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Vertebrate lungs contain diverse microbial communities, but little is known about the drivers of
community composition or consequences for health. Microbiome assembly by processes such as
dispersal, coevolution, and host-switching can be probed with comparative surveys; however, few
studies exist for lung microbiomes, particularly for the fungal component, the mycobiome.
Distinguishing among fungal taxa that are generalist or specialist symbionts, potential pathogens, or
incidentally inhaled spores is urgent because of potential for emerging diseases. Here, we characterize
the avian lung mycobiome and test the relative influences of environment, phylogeny, and functional
traits. We used metabarcoding and culturing from 195 lung samples representing 32 bird species
across 20 families. We identified 526 fungal taxa as estimated by distinct sequence types (zOTUs)
including many opportunistic pathogens. These were predominantly from the phylum Ascomycota
(79%) followed by Basidiomycota (16%) and Mucoromycota (5%). Yeast and yeast-like taxa
(Malassezia, Filobasidium, Saccharomyces, Meyerozyma, and Aureobasidium) and filamentous fungi
(Cladosporium, Alternaria, Neurospora, Fusarium, and Aspergillus) were abundant. Lung mycobiomes
were strongly shaped by environmental exposure, and further modulated by host identity, traits, and
phylogenetic affinities. Our results implicate migratory bird species as potential vectors for long-

distance dispersal of opportunistically pathogenic fungi.

Vertebrate lung microbiomes and their fungal constituents (mycobiome)
are emerging frontiers for ecology and public health. The emergence of
antifungal-resistant pathogens'™ and climate-driven shifts affecting host
reservoirs* underpin the urgency to describe the lung mycobiomes of diverse
animal species. An essential task in understanding the public health
implications of animal lung mycobiomes is parsing fungal taxa incidentally
inhaled from exposure to airborne propagules’ from taxa that colonize lung
tissues and/or act as opportunistic pathogens; this has been challenging to
assess due to the paucity of data on lung-fungal microbe associations’. One
common approach to assess the relative contributions of incidental and
specialized fungi to the lung mycobiome is to compare fungal taxa common
in environmental samples (soil and air, for example) with taxa frequently

encountered in lung mycobiome studies’”. However, the lack of data on
how fungal and host geographic distributions align complicates the iden-
tification of host-specialized taxa. A formerly prevailing view in fungal
biogeography—that most fungi are not subject to the same dispersal barriers
and biogeographic processes as plants and animal taxa—is now recognized
as an oversimplification'*"". Although some fungal taxa have cosmopolitan
ranges, many others conform to biogeographic barriers", which can result
in false inference of host-specialization

Lungs, like other organs, have imposing immune defenses that act as a
selective filter on microbial symbionts. The pulmonary mucosal immune
response quickly clears most inhaled fungi; however, colonization can occur
when innate immune defenses are diminished"’ or evaded by coevolved
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taxa'’. Among many animals, apparent fungal associations and limited
evidence for severe disease suggest deep shared evolutionary histories
between lung fungi and their hosts”. Signs of coevolution, or phylo-
symbiosis, can elucidate the relative contributions of transient versus host-
adapted taxa to the microbiome'*"”. A few members of the microbiome have
the capability to transcend host barriers and transmit from vertebrate ani-
mals to humans (zoonoses)'. Notably, rodents and bats have received
attention because these spillover events have had devastating consequences
for humans (e.g., coronaviruses'’, hantaviruses”, and filoviruses™). How-
ever, a recent study of host-virus relationships found that host diversity
explained the frequency of zoonoses that threaten humans more strongly
than ecological or immunological traits”. Thus, expanding research to
include a diverse array of vertebrate hosts is important to identify those
likely to cause spillover events.

Among vertebrates, migratory birds require special consideration as a
group with unique spillover potential because they are exposed to fungi in
both feeding and nesting areas and at varying altitudes of flight">**. Previous
work on fungal opportunistic pathogens have highlighted several taxa
linked to birds. For example, aspergillosis, caused by globally distributed
species of Aspergillus, is perhaps the most widely recognized fungal infection
(mycosis) of birds**’. Documented on all continents except Antarctica”,
Aspergillus spp. (mainly A. fumigatus) typically cause disease when
dosage thresholds are surpassed or exposed individuals are
immunocompromised”. Species of Candida have also been identified as
common commensals of birds and occasionally implicated in bird
mycoses™”. Bird guano is considered a natural reservoir for Cryptococcus
neoformans causing cryptococcosis, which can have severe presentations in
humans such as fungal meningitis” . Several other species of Cryptococcus
(e.g., C. gattii, C. uniguttulatus, and C. laurentii) have been isolated from
multiple bird species and are occasionally implicated in human and bird
mycoses™ . Considering that concern about emerging fungal pathogens is
increasing, identifying potential pathways of exposure is paramount.

Of the over 11,000 bird species currently recognized”, ~20% are
migratory; yet, there has been no comprehensive survey of the avian lung
mycobiome or its potential to be a reservoir for undescribed, host-generalist
and specialist pathogens. Many migratory birds travel thousands of kilo-
meters during migration, suggesting that they may be important vectors
capable of transporting and dispersing fungi over long distances, even
spanning hemispheres™. Specifically, birds have been insinuated in the
transport of Candida auris, a multidrug-resistant pathogenic yeast”. The
connection between life history traits like migration and the transport of
fungal pathogens highlights the importance of characterizing avian myco-
biomes and testing potential drivers of mycobiome diversity and compo-
sition. Itis critical to account for host phylogeny because the susceptibility of
birds to diverse pathogens has been shown to be phylogenetically
conserved”’. Microbial diversity may additionally be driven, in part, by host
traits*' ™ like body size, tissue pH, and diet, as well as aspects of the envir-
onment such as seasonality and precipitation®. Long-distance migration
and flight might obscure ecologically or phylogenetically driven variation in
the mycobiomes of host species, which are exposed to locally distinct fungal
communities at different times of the year**”’. Yet, the presence of fungal
lineages specialized on particular host clades could remain discernible
despite the homogenization resulting from host dispersal.

To the best of our knowledge, we report the first comprehensive
characterization of the avian lung mycobiome, derived from migratory and
resident birds from the southwestern USA. Using both fungal meta-
barcoding and culture data, we compared lung mycobiomes among 32 bird
species, and identified host-associated fungal species and potential patho-
gens. We then tested fungal-host associations at multiple host-phylogenetic
levels, from avian subspecies to order. To evaluate the relative contributions
of environment versus hosts, we tested for host phylogenetic signal of lung
fungal alpha diversity, compared fungal community differences among
hosts with disparate breeding ranges, migration strategies, foraging modes,
and sampling years. We additionally modeled fungal community differ-
ences as a function of geographic distance, dispersal-related traits, and host

phylogeny and evaluated co-occurrence patterns among fungal lung taxa.
Our results revealed moderately diverse lung-fungal communities that were
subtly structured by aspects of host life history and phylogeny. Many of the
identified fungal lineages are potential opportunistic pathogens that were
non-randomly associated with migratory sandhill cranes. Our multi-
pronged characterization of avian lung mycobiome reveals factors driving
mycobiome community assembly at evolutionary timescales and the
potential role of birds as agents of fungal dispersal.

Results

Sample acquisition

Of the 195 avian lung tissues, 120 were from greater sandhill cranes (A.c.
tabida) and 26 were from lesser sandhill cranes (A.c. canadensis) from
Valencia and Socorro counties, New Mexico, collected between November
and December 2019 and in January 2020. The remaining 49 bird lungs were
obtained from specimens salvaged across ten New Mexican counties
(Bernalillo, Chaves, Curry, Eddy, Los Alamos, Rio Arriba, Sandoval, Santa
Fe, San Juan, and Taos) between 2006 and 2018. In total, we examined the
mycobiome of 195 avian lung samples representing 33 taxa across 20
families within 12 orders.

