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Abstract

Although associated with all plants, fungal endophytes (microfungi that live within healthy plant tissues) represent an unknown pro-
portion of fungal diversity. While there is a growing appreciation of their ecological importance and human uses, little is known about
their host specificity, geographic structure, or phylogenetic relationships. We surveyed endophytic Ascomycota from healthy photosyn-
thetic tissues of three plant species (Huperzia selago, Picea mariana, and Dryas integrifolia, representing lycophytes, conifers, and angio-
sperms, respectively) in northern and southern boreal forest (Québec, Canada) and arctic tundra (Nunavut, Canada). Endophytes were
recovered from all plant species surveyed, and were present in <1–41% of 2 mm2 tissue segments examined per host species. Sequence
data from the nuclear ribosomal internal transcribed spacer region (ITS) were obtained for 280 of 558 isolates. Species-accumulation
curves based on ITS genotypes remained non-asymptotic, and bootstrap analyses indicated that a large number of genotypes remain
to be found. The majority of genotypes were recovered from only a single host species, and only 6% of genotypes were shared between
boreal and arctic communities. Two independent Bayesian analyses and a neighbor-joining bootstrapping analysis of combined data
from the nuclear large and small ribosomal subunits (LSUrDNA, SSUrDNA; 2.4 kb) showed that boreal and arctic endophytes repre-
sent Dothideomycetes, Sordariomycetes, Chaetothyriomycetidae, Leotiomycetes, and Pezizomycetes. Many well-supported phylotypes
contained only endophytes despite exhaustive sampling of available sequences of Ascomycota. Together, these data demonstrate greater
than expected diversity of endophytes at high-latitude sites and provide a framework for assessing the evolution of these poorly known
but ubiquitous symbionts of living plants.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Fungal endophytes are microfungi that live inside plants
without causing apparent symptoms of infection. The
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vertically transmitted (seed-borne) endophytes of some
grasses (Poaceae) can benefit their hosts via increased
drought tolerance, protection against herbivory, and resis-
tance to pathogens (reviewed by Clay and Schardl, 2002),
but represent just one fungal family (Clavicipitaceae, Asco-
mycota) in symbiosis with a single plant lineage.

In contrast, all plants studied to date, including liver-
worts, mosses, ferns, conifers, and angiosperms, are infect-
ed by multiple lineages of horizontally transmitted fungal
endophytes (Stone, 1987; Johnson and Whitney, 1992; Sai-
kkonen et al., 1998; Davis et al., 2003). The majority of
these endophytes are Ascomycota, although some Basidio-
mycota and a few Zygomycota are known (e.g., Petrini,
ationships, host affinity, and geographic structure ..., Molecular
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1986; Zheng and Jiang, 1995). In general, horizontally
transmitted endophytes associated with photosynthetic tis-
sues such as leaves are not thought to benefit their hosts
(see Saikkonen et al., 1998), but in most cases their ecolog-
ical roles have not been assessed. Several recent studies
have provided evidence for important, if previously over-
looked, roles of endophytes in shaping plant defenses
against herbivores, pathogens, and abiotic stressors (see
Carroll and Carroll, 1978; Redman et al., 2002; Arnold
et al., 2003; Arnold and Lewis, 2005). Together, these cryp-
tic associates of foliage are thought to represent a signifi-
cant, yet unknown proportion of the 1.5 million species
of fungi thought to exist (Fröhlich and Hyde, 1999; Arnold
et al., 2000; Hawksworth, 2001).

To date, foliar endophytes have been surveyed in few
plant taxa and in relatively few sites, and their phylogenetic
relationships have not been elucidated. Most research on
the diversity of endophytes has focused on angiosperms
and conifers in the temperate zone (reviewed in Saikkonen
et al., 1998; Stone et al., 2000), although there is growing
evidence that tropical endophyte diversity far exceeds that
in the temperate zone (see Fröhlich and Hyde, 1999;
Arnold and Lutzoni, 2006). Little is known regarding the
endophytes associated with plants in high-latitude sites or
in relatively extreme environments (e.g., arctic tundra).

Previous studies of plant–symbiotic fungi at higher lati-
tudes have focused primarily on root-inhabiting fungi,
including dark-septate endophytes (a diverse, polyphyletic
group of ascomycetous endophytes characterized by mel-
anized septa; Jumpponen, 2001) and arbuscular mycorrhi-
zal fungi (AMF). Hambleton and Currah (1997) examined
AMF and endophytic fungi from the roots of arctic Erica-
ceae and Olsson et al. (2004) determined that root-endo-
phytic fungi are more prevalent in arctic sites than are
AMF. These studies confirmed that arctic plants frequently
engage in symbioses with fungi. However, the diversity and
abundance of foliage-inhabiting endophytes have received
little attention. Fisher et al. (1995) showed that leaves of
Dryas octopetala (Rosaceae) harbored more endophytes
than did twigs or roots, and that diversity in the arctic
was lower than in subarctic sites. Johnson and Whitney
(1992) examined endophyte colonization of healthy foliage
of Picea mariana (Pinaceae) in boreal forest as a function
of leaf age, revealing a higher abundance of endophyte iso-
lates in older needles. However, to our knowledge, the
molecular diversity, host preference, geographic structure,
or phylogenetic relationships of high-latitude endophytes
of foliage have not yet been assessed.

We used a culture-based approach to examine endo-
phytic fungi in photosynthetic tissues of Picea mariana

(Pinaceae), Dryas integrifolia (Rosaceae), and Huperzia sel-

ago (Lycopodiaceae) from three arctic and boreal sites.
These hosts represent three major lineages of terrestrial
plants (conifers, angiosperms, and lycophytes, respectively)
that co-occur in high-latitude sites in North America. Fun-
gal isolates from asymptomatic tissues were grouped into
morphotypes, screened for unique genotypes using the
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
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fast-evolving nuclear internal transcribed spacer region
(ITS), and their phylogenetic relationships inferred using
Bayesian analyses of the nuclear ribosomal large and small
subunits (LSUrDNA and SSUrDNA). This study is the
first to examine fungal symbiont diversity from arctic and
boreal plants in a global phylogeny of Ascomycota, and
the first to investigate patterns of infection, molecular
diversity, host preference, and geographic structure of
endophytes associated with three co-occurring plant lineag-
es. Studies of endophytic fungi in relatively extreme envi-
ronments and from phylogenetically distinct lineages of
plants are likely to recover novel species, which will be
important in turn for understanding fungal diversity, the
cryptic ecology of microfungal symbionts, and the evolu-
tion of plant–fungal symbioses.

