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Abstract In hot deserts, plants cope with aridity, high tem-
peratures, and nutrient-poor soils with morphological and
biochemical adaptations that encompass intimate microbial
symbioses. Whereas the root microbiomes of arid-land plants
have received increasing attention, factors influencing assem-
blages of symbionts in aboveground tissues have not been
evaluated for many woody plants that flourish in desert envi-
ronments. We evaluated the diversity, host affiliations, and
distributions of endophytic fungi associated with photosyn-
thetic tissues of desert trees and shrubs, focusing on
nonsucculent woody plants in the species-rich Sonoran De-
sert. To inform our strength of inference, we evaluated the
effects of two different nutrient media, incubation tempera-
tures, and collection seasons on the apparent structure of
endophyte assemblages. Analysis of >22,000 tissue segments
revealed that endophytes were isolated four times more fre-
quently from photosynthetic stems than leaves. Isolation fre-
quencywas lower than expected given the latitude of the study
region and varied among species a function of sampling site

and abiotic factors. However, endophytes were very species-
rich and phylogenetically diverse, consistent with less arid
sites of a similar latitudinal position. Community composition
differed among host species, but not as a function of tissue
type, sampling site, sampling month, or exposure. Estimates
of abundance, diversity, and composition were not influenced
by isolation medium or incubation temperature. Phylogenetic
analyses of the most commonly isolated genus (Preussia)
revealed multiple evolutionary origins of desert-plant
endophytism and little phylogenetic structure with regard to
seasonality, tissue preference, or optimal temperatures and
nutrients for growth in vitro. Together, these results provide
insight into endophytic symbioses in desert-plant communi-
ties and can be used to optimize strategies for capturing
endophyte biodiversity at regional scales.
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Introduction

One of the most profound insights of the past century is that no
macroscopic organism exists in nature in the absence of
microbes [60]. From the bacterial microflora associated with
the digestive systems of animals to the mycorrhizal fungi
that enhance nutrient uptake and water-use efficiency in
most extant plants, microorganisms play critical but often
overlooked roles in the biological interrelationships that
underlie all ecosystems [43, 61, 89].

In hot deserts such as those of the American southwest,
plants cope with aridity, high temperatures, intense solar
radiation, nutrient-poor soils, and other physiological and
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ecological challenges with well-documented morphological
and biochemical adaptations [62, 90]. Less well-explored,
however, are the intimate associations of such plants with
microbes, which may confer thermotolerance, drought resis-
tance, and other important benefits that enhance survival,
primary productivity, and plant community structure [58, 91].

Recently, root-symbiotic fungi such as mycorrhizae and
dark-septate endophytes have received increasing attention
from biologists in arid lands [1, 15, 18, 31, 34, 47, 48, 52,
53, 55, 59, 67, 68, 92]. Such work has greatly enhanced our
understanding of the geographic, host, and tissue affiliations
of fungi that are symbiotic with ecologically important plants
in semiarid grasslands and deserts, especially grasses and
sedges [34, 47], gypsophilous plants [69], and selected dicot-
yledonous plants such as Atriplex spp. [16, 54] and some
Cactaceae ([17, 83], see also [51]). However, gaps remain
with regard to understanding the diversity and composition
of fungal communities in aboveground tissues of manywoody
plants in arid ecosystems, including those nonsucculent spe-
cies that form the dominant cover in some of the world’s most
biotically rich deserts. The Sonoran Desert, which spans ca.
280,000 km2 in the southwestern USA and northern Mexico,
is the hottest and most biotically rich desert in North America,
but little is known about the endophyte communities associ-
ated with its most prevalent plant species (but see [9, 11, 83]).

Fungal endophytes are microscopic fungi that occur within
apparently healthy tissues such as roots and shoots of living
plants [75]. Known from every plant species examined to
date, endophytes form symbioses with plants in terrestrial
communities ranging from tundra to tropical rainforests, agri-
cultural systems, and hot deserts [5, 6, 9, 11, 22, 30, 34, 38, 65,
69, 74, 83]. Although long overlooked because of their cryptic
occurrence in symptomless tissues, endophytes are increas-
ingly recognized for their ecological importance, especially
in extreme environments [74]. Endophytes in aboveground
tissues such as leaves and stems, which are horizontally
transmitted and typically form highly localized infections,
represent one of many functional groups of endophytes
[75]. These endophytes—characterized in [75] as class 3
endophytes—are the focus of this study.

Class 3 endophytes (hereafter, endophytes) that associate
with photosynthetic tissues of most plants often are highly
diverse at the scales of individual plants, plant communities,
and biogeographic regions [22, 28, 88]. The few species
studied in detail thus far influence hosts’ tolerance of heat
stress, drought, soil salinity, herbivory, and disease, suggest-
ing both short-term and evolutionary impacts on plants’ phys-
iological and ecological traits [6, 10, 13, 30, 65, 73–75]. These
fungi produce a diversity of metabolites of interest in medic-
inal drug discovery, biofuel development, bioremediation,
industrial applications, and biological control [32, 35, 76,
80, 81]. Thus, understanding their distributions is important
both for illuminating features of plant ecology and evolution

in natural and human-made systems and for designing effec-
tive survey strategies for tapping their biochemical resources
[35, 77].

Recent studies of leaf and stem endophytes in woody plants
have suggested a latitudinal gradient of abundance, diversity,
and host specificity [9, 11]: in culture-based studies, abun-
dance and species richness are especially high in tropical
forests, but phylogenetic diversity and host specificity tend
to bemore pronounced at higher latitudes. In turn, factors such
as annual precipitation, plant density, land use history, and
related variables often are associated with distinctive endo-
phyte communities [8, 27, 37, 50, 86], potentially providing
exceptions to the latitudinal gradients observed thus far. The
spatial scale at which these endophytes turn over in commu-
nity structure also varies among biomes and as a function of
climate [23, 37, 50], but little information is available for
endophytes in woody plants in desert ecosystems.

Although important under many conditions, symbioses
between plants and fungi are thought to manifest their greatest
importance in stressful environments [30, 73, 75], where close
associations with hosts may mitigate or overcome particular
abiotic or biotic challenges. Studies of endophytes in arid
lands that are home to phylogenetically diverse plant
communities, but that also constitute relatively extreme
conditions, provide an opportunity to evaluate the contri-
butions of previously unknown endophyte communities to
global estimates of diversity and broader perspectives in
endophyte-plant interactions.

