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Abstract Endolichenic fungi live in close association with
algal photobionts inside asymptomatic lichen thalli and
resemble fungal endophytes of plants in terms of taxonomy,
diversity, transmission mode, and evolutionary history. This
similarity has led to uncertainty regarding the distinctiveness of
endolichenic fungi compared with endophytes. Here, we
evaluate whether these fungi represent distinct ecological
guilds or a single guild of flexible symbiotrophs capable of
colonizing plants or lichens indiscriminately. Culturable fungi
were sampled exhaustively from replicate sets of phylogenet-
ically diverse plants and lichens in three microsites in a
montane forest in southeastern Arizona (USA). Intensive
sampling combined with a small spatial scale permitted us to
decouple spatial heterogeneity from host association and
to sample communities from living leaves, dead leaves,
and lichen thalli to statistical completion. Characterization
using data from the nuclear ribosomal internal transcribed
spacer and partial large subunit (ITS-LSU rDNA) provided a
first estimation of host and substrate use for 960 isolates
representing five classes and approximately 16 orders, 32
families, and 65 genera of Pezizomycotina. We found that
fungal communities differ at a broad taxonomic level as a
function of the phylogenetic placement of their plant or lichen
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hosts. Endolichenic fungal assemblages differed as a function
of lichen taxonomy, rather than substrate, growth form, or
photobiont. In plants, fungal communities were structured
more by plant lineage than by the living vs. senescent status of
the leaf. We found no evidence that endolichenic fungi are
saprotrophic fungi that have been “entrapped” by lichen thalli.
Instead, our study reveals the distinctiveness of endolichenic
communities relative to those in living and dead plant tissues,
with one notable exception: we identify, for the first time, an
ecologically flexible group of symbionts that occurs both as
endolichenic fungi and as endophytes of mosses.

Introduction

Symbioses between fungi and photosynthetic organisms
were associated with the early colonization of land by
plants [7, 22, 42, 49] and the subsequent diversification of
the most species-rich fungal lineages [9, 25, 29, 33]. The
best-known fungal partners in such associations are
mycorrhizal fungi, lichen-forming mycobionts, and plant
pathogens (see [29]). Yet members of every major plant
lineage also harbor fungal endophytes—highly diverse,
horizontally transmitted fungi that live within asymptomatic
above-ground tissues such as leaves ([2, 39, 46]; Class 3
endophytes, sensu [43]). Fungal endophytes are especially
common among the Pezizomycotina (Ascomycota), repre-
senting at least five classes, dozens of families, and large
numbers of previously unknown species [6, 19, 24].
Fungal symbionts resembling endophytes also live inside
apparently healthy lichen thalli, forming persistent and
symptomless infections ([6]; see also [21, 30, 32, 38, 47]).
These “endolichenic fungi” represent lineages of Ascomycota
that are distinct from lichen mycobionts (the primary fungal
component of the lichen thallus), lichenicolous fungi (which
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fruit or are otherwise symptomatic on thalli), and incidental
fungi on thallus surfaces ([6]; see also [31, 33]). They are
known from every lichen species sampled to date at sites
ranging from the Arctic to the tropics (see [6]) but have been
characterized in only a few communities [6, 30, 32, 47]. In
focal species, microdissection demonstrates that they live
in close association with photobionts and are relatively rare
in the mycobiont-dominated cortices and medulla [6]. They
appear to be horizontally transmitted and comprise a high
diversity of Pezizomycotina.

The observation that lichen thalli can harbor genera that
are typically found as endophytes of plants, combined with
ecological similarities between endophytes and endolichenic
fungi (asymptomatic growth in living tissues, intimate
association with a photosynthetic organism, high diversity,
and horizontal transmission; [6, 21, 32, 47]), has led to
uncertainty regarding the ecological distinctiveness of
endolichenic fungi compared with endophytes. A previous
study that addressed this issue compared fungi from cortico-
lous lichens and foliar endophytes from trees on which those
lichens grew, finding little evidence that dominant fungal
species occurred in both leaves and lichens [47]. However,
that study considered only vascular plants and only corticolous
lichens, and did not sample endolichenic or endophytic
communities to statistical completion. Subsequent studies have
confirmed that endolichenic fungi are common in lichens with
different substrates [30, 32] and that they share a close
evolutionary relationship with endophytes [6]. However, no
previous study has specifically addressed the distinctiveness
of endolichenic fungi relative to other guilds through intensive
sampling of phylogenetically diverse plants and lichens.

Here we evaluate whether endophytic and endolichenic
fungi represent distinct ecological guilds or a single guild of
flexible symbiotrophs capable of colonizing plants and lichens
indiscriminately. In a biotically rich montane forest in
southeastern Arizona, USA, we exhaustively sampled cultur-
able fungi from fully replicated sets of phylogenetically diverse
plants and lichens in three microsites. The small spatial scale of
our study permitted us to sample to statistical completion and
to decouple spatial heterogeneity from host associations. To
provide a robust context for interpreting the apparent specific-
ity of endophytic fungi (from living photosynthetic tissues of
plants) and endolichenic fungi (from living thalli), we
concurrently examined culturable fungi from dead leaves in
tree canopies and leaf litter in the same microsites. Our
resulting library of over 1,000 fungal isolates is drawn from the
largest sample of co-occurring lichens and plants to date,
spanning a diversity of lichen substrate uses, growth forms,
photobionts, and mycobionts, as well as phylogenetically
diverse plants ranging from mosses to angiosperms. Although
preliminary in lieu of reciprocal infection experiments, this
study provides a first perspective on host use by ascomycetous
fungi in co-occurring lichens and plants, indicating that

endolichenic fungi represent a largely distinct guild—with
the exception of a previously unexplored group of ecologically
flexible symbionts that occur both as endophytes in mosses
and as endolichenic fungi.

