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Western Oregon is home to native Rhododendron species and is the center for cultivated 

Rhododendron production in the United States. These Rhododendron spp. are known to 

be infected with fungal endophytes. However, the community structure of these 

endophytes in native and cultivated Rhododendron is poorly understood.  Our study 

targeted the foliar fungal endophyte communities of two native Rhododendron spp. and 

two non-native commercially cultivated Rhododendron varieties. Parallel culture-

dependent (fungal isolation and identification based on ITS sequencing) and culture-

independent sequencing approaches (metagenomic sequencing of the ITS region using 

454 pyrosequencing) were employed, and results provided evidence of distinctly different 

community structure in each host species. Additionally, results indicated higher diversity 

among cultivated and nursery grown Rhododendron. This suggests that the close 



proximity of the nurseries sampled to the forest environment allows exposure to two 

distinct sources of endophyte infection. Together, our results show the importance of host 

identity and environment in structuring the associated endophyte communities. 
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INTRODUCTION 

Plants are colonized by many diverse fungi and interact with them in a myriad of 

ways.  One notable interaction of increasing interest is that between plants and fungal 

endophytes.  Unlike mycorrhizae which both colonize a plant and grow outward into the 

rhizosphere and soil, fungal endophytes are fungi that live and grow entirely within living 

plant tissue without causing visible symptoms of disease, and may emerge at host or 

tissue senescence to sporulate (1, 2). Fungal endophytes are considered ubiquitous among 

terrestrial plants, having been found in every lineage of plants investigated. The nature of 

an endophyte's relationship with its host plant may range from mildly parasitic, though 

asymptomatic, to benign, to extremely beneficial. Some of these fungi have been shown 

to confer net competitive advantages which can be divided into two categories:  habitat-

adapted (HA) fitness benefits such as pH tolerance, salinity tolerance, and temperature 

tolerance; and the more common non-habitat-adapted (NHA) fitness benefits such as 

increased drought tolerance, herbivory deterrence, and pathogen resistance (3).  However, 

under this same broad definition, fungal endophytes can also be latent pathogens or latent 

saprobes, causing no observable symptoms in the host plant until senescence or tissue 

abscission (4).  

Culture dependent methods have historically been deployed in the study of fungal 

endophytes, but the advent of Next Generation Sequencing (NGS) technology and drastic 

reductions in DNA sequencing costs have made environmental DNA sequencing of 

fungal endophytes a relatively quick and cost effective method to study these organisms.  

However, this approach also has limitations, and here we employ both methods in  

 



parallel to study the metagenome of fungal endophyte communities in Rhododendron 

plant hosts. 

Endophyte Classification. Fungal endophytes are fundamentally divided into 

two groups.  The first group, known as the Clavicipitaceous (C) endophytes (alternatively 

known as Class 1 endophytes (5)), are a group of closely related grass-infecting 

endophytes that are generally vertically transmitted through seed from a mother plant to 

its offspring (6).  C endophytes have been primarily studied for their toxic effects on 

grazing animals that consume infected grasses.  The effect of the compounds produced by 

some of these endophytes, which vary in toxicity, is that herbivores are generally deterred 

from feeding upon the hosts, though increase in resource demand to support these 

endophytes can make the host more susceptible to pathogens (7).  To date, C endophytes 

have only been shown to confer NHA fitness benefits.    

The second group, known as Nonclavicipitaceous (NC) endophytes, have most 

recently been treated as three functionally distinct groups (Classes 2-4) (5).  However, 

this classification system is not well reflected in the phylogenetic relationships amongst 

NC endophytes, and instead draws on their life history characteristics and ecological 

significance as a means of categorizing them.  NC endophytes are extremely diverse, 

polyphyletic, and there is mounting evidence that the endophyte condition has arisen 

independently multiple times in the evolutionary history of fungi, with the earliest fossil 

evidence going back 400 M years (8).  As a whole, NC endopytes are generally members 

of the Dikarya, with most being concentrated in the Ascomycota. 
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Many NC endophytes appear to have broad host ranges, which is in stark contrast 

to the narrow host ranges observed in C endophytes.  Mycelial colonization within hosts 

can range from single cells to extensive colonization throughout plant; consequently, high 

levels of NC endophyte diversity can be found within a plant (3). In general, NC 

endophytes are horizontally transferred, meaning they are acquired through infection 

events rather than being passed on from parent plants through seed, though exceptions 

exist within the Class 2 endophytes (9).  NC endophytes have been shown to confer both 

NHA and HA fitness benefits, with HA fitness benefits generally being associated within 

vertically transmitted Class 2 endophytes (5).   Class 2 endophytes are also generally 

associated with extensive colonization and low diversity within their hosts and the only 

class of endophytes that have been found to provide HA benefits to their host, as 

observed with Fusarium culmorum which has been shown to confer salinity tolerance to 

its coastal beach inhabiting hosts (5). 

