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a b s t r a c t

Understand ing how fungal endophy te communities dif fer in abu ndance, diversity,

taxonomi c composition, and host afÞnity over the geographic ranges of their hosts is key

to understanding the ecology and evolution ary context of endophy teÐplant association s.

We examined endophy tes associa ted with health y photosy nthetic tissu es of three closely

related tree species in the Cupressaceae(Coniferales): two native species within their natural

ranges [Juniperus virginiana in a mesic semide ciduous for est, North Carolina (NC); Cupressus

arizonica, under xeric conditions, Arizona (AZ)], and a non-na tive species planted in each

site (Platycladus orientalis ). Endophytes were recovered from 229 of 960 tissue segments

and represented at least 35 species of Ascomycota. Isolation freq uency was more than three-

fold greater for plants in NC than in AZ, and was 2.5 (AZ) to four (NC) times greater for

non-native Platycladus than for Cupressus or Juniperus. Ana lyses of ITS rDNA for 109 repre-

sentative isolates showed that end ophyte diversity was more than twofold greate r in NC

than in AZ, and that endophy tes recovered in AZ were more likely to be host -generalists

relative to those in NC. Differen t endophyte genera dominated the assem blages of each

host species/local ity combination, but in both localities, Platycladus harboured less diverse

and more cosmo politan endophytes than did either native host . Parsimony and Bayesia n

analyses for four classes of Ascomycota (Dothideomycetes, Sordariomycetes, Pezizomycetes,

Eurotiomycetes) based on LSU rDNA data (ca 1.2 kb) showed that well- supported clades of

endophy tes frequently contained represen tatives of a single locality or host species, under-

scoring the importance of both geography and host ident ity in shaping a given plantÕs

endophy te community. Together, our data show that not only do the abundance, diversity,

and taxono mic composition of endophyte communiti es differ as a function of host identity

and locality, but that host afÞnities of those communi ties are variable as well.

» 2007 The Briti sh Mycol ogical Societ y. Publishe d by Elsevier Ltd . All rights reserved.

Introduction

Recent studies have begun to elucidate the diversity and ubiq-
uity of fungal endoph ytes associated with terrestr ial plants,
providing a framewor k for understa nding the evolutiona ry
context of these plantÐfungu s associations (reviewe d by Stone
et al. 2000; Schulz & Boyle 2005; Arnold & Lutzoni 2007).

Despite a strong founda tion laid by a growing number of sur-
veys, the degree to which endoph ytes differ in abundance,
diversity, taxonom ic composit ion, and host afÞnity over the
geograph ic ranges of particular host lineages remains unclear.
Resolvin g the importan ce of locality and host identity in shap-
ing these aspects of endophyte communiti es is import ant for
understa nding fundam ental aspects of endophyte symbio ses.
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Previo us studies have indicate d that the abundance , diver-
sity, and species composit ion of endoph ytes can be strongly
inßuence d by the locality in which a given plant occurs (e.g.
Carroll & Carroll 1978; Petrini et al. 1982; Bills & Polishook
1992; Fisher et al. 1994; Hata & Futai 1996; Bayman et al. 1998;
Arnold et al. 2001; Higgins et al. 2007). For exampl e, different
microhabit ats vary in inoculum potential, with higher infec-
tion frequencie s observe d beneath forest canopies versus in
forest clearings (Arnold & Herre 2003) or in m ore mesic micro-
habitats relative to proximat e sites that are more xeric (Petrin i
et al. 1982; Petrin i 1996). At larger geograph ic scales, endo-
phytes are frequen tly more abundant in tropical regions
than in boreal, arctic, or some temperate regions (Arnold &
Lutzoni 2007), although local climate, short-term weath er pat-
terns, and some disturba nce regimes can override latitudi nal
gradien ts (see Suryanara yanan et al. 2000; Arnold et al. 2007;
Higgins et al. 2007). Similarly, diversity of endoph ytes differs
at small scales as a function of land use history, vegeta tion
cover, and other factors. For example, Gamboa & Bayman
(2001) found higher endoph yte diversi ty in leaves of Guarea
guidonia in a forest preserve relative to a disturbe d forest
area in Puerto Rico. At larger scales, endophyte diversity
varies as a function of latitude and annual rainfall (Arnold &
Lutzoni 2007), althoug h the contribution s of co-varyi ng fac-
tors, such as plant diversity, remain to be explored. Finally ,
the species composit ion of endoph yte assemblage s also dif-
fers as a function of localities. For example, Arnold et al.
(2003) found distinctive endophyte communi ties associate d
with Theobroma cacaoat multiple sites in Panama. In a study
of endophytes and saprotrophs associated with closely related
palms in Australia and Brune i Darussalam , Fro¬hlich & Hyde
(1999) found that only 27 of 189 fungal species were shared be-
tween localities. Similarl y, Fisher et al. (1995) found that only
two of 25 species of endophytes recovere d from Dryas octope-
tala (Rosaceae) in Switzerland also occurre d in the same host
in Norway.

By comparing endophyte assemblages in a single host spe-
cies or genus in multipl e sites, these studies have shown that
plants interact with distinctive endophyte communiti es
across the geographi c areas in which they grow. However , i t
is unclear whether plants growi ng in differen t localities expe-
rience not only a distinctive abundance, diversity, and species
assembla ge of endoph ytes, but also a different degree of rela-
tive host speciÞcity. Do sympat ric plant species differ in terms
of the relative host speciÞcity or host-gener alism of the endo-
phytes they harbou r? Do different regions or environme ntal
condition s select for more or less host-speciÞc endophytes?
To our knowled ge, these questio ns have not been addresse d
previou sly.

Most studies examinin g host afÞnities of endophyte s have
focuse d on distantly related host species that co-occur within
particula r geographi c areas, and have yielded conßictin g re-
sults. For example, a study involving endoph ytes of mistletoe
and Þr established that despite close physica l proximi ty of
these two plant taxa, endophyte commun ities remaine d ex-
clusivel y associated with their particular host (Petrini 1996).
Similarl y, Suryanara yanan et al. (2000) found distinc tive endo-
phytes in Cuscuta reßexarelative to its host plants, and Arnold
et al. (2000) found in lowland Panama that distantly related
hosts, growing within metres of one another, bore distincti ve

endophyte communi ties. Yet Cannon & Simmons (2002) re-
covered similar endophyte communitie s from phylogene ti-
cally diverse angiosp erm trees in a tropical forest reserve.
Suryanaraya nan et al. (2004) recovered the same endophyte
species from diverse plant species in mangrov es, dry decidu-
ous forest, and other tropical forest types (Phyllosticta capitalen-
sis), and Mohali et al. (2005) found that Lasiodiplodia theobromae
occurs in multiple hosts and sites at a global scale. Suryanar-
ayanan et al. (2005) found no evidence for host speciÞcity
among endoph ytes of cacti in the southwe stern USA, yet Hig-
gins et al. (2007) found that most genoty pes of endophyte s re-
covered from arctic and boreal plants were associated with
only one host species. Thus, research to date remains in con-
ßict with regard to the prevalenc e of host speciÞc ity among
endophytes, and the potential for host speciÞc ity of endo-
phyte communitie s to differ over the range of a plant taxon,
or among species within a particula r site, is not clear.

To our knowled ge, no study to date has concurre ntly
assessed the importance of host identity and locality in shap-
ing endophyte abundance , diversity, taxon composition , and
relative host speciÞc ity by simultane ously sampling pairs of
closely related plants in geographica lly distinct sites. Molecu-
lar tools are especia lly useful in this regard, providin g a frame-
work for explicitly comparing sterile endophyte s and
providing a tool to disentangl e potentially cryptic species for
which morpho logical characte rs are of limited use (Lacap
et al. 2003; Arnold et al. 2007). In turn, phylog enetic analyses
provide insight into the evolutiona ry association s of fungal
lineages with hosts and localiti es, and can provide much-
needed insight into the degree to which particula r clades of
fungi are more or less likely to form host-speciÞ c associa tions
with plants. Unfort unately, endophyte surveys are often re-
stricted in terms of molecular phylog enetics due to the cost
associated with sequenc ing informati ve loci for numerous
and often phylog enetically diverse isolates (see Arnold et al.
2007; Higgins et al. 2007). In particula r, there is a need to exam-
ine the ability of particula r loci to infer topologies that are con-
sistent with reconstru ctions provided by multi-loc us analyses
(e.g., Lutzoni et al. 2004; James et al. 2006) and to maximize the
phylogeneti c power provided by loci that can be sequenced
rapidly and at reasonable cost.