Materials and Methods

In June 2007, fresh tissues of 11 representative species of
plants (Table 1) and lichens (Table 2) were collected in the
eastern Chiricahua Mountains, southeastern Arizona (Cochise
Co., Coronado National Forest; 31°53'00” N, 109°12'18" W).
Part of the Madrean “sky island archipelago,” the Chiricahuas
comprise a rainfall, temperature, and vegetation gradient
ranging from the Sonoran and Chihuahuan deserts to oak
woodlands (1,550-1,750 m above sea level (m.a.s.l.)), pine-
oak woodlands and forests (1,750-2,200 m.a.s.l.), and
conifer-dominated montane forests (2,200-2,400 m.a.s.l.)
[8]. The climate of the region is arid to semiarid, with a
pronounced dry season (March—June) between winter and
summer wet seasons [8]. At the Southwestern Research
Station in Portal, AZ (1,646 m.a.s.l.), mean annual rainfall is
548.6 mm and the mean annual temperature is 11.7°C (1909—
2006; Western Regional Climate Center: http://www.wrcc.dri.
edu/cgi-bin/cliMAIN.pl?az6716).

The study site consisted of a semi-open natural drainage
and rocky hillside ca. 9.5 km north-northwest of the
Southwestern Research Station (2,100 m.a.s.l.). The area
has an open canopy of Pinus arizonica var. arizonica
interspersed with oaks (Quercus hypoleucoides, Quercus
gambelii, Quercus rugosa), alligator juniper (Juniperus
deppeana), Douglas fir (Pseudotsuga menziesii), and velvet
ash (Fraxinus velutina), and an understory comprised of
grasses, mosses, ferns (primarily Woodsia plummerae),
small shrubs, and cacti (especially Echinocereus triglochi-
diatus). Epiphytic and saxicolous lichens are abundant.

Based on previous work in the mountains of southern
Arizona [27, 28] hosts were sampled intensively at a local
scale with the goal of achieving statistical completion in
recovering culturable fungal diversity. In each of three
microsites located ca. 30 m apart along a 100 m transect,
replicate sets of phylogenetically diverse lichens and plants
were sampled in very close physical proximity to one another,
allowing spatial heterogeneity in fungal distributions to be
decoupled from host affiliations. Whereas samples across
multiple transects and sampling times would be useful for
expanding the scope of inference of the present study, the high
richness and abundance of fungi present challenges of scale
that are being addressed in further work.

In this study, material from 33 individual plants (one
individual of 11 representative species in each of the three
microsites; Table 1) and 30 lichens (encompassing one or
more thalli of ten lichen genera in each of three microsites;
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Table 1 Endophytic fungi: plant host, lineage and family; number of

plant tissue segments examined and isolates recovered; isolation
frequency per microsite for three microsites; number of isolates

sequenced, number of putative species, and diversity (Fisher’s alpha)
using OTU based on 95% ITS-LSU rDNA sequence similarity

Host Host Host family Leaf Isolates  Isolation Isolates Putative species Fisher’s alpha
lineage segments® recovered frequency/ sequenced (95% CI) (95% CI)°
microsite + SD (%)

Leucobryum sp.° Moss Bryaceae 141 21 0.15+0.02 19 91%) 11 10.9 (4.5, 17.4)

Ceratodon purpureus — Moss Ditrichaceae 143 30 0.21+0.16 30 (100%) 14 10.2 (4.9, 15.6)

Woodsia plummerae Fern Dryopteridaceae 144 7 0.05+0.09 5(71%) 4 9.3(0.2,184)

Juniperus deppeana Conifer Cupressaceae 144 22 0.15+0.12 19 (86%) 10 8.5 (3.3, 13.9)

Pinus arizonica Conifer Pinaceae 144 9 0.06+0.02 9 (100%) 2 0.8 (0.3, 1.9)
var. arizonica

Pseudotsuga Conifer Pinaceae 144 21 0.15+0.22 16 (76%) 3 1.1 (-0.1, 2.3)
menziesii var. glauca

Eragrostis intermedia  Angiosperm Poaceae 144 2 0.01+0.02 2 (100%) 1 N/A

Quercus rugosa Angiosperm Fagaceae 130 0 0 N/A N/A N/A

Quercus gambelii Angiosperm Fagaceae 128 1 0.01+0.01 1 (100%) 1 N/A

Quercus hypoleucoides Angiosperm Fagaceae 144 4 0.03£0.05 3 (75%) 1 N/A

Fraxinus velutina Angiosperm Oleaceae 125 1 0.01£0.02 1 (100%) 1 N/A

Total 1,531 118 0.08+0.11° 105 (89%) 36 (28, 44) 19.4 (13.0, 25.7)

# All hosts started with 144 leaf segments (i.e., 48 per microsite for three microsites), but a small number were lost to contamination, overgrowth, and

desiccation

® Average infection frequency

€ Fisher’s alpha was not calculated for species with <4 isolates sequenced, but all hosts from which endophytes were obtained were included in community-
wide endophyte diversity analyses. Differences in diversity among species were not calculated due to small sample sizes

9 This plant was not identified to species because of limited taxonomic resources for the region. However, accessions of this species were morphologically

consistent among all microsites

Table 2) was collected. For endophytes (defined functionally
as fungi occurring within living, asymptomatic tissues of
plants), we collected three branches containing healthy
leaves (trees, shrubs), three shoots (grass, fern), or one small
mat (mosses; 4-9 cm?) per species in each microsite. From
four tree species (J. deppeana, P. arizonica, P. menziesii,
and Q. rugosa), dead leaves attached to branches in tree
canopies (hereafter, dead leaves) and leaves in below-crown
leaf litter in an intermediate state of decomposition
(hereafter, leaf litter) also were collected using the same
individual plants sampled for endophytic fungi (Table 3).
For endolichenic fungi (defined functionally as fungi
occurring within living, asymptomatic lichens), portions
of mature thalli sufficient for herbarium specimens and
fungal isolations were collected. Specimens were deposited
at the Robert L. Gilbertson Mycological Herbarium at the
University of Arizona (ARIZ, accessions LI-2009-1-
L1.2009-30) and the Cryptogamic Herbarium at Duke
University (DUKE, accessions 48138-48166).

