-
zoan taxa ranging from fungivorous arthropods to opportunistic
small mammals and even great apes (Hanson et al., 2003; Pyare
& Longland, 2001; Yamashita et al., 2015). By targeting fungus-
consuming hosts, which are sampled in both greater number and fre-
quency than fungi, we can harness the power of museum collections
to study fungal diversity and distribution indirectly. Using informa-
tion from a specimen voucher that may otherwise be nonexistent
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for fungal collections, we can build a better understanding of large-
scale patterns that would otherwise require a massive investment in
the field collection of fungal specimens.

In this study, we present the idea that the known ecology of a
host along with voucher metadata, such as the geospatial coordi-
nates, can be used as a proxy for a rough estimation of community
member distribution in the case of difficult-to-find macrofungi. To
meet this objective, we set out to address four questions, (1) Can
DNA metabarcoding of fecal samples from museum collections be
used to identify fungi associated with small mammal consumption,
such as those that produce hypogeous sporocarps? (2) What diver-
sity of fungus species can be recovered in a diverse collection of
small mammal feces? (3) Can metadata, such as the geographic loca-
tion of trapping, extend our understanding of the diversity, ecology,
and distribution of fungi? (4) Do these “collections” aid in making
meaningful conclusions about the distribution of fungal species that
can be used to inform possible conservation efforts?

2 | RESULTS

2.1 | Raw sequencing data and fungal ASVs
recovered

Read and amplicon sequence variant (ASV) processing was per-
formed with DADA2 (Callahan et al., 2016, p. 2) along with taxo-
nomic identification based on the UNITE fungal internal transcribed
spacer (ITS) database (Abarenkov et al., 2010). ASV sequences
are unique variations of a sequence that are lost when cluster-
ing sequences into traditional operational taxonomic units (OTUs)
(Callahan et al., 2017). Assigning ASVs as opposed to OTUs allows
for greater sensitivity in identifying and documenting variation that
can occur within an assignable taxon. Total ASV sequence count for
samples ranged between 2 and 5209 sequences, with an average of
1624 ASV sequences per sample. After the quality processing step
of DADA2, and removing all samples represented by a single ASV
(n = 2) and ASVs only represented by a single sequence (h = 1), 136
of 138 samples (Table 1) and 4650 unique ASVs representing 531
genera were left for further analysis.

Amplicon sequence variants were dominated by fungi belong-
ing to the phyla Ascomycota and Basidiomycota, with the genera
Mycosphaerella and Rhizopogon being the two most abundant ASVs
(Figure 1). Other fungal orders of note found in high quantity were
Mucorales (common dung-dwelling Mucoromycota), Pleosporales
(common saprobic Ascomycota found on decaying plants), Agaricales
(Basidiomycota producing typical “mushroom” as well as hypo-
geous sporocarps), Tremellales (dimorphic Basidiomycota that
can produce yeasts and macroscopic sporocarps), and Pezizales
(Ascomycota with macroscopic sporocarps, including the eco-
nomically important morels and true truffles). Due to its known
false truffle morphology, generally common distribution, and
large presence within our sample set, the genus Rhizopogon Fr.
(Rhizopogonaceae:Boletales:Agaricomycotina:Basidiomycota) was

chosen for more in-depth analysis. Our dataset includes 65 samples
of Rhizopogon, which contained 580 ASVs. Of these, 394 were as-
signable to species level, representing 11 Rhizopogon species, while
186 could only be identified to genus. Assignable ASVs were col-
lapsed based on species assignment and unassignable ASVs were
clustered together at 99% similarity, yielding 11 assignable taxa and
11 OTUs for further analysis.

2.2 | Phylogenetic analysis of recovered
Rhizopogon ASVs and OTUs

With 186 of our Rhizopogon ASVs unassignable to known species,
we sought to produce a more refined taxonomy utilizing phylo-
genetic analysis of the Rhizopogon diversity we recovered. To do
this we parsed the general release UNITE database (version 8.2,
04 April 2020) (Abarenkov et al., 2010) for all species hypothesis
(SH) sequences from the family Rhizopogonaceae followed by ITSx
(Bengtsson-Palme et al., 2013) to extract the ITS2 sequence for
each entry to standardize our amplicons along with the UNITE SH
sequences (Nilsson et al., 2014). We then generated a phyloge-
netic tree, containing all UNITE sequences, species level assigned
Rhizopogon ASVs collapsed into a single representative sequence,
and our genus-level ASVs clustered into OTUs at 99%. Unfortunately,
non-assignable OTUs could not be assigned to known species using
phylogenetic analysis. This could be representative of undescribed
diversity but is most likely due to a lack of representation found
within the reference database, a common problem for fungal diver-
sity studies (Hofstetter et al., 2019).

Having given our recovered sequences phylogenetic context,
we compared Rhizopogon diversity across our small mammal hosts
to detect any patterns of Rhizopogon consumption. To do this we
calculated Faith's Phylogenetic Diversity (PD), a measurement of
biodiversity based on phylogenetic distances between taxa, for
Rhizopogon consumed by each mammal species (Faith, 2018). The
PD of our Rhizopogon-consuming small mammals ranged from
1.262573 for Peromyscus maniculatus, to 0.213792 for Dipodomys
merriami (Figure 2). This suggests that some small mammal spe-
cies consume a wider diversity of Rhizopogon spp. compared to
others. However, due to the small sample size and representation
of hosts (some of which are singletons), it was necessary to cal-
culate Faith's PD for individual samples. We found that our PD
values fluctuated greatly across samples from a single host spe-
cies (Table S3). We pursued this further using our highest small
mammal PD samples (Peromyscus maniculatus, n = 4) and found
that all four of them had been collected on the same day at the
same geolocation. One sample, UMNH.Mamm.43034, had a high
PD value of 0.775310717 while the others had values between
0.194667809 and 0.282245014 with little overlap in Rhizopogon
species among samples. Together, these findings suggest that
greater sampling of each host species is needed to determine if
there is species-specific preference for some Rhizopogon species
over others, and that species identity of the host may be less
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TABLE 1 Voucher table of all specimens used in this study. Voucher information for each small mammal host including collection ID
numbers, locality of collection, and time of year of each trapping

Specimen GUID Small mammal taxa Sex Date collected State County Latitude Longitude