Using pairs of related species of the conifer family Cupres-
saceaefrom a m esic forest [central North Carolina (NC)] and
from a xeric desert environ ment [southe rn Arizona (AZ)],
we used a culture-b ased approach to examine the foliar
endophyte commun ities of two native species (Cupressus
arizonica, AZ and Juniperus virginiana, NC) and a co-occurrin g,
non-nat ive species (Platycladus orientalis in both AZ and
NC). Our obj ecti ves w ere to: (1) exami ne th e abundan ce,
divers i ty, ta xonom ic com positi on , and host preferences of
endophyt ic fungi of these cupressaceous hosts ; (2) in fer
the relat ionsh ips of endophytes associated wi th these trees
in a bro ad phyl ogenet ic cont ext ; (3) evaluate an accelerated
phylogenet ic search st rategy for rapidly and robust ly diag-
nosing th ese phylogeneti c relat ionsh ips using the LROR-
LR7 region of the LSU rDNA; and (4) generate hypotheses
regard ing the relati ve im por tance of geograph ic local i ty
and host ident i ty in st ructur ing the endophyte com m uni-
t ies associat ed wi th these ecological ly and econom ical ly
im port an t t rees.
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Materials and methods

Host species

The cypress family, Cupressaceae(Coniferales), is widely distrib-
uted in warm-te mperate regions and contains 110Ð130species
of evergre en trees and shrubs in 25Ð30 genera (Fralish &
Franklin 2002). Within the Cupressoideae, the genera Cupressus
and Juniperus compr ise 70Ð86 species, where as Platycladus is
monotypic (Platycladus orientalis ). Cupressus arizonica (AZ
cypress) is in digenous in th ewestern Unit ed Statesand northern
Mexico (Litt le 1950; USDA, NRCS2004). Juniperus virginiana (East-
ern red cedar) is di st ributed from Nova Scotia to Texas, and is the
mo st w idespread conifer in the eastern USA (Fralish & Frankl in
2002). Platycladusorientalis is native to Korea, eastern Russia, and
Chin a. It has been extensively cult ivated in southeastern Asia
and has become naturalized in Florida (Litt le 1980; USDA,
NRCS 2004). It is comm on ly planted as an ornam ental in both
AZ and NC.

Sample collection

In March and April 2005, fresh, asympt omatic photosynth etic
tissue was collected from healthy trees at the campu s arbore-
tum at the Universit y of AZ (Tucson: Platycladus and Cupressus;
four individual s/species) and at Duke Forest, Duke Univers ity
(Durham, NC: Platycladus and Juniperus; four individua ls/spe-
cies). The University of AZ (32.231! N, 110.952! W, elevation
787 m; mean annual tempera ture " 20.2 ! C) is located within
the Sonoran Desert bioregion . This site is relative ly xeric, re-
ceiving an average of 30.5 cm of precipita tion annual ly. Dur-
ham, NC (36.001! N, 78.940! W, elevation 97 m; mean annual
temperatu re " 15.5 ! C) is relative ly mesic, receiving an aver-
age of 109.2 cm of precipita tion annual ly. At the Univers ity
of AZ, all focal plants were within 250 m of one another, and
were cultiva ted in mixed, open stands with a variety of native
and non-nati ve ornamenta l plants. Focal individual s were
fully established and mature, and received minimal supple-
mental water through infreque nt irrigation. At Duke Univer-
sity, all Juniperus individua ls were located beneath an open
canopy of Pinus taeda intersperse d with Liquidambar styracißua,
Carya spp., Quercus spp., Platanus occidentalis, and Acer spp. At
that site, all Platycladus individua ls were located within
200 m of native J.virginian a and were planted adjacent to the
forest edge.

From each individua l, we harvested mature photosyn -
thetic tissues from three branches extendi ng in three ran-
domly chosen cardinal directio ns. Material was bagged for
transpor t to the laboratory and was used in endophyte isola-
tions within 4 h of collection.

Endophyte isolations

Photosynt hetic tissue from each sample was rinsed in run-
ning tap water for 30 s and then cut into 2 m m pieces before
surface-ste rilization. Tissue fragments were agitated in 95 %
ethanol for 30 s, 10 % bleach (0.5 % NaOCl) for 2 min, and
70 % ethanol for 2 m in (Arnold et al. 2007). Under sterile condi-
tions, tissue segments were allowed to surface-dr y before

plating on 2 % malt extract agar (MEA). To conÞrm the efÞcacy
of surface -sterilizatio n, a subset of tissue segments was
pressed against the medium under sterile conditions for
30 s, and then removed. No mycelial growth was observed
from these surface impressio ns. A total of 384 tissue segments
(96 per individua l tree) were plated for each species from AZ,
and 96 tissue segments (24 per individua l tree) were plated
for each species from NC, correspo nding to pilot data regard-
ing differen ces in infection frequency (Arnold & Lutzoni 2007).
Tissue segments were incubated on sealed plates under ambi-
ent light/dark conditions at room temperatur e (ca 21.5 ! C).

Hyphal growth was monitore d over an eight-week period.
Using aseptic techniqu e, fungi were transfe rred to axenic cul-
ture on 2 % MEA in 60 mm Petri plates and photograph ed after
one week of growth. All samples were archived as living
vouchers in sterile water at the Robert L. Gilbertson Mycolog-
ical Herbariu m at the Universit y of AZ. Based on mycelial
characte ristics (Arnold et al. 2000), representa tives of all
unique morphotype s were selected for molecula r analysis.

Genomic DNA extraction and PCR

Total genom ic DNA was extracted directly from pure cultures
followin g Arnold et al. (2007). PCRwas used to amplify the ITS
rDNA and 5.8s gene (ca 600 bp) and LSU rDNA (ca 1.2 kb) fol-
lowing Higgins et al. (2007). Primers included ITS1F or ITS5
and ITS4 for ITS rDNA (White et al. 1990; Vilgalys & Hester
1990; Gardes & Bruns 1993), and LROR and LR7 for LSU rDNA
(Vilgalys, unpubl. ; Vilgalys & Hester 1990). Sigma Readymix !
REDTaq! PCR reactio n m ix with MgCl 2 (St. Louis, MO) was
used for all PCRreactio ns. The 25 ml reactio n mixture included
12.5 ml REDTaq! , 1 ml of each primer (10 mM), 1 ml DNA tem-
plate, and 9.5 ml PCR-quali ty water. Cycling reactio ns were
run on an MJ Research PTC200! thermocycl er (Walth am,
MA) with the followin g protocol: 94 ! C for 3 m in; 36 cycles of
94 ! C for 30 s, 54 ! C for 30 s, 72 ! C for 1 min; and 72 ! C for
10 min. SYBR" Green I stain (Molecular Probes, Invitrogen;
Carlsbad , CA) was used to detect DNA bands on a 1 % agarose
gel. All products demonstra ted single bands.

Sequencing and analyses

PCRproducts were cleaned, quantiÞed , and normaliz ed at the
GATC sequenc ing facility at the Univers ity of AZ. Sequencing
was performed on the Applied Biosyste ms 3730XL DNA
Analys er (Foster City, CA). The software applicati ons phred
and phrap (Ewing & Green 1998; Ewing et al. 1998) were used
to call bases and assemble contigs, with automa tion provided
by the ChromaSe q package (Maddiso n & Maddison : http://
mesqui teproject.o rg) impleme nted in Mesquit e v. 1.06
(Maddiso n & Maddiso n: http://me squitepro ject.org ). All base
calls were veriÞed by inspectio n of chromato grams in
Sequen cher version 4.5 (Gene Codes, Ann Arbor, MI).

ITS rDNA sequenc es were obtained for 109 representati ve
isolates (Supplem entary Materia l Appen dix 1). LSU rDNA se-
quences were obtained for 64 representativ e isolates (Supple-
mentary Materia l Appendix 2) based on ITS rDNA genotype
groups (described below). Sequen ce data genera ted for this
study are available from GenBank under accession numbe rs
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EF419892ÐEF420019 (ITS rDNA sequences ) and EF420020Ð
EF420083 (LSU rDNA sequences ).

Endophyte richness, diversity, and similarity
among hosts and sites

ITS rDNA sequence data were used in BLAST searche s of
GenBank to provide preliminar y identiÞcat ion at higher taxo-
nomic levels and to guide taxon sampling for LSU rDNA anal-
yses. To designate operationa l taxonom ic units (OTU) based
on ITS rDNA data, we used Sequen cher to delimit groups cor-
respon ding to 90, 95, and 99 % ITS rDNA similarity without
conside ring difference s in sequence length (Arnold et al.
2007). Previous studies have used 90Ð97% ITS rDNA sequence
similari ty as a proxy for species boundaries in Fungi (e.g. 97 %:
OÕBrienet al. 2005). One study has explicitly shown that groups
based on 90 % ITS rDNA similarity are highly congruen t with
phyloty pes based on a second locus (Arnold et al. 2007). Based
on these studies, we used 90 % ITS rDNA genotype groups as
a highly conservati ve proxy for species in all subsequ ent
analyse s.

Species accumu lation curves and bootstrap estimates of
total species richness were inferred using EstimateS v. 7.5
(Colwell 2005: http://vice roy.eeb.uco nn.edu/Est imateS ). In
addition to assessing richness (number of species) for each
partitio n of the data, we also calculated diversity, which takes
into account the abundance of different species. Diversity was
measure d using FisherÕsa (Fisher et al. 1943), which is robust
for small sample sizes and thus accom modates a wide range
of sampli ng effort (Higgins et al. 2007).