Class 3 endophytes, which achieve limited mycelial colonization within host 

plants and have been described as hyperdiverse in many studies, will be the primary 

constituents of endophyte communities in this study.  Reproducing via hyphal fragments, 

sexual spores, or asexual spores, Class 3 endophytes are horizontally transmitted and 

often have a mosaic-like pattern of colonization with many different species causing 

multiple localized infections.  Arnold et al. (10) used the term “hyperdiverse” in relation 

to the endophytes isolated from the leaves of tropical woody plants in central Panama, 

where they found 100% incidence of endophyte infection in the leaves of mature trees 

and shrubs, with densities of up to one isolate per 2 mm2 of leaf tissue, with dozens of 
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species per leaf and hundreds of endophyte species within a stand of the host species.  

Similar trends of high endophyte diversity have been observed in boreal and arctic forests 

(11) as well as temperate forests (12, 13) with the vast majority of species encountered 

being considered Class 3 endophytes.  Collected isolates of Class 3 endophytes to date 

are concentrated in the Pezizomycotina with a few Saccharomycotina having been 

identified as well.  Within the Pezizomycotina, the Pezizomycetes, Leotiomycetes, 

Eurotiomycetes, Sordariomycetes, and the Dothidoemycetes are among the most 

commonly encountered lineages of Class 3 endophytes (14).  It is perhaps no coincidence 

that these same lineages contain many common plant pathogens and saprotrophs, as they 

occupy very similar niches.  Arnold and Lutzoni (15) have noted that the dominance of 

particular taxonomic classes in endophyte communities can vary among biomes and hosts 

with overall diversity generally decreasing at higher latitudes, though particularly 

favorable microclimates or evergreen hosts can obscure this trend. 

Great diversity and complexity amongst Class 3 endophyte communities often 

makes the study of their individual ecological roles difficult, although a few studies have 

begun to answer the question of how these fungi are affecting their hosts and vice versa.  

A study by Weber (16) found that bark endophytes had a protective effect against Dutch 

elm disease, and Arnold et al. (17) found Theobroma cacao plants with complex 

endophyte communities had decreased lesions compared to a non-endophytically 

colonized control after both were inoculated with Phytophthora sp.  However, unlike 

Class 1 and 2 endophytes which often confer benefits to the host via regulation of the 

host’s growth or defense responses, Arnold (18) found no observable change in growth 
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rate, biomass accumulation, or root:shoot ratio following the inoculation of sterile plants 

with Class 3 endophytes.  Observations of net negative effects on hosts have also been 

documented. Schulz et al. (19) recorded negative impacts on plant growth in endophyte 

infected plants, and Arnold and Englebrecht (20) noted a decrease in water use efficiency 

in water stressed plants that were colonized by endophytes when compared to non-

endophytically colonized control plants.  While secondary metabolites of endophytes are 

often targeted in bioprospecting endeavors and many novel bioactive compounds found 

in endophytes have been investigated for potential commercial applications, the 

ecological roles and effects of these molecules remain largely unstudied (21–23).  The 

complexity of endophyte communities further complicates the study of their relationships 

with hosts, as interactions between different species of endophytes have only been 

studied in vitro and communities can, and often do, vary dramatically from one leaf to 

another on a host plant due to the horizontal mode of transmission and wide host ranges 

of these organisms. 

Class 4 endophytes, also known as Dark Septate Endophytes (DSE), are easily 

distinguished by their highly melanized septate hyphae (5).  These fungi are confined to 

the roots of their host, coexisting with mycorrhizal fungi but not growing outward into 

the rhizosphere.  These endophytes will not be covered in this study as they are root-

associated fungi. 

Rhododendron. Though many species of plants have been surveyed for the 

endophytic fungi that they host, studies deciphering the greater ecological context of 

these fungi are lacking.  Previous studies of endophytes of plants in the Ericaceae have 
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focused on culturable endophytes (12, 24, 25) but new pyrosequencing technology has 

made ecological studies of fungi much less time consuming, and much more affordable.  