The goal of this study was to evaluate the abundance,
diversity, tissue and host affiliations, and local distributions
of endophytic fungi associated with photosynthetic tissues of
desert trees and shrubs. We focused on leaves and stems of the
most common nonsucculent woody plants in the Arizona
Upland subdivision of the Sonoran Desert bioregion, with
focal plants located in diverse microhabitats in a large area
of a contiguous, protected, and biotically consistent plant
community (Saguaro National Park, Arizona, USA). To in-
form our strength of inference, we evaluated the effects of two
different nutrient media, incubation temperatures, and collec-
tion seasons on the apparent structure of endophyte assem-
blages. We complemented our community-level focus with
phylogenetic analyses of the most frequently isolated
genus (Preussia) to determine how endophytes in the
Sonoran Desert’s underexplored mycota can contribute
to current perspectives on diversity and substrate use in
a relatively well-studied clade [3, 4, 12, 19].

We use our data to test four predictions: (1) Endophytes
inhabiting these desert plants will demonstrate low abundance
and diversity relative to their expected latitudinal position,
consistent with the relatively severe abiotic environment in
which they occur [8, 9, 11, 50, 83]. (2) Endophytes of these
desert plants will be host-, tissue-, and substrate-use general-
ists, consistent with a relatively harsh environment that may
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select for opportunistic symbioses ([39]; see also [47, 48, 69],
and discussion below). (3) Endophytes will demonstrate little
spatial structure over the relatively small geographic scale of
our study, consistent with the general uniformity and contig-
uousness of the plant community and the small spatial scale of
our sampling [23, 37]; however, endophyte abundance,
diversity, and community composition will differ as a
function of exposure, consistent with meaningful variation
in microclimate [50, 86]. (4) In a focal genus (Preussia),
endophytism in desert plants will represent a single evo-
lutionary origin, and ecological traits and the capacity to
grow at particular temperatures or on particular media will
be structured phylogenetically.

Methods

Fresh plant material was collected in October 2011 along three
100 m transects in each of two areas of the Tucson Mountain
District of Saguaro National Park, Arizona (i.e., Saguaro
West: ca. 32.25° N, 111.19° W; 793 m.a.s.l.): King Canyon
Trail (KC) and near the RedHills Visitor Center (RH; Table 1).
Surveys were repeated in the same sites in February 2012,
when an additional transect was added at the RH site (i.e.,
seven transects total; Table 1). Collection sites were chosen for

accessibility and the presence of focal species in each expo-
sure classification (see below), but otherwise represent the
typical plant communities, soil types, and land use history of
this protected zone [71]. At their nearest points, the two
collection sites are ca. 3 km apart.

Saguaro West encompasses ca. 9700 ha of arid mountains,
bajadas, and valleys dominated by Arizona upland Sonoran
Desert scrub, typical of the northeastern zone of the Sonoran
Desert biome. The most common and conspicuous woody
plants include creosote (Larrea tridentata, Zygophyllaceae),
jojoba (Simmondsia chinensis, Simmondsiaceae), foothills
palo verde (Parkinsonia microphylla, Fabaceae), and diverse
Cactaceae (especially Platyopuntia spp., Cylindropuntia spp.,
and Carnegiea gigantea) [71]. Annual precipitation averages
260 mm, and the mean annual temperature is approximately
21 °C [2]. In October, the average high in the region is
29.9 °C, the average low is 12.7 ° C, and the average precip-
itation is 19.1 mm [2]. Rainfall in the previous 3 months
averages ca. 135 mm [2]. In February, the average high is
20.5 °C, the average low is 4.6 °C, the average monthly
precipitation is 21.3 mm, and rainfall in the preceding
3 months averages ca. 67 mm [2].

In each sampling event, we collected plant material along
three transects per sampling site: one in a flat, exposed loca-
tion; one on a south- or west-facing slope (highly exposed);

Table 1 Collection information
for surveys of endophytes in the
leaves and stems of Sonoran
Desert plants: collection sites,
transects (labeled by exposure),
coordinates at the central
collecting point (lat latitude, long
longitude), mean elevation, and
host species collected only in
October 2011 (a), only in
February 2012 (b), or in both
collection periods (no mark).
Leaves were collected from
L. tridentata and S. chinensis;
stems were collected from all
species

Site Transect Lat (°) Long (°) Elevation (m) Host species

King Canyon Flat 32.254 −111.152 996.2±5.1 Larrea tridentata

Parkinsonia microphylla

Phoradendron californicum (a)

Simmondsia chinensis

S/W 32.255 −111.151 1041±3.7 Larrea tridentata

Parkinsonia microphylla

Simmondsia chinensis

North 32.252 −111.151 1048.7±9.6 Larrea tridentata

Parkinsonia microphylla

Simmondsia chinensis

Red Hills Flat-1 32.252 −111.186 783.5±33.9 Larrea tridentata

Parkinsonia microphylla

Phoradendron californicum

Simmondsia chinensis

Flat-2 32.363 −111.212 731.1±1.8 Larrea tridentata (b)

Parkinsonia microphylla (b)

Phoradendron californicum (b)

S/W 32.251 −111.184 831.3±1.0 Larrea tridentata

Parkinsonia microphylla

Simmondsia chinensis

North 32.252 −111.186 823.3±17.9 Larrea tridentata

Parkinsonia microphylla

Simmondsia chinensis
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and one on a north-facing slope (protected) (Table 1). The
transect added at RH in 2012was flat and exposed and was ca.
1 km from the nearest transect in that sampling site.

Each transect consisted of three collection points ca. 15 m
in diameter. Points were spaced ca. 30 m apart. In each point,
three individual branches (each ca. 10 cm long) were collected
from one individual of each focal host species (L. tridentata,
S. chinensis, and Pa. microphylla). Where possible, we also
collected desert mistletoe (Phoradendron californicum;
Santalaceae), a locally abundant hemiparasite of fabaceous
trees. A total of 115 host plant individuals in 21 collection
points (18 of which were sampled twice; Table 1) were sam-
pled and mapped using GPS. Survey details, organized by
host individual, are shown in Supplementary Table 1.

Tissue Processing for Endophyte Isolation

Branches were placed in sealable bags and transported to the
laboratory for processing. All tissue was stored at 4 °C and
processed within 36 h of collection. Leaves (L. tridentata,
S. chinensis) and stems (all focal species) were first rinsed in
clean water to eliminate surface debris and then surface-
sterilized by sequential immersion in 95 % ethanol (10 s),
10 % Clorox bleach (0.53 % NaOCl−; 2 min), and 70 %
ethanol (2 min) [9, 37–40, 85, 86, 88]. Leaves of Pa.
microphyllum were not processed because the leaves were
relatively rare and, when present, comprised leaflets that were
smaller than our target tissue size.

Surface-sterilized leaves and photosynthetic stems were cut
into approximately 2 mm2 pieces under sterile conditions.
Care was taken to ensure that tissue fragments from the leaves
and stems represented similar biomass and surface area. Tis-
sue pieces were allowed to surface-dry under sterile condi-
tions prior to placement onto nutrient media.