Isolation of Fungi

Plant and lichen material was transported in plastic and paper
bags, respectively, to the laboratory and processed within 24 h.

@ Springer

Debris and plant material was removed from lichens with aid of
a dissecting microscope. Each leaf and thallus was washed
thoroughly in running tap water prior to surface sterilization. To
maximize recovery of diverse fungi, 5—15 leaves per individual
(or 2 cm? from each moss sample) were cut to yield ca. 150—
200 tissue segments (each ca. 2 mm?), which were surface
sterilized and selected haphazardly to yield 48 segments per
species per microsite. A similar approach was used for lichen
thalli, except that those that did not fragment naturally were
cut into 2 cm? pieces prior to surface-sterilization, and into
2 mm? pieces under sterile conditions thereafter, for a total of
48 haphazardly selected segments per species per microsite.
Cutting lichen thalli after surface sterilization does not limit
the recovery of endolichenic fungi, and the slightly different
methods used here for plant vs. lichen samples do not affect
isolation frequency or apparent composition [6].

Segments were surface-sterilized by agitating sequen-
tially in 95% ethanol for 30 s, 10% bleach (0.5% NaOCI)
for 2 min, and 70% ethanol for 2 min [4], and then surface
dried under sterile conditions before plating on 2% malt
extract agar, which supports growth of diverse endophytes
[15, 16] and endolichenic fungi [6, 32]. Plates were sealed
with Parafilm and incubated under ambient light/dark
condition at room temperature (ca. 21.5°C) for up to 1 year.
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Table 3 Fungi from dead leaves in tree canopies (dead leaf fungi
(DLF)) and leaf litter (LLF): plant host, lineage, and family; number of
plant tissue segments examined and isolates recovered; isolation

frequency; number of isolates sequenced, number of putative species,
and diversity (Fisher’s alpha) using OTU based on 95% ITS-LSU
rDNA sequence similarity

Host Host Leaf Isolates

lineage

Host family

segments® recovered frequency/

Isolation Isolates Putative species

sequenced (%) (95% CI)

Fisher’s alpha
(95% CI)°
microsite = SD

Dead leaves from canopy

Quercus rugosa Angiosperm Fagaceae 144 34

Juniperus deppeana Conifer Cupressaceae 141 87

Pinus arizonica Conifer Pinaceae 144 36
var. arizonica

Pseudotsuga Conifer Pinaceae 142 29
menziesii var. glauca

DLF total 571 186

Leaf litter

Quercus rugosa Angiosperm Fagaceae 143 29

Juniperus deppeana Conifer Cupressaceae 144 43

Pinus arizonica Conifer Pinaceae 143 57
var. arizonica

Pseudotsuga Conifer Pinaceae 144 29
menziesii var. glauca

LLF total 574 158

0.24+0.39 32(97%) 8 3.4(1.0,5.7) a
0.62+0.18 82 (94%) 23 10.6 (6.3, 15.0) b
0.25+0.40 31 (86%) 3 0.8 (-0.1,1.5) a
0.20+0.21 19 (66%) 3 1.0 (-0.1,2.1) a
0.33+0.32° 164 (89%) 32 (25, 40) 11.8 (7.7, 15.9)
0.20+0.18 27 90%) 7 3.1(0.8,53)B, C
0.30+0.09 37 86%) 16 10.7 (5.5, 16.0) A
0.40+0.35 55(96%) 8 2.6 (0.8, 4.4) C
0.20+0.03 25 (86%) 10 6.2 (2.4, 10.0) A, B
0.28+0.19° 144 (91%) 33 (28, 38) 13.5 (8.9, 18.0)

# All hosts started with 144 tissue segments, but a small number were lost to contamination, overgrowth, and desiccation

® Different letters represent significant differences (P<0.05) based on pairwise comparisons of diversity for DLF (lowercase) and LLF (uppercase) using

bootstrap randomization in PAST (1,000 replicates)

¢ Average infection frequency

Fungi growing from plant or lichen tissues were isolated
into pure culture, vouchered in sterile water, and deposited
at ARIZ (accession nos. AZ0001-1110). This study focuses
only on isolates recovered in culture; uncultured fungi will
be addressed in forthcoming work. Overall, 4,176 tissue
segments were examined (Tables 1, 2, and 3).

DNA Extraction, PCR, Sequencing

Total genomic DNA was extracted directly from every isolate
following [5]. The nuclear ribosomal internal transcribed
spacers and 5.8 s gene (ITS rDNA; ca. 600 bp) and an
adjacent portion of the nuclear ribosomal large subunit (LSU
rDNA; ca. 500 bp) were amplified by the polymerase chain
reaction (PCR) as a single fragment using primers ITS1F or
ITSS and LR3 [20, 51, 53]. Each 20-ul reaction mixture
included 10 pl of Sigma Readymix REDTaq with MgCl,
(St. Louis, MO), 0.16 ul of each primer (50 mM), 0.5 ul of
DNA template, and 9.18 pl of PCR-quality water. Cycling
reactions (94°C for 3 min; 36 cycles 0f 94°C for 30 s, 54°C for
30, 72°C for 1 min; and 72°C for 10 min) were run on an MJ
Research PTC200 thermocycler (Waltham, MA). SYBR
Green I stain (Molecular Probes, Invitrogen; Carlsbad, CA)
was used to detect DNA bands on a 1% agarose gel. All
products yielded single bands.