Lung mycobiome community analysis
After removing samples that did not pass DNA quality and quantity stan-
dards, we performed Illumina ITS2 metabarcoding on 183 avian lung tis-
sues. After filtering non-fungal reads, we removed 16 samples with less than
2000 reads each. The final avian lung mycobiome community dataset was
composed of 167 samples: 100 greater sandhill cranes, 22 lesser sandhill
cranes, and 45 salvaged birds (Supplementary Data 1). Our metabarcoding
efforts produced a total of 6,656,903 fungal reads clustered into 526 zOTUs.
On average, sequencing yielded 39,862 reads per sample although this
varied substantially (o= 35,984). The greatest number of fungal reads were
captured from a common loon (Gavia immer; MSB:Bird:60464;
reads=240,528), a barn owl (Tyto alba; MSB:Bird:60463; reads=145,669),
and a marsh wren (Cistothorus palustris; MSB:Bird:60445; reads=141,996).
Rarefaction curves indicated substantial coverage of fungal diversity
(Supplementary Fig. 1). Taxonomic assignment with UNITE and GenBank
(BLASTn) databases were largely concordant. Taxa were predominantly
within the phylum Ascomycota (79.4%) followed by Basidiomycota (15.9%)
and Mucoromycota (4.6%). One zOTU fell within Chytridiomycota and
one zOTU could not be identified to phylum using either database. The
most abundant and frequent zOTUs were from the Malasseziomycetes
(Malassezia) and Tremellomycetes (Filobasidium) within Basidiomycota,
and the Dothideomycetes (Cladosporium, Alternaria, and Aureobasidium),
Eurotiomycetes (Thermomyces and Aspergillus), Sordariomycetes (Neuro-
spora and Fusarium), and Saccharomycetes (Meyerozyma, Saccharomyces,
and Clavispora) within Ascomycota (Fig. 1). Twelve zOTUs could not be
identified at the class level. We identified ten Malasseziomycetes, which
included the two most prevalent zOTUs in the community dataset: zZOTU2
detected in all 167 samples and zOTU21 found in 158 (94.6% of the sam-
ples). Additional diversity of basidiomycetous yeasts fell within the Tre-
mellomycetes (1 =36 zOTUs) and included 24 Cryptococcus-like yeasts
(e.g., species of Naganishia, Vishniacozyma, and Filobasidium) (Supple-
mentary Fig. 2). The most frequent and abundant was Filobasidium
(Cryptococcus) magnum (zOTU20) detected in 112 samples (67.1%).
Among the Ascomycota the greatest representation was from the Euro-
tiomycetes (118 zOTUs, 28.2%). Of note, 56 of these zOTUs were classified
within the family Aspergillaceae of which 6 (zOTU19,z0TU467,z0TU849,
zOTU990, zOTU1294, and zOTU3349), were classified as Aspergillus
fumigatus, the primary causative agent of aspergillosis (Supplementary
Fig. 3). Due to the use of zZOTUs it is possible that some taxa, like A. fumi-
gatus, may be over split into several ZOTUs because of intra-species or intra-
individual variation. The dominant taxon from this group, zOTU19, was
detected in 96 samples (57.5%) and represented greater than a third of the
sequences from two greater sandhill cranes (Antigone canadensis tabida,
MSB:Bird:56461, 90% and MSB:Bird:56426, 36%) and a common loon
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Fig. 1 | Relationship between occupancy and abundance. Occupancy is repre-
sented by percent of lung samples and abundance by log;, number of reads for 526
zOTUs. Blue dots and labeling indicate those zOTUs with occupancy in >50% of
samples and/or with a read abundance of >5 log,.

(Gavia immer, MSB:Bird:60464, 36%), although it was otherwise generally
in low abundance (0-5% of reads). Dothideomycetes were the second most
prevalent ascomycete (103 zOTUs, 24.6%) and included two species of
Cladosporium (zOTU6 in 92.2% and zOTUS in 86.8% of samples), Alter-
naria alternata (zOTU3 in 89.2% of samples), and to a lesser extent Aur-
eobasidium pullulans (zOTU 14 in 54.5% of samples; Fig. 1). We also noted a
great diversity (57 zOTUs) within the ascomycetous yeast order Sacchar-
omycetales. This order contained several etiological agents of human can-
didemia including Clavispora (Candida) lusitaniae (zOTU179 in 53.9% of
samples), Meyerozyma (Candida) guilliermondii complex (zOTU16 in
52.1% of samples), Candida tropicalis (zOTU233 in 39.5% of samples),
Pichia kudriavzevii (Candida krusei, ZOTU576 in 10.2% of samples), and
Candida parapsilosis (zOTU47 in 6.8% of samples; Fig. 1, Supplemen-
tary Fig. 4).

We cultured 300 fungal isolates from 107 avian lungs. At least one
fungus was isolated from 55% of the lungs plated. The majority of pure
cultures (n = 274, 91.3%) were isolated from sandhill cranes. Cultures were
sorted by morphotype followed by preliminary identification by sequencing
the ribosomal ITS region. A total of 171 sequences from fungal cultures were
obtained representing 48 operational taxonomic units (OTUs) when clus-
tered at 97% similarity (Table 1, Supplementary Data 2). Most of the cultures
belonged to Ascomycota (n =239, 79.7%) followed by Mucoromycota
(n=53, 17.7%) and Basidiomycota (1 =8, 2.7%). The most abundant and
diverse class was the Eurotiomycetes (n =121, 18 OTUs). Within the
Eurotiomycetes (order Eurotiales) there was great diversity within the
genera Aspergillus (7 OTUs; Supplementary Fig. 3), Penicillium (5 OTUs),
and Talaromyces (4 OTUs). Talaromyces purpureogenus was the second
most commonly cultured taxon (# = 45, 15.0%). The second most abundant
class was Dothidiomycetes (n = 64) of which half the cultures were from a
single species of Cladosporium. The third most commonly cultured taxon
was within the Sordariomycetes (n = 50), which is a member of the Fusar-
ium fujikuroi species complex (FESC, n = 23). The Mucoromycota fungi all
fell within Mucoromycetes (1 = 53) and were identified within the genera
Lichtheimia, Mucor, and Rhizopus. The most frequently isolated fungus of
the entire culture collection was Rhizopus arrhizus (n = 46, 15.3%) obtained
from 45 individual cranes. Many cultures shared high sequence similarity
with the uncultured community dataset. For example, we isolated six Filo-
basidium (Cryptococcus) magnum cultures related to zOTU20

(Supplementary Fig. 2), one Papiliotrema (Cryptococcus) flavescens culture
related to zOTU637 (Supplementary Fig. 2), and four Meyerozyma guil-
lermondii complex cultures related to zOTU16 (Supplementary Fig. 4). In
one instance, a cultured fungus putatively identified as Malbranchea albo-
lutea was unique to sequences in the community dataset, but it was similar to
OTU84 (OK078109) detected in mammal lungs (Supplementary Fig. 5).