2. Methods

2.1. Study sites and species

Tissue samples were collected from three host species in
July 2003 at two boreal forest sites in Québec, Canada, and
one arctic tundra site in Nunavut, Canada. Picea mariana

(black spruce; Pinaceae) is a characteristic evergreen tree
of boreal forests in Canada (Lauriault, 1989). Dryas integ-

rifolia (mountain avens; Rosaceae), a wide-ranging pioneer
shrub, forms low mats in rocky and gravelly sites at boreal
and arctic latitudes (Porsild and Cody, 1980). Huperzia sel-

ago (fir clubmoss; Lycopodiaceae) is herbaceous with ever-
green microphylls, and is distributed widely throughout
northeastern Canada (Kartesz and Meacham, 1994). We
sampled three individuals per focal host species, as avail-
able, in each site.

The study site at Schefferville, Québec (54.8�N, 66.8�W)
consists of open, low-canopy P. mariana forest at the
northern edge of its range (northern boreal forest/subarc-
tic; Grondin and Melançon, 1980). The understory com-
prises dense mats of lichens (primarily Cladonia
rangiferina) and mosses (Pleurozium schreberi), with small
angiosperms including Vaccinium angustifolium, V. vitis-

idaea, Kalmia angustifolia, Empetrum nigrum, and Ledum

groenlandicum. Île Niapiskau, Mingan Archipelago, Qué-
bec (50.3�N, 63.6�W) is a coastal, southern boreal forest
with mixed stands of Abies balsamea and P. mariana. Picea

glauca is also present in the forest, and the understory is
dominated by C. rangiferina, Pl. schreberi, E. nigrum, K.
angustifolia, and V. angustifolium. The arctic site is located
near Iqaluit, Nunavut (63.8�N, 68.5�W) in tundra domi-
nated by Cassiope tetragona, Dryas integrifolia, and diverse
lichens.

From each individual, photosynthetic tissues were col-
lected from three branches (Picea at the Mingan Archipel-
ago and Schefferville) or three stems (Huperzia at
Schefferville; Dryas at Mingan Archipelago and Iqaluit).
In sites where host species co-occurred, we sampled indi-
viduals of each species in close proximity to one another
(1–2 m). Tissue samples were kept at ambient temperature
ationships, host affinity, and geographic structure ..., Molecular
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in sealed plastic bags with clean paper towels for up to 96 h
during transit from collection sites to the lab for endophyte
isolation.

2.2. Endophyte collection and isolation

Whole leaves (Picea, Dryas) or photosynthetic stems
with microphylls (Huperzia) were washed in tap water
and then surface-sterilized by rinsing briefly in 95% etha-
nol, followed by immersion in 10% Clorox (2 min) and
70% ethanol (2 min). This method effectively eradicates via-
ble fungal spores and hyphae from leaf surfaces (Arnold
et al., 2000). Using sterile technique, tissues were cut into
ca. 2 mm2 pieces and plated onto 2% malt extract agar
(MEA), which supports growth by a wide diversity of fun-
gal species (Fröhlich et al., 2000). Eighty tissue segments
were plated per branch or stem sample (N = 240 seg-
ments/individual, 720 segments/species/site, 3600 segments
overall). Plates were sealed and incubated at room temper-
ature for up to one year, or until fungal growth was
observed. Emergent hyphae were transferred and purified
on new MEA plates, and whole-colony morphology was
documented and photographed. Living vouchers have been
deposited at the Robert L. Gilbertson Mycological Herbar-
ium at the University of Arizona.

2.3. DNA extraction, amplification, and data assembly

Total genomic DNA was extracted directly from myce-
lia in culture following Arnold et al. (2006) and Arnold and
Lutzoni (2006). Three regions of the nuclear ribosomal
RNA tandem repeats were amplified: the internal tran-
scribed spacer region (ITS; ca. 0.6 kb), large subunit
(LSUrDNA; ca. 1.4 kb), and small subunit (SSUrDNA;
ca. 1.0 kb). Primers ITS5 or ITS1F, and ITS4 or LR3,
were used to amplify ITS (White et al., 1990; Vilgalys
and Hester, 1990; Gardes and Bruns, 1993). Various com-
binations of the forward primers nssu131 and nssu97a
(Kauff and Lutzoni, 2002) and reverse primers NS17,
NS22 (Gargas and Taylor, 1992) and nssu1088 (Kauff
and Lutzoni, 2002) were used to amplify SSUrDNA.
LSUrDNA was amplified using primers LR0R and LR7
(Vilgalys and Hester, 1990). All primer sequences are listed
at www.biology.duke.edu/fungi/mycolab and www.lutzon-
ilab.net/pages/primer.shtml. PCR protocols followed
Arnold and Lutzoni (2006): 25 ll reactions included
2.5 ll dNTPs (10 lM), 2.5 ll bovine serum albumin
(BSA), 2.5 ll PCR buffer, 1.25 ll of each primer (10 lM),
13.875 ll water, 0.125 ll Taq polymerase, and 1.0 ll of
diluted template. Cycling reactions were run on PTC-200
Thermal Cyclers (MJ Research) using the following param-
eters: 4 min at 95 �C; 35 cycles of 30 s at 95 �C, 30 s at 50�,
52� or 54 �C, and 90 s at 72 �C; 10 min at 72 �C. Gel elec-
trophoresis using SYBR Green demonstrated single bands
for all products. PCR products were cleaned using Qiagen
purification columns and sequenced for both forward and
reverse reads on an ABI 3700 using PCR primers, with
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
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some SSUrDNA sequences also requiring internal primers
SR11R and SR7, and all LSUrDNA sequences requiring
primers LR3 and LR3R or LR5 (Vilgalys and Hester,
1990; Spatafora et al., 1995).