All ITS rDNA genotyp es (based on 90 % sequence similarity)
that were recovere d m ore than once were compared for all
host-lo cality combinat ions. JaccardÕsindex was used to assess
similari ty on the basis of presence/a bsence data only (see
Arnold et al. 2000). The MorisitaÐ Horn index was used to as-
sess similarity on the basis of isolation frequency (see Gamboa
& Bayma n 2001; Arnold et al. 2003). Similarity indices were
inferred using EstimateS v.7.5 (Colwell 2005: http://vice roy.
eeb.ucon n.edu/Estima teS).

Phylogenetic analyses

Sixty-four LSU rDNA sequences for representati ve endo-
phytes were organize d at the class level on the basis of BLAST
results and integrate d into existing core alignmen ts for the
Dothideomycetes, Sordariomycetes, Eurotiomycetes, and Pezizomy-
cetes. Core alignments included representativ e endophytes
from boreal, tempera te, and tropical sites (Arnold et al., in
review; Arnold & Lutzoni 2007; Higgins et al. 2007; Supple-
mentary Material Appendix 2) as well as named species of
Ascomycota obtained from GenBank (Supplem entary Material
Appen dix 3), and were subjected to prelimin ary analyses to
ensure that the initial BLAST results were accurate (Higgins
et al. 2007). Taxon sampling for the Dothideomycetesconsisted
of 26 named sequences and 78 endoph ytes (46 from this
study); for the Sordariomycetes, 59 named sequences and 34
endoph ytes (15 from this study); for the Eurotiomycetes, 19
named sequences and three endophytes (one from this
study); and the Pezizomycetes, 23 named sequenc es and four
endoph ytes (two from this study).

Manual alignment was perform ed using MacClade 4.08
(Maddison & Maddiso n 2005). Each alignmen t was based on
LSU rDNA secondary structure as deÞned by Saccharomycescer-
evisiae (Canno ne et al. 2002). All ambiguo usly aligned regions
were excluded. The alignment for the Dothideomycetes con-
sisted of 4595 characte rs, of which 1208 were include d; for
the Sordariomycetes, 4605 characte rs, of which 1218 were in-
cluded; for the Eurotiomycetes, 5443 characters, of which 2056
were included; for the Pezizomycetes, 4595 characters, of which
1208 were include d.

For each datase t, initial heuristic searche s using parsi-
mony as the optimality criterion were impleme nted in PAUP
4b10 (Swofford 2002), but these searche s were ineffectiv e in
recovering optimal trees after up to Þve days. To improve
the quality of searche s, we initiated 30 sets of 200 searches
for each datase t using PAUPRat (Sikes & Lewis 2001), which
implement s the Ôparsimony ratchetÕ method (Nixon 1999) to
efÞciently recover shortest trees in datasets that are challeng-
ing for traditiona l heuristic searches (Sikes & Lewis 2001). The
ÔÞltertreesÕcommand in PAUP 4b10 (Swofford 2002) was used
to select all shortest trees from the resulting pools of trees
(6001 trees per data set). The resulting set of shortest trees
was then used to construct a strict consensu s tree. Support
was measured using a neighb or-joining bootst rap (1K
replicates).

To verify the quality of the topology given the PAUPRat
approach, we conducted an additiona l set of analyse s for
each dataset using Bayesian MCMCMC. Based on compari-
sons of negativ e log likelihood values in Modelte st 3.7
(Posada & Crandal l 1998), GTR# I # G was chosen as the
best-Þtting model for each datase t (Supplem entary Material
Appendix 4). Searches were implement ed in MrBayes v.
3.1.1 (Huelsenbec k & Ronquist 2001) for 5M generations, initi-
ated with random trees, four chains, and sampling every
500th tree. Extensio n of each analysis by up to 5M genera tions
had no signiÞcant effect on negativ e log likeliho od values. Af-
ter elimination of the burn-in for each analysis, a m ajority
rule consensus based on remaining trees was inferred.

Results

From 960 tissue samples , 229 isolates of endophytic fungi
were recovere d in culture. Isolation frequency , deÞned as
the percent of tissue segments bearing cultivable endophyte s,
was more than threefol d greater for hosts from NC (56.3 %)
than AZ (15.8 %), and was 2.5 to four times greater in Platycla-
dus (AZ, 25.5 %; NC, 80.2 %) than in Cupressus (AZ; 6 %) or
Juniperus (NC; 32.4 %; Table 1).

Among 109 isolates sequenc ed for ITS rDNA, we recov-
ered 35 unique ITS rDNA genotyp es (90 % ITS rDNA sequence
similarity; FisherÕs a " 17.9). A total of 43 and 64 ITS rDNA
genotypes based on 95 % and 99 % sequence similarity was
recovered (FisherÕsa " 26.2, and 65.1, respectively ).

Diversity of endophyte s differed as a function of locality
and host identity. Diversity of endophytes from hosts in
NC was more than twofold greater than for hosts from AZ
(Table 1). The total diversi ty of endophytes recovere d from
Juniperus and Cupressuswas 1.4 times greater than from Platy-
cladus (Table 1). In NC, diversity was ca twofold greater in
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Juniperus than in Platycladus regardless of the stringency of ITS
rDNA groups. In AZ, diversity in Cupressus was 1.6 times less
than in Platycladus when species boundaries were based on
90 % ITS rDNA similarity. Howeve r, when species boundarie s
were deÞned at greater levels of ITS rDNA similarity (i.e. 95
and 99 % ITS rDNA congruen ce), diversity was ca twofold
greater in Cupressus than in Platycladus (Table 1).

Endophyte species richness also differed as a functio n of
locality and host identity (Fig 1AÐF).Greate r species richness
per sampling effort was recovere d in NC versus AZ (Fig 1AÐ
B), in Juniperus and Cupressus versus Platycladus (Fig 1CÐD),
and in Juniperus in NC relative to any other species/loc ality
combinat ion (Fig 1EÐF). Overall, observed species richness
fell within the 95 % conÞdence intervals for estimated
richness, suggestin g that our sample was effective in captur-
ing the species richness of these endophyte commun ities
(Fig 1G). However, the relatively steep slope of the accumu la-
tion curve indicate s that numerou s species of endophyte s
are yet to be recovere d from these hosts as a whole.

When genotype accumulatio n curves were compared for
ITS rDNA groups based on differen t levels of sequence similar-
ity, we found the larges t differenti ation between the 95 and
99 % groupings, with the most marke d differen ce occurring
at ca 98 % similari ty (Fig 1H). This reßects that most of the en-
dophytes recovere d in this study are clustered in phylog enet-
ically distinct groups that share high ($ 98 %) ITS rDNA
sequenc e similarity (see also Figs 2Ð5).

Relative importance of locality versus host identity

Similarity indices based on both presence/a bsence data (Jac-
cardÕsindex) and isolation frequencie s (MorisitaÐHo rn index)
and using 90 % ITS rDNA grouping s suggest that endophyte
communi ties in these hosts are structured more by locality
than by host identity (Table 2). Highest similarity was ob-
served among samples from different host species in the
same site (i.e. Platycladus and Cupressus in AZ; Platycladus
and Juniperus in NC). In contrast, samples from the same
host species in different sites had low similarity values (i.e.
Platycladus in NC and AZ). When compare d across study sites,
Juniperus and Cupressus did not share more endophytes with
one another than with Platycladus.

Despite a large number of shared species between hosts
within each site, the domina nt endophyte taxon associated
with each host and locality was distinct (Supplem entary
Material Appendix 1). In all cases, the most abundant taxa
were Dothideomycetes. Cupressus (AZ) was dominated by an
unidentiÞe d dothid eomycete (90 % ITS rDNA genotype I).
The highly diverse community of endophytes associate d
with Juniperus (NC) was not characteri zed by a dominant
species, although three isolates (of 18 sequenced) represented
a dothideomy cete with phylogene tic afÞnity to Letendraea
(90 % ITS rDNA genotype E; see below). Platycladus in NC was
domina ted by Phyllosticta sp. (90 % ITS rDNA genoty pe C; 21
of 68 isolates), and in AZ by Aureobasidium sp. and Phoma sp.
(90 % ITS rDNA genotyp es F and A, respectively , comprisi ng
ten and nine isolates of 41 sequenc ed).

Phylogenetic relationships of endophytes

Results of phylog enetic analyse s of endoph ytes from Cupressa-
ceae, representa tive endoph ytes from other host species and
sites, and representativ e Ascomycota for each class are shown
in Figs 2Ð5. The majority of endoph ytes recovered in this study
were placed with support in the Dothideomycetes (46 isolates)
and Sordariomycetes (15 isolates). Only one endophyte (9147
from Platycladus in NC) was recovere d as a member of the
Eurotiomycetes. No endophytes were recovered among the Leo-
tiomycetes, or from the lichen-d ominated clades Lecanoromy-
cetes, Lichinomycetes, and Arthonio mycetes. Two endoph ytes
from Platycladus in AZ formed a clade within a well-supp orted
lineage of Pezizomycetes.