Alpha and beta diversity
Mean zOTU richness for the full dataset rarefied to the minimum sampling
depth of 2056 reads was 41.8 + 19.7 among all lung samples (range = 9-125;
Supplementary Figs. 6a and 7). Although most fungi appeared to be host-
generalist, several fungal orders were detected only in sandhill crane sam-
ples: Botryosphaeriales (9 zOTUs, reads=2704), Coniochaetales
(zOTU1303, reads=9), Filobasidiales (zOTU499, reads =309), Hyme-
nochaetales (3 zOTUs, reads = 1392), Leucosporidiales (zOTU78, reads =
1472), Lichenostigamtales (3 zOTUs, reads=2512), Melanosporales
(zOTU1013, reads = 139), Onygenales (7 OTUs, reads = 815), Polyporales
(zOTU485, reads = 1854), Russalales (zOTU208, reads = 2007), and Tri-
tirachiales (zOTU1795, reads = 7). Although ~67% of sampled birds in our
dataset were cranes, the orders Atractiellales (zOTU1329, reads = 5), Bole-
tales (zOTU2438, reads = 1), Entylomatales (zOTU1341, reads = 6), and
Erysiphales (zOTU228, reads = 1141), represented by singleton zOTUs,
were found only in non-crane samples. Among all lung samples, the mean
Shannon diversity was 1.50+0.75 (range =0.20-3.56; Supplementary
Fig. 6b), the Chaol index was 55.39 +29.21 (range =9-175.6; Supple-
mentary Fig. 6¢), and the mean inverse Simpson’s index was 3.79 +2.98
(range = 1.06-24.5; Supplementary Fig. 6d). We found no phylogenetic
signal in any of the lung fungal community alpha diversity estimates for both
the full rarefied dataset or the rarefied animal-symbiont subset of zOTUs
(Supplementary Table 1).

Fungal beta diversity differed among avian orders (n = 167, R =0.168,
P =0.002), although these differences appeared to be driven by the strong
sampling of cranes (without cranes: n =45, R = —0.030, P = 0.638). Phylo-
genetic and Bray-Curtis dissimilarity showed little correspondence but
some conspecifics (Antigone) and closely related taxa (Astur coop-
erii and Accipiter striatus) fell adjacent to one another in Bray-Curtis
matrices suggesting shallow intra-specific host specificity (Fig. 2). Fungal
diversity differed among avian host life history traits, including migration
strategy (n = 167, R = 0.175, P = 0.002; Supplementary Fig. 8a) and foraging
guild (n = 167, R=0.113, P = 0.019; Supplementary Fig. 8b). After removing
cranes, where the lesser and greater subspecies differ substantially in
migration distance (Fig. 3a, b), foraging guild remained a significant driver
of fungal diversity (n =45, R=0.239, P=0.0004), and migration became
marginally significant (n =45, DF=2, F=1.343, R*=0.060, P =0.0416).
We found no differences between subspecies (n =122, DF =1, F=1.231,
R*=0.010, P=0.132) when analyzing data for only cranes. Hybridization
occurs between A. c. tabida and A. c. canadensis resulting in intermediate
forms, and the inclusion of intermediates could obscure differences in fungal
diversity. However, we excluded suspected intermediates from the dataset
and therefore anticipate that few unidentified intermediates remained in our
analyses. When testing just the subset of zZOTUs that included only animal
symbionts as identified with FUNGuild, we observed a signal of avian order
(n=167, R=0.111, P=0.021) and a marginal signal of foraging guild
(n=195, R=0.091, P=0.046); however, in this comparison, migratory
strategy (n =167, R=0.066, P =0.142) was not significant. Beta diversity
among sampling years was highly significant for all bird species (1 =167,
R=0.175, P=9.999¢™*; Supplementary Fig. 8c) and when subsetting by
only sandhill cranes (n =122, R=0.106, P =9.999¢e”*), but not when sub-
setting for only non-crane bird species (n =45, R = —0.70, P = 0.905). The
signal held for the animal symbiont subset of the mycobiome (1 =167,
R=0.124, P=9.999¢”*), but not when subsetting by only non-crane host
species (n =45, R=0.046, P =0.268).

A Mantel test showed a non-significant correlation between geo-
graphic distance and fungal community dissimilarity (n =167, r = 0.0336,
P =0.14); however, positive spatial autocorrelation was seen from 0 km to
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Table 1 | Fungal taxa from 300 avian lung cultures

Phylum Class Order Genus Species UNITE species Number of Number
hypothesis cultures of birds
Ascomycota Dothideomycetes Pleosporales Alternaria A. alternata SH0856386.10FU 14 13 (7.9%)
A. malorum SH0856971.10FU 1 1(0.6%)
Ascochyta A. medicaginicola SH0862152.10FU 1 1(0.6%)
Curvularia Curvularia sp. SH0856683.10FU 2 2 (1.2%)
Didymella Didymella sp. SH0862152.10FU 5 5 (3.0%)
Neocamarosporium  N. betae SH0960158.10FU 1 1(0.6%)
Tamaricicola Tamaricicola sp. SH0856892.10FU 2 2(1.2%)
Cladosporiales Cladosporium Cladosporium sp. SH0962330.10FU 32 27 (16.5%)
Dothideales Aureobasidium Aureobasidium sp. SH0925964.10FU 3 3(1.8%)
Incertae sedis Coniosporium Coniosporium sp. SH0932560.10FU 1 1(0.6%)
unclassified unclassified unclassified SH1005923.10FU 1 1(0.6%)
Eurotiomycetes Chaetothyriales Rhinocladiella Rhinocladiella sp. SH0986920.10FU 3 2(1.2%)
Eurotiales Aspergillus A. fumigatus SH0940075.10FU 16 11 (6.7%)
A. niger SH0731269.10FU 12 8 (4.9%)
A. neoniveus SH0984584.10FU 1 1(0.6%)
A. terreus SH0984584.10FU 4 2 (1.2%)
Aspergillus sp. 1 SH0940487.10FU 3 3(1.8%)
Aspergillus sp. 2 SH0940476.10FU 1 1(0.6%)
Aspergillus sp. 3 SH0888267.10FU 1 1(0.6%)
Penicillium P. decumbens SH0767693.10FU 1 1(0.6%)
Penicillium sp. 1 SH0939544.10FU 8 8 (4.9%)
Penicillium sp. 2 SH0939872.10FU 13 12 (7.3%)
Penicillium sp. 3 SH0767731.10FU 1 1(0.6%)
Penicillium sp. 4 SH0940404.10FU 1 1(0.6%)
Talaromyces T. piceae SH0973364.10FU 1 1(0.6%)
T. minioluteus SH0901331.10FU 1 1(0.6%)
T. pinophilus SH0901369.10FU 8 5(3.0%)
T. purpureogenus SH0901369.10FU 45 39 (23.8%)
Onygenales Malbranchea M. albolutea SH0875561.10FU 1 1(0.6%)
Saccharomycetes Saccharomycetales  Meyerozyma M. guilliermondiii SH0887053.10FU 4 4 (2.4%)
Sordariomycetes Hypocreales Beauveria B. bassiana SHO0740100.10FU 4 (2.4%)
Fusarium FFSC sp. 1 SH0731064.10FU 23 18 (11.0%)
FFSC sp. 2 SH0731064.10FU 14 12 (7.3%)
FIESC SH0731269.10FU 2 2(1.2%)
Microascales Microascus M. cirrosus SH0934581.10FU 1 1(0.6%)
Myrmecridiales Myrmecridium M. schulzeri SH0982314.10FU 1 1(0.6%)
Sordariales Chaetomium C. globosum SH0978756.10FU 1 1(0.6%)
Neurospora N. discreta SH0904979.10FU 2 2(1.2%)
Parachaetomium Parachaetomium sp.  SH0978522.10FU 1 1(0.6%)
Basidiomycota  Microbotryomycetes  Sporidiobolales Rhodotorula Rhodotorula sp. SH0877557.10FU 1 1(0.6%)
Tremellomycetes Filobasidiales Filobasidium F. magnum SH0857509.10FU 6 6 (3.7%)
Tremellales Papiliotrema P. flavescens SH1016500.10FU 1 1(0.6%)
Mucoromycota Mucoromycetes Mucorales Lichtheimia L. corymbifera SH0855590.10FU 1 1(0.6%)
L. ramosa SH0884010.10FU 2 2(1.2%)
Mucor M. irregularis SH1020240.10FU 1 1(0.6%)
M. circinelloides SH0747765.10FU 3 3(1.8%)
Rhizopus R. arrhizus SH0980336.10FU 46 45 (27.4%)
Contigs are clustered at 97% similarity.
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Fig. 2 | Little correspondence between fungal beta diversity and host phylogenetic
diversity. a The heatmap indicates fungal community differences as the average of
Bray-Curtis distances of 1000 community matrices, repeatedly rarefied to the
minimum sampling depth (2056 reads) in the upper left and phylogenetic distance
calculated from branch lengths of the maximum clade credibility tree generated
from a sample of 100 topologies downloaded from birdtree.org in the lower right.
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Color scales for Bray-Curtis and phylogenetic distances are indicated by the x-axes of
(d, e). b A tanglegram shows correspondence (dashed lines) between the phyloge-
netic tree and dendrogram generated from Bray Curtis distances. ¢ A maximum
clade credibility tree pruned to match host taxa in our dataset. d A histogram
showing distribution of Bray-Curtis distances. e A histogram showing the dis-
tribution of phylogenetic distance.