PCR products were cleaned, quantified, and normalized
at the University of Arizona Genetics Core facility.

@ Springer

Bidirectional sequencing was performed on an Applied
Biosystems 3730x/DNA Analyzer (Foster City, CA).
The software applications phred and phrap [11, 12] were
used to call bases and assemble contigs with automation
provided by the ChromaSeq package in Mesquite v. 1.06
(http://mesquiteproject.org). Base calls were verified by
inspection of chromatograms in Sequencher v. 4.5 (Gene
Codes, Ann Arbor, MI). Sequences have been deposited
in GenBank under accession numbers HM122760-
HM123719.

Species Richness and Diversity

Because isolates rarely sporulated in culture, molecular data
were used to delineate operational taxonomic units (OTU).
Although the high degree of intraspecific variability within
fungal ITS rDNA precludes delimiting all species using a
fixed level of divergence (e.g., 3%; see [37]), recent
examination of four genera in the Sordariomycetes and
Dothideomycetes, including common inhabitants of lichens
and both living and dead leaves [6, 41], demonstrated that
genotype groups delimited by 5% ITS rDNA divergence
(95% sequence similarity) conservatively estimate sister
species boundaries when compared against published
phylogenies [50]. Although most studies use only ITS
data to delimit OTU, the addition of partial LSU data in
this study provides greater phylogenetic information for the
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same sequencing effort without resulting in significant
changes to 95% and 100% OTU groups (U'Ren, J. M.,
unpublished).

In comparing tools for assembling ITS-LSU rDNA OTU
(e.g., DOTUR, [44]; three FastGroupll algorithms: PSI, PSI
with gaps and SeqMatch, [54]; and Sequencher, as in [4]),
Sequencher with manual editing and a minimum of 40%
overlap delimited groups that were most often congruent with
clades found by Bayesian phylogenetic analyses (Electronic
Supplementary Material Fig. S1), and was more amenable
than algorithms designed for bacterial 16S sequences [26, 50].
Therefore, Sequencher was used to designate OTU
corresponding to 95% sequence similarity as a basis for
further analyses. Key conclusions do not differ when OTU
based on 100% similarity are used (data not shown).

OTU accumulation curves, rarefaction curves, and
bootstrap estimates of total richness (which are more
precise than Chao and Jackknife estimates when data sets
contain many rare taxa; [34, 40]) were inferred in EstimateS
v. 8.0 (http://viceroy.eeb.uconn.edu/EstimateS) using 50
randomizations of sample order without replacement. Total
richness (number of putative species) was assessed with
PAST v. 1.88 (http://folk.uio.no/ohammer/past/). Diversity
was measured using Fisher’s alpha [14], a parameter of the
log series model that is robust to variation in sample size
[34, 48]. Bootstrap randomizations of Fisher’s alpha were
conducted in PAST (1,000 replicates) to compare diversity
among samples, with confidence intervals calculated in
SPADE (http://chao.stat.nthu.edu.tw/softwareCE.html)
when key assumptions for analysis of variance (ANOVA)
were not met. All other statistical analyses were done in
JMP v. 7.0.2 (SAS Institute, Cary, NC).

Taxonomic Composition and Similarity of Fungal
Assemblages

Taxonomic composition was estimated at the class level by
querying all sequences with BLASTn in the NCBI non-
redundant nucleotide database [1] followed by comparison
with a maximum likelihood phylogenetic analysis containing
named taxa for confirmation (data not shown). A x* test was
used to test the null hypothesis that classes of Pezizomyco-
tina were distributed equitably among different tissue types
(living leaves, lichen thalli, dead leaves, leaf litter) and host
lineages (living leaves: moss, fern, conifer, angiosperm; dead
leaves and leaf litter: conifers, angiosperm; lichens: Verru-
cariales, Teloschistales, Peltigerales, Ostropales, Lecidea-
ceae, and Lecanorales, and among species in the
Lecanorales) using percent-normalized data. Because fungi-
matching unnamed/environmental sequences could not be
reliably assigned taxonomic affiliation using BLAST (see
[50]), fungi with top hits that matched environmental
samples or otherwise unidentified fungi were excluded (36

isolates representing 11 OTU). All taxonomic identification
below the level of class was treated with caution due to the
prevalence of misidentified sequences in GenBank and
challenges associated with the limitations of the BLAST
algorithm (see [4, 36, 50, 52]).

Similarity among partitions of the fungal community
was assessed at the OTU level using Jaccard's index
(based on presence/absence data only) and the Morisita—
Horn index (based on isolation frequency) [3, 18].
Indices were calculated in EstimateS v. 8.0, were based
only on non-singleton genotypes, and were compared
statistically with a custom PERL script for bootstrap
randomizations written by T. Wheeler (University of
Arizona).

Results

Over 1 year of incubation, 1,061 isolates were
recovered (Tables 1, 2, and 3). Isolation frequency,
defined as the percent of tissue segments bearing
culturable fungi, differed among tissue types (Wilcoxon
rank-sum, ¥3=36.43, P<0.0001): culturable fungi were
recovered significantly less frequently from living leaves
than from lichen thalli, dead leaves, and leaf litter
(Table 4).