UMNH. Zapus princeps Male 22-August-2016 Utah Summit 40.6793 -110.93466
Mamm.41281

UMNH. Zapus princeps Female 22-August-2016 Utah Summit 40.6793 -110.93466
Mamm.41283

UMNH. Sylvilagus nuttallii Female 21-March-2017 Utah Salt Lake 40.57986 -111.82582
Mamm.41598

UMNH. Tamias amoenus Female 17-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41635

UMNH. Peromyscus Male 20-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41643 maniculatus

UMNH. Tamias amoenus Male 26-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41651

UMNH. Peromyscus Female 26-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41657 maniculatus

UMNH. Peromyscus Male 26-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41658 maniculatus

UMNH. Peromyscus Male 26-June-2017 Idaho Boise 4417194 -116.1216
Mamm.41659 maniculatus

UMNH. Sorex vagrans Female 15-June-2017 Utah Box Elder 41.95416 -113.31827
Mamm.41748

UMNH. Peromyscus truei Male 16-June-2017 Utah Box Elder 41.9554 -113.32113
Mamm.41775

UMNH. Zapus princeps Female 16-June-2017 Utah Box Elder 41.95416 -113.31827
Mamm.41784

UMNH. Zapus princeps Female 16-June-2017 Utah Box Elder 41.95416 -113.31827
Mamm.41785

UMNH. Zapus princeps Female 16-June-2017 Utah Box Elder 41.95416 -113.31827
Mamm.41786

UMNH. Callospermophilus Male 10-August-2017 Utah Box Elder 41.92259 -113.42795
Mamm.42078 lateralis

UMNH. Zapus princeps Male 11-August-2017 Utah Box Elder 41.92259 -113.42795
Mamm.42079

UMNH. Sorex palustris Male 18-August-2017 Idaho Custer 43.98791 -113.46612
Mamm.42172

UMNH. Peromyscus Male 18-August-2017 Idaho Custer 43.98791 -113.46612
Mamm.42191 maniculatus

UMNH. Tamias amoenus Female 18-August-2017 Idaho Custer 43.98791 -113.46612
Mamm.42176

UMNH. Tamias amoenus Male 18-August-2017 Idaho Custer 43.98791 -113.46612
Mamm.42178

UMNH. Tamias amoenus Male 18-August-2017 Idaho Custer 43.98791 -113.46612
Mamm.42179

UMNH. Tamias minimus Male 21-August-2017 Idaho Custer 43.98045 -113.45559
Mamm.42244

UMNH. Lemmiscus curatus Female 21-August-2017 Idaho Custer 43.98045 -113.45559
Mamm.42245

UMNH. Lemmiscus curatus Female 21-August-2017 Idaho Custer 43.98045 -113.45559
Mamm.42246

UMNH. Microtus montanus Female 21-August-2017 Idaho Custer 43.98045 -113.45559
Mamm.42247

(Continues)



ﬁl—Wl LEY

Environmental DNA

TABLE 1 (Continued)

Specimen GUID
UMNH.
Mamm.42369

UMNH.
Mamm.42370

UMNH.
Mamm.42371

UMNH.
Mamm.42383

UMNH.
Mamm.42384

UMNH.
Mamm.42393

UMNH.
Mamm.42395

UMNH.
Mamm.42397

UMNH.
Mamm.42402

UMNH.
Mamm.42424

UMNH.
Mamm.42428

UMNH.
Mamm.42442

UMNH.
Mamm.42443

UMNH.
Mamm.42468

UMNH.
Mamm.42469

UMNH.
Mamm.42473

UMNH.
Mamm.42477

UMNH.
Mamm.42510

UMNH.
Mamm.42511

UMNH.
Mamm.42512

UMNH.
Mamm.41721

UMNH.
Mamm.41722

UMNH.
Mamm.41723

UMNH.
Mamm.40479

UMNH.
Mamm.42491

UMNH.
Mamm.42492

Small mammal taxa

Glaucomys sabrinus

Myodes gapperi

Microtus longicaudus

Myodes gapperi

Microtus longicaudus

Microtus longicaudus

Peromyscus
maniculatus

Microtus longicaudus

Peromyscus
maniculatus

Myodes gapperi

Otospermophilus
variegatus

Peromyscus
maniculatus

Peromyscus
maniculatus

Tamias dorsalis

Thomomys bottae

Reithrodontomys
megalotis

Peromyscus truei

Peromyscus
maniculatus

Peromyscus
maniculatus
Dipodomys microps
Peromyscus truei
Peromyscus truei
Peromyscus truei
Thomomys bottae
Otospermophilus

variegatus

Otospermophilus
variegatus

Op e
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Sex

Female

Male

Male

Male

Female

Male

Male

Male

Male

Female

Male

Female

Female

Male

Male

Female

Male

Male

Male

Female

Female

Male

Male

Female

Female

Male

BRADSHAW ET AL.
Date collected State County Latitude Longitude
29-September-2017 Utah Summit 40.58663 -111.01935
29-September-2017 Utah Summit 40.58663 -111.01935
29-September-2017 Utah Summit 40.58663 -111.01935
29-September-2017 Utah Summit 40.63144 -111.1756
29-September-2017 Utah Summit 40.63144 -111.1756
29-September-2017 Utah Summit 40.63144 -111.1756
29-September-2017 Utah Summit 40.63144 -111.1756
29-September-2017 Utah Summit 40.63144 -111.1756
29-September-2017 Utah Summit 40.63144 -111.1756
8-October-2017 Utah Summit 40.6793 -110.93466
17-August-2017 Utah Salt Lake 40.666 -111.806
17-August-2017 Oregon Linn 44.62179 -122.04424
17-August-2017 Oregon Linn 44.62179 -122.04424
12-July-2017 Nevada White Pine 39.01477 -114.12662
10-July-2016 Nevada White Pine 39.39443 -114.77883
5-July-2016 Nevada White Pine 39.0182 -114.228825
29-July-2017 Nevada White Pine 39.0128 -114.124553
8-November-2017 Utah Juab 39.82744 -113.36045
8-November-2017 Utah Juab 39.82744 -113.36045
8-November-2017 Utah Juab 39.82744 -113.36045
22-May-2017 Utah Tooele 40.00957 -113.843
22-May-2017 Utah Tooele 40.00957 -113.843
22-May-2017 Utah Tooele 40.00957 -113.843
28-February-2016 Utah Juab 39.88758 -113.41237
21-July-2017 Utah Salt Lake 40.76156 -111.82335
30-August-2017 Utah Salt Lake 40.76156 -111.82335
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TABLE 1 (Continued)