Phylogen etic analyse s of the Dothideomycetes (Fig 2) using
the parsimon y ratchet yielded 780 best trees with tree lengths
of 731 steps. BS support $ 70 % was observe d for 12 nodes.
Bayesian PPvalues $ 95 % were observe d for 65 nodes, includ-
ing all nodes with strong BSsupport. Many endoph ytes recov-
ered in this study were reconstru cted as part of larger clades
of endophytic fungi from diverse hosts and sites that were
strongly supporte d as sister to Botryosphaeria ribis (clade A),
reconstru cted in a clade containing Discosphaerina fagi and
a variety of boreal forest endophytes (clade B), or strongly sup-
ported as part of a clade contai ning Phoma glomerata and
a conifer endoph yte from boreal forest (clades E and F). The

Table 1 ÐNumber of tissue segments examined , isolates recovered, and isolates sequenced for ITS rDNA; diversity (FisherÕs
alpha) of endophy tes using function al taxon omic units based on 90, 95, and 99 % ITS rDNA sequence similarity; and
number of singleton s for each group based on 90 % ITS rDNA sequen ce similarity

Host taxon/locati on Segments
plated

Isolates
recovere d

Isolates
sequenc ed

FisherÕsalpha Singletons
(90 % ITS rDNA)

90 %
ITS rDNA

95 % ITS
rDNA

99 % ITS
rDNA

Cupressus/AZ 384 23 13 3.0 13.0 33.8 1
Juniperus/NC 96 31 18 21.1 42.4 42.4 6
Platycladus/AZ 384 98 28 4.6 6.7 18.4 4
Platycladus/NC 96 77 50 8.2 9.2 22.1 9

Cupressus & Juniperus 480 54 31 17.9 48.9 75.9 7
Platycladus 480 175 78 12.7 15.6 39.5 13
Cupressus & Platycladus (AZ) 768 121 41 7.5 11.2 38.8 5
Juniperus & Platycladus (NC) 192 108 68 19.1 23.6 43.7 15

Hosts incl ude Cupressus arizonica, Arizona (AZ); Juniperus virginiana , North Carolin a (NC), and Platycladus orientalis in AZ and NC.

Endophyte s of Cupressaceae 335



Author's personal copy

Isolates

A

C

E F

D

B
IT

S
 r

D
N

A
 g

en
ot

yp
es

 

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

0 10 20 30 40 50 60 70 80 900 10 20 30 40 50 60 70 80 90

0 10 15 20 25 30 35 40 45 50

G H

0

10

20

30

40

50

0 25 50 75 100 125 0 25 50 75 100 125
0

10

20

30

40

50

60

70
99% ITS rDNA genotype

95% ITS rDNA genotype

90% ITS rDNA genotype

Platycladus NC

Platycladus AZ

Cupressus  AZ

Juniperus  NC

All native
AZ & NC 

All non-native
AZ & NC

Native & non-native
Arizona

5 0 10 15 20 25 30 35 40 45 505

90% ITS rDNA genotype
95% confidence intervals
Bootstrap

Native & non-native
North Carolina

Fig 1 ÐGenotype accumu lation curves for fungal endophy tes of Cupressus arizonica (AZ), Juniperus virginiana (NC), and
Platyclad us orientalis (AZ and NC). (AÐG)Genotype groups are based on 90 % ITS rDNA sequence similarit y, which is used here
as a conser vative proxy for species boundari es (followin g Arnold et al. 2007 ). (A) Species accumu lation for endophytes of
hosts in AZ. (B) Species accumu lation for endophy tes of hosts in NC. (C) Species accumulat ion of endophy tes of native hosts:
Cupressus (AZ) and Juniperus (NC). (D) Species accumulat ion of endophytes from non-native Platycladu s (AZ and NC).
(E)Compariso n of species accum ulation curves for each host species in AZ. (F)Compariso n of species accumu lation curves for
each host species in NC. (G) Accumu lation of ITS rDNA genotype s over the entire study. (H) Species accumu lation and
richne ss inferred using groups based on 90, 95, and 99 % ITS rDNA similarit y.
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Dendrographa minor

Botryosphaeria ribis

469 Laetia thamnia - Panama
2834 Dryas integrifolia - Québec
2779 Dryas integrifolia - Québec
3300 Dryas integrifolia - Québec
1182 Magnolia grandiflora - North Carolina
6730 Swartzia simplex - Panama
6731 Swartzia simplex - Panama
435b Laetia thamnia - Panama
9149b Platycladus orientalis - NC ∆ C
9130  Platycladus orientalis -  NC ∆ C
9144  Platycladus orientalis -  NC ∆ C
9135  Platycladus orientalis -  NC ∆ C
9134  Platycladus orientalis -  NC ∆ C
9129  Platycladus orientalis -  NC ∆ C
Microxyphium citri

Raciborskiomyces longisetosum

9128 Platycladus orientalis - NC ∆ U
2712 Huperzia selago - Québec
2722 Huperzia selago - Québec
462 Laetia thamnia - Panama
4140 Dryas integrifolia -Québec
3358A Dryas integrifolia - Québec 
4221 Dryas integrifolia - Québec
3326 Picea mariana - Québec
5007 Picea mariana - Québec
Sydowia polyspora

1029 Magnolia grandiflora - North Carolina
4109 Huperzia selago - Québec
Delphinella strobiligena

4947A Picea mariana - Québec
4089 Picea mariana - Québec
Dothidea insculpta

Dothidea sambuci

Dothidea ribesia

Stylodothis puccinioides

9096 Platycladus orientalis - AZ ∆ n/a
Discosphaerina fagi

3275 Dryas integrifolia - Québec
3335 Dryas integrifolia - Québec
3353 Dryas integrifolia - Québec
9042 Platycladus orientalis - AZ ∆ F
9060 Platycladus orientalis - AZ ∆ F
9079 Platycladus orientalis - AZ ∆ n/a
9084b Platycladus orientalis - AZ ∆ n/a
9002 Platycladus orientalis - AZ ∆ F
9009b Platycladus orientalis - AZ ∆ F
9028 Platycladus orientalis - AZ ∆ F
9031 Platycladus orientalis - AZ ∆ F
9036 Platycladus orientalis - AZ ∆ F
3329 Picea mariana - Québec
3377 Picea mariana - Québec
Lojkania enalia

5718 Dryas integrifolia - Iqaluit
Trematosphaeria heterospora

5095 Picea mariana - Québec
Westerdykella cylindrica

Preussia terricola

9106 Cupressus arizonica - AZ     M
9116 Cupressus arizonica - AZ     M
9120 Cupressus arizonica - AZ     M
9104 Cupressus arizonica - AZ     M
9051 Platycladus orientalis - AZ ∆ M
Byssothecium circinans

3323 Dryas integrifolia - Québec
Bimuria novae-zelandiae

Letendraea helminthicola

9203 Juniperus virginiana - NC    E
9200 Juniperus virginiana - NC    E
9149a Platycladus orientalis - AZ ∆ E
9137 Platycladus orientalis - NC ∆ E
9145 Platycladus orientalis - NC ∆ E
9140 Platycladus orientalis - NC ∆ E
Phoma glomerata

9158 Platycladus orientalis - NC ∆ A
9054 Platycladus orientalis - NC ∆ A
9107 Cupressus arizonica - AZ     A
9065 Platycladus orientalis - AZ ∆ A
5654 Picea mariana - Québec
9005 Cupressus arizonica - AZ     A
9008 Cupressus arizonica - AZ     A
9007 Platycladus orientalis - AZ ∆ A
9018 Platycladus orientalis - AZ ∆ A
9015 Platycladus orientalis - AZ ∆ F
9027 Platycladus orientalis - AZ ∆ A
9030 Platycladus orientalis - AZ ∆ A
Curvularia brachyspora

Cochliobolus heterostrophus

Setosphaeria  monoceras

Pyrenophora tritici-repentis

9055 Platycladus orientalis - AZ ∆ B
9026 Platycladus orientalis - AZ ∆ B
9021 Platycladus orientalis - AZ ∆ B
9009a Platycladus orientalis - AZ ∆ B
9057 Cupressus arizonica - AZ     I
9059 Cupressus arizonica - AZ     I
9058 Cupressus arizonica - AZ     I
Setomelanomma holmii

Ampelomyces quisqualis

Phaeosphaeria avenaria

2851 Huperzia selago - Québec
2706 Huperzia selago - Québec
5246 Huperzia selago - Québec

100/ 96
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100/ -
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98/ -
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96/ -
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100/ 95