Ninety-six pieces of each tissue type per individual were
placed individually into 1.5 mL tubes containing 2 % malt
extract agar (Amresco, Solon, OH, USA) or BBL cornmeal
agar (Becton, Dickinson, and Co., Franklin Lakes, NJ, USA)
[37–40, 85, 86, 88], for a total of 192 leaf and 192 stem pieces
per host individual per sampling event. Tubes were sealed
for incubation following [85–88]. Half of the tubes were
incubated at room temperature (ca. 21.5 °C) and half at
30.3 °C (average temperature of Tucson in July; [2]).
Overall, we processed 22,656 tissue segments. Emergent fungi
were subcultured, vouchered in sterile water, and accessioned
as living samples at the Robert L. Gilbertson Mycological
Herbarium at The University of Arizona (accessions MYCO-
ARIZ SNP0001-0459).

Molecular Analyses

Total genomic DNAwas extracted from each isolate following
[9]. The polymerase chain reaction (PCR) was used to amplify

the nuclear ribosomal internal transcribed spacers and 5.8S
gene (ITSrDNA) and an adjacent portion of the ribosomal
large subunit (LSUrDNA) for a total of ca. 1000 base pairs per
sequence (i.e., ITSrDNA-LSUrDNA) [86]. PCR methods
followed [37] with primers ITS1F and LR3. When amplifica-
tion with these primers failed, we amplified only ITSrDNA
using primers ITS1F or ITS5 and ITS4 [88].

PCR products were verified by gel electrophoresis, cleaned
using ExoSap-IT (Affymetrix; Santa Clara, CA, USA), and
sequenced bidirectionally using the Applied Biosystems
BigDye Terminator v 3.1 cycle sequencing kit and the original
PCR primers on an Applied Biosystems 3730xl DNA Ana-
lyzer (Foster City, CA, USA) at the University of Arizona
Genetics Core. DNA sequences were assembled in phred [24]
and phrap [25] with orchestration by Mesquite v. 1.06 [57]
and then manually verified and edited in Sequencher v. 5.1
(Gene Codes Corporation, Ann Arbor, MI, USA). Overall, we
successfully amplified and sequenced ITSrDNA or
ITSrDNA-LSUrDNA for 457 isolates, comprising our entire
collection. All sequences have been deposited at GenBank
(accessions KP335207 - KP335663).

Operational taxonomic units corresponding to 95, 99, and
100% sequence similarity were delimited using Sequencher v.
5.1 following [9]. Similarity groups based on 95 % ITS
rDNA-LSU rDNA similarity often approximate species
boundaries in the groups of taxa recovered here [88]. All
analyses described below were conducted using operational
taxonomic units based on 95 % sequence similarity (OTU),
but results were qualitatively similar using 99 and 100 %
similarity groups (data not shown). OTU designations were
validated by comparison with phylogenetic results in several
genera, of which one is shown here (Preussia, described
below).

Isolation Frequency

Isolation frequency was defined as the percent of tissue seg-
ments yielding an endophyte in culture. A Wilcoxon test
revealed significant differences in isolation frequency as a
function of tissue type, such that the data were partitioned into
two data sets prior to analysis: one representing collections
from the leaves of L. tridentata and S. chinensis and one
representing collections from stems of L. tridentata,
S. chinensis, and Pa. microphyllum. Ph. californicum was
not included in statistical analyses of isolation frequency due
to its rarity in our sites.

Prior to analysis, we confirmed that isolation frequencies
for leaves vs. stems of individual plants were not correlated
and that the data were not structured by sampling points. We
then used generalized linear models to examine variation in
isolation frequency from leaves and stems as a function of
ecological variables (sampling site, plant species, sampling
month, and exposure) and methodological variables (nutrient
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medium and incubation temperature). The sampling site was
defined as KC or RH. Exposure was defined by the slope and
aspect of each transect (flat, exposed; south- or west-facing,
highly exposed; north, protected). The final model for each
data set used a Poisson distribution, a log-link function, and
isolation frequencies that were backcalculated to count data,
and incorporated all main effects and relevant interaction
terms (Table 2). Analyses were performed in JMP v. 10.0.0
(SAS Institute, Cary, NC, USA).

Richness and Diversity

Species richness and the completeness of sampling were
evaluated using species accumulation curves inferred with
50 randomizations of species order in EstimateS 8.0.0 [21].
Diversity was measured as Fisher’s alpha, which is robust to
variation in sample size ([26]; see also [38–40, 85, 86, 88]).
Because isolation frequency was very low, diversity could not
be calculated meaningfully for all samples. Therefore, data
were pooled with respect to incubation temperature, nutrient
medium, sampling site, exposure, and sampling month, as
none of these variables described meaningful variation in the
data. The resulting analysis examined the relationship of
Fisher’s alpha to tissue type (leaves, stems), host species
(L. tridentata, S. chinensis), and the host species × tissue type
interaction term (Table 3). A Shapiro-Wilk test was used prior
to analysis to confirm that the distribution of Fisher’s alpha
values did not differ significantly from normal. The analysis
did not include Pa. microphylla, for which the leaves were not
sampled, or Ph. californicum, for which leaves were not
available.

Latitudinal Comparisons of Isolation Frequency and Diversity

To determine whether isolation frequency and diversity dif-
fered from the values that were expected given the latitudinal
position of the study region, mean values for each were
compared against expected values derived from regressions
presented in [9, 11]. These studies were chosen for compari-
sons because they span a wide latitudinal range, focus primar-
ily on aboveground tissues of woody plants, and use the same
sampling approach as the present study (i.e., similar depth of
sampling and the same nutrient media, tissue processing ap-
proach, and surface-sterilization process). Analyses were con-
ducted twice: once using data from leaves and stems and once
using leaves only (to match previously published data, which
focused on endophytes from leaves [9, 11]).

Analyses of Community Composition

Differences in community composition were evaluated using
analyses of similarity (ANOSIM) conducted in PAST v. 1.88

Table 2 Interaction terms define the relationship of isolation frequency
from each tissue type to ecological factors, but not to isolation approaches
(nutrient medium, incubation temperature)