Specimen GUID
UMNH.
Mamm.42504

UMNH.
Mamm.42508

UMNH.
Mamm.42509

UMNH.
Mamm.42514

UMNH.
Mamm.42515

UMNH.
Mamm.42516

UMNH.
Mamm.42517

UMNH.
Mamm.42518

UMNH.
Mamm.42519

UMNH.
Mamm.42520

UMNH.
Mamm.42521

UMNH.
Mamm.42522

UMNH.
Mamm.42523

UMNH.
Mamm.42525

UMNH.
Mamm.42968

UMNH.
Mamm.42974

UMNH.
Mamm.42975

UMNH.
Mamm.43000

UMNH.
Mamm.43005

UMNH.
Mamm.43006

UMNH.
Mamm.43008

UMNH.
Mamm.43009

UMNH.
Mamm.43011

UMNH.
Mamm.43012

UMNH.
Mamm.43013

UMNH.
Mamm.43015

Small mammal taxa

Thomomys bottae

Reithrodontomys
megalotis

Reithrodontomys
megalotis

Peromyscus
maniculatus

Peromyscus
maniculatus

Peromyscus
maniculatus

Peromyscus
maniculatus

Peromyscus
maniculatus

Peromyscus
maniculatus

Reithrodontomys

megalotis

Dipodomys microps

Dipodomys microps

Dipodomys microps

Dipodomys microps

Sciurus niger

Sciurus niger

Sciurus niger

Chaetodipus

intermedius

Peromyscus truei

Peromyscus truei

Dipodomys ordii

Peromyscus crinitus

Neotoma lepida

Dipodomys merriami

Dipodomys merriami

Dipodomys merriami
merriami

Sex

Female

Female

Male

Male

Female

Female

Male

Male

Female

Female

Female

Male

Female

Female

Female

Male

Female

Male

Male

Female

Female

Female

Female

Male

Female

Male

Date collected

10-November-2017

9-November-2017

9-November-2017

9-November-2017

8-November-2017

8-November-2017

8-November-2017

8-November-2017

8-November-2017

9-November-2017

9-November-2017

8-November-2017

9-November-2017

11-November-2017

4-February-2018

3-March-2018

22-March-2018

3-April-2018

3-April-2018

3-April-2018

3-April-2018

4-April-2018

31-March-2018

31-March-2018

31-March-2018

31-March-2018
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State County
Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Juab

Utah Salt Lake
Utah Salt Lake
Utah Salt Lake
Arizona Coconino
Arizona Coconino
Arizona Coconino
Arizona Coconino
Utah San Juan
Utah Washington
Utah Washington
Utah Washington
Utah Washington

Latitude

39.88778

39.833

39.833

39.82744

39.82744

39.88778

39.9045

39.9045

39.9045

39.9045

39.9045

39.9045

39.82744

39.84128

40.72814

40.72814

40.78208

36.7258

36.6648

36.6648

36.6648

37.0507

37121

37121

37121

37121

Wi LEYJﬁ

Longitude
-113.4128

-113.35395

S SSE85898)

-113.36045

-113.36045

-113.4128

-113.37015

-113.37015

-113.37015

-113.37015

-113.37015

-113.37015

-113.36045

-113.39451

-111.87483

-111.87483

-111.89462

-111.6366

-111.6121

-111.6121

-111.6121

-110.7985

-114.0098

-114.0098

-114.0098

-114.0098

(Continues)
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TABLE 1 (Continued)

Specimen GUID Small mammal taxa Sex Date collected State County Latitude Longitude

UMNH. Dipodomys merriami Female 31-March-2018 Utah Washington 37121 -114.0098
Mamm.43017

UMNH. Dipodomys ordii Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43018

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43019

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43020

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43021

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43022

UMNH. Dipodomys ordii Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43023

UMNH. Dipodomys ordii Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43024

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43025

UMNH. Dipodomys ordii Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43026

UMNH. Dipodomys ordii Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43027

UMNH. Reithrodontomys Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43028 megalotis

UMNH. Peromyscus Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43031 maniculatus

UMNH. Peromyscus Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43032 maniculatus

UMNH. Peromyscus Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43033 maniculatus

UMNH. Peromyscus Male 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43034 maniculatus

UMNH. Peromyscus Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43035 maniculatus

UMNH. Peromyscus Female 17-April-2018 Utah Uintah 40.1854 -109.69897
Mamm.43036 maniculatus

UMNH. Microtus montanus Male 24-April-2018 Utah Tooele 40.753 -112.625
Mamm.43040

UMNH. Callospermophilus Female 25-May-2018 Utah Box Elder 41.9503 -113.4673
Mamm.43046 lateralis

UMNH. Tamias amoenus Male 25-May-2018 Utah Box Elder 41.9496 -113.4662
Mamm.43046

UMNH. Microtus montanus Male 26-May-2018 Utah Box Elder 41.9504 -113.4656
Mamm.43047

UMNH. Tamias amoenus Male 26-May-2018 Utah Box Elder 41.9493 -113.4623
Mamm.43052

UMNH. Zapus princeps Male 26-May-2018 Utah Box Elder 41.9496 -113.4618
Mamm.43054

UMNH. Zapus princeps Male 27-May-2018 Utah Box Elder 41.9498 -113.4633
Mamm.43058

UMNH. Zapus princeps Male 27-May-2018 Utah Box Elder 41.9498 -113.4633

Mamm.43060
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TABLE 1 (Continued)

Specimen GUID
UMNH.
Mamm.43062

UMNH.
Mamm.43066

UMNH.
Mamm.43067

UMNH.
Mamm.43068

UMNH.
Mamm.43070

UMNH.
Mamm.43077

UMNH.
Mamm.43094

UMNH.
Mamm.43120

UMNH.
Mamm.43123

UMNH.
Mamm.43124

UMNH.
Mamm.43128

UMNH.
Mamm.43130

UMNH.
Mamm.43131

UMNH.
Mamm.43132

UMNH.
Mamm.43134

UMNH.
Mamm.43137

UMNH.
Mamm.43238

UMNH.
Mamm.43290

UMNH.
Mamm.43291

UMNH.
Mamm.43293

UMNH.
Mamm.43323

UMNH.
Mamm.43324

UMNH.
Mamm.43274

UMNH.
Mamm.43275

important than geographic locality in determining the diversity
of Rhizopogon within a host. In addition, the lack of overlap of
Rhizopogon diversity across the Peromyscus maniculatus sam-
ples collected in close proximity on the same day suggests that