The majority of endophytes recovered in this study
remained sterile in culture. Therefore, isolates were
grouped to morphotypes following Arnold et al. (2000),
and up to eight isolates of each morphologically distinct
colony type were sequenced for ITS. ITS data were
obtained for 280 representative isolates (50.2% of isolates
recovered). Consensus sequences were assembled into
genotype groups based on 90% ITS sequence similarity
using Sequencher v. 4.2.2 (Gene Codes Corporation, Ann
Arbor, Michigan, USA). Forty-seven unique ITS genotype
groups were identified, of which five had highest BLAST
affinity for members of the Basidiomycota, and 42 had
highest BLAST affinity for members of the Ascomycota.
We chose up to five isolates from each ascomycetous geno-
type group for multilocus sequencing, for a total of 67 iso-
lates. Forty-six of those isolates were successfully
sequenced for both LSUrDNA and SSUrDNA, represent-
ing 30 unique ITS genotypes.

For each locus, base calls of complementary reads were
assigned quality scores using phred (Ewing et al., 1998) and
assembled into contigs using phrap (Ewing and Green,
1998). A BioPython script written by F. Kauff (Duke Uni-
versity; available on request from FL) facilitated the use of
phred and phrap. Automatically assembled contigs were
verified by visual inspection in Sequencher v. 4.2.2, and
ambiguous base calls were determined manually. All
sequences obtained in this study (280 ITS, 46 LSUrDNA,
and 46 SSUrDNA sequences) have been submitted to Gen-
Bank under Accession Nos. DQ979418–DQ979789.

2.4. Ecological analyses

Because the majority of endophytes remained sterile in
culture, we used ITS data to designate operational taxo-
nomic units (OTU) for ecological analyses. Sequencher
was used to delimit groups corresponding to 90%, 95%,
97%, and 99% ITS similarity, without considering differ-
ences in sequence length (after Arnold et al., 2006). Previ-
ous studies have used 90–97% ITS sequence similarity as
a proxy for species boundaries in fungi (e.g., 97%, O’Brien
et al., 2005; 95%, Arnold and Lutzoni, 2006; 90%, Hoffman
and Arnold, in review). However, the degree of ITS diver-
gence within and among species of fungi, and whether such
percent divergences are consistent among different clades of
fungi, remains to be determined. Therefore, we used ITS
genotypes defined by 90%, 95%, 97%, and 99% ITS similar-
ity as OTU to assess species richness, estimated richness,
and diversity. To conservatively estimate geographic and
host specificity, OTU were defined as ITS genotypes based
on 90% sequence similarity.

Species accumulation curves, bootstrap estimates of
total richness, and diversity were inferred using EstimateS
6.0 (R. K. Colwell, http://purl.oclc.org/estimates). Diversi-
ationships, host affinity, and geographic structure ..., Molecular
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ty was measured using the Shannon index, Simpson index,
and Fisher’s alpha (a), which is robust for comparisons
among samples of different sizes (Leigh, 1999). Fisher’s a
is defined implicitly by the formula

S ¼ a�lnð1þ n=aÞ
where S is the number of taxa, n is the number of individ-
uals (defined by numbers of isolates), and a is Fisher’s a
(Leigh, 1999). To examine similarity in communities of
fungi within and among sites and hosts, we used similarity
indices based on presence/absence data only (Jaccard’s in-
dex) and isolation frequency (Morisita-Horn index) (Ar-
nold et al., 2003). All indices were calculated using
EstimateS.

2.5. Phylogenetic analyses

To reconstruct the phylogenetic relationships of endo-
phytes in the context of other Ascomycota, endophyte
sequences generated for this study were incorporated
into a core alignment of 241 sequences of Ascomycota
generated for the Assembling the Fungal Tree of Life
project (AFTOL; Lutzoni et al., 2004). GenBank acces-
sion and identification numbers for these taxa are given
in Lutzoni et al. (2004). For additional comparisons of
endophyte taxon composition with regard to latitude
and host species, we included LSUrDNA and
SSUrDNA sequences for 24 endophytes isolated from
tropical and temperate hosts (Arnold and Lutzoni,
2006; Arnold et al., 2006). These endophytes were isolat-
ed as described above. Temperate endophytes included
cultures from healthy, >1-year-old foliage of Pinus taeda

(Pinaceae) and Magnolia grandiflora (Magnoliaceae) in
Duke Forest (Orange County, NC, USA; 35�580N,
79�050W) (Arnold et al., 2006). Tropical endophytes
included cultures from six angiosperm taxa: Swartzia

simplex (Caesalpiniaceae), Theobroma cacao (Malvaceae),
Faramea occidentalis (Rubiaceae), Laetia thamnia (Flaco-
urtiaceae), Gustavia superba (Lecythidaceae), and Trichil-

ia tuberculata (Meliaceae), which were isolated from
healthy, mature foliage in primary and late secondary
forest at Barro Colorado Island, Panama (9�90N,
79�510W) (Arnold and Lutzoni, 2006). In each case,
focal endophytes were chosen to represent the most
common morphotypes and ITS genotypes characterizing
these tropical and temperate sites.

Alignments of LSUrDNA and SSUrDNA data, each
containing 311 sequences, were generated in MacClade v.
4.06 (Maddison and Maddison, 2003) according to the sec-
ondary structure model (Kjer, 1995) of Saccharomyces

cerevisiae (Saccharomycetes, Accession No. U53879) pub-
lished by Cannone et al. (2002). Ambiguously aligned
regions (sensu Lutzoni et al., 2000) were excluded from
analyses.

A reciprocal 70% bootstrap support value was used as a
criterion to detect conflicts between data partitions
(LSUrDNA vs. SSUrDNA) following Reeb et al. (2004).
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
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A hierarchical likelihood ratio test was implemented using
Modeltest 3.6 (Posada and Crandall, 1998), yielding a
GTR (General Time Reversible) + I (Invariant) + G
(Gamma) model for each dataset. Using this model, we
performed a neighbor-joining bootstrap analysis using
PAUP* 4.0b8a (Swofford, 2004) on both the LSUrDNA
and SSUrDNA data sets using maximum likelihood dis-
tances, replicated 1000 times. Conflicts between the topol-
ogies generated by each data set were considered
significant if a given taxon was a part of two different rela-
tionships that both had bootstrap support P70% (Mason-
Gamer and Kellogg, 1996). We found no significant con-
flict between the LSUrDNA and SSUrDNA data sets,
and the data were combined for subsequent analyses.