DF Chi-square P

A. Source

Site 1 1.99 e-7 0.9996

Species 1 2.31 e-8 0.9999

Medium 1 0.40 0.5285

Temperature 1 2.70 0.1002

Sampling month 1 24.82 <.0001*

Exposure 2 2.84 0.2416

Site × species 1 19.02 <.0001*

Site × sampling month 1 1.33 e-8 0.9999

Site × exposure 2 4.26 0.1186

Sampling month × exposure 2 1.08 0.5835

Species × sampling month 1 7.44 e-7 0.9993

Site × species × sampling month 1 6.0 0.0146*

B. Source

Site 1 1.95 0.1627

Species 2 1.04 0.5933

Medium 1 0.09 0.7601

Temperature 1 1.75 0.1855

Sampling month 1 10.36 0.0013*

Exposure 2 2.27 0.3210

Site × species 2 10.79 0.0045*

Site × sampling month 1 4.55 0.0329*

Site × exposure 2 0.86 0.6489

Species × sampling month 2 9.6 0.0072*

Species × exposure 4 22.45 0.0002*

Sampling month × exposure 2 9.34 0.0094*

Site × species × sampling month 2 7.67 0.0216*

Site × species × exposure 4 5.78 0.2158

Species × sampling month × exposure 4 8.96 0.0620

Site × sampling month × exposure 2 0.44 0.8019

Site × species × sampling month ×
exposure

4 11.3 0.0234*

Results of generalized linear models for analyses of isolation frequency
from (A) leaves and (B) photosynthetic stems of focal Sonoran Desert
plants. Whole-model test for (A): chi-square=73.6, DF=15, P<0.0001;
AICc=295.98; whole-model test for (B): chi-square=165.32, DF=37,
P<0.0001; AICc=1154.60

*Indicate P ≤ 0.05

Table 3 Endophyte diversity differs among host species but not as a
function of tissue type. Result of multiple regression examining the
relationship of diversity (Fisher’s alpha) to host species (Larrea
tridentata and Simmondsia chinensis) and tissue type; R2=0.52

Source DF Sum of squares F ratio P

Species 1 160.39 6.3464 0.0453*

Tissue 1 5.46 0.2160 0.6585

Species × tissue 1 6.73 0.2664 0.6242

*Indicate P ≤ 0.05
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[33]. Because isolation frequency was low, data were pooled
prior to analysis with respect to incubation temperature,
nutrient medium, sampling site, sampling month, exposure,
and tissue type. Singletons were removed prior to analysis.
The final data set was analyzed to determine whether
community composition of endophytes differed as a func-
tion of host species, as no other explanatory variable was
sufficiently informative either alone or in combination
(data not shown). For ANOSIM, distances (defined as 1-
Morisita’s index of similarity) were converted to ranks and
the test statistic R was calculated as the difference of
mean ranks between vs. within groups. Significance was
computed by 10,000 permutations of group membership.
Similarities in fungal community composition were visualized
using nonmetric multidimensional scaling (NMDS), an ordi-
nation method that uses rank-order information in a dissimi-
larity matrix [27].

These analyses were complemented by comparisons of
mean pairwise similarity values for endophyte communi-
ties in conspecific vs. heterospecific hosts. Similarity
values (Jaccard’s index, based on presence/absence of
nonsingleton OTU; Morisita-Horn index, based on abun-
dance of nonsingleton OTU) were calculated in EstimateS
[21] using all possible pairwise comparisons for host
individuals from which ≥4 isolates were obtained, and
compared between conspecific and heterospecific hosts
using t tests of logit-transformed data. Mean pairwise
similarity was compared against expected values for tem-
perate ecosystems based on [9, 11] to determine if host
affiliations were consistent with expected values given the
latitudinal position of the study region.

Phylogenetic Analyses

Examination of cultures and BLASTn results indicated that
the most commonly isolated genus in our sample was
Preussia (Sporormiaceae, Pleosporales, Dothideomycetes,
Ascomycota; at least 121 isolates representing multiple
OTU). Preussia is known primarily from dung and leaf litter
[3, 12, 19] but also contains endophytic species [4, 39, 40, 69].
We inferred the phylogenetic relationships of endophytic
Preussia obtained here in the context of currently recognized
species for which sequence data are available (see [3, 4, 12,
19]) to validate OTU designations, to examine the contribu-
tion of these desert strains to the currently recognized structure
of the genus, and to determine whether endophytes in this
genus reflect a single evolutionary origin and have phyloge-
netically structured traits relevant to their isolation in culture
(i.e., preferred growth medium and incubation temperature)
and their ecological distributions.

Sequence data used in recent phylogenetic studies and
comprising the majority of known species of Preussia were
obtained from GenBank (Supplementary Table 2) and aligned

with all isolates from the present study that were identified as
Preussia by BLASTn (Supplementary Table 3) and prelimi-
nary phylogenetic analyses [20, 39, 40]. The resulting data set
was trimmed to consistent start and end points, and for max-
imum taxonomic richness, it was confined only to ITSrDNA
(final length, 560 base pairs). Redundant sequences were
removed and the resulting data set of 110 terminals, including
the outgroup (Pleospora herbarum, as specified by [4]) was
aligned using MUSCLE [93] and then manually edited in
MacClade v. 4.08a [56].

The resulting alignment was analyzed using maximum
likelihood analyses in GARLI [95] and Bayesian analyses in
MrBayes v. 3.1.2 [42] with the GTR+I+G model of evolution
implemented in each case based on BIC results from
jModelTest [70]. The Bayesian analysis consisted of three
million generations, sampling every 1000th tree, with four
chains and a random starting tree. Completion was assessed
by examining −ln li values and the standard deviation of split
frequencies. A majority rule consensus tree was inferred from
500 trees from the posterior, with support defined by Bayesian
posterior probabilities. Complementary support values were
provided by 100 maximum likelihood bootstrap replicates
conducted as above in GARLI.

Results

Surveys of common Sonoran Desert plants in two areas of
Saguaro National Park (Arizona, USA) yielded 457 isolates of
fungal endophytes from 22,656 tissue segments representing
photosynthetic tissues of L. tridentata, Pa. microphylla, Ph.
californicum, and S. chinensis (isolation frequency=2.0 %).

Isolation frequency differed significantly as a function of
tissue type. Endophytes were isolated in culture ca. 4 times
more frequently from stem tissue than from leaf tissue overall
(all species) and 3.7 times more frequently in species from
which both leaves and stems were considered (L. tridentata
and S. chinensis; chi-square=65.07, DF=1, P<0.0001).

Isolation frequency did not differ as a function of incu-
bation temperature or nutrient medium for either tissue type
(Table 2). However, isolation frequency for leaves differed
as a function of a three-way interaction (sampling site ×
species × sampling month; Table 2, Fig. 1). Isolation fre-
quency for stems varied as a function of a four-way interac-
tion (sampling site × species × sampling month × exposure;
Table 2, Fig. 2).

Despite low abundance, cultivable endophytes were highly
diverse. Overall, 89 OTU were obtained from 457 sequenced
isolates (Fisher’s alpha=31.8; OTU based on 95 % sequence
similarity). Of these, 46 (51.6 %) occurred only once. Overall,
201 distinct genotypes were obtained (i.e., based on 100 %
sequence similarity).
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The species accumulation curve was nonasymptotic, but
comparison of observed species richness and the bootstrap
estimate suggests that ca. 83 % of available, cultivable OTU
were isolated during our surveys (Fig. 3), thus providing a
robust basis for the analyses described below.