99/96
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100/83

100/ -

100/ -
98/97

100/ -
98/ -

100/ -
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G

Fig 2 ÐMajorit y rule conse nsus tree based on Bayesian analyses of LSU rDNA data for the Dothideom ycetes. Numbers above
branche s indicate branch support: Bayesian PP values $ 95 % are shown before the slash; NJ BS values $ 70 % are shown after
the slash. Branches recovered in strict consensu s tree from parsimony analyses are shown with bold black lines. Circles after
endophy te culture numbers indicate native host species; triangles indicate non-nati ve hosts. Letters indicate 90 % ITS rDNA
genotype groups based on sequence similarity (Supplem entary Material Appendix 1). Endophy tic fungi from other studies
are listed in Supplem entary Material Append ix 2. All named taxa and GenBank identiÞcation numbers are shown in Sup-
plementa ry Material Appendix 3. Dendrograp ha minor was included as an outgroup .
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Leotia lubrica

Lulworthia fucicola

Lulworthia grandispora

Oxydothis frondicola

Microdochium nivale

Hyponectria buxi

4653 Picea mariana - Québec
Arthrinium phaeospermum

Apiospora sinensis

6722 Faramea occidentalis - Panama
9143 Platycladus orientalis - NC J
9089 Platycladus orientalis - AZ R
9126 Platycladus orientalis - NC J
9121 Platycladus orientalis - NC J
Cryptosphaeria eunomia

Fasciatispora petrakii

Cainia graminis

Seynesia erumpens

Hypoxylon fragiforme

256 Laetia thamnia - Panama
2204 Pinus taeda - North Carolina
6717 Gustavia superba - Panama
9202 Juniperus virginiana - NC    L
9201 Juniperus virginiana - NC    L
Astrocystis cocoes

Rosellinia necatrix

Xylaria acuta

Xylaria hypoxylon

6728 Faramea occidentalis - Panama
Halorosellinia oceanica

Thyridium vestitum

Gaeumannomyces graminis var graminis

6702 Trichilia tuberculata - Panama
Diaporthe phaseolorum

Valsa ambiens

Cryptodiaporthe corni

Cryphonectria cubensis

Cryphonectria havanensis

Melanconis marginalis

Discula destructiva

Gnomonia setacea

Gnomoniella fraxini

Plagiostoma euphorbiae

Cephalotheca sulfurea

Menispora tortuosa

Camarops microspora

Farrowia longicollea

Farrowia seminuda

Neurospora crassa

Sordaria macrospora

Sordaria fimicola

Chaetomium globosum

9038 Platycladus orientalis - AZ P
9097 Cupressus arizonica - AZ T
9069 Platycladus orientalis - H
9093 Platycladus orientalis - AZ H
9094 Platycladus orientalis - AZ H
9092 Platycladus orientalis - AZ S
9085 Platycladus orientalis - AZ H
Pleurothecium recurvatum

6733 Swartzia simplex - Panama
412 Laetia thamnia - Panama
6756 Gustavia superba - Panama
6741 Theobroma cacao - Panama
6749 Theobroma cacao - Panama
6714 Gustavia superba - Panama
151 Laetia thamnia - Panama
Microascus trigonosporus

Ascosalsum cincinnatulum

Magnisphaera stevemossago

Ascosacculus heteroguttulatus

Natantispora lotica

Halosarpheia marina

Sagaaromyces abonnis

Corollospora maritima

Varicosporina ramulosa

Torrubiella luteorostrata

Hydropisphaera erubescens

Cordyceps khaoyaiensis

425 Laetia thamnia - Panama
4939 Picea mariana - Québec
416 Laetia thamnia - Panama
6708 Gustavia superba - Panama
Balansia henningsiana

Hypocrea citrina

Verticillium epiphytum

Emericellopsis terricola

9154 Platycladus orientalis - NC K
9168 Platycladus orientalis - NC K
4780 Dryas integrifolia - Iqaluit
Hypomyces polyporinus

Cordyceps irangiensis

Cordyceps sinensis

100/100

97/ - 

97/ -

100/ - 

95/ -

100/ - 
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Fig 3 ÐMajority rule consensus tree based on Bayesian analys es of LSU rDNA data for the Sordariomy cetes. Numbers above
branche s indicate branch support: Bayesian PP values $ 95 % are shown before the slash; NJ BS values $ 70 % are shown after
the slash. Branches recovered in strict consensus tree from parsimo ny analyses are shown with bold black lines. Circles after
endophy te culture numbers indicate native host species; triangl es indicate non-native hosts. Letters indicate 90 % ITS rDNA
genoty pe groups based on sequen ce similarit y (Supplemen tary Material Appendi x 1). Endophy tic fungi from other studies
are listed in Supplem entary Material Appendix 2. All named taxa and GenBank identiÞcati on numbers are shown in Sup-
plementa ry Material Appendi x 3. Leotia lubrica was included as an outgroup.
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Peltula umbilicata

Arthroderma curreyi

Auxarthron zuffianum

Aphanoascus fulvescens

Coccidioides posadasii

Paracoccidioides brasiliensis

Ascosphaera apis

Eremascus albus

Byssochlamys nivea

Penicillium freii

9147 Platycladus orientalis - NC !  J

Pyrenula cruenta

Pyrenula pseudobufonia

4466 Picea mariana - Québec

Verrucaria pachyderma

Ceramothyrium carniolicum

Capronia mansonii

422 Laetia thamnia - Panama

Exophiala jeanselmei

Glyphium elatum

Capronia pilosella

Dermatocarpon luridum

100/ -

- / 93

100/98

100/88

100/90

100/ -

100/96

100/87

100/97

100/ -

100/ -

99/ -

99/ -

99/ -

A

Fig 4 ÐMajority rule consensus tree based on Bayesian analyses of LSU rDNA data for the Eurotiomy cetes. Number s above
branche s indicate branch support: Bayesian PP values $ 95 % are shown before the slash; NJ BS values $ 70 % are shown after
the slash. Branches recovered in strict consensu s tree from parsimo ny analys es are shown with bold black lines. Triangle
indicates non-native host. Letters indicate 90 % ITS rDNA genotype groups based on sequence similarity (Supplem entary
Material Appendix 1). Endophy tic fungi from other studies are listed in Supplemen tary Material Appendix 2. All named taxa
and GenBan k identiÞcation numbers are shown in Supplem entary Material Append ix 3. Peltula umbilica ta was included as an
outgroup .
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Candida albicans

Saccharomyces cerevisiae

Schizosaccharomyces pombe

Neolecta vitellina

Taphrina communis

Ascobolus carbonarius

Ascobolus crenulatus

9098 Platycladus orientalis - AZ ∆ N/A

9084a Platycladus orientalis - AZ ∆ Q

Sarcosphaera crassa

Peziza succosa

4250 Dryas integrifolia - Iqaluit

Peziza proteana

Peziza quelepidotia

Sarcoscypha coccinea

4245 Dryas integrifolia - Iqaluit

Otidea onotica

Aleuria aurantia

Cheilymenia stercorea

Barssia oregonensis

Helvella compressa

Gyromitra californica

Gyromitra esculenta

Disciotis venosa

Verpa conica

Morchella elata

Morchella esculenta

100/ - 

100/72

100/100

100/100

100/91

97/94

95/ -

100/ -

97/ -

99/ -

100/70

100/100

100/100

100/93

100/ -

-/99

100/100

A

Fig 5 ÐMajorit y rule consensu s tree based on Bayesian analys es of LSU rDNA data for the Pezizomycetes. Numbers above
branche s indicate branch support: Bayesian PP values $ 95 % are shown before the slash; NJ BS values $ 70 % are shown after
the slash. Branches recovered in strict consensus tree from parsimony analyses are shown with bold black lines. Triangles
indicate non-native hosts. Letters indicate 90 % ITS rDNA genoty pe groups based on sequen ce similarit y (Supplemen tary
Material Append ix 1). Endop hytic fungi from other studies are listed in Supplem entary Material Appendi x 2. All named taxa
and GenBank identiÞcation numbers are shown in Supplem entary Material Appendix 3. The Þve taxa at the base of the tree
were included as outgroup s.
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majority of endophyte s within the Dothideomycetes were
reconstru cted with strong support as members of the well-
supporte d Pleosporales(clades CÐG).One additiona l endophyte
(H) was reconstructe d with strong support as the sister taxon
of Raciborskiomyces longisetosum. Clade C was reconstructe d as
sister to Preussia terricola, albeit withou t strong support. Clade
D was reconstru cted as sister to Letendraea helminthicol a.
Clades E and F were strongly supported as a clade with Phoma
glomerata and include d an endophyte from Picea mariana in
Que«bec. Clade G was well supported as sister to Pyrenophora
tritici-repen tis. Through out the Dothideomycetes, ITS rDNA ge-
notype groups (based on 90 % ITS rDNA similar ity) were
largely congr uent with LSU rDNA phylotyp es. Phylotype s con-
taining endophytes from cupressace ous hosts often reßected
locality (AZ versus NC; e.g. clades A, B), but within-cla de struc-
ture based on locality and host identity was suggeste d in sev-
eral clades (e.g. clades DÐG).