58 km (P = 0.034), indicating that samples collected closer together tended
to have more similar fungal communities (Supplementary Fig. 9). A Mantel
test on a subset of the data where cranes were removed also showed no
significant correlation between geographic distance and fungal community
dissimilarity (n =45, r= —3.35¢", P = 0.459).

FUNGuild assigned coarse functional guilds at the class or genus level
for 462 zOTUs (87.8%). Avian lungs contained substantial numbers of
putative animal symbionts. Every sample contained at least one fungal
zOTU designated as an animal symbiont. The average abundance of fungal
animal symbionts per avian sample was 44.1%; however, this varied greatly
between samples (0 =33.9%, range = 1.47-67.7%). Although not statisti-
cally significant (t-test, DF = 10,079, t=—0.072, P=0.943), the average
abundance of animal symbionts among sandhill cranes was higher in
greater sandhill cranes (45.2%) than lesser sandhill cranes (42.7%; Fig. 3c).
Within both lineages of sandhill crane, we further assessed the prevalence of
a subset of fungal animal symbionts with representatives implicated as
pathogens. Both subspecies had a roughly equivalent mean prevalence of
zOTUs from Onygenales (lesser: 12.7 +3.04%, greater: 10.6 +3.71%),
Cryptococcus-like yeasts (lesser: 21.3+19.9%, greater: 24.3 +18.3%),

Saccharomycetales (lesser: 18.2 +14.6%, greater: 16.6+14.7%), and

Aspergillaceae (lesser: 20.2 + 15.9%, greater: 24.3 + 18.3%; Fig. 3d).

Fungal co-occurrence

We found evidence for microbial interactions among taxa of the core avian
mycobiome. Co-occurrence associations of the core mycobiome families
ranged from —0.302 to 0.330 (Spearman rank-abundance). There were
more positive associations (71.4%) than negative associations (28.6%)
among the core mycobiome members (Supplementary Fig. 10, Supple-
mentary Table 2). The strongest positive correlation (Spearman rank cor-
relation coefficient; p) was found between Filobasidiaceae, a family of
Cryptococcus-like  yeasts, and Cladosporiaceae (n=167, p=0.330,
P =1.33¢”%; Supplementary Table 2). The greatest negative correlation was
between Aspergillaceae and Coniosporiaceae (n=167, p=—0.302,
P=7.47¢"%; Supplementary Table 2). Co-occurrence associations calcu-
lated as Spearman rank-abundance of the animal-symbiont subset of
the mycobiomes ranged from —0.188 to 0.254. There were again more
positive associations (57.1%) relative to negative associations (42.9%)
among the animal-symbiont mycobiome members (Supplementary Fig. 11,
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Supplementary Table 3). The strongest positive correlation was between
Aspergillaceae and Trichocomaceae (1 = 167, p=0.254, P=9.18e™*; Sup-
plementary Table 3). The strongest negative association was between Filo-
basidiaceae and Trichocomaceae (n=167, p=-—0.188, P=0.015;
Supplementary Table 3).
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Generalized dissimilarity modeling

Aspects of host biology and evolutionary history best explained the dis-
similarity among fungal communities. The GDMs explained a modest
amount of the dissimilarity among the fungal communities (# = 33, mean
deviance explained 9.02% =+ 0.25). The predictors with the highest summed
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Fig. 3 | Sandhill crane subspecies differences in animal symbiont components of
the lung mycobiome. Comparison of geographic range, migratory distances, and
potential animal symbiont and opportunistic pathogen composition of mycobiome
between lesser and greater sandhill cranes. a Range map of approximate breeding
locations and shared wintering sampling location of lesser (red) and greater (yellow)
sandhill cranes. The Rocky Mountain population of greater sandhill cranes (source
population for this study) is emphasized with a dashed outline. Migration stopover
location in New Mexico where sampling occurred is indicated with a gray circle.
Gray arrows emphasize relative differences in migratory distance. b Approximate
mean migratory distances of lesser and greater sandhill cranes. ¢ Relative abundance

of pooled putative fungal animal symbionts assigned with FUNGuild™” for greater
(top) and lesser (bottom) sandhill cranes. Each bar along the x-axis represents a
single sample. d Relative compositions of potential opportunistic pathogens in lung
mycobiome of each subspecies. Widths of connecting ribbons between crane sub-
species and fungal clade indicate the relative proportion of pathogen clade in total
candidate pathogen zOTU pool of each crane subspecies. Ribbons connect fungal
clades to zOTUs. The zOTUs are colored red if recovered from lesser sandhill cranes
or yellow for greater sandhill cranes. Barplot on the right shows the percent pre-
valence of each zOTU by crane subspecies.

I-spline coefficients were hand-wing index (0.574 +0.498), followed by
host phylogenetic distance (0.228 +0.332), and migratory distance
(0.143 £ 0.203); Supplementary Fig. 12, Supplementary Table 4). The pre-
dictors with the highest importance were hand-wing index (38.8 + 1.59%
Dev—variable i—Dev), followed by migration distance (23.4 + 1.23% Dev
—variable i—Dev), and host phylogenetic distance (10.3 +0.643 Dev
—variable i—Dev; Supplementary Fig. 12, Supplementary Table 4).

Discussion

This study provides an initial characterization of the lung mycobiome of
wild birds. The average of 41.8 + 19.7 zOTU richness recovered from bird
lungs (Supplementary Figs. 6a and 7) was comparable to the fungal richness
found in a recent survey of the rodent lung mycobiome®. However, estimates
of lung zOTU richness were lower than for previously characterized
mycobiomes from the avian gut*** and arid soil’—though certain indivi-
duals, like a barn owl (MSB:Bird:60463) and an orange-crowned warbler
(MSB:Bird:60434), showed comparably high zOTU richness. After
accounting for fungal abundance and taxonomic evenness using the
Shannon diversity index, there was still substantial variation among bird
species in our dataset (0.20-3.56; Supplementary Fig. 6b). Differences in
microbiome diversity among organ systems are well documented for bac-
terial communities® > and may reflect local, organ-specific adaptation of
microbes.