Endophyte diversity did not differ as a function of
tissue type in the plants for which both leaves and stems
were sampled, and there was no evidence for a tissue type

× species interaction (Table 3). However, diversity did
differ significantly among host species, ranging from a
mean Fisher’s alpha of 7.9±1.9 (S. chinensis) to 15.7±4.8
(L. tridentata) (Tables 3 and 4).

As predicted, mean isolation frequencies from leaves were
significantly lower than expected given the latitude of the
study region (Table 4). However, mean diversity values from
leaves were consistent with expected values (Table 4). These

A B

Fig. 1 Isolation frequency for endophytes from the leaves of Sonoran
Desert plants reflects a site × species × sampling month interaction (see
Table 2). Data indicate the percent of tissue segments from the leaves of

Larrea tridentata and Simmondsia chinensis that yielded endophytes in
culture as a function of sampling site (aKing Canyon; bRed Hills Visitor
Center) and sampling month (October vs. February)

A

B

Fig. 2 Isolation frequency for
endophytes from photosynthetic
stems of Sonoran Desert plants
reflects a site × species ×
sampling month × exposure
interaction (see Table 2). Data
indicate the percent of tissue
segments from the stems of
Larrea tridentata, Parkinsonia
microphylla, and Simmondsia
chinensis that yielded endophytes
in culture, as a function of
sampling site (a King Canyon;
b Red Hills), sampling month
(October vs. February), and
exposure (flat, exposed; south- or
west-facing, highly exposed; or
north-facing, protected)
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patterns remained consistent when data from stems were
included (Table 4).

ANOSIM revealed that the composition of endophyte
communities differed markedly among host species (Fig. 4).
Community similarity was significantly higher among sam-
ples from conspecific hosts vs. heterospecific hosts (Fig. 4). In
contrast to our prediction, mean similarities were consistent
with expected values based on the latitudinal position of the
study region (Fig. 4). However, the majority of OTU that were
isolated more than once occurred in more than one host
species (Supplementary Table 4).

Concomitant with their high species richness, endophytes
were phylogenetically diverse. Among 89OTU, we recovered
representatives of four classes of Pezizomycotina
(Ascomycota) in culture (Dothideomycetes, Eurotiomycetes,
Pezizomycetes, and Sordariomycetes) (Supplementary

Table 3). We also isolated several strains with affinity for the
Mucoromycotina (incertae sedis). Dothideomycetes were
especially common, with particular prevalence by Preussia
in terms of abundance and species richness (Supplementary
Table 3; Fig. 5).

Phylogenetic Analyses

Preussia spp. were the top BLAST matches for ca. 25 isolates
overall, but 121 isolates could be placed in the genus using
phylogenetic methods (Fig. 5; Supplementary Table 3).
Phylogenetic analyses revealed a high phylogenetic richness
of Sonoran Desert endophytes within Preussia (Fig. 5).
Several clades were affiliated closely with known species
(e.g., Preussia isabellae, Preussia lignicola, Preussia
mediterranea, and Preussia minima), thus expanding the
known geographic range and substrate use of these clades.
At least six strains or clades were distinct from previously
sequenced species (Fig. 5). Ten clades of Preussia obtained
here corresponded directly to OTU (Fig. 5), corroborating
the robustness of our OTU designations for ecological
analyses.

Endophytes associated with the plants surveyed here did
not form a single, monophyletic group, but instead were
interspersed with known taxa from other regions and different
substrates (e.g., dung- and leaf-litter affiliates; Supplementary
Table 2). No phylogenetic pattern was evident with regard to
the medium on which a strain was isolated, or the capacity to
be isolated at the temperatures used here (but see the Pr.
lignicola clade, Fig. 5). Consistent with community-level
analyses, we observed no phylogenetic structure with regard
to the tissue, sampling site, exposure, or sampling month from
which isolates were obtained. Although community analyses
revealed a strong effect of host species, endophytes in the
genus Preussia showed little structure in terms of host affili-
ation (but see the Pr. lignicola clade, Fig. 5).

Fig. 3 Species accumulation curve reveals high richness of cultivable
fungal endophytes in the leaves and stems of four common species of
nonsucculent woody plants in two collection sites in the Sonoran Desert
(Tucson Mountain District, Saguaro National Park). Solid black line:
number of observed OTU (Sobs, based on 95 % sequence similarity);
gray lines: upper and lower bounds of the 95 % confidence interval
around observed richness; dashed line: bootstrap estimate of total
species richness

Table 4 Desert endophytes are rare in culture but highly diverse.
Isolation frequency was significantly lower than expected given the
latitude of the study site, whereas diversity from each host species did
not differ from the expected value given latitude. Expected values are

means for collections at 30–36° N as presented in refs. [9] and [11] (mean
±SD, and 95 % confidence interval). The final column indicates whether
the value observed here was significantly higher or lower than the
expected value (Z test)

Measurement Relevant data: mean±SD Expected value (95 % CI) Mean significantly lower/higher than expected (P value)

Isolation frequencya Leaves, 0.9±0.4 40.2±29.4 (8.9–59.9) Lower than expected (P<0.0001)c

Stems, 3.5±1.2

Diversity (Fisher’s alpha)b Larrea, 15.7±4.8 11.6±4.0 (8.6–14.8) No difference from expected (P>0.05)c

Parkinsonia, 11.4±3.5
Simmondsia, 7.9±1.9

a Isolation frequency differed significantly as a function of tissue type; see text and Table 2
bDiversity differed among host species but not as a function of other explanatory variables; see Table 2
c Result was consistent when based on data from leaves only, and when based on data from leaves and stems

N. C. Massimo et al.



Discussion

Fungal symbionts of plants, including endophytes in above-
ground tissues, are increasingly recognized for their important
roles in shaping plant physiology and ecology and for their
applications in human health and sustainability [13, 22, 30,
32, 35, 65, 74, 80]. The goal of our study was to examine the
abundance, diversity, local distributions, and host affiliations
of endophytes in the leaves and stems of representative woody
plants in the Sonoran Desert, North America’s hottest and
most species-rich desert biome [71]. The resulting data set
complements a growing body of work on root- and shoot-
associated endophytes of grasses and other common plants in

deserts and grasslands [1, 15–18, 31, 34, 47, 48, 50, 52–55,
59, 67–69, 82, 83, 92], providing insights into the factors
shaping endophyte ecology and plant-fungal associations in
diverse arid and semiarid lands.