Analyses of the Sordariomycetes(Fig 3) using the parsimon y
ratchet yielded 626 best trees with tree lengths of 1289 steps.
BS support $ 70 % was observed for 25 nodes, and Bayesian
PP $ 95 % was observed for 53 nodes. Twenty-fo ur nodes
were supporte d by both methods. Endophyte s from cupress a-
ceous hosts were reconstru cted within the well-supp orted
Xylariale s (clades AÐB),the Sordariales (clade C), and the Hypo-
creales(clade D). Clades A and B were reconstructe d with sup-
port as sister to endophytes from Panama. Clade C was
reconstru cted as sister to the ubiquitous fungus Chaetomium
globosum, and clade D as sister to Emericellopsis, albeit withou t
strong support. ITS rDNA genotyp e groups were consist ent
with LSU rDNA phylotyp es for the hypocrea lean endo-
phytes (clade D) and xylarialea n endophytes in clade B.
Howeve r, clades A (Xylariales ) and C (Sordariales) were char-
acterized by poor matches between ITS rDNA genoty pe
groups and LSU rDNA phylotyp es. Phylotype s reßecte d clus-
tering of endoph ytes from different host taxa (clade C) and
sites (clade A) although two well-supp orted phylotypes
(clades B, D) contai ned endophyte s from a single host spe-
cies in a single site.

For the Eurotiomycetes (Fig 4), the parsimon y ratchet ap-
proach yielded 1005 best trees with tree lengths of 387 steps.
BSsupport $ 70 % was observed for seven nodes, and Bayesian
PP$ 95 % was observe d for 13 nodes. Six nodes were supporte d

by both measures. Endophyte 9147 was reconstru cted with
strong support as sister to Penicillium freii within the well-
supporte d Eurotiales.

For the Pezizomycetes (Fig 5), the parsimony ratchet ap-
proach yielded 827 best trees with tree lengths of 561 steps.
BS support $ 70 % was observe d for 11 nodes; Bayesian PP
$ 95 % was observe d for 16 nodes. Ten nodes received signiÞ-
cant support from both methods. Endophyte s 9098 and
9084a from Platycladus in AZ were reconstructe d as sister to
one another with strong support, and are nested within
a strongly supporte d clade within the Pezizales.

Discussion

We used a culture-b ased approach, paired with sequenc ing of
both a fast-ev olving locus (ITS rDNA) and a phylogene tically
informa tive locus (LSU rDNA) , to assess the diversity and
taxon composit ion of fungal endophyte s among native and
non-native conifers in two geograph ically distinc t localities.
We found that the abundance , diversity, species composit ion,
and relative host afÞnity of endoph yte communi ties differed
as a functio n of locality and host species. Cultiv able endo-
phytes were present in up to 80.2 % of tissue segments exam-
ined, but their incidence differed more than 13-fold as
a function of locality and host identity. Despite very conserva -
tive estimates of species boundaries, diversity ranged from
low values (Fisher Õsa " 3: Cupressus, AZ) to values consist ent
with those of angiospe rm trees in tropical forests (FisherÕs
a " 21.1: Juniperus, NC; Arnold & Lutzoni 2007). Most endo-
phytes were placed in phylogene tic analyses within the Dothi-
deomycetes and, to a lesser extent, the Sordariomycetes, but
members of both the Eurotiomycetes and Pezizomycetes were
also recovered . Isolates representin g the Dothideomycetes
were proportio nally more common in AZ than NC (ca 88 versus
ca 75 % of isolates with deÞniti vely identiÞed ITS rDNA geno-
types, respectiv ely; Supplem entary Material Appen dix 1, Figs
2Ð5). The Sordariomycetes were proportion ally more common
in NC than AZ (ca 21 versus ca 10 %, respectiv ely). Overall and
for three host/locality combinat ions (CupressusAZ, Platycladus
AZ, and Platycladus NC), the majority of deÞnitivel y identiÞed
isolates were placed in the Dothideomycetes. Howeve r, Juniperus
from NC was characte rized by a higher inciden ce of Sordario-
mycetes(ca 56 % of identiÞed isolates ; Supplem entary Material
Appendix 1).

Althou gh endophyte genotyp es often occurre d in m ore
than one host species (Supplementa ry Materia l Appendix 1)
and clades often containe d represe ntatives of multipl e hosts
and sites (Figs 2Ð5), the occurrence of numero us singleton spe-
cies (Table 1, Fig 1) and relatively low similarity among hosts
and localities (Table 2) suggest that each tree species in each
locality has a signature communi ty of endophytic symbio nts.
This was underscored by the observati on that the dominant
endophyte species associa ted with each host was distinct
(Supplem entary Material Appendix 1). The conservati ve spe-
cies concep t applied here likely underest imates richness and
diversity (Table 1), and may overestim ate similari ty of
commun ities among hosts and sites (Table 2). Diversity of
endophyte s in these tempera te hosts thus appears to be sur-
prisingly high, with a high degree of geographic turnove r

Table 2 ÐSimilarity of endophy te assemblag es with
regard to locality and host identity based on non-
singleton ITS rDNA genotypes (90 % sequence similarity)

Platycladus
NC

Platycladus
AZ

Juniperus
NC

Cupressus
AZ

Platycladus NC 0.05 0.24 0.04
Platycladus AZ 0.09 0.12 0.42
Juniperus NC 0.40 0.09 0.09
Cupressus AZ 0.10 0.50 0.10

Simi larity values reßect the Morisi taÐHorn index (above diagonal:
index based on isolation frequ encies) and JaccardÕsindex (belo w di-
agona l: index based on presence/abs ence data only). Both indices
rang e from 0 (no overlap between commun ities) to 1 (total overlap
between commun ities). Highest similarities for each compariso n
are shown in bold.
AZ, Arizona; NC, North Carolina.
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and distincti vely structure d commun ities in each host and
locality.

Fisher et al. (1993, 1994) found that endophyte assembla ges
of trees planted outside their native range are depaupe rate in
terms of infection frequency , species richness, and prevale nce
of host-speciÞ c endophyte s. Although our study did not ex-
amine endophytes of Platycladus within its native range, we
did compare endophytes of Platycladus with those of two
closely related, native hosts in a m esic forest and an arid des-
ert. In both sites, isolation frequency was higher in Platycladus
than in either native host. Moreover, Platycladus in NC
harbou red cultiva ble endophytes in a signiÞca ntly higher per-
centage of tissue segments (80.2 %) than did seven represe nta-
tive, native species studied previously in Duke Forest, NC
(mean %S.D. " 36.4 % %27 of tissue segments; Wilcoxon
signed -rank test, P" 0.031; Arnold & Lutzoni 2007). In contrast,
Juniperus fell within the range of other native taxa in that
forest (32.3 %; Wilcoxon signed-rank test, P" 0.578).

Elevated frequencie s of endophyte infection in Platycladus
relative to closely related, co-occurri ng plants could reßect
three non-exclu sive factors: (1) the presence of both local
and introdu ced endophytes within these non-nati ve trees;
(2) host-speciÞc rates of infection that are independen t of
the native/non -native status of these plants; and/or (3) the
presen ce of more cosmopo litan/less host-speciÞ c endo-
phytes, which might be more readily cultiva ted than those
with greater host speciÞcity.

Further sampling is needed to address the Þrst two scenar-
ios, such that Þrm conclusio ns on this topic cannot be drawn
from this study. Howeve r, support for the third scenario comes
from previous studies indicating that opportuni stic, host-
genera list endophyte s are especially commo n in plants out-
side their native ranges (e.g. Fisher et al. 1994). Under this
scenario, endophyte s of Platycladus should be characte rized
by a greater proportion of host-ge neralists than Juniperus and
Cupressus. Even though all species harbou red putatively oppor-
tunisti c, widespre ad taxa (e.g. Phoma sp., Aureobasidium sp.,
Alterna ria sp., Cladosporium sp., Xylaria sp.), these cosmopoli tan
genera were nearly Þve times more common in Platycladus
than either native host (Supplem entary Material Appendix 1).
We also found that these cosmopo litan genera were three
times more common in AZ than in NC. We hypothe size that
desert endophyte s m ay be under particula rly strong selection
to act as host-ge neralists: the beneÞt of opportun istically
infectin g hosts is likely high relative to the cost of prolong ed
exposure to intense heat, UV radiation , and desiccation typical
of this region. High rates of host generalism among desert en-
dophyte s are further supporte d by similarity indices, which
showe d greater similarity in endoph yte commun ities for dif-
ferent host species in AZ than in NC (Table 2). The most com-
mon endoph ytes recovered from our AZ site showed afÞnity
to Aureobasidium sp., Phomasp., and Alternaria sp. (Supplem en-
tary Material Appendix 1), consisten t with a recent survey of
non-ho st-speciÞc cactus endophytes in AZ (Suryanara yanan
et al. 2005). Thus our data suggest that relative host afÞnity of
endoph yte communiti es has the potential to change over the
geograph ic range of host plant lineages, and may differ among
host plant taxa as well.