This project will build upon studies of Ericaceous endophytes and decipher the 

importance of unculturable species in fungal endophyte communities of Rhododendron. 

Rhododendron spp. are woody plants that range in size from small shrubs to small 

trees. They are common and highly prized horticultural plants which are also present as 

important native species in Pacific Northwest forests.  The native Rhododendron 

macrophyllum D. Don ex G. Don is found along the Pacific Coast from British Columbia 

to Monterey, California throughout the Cascade Mountains and Coastal Mountain ranges 

(26).  R. macrophyllum is an evergreen shrub 1.8 – 3.7 m tall at maturity, with leaves 7 – 

15 cm long and 1.2 – 2.7 cm wide on average and elliptic (27).  The species is found in a 

wide variety of plant association types, often a dominant or indicator species, throughout 

the coastal to low montane conifer forests within its range (28). 

Rhododendron occidentale Torr. & A. Gray, the other native species included in 

this study, is a highly branched deciduous shrub 1-5m tall at maturity.  Leaves are 

spatulate, 3 – 9 cm long and 1-3 cm wide.  This species is found throughout the Coastal 

and Sierra Nevada mountain ranges in California, and in the Siskiyou mountains of 

Northern California and Southwest Oregon where it inhabits seeps, streambanks, and 

coniferous forests in low-montane to coastal regions (29). 

Commercial Rhododendron cultivars and crosses are primarily hybrids of species 

from their center of diversity in the Yunnan province of China.  These cultivars have 

been developed for ornamental applications, and have been planted widely throughout the 
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world, though many of these cultivars have been bred for their ornamental characteristics, 

and can be very susceptible to disease. Two popular commercial cultivars were selected 

for the study: R. 'Jean Marie de Montague' and R. 'Unique'. 

Metagenomics. The field of metagenomics has arisen from the discipline of 

environmental DNA sequencing, which formerly utilized cloning of PCR amplified 

environmental DNA amplicons combined with Sanger sequencing technology to identify 

microbial organisms present in the sample (30).  However, proliferation of Next 

Generation Sequencing (NGS) instruments and significant reductions in the cost of DNA 

sequencing have accelerated the study of communities of unculturable microbes.  

Metagenomics is currently a very broad field and can involve analysis of functional genes 

in a community, whole genomes of organisms that comprise a community, DNA barcode 

regions for identification of organisms present, or even evolutionary distance between 

community members (31).  These analyses are generally utilized to answer the questions 

of “who is there?”, “what are they doing?”, and “how do they compare?”  Questions 

about what specific organisms are doing and associated chemical and genetic interactions 

are generally restricted to prokaryotes, as databases of functional genes are lacking for 

fungal applications at this point in time.   

The 16S rDNA region has been identified as an excellent barcode for prokaryotic 

organisms, and extensive high quality databases have been established for their 

identification (32–34).  The Intergenic Transcribed Spacer (ITS) nuclear rDNA regions 1 

and 2 have been used extensively as fungal DNA barcodes (15, 35–38), more recently, a 

7



push for the Large SubUnit (LSU) as the new standard fungal barcode has been made, 

though an official DNA barcode has yet to be formally agreed upon (39). 

Adoption of environmental DNA sequencing and metagenomics techniques for 

fungal endophyte studies has been a slow process, with these technologies seeing many 

more applications in the study of prokaryotic community ecology (33, 40, 41).  Arnold et 

al. (42) pioneered the use of environmental DNA sequencing in the study of endophytes, 

looking at the phylogenetic diversity of foliar fungal endophytes in loblolly pine (Pinus 

taeda) by extracting DNA from leaf tissue and PCR amplifying and cloning ITS 

sequences for Sanger sequencing.  This study is notable for its integrated approach, 

combining culture morphospecies data and sequence data with environmental 

sequencing, while employing a rigorous phylogenetic treatment of the sequence data to 

verify accuracy of ITS accessions in genbank and to better represent the biodiversity of 

the samples.  This study is one of very few to use cloning methods to study fungal 

endophytes, and supplied early evidence of much greater diversity in endophyte 

communities.  Cloning methods are still in use for their relatively low cost and simplicity 

(43), but recent work relies heavily upon the high throughput DNA sequencing 

capabilities of modern pyrosequencers.   