Low Isolation Frequency

Isolation frequency of horizontally transmitted endophytes in
aboveground tissues is often negatively correlated with UV
radiation and aridity [8, 9, 50, 86]. Therefore, we predicted
that endophytes would be isolated rarely and that isolation
frequencies would be low relative to expected values given the
latitudinal position of our study region (prediction 1).
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ANOSIM (HOST SPECIES): 
P<0.0001

Fig. 4 Community-level
analyses reveal significant
structuring of endophyte
communities by host species.
a Nonmetric multidimensional
scaling of endophyte
communities and ANOSIM
results based on the Morisita
index, calculated using
nonsingleton OTU. K King
Canyon, R Red Hills, S stems,
L leaves. b Mean pairwise
similarity values for endophyte
communities in conspecific vs.
heterospecific hosts, calculated
using Jaccard’s index and the
Morisita-Horn index
(nonsingletons only, and only in-
cluding host individuals for which
≥4 endophytes were obtained in
culture). Annotations on the y-
axis indicate mean values (dots)
and ranges (bars) expected for
temperate comparisons using
Jaccard’s index (J) and the
Morisita-Horn index (M) (values
obtained from [9])
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SNP458 • Parkinsonia • Stem • KC-F • Oct • MEA • 22°C • A
SNP420 • Simmondsia • Leaf • KC-S/W • Feb • CMA • 22°C • B

SNP437 • Simmondsia • Stem • KC-N • Feb • MEA • 30°C • C

SNP334 • Larrea • Stem • RH-S/W • Feb • CMA • 22°C • C
SNP25 • Larrea • Stem • KC-N • Oct • MEA • 22°C • C
SNP426 • Simmondsia • Stem • KC-S/W • Feb • MEA • 22°C • C
SNP439 • Simmondsia • Leaf • KC-N • Feb • MEA • 22°C • C
SNP433 • Simmondsia • Stem • KC-S/W • Feb • MEA • 22°C • C
SNP252 • Simmondsia • Stem • KC-F • Oct • MEA • 22°C • C

SNP235 • Parkinsonia • Stem • KC-S/W • Oct • MEA • 30°C • D

SNP208 • Larrea • Stem • KC-S/W • Oct • CMA • 22°C • E

SNP459 • Larrea • Leaf • KC-S/W • Oct • CMA • 30°C • F
SNP392 • Larrea • Stem • RH-VC • Feb • MEA • 30°C • F

SNP223 • Larrea • Stem • KC-S/W • Oct • MEA • 30°C • G

SNP408 • Phoradendron • Stem • RH-F• Feb • CMA • 30°C • H
SNP206 • Larrea • Stem • KC-S/W • Oct • MEA • 30°C • H
SNP363 • Phoradendron • Stem • RH-F• Feb • CMA • 30°C • H
SNP81 • Simmondsia • Leaf • KC-S/W • Oct • CMA • 22°C • H
SNP187 • Larrea • Stem • RH-S/W • Oct • CMA • 22°C • H
SNP301 • Parkinsonia • Stem • KC-F • Feb • MEA • 22°C • H

SNP91 • Parkinsonia • Stem • RH-F • Oct • CMA • 22°C • H

SNP429 • Simmondsia • Leaf • KC-S/W • Feb • CMA • 22°C • H
SNP232 • Larrea • Leaf • RH-S/W • Oct • CMA • 30°C • H

SNP8 • Larrea • Stem • KC-S/W • Oct • MEA • 22°C • I

SNP30 • Simmondsia • Stem • RH-N • Oct • MEA • 22°C • I
SNP43 • Parkinsonia • Stem • RH-N • Oct • MEA • 22°C • I
SNP440 • Simmondsia • Stem • KC-F • Feb • CMA • 30°C • I
SNP243 • Larrea • Stem • RH-S/W • Oct • CMA • 22°C • I
SNP419 • Simmondsia • Stem • KC-F • Feb • MEA • 22°C • I

SNP164 • Larrea • Leaf • RH-S/W • Oct • MEA • 30°C • I

SNP34 • Simmondsia • Stem • KC-F • Oct • Stem • MEA • 22°C • J
SNP198 • Larrea • Stem • RH-S/W • Oct • MEA • 30°C • J
SNP330 • Larrea • Stem • RH-F • Feb • MEA • 22°C • J
SNP224 • Larrea • Leaf • RH-N • Oct • CMA • 30°C • J
SNP12 • Larrea • Stem • RH-N • Oct • MEA • 22°C • J
SNP220 • Larrea • Leaf • RH-S/W • Oct • CMA • 22°C • J
SNP284 • Parkinsonia • Stem • KC-S/W • Feb • MEA • 22°C • J
SNP254 • Larrea • Stem • RH-N • Oct • MEA • 22°C • J
SNP73 • Simmondsia • Stem • KC-F • CMA • 22°C • J
SNP57 • Parkinsonia • Stem • KC-N • CMA • 22°C • J
SNP17 • Larrea • Stem • RH-N • Oct • MEA • 22°C • J

SNP374 • Larrea • Stem • RH-F • Feb • MEA • 30°C • J 
SNP19 • Larrea • Leaf • RH-S/W • Oct • MEA • 22°C • J
SNP454 • Simmondsia • Leaf • KC-F • Oct •MEA • 22°C • J
SNP371 • Simmondsia • Stem • RH-F • Feb • MEA • 30°C • J
SNP309 • Simmondsia • Stem • KC-S/W • Feb • CMA • 30°C • J
SNP257 • Simmondsia • Leaf • RH-N • Oct • CMA • 22°C • J
SNP18 • Larrea • Stem • RH-F • Oct • MEA • 22°C • J
SNP255 • Larrea • Stem • RH-N • Oct • CMA • 30°C • J

SNP39 • Simmondsia • Stem • RH-N • Oct • MEA • 22°C • J
SNP156 • Phoradendron • Stem • KC-F • Oct • MEA • 30°C • J
SNP368A • Larrea • Stem • RH-F • Feb • MEA • 30°C • J

SNP368B • Larrea • Stem • RH-F • Feb • MEA • 30°C • J
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-/100
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We found that endophytes associated with stems and leaves
were isolated roughly 11- to 40-fold less frequently than
expected given the latitude of our study site (Table 4). On
average, endophytes were isolated in culture from only ca.
1 % of leaf segments and 3.5 % of stem segments (Table 4).
We do not attribute this low isolation frequency to a detrimen-
tal artifact of our surface-sterilization approach; previous stud-
ies using the same method have recorded much higher isola-
tion frequencies in other biomes, including local mountains
withmoremesic conditions [9, 11, 35, 37, 39, 85–88]. Instead,
we anticipate that it reflects a relatively low volume of endo-
phyte inoculum, as evidenced by low rates of sporefall in the
Sonoran Desert compared to more mesic biomes (Arnold,
unpublished data; see also [5]). Moreover, the conditions
under which endophytic symbioses establish readily in exper-
imental and natural settings, including high humidity, moder-
ate temperatures, high plant density, and low solar or UV
radiation [8, 10, 50], are not common in the study region.