Arnold et al. (2007) investigate d the use of a 600 bp region of
LSU rDNA, paired with a phylogene tic backbon e constraint, as

a search strategy for parsimony analyse s involving en-
vironmental samples (e.g. unknown endophyte cultures).
That study concluded that additiona l data were needed to
more adequate ly infer phylog enetic relationship s for large
datasets. In this study, we found that ca 1200 bp of LSU
rDNA, coupled with the PAUPRat method, provided the tools
for expediently recoveri ng topologies within four classes of
Ascomycota. These topolog ies were not in conßict with topolo-
gies resulting from Bayesian analysis (Figs 2Ð5). Howeve r,
Bayesian methods consistentl y yielded greater numbers of
signiÞcant ly supporte d nodes than did the BS method
employed here, which relied on NJ to rapidly assess branc h
support. Well-sup ported phylog enies are key to diagnosin g
the taxonomic afÞnity of unknown endophyte s and are neces-
sary for adequately addres sing ecologica l questions for these
sterile isolates. Future studies will beneÞt from multiple, con-
current analysis methods, especia lly with regard to linking
traditional morpholog ical species concepts to extensive mo-
lecular datasets.

The occurren ce of clades composed only of endophytes
limits our ability to diagnose species boundaries using the
phylogeneti c criter ia propos ed in other studies (e.g. Arnold
et al. 2007). Howeve r, well-support ed, endophyte-co ntaining
clades provide a tool for assessing the frequency with which
particular fungal lineages, rather than genotypes, are repre-
sented among differen t host species or sites. The prevalenc e
of endoph yte-only clades suggests that cupressaceous hosts
harbour interesting and perhaps novel taxa of Ascomycota,
but such statements can only be made with caution pending
the populatio n of public database s with additiona l sequences
for known but unsequence d fungi, and ongoing morpholog i-
cal delimit ation of the isolates recovere d here. Such clades
also are consistent with the diversiÞcat ion of fungi through
the endophyte symbiosis. Intensive sampling of multiple
host species within a given plant family represe nts an impor-
tant but under-ex plored approach for investigati ng potential
co-cladoge nesis of endophytes and their plant hosts.

Although the designatio n of ITS rDNA genotype groups
based on percent similar ity is a straightf orward and rapid
method for design ating species boundaries, there is no
threshold value of sequenc e similarity that is universa lly use-
ful for distingui shing species of fungi. Percent divergenc e be-
tween species is likely to range widely among and within
major lineages , different biologic al species of fungi frequently
have identica l ITS rDNA sequences (Lieckfe ldt & Seifert 2000),
and cryptic species may sometime s only be revealed through
a phylog enetic approach based on other loci (Taylor et al.
2000). We found that our conclusio ns regardin g the relative
diversity of endophyte s associated with Cupressus versus Platy-
cladus were revers ed when differen t ITS rDNA genotype simi-
larities were used to designate species boundarie s (Table 1).
This observati on, coupled with clade-spe ciÞc differences in
concordance between ITS rDNA genoty pes and phylotyp es
(Figs 2Ð5), warrants continu ed conservatism in using se-
quence similarity as a proxy for species boundaries.

With the exceptio n of native fescue grass in AZ, the com-
munity structure , ecologica l roles, and evolution of fungal en-
dophytes have not been well deÞned in desert environ ments,
particularl y with molecula r techniqu es (Faeth & Sulliva n
2003; but also see Suryanaraya nan et al. 2005). How such
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endophyte s m ight beneÞt or negatively inßuence their host
plant, particula rly in times of severe stress, has not been de-
termined. Similarly, the biotically rich forests of the mesic
southeast ern USA remain mostly unexplored in terms of their
endophytic symbion ts, and may harbour a diversi ty of endo-
phytes similar in scale to that in tropical forests (Arnold &
Lutzoni 2007). The relative costs and beneÞts of endoph ytic
symbiose s for particular plant species remain largely unre-
solved, and are particula rly interesting in an evolutiona ry con-
text given the ways in which endophyte commun ities differ in
abundance , diversity, composit ion, and relative host speciÞc-
ity over the ranges of their host plants.

Acknowledgements

We thank the Univers ity of ArizonaÕs Division of Plant
Pathology and Microbiolo gy and College of Agricultur e and
Life Scienc es for supporting this work. Additiona l suppor t
from the National Science Foundation [DEB-0343953 to
A.E.A. (and James W. Dalling); DEB-0200413 to A.E.A.] is grate-
fully acknow ledged. We thank David Maddison for sharing
pre-release versions of MacClad e and Mesquite, and for ad-
vice with regard to phylogene tic analyses. We are grateful to
Rebecca Porter, Mary Shimabu kuro, Eric Janson, and Lindsay
Higgins for technica l assistance, and to Cara Gibson, Mali
Gunatilak a, Ming-Min Lee, and especially Francüois Lutzoni for
helpful discussion.

Supplementary data

Supplem entary data associated with this article can be found
in the online version, at doi:10.1016 /j.mycre s.2007.10.014.

r e f e r e n c e s

Arnold AE, Lutzoni F, 2007. Diversity and host range of foliar
fungal endophy tes: are tropical leaves biodiversity hotspots?
Ecology 88: 541Ð549.

Arnold AE, Henk DA, Eells R, Lutzoni F, Vilgalys R, 2007. Diversity
and phylogenic afÞnities of foliar fungal end ophytes in lob-
lolly pine inferred by culturing and enviro nmental PCR.
Mycologia 99: 185Ð206.

Arnold AE, Miadlikowsk a J, Higgins KL, Sarvate SD, Gugger P, Way
A, Hofstetter V, Kauff F, Lutzoni F, in review . Leaves and
lichens are cradles of fungal diversiÞcation. Systematic Biology.

Arnold AE, Herre EA, 2003. Canopy cover and leaf age affect
colonization by tropi cal fungal endophytes: ecological pat-
tern and process in Theobroma cacao(Malvaceae). Mycologia 95:
388Ð398.

Arnold AE, Mejõ«aL, Kyllo D, Rojas E, Maynard Z, Robbins NA,
Herre EA, 2003. Fungal end ophytes limit pathogen damage in
a tropi cal tree. Proceedingsof the National Academy of Sciences,
USA 100: 15649Ð15654.

Arnold AE, Maynard Z, Gilbert GS, 2001. Fungal endophytes in
dicotyledonous neotr opical trees: patterns of abu ndance and
diversity. Mycological Research105: 1502Ð1507.

Arnold AE, Maynar d Z, Gilbert GS, Coley PD, Kursar TA, 2000. Are
tropical fungal endophytes hyperdiverse? Ecology Letters 3:
267Ð274.

Bayman P, Angulo -Sandoval P, Ba«ez-Ortiz Z, Lodge DJ, 1998. Dis-
tribution and dispersal of Xylaria endophytes in two tree
species in Puerto Rico. Mycological Research102: 944Ð948.

Bills GF, Polishook JD, 1992. Recovery of endophytic fungi from
Chamaecyparis thyoides. Sydowia 44: 1Ð12.

Carroll GC, Carro ll FE,1978. Studies on the inciden ce of coniferous
needle endophytes in the PaciÞc Northw est. Canadian Journal of
Botany 56: 3034Ð3043.

Cannon PF, Simmons CM, 2002. Diversity and host preference
of leaf end ophytic fungi in the Iwokrama Forest Reserve,
Guyana. Mycologia 94: 210Ð220.

Cannone JJ,Subramanian S, Schnare MN, Colle t JR,DÕSouzaLM,
Du Y, Feng B, Lin N, Madab usi LV, Muller KM, Pande N,
Shang Z, Yu N, Gutell RR, 2002. The Comparative RNA Web
(CRW) Site: an online database of comparative sequences and
structure information for ribosom al, int ron, and other RNAs.
BMC Bioinformatics 3: 15.

Ewing B, Green P, 1998. Base-calling of automated seque ncer
traces using Phred. II. Error probabilities. GenomeResearch 8:
186Ð194.

Ewing B, Hillier L, Wendl M, Green P, 1998. BaseÐcalling of auto-
mated seque ncer trace s using Phred. I. Accuracy assessment.
GenomeResearch8: 175Ð185.

Faeth SH, Sulliva n TJ, 2003. Mutual istic asexual endophy tes in
a native grass are usual ly parasi tic. Ameri can Natu ralist 161:
310Ð325.

Fisher PJ,Petrini O, Sutton BC, 1993. A comparative study of
fungal endophytes in xylem and bark of Eucalyptus nitens in
Australia and England. Sydowia 45: 1Ð14.

Fisher PJ,Petrini O, Petrini LE, Sutton BC, 1994. Fungal endophy tes
from the leav es and twigs of Quercus ilex L. fro m England,
Majorca, and Switzerland. New Phytologist 127: 133Ð137.