Fungal richness also varied substantially among individuals within
avian host species (Supplementary Fig. 7). For example, barn owl (n=14;
MSB:Bird:60459, MSB:Bird:60448, MSB:Bird:60458, MSB:Bird:60463)
mycobiome richness ranged from 9 to 125 zOTUs. Similar ranges of intra-
species fungal richness were recovered from mammalian lungs’. High
variation in gut mycobiome diversity among individuals within host taxa
has been previously documented in wild birds* and is likely driven, in part,
by the spatial and temporal heterogeneity of fungal cells in the environment.

We found high levels of lung mycobiome differences among bird taxa
(n =33, X Bray-Curtis dissimilarity = 0.94 + 0.01; Fig. 2). This pattern could
be produced by stochastic assembly due to incidental inhalation from a
heterogeneous microbial environment, or it could reflect host specialization
or differential filtering of fungal taxa due to host ecology or immunology.
Many mycobiomes of closely related hosts had higher Bray-Curtis dissim-
ilarity than those between more distantly related host taxa (Fig. 2). Only the
similar mycobiomes within sandhill cranes and between closely related
hawk species provided evidence of host phylogenetic effects on community
assembly. Otherwise, the tendency for large differences in microbiome
composition between bird hosts at various phylogenetic distances empha-
sizes the roles of environmental heterogeneity and incidentally inhaled fungi
as drivers of variation in the core lung mycobiome of birds.

Although our dataset suggests that the lung mycobiome of birds is
assembled largely by heterogeneous environmental exposure, we found
evidence of phylosymbiosis at shallow host phylogenetic levels (Fig. 2,
Supplementary Fig. 12, Supplementary Table 4). Host specialization was
evident within a widespread and morphologically variable species (the
sandhill crane, Antigone canadensis) and between the Accipiter
and Astur genera of hawks (Fig. 2). Although these associations could reflect
coevolved symbioses at shallow phylogenetic levels, we cannot rule out that
they could be the result of shared ecologies among closely related taxa.

Dietary effects on the differentiation of gut microbial communities
have been commonly reported in the literature**’, but whether and to what
degree dietary and foraging differences shape the lung mycobiome has been
less clear. We found that carnivorous taxa, like falcons, showed some of the
lowest Shannon diversity values (Supplementary Fig. 6b). Tests of beta
diversity confirmed significant fungal community differences among diet-
ary guilds (Supplementary Fig. 8b). Lung mycobiome composition and
dietary habits may be linked in instances where species with specialized
foraging strategies and substrates inhale different local fungal cells. For
example, species probing in mud and foraging in agricultural fields are
exposed to more saprotrophic and soil-associated fungal taxa through
feeding than aerial hunters or “salliers” that rarely encounter soil fungal
communities. Likewise, nesting and roosting behavior may play a role in
differentiating lung fungal communities by exposing species to various
fungal microbes associated with nesting materials and general nest loca-
tions. Future comparative work could evaluate lung mycobiome differences
among cavity, cup, and ground-nesting species.

Bird species that breed or winter in geographically isolated regions are
likely exposed to distinct fungal communities, potentially influencing their
lung mycobiomes. However, our results offered limited and inconsistent
support for this hypothesis. We detected significant differences in fungal
communities among bird species with different migratory strategies (Sup-
plementary Fig. 8a), even after excluding sandhill cranes from the dataset.
Migration distance and hand-wing index emerged as the strongest pre-
dictors of fungal community dissimilarity in GDMs, though the models
themselves explained little overall variation (Supplementary Fig. 12). A
Mantel test found an insignificant correlation between geographic distance
and fungal community dissimilarity; however, samples that were within
58 km were more similar (Supplementary Fig. 9). A separate analysis of
fungal communities between sandhill crane subspecies, which differ greatly
in migratory distance and hand-wing index, revealed no significant differ-
ences (Fig. 3). These discrepancies may be the result of reduced statistical
power, as our analysis relied on summary estimates for crane samples,
masking substantial overlap in these covariates. Despite these limitations,
the absence of fungal community differences in cranes—despite their wide
breeding ranges and distinct migratory behaviors—and the weak explana-
tory power of GDMs suggest that lung mycobiome assembly in our sampled
bird community is largely passive, driven by the spatial and temporal var-
iation of fungal microbes.

Skeen et al. found significant year effects on bacterial beta diversity
among four species of Catharus thrush”. Indeed, we found a strong effect of
sampling year on fungal beta diversity, highlighting how temporal change in
exposure to fungal cells may be an important driver of fungal lung diversity
(Supplementary Fig. 8c) even among animal-symbiont taxa. All crane
individuals in our dataset were collected in the same region during the non-
breeding season in late fall and winter, when they shared the same riparian
and agricultural habitats. Lung fungal communities that may be differ-
entiated on the breeding grounds could equilibrate, and therefore become
less distinguishable on shared wintering areas. Seasonal equilibration could
occur rapidly after arrival in shared wintering areas; a study on broiler
chickens showed that it took only 3 days for their initial mycobiota to be
replaced with environmental fungi from dietary sources®. Another study
found rapid temporal shifts in the bacterial gut microbiome of blackpoll
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warblers during migration which was attributed to changes in host phy-
siological and energetic demands™. Further work comparing samples
between species collected at their breeding and wintering sites, across dif-
ferent life stages, and at various time points during the annual cycle could
offer more insights into how shared and isolated ranges impact lung
microbiomes.

One of the goals of the current study was to evaluate the frequency with
which fungi that are known to be opportunistic pathogens occur in the lungs
of healthy wild birds. Substantial attention has been given to the potential for
birds to serve as vectors for disease™ . Although direct transmission of
bacterial, fungal, and viral diseases from wild birds to humans may be rare’®,
the role of birds in pathogen transmission is also important for both
domestic and wild animals. This is particularly relevant for opportunistic
fungal pathogens because many of these organisms typically act as sapro-
trophs in non-host environments. A few studies have addressed the
potential for migratory birds to harbor and disperse pathogenic and non-
pathogenic fungi™*. The present study found a wide variety of known
opportunistic lineages alongside many putative animal symbionts.

In a previous study of the lung mycobiome, Salazar-Hamm et al.
identified sequences from multiple opportunistic fungal pathogens (e.g.,
Aspergillus fumigatus, as well as species of Candida, Pneumocystis, Blas-
tomyces, and Coccidioides) that were common in small mammals of New
Mexico, Arizona, and California®. Bird lungs differed from mammalian
lungs in that Pneumocystis and Coccidioides were absent, a result that was
anticipated given that species of Pneumocystis are considered to be obligate
lung pathogens of only mammals, and birds do not seem to be common
reservoir hosts for Coccidioides (whether because of differences in host
behavior or immunity). However, as in mammalian lungs, bird lungs pos-
sessed multiple other opportunistic fungal pathogens including Aspergillus
fumigatus, Blastomyces parvus, Clavispora (Candida) lusitaniae, members
of the Meyerozyma (Candida) guilliermondii complex, Filobasidium
(Cryptococcus) magnum, and members of Mucorales (Fig. 1, Table 1). This
commonality may largely reflect the commensal nature of many fungi
generally considered to be pathogens®”".