Modeltest was then used to determine the model that
best fit the combined data set. The following parameters
were calculated: GTR + I + G model, with base frequen-
cies of A, C, G, and T equal to 0.2350, 0.2424, 0.3303,
and 0.1923, respectively; substitution rate matrix ([A–
C] = 0.9294, [A–G] = 2.5896, [A–T] = 1.4933, [C–
G] = 0.5343, [C–T] = 6.1776, and [G–T] = 1.000); gamma
distribution parameter (a = 0.5714); and proportion of
invariable sites (I = 0.3494). This model and these parame-
ters were used for subsequent neighbor-joining bootstrap-
ping analysis of the combined data set.

Metropolis coupled/Markov chain/Monte Carlo analy-
sis was conducted on the combined LSUrDNA and
SSUrDNA data set using MrBayes v.3.0b4 (Huelsenbeck
and Ronquist, 2001). For each of the two data partitions
we applied the GTR + I + G model. Ten independent
analyses, each with 5,000,000 generations, were initiated
with random trees and sampled every 100th tree. The anal-
ysis was run on four separate, simultaneous chains. The
resulting average likelihood scores differed substantially
among the 10 analyses.

Ten random trees from the 20,000 last trees generated by
the highest-likelihood run were used as starting trees to ini-
tiate 10 new runs with the same settings as the first round
except for the quality of the starting tree. At the same time,
we initiated 10 runs of 10,000,000 generations each, start-
ing from a random tree, which were sampled every 500th
tree. We compared the average likelihood scores of the last
10,000 trees from each run and found that the best likeli-
hood generated by any of the longer runs was inferior to
the likelihoods generated by the runs of 5,000,000 genera-
tions that used a non-random starting tree. Therefore, we
used trees generated by the run of 5,000,000 generations
that started from a tree generated by the previous run to
begin all future analyses.

After checking the distribution of the likelihood scores
of the last 10,000 trees generated by the 10 runs of
5,000,000 generations, we chose the last 10,000 trees from
eight of the 10 runs that provided the highest likelihood
scores (�42746.691 to �42622.63). The resulting pool of
80,000 trees was used to compute a majority-rule consensus
tree in PAUP*. This consensus tree was rooted with Taph-

rina communis, and was used as the final tree.
ationships, host affinity, and geographic structure ..., Molecular
2.



K.L. Higgins et al. / Molecular Phylogenetics and Evolution xxx (2006) xxx–xxx 5

ARTICLE IN PRESS
Support for nodes was provided both by bootstrap val-
ues generated by the neighbor-joining bootstrap analysis
with maximum likelihood distances, and by posterior prob-
abilities generated by both MrBayes and BayesPhylogenies
(Pagel and Meade, 2004a). Using BayesPhylogenies, we
applied up to six different models of evolution to the com-
bined data set, including gamma distributed rate heteroge-
neity. We first estimated the optimal number of partitions
across the SSUrDNA and LSUrDNA datasets. We initiat-
ed nine runs with various settings (2 partitions with GTR, 2
partitions with GTR + G, 3 partitions with GTR, 3 parti-
tions with GTR + G, etc., up to 6 partitions with GTR).
After 1,000,000 generations, we computed likelihood scores
by separately averaging the likelihood values of the last
2000 trees for each run. The likelihood score recovered
using 5 partitions with GTR + G (�41414.998) was signif-
icantly better (significance = 27.6 units, Pagel and Meade,
2004b) than the next best run (6 partitions with GTR; aver-
age likelihood score of �41508.079). Using the optimal set-
tings, we initiated 20 final runs of 1,000,000 generations,
each starting with a random tree selected from the 2000
trees from the previous best run. Average likelihoods of
the last 1000 trees (sampled every 100th generation) of each
of the 20 runs ranged from �41147.196 to �41236.49. We
selected the 10 runs with the highest likelihood scores and
combined the last 1000 trees from each to compute a
majority-rule consensus tree from 10,000 trees. The poster-
ior probabilities generated by this analysis were used for
comparison with other measures of support.

3. Results

3.1. Diversity of boreal and arctic endophytes

Endophytic fungi were isolated from all surveyed indi-
viduals of Picea mariana, Dryas integrifolia, and Huperzia

selago. In total, 558 isolates of endophytic fungi were
obtained from Picea (460 isolates), Dryas (55 isolates),
and Huperzia (43 isolates). Infection frequencies ranged
from 0.97% (Dryas, Iqaluit) to 41.30% (Picea, Schefferville)
of tissue segments (Table 1). ITS data were obtained for
280 representative isolates, including 40–100% of endo-
phytes isolated from each host species in each site (Table
1). Over the entire dataset, species accumulation curves
remained non-asymptotic regardless of the degree of ITS
Table 1
Infection frequencies, total number of isolates, sequencing intensity for ITS, and
and SSUrDNA for endophytes isolated from boreal forest at Mingan Archipe
tundra at Iqaluit, Nunavut (IQ)

Host species Site Segments infected (%) Isolates recovered

Picea mariana MA 22.60 163
SF 41.30 297

Dryas integrifolia MA 6.67 48
IQ 0.97 7

Huperzia selago SF 5.97 43

Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
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sequence similarity used to delimit operational taxonomic
units (Fig. 1). Bootstrap estimates of species richness signif-
icantly exceeded the observed species richness under all
OTU definitions (Table 2). The majority of ITS genotypes
occurred only once (Table 2). Diversity ranged from 16.29–
25.93 (Fisher’s a), 2.69–2.99 (Shannon index), and 6.73–
7.77 (Simpson index) depending on the stringency of ITS
genotype groupings (Table 2).

Diversity of endophytes (Fisher’s a) ranged from 3.43
(Dryas at Mingan Archipelago) to 10.92 (Picea, Mingan
Archipelago) (Fig. 2). Thirty-one unique ITS genotypes
(90% similarity) were observed among 190 sequenced iso-
lates from Picea (Fisher’s a = 10.64). Endophytes of Dryas

represented 15 unique genotypes among 54 samples (Fish-
er’s a = 6.87). Huperzia endophytes displayed the lowest
richness and diversity, with nine unique genotypes among
36 samples (Fisher’s a = 3.86).