Small mammal taxa

Sciurus niger
Urocitellus elegans
Sorex palustris
Tamias amoenus
Microtus montanus
Tamias amoenus
Callospermophilus
lateralis
Zapus princeps
Peromyscus

maniculatus

Peromyscus
maniculatus
Tamias amoenus
Microtus montanus
Peromyscus truei
Peromyscus truei
Tamias amoenus
Microtus montanus
Microtus montanus
Tamiasciurus

hudsonicus

Tamiasciurus
hudsonicus
Thomomys bottae
Sciurus niger
Sciurus niger

Zapus princeps

Zapus princeps

Sex

Male

Male

Male

Female

Male

Female

Female

Female

Female

Female

Female

Female

Female

Male

Female

Female

Female

Female

Male

Female

Female

Male

Male

Male

Date collected

3-June-2018

1-July-2018

11-July-2018

12-July-2018

13-July-2018

14-July-2018

15-July-2018

13-July-2018

14-July-2018

15-July-2018

16-July-2018

17-July-2018

18-July-2018

19-July-2018

20-July-2018

21-July-2018

17-July-2018

30-June-2018

24-September-2018

September, 2018

7-December-2018

23-December-2018

18-July-2018

18-July-2018
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State

Utah

Colorado

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

Utah

County
Salt Lake

Bent

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Box Elder

Salt Lake

Salt Lake

Salt Lake

Salt Lake

Salt Lake

Box Elder

Box Elder

Latitude

40.7543

38.11436

41.95729

41.95729

41.95729

41.95489

41.95746

41.95489

41.95729

41.95729

41.95681

41.95681

41.95746

41.95746

41.95681

41.95729

41.9489

40.57696

40.57505

40.70417

40.77086

40.75585

41.9496

41.9496

Wi LEYE

Longitude
-111.871

-102.90291

-113.45348

-113.45348

-113.45348

-113.45297

-113.4537

-113.45297

-113.45348

-113.45348

-113.45214

-113.45214

-113.4537

-113.4537

-113.45214

-113.45348

-113.4625

-111.81446

-111.800121

-111.79851

-111.871561

-111.83236

-113.4618

-113.4618

consumption is likely generalist and opportunistic in nature,
a characteristic that has been studied at great depth in small
mammals and is considered to have a vital role in forest ecology
(Stephens & Rowe, 2020).
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FIGURE 1 Leaflet composition of total fungal community. Leaflet distribution of the total fungal community across all samples. Amplicon
sequence variant (ASV) count reports the number of ASVs that are assignable at that taxonomic level and is represented by decreasing line

thickness as well as a color gradient. Taxa of interest with highly rep

2.3 | Community diversity and environmental
factors associated with Rhizopogon presence

Alpha diversity measurements of Rhizopogon in our samples were
conducted using both Choal and Shannon indices (Figure S3). Alpha
diversity across our samples did not indicate that any single species
of small mammal was associated with Rhizopogon diversity. Beta di-
versity was calculated for the total fungal community across all sam-
ples using nMDS with Bray-Curtis dissimilarity distances, as well as
weighted unifrac distances for samples that contained Rhizopogon
(Figures S4 and S5). Total fungal community analysis did not uncover

resented ASVs are indicated for quick reference

any clear separation of fungal consumption based on host species.
In fact, many samples across multiple species overlap heavily (Figure
S4). Interestingly, samples that contained Rhizopogon separated into
three distinct groups but were not associated with any host species,
or any of the metadata associated with the host vouchers, suggest-
ing that there is structure associated with Rhizopogon consumption
that cannot be resolved with these data (Figure S5).

However, associating WorldClim data (Fick & Hijmans, 2017)
with the geospatial coordinates where each sample host voucher
was collected, principal component analysis (PCA) for both qualita-
tive and quantitative variables found structure related to the season
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FIGURE 2 Rhizopogon ITS2 phylogenetic tree and presence/absence in each small mammal species along with reported Faith's
phylogenetic diversity and species richness found in each host species. (Left) Phylogenetic cladogram of Rhizopogon amplicon sequence
variants and operational taxonomic units corresponding to the presence or absence in each small mammal host. (Top) All small mammal
hosts with calculated Faith's phylogenetic diversity and species richness in the dataset as well as the number of collected specimens

in which samples were collected (Figure 3a). We further dissected
the bioclimatic data to see which variables contributed most to the
community composition within our samples. We found that 77.38%
of the variability within our Rhizopogon consumption set was due
to two dimensions (Figure 3b). Within those dimensions we found
the highest correlation to be associated with precipitation and
warm temperature patterns, consistent with the individual PCA's
association with seasonality, which has been studied previously in
Rhizopogon (Hunt & Trappe, 1987; Luoma et al., 1991).

2.4 | Rate of Rhizopogon collection and the use of
Extent of Occurrence and Area of Occupancy metrics
for conservation assessment

The importance of the genus Rhizopogon to forest ecosystems lies
not only in its role as a common food source for small mammals but
also in its obligate ectomycorrhizal associations with Pinaceae (pine)
trees. These factors place the genus in the precarious position of a
keystone group that, if threatened with local reduction or extinction,
could drastically impact a forest ecosystem. Here, we analyze the
rate at which samples have been collected historically as well as the

Extent of Occurrence (EOO) and Area of Occupancy (AOO), which
are two main criteria commonly used by the International Union for
Conservation of Nature (IUCN) to designate the risk status of an or-
ganism (Rodriguez et al., 2011, 2015; Schatz, 2009). It is thought that
two out of every five fungi discovered are endangered, and many
others may become extinct before they can even be documented
(Nic Lughadha et al., 2020). As such, we wished to assess the utility
of our data for assessing a species conservation status with com-
monly used tools. Geospatial collection data (latitude and longitude)
associated with a host voucher specimen for which Rhizopogon
DNA was found in the feces were used as a proxy for direct col-
lection of a sporocarp. Coordinates of trapped small mammals were
counted as a single “observation” if an ASV within that sample could
be taxonomically identified to species level. In addition, geopoints
for observation and collection records were imported from GBIF.org
(August 2020) (GBIF Home Page. Available from: https://www.gbif.
org) and Mycoportal (Miller & Bates, 2017), respectively.