Not only did our extensive host sampling using frozen tissues from the
MSB facilitate comparisons among the lung fungal communities of diverse
bird species, but it also allowed us to make detailed intra-specific compar-
isons between two subspecies of sandhill crane. The smaller-sized lesser
sandhill crane can migrate over 3000 km to breed at high latitudes in
northern Canada, Alaska (USA), and Eastern Russia, whereas the over-
wintering greater sandhill cranes are thought to migrate less than 1500 km
between New Mexico and the northern Rocky Mountains® (Fig. 3b). On
their New Mexico wintering grounds, state-managed hunting and foraging
at agricultural sites place these large-bodied migratory birds in close contact
with human populations. Accordingly, migration could relocate pathogens
with subsequent opportunities for transmission to other hosts. The number
of fungal zOTUs representing potential animal symbionts, including fungal
pathogens, was highly variable among individual cranes (Fig. 3c). These
zOTUs represent several fungal groups that are important to human and
animal health (Onygenales, Saccharomycetales, Aspergillacaeae, and
Cryptococcus-like yeasts) (Fig. 3d).

Dimorphic fungi within Onygenales can evade immune responses of
healthy hosts and cause disease. The mammalian lung mycobiome exhibits
significant diversity and abundance of members within the order Ony-
genales (e.g., Blastomyces parvus and Emmonsia-like species)s’“; however,
they appear to be less common in birds, and in the community dataset, they
were only recovered from cranes (Supplementary Fig. 5). Blastomyces
parvus (zOTU392, zOTU464, zOTU616, zOTU706, zOTU1008, and
zOTU1670) and Spiromastigoides asexualis (zOTU1347), detected in the
community dataset, as well as the Malbranchea albolutea culture isolated
from an American robin (Turdus migratorus, MSB:Bird:60476) may be
examples of animal commensals that can but on rare occasions cause
disease®***”. Coccidioidomycosis, caused by the Onygenalean fungi Cocci-
dioides immitis and Coccidioides posadasii, is endemic to the southwestern
U.S. including New Mexico®. Although this disease is largely confined to

mammals, there has been a few rare reports in other animal hosts including
birds®”**, While Coccidioides was absent from our avian dataset, it was
reported in 12% of mammals from this same region".

We sought to evaluate whether migratory birds act as reservoirs for
high-priority Candida species”, as hypothesized for Candida auris”.
Although C. auris was not detected here, we did capture many other
opportunistic pathogens within Saccharomycetales (e.g., species of Candida,
Meyerozyma, Pichia, Clavispora, Spathaspora, and Debaryomyces)’® (Sup-
plementary Fig. 4). The closest relative to C. auris identified in our dataset
was Clavispora (Candida) lusitaniae, an infrequent cause of human can-
didemia (~1% of cases), but a species for which several emerging antifungal-
resistant strains have been documented”. Pichia kudriavzevii (Candida
krusei), another infrequent etiological agent of human candidemia (~3% of
cases), is notable because, similar to C. auris strains, it is intrinsically
resistant to fluconazole”. Candida parapsilosis and Candida tropicalis, the
third (~12% of cases) and fourth (~7% of cases) most common agents
causing candidemia worldwide”, were also detected in our avian lungs.

In addition to A. fumigatus, other species of Aspergillus (e.g., A. terreus,
A. flavus, and A. niger) that can cause allergic asthma to invasive pulmonary
aspergillosis” in humans and animals were detected in avian fungal com-
munities (Supplementary Fig. 3). Because pathogenic or lethal doses must be
considerably higher for immunocompetent individuals (~10° spores per
individual™"°), the low abundance of these sequences across the majority of
bird samples suggests these are present as a result of transient inhalation of
spores from the environment and/or are low-load commensals rather than
agents of chronic or acute infections™”. Our study and others**”® have
reported high loads of Aspergillus in the lungs of healthy humans and
animals, which may also suggest that other factors such as host susceptibility
or strain virulence may be important to the outcome of infection.

Species within the genus Cryptococcus have been frequently isolated
from bird cloacae and feces”>", suggesting birds may be important
reservoirs and dispersers of opportunistic yeast pathogens. Our study
identified a wide diversity of Tremellomycetes yeasts (e.g., species of
Naganishia, Vishniacozyma, and Filobasidium) in bird lungs, many pre-
viously identified as Cryptococcus species prior to reclassification®"* (Sup-
plementary Fig. 2). While none of these taxa are now assigned to
Cryptococcus, and those detected are rarely pathogenic™*, evidence of direct
transmission of closely related yeasts™ suggests that birds in close contact
with human populations have spillover potential, albeit low. Our findings
further indicate a high diversity of low-virulence reclassified Cryptococcus
yeasts (class Tremellomycetes) that are associated with the avian gut” and
lung mycobiome.

Climate change is expected to alter host-fungal pathogen dynamics in
multiple ways. Casadevall et al. used phylogenetic analyses of thermal tol-
erance to argue that C. auris evolved as a competitive animal symbiont as a
result of selection imposed by a warming climate™. The geographic ranges of
several fungal pathogens are shifting or expected to shift in response to
climate change**. As the distributions of pathogenic fungi expand, novel
overlaps between fungal and avian ranges are expected to occur, thereby
increasing opportunities for migratory birds to transport fungi over long
distances.

The lung mycobiomes of wild birds are diverse, with substantial var-
iation among individuals and species. Diversity observed in this study was
comparable to that found in small mammals previously sampled in the same
region. Host phylogenetic effects on lung-fungal community assembly were
evident at shallow phylogenetic scales in both cranes and hawks. Within
cranes, the two subspecies sampled at shared wintering grounds exhibited a
largely shared lung mycobiome. We found no direct effects of higher-level
host phylogeny on fungal communities. These patterns generally support
environmental exposure as the main driver of fungal lung communities,
with substantial stochastic variation. We identified numerous putative
animal symbionts and potential pathogens among the migratory bird lungs
we surveyed. Although the emerging (Candida auris) and endemic (Coc-
cidioides spp.) fungal pathogens were absent among the bird lungs that we
surveyed, we did detect close fungal relatives (e.g., Blastomyces parvus,
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Spiromastigoides asexualis, Malbranchea albolutea, and other species of
Candida) that should be monitored in the context of potential pathogenesis.
Our study suggests that host-pathogen dynamics among bird species, and
the potential for long-distance pathogen transport, are tied to the fungi of
local environments to which birds are exposed. Predicted changes in host
and fungal species distributions in response to climate warming are
expected to result in novel host lung-fungi combinations and altered host-
fungi dynamics.

Methods

Sample acquisition

We sampled lung tissues (n = 195) from migratory and resident bird species
salvaged throughout New Mexico, USA representing 32 species within 20
families (Supplementary Data 1). The majority were hunter-donated tissues
from two subspecies of sandhill cranes (Antigone canadensis, n = 146). The
remaining (n=49) were salvaged after death by private individuals and
wildlife rescue organizations and subsequently donated to the Museum of
Southwestern Biology (MSB). Lung tissues were frozen on dry ice and stored
in —80 °C freezers before being archived in vapor phase nitrogen freezers
(—196 °C) in the MSB Division of Genomic Resources at the University of
New Mexico (UNM). We identified cranes to subspecies (A.c. canadensis
and A.c. tabida) in the field using several diagnostic morphological para-
meters including mass, wing chord length, culmen length, and tarsus length.
All birds were sexed internally by inspecting gonads during dissection and
aged by the presence and size of the bursa of Fabricious (present in young
birds); cranes were additionally aged by plumage and iris coloration. Precise
GPS coordinates of sampling locations were not available for many salvaged
avian samples. To estimate sample location, we calculated the latitude and
longitude centroids of the county where each bird was recovered using the R
package geosphere”’. We additionally recorded the date of salvage to assess
temporal variation in fungal communities.