3.2. Host and geographic specificity of endophytes

From 280 representative isolates sequenced for ITS, we
recovered 47 distinct genotype groups based on 90% ITS
sequence similarity. Of these, 26 genotypes (55.3%) were
represented by only one sequence (hereafter, singletons),
while 21 genotypes were represented by multiple isolates
(non-singletons) (Table 2). Of the 21 non-singleton geno-
types, 13 were isolated from only one of the three host spe-
cies (Appendix 1). Representatives of eight genotypes were
found in two host taxa. No genotype was recovered from
all three plant species.

Among all ITS genotypes obtained from Picea, 77.4%
were found only in that host, despite sampling of sympatric
Huperzia at Schefferville and Dryas at the Mingan Archi-
pelago. Six of nine genotypes (66.7%) found in Huperzia

were recovered only from that host species, and nine of
15 genotypes (60%) from Dryas were unique to that host.

Among endophytes of Picea, genotype AE (highest
BLAST affinity for Cudoniaceae) comprised 20.6% of iso-
lates (Appendix 1 and 2). Only one other genotype com-
prised P5.0% of isolates from that host (genotype AI;
Rhytismatales; Appendix 1 and 2). Genotype AD
(Mycosphaerellaceae) was the most commonly isolated
endophyte from Dryas (34.5% of isolates) and Huperzia

(37.2% of isolates), but the next most common endophytes
were distinctive for each host (Dryas, AF, Botryosphaeria-
representation of ITS genotypes among isolates sequenced for LSUrDNA
lago, Québec (MA), boreal forest at Schefferville, Québec (SF), and arctic

Isolates sequenced,
ITS (%) (N)

ITS genotypes
(90%)

ITS genotypes (and isolates)
in phylogenetic analysis

43.5 (71) 23 12 (14)
40.1 (119) 15 8 (9)
97.9 (47) 9 5 (13)
100 (7) 6 4 (4)
83.7 (36) 9 3 (6)

ationships, host affinity, and geographic structure ..., Molecular
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Table 3
Similarity of endophyte communities as a function of study site (MA,
boreal forest at Mingan Archipelago; SF, boreal forest at Schefferville; IQ,
arctic tundra at Iqaluit)

MA SF IQ

MA — 0.43 0.17
SF 0.51 — 0.07
IQ 0.22 0.02 —

Data reflect similarity based on presence/absence data only (Jaccard’s
index, above diagonal) and isolation frequency (Morisita-Horn, below
diagonal). Bold font indicates highest observed similarity for each index,
showing the relatively high similarity between the two boreal forest sites.
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Fig. 1. Non-asymptotic species accumulation curves for fungal endo-
phytes from healthy photosynthetic tissues of three host species (Picea

mariana, Dryas integrifolia, and Huperzia selago) in boreal and arctic sites.
Distinct curves indicate operational taxonomic units defined by 90–99%
ITS sequence similarity.
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ceae: 20% of isolates; Huperzia, AC, Pleosporales: 18.6% of
isolates).

Communities of endophytes in boreal forest sites were
more similar to each other than to the endophyte commu-
nity at the arctic tundra site (Table 3). Based on non-single-
tons only, similarity in endophyte communities among sites
ranged from 0.07 (Schefferville vs. Iqaluit) to 0.43 (Scheff-
erville vs. Mingan Archipelago) based on presence–absence
data (Jaccard’s index), and from 0.02 (Schefferville vs. Iqa-
luit) to 0.51 (Schefferville vs. Mingan Archipelago) based
on isolation frequencies (Morisita-Horn index; Table 3).

Endophyte communities also appear to be structured by
host species. Based on both presence/absence and isolation
frequency data, endophyte communities in Picea at the
Mingan Archipelago are significantly more similar to com-
munities from Picea at Schefferville than to any others
(Table 4). Similarity was low for comparisons among spe-
cies in different sites, with the exception of Dryas at the
Mingan Archipelago and Huperzia at Schefferville: based
on isolation frequency, endophyte communities of these
hosts appear to be highly similar (Table 4). However, this
pattern is driven by a single genotype (AD; Appendix 1
Table 2
Richness, percent singletons, and diversity among 280 representative isolates of
taxonomic units based on 90%, 95%, 97%, and 99% ITS sequence similarity

ITS similarity Sobs Sobs SD Bootstrap S

90% 47 5.90 59.68* 2
95% 53 5.99 64.89* 3
97% 56 6.01 68.73* 3
99% 64 6.75 79.65* 4

Sobs indicates observed richness. Sobs SD indicates standard deviation inferre
inferred estimate of total species richness; asterisks indicate bootstrap estima
number and percent of genotypes represented only once. Diversity data are gi

Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
Phylogenetics and Evolution (2006), doi:10.1016/j.ympev.2006.07.01
and 2) that dominated the endophyte community in both
hosts. As demonstrated by the much lower similarity based
on presence/absence data (Jaccard’s index = 0.10), Dryas

and Huperzia share relatively few endophyte genotypes
overall (Table 4, Appendix 1).

Among 15 non-singleton genotypes recovered from
Picea, eight genotypes (53.3%) were recovered from that
host in only one site (Schefferville or the Mingan Archipela-
go; Appendix 1). All unique, non-singleton ITS genotypes
from Dryas were recovered from that host in only one site
(Iqaluit or the Mingan Archipelago). However, several
genotypes were shared among different host species at geo-
endophytic fungi from boreal and arctic sites, as a function of operational

ingletons N (%) Fisher’s a Shannon Simpson

6 (55.32) 16.29 2.69 6.73
0 (56.60) 19.35 2.81 7.24
2 (57.14) 21.04 2.87 7.36
0 (62.50) 25.93 2.99 7.77

d from 50 randomizations of sample order. Bootstrap values indicate the
tes that significantly exceed Sobs + 1 SD (a = 0.05). Singletons reflect the
ven as Fisher’s a, Shannon index, and Simpson index values.
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Table 4
Similarity of endophyte communities as a function of host species and study site, reflecting similarity based on presence/absence data only (Jaccard’s index,
above diagonal) and isolation frequency (Morisita-Horn, below diagonal)