We chose to compare the rate of Rhizopogon collection using
vouchered collection information from MycoPortal against our
proxy samples. Voucher collection data from MycoPortal repre-
sented 1267 specimens collected and cataloged between 1844 and
2019 (average of 7.2 Rhizopogon specimens a year). By comparison,
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FIGURE 3 Principal component analysis of the top five Bioclim variables associated with Rhizopogon presence in samples and confidence
ellipse in seasonality. (a) Principal component analysis of sample bioclimatic variables. More contribution to variability is shown in red with
the top five variables being labeled. (b) Principal component analysis of samples based on the season of collection with confidence ellipses

we detected 65 Rhizopogon “samples” from feces collected in 2017
and 2018 (an average of 32.4 proxy Rhizopogon specimens per year).
In addition to investigating the rate of collection for Rhizopogon
specimens, we also investigated how many samples were needed
before we experienced a reduction in the rate at which we recovered
them. Utilizing a species accumulation curve with all 11 assignable
species and 11 non-assignable species OTUs, reduction in the rate at
which Rhizopogon richness was recovered begins to occur between
20 and 30 specimens for our dataset (Figure Sé).

We wanted to know if our new records had an impact on the
standard assessment procedure for fungal conservation. Geospatial
data were analyzed using Geocat (Bachman et al., 2011), a tool sup-
ported by IUCN for the calculation of EOO and AOO for this pur-
pose (Bachman et al., 2011). Geocat's mapping feature allows for
graphical representation of the EOO and AOO as well as assigning
an IUCN threatened category for each species. Across our assigned
Rhizopogon species, Rhizopogon guzmannii Trappe & Cazares had the
fewest publicly available data points (n = 4), while R. roseolus (Corda)
Th. Fr. had the most data points (n = >900). The large amount of
data for R. roseolus is most likely due to anthropogenic dispersal
because it is used commercially in the reforestation of pine trees
(Dunstan et al., 1998; Sousa et al., 2011). Based on their AOOs, 10 of
the 11 species we identified would be considered Threatened under
IUCN guidelines, with R. guzmanii considered Critically Endangered
(Table S2). To determine how much impact the new, fecally derived
datapoints had on EOO and AOO, measurements were calculated
for each public database and the fecal samples separately, and then
combined to maximize the number of datapoints that could be used
for analysis. The combination of fecally derived geopoints and pub-
lic data when compared to the highest EOO and AOO estimates
helped to extend the EOO (0.334-74,974,251.46 km?) and AOO (4-
1056 km?) for all Rhizopogon species detected, except in the case of

EOQO for the highly collected species R. occidentalis Zeller & C.W.
Dodge (-2,582,942.406 km?) and R. roseolus (-1,496,021.925 km?),
which decreased (Table S2). These results indicate that our method
can extend EOO and AOO of undersampled species, as well as refine

the distribution for species that have been heavily collected.

3 | DISCUSSION

Fungal communities and species distributions are notoriously dif-
ficult to study and map, often due to inconspicuous growth forms
dominating fungal life cycles. Even though fungi with macroscopic
structures (e.g., mushrooms, truffles and false truffles, lichens, etc.)
have the longest history of ecological study for all fungi (Hao et al.,
2020; Matgorzata & Dorota, 2013), baseline information such as
known locality and species richness for many macrofungi is largely
nonexistent due to difficulty in locating sporocarps, inaccurate taxo-
nomic identification, and lack of long-term monitoring projects (van
der Linde et al., 2012). Sampling from feces, or other environmental
substrates such as soil, can be non-invasive and enable long-term
studies that are less burdened by the difficulty of locating sporo-
carps in the field. Additionally, massive collections of fecal material
(as well as environmental soil samples), such as those gathered by
the NEON project (Dalton, 2000; Hopkin, 2006), already exist and
have metadata readily available for each collection. Utilizing estab-
lished collection resources could expedite the process of extensive
sample collection and analysis required to answer larger-scale fungal
community-level questions.

Our study began with the simple idea of using readily avail-
able fecal samples from small mammals, collected routinely by
the Natural History Museum of Utah, to investigate fungal diver-
sity by applying techniques generally used to investigate microbial
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communities. Metabarcoding of environmental samples has be-
come a popular technique to interrogate organismal communities
that would otherwise be difficult to study (Al Ashhab et al., 2021;
Andujar et al., 2015; Compson et al., 2020; Dieleman et al., 2015;
Kesanakurti et al., 2011; McGee et al., 2019). Here we used the same
strategy to target fungal communities in small mammal feces from
138 specimens and were able to identify 4650 ASVs in 531 genera
of fungi. Although our methods may not have recovered the total
fungal community due to technical biases such as variation in DNA
extraction efficiency across taxa, sequencing depth, and primer bias
during PCR amplification (Frau et al., 2019; Nilsson et al., 2019), our
data represent a rich assemblage of macro- and microfungi present
in the feces of small mammals collected throughout the Great Basin
region in North America. While a mock community of fungi may help
assess the degree of community recovery in studies like this, there
is currently no mock community that would be representative of the
fungi we detected in our samples. Moreover, the added complex-
ity introduced by extracting from fecal material would be difficult
to replicate in a mock community without feeding sporocarp tissue
to small mammals and then collecting their feces, an activity that
would be difficult to standardize. While these factors limit what
conclusions can be drawn on patterns of community ecology, our
method nonetheless produces empirical evidence of the existence
of an organism at a particular place and time, information critical to
establishing baseline information on species distributions and asso-
ciations with small mammals.

Many of the species of small mammals captured in this study are
known to be omnivorous foragers or herbivores (Table S1) and the
presence of a large diversity of macroscopic sporocarp-producing
fungi contributes to a picture of generalist and opportunistic feeding
patterns among these small mammals. However, many of these fungi
do not produce large, fleshy structures that are likely to be intention-
ally ingested by small mammals, and their presence may be explained
instead by their symbiotic association with the plants consumed by
the animals. For example, Pleosporales (specifically Mycosphaerella)
is a ubiquitous group of plant pathogens with thousands of species
(Cheewangkoon et al., 2008; Crous et al., 2007) and it is likely that
any plant or grain consumed would contain members of this group.