Endophytic fungi were recovered from all plant
species examined except Q. rugosa (Table 1) and were
isolated from up to 21% of tissue segments per species.
Isolation frequency differed among plant lineages (Wil-
coxon rank-sum, ¥3=16.46, P=0.0009), with angiosperms
having a significantly lower isolation frequency than
mosses or conifers (Table 4). Isolation frequency did not
differ significantly among microsites (F;30=2.62, P=
0.0896).

Endolichenic fungi were recovered from every thallus,
and were isolated from 16% to 76% of tissue segments
examined per lichen species (Table 2). Isolation frequency
differed as a function of the ordinal placement of lichen
mycobionts (log-transformed with one outlier removed,
Fs,3=3.00, P=0.0314) and was greatest in Teloschistales,
Lecanorales, and Peltigerales (Table 4). There was weak
evidence for a higher isolation frequency in epiphytic vs.
saxicolous lichens; foliose and fruticose vs. crustose
lichens; and lichens with exclusively trebouxioid photo-
bionts vs. lichens with other photobionts (see Table 2).
However, once the effect of lichen taxonomy was taken into
account these factors were not significant (ANOVA on
residuals following test for ordinal effect, P=0.2326
(substrate), P=0.1984 (growth form), P=0.6352 (photo-
biont); lack-of-fit F test, F,,,=0.34, P=0.7177). Isolation
frequency did not differ significantly among microsites
(F2‘27:0.53, P:05954)
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Table 4 Summary of host taxa sampled, isolates sequenced, species richness, 95% confidence intervals of species richness, bootstrap estimate of
richness, and diversity (Fisher’s alpha) for each community partition and host lineage

Host  Isolation frequency/ Sequences Putative Richness

Richness 95% Bootstrap Fisher’s alpha

species microsite = SD* species  95% CI (lower) CI (upper) estimate richness (95% CI)°

Endophyte 11 0.08+0.11 A 105 36 29.22 42.78 43.44 19.4 (13.0,25.7) A
Mosses 2 0.18+0.11 b 49 19 13.65 24.35 23.21 11.4 (6.3, 16.5) a
Fern 1 0.05+0.09 a, b 5 4 1.3 6.7 5.06 93(0.2,184)a
Conifers 3 0.12+0.13 b 44 15 10.14 19.86 18.34 8.0 (4.0, 12.1) a
Angiosperms 5 0.01+£0.02 a 7 4 1.85 6.15 4.79 39(0.1,7.7) a
Endolichenic fungi  10* 0.42+0.22 B 547 53 46.95 59.05 60.68 14.5 (10.6, 18.4) B
Verrucariales 1 0.23£0.12 ¢ 20 8 5.28 10.72 9.8 4.9 (1.5, 8.4)
Lecanorales 5 0.49+0.18 a 323 39 30.04 47.96 46.62 11.6 (8.0, 15.2)
Teloschistales 1 0.56+0.33 a, b 70 20 16.13 23.87 23.35 9.4 (5.3, 13.5)
Peltigerales 1 0.45+0.27 a, b, ¢ 63 19 14.38 23.62 22.64 9.2 (5.1,13.4)
Ostropales 1 0.27+0.05 b, ¢ 35 16 12.25 19.75 19.28 11.4 (5.8, 17.0)
Lecideaceae 1 0.26+0.06 b, ¢ 36 10 6.72 13.28 11.79 4.6 (1.7, 7.4)
Dead leaf fungi 4 0.33+0.32 B 164 32 22.78 41.22 38.6 11.8 (7.7, 159) B

(DLF)

Conifers 3 0.36+0.31 a 132 26 18.4 33.6 30.79 9.7 (6.0, 13.4) a
Angiosperm 0.24+0.39 a 32 8 2.74 11.26 9.17 34(1.0,57)b
Leaf litter fungi 4 0.28+0.19 B 144 33 28.26 37.74 379 13.5 (8.9, 18.0) B

(LLF)*

Conifers 3 0.30+0.20 a 117 27 23.32 30.68 30.62 11.0 (6.9, 15.2) a
Angiosperm 1 0.20+0.18 a 27 7 3.79 10.21 8.29 3.1(0.8,53)b

? Different letters represent significant differences (P<0.05) based on ANOVA with post-hoc Tukey—Kramer HSD comparisons of infection frequency
among substrates (uppercase), major plant lineages, or lichen orders (lower case).

® Different letters represent significant differences (P<0.05) based on pairwise comparisons of diversity among major plant lineage using bootstrap
randomization in PAST (1,000 replicates) (lowercase letters), or significant differences among tissue types detected by ANOVA with post-hoc Tukey—

Kramer HSD comparisons (uppercase letters). No significant differences were observed among lichen families (no superscripts shown).

¢ Per-taxon comparisons of Fisher’s alpha values for DLF and LLF are given in Table 3

Fungi from dead leaves in tree canopies (i.e., dead leaf
fungi (DLF)) and leaf litter (leaf litter fungi (LLF)) were
recovered from every individual and were isolated from
20-62% (DLF) and 20—40% (LLF) of tissue segments per
species. DLF were isolated 2.1 times more frequently than
LLF from J. deppeana (t4=2.76, P=0.0510), but in all
other host species, DLF and LLF were isolated with similar
frequencies (Table 3). Isolation frequency from dead leaves
and leaf litter did not differ among major plant lineages
(conifers vs. angiosperm; Table 4) or microsite (pooled
DLF and LLF data, F,¢=0.09, P=0.9166).