Dryas—MA Picea—MA Huperzia—SF Picea—SF Dryas—IQ

Dryas—MA — 0.11 0.10 0.14 0.00
Picea—MA 0.03 — 0.06 0.47 0.23
Huperzia—SF 0.68 0.01 — 0.08 0.00
Picea—SF 0.04 0.58 0.00 — 0.09
Dryas—IQ 0 0.34 0.00 0.02 —

Bold font indicates values that significantly exceed mean similarity for all comparisons (Wilcoxon sign-rank test; a = 0.05), revealing high similarity of
endophyte communities of (1) Picea at SF and MA (Jaccard and Morisita-Horn), and (2) Huperzia at SF and Dryas at MA (Morisita-Horn only).
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graphically distant sites. For example, Dryas at the Mingan
Archipelago shared one genotype with Huperzia from Sche-
fferville (AD, with highest BLAST affinity for Mycosphae-
rellaceae; Appendix 1 and 2). Picea at Schefferville shared
two genotypes with Dryas at the Mingan Archipelago (AE
and AK, both unidentified species based on BLAST results).
Overall, three of the genotypes recovered from Dryas at Iqa-
luit were also found in boreal sites (6% of all genotypes
recovered). However, two of these genotypes contained iso-
lates that differed in their top BLAST matches, with the
Dryas endophytes from Iqaluit distinct from the samples
collected at boreal sites (Appendix 1 and 2).

3.3. Phylogenetic analyses

Each alignment contained 311 sequences, including 46
sequences of arctic and boreal endophytes (see Appendix
1 for culture, origin, and BLAST information), and 24
sequences of temperate and tropical endophytes (Arnold
and Lutzoni, 2006; Arnold et al., 2006). The LSUrDNA
alignment consisted of 4378 characters: 991 included char-
acters, and 3387 characters excluded as introns or because
of ambiguous alignment. The SSUrDNA alignment includ-
ed 7818 characters, of which 956 characters were included.

Analysis of the combined data sets resulted in a highly
resolved phylogeny of Ascomycota that largely agrees with
previously published trees (Fig. 3; see Lutzoni et al., 2004;
Reeb et al., 2004; Lumbsch et al., 2005). The Dothideomy-
cetes + Arthoniomycetes was recovered as a monophyletic
lineage composed of five subclades, delineated and named
where relevant according to Lutzoni et al. (2004): Doth-
ideomycetes 3 (clade A on Fig. 3), Dothideomycetes 2
(clade B), a clade of endophytes and Botryosphaeria ribis

(clade C), the Arthoniomycetes (clade D), and Dothideo-
mycetes 1 (clade E). For the first time, the monophyletic
Arthoniomycetes was nested within the Dothideomycetes,
with significant support from both Bayesian analyses (see
Section 4.). The overall monophyly of the Dothideomyce-
tes + Arthoniomycetes was highly supported by both esti-
mates of posterior probabilities.

The Sordariomycetes (clade F) was recovered as mono-
phyletic with high bootstrap and Bayesian support values.
The monophyly of the Sordariomycetes + Leotiomycetes 1
(clade G) received high support from Bayesian analyses.
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
Phylogenetics and Evolution (2006), doi:10.1016/j.ympev.2006.07.01
The Chaetothyriomycetidae (clade H) was recovered as sis-
ter to the Eurotiomycetidae (clade I) to form the Eurotio-
mycetes, which is monophyletic but without strong
support. Relationships among the Eurotiomycetes, Acaros-
poromycetidae (clade J), Lecanoromycetidae (contained
within clade K) and Ostropomycetidae (clade L) were unre-
solved, but together with Strangospora and members of the
Umbilicariaceae they form a monophyletic group with
strong support from both Bayesian analyses. The Pezizo-
mycetes were recovered as a monophyletic group (clade
M), but without significant support. The Saccharomycoti-
na (represented by Candida albicans and Saccharomyces

cerevisiae) are well supported by all three measures.
Posterior probabilities generated by MrBayes (MB) and

BayesPhylogenies (BP) were generally consistent with one
another (Fig. 3). Both methods demonstrated significant
support (P95%) for 145 internodes, compared to 89 inter-
nodes supported by bootstrap values P70%. There were 19
internodes for which MrBayes demonstrated significant
support while BP did not, and six internodes for which
BP indicated significant support while MB did not. Seven-
ty-seven internodes supported by bootstrap values P70%
were significantly supported by both MB and BP
(86.5%). Two nodes were supported by bootstrap
(P70%) and MB (P95%) only; one node was supported
by bootstrap (P70%) and BP (P95%) only; and nine
nodes were supported only by bootstrap values (P70%).

3.4. Phylogenetic affinities of endophytes

Endophytes from arctic, boreal, temperate and tropical
sites were associated with several major fungal lineages
(Fig. 3): Dothideomycetes 1, Dothideomycetes 2, Doth-
ideomycetes 3, Sordariomycetes, Leotiomycetes 1, Chae-
tothyriomycetidae, and Pezizomycetes. One boreal
endophyte (5607) showed high affinity to Phaeotrichum

benjaminii, but the placement of these two taxa was
unresolved.

Three major lineages (Dothideomycetes 2, Sordariomy-
cetes, and Chaetothyriomycetidae) contain endophytes
from both northern (boreal and arctic) and southern (tem-
perate and tropical) sites. However, representative endo-
phytes from northern and southern sites frequently
demonstrated different phylogenetic affinities at the class
ationships, host affinity, and geographic structure ..., Molecular
2.
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level. Twenty-five of 32 representative endophytes within
the Dothideomycetes were isolated from northern sites.
The Dothideomycetes 1 and 3 (clades A and E) contain
only northern endophytes. Within the Dothideomycetes,
eight endophytes representing both southern and northern
fungi form a clade sister to Botryosphaeria ribis (clade C).
In contrast, the Sordariomycetes contain mostly temperate
and tropical endophytes: 16 of 19 representative endo-
phytes within this group were collected from southern sites.
The Leotiomycetes 1 contained only northern endophytes,
including 11 from Picea (Schefferville and Mingan Archi-
pelago) and three from Dryas (Mingan Archipelago). The
Pezizomycetes contained two northern endophytes. One
northern and one southern endophyte displayed affinity
to the Chaetothyriomycetidae. Endophyte 4466, represent-
ing an ITS genotype group of three isolates from two dif-
ferent Picea individuals (Appendix 2 and 3), is nested
within a paraphyletic group of lichen-forming fungi includ-
ing Verrucariales (Verrucaria and Dermatocarpon) and
Pyrenulales (Pyrenula). No endophytes were recovered
among the primarily or exclusively lichen-forming lineages
Acarosporomycetidae, Lecanoromycetidae, Ostropomycet-
idae, and Lichinomycetes, nor among the Arthoniomycetes
(here represented by lichen-forming taxa). Endophytes
were also absent among the non-lichenized Leotiomycetes
2 and Eurotiomycetidae.