As one of the first studies of its kind, Jumpponen and Jones (35, 44) examined the 

fungal phyllosphere community of bur oaks (Quercus macrocarpa) using high 

throughput sequencing on the Roche 454 sequencing platform.  However, high 

throughput sequencing and metagenomics in the study of fungal community ecology 

have been used much more extensively for mycorrhizal fungi and their soil inhabiting 
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counterparts and many of the tools that were built for prokaryotes have been adapted for 

fungi (45–47). 

Though fungal metagenomic studies are becoming more feasible with the short-

read sequencing Illumina platform (Illumina Inc., San Diego, CA), the 454 platform 

(Roche Diagnostics, Basel, Switzerland) has been favored due to the long reads it affords, 

which can easily cover most of the ITS region (38).  The general workflow of these 

studies involves first extracting DNA and PCR amplifying the target amplicons with 

fungal-specific primers that contain 454 adapter primers including Multiplex 

Identification (MID) nucleotide barcodes indicating to which sample the DNA belongs.  

This is followed by pooling and sequencing on the 454 pyrosequencer.  Sequences are 

then aligned against each other, and a distance matrix is generated based upon this 

alignment.  Using this distance matrix, sequences can be clustered into Operational 

Taxonomic Units (OTUs) based upon similarity, with 95% similarity being the most 

frequently chosen value (35, 36, 46).  These similarity values are somewhat arbitrary 

because ITS sequence differences are not equivalent among all taxa.  Lindner and Banik 

(48) found up to 5% difference in ITS sequences within a single species of Laetiporus, 

and noted that intragenomic variation needs to be established for this multi-copy gene in 

many taxa, and this variation remains poorly understood.  Once sequences have been 

clustered, they can be binned into their respective sample units based upon the MID 

barcodes.   

Subsequent analysis of community structure can rely on two distinct, though not 

mutually exclusive, approaches. Community ecology approaches involve multivariate 
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statistical analysis of these communities (37, 44, 46), whereas molecular diversity studies 

may assess phylogenetic diversity of the communities (14, 42).       

Study objectives. In considering factors that are of potential importance in 

driving endophyte community differences in native and cultivated Rhododendron, there 

is evidence of a facultative saprophyte nutritional mode employed by many endophyte 

taxa (49) is important to note that when compared to forests, nurseries have much less 

litter (a potential site of sporulation for these particular species) which greatly reduces the 

likelihood of infection by certain taxa. Additionally, previous studies have described 

important effects of host identity and geographic location on endophyte community 

structure, even among closely related host species (14, 50). There is also evidence 

pointing to a balanced interaction between host and endophyte with molecular signaling 

(19) suggesting that coevolution may occur between the two. This coevolution could 

potentially allow a native plant to balance a more diverse endophyte community than one 

that has been introduced.        

 This study aims to determine if and how foliar fungal endophyte communities 

vary among four selected species and cultivars in both forest and nursery environments 

sampled throughout Western Oregon and Southwest Washington.  Both culture 

dependent and culture independent pyrosequencing of the ITS region were utilized to 

determine metagenomic diversity. We specifically tested several hypotheses: 1. All 

culturable endophytes are also recovered through metagenomic approaches; 2. Endophyte 

diversity is higher in the forest environment; 3. Each host species or cultivar has a distinct 
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endophyte community; 4. Endophyte diversity is greater in native Rhododendron plants; 

5. Endophyte communities are distinct for each geographic location sampled. 
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MANUSCRIPT 

 

Fungal endophyte diversity in foliage of native and cultivated Rhododendron species 

determined by culturing, ITS sequencing, and pyrosequencing 

Nathaniel L. Raizen and Niklaus J. Grünwald 

 

INTRODUCTION 

 

 Metagenomic approaches have provided unparalleled opportunities for 

determining microbial community structure from environmental samples (1). This is in 

large part due to the availability of next generation sequencing approaches including 

pyrosequencing, which have provided access to otherwise invisible or unculturable 

organisms.  Metagenomic analysis has been employed in studies of both prokaryotic and 

fungal diversity in a wide variety of environments including the human body (2), tropical 

forests (3), hydrothermal vents (4), soils (5), and indoor environments (6). Metagenomics 

is a very broad field and can involve analysis of functional genes in a community, whole 

genomes of organisms that comprise a community, DNA barcode regions for 

identification of organisms present in an environmental sample, or evolutionary distance 

between microbial community members (7).  