Ecological and behavioral variables of avian hosts

Using published data (AVONET® database and reported estimates®)
and expert knowledge, for each species in the dataset we assigned feeding
guild, range size in km’, migration distance in km, and mean hand-wing
index (a measure of avian flight ability)* to each species in the dataset.
We included the recorded mass in grams of individual birds; when mass
was not recorded, we included the mean species mass as reported in the
AVONET dataset. A map of the ranges for sandhill crane subspecies
was created using the R packages rnaturalearth” v.1.0.1 and
naturalearthdata” v.1.0.0.

lllumina ITS2 metabarcoding and processing
We lyophilized approximately 25 mg of lung tissue for 24 h, and then
performed a CTAB DNA extraction® followed by an AMPure bead
(Agencourt Bioscience Corporation, Beverly, MA, USA) purification. The
ITS2 rRNA region was amplified with the ITS3F and ITS4R primers™” in a
30-cycle PCR reaction using the HotStarTaq Plus Master Mix Kit (Qiagen
Inc, Cambridge, MA, USA) under the following conditions: 95 °C for 5 min,
followed by 30 cycles of 95 °C for 30's, 53 °C for 40 s and 72 °C for 1 min,
after which a final elongation step at 72 °C for 10 min was performed. PCR
products were checked on a 2% agarose gel. Based on DNA quality and
quantity, 183 samples were multiplexed and pooled in equal proportions
based on molecular weight and DNA concentrations. Pooled products were
purified using Ampure XP beads (Beckman Coulter Inc, Brea, CA, USA)
following manufacturer instructions and were used to create DNA libraries
following the Illumina MiSeq DNA library preparation protocol for paired-
end reads. Samples were sequenced by MR DNA on an Illumina MiSeq
Shallowater, Texas (http://www.mrdnalab.com). The raw reads were sub-
mitted to the NCBI Short Read Archive (SRA) under BioProject
PRJNA1136563.

We used USEARCH™ v.11.0.667 to merge paired-end reads, remove
adapters and primers, and perform quality filtering using a maximum
expected error threshold of 1.0. With UNOISE3”, we performed error

correction (denoised) on unique sequences and clustered them into zero-
radius operational taxonomic units (zOTUs), employed to distinguish
between species and strains that would otherwise be grouped together.
Initial taxonomic assignment was performed with the SINTAX™ algorithm
against the UNITE v.10 all eukaryotes database”” and confirmed with NCBI
BLASTn (Supplementary Data 3). We removed all non-fungal (Metazoa
and Viridiplantae) sequences. We evaluated sufficient sequencing depth
using the rarecurve function in vegan™ v.2.6-4.

Assignment of trophic mode

We used FUNGuild” v.1.1 to assign trophic modes (ie., pathotroph,
saprotroph, or symbiotroph) and functional guilds to fungal zOTUs.
Animal-fungal symbionts from each sample were pooled by determining
the percent of reads in each sample that belonged to zOTUs whose guild
assignments included animal pathogen, animal parasite, and animal
symbiotroph.

Identification of core mycobiome

The core mycobiome refers to the common set of fungal zOTUs in a host
taxon. To identify the core lung mycobiome of the migratory birds in our
dataset, we first transformed the full dataset to proportional abundances and
filtered the zOTUs, keeping only those zOTUs that were detected in >50% of
bird samples and with >0.01% relative abundance. We then ran the function
core from the package microbiome'”, to obtain a subset of core taxa and
used it for downstream co-occurrence analyses.

Alpha and beta diversity

We rarefied the full data set using the rarefy_even_depth function in
phyloseq'”' v.1.48.0 using the sample with the fewest reads as the target
sample depth. Rarefaction to a minimum sampling depth of 2056 reads
removed 18 zOTUs leaving 508 zOTUs for downstream diversity analyses.
We also rarefied subsets of putative animal symbionts and non-symbionts
as assigned by FUNGuild to minimum sampling depths of 58 and 39
respectively. Using the full rarefied community data, we calculated zOTU
richness, Chaol index, Shannon diversity index, and inverse Simpson index
using the function estimate_richness from the phyloseq'”' package. We used
non-metric multidimensional scaling (NMDS) to explore drivers of diver-
sity and visualize groupings of fungal lung communities into host phylo-
genetic, demographic, and ecological categories. To visually compare lung
mycobiome beta diversity and host phylogenetic diversity we first merged
fungal reads by summing within avian host taxa, then repeatedly (n = 1000)
rarefied to the minimum sampling depth of 2056 reads, calculated the Bray-
Curtis dissimilarity index between samples, and averaged the resulting
matrices. We then used the averaged matrix to generate a heatmap and
corresponding dendrogram using the function heatmap2 from the package
gplots'” v.3.1.3.1. We generated a phylogenetic distance matrix from the
maximum clade credibility (MCC) tree (see phylogenetic analyses below)
with the cophentic_phylo function from the R package ape'” v.5.8. To
visualize phylogenetic patterns among lung fungal communities, we
arranged the beta diversity matrix according to the order of the phylogenetic
distance matrix. We plotted the phylogenetic distance matrix below the beta
diversity matrix and created a tangle-gram to indicate discordance between
the phylogenetic tree and the Bray-Curtis dissimilarities. To test for dif-
ferences in bird fungal assemblages among multiple life history traits and
phylogenetic scales, we used Bray—Curtis and PERMANOVA (permuta-
tional multivariate analysis of variance) models (Bray-Curtis ~ group,
10,000 permutations) using the adonis2 function in vegan™ v. 2.8-6. If there
were differences in multivariate dispersion assessed with the betadispr
function from vegan™, an ANOSIM (analysis of similarities) test was used in
lieu of a PERMANOVA. We repeated PERMANOVA and ANOSIM tests
of community dissimilarity with a subset of host taxa including only cranes,
another with only non-crane bird species, and fungal taxa containing known
animal symbionts and opportunistic pathogens. We investigated the cor-
relation between geographic distance and fungal community similarity
using a Mantel correlogram and Mantel test in vegan™. Because similarity is
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expected to decrease with geographical distance, we plotted distance decay
by computing Bray-Curtis between each pair of samples along a spatial
gradient.

Co-occurrence analyses

To evaluate microbial associations within the avian mycobiome, we ran co-
occurrence analyses on the core fungal zOTUs and the core taxa from the
rarefied subset of animal symbionts. We calculated Spearman rank abun-
dance correlations and tested for significant correlations using the co_oc-
currence function from the phylosmith'** package v.1.0.6. We used the
co_occurrence_network function from phylosmith'* to plot co-occurrence
patterns.

Generalized dissimilarity modeling

We used generalized dissimilarity modeling (GDM) in the R package gdm'”
v.1.5.0-9.1 to evaluate fungal-host phylogenetic associations and test the
effects of geographic and morphological correlates of dispersal and migra-
tion on host fungal community dissimilarity. GDM predicts changes in beta
diversity over space, time, and environmental gradients and allows the
inclusion of several types of distance matrices as response and predictor
variables (e.g., Jaccard, phylogenetic distance). GDM:s use linear combina-
tions of I-splines to model changes in predictors across ecological distance
with the relative heights of the I-splines'”'". Using rarefied abundance-
weighted fungal zOTU tables, we calculated Bray-Curtis dissimilarity
matrices as response variables in our GDMs. To address uneven sampling,
we ran 1000 GDMs on datasets of abundances summed within avian host
species repeatedly rarefied to the minimum sampling depth of 2056 reads.
To examine the effect of host phylogenetic distance on fungal community
dissimilarity, we additionally generated a phylogenetic distance matrix from
the MCC tree using the cophentic_phylo function from the R package ape'”".
We tested the effects of five predictor variables: host mass, species hand-
wing index, range size (km?), migratory distance (km), and host phyloge-
netic distance on Bray-Curtis matrices of fungal community dissimilarity.
We scaled or log; transformed each predictor. We extracted and plotted all
I-splines regardless of their significance from each of the 1000 fitted models.
We used the gdm.varImp function from the gdm'® package to evaluate
model fit and variable importance among all 1000 models.