Genotype groups defined by 90% ITS sequence similar-
ity consistently clustered together in our LSUrDNA + S-
SUrDNA tree (see Appendix 2 and 3). However,
phylogenetic structure was occasionally recovered within
groups of isolates that represented the same ITS type.
For example, within the Dothideomycetes 2 (clade B),
endophytes 2712 and 2722 (from Huperzia, Schefferville)
and 3358A, 4140, and 4221 (from Dryas, Mingan Archipel-
ago) represent the same ITS genotype group, but were
reconstructed with significant support as two distinct
clades: one containing Huperzia endophytes, and the other
containing Dryas endophytes.

Although broad-scale patterns of coevolution with hosts
are not evident from this analysis, our results provide evi-
dence for host-structuring of endophyte lineages. Phylo-
types (defined by significant support values) of boreal
and arctic endophytes typically represented only a single
host taxon. For example, multiple ITS genotypes of Picea

endophytes were reconstructed as close relatives of one
another within the Leotiomycetes 1 (Fig. 3).
Fig. 3. Phylogenetic affinities of 46 endophytes from Huperzia selago, Dryas

study; white circles), and 24 endophytes from conifers and angiosperms in tem
Arnold, 2006; black circles). The phylogenetic tree includes 311 terminal bra
posterior probabilities generated by MrBayes (before slash) or BayesPhylogeni
neighbor-joining bootstrapping analysis. Sites are abbreviated as follows: Q
Québec-Schefferville (northern boreal forest); IQ, Iqaluit, Nunavut (arctic tund
(lowland, moist tropical forest). Lichen-forming taxa are shaded in grey. Majo
referred to in the text are marked with letters; clade names, where relevant, fo
unexpected placement in the Sordariomycetes, and the asterisks following Sar

identity of the sources of these sequences should be examined. The � followin
genus with grass hosts.
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4. Discussion

Fungal diversity is typically thought to increase with
decreasing latitude, concomitant with many other terrestri-
al organisms (see Hawksworth, 1991, 2001). However, this
study reveals a high diversity of endophytic fungi in above-
ground tissues of arctic and boreal plants. Although diver-
sity was lower among endophytes of Huperzia and Dryas,

the diversity of endophytes recovered from healthy foliage
of Picea in a single site (Mingan Archipelago; Fisher’s a
= 10.64) is consistent with that observed with several hosts
in temperate and tropical sites (Arnold and Lutzoni, 2006).
Non-asymptotic species accumulation curves (Fig. 1), the
disparity between observed and estimated richness (Table
2), and the occurrence of most genotypes only once
(>55%; Table 2) suggest that many endophytic fungi have
yet to be recovered in these putatively low-diversity
environments.

The relatively high similarity between boreal forest sites
at Schefferville and the Mingan Archipelago contrasts
markedly with the very low similarity between the boreal
and arctic sites (Table 3). These patterns likely reflect the
similarity of plant communities between the Mingan and
Schefferville sites, but also may be driven by abiotic factors
that could shape the fungal community in each site. Identi-
fying the mechanisms of apparent geographic structure
represents an important direction for future work.

The high diversity of endophytes at the species level
parallels the phylogenetic diversity of these fungi, high-
lighting the occurrence of foliage-symbiotic fungi in
many of the major lineages of Ascomycota. This study
did not provide consistent evidence for clade-level speci-
ficity to hosts or sites, but instead demonstrated that
clades of endophytes may contain representatives from
many hosts or geographic regions. However, host affinity
was manifested by the most commonly isolated endo-
phytes. Genotypes AE, AQ, and AP were found almost
exclusively in leaves of Picea; AI was unique to Picea;
AF, AG, and AL were unique to Dryas; AC was unique
to Huperzia; and AD was found only in Dryas and
Huperzia (Appendix 1). These observations do not
exclude the importance of abiotic or geographic factors
in shaping the endophytic community for a given host.
Both host and bioclimatic zones seem to be determinant
factors in explaining the observed variation in endophyt-
ic communities.
integrifolia, and Picea mariana sampled from arctic and boreal sites (this
perate and tropical sites (Arnold et al., 2006; Arnold and Lutzoni, 2006;

nches and is based on LSUrDNA + SSUrDNA data. Support values are
es (after slash), and bootstrap proportions (beneath line) calculated using a
U-MA, Québec-Mingan Archipelago (southern boreal forest); QU-SF,

ra); NC, North Carolina (temperate semi-deciduous forest); PAN, Panama
r fungal lineages are identified by bars along the right margin. Focal clades
llow Lutzoni et al. (2004). The asterisk following Leotia lubrica denotes an
ea resinosa denote an unexpected affiliation for the Leotiomycetes 1. The
g Balansia denotes the endophytic symbioses formed by members of this

c
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Phylotypes consisting only of endophytic fungi were
common in this study, and frequently contained both bore-
al/arctic and temperate/tropical endophytes (e.g., the well-
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
Phylogenetics and Evolution (2006), doi:10.1016/j.ympev.2006.07.01
supported monophyletic group in clade C containing endo-
phytes 469 and 435b from Laetia in Panama, 1182 from
Magnolia in North Carolina, 6730 and 6731 from Swartzia
ationships, host affinity, and geographic structure ..., Molecular
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in Panama, and three isolates from Dryas) (Fig. 3). These
phylotypes may represent endophytic lineages of fungi that
were previously unknown, or lineages of recognized taxa
that are not yet represented by LSUrDNA and SSUrDNA
sequences in GenBank. The presence of endophyte-exclu-
sive and endophyte-dominated phylotypes argues strongly
for the importance of these and other little-known symbi-
onts in defining the shape and structure of the Ascomycota
tree of life. Moreover, the observation that ITS genotype
groups can contain multiple, well-supported phylotypes
argues that true species diversity may exceed our conserva-
tive estimate.