Richness and Diversity

High-quality sequence data from 960 isolates yielded 95 OTU
based on 95% ITS-LSU rDNA similarity (Fisher’s alpha=
26.2). These represented 354 unique genotypes (based on
100% ITS-LSU rDNA similarity; Fisher’s alpha=201.5).
Overall, 33.7% of OTU and 66.3% of genotypes were
singletons (i.e., found only once).
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Our sampling effort was statistically sufficient to capture
the total OTU richness of culturable DLF (Fig. 1). For
endophytic, endolichenic, and LLF fungi, differences
between bootstrap estimates and the upper 95% confidence
intervals around observed richness ranged from only 0.16
to 1.63 OTU (Table 4), indicating that the majority of
culturable fungi in these groups were recovered. Based on
minute differences between observed and expected richness,
these data were used to compare diversity of culturable fungi
in each substrate.

Although diversity of endophytes in mosses and conifers
exceeded that in angiosperms by more than twofold,
diversity did not differ significantly among major plant
lineages (Table 4). Similarly, diversity of endolichenic
fungi did not differ significantly among lichen species
(Table 2), lichen orders (Table 4), or as a function of lichen
growth form, substrate, or photobiont (ANOVA on residuals
following test of ordinal effect: P=0.7400 (substrate), P=
0.8937 (growth form), P=0.8524 (photobiont); lack-of-fit F
test, F5,=0.07, P=0.9369).
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Figure 1 Species accumulation curves (Syps Mao Tau), 95%
confidence intervals, and bootstrap estimates of richness based on
ITS-LSU rDNA OTU (95% sequence similarity) for a 105 isolates of
endophytic fungi from living photosynthetic tissues of 11 species of

The diversity of endophytes (Fisher’s alpha) exceeded
that of endolichenic fungi by a factor of 1.3 (F, 4=16.09,
P=0.0160) despite the higher isolation frequency and
species richness of fungi found in lichens overall (Tables 1
and 2). When constrained to equal numbers of isolates
(N=105, matching the number of sequenced endophytic
isolates), endophytes (36.0 species; 95% CI=29.2, 42.8)
were more species-rich than endolichenic fungi (27.5
species; 95% CI=22.1, 33.0; isolate-based rarefaction;
Fig. 2a). Host-based rarefaction highlighted the higher
species richness of endolichenic fungi in the overall sample
(Fig. 2b; Electronic Supplementary Material Fig. S2),
reflecting the fivefold greater numbers of endolichenic fungi
vs. endophytic fungi recovered here.

Cumulative diversity of endophytes (Table 1; Fisher’s
alpha=19.4) was significantly greater than that of DLF and
LLF (Table 3) (F,6=13.37, P=0.0062). However, these
guilds differed in the number of host species and individuals
surveyed. When analyses were constrained to species for
which endophytes, DLF and LLF were collected, diversity of
endophytes in J. deppeana, P. arizonica, and P. menziesii
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60 -

50+
401

301

204 .

Sobs (Mao Tau)
---- Sobs 95% CI

101 ——= Bootstrap Mean
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plants; b 547 endolichenic fungi from living thalli of ten lichen
genera; ¢ 165 isolates of fungi from dead leaves in canopies of four
tree species (dead leaf fungi, DLF); and d 143 isolates of fungi from
leaf litter beneath four tree species (leaf litter fungi, LLF)

(Fisher’s alpha=8.0) was similar to that of DLF (Fisher’s
alpha=9.7) and LLF (Fisher’s alpha=11.0) (F,¢=0.22, P=
0.8097). The diversity of DLF and LLF differed significantly
among plant species (Table 3) and between conifers and
0. rugosa (Table 4). DLF and LLF communities contained
similar numbers of OTU (Table 3); however, LLF from P.
arizonica and P. menziesii were four- to sixfold more diverse
than DLF from the same hosts (P=0.027 and 0.004) (Table 3).

Composition of Fungal Assemblages

All fungi sequenced here are members of the Pezizomycotina
(Ascomycota; n=939 sequences with defined taxonomy; the
remaining 21 isolates were classified as either “uncultured
fungus” or “fungal endophyte”). Based on BLAST analyses
coupled with phylogenetic analyses, five classes and approx-
imately 16 orders, 32 families, and 65 genera of Pezizomy-
cotina were represented. Pezizomycetes were most common
(43.2% of isolates; ca. six families and 20 genera), followed
by Sordariomycetes (28.9% of isolates; ca. eight families and
18 genera), Leotiomycetes (17.2% of isolates; ca. four
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Figure 2 a Species-based rarefaction based on ITS-LSU rDNA OTU
(95% sequence similarity) for endophytes, endolichenic fungi, dead
leaf fungi (DLF), and fungi from leaf litter beneath trees (leaf litter
fungi, LLF) constrained to equal numbers of isolates (n=105); b host-
based rarefaction based on ITS-LSU rDNA OTU (95% sequence

families and six genera), Dothideomycetes (8.7% of isolates;
ca. 13 families and 19 genera) and Eurotiomycetes (0.4% of
isolates; one family and two genera). After accounting for
differences in sample sizes, the null hypothesis that these five
classes of Pezizomycotina were equitably distributed among
endophytes, endolichenic fungi, DLF and LLF was rejected
(13=61.99, P<0.0001) (Fig. 3a).