 Fungal endophytes are plant-associated fungi that typically do not induce 

symptoms of disease. These organisms are considered to be ubiquitous among terrestrial 

plants, having been found in every lineage of plants investigated to date (8). Due to this 
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ubiquity, wide host associations, frequent co-infection, and horizontal transmission, 

endophytes in natural systems are functionally and phylogenetically diverse from the 

scale of one leaf to an entire ecosystem, so these organisms are often studied as 

communities in a microbiome (9). Traditional studies of these organisms involved 

culturing of fungi from surface sterilized leaves, finding highly diverse endophyte 

communities (10). Metagenomic, DNA based approaches effectively sample taxa that are 

difficult or impossible to culture as well as culturable organisms (8). When examined in 

the context of culture independent studies, traditional culture dependent methods can be 

seen to greatly underestimate the diversity of endophyte communities (11).  An 

increasing number of culture independent studies are examining basic community 

ecology of endophytes using metrics such as presence and dominance of particular 

endophyte species and communities among hosts and environments (3). 

 The nature of an endophyte's relationship with its host plant may range from 

mildly antagonistic, though asymptomatic, to highly beneficial to the host. Endophytes 

have been found to produce a wide array of novel natural products and there is 

considerable interest in future commercial applications following a more rigorous study 

of particular metabolites (12–14).  As of now, colonization patterns within host tissue, 

individual life cycles, ecological roles, and physical appearance of most endophytes 

remain largely uncharacterized.     

 The genus Rhododendron is important in the Pacific Northwest region of the 

United States both ecologically, given the presence of three species native to the region, 

and agriculturally as the nursery industry in the Northwest is the center of commercial 
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Rhododendron production for the US. To date, pyrosequencing techniques have not been 

used to study foliar fungal endophytes of Rhododendron spp.; although a few studies 

using culture dependent methods have looked at these communities, in one case 

employing culture independent amplicon cloning vectors in tandem with traditional 

culture methods (15, 16).  

 A few details of endophyte interactions with their hosts and environment are 

expected to contribute to observed variation in endophyte communities.  Previous studies 

described a mostly facultative saprophytic nutritional mode being typical for endophyte 

taxa (17).  When compared to forests, nurseries have much less litter, which acts as a 

potential site of sporulation for endophytes that are facultative saprophytes. Reduced 

litter might greatly reduce the likelihood of infection by these taxa. Additionally, 

previous studies have described important effects of host identity and geographic locality 

on endophyte community structure, even among closely related host species (18, 19). 

There is also evidence pointing to a balanced interaction and molecular signaling between 

host and endophyte (20) suggesting that coevolution may be occuring between the two. 

This coevolution could allow a native plant to balance a more diverse endophyte 

community than one that has been introduced, though previous studies have revealed 

conflicting results (19, 21).        

 This study aims to determine if and how foliar fungal endophyte communities 

vary among four selected species and cultivars in both forest and nursery environments 

sampled throughout Western Oregon and Southwest Washington.  Both culture 

dependent and culture independent pyrosequencing of the ITS region were utilized to 
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determine metagenomic diversity. We specifically tested several hypotheses: 1. All 

culturable endophytes are also recovered through metagenomic approaches; 2. Endophyte 

diversity is higher in the forest environment; 3. Each host species or cultivar has a distinct 

endophyte community; 4. Endophyte diversity is higher in native Rhododendron plants; 

and 5. Endophyte communities are distinct for each geographic location sampled. 

 

MATERIALS AND METHODS 

 

 Sample collections. Endophyte diversity was studied in two environments: 

nursery cultivated and forest inhabiting Rhododendron plants. Two common native 

species of Rhododendron (R. occidentale and R. macrophyllum) and two popular 

commercial cultivars of Rhododendron were sampled (R. cv. 'Jean-Marie de Montague' 

and R. cv. 'Unique'). Three nurseries were sampled for each Rhododendron species or 

cultivar and three additional native forests were sampled for each native Rhododendron 

species (Figure 1). A total of ten asymptomatic leaves were sampled randomly from an 

individual plant and three individual plants of each species or cultivar were sampled at 

each location. Sampled leaves were all estimated to be approximately 1-2 years old. 

Leaves were stored on ice until processing no more than 72 hours following collection. 