4.1. Identities of boreal and arctic endophytes

Johnson and Whitney (1992) examined spore morpholo-
gy of endophytes from P. mariana in New Brunswick, Can-
ada. Among 914 isolates from 4800 needle segments,
Cryptocline abietina (241 isolates), Aureobasidium pullulans

(186 isolates), and Phaeococcus catenatus (137 isolates)
were most common. Similarly, Fisher et al. (1995) most fre-
quently recovered Clypeopycnis sp. and Wettsteinina drya-
dis among endophytes of Dryas octopetala in Norway.
Cryptocline abietina, P. catenatus, Clypeopycnis sp., and
Wettsteinina are not presently represented by ITS data in
GenBank, and thus could not be recovered by our BLAST
searches. However, our BLAST analyses did not yield close
matches to taxa closely related to these species. One endo-
phyte in the present study showed highest BLAST affinity
for A. pullulans based on ITS data (endophyte 3357, from
Dryas; Appendix 2 and 3). However, LSUrDNA and
SSUrDNA sequences for A. pullulans are not currently
available, and thus were not included in our phylogenetic
analyses. These observations are representative of an ongo-
ing challenge in fungal biodiversity exploration: relating
traditionally identified fungi to genotypes of sterile isolates.

Because our study did not recover all endophyte taxa
present in our focal host species (Fig. 1), it is possible that
these fungal species remain to be recovered in our study
sites. Alternatively, spatial or geographic variation in endo-
phyte assemblages (Table 3) suggests that these host species
may affiliate with different symbionts over their geographic
ranges (see Fisher et al., 1995). The present study, which
suggests an interaction between geographic structure and
host affinity (Table 4), provides evidence for this view. This
hypothesis is gaining further support from other compara-
tive studies (see Fisher et al., 1995; Fröhlich and Hyde,
1999; Arnold and Lutzoni, 2006) and suggests remarkable
complexity in the evolution and ecology of endophyte-
plant associations.

4.2. Utility of BLAST identification compared to

phylogenetic analysis

Phylogenetic affinities of isolates based on SSUrDNA
and LSUrDNA data are useful for assessing the accuracy
and value of BLAST identifications of ITS sequences,
Please cite this article as: K. Lindsay Higgins et al., Phylogenetic rel
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which may be limited by misidentified, unidentified, and
unrepresented fungi in GenBank. In this study, phylogenet-
ic placement of endophytes generally agreed with higher
taxonomic levels (order, family) based on BLAST identifi-
cation of ITS sequences. One exception was observed:
endophyte 4466 displayed BLAST affinity to the Sordario-
mycetes, but phylogenetic analysis placed it within the
Chaetothyriomycetidae (Eurotiomycetes). Phylogenetic
inference determined specific placement for isolates 3377,
5718 (Dothideomycetes 1), and 5627 (Leotiomycetes 1),
for which the best BLAST matches were unidentified fungi
(e.g., ‘‘ectomycorrhizal root tip,’’ mitosporic Ascomycota,
and ‘‘uncultured mycorrhizal fungus’’). When BLAST
results were compared with results of a FASTA search
(Pearson, 2000), only one endophyte was placed more pre-
cisely: endophyte 5627 showed high affinity to Lachnum vir-

gineum under FASTA (http://iab-devel.arsc.edu/
metagenomics) which was confirmed by phylogenetic
analysis.

As more sequences become available in GenBank and
misidentified sequences are corrected, the accuracy of
BLAST and FASTA identifications will improve and these
techniques will become more useful for identifying
unknown fungi. At present, phylogenetic analysis of
DNA sequences remains a more effective method for deter-
mining taxonomic placement of sterile endophytes. Phylo-
genetic analyses also provide complementary information
about the evolution of endophytic fungi, which cannot be
inferred from BLAST or FASTA searches alone. The phy-
logeny recovered here (Fig. 3) is suggestive of multiple,
unique origins of the endophyte symbiosis, providing a
testable hypothesis for future studies with more intensive
and geographically comprehensive sampling.

Endophytes recovered here displayed high affinity for all
lineages of non-lichen forming, filamentous Ascomycota,
with the exception of the Eurotiomycetidae and the Leotio-
mycetes 2. Of particular interest is the presence of two
endophytes within the Chaetothyriomycetidae (Eurotiomy-
cetes), which contains both lichen-forming and free-living
fungi. Lutzoni et al. (2001) showed that the Chaetothyri-
ales and Eurotiomycetidae (Eurotiomycetes) are descended
from lichen-forming ancestors, which suggests an ancestral
ability to form close symbiotic associations with photosyn-
thetic organisms. Yet, endophytes are relatively rare in
these lineages, indicating that such transitions may be more
difficult than would be expected given that ancestral lichen
symbiosis.

Sordariomycetes are frequently recovered as endophytes
of tropical plants, and represent a significant proportion of
tropical and temperate endophyte diversity (e.g., Arnold,
2006; Arnold and Lutzoni, 2006). However, few arctic
and boreal endophytes displayed affinity to the Sordario-
mycetes, with highest frequency observed instead among
the Dothideomycetes and Leotiomycetes. To our knowl-
edge, the effects of latitude on the composition and phylo-
genetic diversity of endophyte communities has not been
characterized, and presents an important question for
ationships, host affinity, and geographic structure ..., Molecular
2.
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understanding the evolutionary interactions between endo-
phytic fungi and the plant lineages in which they are found.
Integration of endophytes into a phylogenetic context pro-
vides a much-needed tool to address broad ecological and
evolutionary questions in the study of endophytic associa-
tions. As the present study demonstrates, fungal endo-
phytes from high-latitude and extreme environments are
likely to be key components in disentangling the origins
and roles of the endophyte symbiosis.
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