Within living tissues, the relative abundance of the most
common classes differed significantly among major plant
lineages (x3=415.71, P<0.0001; Fig. 3b) and lichen orders
(x3,=180.86, P<0.0001; Fig. 3c). Endophyte assemblages
in mosses were dominated by Pezizomycetes (>70% of
isolates), the focal fern by Dothideomycetes, conifers by
Leotiomycetes, and angiosperms by Sordariomycetes and
Dothideomycetes. Each plant lineage yielded at least three
classes of Pezizomycotina except angiosperms, which
yielded only two. The majority of endolichenic fungi were
Pezizomycetes (>55% of isolates) (Fig. 3a). After lichen-
ordinal effects were taken into account, no pattern was
observed with regard to endolichenic taxonomy and lichen
growth form, substrate, or photobiont (data not shown).
Within the Lecanorales, the most thoroughly sampled order,
Pezizomycetes made up more than half of all isolates in
every host species (55.7-95.1% of isolates; Fig. 3d).
Endolichenic fungi recovered here did not include any
previously known lichenicolous fungi or mycobionts.

When analyses were restricted to three conifers for
which endophytes, DLF and LLF were recovered, taxo-
nomic composition at the class level was consistent (y2=
10.46, P=0.1065) and was dominated by Leotiomycetes
(Fig. 3e). Class-level taxonomy also was consistent
between DLF and LLF from Q. rugosa (Fig. 3f). When

@ Springer

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Hosts

similarity) for endophytic fungi from living photosynthetic tissues of
33 individual plants, endolichenic fungi from living thalli of 30
lichens, fungi from dead leaves in canopies of 16 trees (DLF), and
fungi from leaf litter beneath 16 trees (LLF)

equal numbers of isolates were considered (N=105),
endophytes, endolichenic fungi, DLF and LLF each
harbored a similar phylogenetic diversity of fungi (defined
by the number of putative orders recovered; range: 8.0-8.7
orders for five random draws of 105 isolates/tissue type).

At the OTU level, assemblages of endolichenic fungi
were significantly more similar to endophytes than to DLF
and LLF based on both presence/absence data and isolation
frequency (Fig. 4a). This pattern reflects OTU that were
recovered as endolichenic fungi and endophytes of mosses
(15 OTU representing Dothideomycetes, Pezizomycetes,
and Sordariomycetes). The resulting similarity of endoli-
chenic fungi and endophytes from mosses significantly
exceeded similarity between endolichenic fungi and endo-
phytes of vascular plants (Fig. 4b).

When analyses were restricted only to those hosts for
which endophytes, DLF, and LLF were recovered, endo-
phytes were significantly more similar to DLF than to LLF
when species abundance was taken into account (Fig. 4c).
This pattern is illustrated by the composition and relative
abundance of the most common fungi in leaves of P.
arizonica and P. menziesii, although variation among host
species was observed (Fig. 5).

Discussion

Because many genera of fungi commonly observed as
endophytes also occur within asymptomatic lichen thalli [6,
21, 30, 32, 47], the ecological distinctiveness of endolichenic
fungi has been uncertain. The goal of this study was to
clearly define the degree of ecological similarity and
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Figure 3 Percent of isolates representing each of five classes of
Pezizomycotina (Pezizomycetes, Dothideomycetes, Eurotiomycetes,
Leotiomycetes, and Sordariomycetes) as a function of a host tissue
type (endophytic fungi from living photosynthetic tissues of plants;
endolichenic fungi from living lichen thalli; fungi from dead leaves in
the canopy (DLF), and fungi from leaf litter (LLF); b major plant
lineage (endophytes only); ¢ lichen order/family (endolichenic fungi

taxonomic overlap between endolichenic fungi and fungi
from other substrates by intensively comparing isolation
frequency, species richness, diversity, and taxonomic com-
position with endophytes and fungi inhabiting dead leaves in
the tree canopy and leaf litter. Although the present study
was limited to only three microsites, considered only the
dominant plant and lichen species, comprised a limited
number of representatives of each host lineage, and
evaluated only culturable fungi (see below), the resulting
library provides evidence for three primary conclusions
regarding fungal symbionts from plants and lichens in this
montane community.

Firstly, fungal communities appear to differ at a broad
taxonomic level as a function of the phylogenetic place-
ment of their plant or lichen hosts (Fig. 3b, c). At the class
level, endolichenic fungal assemblages differed as a
function of lichen taxonomy, rather than substrate, growth
form, or photobiont. Because endolichenic fungi associate
physically with photobionts in lichen thalli (see [6]), these
data point to an unexpected role of mycobionts in shaping

[ Eurotiomycetes

20 1
" |
&

N

& $

Il Leotiomycetes [[T1) Sordariomycetes

only); d Lecanorales species (endolichenic fungi only); e host tissue
type, considering only three host species for which endophytes, DLF,
and LLF were isolated (J. deppeana, P. arizonica, and P. menziesii);
and f host tissue type, considering Q. rugosa from which DLF and
LLF were sampled. The total number of sequences assessed is listed at
the top of each stacked bar

the composition of endolichenic communities (Fig. 3c, d).
Similarly, class-level composition of endophytes and fungi
from senescent leaves differed as a function the phyloge-
netic placement of hosts (Fig. 3e, ), suggesting that fungal
assemblages in these plants are structured, at a broad
taxonomic level, more by plant lineage than by the living
vs. senescent status of the leaf.