Leaves were surface sterilized using a rotation of treatments consisting of: rinsing with 

tap water, 5 minutes of sonication in 70% EtOH, 10 minutes of sonication in 0.6% 

NaClO solution with 0.1% Tween20 (ICI Americas, Wilmington, DE), a final 5 minutes 

of sonication in 70% EtOH, and by air drying in a sterile laminar flowhood (11). This 
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procedure was found to remove or destroy culturable epiphytic organisms, so organisms 

remaining after surface sterilization will be referred to as fungal endophytes. 

 Leaves were subsequently subsampled to obtain fungal endophytes by direct 

culturing or to determine fungal endophyte community structure using culture-

independent pyrosequencing based metagenomic approaches. To culture fungi, a 5 mm 

diameter disc was excised from each leaf using a sterile cork borer, and transferred onto 

60 mm plates of 2% malt extract agar. Plates were then observed for growth for 16 

weeks, and emerging hyphal tips were isolated into pure culture. A total of 269 isolates 

were recovered. To determine culture-independent fungal endophyte diversity the 

remaining leaf tissue after excision of leaf discs was combined for each plant from which 

they were originally sampled and ground under liquid nitrogen into a fine powder and 

processed further as described below.   

 ITS sequencing of cultured isolates. Each cultured isolate was placed into an 

operational taxonomic unit (OTU) based on ITS sequencing and phylogenetic placement. 

Hyphal tips were excised from each isolate and macerated in 100 µl of molecular biology 

grade water in a 96 well microtiter plate. The plates were then placed in a thermocycler 

for 5 mins at 95.9º C. PCR reactions contained 22.13 µl of molecular biology grade 

water, 3.75 µl of 10x Taq buffer with Mg2+, 1.5 µl of each primer (10 µM), 2.5 µl of 

bovine serum albumen (BSA), 0.75 µl dNTPs (10 µM), and .375 µl of GenScript Taq 

(Genscript USA Inc., Piscataway, NJ). The primers used were the forward fungal-specific 

ITS1-F primer (5′-CTT GGT CAT TTA GAG GAA GTA A-3′) and the reverse ITS4 

primer (5’-TCC TCC GCT TAT TGA TAT GC-3’) (22, 23). The PCR reactions were 

23



cycled.for.).min.at.T)ºC.for.initial.denaturing.followed.by.OE.cycles.of.U(.s.at.T)ºC™.U(.s.

at.E)ºC™.and.O.min.and.U(.s.at.6HºC™.followed.by.another.OE.cycles.f.U(.s.at.T)ºC™.U(.s.at.

E(ºC™.and.O.min.and.U(.s.at.6HºC™.finishing.with.O(.min.at.6HºCI.Reactions.were.screened.

for.successful.amplification.of.target.region.via.gel.electrophoresisI.For.isolates.that.

failed.to.yield.a.product.via.the.hyphal.maceration.protocol™.DNA.was.extracted.using.an.

MP.Bio.FastDNA™.SPIN.Kit.xMP.Biomedicals™.Solon™.OH™.USAM™.following.the.

provided.protocol.for.extraction.of.fungal.DNAI.Extracted.DNA.was.PCR.amplified.

following.the.same.protocol.as.above™.substituting.O.µl.of.DNA.extract.and.an.additional.

µIE.µl.of.molecular.biology.grade.water.for.6IE.µl.of.boiled.and.macerated.hyphal.

solutionI.Purification.of.PCR.products.was.performed.using.the.ExoSAPSIT.enzyme.

xAffymetrix™.Santa.Clara™.CA™.USAM.to.eliminate.unincorporated.primers.and.dNTPs.

following.the.manufacturer’s.protocolI.The.PCR.products.were.submitted.to.the.Oregon.

State.University.Center.for.Genome.Research.and.Biocomputing.xCGRBM.core.

sequencing.facility.for.unidirectional.Sanger.sequencingI.Sequences.have.been.submitted.

to.GenBank. .

Culture independent DNA extraction and metagenomic pyrosequencing. The.

leaf.material.bulked.per.plant.was.prepared.xas.described.aboveM.for.metagenomic.DNA.

extractionI.After.grinding.bulked.leaves.in.liquid.nitrogen™.DNA.was.extracted.using.a.