In addition to forming relationships with plants, itis also becoming
clear that there are important symbiotic fungal associations within
animal hosts, comprising the gut mycobiota (van Tilburg Bernardes
et al., 2020). We found 409 ASVs of Mucorales, a nearly cosmopoli-
tan order of primarily saprobic soil- and dung-dwelling fungi but also
diverse ecologies including animal pathogenic, plant endophytic,
and coprophilous lifestyles (Benny et al., 2014; Walther et al., 2013,
2019a, 2019b). Omnivorous rodent feces are the most common
source for a variety of Mucorales and related fungi (Benjamin, 1959).
Due to the methodology we used for recovering feces (extraction
from the intestinal tract during host specimen processing), there was
limited opportunity for Mucorales fungi to colonize fecal samples
from the environment. Furthermore, we also did not detect them
in our negative controls, inconsistent with an environmental con-

tamination hypothesis. This strongly suggests that these fungi were
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present in the feces when they were sampled. However, it is difficult
to ascertain if Mucorales fungi may persist as symbionts within the
gut of small mammals, or were consumed, possibly indirectly as sym-
bionts of plants consumed by the animals or during coprophagy, a
common diet characteristic of many small mammals (Bo et al., 2020).

Of the many fungi detected, 373 ASVs were putative macro-
fungi potentially ingested intentionally by the animals. The presence
of a diversity of Agaricomycotina (273 ASVs) (the main mushroom-
forming fungi), as well as hypogeous fungi in Pezizales (100 ASVs),
suggests a tendency toward the consumption of macro- and hypo-
geous sporocarps common to forested areas. This is evidence that
many of these fungi are critical components to the ecosystem not
only as symbionts of plants but also as common food sources for
small mammals. Our results demonstrate that the small mammals we
surveyed are consuming a variety of fungi and are likely collectively
contributing to fungal dispersal, although the degree to which these
mammals contribute to the dispersal of any given fungal species is
unclear. However, the most common and diverse macrofungal genus
was the false truffle-forming genus Rhizopogon, found in 65 of 138
samples (47%, Table S5).

The genus Rhizopogon forms hypogeous sporocarps that are oth-
erwise difficult to survey by traditional methods, indicating a poten-
tially large role for active foraging by a diversity of small mammals in
the dispersal of these fungi. The preponderance of Rhizopogon spp.
in our samples provided an opportunity to determine if our method,
using vouchered host metadata as a proxy for individual fungi, can
reasonably be used to discern fungal community members. Due to
its false truffle sporocarp morphology and cosmopolitan distribu-
tion, as well as its importance to forest ecology and small mammal
diet (Stephens & Rowe, 2020), we chose to focus on Rhizopogon to
explore patterns of host diversity and ecology, and to determine
how these data can contribute to establishing distributions of fungal
species and how they may impact metrics used for formal conserva-
tion assessment.

Rhizopogon is a well-known, globally distributed ectomycorrhi-
zal symbiont of the conifer tree family Pinaceae, with most species
specializing on a genus or subgenus (Cairney & Chambers, 1999).
Rhizopogon spp. also form dense and persistent spore banks in sail,
making them a common fungal community member in many conif-
erous forests (Grubisha et al., 2007). Wildfires are a common dis-
turbance in many forest ecosystems, and pine trees (Pinus spp.), in
particular, have a fire-adapted ecology and are ecologically dominant
in many fire-prone ecosystems (Badik et al., 2018). Some Rhizopogon
species have been shown to have a competitive advantage in host
root-tip colonization following conditions that mimic wildfire distur-
bance (Izzo et al., 2006), indicating that they are important to pine
stand reestablishment following fire (Baar et al., 1999). The ectomy-
corrhizal habit and success in forming mycorrhizae following condi-
tions approximating fire disturbance, in addition to a large presence
within the diet of small mammals, make Rhizopogon a critical com-
munity member in the overall health of forest ecosystems (Grubisha
et al., 2007). Therefore, establishing baseline information on their
diversity and distribution is important for understanding community
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assembly and environmental restoration following disturbances
such as fire.

Through DADA2, we identified 11 species of Rhizopogon that
could be assigned to known taxa. However, phylogenetic analysis
was necessary to fully characterize the total Rhizopogon diversity.
After clustering our unassigned ASVs we produced 11 additional un-
assignable but distinct Rhizopogon OTUs for analysis. Ultimately, we
were unable to assign them to any known species hypothesis with
phylogenetic analysis. This suggests that we may have detected
undescribed Rhizopogon spp., or that the reference database is in-
complete and inadequate for the task, an issue that is becoming in-
creasingly problematic (Hofstetter et al., 2019). When comparing the
Rhizopogon phylogenetic diversity between small mammal samples
using Faith's PD, we found no discernible pattern of host diet spe-
cialization and even found that variation occurred between samples
of the same mammal species collected in close proximity to one an-
other (Table S3). These findings suggest that a generally opportu-
nistic, rather than targeted, feeding pattern is being employed by
these small mammals, a behavior that has been well-characterized in
other small mammals (Stephens & Rowe, 2020). However, this pat-
tern is difficult to fully support with data due to the small sample size
for many of our host species. Future studies that focus on host diet
would benefit from increased sampling, as well as a more targeted
approach to host selection.

The small mammals we used as proxies for the fungi we detected
in their feces yielded data consistent with the current understanding
of Rhizopogon ecology and phenology. Using bioclimatic data based
on the geolocation for each sample containing Rhizopogon, we were
able to attribute over 70% of our sample variability to seasonality,
precipitation, and temperature. Additionally, we found that samples
that contained Rhizopogon tended to cluster more closely together
based on the season in which they were collected. While we did not
find any striking trends suggesting new insights to the ecology of
Rhizopogon, we were able to discern trends that were consistent with
those already known from decades of previous studies, providing ex-
ternal validation for the ecological relevance of our method. Further,
we were successful in expanding our knowledge of Rhizopogon di-
versity and distribution within the arid western United States, for
which few data were previously collected (Figure S1).