Many factors may influence isolation frequency from par-
ticular tissues. In aboveground tissues of woody plants, endo-
phyte isolation frequency is often positively correlated with
tissue age [10]. Here, we observed ca. 4-fold higher isolation
frequency from stems vs. leaves (Table 4). We predict that this
difference reflects tissue age rather than effects of pervasive
differences in tissue structure or chemistry, as diversity and
community composition did not differ between these two
tissue types (see below; see also Table 3 and Fig. 5). We could
not reliably estimate the ages of stem and leaf tissues in these
wild plants, but stems in these species are longer lived than
leaves [84] and, based on relative positions, are older than the
leaves they subtend.

Sensitivity of isolation frequency to environmental factors
was revealed in the present study through interaction terms for
both tissue types, suggesting complex relationships to local
conditions and species traits. Once the effects of study site and
host species were taken into account, isolation frequency was
generally higher for leaves in October, following a 3-month
period characterized by relatively high humidity and rainfall
driven by the North AmericanMonsoon, than in February, for
which the preceding months are drier and cooler (Fig. 1). In
stems, a more complex pattern reflected variation shaped by
the interaction of study site, host species, samplingmonth, and

exposure (Fig. 2). For stem samples, isolation frequency
values in February rarely exceeded those in October, but the
effects of exposure varied unpredictably among species and
between study sites. Such heterogeneity merits further study.

Importantly, our inferences are limited because we focused
only on endophytes that could be isolated in culture and,
specifically, on those that could be cultured on malt extract
and cornmeal agars. A growing body of research indicates that
like most microbiomes, those of plants contain many species
that have not yet been cultured and may only be observed
using culture-free approaches [7, 14, 38, 44–46, 54, 87, 94].
Such approaches may be especially important in harsh envi-
ronments: in such cases, obligate symbioses may be favored
and are less likely to be characterized readily by culturing (but
see [34, 47, 69, 87] and discussion below). Thus culture-free
methods are warranted in future work. At present, our study
contributes publicly available cultures that can be used to
diagnose new lineages or population structure based on
multilocus data sets [20, 29, 64], evaluate roles of endophytes
in plant health or metabolite production [13, 22, 30, 32, 35, 65,
74, 80], and generate hypotheses for culture-independent,
next-generation studies.

High Species Richness and Phylogenetic Diversity

Much like isolation frequency, the diversity of cultivable,
horizontally transmitted endophytes in aboveground tissues
is often negatively associated with factors such as UV radia-
tion and aridity [8, 9, 50, 86]. We predicted that endophytes
inhabiting photosynthetic tissues of these desert plants would
not be highly diverse and would exhibit lower diversity than
expected given the latitude of the study region (see prediction
1). Despite low isolation frequency, however, endophytes
were species-rich and phylogenetically diverse both at a com-
munity level and within the most commonly isolated genus
(Table 4, Fig. 5). Although next-generation sequencing
methods are likely to reveal a greater number of species [7,
38, 54, 68, 87], the present study revealed at least 89 putative
species among 457 isolates—a high richness given the aridity
of the site and our inclusion of only four plant species and two
proximate study sites. These endophytes represented more
than 200 distinct ITSrDNA or ITSrDNA-LSUrDNA geno-
types, suggesting that population-level studies of these fungal
communities may be especially enlightening (e.g., [64]) and
may reveal structure as a function of environmental or cultural
characteristics that could not be resolved with OTU based on
ribosomal sequences alone.

In turn, the particular prevalence of Dothideomycetes,
Eurotiomycetes, and Sordariomycetes observed here (Supple-
mentary Table 3) resembles that observed in other arid-land
studies, including those of roots and nonwoody plants [34, 39,
47, 52, 68, 69] and aboveground tissues of cacti [17, 83]. In
general, we hesitate to assign taxonomic information in the

�Fig. 5 Phylogenetic analysis of Preussia endophytes obtained from
Sonoran Desert plants reveals high phylogenetic diversity, congruence
of clades with OTU, and a lack of structure with regard to ecological and
methodological factors. Terminal taxa in bold were isolated in this study
and are annotated to indicate isolate number, host, tissue of origin, site
and transect, sampling month, isolation medium and temperature, and
OTU group, here listed such that shared letters indicate membership in the
sameOTU. Tree depicts the results of maximum likelihood (ML) analysis
of ITSrDNA data; support values are ML bootstrap values (before slash;
values ≥60 % are shown) and Bayesian posterior probabilities (after
slash; values ≥90 % are shown)
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absence of phylogenetic or extensive morphological analysis,
but BLASTn results suggest that in addition to Preussia,
common genera likely included Phoma, Aureobasidium,
Botryosphaeria, Penicillium, Aspergillus, and Chaetomium
(Supplementary Table 3). These taxa often are well-
represented among endophytes in foliage and photosynthetic
stems of woody angiosperms in many environments [9, 11,
86], but many of the putative species observed here are
distinct from the majority reported in previous work. Overall,
sequences obtained for 48 of 89 OTU (53.9 %) were ≤97 %
similar to previously sequenced strains in GenBank. When we
excluded OTU for which the top one or two BLAST matches
were to endophytes from our previous work (e.g., [9, 11, 39,
85–88]), 22 of 35 remaining OTU (62.9 %) were ≤97 %
similar to previously sequenced strains. This is comparable
to the novelty described via culture-free methods by Porras-
Alfaro et al. [68] in their examination of root-associated fungi
in a desert grass.

Endophyte communities can be shaped by plant genotype
[14] and, by extension, might be expected to exhibit diversity
that is positively correlated with plant community richness
[37, 50, 77, 86]. Here, high species richness and concomitant-
ly high diversity may reflect the botanical richness and phy-
logenetic diversity of the Sonoran Desert bioregion [71] and
host affinity of endophytes (as demonstrated by our commu-
nity analyses; see below). Although aboveground tissues
might be expected to harbor a lower species richness than
roots in desert plants, we found up to 54 OTU associated with
leaves and stems of a single species (L. tridentata, from which
171 isolates were obtained; Supplementary Table 4), compar-
ing favorably to a previous work on roots of desert plants [68].

Generalism in Host, Tissue, and Substrate Use (Prediction 2)

Symbioses often allow symbiotic partners to mitigate or over-
come stress from biotic and abiotic challenges [10, 30, 41, 43,
60, 61, 73–75]. Given the expected sensitivity of many fungi
to high temperatures, desiccation, and other stressors associ-
ated with this desert environment, the benefits of symbiosis
over free-living status could select for opportunism and
generalism in colonizing available host tissue ([39; see also
[47, 48, 69]). Alternatively, severe environmental conditions
could select for host-specific associations, especially if such
associations confer benefits on both partners—or provide one
partner with sufficient benefit, and the other with only a
limited cost of association. It is also possible that host
affinity could occur without strong benefits and instead
could reflect functional differences in phenology, chemis-
try, or other traits that vary among fungi or host plant taxa
[8, 11, 45, 55, 65, 78].