CTABSchloroformSphenol.DNA.extraction.protocol.xH)M.to.reduce.the.presence.of.PCR.

inhibitors.known.to.be.present.in.Rhododendron leaf.tissueI.Fusion.primers.were.

synthesized.for.the.)E).GS.Junior.sequencing.platform.using.LibSL.unidirectional.read.

chemistry.to.preferentially.amplify.fungal.DNA.in.the.extractsI.Primers.were.designed.as.
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follows: forward primer 5'-CCA TCT CAT CCC TGC GTG TCT CCG ACT CAG{10bp 

MID}CTT GGT CAT TTA GAG GAA GTA A-3’ and reverse primer 5’-CCT ATC 

CCC TGT GTG CCT TGG CAG TCT CAG GCT GCG TTC TTC ATC GAT GC-3’. 

Both primers included a 454 adapter sequence indicated in italics and template specific 

primers indicated in bold. The forward primer utilized the fungal specific ITS1-F primer 

ligated to a 10 base pair Multiplex ID (MID) tag unique to each of the 54 sampled plants 

as provided by Roche; the reverse primer contained the template specific ITS2 primer 

(5’- GCT GCG TTC TTC ATC GAT GC-3’) (22, 25). The PCR reactions were cycled 

for 2 min at 94ºC, followed by 10 cycles of 30 s at 94ºC, 30 s at 50ºC, 1 min at 72ºC, and 

36 cycles of 30 s at 94ºC, 30 s at 50ºC (increasing 0.5ºC every cycle up to 68ºC), 1 min at 

72ºC, and 10 cycles of 30 s at 94ºC, 30 s at 68ºC, 1 min at 72ºC, and finally 10 min at 

72ºC. For each sample, two 100μl reactions were carried out using a Roche FastStart 

High Fidelity PCR system (Roche, Mannheim, Germany) according to the 

manufacturer’s protocol. PCR products were pooled for each sample before being run on 

a 1% agarose electrophoresis gel. DNA bands were excised to exclude products outside 

the expected 300-450bp range and cleaned using the QIAGEN QIAquick gel extraction 

kit (Qiagen, Hilden, Germany) using the manufacturer’s protocol. PCR products were 

then cleaned twice with Agencourt Ampure XP magnetic beads (Beckman Coulter 

Genomics, Danvers, MA, USA) to further remove short fragments with a calibrated ratio 

of 7:10 magnetic bead solution to PCR product to size select for only products greater 

than 350bp in length. Samples were then quantified using a Qubit Flourometric 

Quantitation dsDNA high sensitivity kit (Invitrogen, Carlsbad, CA, USA) and diluted to 
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appropriate concentrations for equimolar pooling. Pooled samples were submitted to the 

Oregon State University CGRB for qPCR quantification, quality screening via the 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), emPCR, and 

sequencing on the Roche 454 GS Junior sequencer using Lib-L unidirectional read 

chemistry. Standard Flowgram Format (.sff) sequence data have been deposited in NCBI 

Sequence Read Archive under accession numbers SRR653717-SRR653718. 

 Bioinformatic analysis and determination of OTUs. Metagenomic sequencing 

data obtained by pyrosequencing were processed to determine operational taxonomic 

units (OTUs) in each environmental sample. Output from the 454 amplicon sequencing 

pipeline was binned by barcode using custom perl scripts and uploaded to PRINSEQ (26) 

for trimming and filtering. Sequences were filtered for sizes between 260 - 480 bp and 

average quality scores of 30 or greater, representing at least 99.9% base call accuracy. All 

sequences were subjected to a BLAST search against the NCBI nr/nt database, and the 

output was parsed in MEGAN (27).  All sequences were classified to the family-level 

where possible, and associated summarized reads were exported from MEGAN. Output 

family-level files were each aligned using the G-INS-i algorithm in MAFFT (28). 

Alignments were imported to mothur (29) where sequences were clustered into OTUs 

based on % sequence similarity. OTUs were initially called at 95% and 97% sequence 

similarity (30). A custom perl script was written to parse the clustering output from 

mothur into presence/absence matrices for downstream multivariate analysis. One 

sequence per OTU was checked against the curated Assembling the Fungal Tree of Life 
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(AFTOL) ITS sequence database (31) to verify and correct family level taxonomic 

assignments.  

 ITS sequencing and identification of species for cultured specimens. Culture 

sequences were filtered and trimmed by hand using Geneious (Biomatters, Aukland, NZ) 

to remove reads with average quality scores <30 and ambiguous base calls. Trimmed 

reads between 250 - 850 bp were retained for further analysis. Sequences were then 

processed identically to the pyrosequencing data. 

 Statistical analyses. To understand the patterns of diversity among and between 

hosts and environments, a series of ecological and multivariate approaches were used.  