The use of small mammals as a proxy allows for coarse-scale
identification and sampling that can be done quickly and relatively
inexpensively without relying on the labor-intensive, repeated field
surveys over long periods of time that characterize traditional sys-
tematic fungal community surveys. In addition to expanding our un-
derstanding of diversity and distribution of Rhizopogon spp. in the
western United States, we were able to account for 65 new occur-
rences in a single year, compared to an average of 7.2 per year across
the MycoPortal database, which has collections dating back to over
100 years ago (Table S4). Further refinement to reduce technical and
biological issues associated with meta-amplicon sequencing of mu-
seum samples such as these could yield a massive increase in the rate
at which fungal diversity and distribution is catalogued. While we
were able to identify Rhizopogon at a much faster rate compared to

individual collections, we wanted to test the practical application of
our results to see if they could be impactful for the conservation as-
sessment of fungi. The current statistical tools used to investigate an
organism's vulnerability in accordance with IUCN Red List practices
are the EOO and AOO. These measurements work best with a large
number of data points to compare, but due to the inherent difficul-
ties of finding and documenting fungi (especially over long periods
of time), the measurements most likely underrepresent the full range
of most fungi. Utilizing Geocat (Bachman et al., 2011), a tool specif-
ically created to use geospatial information to aid in the assessment
of endangered species proposals, 10 of the 11 Rhizopogon species
assigned to known taxa could be considered Endangered according
to their AOO. Generally, the addition of fecally derived geopoints
helped to extend the EOO and AQOO for all Rhizopogon species de-
tected, except in the case of R. roseolus and R. occidentalis, which
decreased.

Overall, our additional data points helped to refine these sta-
tistics, but could still be considered a small sampling for many
Rhizopogon species. Realistically, our data do not point to Rhizopogon
being highly endangered, but rather to an IUCN designation of Data
Deficient (DD) (Rodriguez et al., 2015). Nonetheless, these designa-
tions are the tools commonly used to help determine the conserva-
tion needs of an organism, and without illustrating how poorly fungi
can be analyzed within the current system, it is difficult to argue
that more attention should be paid to documenting fungal diversity
and distribution. Great attention has been given to the conservation
of organisms such as plants and animals, to the apparent neglect of
fungi (Blackwell & Vega, 2018; Griffith, 2012; Heilmann-Clausen
et al.,, 2015). Despite this, it seems certain that fungi, in common
with most groups of organisms, face increasing endangerment and
risk of extinction. Fungi are generally difficult to find, ephemeral,
and challenging to track year to year, necessitating a greater focus
on projects dedicated to understanding populations and distribution
over time before we can even begin to estimate the loss of diversity
in Rhizopogon, or Fungi as a whole.

The majority of conservation effort today is placed on large,
charismatic, and culturally significant organisms, which are gener-
ally plants and animals (Cao et al., 2021; Goncgalves et al., 2021).
To illustrate the disparity between well-documented and poorly
documented species, giant pandas, one of the world's most iconic
conservation targets, are heavily studied and monitored, with 663
animals in captivity and nearly 1900 managed in the wild as of
the year 2021 (https://wwf.ca/species/giant-pandas/). In contrast,
many species of Rhizopogon have extremely small occurrence
numbers within collections, such as in the most extreme case of
Rhizopogon guzmanii (n = 4) (Figure S2), with many other species
having fewer than 30 identifications in the last 50 years (Table
S4). While this is not meant to suggest that Rhizopogon should be
receiving this level of attention compared to flagship organisms
such as pandas, it serves to illustrate that our understanding of the
diversity and distribution of some fungi is so sparse that it resem-
bles that of near-extinction conditions. Relative to more conspic-
uous groups, fungi are severely understudied and we run the risk
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of losing species before we even know they exist or understand
their ecological roles. Given the enormous ecological importance
of fungi, this oversight has the potential for devastating effects
on the ecological health of our planet. Our study presents one
method, the use of mycophagous small mammals as a proxy, to
augment the documentation of fungal diversity and reveal fungal
interactions with other organisms that may be critical to ecosys-
tem viability. By improving our knowledge of the diversity and dis-
tribution of fungal taxa, we can better focus conservation efforts

toward a more comprehensive view of ecosystem health.

4 | METHODS

4.1 | Field methods and mammal specimen
preparation

Fecal samples were obtained from small mammals (shrews and ro-
dents, <500 g weight) collected during field surveys to determine
patterns of local species richness and abundance across the western
United States including Utah, Idaho, Nevada, and Arizona (Table 1).
Small mammals were collected by removal trapping using Victor and
Museum Special lethal snap-traps (Woodstream Corp.) baited with
a mixture of peanut butter and rolled oats, or Sherman live traps
(H. B. Sherman Traps, Inc.) baited with mixed scratch grains. At each
sampling locality, traps were set in multiple discrete traplines (of 10-
50 traps) across the full range of available microhabitats. Traps were
spaced 3-5 m apart and placed in runways, beside fallen logs, by bur-
row openings, under available cover, or in other locations with prob-
able small mammal activity. Live-trapped animals were humanely
euthanized with isoflurane (MWI Animal Health). Fecal samples also
were obtained from fresh road-killed rodents salvaged opportunisti-
cally. Mammal collecting was done under permit from state wildlife
agencies and the US Fish and Wildlife Service. Field methods fol-
lowed guidelines of the American Society of Mammalogists (Sikes
& the Animal Care and Use Committee of the American Society of
Mammalogists, 2016) and were approved by the Institutional Animal
Care and Use Committee of the University of Utah (protocol #s 18-
01007 and 18-01008).

Captured and salvaged animals were preserved as museum
voucher specimens. Some specimens were prepared in the field, but
most animals were frozen with dry ice in the field and moved to a
freezer for later preparation in the laboratory. Fecal samples were
taken directly from the intestinal tract, placed in labeled Eppendorf
tubes, and frozen. Identifications of voucher specimens were veri-
fied following final preparation. Taxonomic nomenclature for mam-
mals follows (Wilson & Reeder, 2005).

4.2 | DNA isolation and sequencing

Fecal pellets were processed using the Zymo Research DNA mini-
prep kit (#D4300; Zymo Research) following the protocol for fecal
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samples. Feces were processed by placing either a single full pellet
or a subsection of a larger pellet to meet the input requirements
suggested by the manufacturer (200 mg max). Pellets or pellet frag-
ments were homogenized by placing them in 2.0 ml screw-cap tubes
containing Zymo lysis solution and beads, and shaking them in a
BeadBug™ microtube homogenizer (#2763713; Sigma) for 300 s at
speed setting 400.