Fisher PJ,Graf F, Petrini LE, Sutton BC, Wookey PA, 1995. Fungal
endophytes of Dryas octopetala fro m a high arctic polar semi-
desert and from the Swiss Alps. Mycologia 87: 319Ð323.

Fisher RA, Corbet AS, Williams CB, 1943. The relation between the
number of species and the number of individuals in a random
sample of an animal pop ulation. Journal of Animal Ecology 12:
42Ð58.

Fralish JS,Frankl in SB, 2002. Taxonomy and Ecologyof Woody Plants
in North American Forests. Wiley & Sons, New York.

Fro¬hlich J, Hyde KD, 1999. Biodiversity of palm fungi in the
tropics: are globa l fungal diversit y estimates realistic?
Biodiversity and Conservation 8: 977Ð1004.

Gamboa MA, Bayman P, 2001. Communi ties of endophy tic fungi
in leaves of a tropical timber tree (Guarea guidonia: Meliaceae).
Biotropica 33: 352Ð360.

Gardes M, Bruns TD, 1993. ITS primers with enhanced speci Þcity
of basi diomycetes: applica tion to the identiÞcation of mycor-
rhizae and rusts. Molecular Ecology2: 113Ð118.

Hata K, Futai K, 1996. Variation in fungal endophyte populations
in needles of the genus Pinus. Canadian Journal of Botany 74:
103Ð114.

Higgins KL, Arnold AE, Miadlik owska J, Sarvat e SD, Lutzoni F,
2007. Host afÞnity and geographic structure among boreal and
arctic endophy tes from three major plan t line ages. Molecular
Phylogeneticsand Evolution 42: 543Ð555.

Huelsenbeck JP,Ronquist F, 2001. MRBAYES: Bayesian inference
of phyl ogenetic trees. Bioinformat ics 17: 754Ð755.

Jame s TY, Kauf f F, Schoch C, Matheny PB,Hofstett er V, Cox CJ,
Celi o G, Guiedan C, Fraker E, Mi adli kowska J,Lumb sch T,
Rauh ut A, Reeb V, Ar no ld AE, Am toft A, Stajich JE, Hosaka K,
Sung G, John son D, OÕRourke B, Binder M, Curt is JM, Slot C,
Wang Z, Wilson AW , Schu¬§l er A, Longcore JE, OÕDonn ell K,
Mozley-Stand ri dge S, Porter D, Letcher PM, Pow ell MJ, Tayl or JW,

Endophyte s of Cupressaceae 343



Author's personal copy

White MM, Grif Þth GW, Davi es DR, Sugiyam a J, Rossm an AY,
Rogers JD, PÞster DH, Hew it t D, Hansen K, Ham blet on S,
Shoema ker RA, Kohl me yer J, Volkm ann- Kohl me yer B, Spotts RA,
Serd ani M, Crous PW, Hughes KW, Matsuu ra K, Langer E,
Langer G, Un terein er WA, Lu¬ckin g R, Bu¬del B, Geiser DM,
Aptr oot A, Buck WR, Cole MS, Diederich P, Printz en C, Schmit t I,
Schu ltz M, Yahr R, Zavarzi n AI, Hibbett DM, Lutzoni F,
McLaughl in DJ, Spatafora JW, Vil galy s R, 2006. Reconstructing th e
earl y evoluti on of th e Fungi usin g a six- gene ph yl ogeny. Natur e
443: 818Ð822.

Lacap DC, Hyde KD, Liew ECY, 2003. An evaluation of the fungal
ÔmorphotypeÕconcept based on ribosomal DNA seque nces.
Fungal Diversity 12: 53Ð66.

Lieckfeldt E, Seifert KA, 2000. An evaluation of the use of ITS se-
quences in the taxonomy of the Hypocreales. Studies in Mycology
45: 35Ð44.

Little jr EL, 1980. The Audubon Society Field Guide to North American
Trees. Alfred A. Knopf, New York.

Little jr EL, 1950. Southwestern Trees: a guide to the native speciesof
New Mexico and Arizona [U.S Department of Agricultur e
Handbook no 9.] United States Governme nt Printing OfÞce,
Washington, DC.

Lutzoni F, Kau ff F, Cox CJ,McLaughlin D, Celio G, Dentinger B,
Padamsee M, Hibbett D, James TY, Baloch E, Grube M, Reeb V,
Hofstetter V, Schoch C, Arno ld AE, Mia dlikowska JM,
Spatafora J, Johnson D, Hambleton S, Crockett M,
Shoemaker R, Sung GH, Lu¬ckin g R, Lumbsch T, OÕDonnell K,
Binder M, Diederich P, Ertz D, Gueidan C, Hansen K, Harris RK,
Hosaka K, Lim YW, Matheny B, Nishida H, PÞster D, Rogers J,
Rossman A, Schmitt I, Sipman H, Stone J,Sugiyama J,Yahr R,
Vilgalys R, 2004. Assembling the fungal tree of life: pro gress,
classiÞcation, and evoluti on of subcellular traits. American
Journal of Botany 91: 1446Ð1480.

Maddison DR, Maddison WP, 2005. MacClade: analysis of phylogeny
and character evolution. Version 4.08. Sinauer Associates,
Sunderland, MA.

Mohali S, Burgess TI, WingÞeld MJ, 2005. Diversity and host as-
sociation of the tropical tree end ophyte Lasiodiplodia theobro-
mae revealed using simple sequence repeat markers. Forest
Pathology 35: 385Ð396.

Nixon KC, 1999. The parsimony ratche t, a new method for rapid
parsimony analysis. Cladistics 15: 407Ð414.

OÕBrienHE, Miadlikowska J, Lutzoni F, 2005. Assessing host spe-
cialization in symbiotic cyanobact eria associated with fou r

clos ely related species of the lich en fungus Peltigera. European
Journal of Phycology 40: 363Ð378.

Petrini O, Stone J,Carroll FE, 1982. Endophytic fungi in evergreen
shrubs in western Oregon Ða prelimi nary study. Canadian
Journal of Botany 60: 789Ð796.

Petrini O, 1996. Ecologica l and physiological aspect s of host -
speci Þcity in end ophytic fungi. In: Redlin SC, Carri s LM (eds),
Endophytic Fungi in Grassesand Woody Plants. APS Press, St Paul,
MN, pp. 87Ð100.

Posada D, Crandall KA, 1998. MODELTEST: testing the model of
DNA substitution. Bioinformatics 14: 817Ð818.

Schulz B, Boyle C, 2005. The endophy tic continuu m. Mycological
Research 109: 661Ð686.

Sikes DS, Lewis PO, 2001. Beta Software, Version 1. PAUPRat:PAUP
implementation of the parsimony rat chet Distributed by the
author s. Department of Ecology and Evolutionary Biol ogy,
Univer sity of Connecticut, Storr s.

Stone JK, Bacon CW, White jr JF,2000. An overview of endophytic
mi crobes: endophy tism deÞned. In: Bacon CW, White jr JF
(eds), Microbial Endophytes. Mar cel Dekker, New York, pp. 3Ð29.

Surya narayanan TS, Senthilarasu G, Muruganandam V, 2000.
Endophytic fungi from Cuscuta reßexa and it s host plan ts.
Fungal Diversity 4: 117Ð123.

Surya narayanan TS, Ravishankar JP,Venkatesan G, Murali TS,
2004. Characterization of the melanin pigment of a cosmo -
poli tan fungal endophy te. Mycological Research108: 974Ð978.

Surya narayanan TS, Wittlinger SK, Faeth SH, 2005. Endophytic
fungi associated with cacti in Arizona. Mycological Research
109: 635Ð639.

Swofford DL, 2002. PAUP*: phylogenetic analysis using parsimony (*and
other methods). Version 4b10. Sinauer Associates, Sunderland, MA.

Tay lor JW, Jacobson DJ,Kroken S, Kasuga T, Geiser DM, Hibbett DS,
Fisher MC, 2000. Phylogenetic species recognition and species
concepts in fungi. Fungal Geneticsand Biology 31: 21Ð32.

USDA, NRCS, 2004. The PLANTSDatabase. Versi on 3.5. National
Plant Data Center, Baton Rouge, LA. http ://plants.usda.gov .

Vi lgalys R, Hester M, 1990. Rapid genetic identiÞcation and map-
ping of enzyma tically ampliÞed ribo somal DNA from several
Cryptococcus species. Journal of Bacteriology 172: 4238Ð4246.

White TJ, Bruns T, Lee S, Taylor J, 1990. AmpliÞcation and direct
seque ncing of fungal ribosomal RNA genes for phylog enetics.
In: Innis MA, Gelfand DH, Sninsky JJ,White TJ (eds), PCR
Protocols: a guide to methods and applications. Acad emic Press,
San Diego, pp. 315Ð322.

344 M. T. Hoffman, A. E. Arnold