Secondly, the present study does not provide support
for the suggestion that endolichenic fungi are simply
incidental or saprotrophic fungi that have been ‘entrap-
ped’ by lichen thalli (see discussion in [6, 32]).
Although many classes of fungi were found in both living
lichen thalli and non-living leaves, analyses at the OTU
level indicate that relative to endolichenic fungi, DLF and
LLF represent either different species or a very small
number of shared species that differ markedly in abun-
dance. This underscores the potential for the same fungal
lineages to have diversified in parallel in lichen thalli (as
symbiotrophs) or in dead plant tissue (as saprotrophs), but
likely not as species that encompass both ecological
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Figure 4 Pairwise similarity of fungal assemblages based on non-
singleton OTU based on 95% ITS-LSU rDNA genotypes as a function of
a host tissue type (corresponding to living or dead plant or lichen hosts
for endophytes, endolichenic fungi, DLF, LLF); b endophytes from
angiosperms, conifers, ferns, and mosses versus endolichenic fungi; and ¢
host tissue type, considering only three host species for which
endophytes, DLF and LLF were isolated (J. deppeana, P. arizonica,
and P. menziesii). Different letters above each bar represent statistically
significant differences (P <0.05) after ¢ tests with a randomized
distribution of observed data (lowercase, Morisita—Horn; uppercase,
Jaccard)

modes. In contrast, ca. 25% of the conifer-associated fungi
studied here are found both in senescent leaves and as
endophytes, supporting previous suggestions that some
endophytes encompass lifestyles spanning both symbiosis
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and decay (e.g., [41]). The degree of overlap between
endophytic and putatively saprotrophic communities dif-
fered between Pinaceae and Cupressaceae, and should be
evaluated in additional plant lineages.

Thirdly, our study reveals that some fungi are capable
of forming both endolichenic and endophytic symbioses.
The high similarity of endophytes and endolichenic fungal
communities observed here (Fig. 4a) is driven strongly by
OTU that occur in both mosses and lichens (Fig. 4b). This
similarity is consistent regardless of lichens’ epiphytic or
saxicolous habit, growth form, or taxonomy (data not
shown) and may reflect numerous structural and ecolog-
ical similarities between lichens and mosses, including
non-vascular architecture, the ability to deal with desicca-
tion, and the capacity of some species to associate with
cyanobacteria (e.g., Sphagnum sp.; see [10]). Consistent
with Suryanarayanan et al. [47] we found little evidence
for congruence of endolichenic communities and endo-
phytes of vascular plants, even in cases in which
endophytes were isolated from the foliage of the trees on
which endolichenic-containing lichens were collected.
Strikingly, fungi capable of colonizing both mosses and
lichens occur in three classes of Pezizomycotina.

Both mosses, here representing the Bryophyta, and
lichens, here harboring primarily green algal photobionts
in lineages closely related to land plants [35], contained
fungal symbiont communities dominated by Pezizomy-
cetes, one of the earliest-diverging lineage of Pezizomyco-
tina [45]. In contrast, more recently evolved vascular plants
were dominated by classes of Pezizomycotina that arose
more recently (see phylogenetic estimation in [45]): the
Dothideomycetes, Sordariomycetes, and Leotiomycetes.
These observations suggest that the evolution of land plants
may have structured the evolution of endophytic fungi from
ancestral endolichenic fungi (see [6]). However, testing this
hypothesis will require careful phylogenetic analyses in-
formed by a greater breadth of sampling within plant lineages,
as well as special attention to fungi from two later-diverging
lineages (Dothideomycetes, Sordariomycetes) that also oc-
curred, albeit more rarely than Pezizomycetes, as symbionts of
mosses and lichens.

Although conclusions at the OTU level are based on
groups defined by 95% ITS-LSUrDNA similarity, they do
not differ when groups based on 100% similarity are used.
Although unlikely, it is possible that strains with fully
identical ITS-LSUrDNA genotypes represent different
species: in some fungal groups these loci evolve too slowly
to reliably diagnose species boundaries (e.g., Aspergillus
spp.; see [23]), potentially leading to artificial “lumping” of
disparate organisms into a single genotype group. Future
inoculation experiments using culture libraries will be
important for confirming these observations. In the mean-
time, 100% similarity over the >1,000 bp reads used here
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provides a strong signal for overlap between endolichenic
and moss-endophytic communities.

Importantly, the above conclusions are based only on
cultured isolates. Culture-free approaches consistently show
that fungal diversity is higher than estimated by culturing
alone, and that the two approaches are complementary for
capturing a representative perspective on community compo-
sition. Arnold et al. [4] showed that culturing endophytes
from Pinus taeda markedly underestimated diversity when
compared with a clone-based method, suggesting that
diversity of endophytic and endolichenic fungi is likely
larger than the high values estimated here. That study found
that the same classes of fungi were recovered by cloning and
culturing, with one exception—the Sordariomycetes, which
were common among cultures, but never were found by
cloning. Although few studies are available that explicitly
compare culturing and cloning results from the same plant
material, previous work (e.g., [4, 17]) suggests that our
conclusions regarding patterns at higher taxonomic levels are
likely stable. Because a culture-free approach would expand
current estimates of diversity at the OTU level, as well as
address the surprising lack of cultured endophytes in leaves
of Q. rugosa and rarity of isolates from P. arizonica, such
methods are a target for future work. However, the low
isolation frequency from these hosts may not reflect culture
bias, but instead result from sampling in the hot dry season
before the onset of seasonal rains, which are associated with
an increase in endophyte isolation frequency [13].

Overall, our study provides insights regarding the
taxonomic composition of endolichenic communities and
their ecological connections to endophytes and saprotrophs.
Our data suggest that endolichenic fungi are largely distinct
from fungal communities in living and dead photosynthetic
tissues of plants with the exception of moss endophytes. This
finding suggests that endolichenic fungi may have a greater
degree of ecological specificity compared with endophytes as a
whole, which include some species capable of forming
endolichenic symbioses and others that persist in non-living
tissues (saprotrophic fungi). By distinguishing ecological
specialists from those more flexible species that inhabit
multiple tissue and host types, this study provides a framework
for future work regarding the evolution of trophic modes in the
diverse Pezizomycotina and empirical assessments of
host- and substrate specificity and ecological function.
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