Genomic DNA was then amplified and sequenced using a PCR-
based dual index strategy to allow for samples to be pooled and
sequenced using high throughput lllumina technology. To enable ef-
ficient multiplexing of each sample, we employed a two-step ampli-
con protocol that first amplifies the marker gene using primers that
include Nextera adapter tails, then using this as a template for a sec-
ond round of PCR to add unique indices and lllumina flow cell adapt-
ers (Gohl et al., 2016). First, the internal transcribed spacer 2 (“ITS2")
region of the ribosomal RNA cistron was PCR-amplified using the
primer pairs 5.85-Fun Nextera and ITS4-Fun Nextera (Taylor et al.,
2016) with lllumina Nextera adapter tails. Sequencing libraries were
prepared from these amplicons by using a 1:99 dilution as a tem-
plate for a second round of PCR with indexing primers consisting of
Nextera adapter, unique 8-bp index, and lllumina flow cell adapter.
The resulting DNA was then cleaned and normalized across all sam-
ples using the AxyPrep Mag™ PCR Normalizer Protocol (Axygen
Biosciences). Normalized sample DNAs along with two negative
controls were pooled and submitted for Illumina MiSeq™ 2 x 250
PE sequencing at the University of Utah Genomics Core facility. Of
the two negative controls, which contained only reagents and water,
one had faint amplified sequences determined by gel electrophore-
sis while the second did not. However, each control did not generate
any identifiable sequence and was completely filtered out during de-
multiplexing and DADAZ2 quality filtering.

4.3 | Taxonomic assignment of sample
contents and data visualization

The DADAZ2 pipeline (Callahan et al., 2016) was used to trim and
error-correct raw sequencing reads, and to generate a table of ASVs
(Callahan et al., 2017) with default parameters. Each ASV was as-
signed taxonomically based on its similarity to species hypothesis
sequences in the UNITE general release database version 8.2 (04
April 2020) (Abarenkov et al., 2010).

After taxonomic identification by DADA2, ASV data were com-
bined with metadata for each small mammal fecal sample and an-
alyzed using the R package Phyloseq version 1.32.0 (McMurdie &
Holmes, 2013). Pre-processing of the dataset included removal of
any samples that exhibited only one ASV or fewer. Species accumu-
lation curves were constructed using the Vegan package in R (Dixon,
2003). Phyloseq was used to analyze and visualize multiple aspects
of our data such as alpha diversity and beta diversity using built-in
functions for each measurement. Further, a total community analy-
sis was done using the R package Metacoder version 0.3.4 (Foster
et al., 2017) to illustrate the total community composition.
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4.4 | Phylogenetic analysis of non-assignable
species and Faith's phylogenetic diversity calculations

Samples containing sequences corresponding to the Rhizopogon
genus were subsampled from the total community for further
analysis. Sequences that were not identified to the species rank by
DADA2 were clustered together into OTUs based on a 99% similar-
ity cutoff using Vsearch version 2.15.1 (Rognes et al., 2016) and then
subjected to phylogenetic analysis to further clarify phylogenetic
and diversity relationships.

Datasets for phylogenetic analysis were created by these
OTUs, all species hypothesis reference sequences as defined by
the UNITE database for the family Rhizopogonaceae in combination
with species identified Rhizopogon ASVs. All sequences were run
through ITSx version 1.1.2 (Bengtsson-Palme et al., 2013) to trim
each sequence to only the ITS2 region, then multiple sequence
alignments from these datasets were generated using the L-INS-i
algorithm in MAFFTV7 (Katoh, 2002) and phylogenetic trees were
inferred under maximum likelihood using IQ-TREE with the model
of molecular evolution automatically determined and branch
support estimated by ultrafast bootstrapping (Minh et al., 2013;
Nguyen et al., 2015). Finally, community data for each tree was
transformed to presence/absence reporting and combined with
their respective phylogenetic tree to measure Faith's phylogenetic
diversity using the R package Picante version 1.8.2 (Kembel et al.,
2010).

4.5 | Principal component analysis and bioclimatic
variable analysis

Bioclimatic variables were downloaded from the WorldClim data-
base (Fick & Hijmans, 2017), based on the geolocation recorded
for each small mammal specimen whose feces included sequences
assigned to the Rhizopogon genus. Principal component analysis
was performed using the PCAshiny function of the R package
Factoshiny version 2.4 (Lé et al., 2008). Visualization was gener-
ated by altering the components to only display in dimensions 1
and 2 (corresponding to 77.32% of variability) and to only label the
top five contributing environmental variables, of the 19 climatic
variables recorded in this database. PCA was conducted on the
individual samples and colored by the season collected with con-

fidence ellipses added.

4.6 | Analysis of Extent of Occurrence and Area of
Occupancy for Rhizopogon species

Fungi are among the primary decomposers of organic material, form
critical symbiotic partnerships affecting plant health, and serve as
a nutritional food source for animals. Therefore, a thorough under-
standing of fungal diversity and distribution is extremely impor-
tant to identify targets under threat of extinction and to develop

appropriate methods for their conservation. As proof of concept,
we evaluated whether our data and analyses can assist in making
meaningful conclusions about the distribution of Rhizopogon, and be
used to inform possible conservation efforts. Information needed
to accurately inform how conservation efforts should be focused
is often difficult to ascertain and highly complex (Callmander et al.,
2007; Juffe-Bignoli et al., 2016; Laity et al., 2015; Vane-Wright
et al.,, 1991). Baseline data to establish the currently known EOO
and AOO of specific Rhizopogon species was created by using the
geospatial analysis online tool GeoCat (Bachman et al, 2011),
using publicly available observation and collection data from the
Global Biodiversity Informational Facility (GBIF) and MycoPortal,
respectively. Geospatial coordinates were generated by subset-
ting our dataset for samples that had ASVs corresponding to each
Rhizopogon species (Table S5). In each sample, all ASVs assigned to a
specific Rhizopogon species were treated as a single occurrence and
geospatial coordinates of the corresponding trapped small mammal
were used as a proxy for that specific Rhizopogon species presence
within the environment.
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