We found strong evidence that endophyte communities
differed among host species (Fig. 4). However, this result
was not specific to these desert plants: mean community

similarities within and between species resemble those in
temperate areas where conditions are more mesic and plant
density and diversity are often higher (Fig. 4) [9, 11]. Thus, we
do not see a stronger or weaker degree of host affinity than
would be expected given the latitudinal position of our study
region.

The host affinity observed here contrasts with that reported
in previous work on root endophytes in grasslands [47, 48],
but are consistent with studies in aboveground woody
plants in arid systems [50]. Overall, nonsingleton OTU
were typically found in more than one host species
(Supplementary Table 4; mean host range, 2.5 host taxa)
and the two most common OTU were found in all hosts
(OTU 2 and 7, corresponding to Preussia and Phoma,
respectively; Supplementary Tables 3 and 4). Thus, the
community structure we observed reflects assemblages
of fungi that differ among host species, rather than strict-sense
host specificity of particular strains. Importantly, our analyses
considered only nonsingleton OTU; by definition, singleton
OTU, which were represented by only one isolate, were found
in only one host species. The host affinity of these very rare
OTU remains to be determined and would be informed by
next-generation sequencing studies, in which they may be
observed more frequently.

Despite evidence for host affiliations, our data at both the
community level and in analyses of Preussia were consistent
with tissue- and substrate-use generalism: no differences were
observed in endophyte diversity or composition in leaves vs.
stems, nor as a function of incubation temperature or growth
medium. Previous work on root endophytes in a desert grass
revealed differences in diversity as a function of tissue type
[34]: in that study, endophyte diversity in crowns differed
significantly from that in leaves. In the present study, the lack
of differences in diversity and species composition between
stems and leaves may reflect their functional similarity: stems
considered here were photosynthetic, such that they likely
encompass a similar degree of biochemical dynamism com-
pared to leaves [6].

In turn, cultivation conditions generally are expected to
influence inferences regarding endophyte community struc-
ture [6], but the different cultivation conditions used here
did not lead to the isolation of different fungal taxa. It is
possible that a temperature difference of ca. 9 °C was
insufficient to encourage growth by different taxa in vitro,
concomitant with our observation of consistent diversity
and community structure across seasons and despite dif-
ferences in exposure, which should be correlated with
marked differences in microclimate [71]. Similarly, it is
possible that malt extract and cornmeal agars are not
sufficiently different to encourage the selective isolation
of distinctive strains. Major differences in nutrient compo-
sition, as achieved by inclusion of plant extracts in media
[8, 50], could be informative in future studies. Similarly,
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culture-free methods could be used to determine whether
only a highly generalized subset of a larger fungal com-
munity is considered when studies rely on culture-based
approaches.

More generally, substrate and temperature generalism may
speak to flexibility in nutrient use and growth conditions in
nature, which may be a useful strategy for horizontally trans-
mitted endophytes given low plant density and high temper-
atures, UV radiation, and aridity [9, 11, 39, 50, 86]. We
hypothesize that many fungi in this study have the capacity
to grow on diverse substrates, but are also adept at overcoming
the defenses of (or otherwise utilizing) particular host taxa,
thus yielding the community-level host structure we observed
here. Whether such flexibility and selectivity may be intrinsic
or reflect other factors remains to be evaluated. Notably,
endohyphal bacteria are common in endophytes of Sonoran
Desert plants [72] and can alter the nutrient use, growth
optima, and thermotolerance of their fungal hosts [40, 41,
49, 66]. We predict that ecological associations of these desert
fungi may be driven in part by cryptic associations with other
microbes.

Spatial Patterns (Prediction 3)

Given the contiguous nature of the plant community in our
study region and the geographic proximity of our sampling
sites, we predicted that endophytes would demonstrate little
spatial structure. This prediction was upheld in terms of di-
versity and composition, but we found differences in isolation
frequency as a function of interaction terms (Table 2, Figs. 1
and 2). A lack of meaningful variation in diversity and com-
position across our study area was corroborated by phyloge-
netic analyses of Preussia, which reveal no phylogenetic
structure with regard to sampling site (Fig. 5).

These results contrast markedly with one of the few studies
published to date that specifically references the spatial scale
of turnover in local endophyte assemblages [37]. In that study,
endophyte communities in tropical forest grasses decreased
markedly in similarity over distances as short as 1 km. In
contrast, Del Olmo-Ruiz and Arnold [23] found that spatial
position and community similarity were not strongly related in
endophytes of tropical ferns. Overall our data suggest that
intersite distances of >3 km may be needed to encounter
distinct communities of endophytic fungi in aboveground
tissues of these desert plants. For applied work that relies on
efficient isolation of distinctive endophyte communities, our
data further suggest focusing on stems rather than leaves,
given the disparity we observed in isolation frequency;
including multiple host species; and designing studies that
encompass single survey events across large geographic
areas, rather than repeated sampling across seasons or
among multiple microsites within particular areas.

Evolutionary Perspectives (Prediction 4)

Given the distinctive features of the Sonoran Desert, which
includes a high proportion of endemic plant and animal spe-
cies [71, 84], we anticipated that desert-plant endophytes in a
focal genus would represent a single evolutionary origin
followed by in situ diversification. However, phylogenetic
analyses of Preussia spp. revealed multiple clades of endo-
phytes from these desert plants (Fig. 5). These clades are
interspersed with dung-affiliated and leaf-litter species from
diverse geographic regions, consistent with multiple origins of
desert-plant endophytism across the genus. The topology
expands our current understanding of both the scale of rich-
ness within Preussia and the substrate use and host range of its
major subgeneric lineages (Fig. 5, Supplementary Table 2).

Concordant with that phylogenetic diversity, we found no
evidence for phylogenetic structure with regard to a preferred
nutrient medium or incubation temperature (Fig. 5). Previous
studies have revealed the ecological and evolutionary dyna-
mism of various Pezizomycotina with regard to the relationship
of endophytic and saprotrophic lineages [11, 36, 79, 85, 88],
and growing evidence suggests that saprotrophic fungi may
show more flexibility with regard to host or substrate use than
endophytes [63, 85]. It is possible that endophytic clades nested
within a lineage comprised mostly of saprotrophic species will
demonstrate greater generalism than those with endophytic,
pathogenic, or other symbiotic ancestors [11]. This hypothesis
remains to be tested, with systematic surveys of endophytes
from diverse lineages of plants and biomes providing the nec-
essary taxon sampling and ecological insights for doing so.
Endophytes inhabiting foliage and stems of nonsucculent
woody plants in the Sonoran Desert, shown here to be rare in
culture but highly diverse and distinctive, thus shed light not
only on a previously unknown aspect of biodiversity and spe-
cies interactions in arid lands, but on the ecology and evolution
of the Ascomycota, the most species-rich fungal phylum.
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