Cultured lung fungi

We plated a portion (25-50 mg) of each lung sample on yeast glucose media
(1% yeast extract, 2% glucose, 1.5% agar) with the addition of antibiotics
tetracycline (10 mg/L) and chloramphenicol (50 mg/L) to reduce bacterial
growth. Each plate received 3-5 fragments (~0.25 cm each) of tissue from a
single lung. Plates were incubated at room temperature for 2 days to
3 months depending on fungal growth rate. Individual yeast colonies or
hyphal tips were transferred to fresh media to obtain single-isolate cultures.
We sorted isolates based on morphology and chose representative isolates
for molecular barcoding of the nuclear ribosomal internal transcribed
spacer (ITS) region. We extracted DNA following a standard CTAB pro-
cedure with an isoamyl alcohol-chloroform extraction. Subsequently, we
amplified the DNA using polymerase chain reaction (PCR) with ITS1-F and
ITS4™'”. The following PCR cycle was implemented: initial denaturation at
95 °C for 10 min, followed by 34 cycles of 95 °C for 15 s, annealing at 52 °C
for 30 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for
5 min. We confirmed products with gel electrophoresis and purified them
with ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) following manu-
facturer recommendations. The entire ITS region was targeted for Sanger
sequencing using BigDye Terminator v3.1 (Applied Biosystems, Foster City,
CA, USA), and the sequences were identified using BLAST'”. If samples
within one morphotype varied in taxonomic classification, we sequenced
additional fungal cultures for more accurate identification. We identified
Fusarium sequences to species complexes by employing FUSARTUM-ID'”
v.3.0. We deposited sequences in GenBank under accession numbers
PP804255-PP804425 (Supplementary Data 2).

Phylogenetic analyses

We explored the diversity of amplicon sequences and cultured isolates
for select fungal groups that have consequences for human and animal
health using a phylogenetics approach with ribosomal ITS sequences.
These included Aspergillacaeae, Onygenales, and Saccharomycetales
fungi, as well as Cryptococcus-like yeasts (e.g., species of Naganishia,
Vishniacozyma, and Filobasidium). Reference sequences from
GenBank'" as well as those from our previous study of the lung com-
munities of small mammals in the southwestern U.S’. were included
(Supplementary Data 4). We aligned sequences with mafft''"'"* v.7.487
using automatically determined settings and trimmed the resulting
alignment with trimal'"” v.1.4.1 in automated] mode. The final align-
ments were 697 bases for Aspergillaceae, 263 bases for Cryptococcus-like
yeasts, 540 bases for Onygenales, and 301 bases for Saccharomycetales,
and they were deposited in Dryad (https://doi.org/10.5061/dryad.
hgbzkh1t3). We inferred maximum likelihood trees with the best fit-
ting model according to ModelFinder'* in IQ-Tree'” v.1.6.12 with
10,000 ultrafast bootstraps. The best fitting model was TIM2e+G4 for
Aspergillaceae, TVMe+I1+4G4 for Cryptococcus-like yeasts, TNe+G4 for
Onygenales, and HKY+F+I+G4 for Saccharomycetales. Phylogenies
were rooted with standard outgroups explicitly Aspergillus fumigatus for
Onygenales'®, Coccidioides immitis for Aspergillaceae'’, Mycosarcoma
(Ustilago) maydis for Cryptococcus-like yeasts*, and Neurospora crassa
for Saccharomycetales'"®. The resulting trees were visualized in ggtree'".
Nexus-formatted alignments and Newick trees were deposited in Dryad
(https://doi.org/10.5061/dryad.hqbzkh1t3) and are available in Sup-
plementary Data 5.

We tested the level of host phylogenetic signal in alpha diversity
indices: zOTU richness, Shannon diversity, inverse Simpson, and Chaol.
For each alpha diversity index, we calculated a mean value at the host taxon
level from the full rarefied dataset as trait inputs for tests of phylogenetic
signal. We downloaded a set of 10,000 phylogenetic trees from https://
birdtree.org/ with the Hackett backbone'**'"*' and generated a MCC tree
using the function maxCladeCred from the R package phangorn'” v.2.5.5.
We then pruned the tree to the taxa in our dataset using the keep.tip function
in ape'”. We tested for phylogenetic signal using Moran’s I, Abouheif’s
Cmean, and Pagel’s Lamda tests using the R packages adephylo'* v.1.1-13
and phytools'* v.2.0. We evaluated adjusted P values against a 0.05 sig-
nificance level from permutation tests (n = 10,000) to identify phylogenetic
signal in each alpha diversity metric.

Statistics and reproducibility

To address the effects of uneven and limited sample sizes across avian
species and ecological groups, we conducted separate analyses on subsets of
host taxa. One analysis included only cranes, which comprised the majority
of our samples, while another focused on non-crane bird species. See
“Methods” section for details.

Statistical analyses were performed using phyloseq'®' v.1.48.0, vegan™
v.2.8-6, phylosmith'”* v.1.0.6, gdm'” v.1.5.0-9.1, and adephylo'” v.1.1-13.
Reported P-values include all significant digits, with a significance threshold
of 0.05. Datasets and code, including the seeds used in our original analysis,
are available as links in Data availability and Code availability statements.

Mycobiome sequence data were obtained from frozen lung tissues of
preserved biological specimens from natural history collections. These
specimens are linked to publicly available geographical data and a com-
prehensive set of host metadata, ensuring reproducibility and expandability
of host-parasite research'*'*’. We provide museum records, as ARCTOS
database links for all samples and GenBank accession numbers for our
fungal sequence data. Datasets for both full and rarified fungal community
analyses were deposited in Zenodo'”".

We characterized the avian lung mycobiome using a dual approach:
fungal culturing and metabarcoding. This combination allowed us to cap-
ture a broader diversity of fungi while mitigating the biases inherent in each
method.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All sequence data generated in this study is linked to host voucher specimens
from the Museum of Southwestern Biology archived in the ARCTOS
museum database (https://arctos.database.museum). Select host metadata is
also available in Supplementary Data 1. Raw mycobiome sequences were
deposited in GenBank Short Read Archives (BioProject PRINA1136563).
Taxonomic assignment of zOTUs from the UNITE v.10 database are
available in Supplementary Data 3. Datasets for both full and rarified fungal
community analyses were deposited in Zenodo (https://zenodo.org/
records/15098514). Nexus-formatted alignments and Newick trees for the
fungal phylogenetic analyses are available in Dryad (https://doi.org/10.
5061/dryad.hgbzkh1t3) and Supplementary Data 5. The ribosomal ITS
sequences generated from the fungal cultures were deposited in GenBank’s
nucleotide database under accessions: PP804255-PP804425 (Supplemen-
tary Data 2).

Code availability
Code and source data are on GitHub (https://github.com/cgadek/Bird_
Mycobiome) and Zenodo (https://zenodo.org/records/15098514).
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