All analyses were based on the observed presence or absence of OTUs in a given sample. 

 Several measures of diversity and rarefaction were calculated.  OTU richness was 

calculated as a simple count of OTUs present; rarefied OTU richness was calculated by 

creating a standardized rarefied sample size equal to the sample unit with the least reads 

sequenced. Alpha diversity was calculated using the Shannon diversity index (32) 

implemented in the VEGAN package (33) in R (34). 95% confidence intervals for the 

Shannon index were constructed using bootstrap analyses (with 999 randomizations).  

Whittaker’s species turnover index (35) was calculated in PC-ORD v6.07 (36) to assess 

beta diversity, specifically quantifying how many times species composition changes 

completely among sample units. Rarefaction analyses were conducted using the VEGAN 

package (33) in R (34) using a customized script (37) to determine overall sampling 

depth, and to compare sampling depth with and without singleton species for both 95% 

and 97% sequence similarity clustering.  
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 To examine patterns of community differentiation, Nonmetric Multidimensional 

Scaling (NMS) ordination (38) was employed in combination with both Multi Response 

Permutation Procedure (MRPP) tests (39) and Indicator Species Analysis (ISA) tests (40) 

as implemented in PC-ORD v6.07 (36). NMS ordinations aided in visual and quantitative 

assessment of differences in endophyte community structure of each sample unit, and 

correlations of these differences with host identity and environmental variables. To 

provide statistical support for differences in community structure associated with a priori 

variables included in the ordination MRPP tests were employed.  MRPP tests were 

selected instead of ANOVA to avoid assumptions of normal distribution, equal variance, 

and balanced sampling (39).  ISA was able to emphasize and quantify the effect of OTUs 

that were important in differentiating communities (40).   

 NMS provides a visual representation of community similarities by ordinating 

sample units relative to each other based upon pairwise distances (38). NMS was chosen 

over alternative ordination methods because the relationships among sample units were 

not expected to be linear or normally distributed, and for its ability to reduce the effect of 

the “zero truncation problem” that other methods can have with data sets containing a 

large proportion of zeroes, by using ranked distances (41). To account for 

pseudoreplication, sampling units were collapsed under each site by aggregating plant-

level OTU presence/absence data for each site, leaving a reduced data set with a total of 

18 sites (each being considered a sample unit). The NMS ordination was performed using 

the Sørenson similarity index (42) to calculate pairwise community distances. A Monte 

Carlo test of significance comparing 250 runs of each real and randomized data for each 
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step down in dimensionality was used to select the optimum number of dimensions for 

the ordination.  

 A secondary data matrix incorporated environmental variables. Each 

Rhododendron species or cultivar was coded with a categorical variable to allow for 

analysis of host effects on community structure. The “forest” variable indicated whether 

the sampling unit was from the forest or a nursery; the “native” variable was used to 

indicate whether the species or cultivar is native to the region; while the “site by 

location” was coded as a categorical variable to indicate each geographic location 

sampled. 

 To verify differences in community structure visible in the ordination, the same 

environment variables were utilized in MRPP tests, which were used to determine 

whether distances between groups coded by measured environmental variables could be 

explained by random chance (39). The resulting “A” value represents chance-corrected 

within group agreement. An “A” value = 1 indicates that group members are identical; an 

“A” value ≤ 0 indicates within-group heterogeneity greater than or equal to that expected 

by chance.  Corresponding P-values represent the probability of obtaining a test statistic 

at least as extreme as the one observed.  

 Indicator species analyses were conducted for each grouping variable to further 

contrast environments and highlight distinguishing endophyte taxa.  An indicator species 

analysis combines information on the concentration of species in a particular 

environment and the faithfulness of occurrence of a species in a particular environment 

(40).  The percentage of perfect indication for a species is expressed as an indicator value 
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(IV) from 1-100, with an IV = 1 representing complete ubiquity, and IV = 100 

representing complete exclusivity.  Indicator values were tested for statistical significance 

using a Monte Carlo test (with 4999 randomizations).  

 The same statistical treatment was applied to culture dependent sequence data. 

Empty sample units, defined as those without any OTUs present after data quality control 

and family assignment, were removed from data matrices before analysis. These empty 

sample units, determined to be the results of error relating to poor DNA extraction and 

lack of amplification were removed from the data. This left 16 sample units in the final 

data matrix, with each representing combined OTU presence/absence data for three 

individual plant hosts at one sampling site. 

 

RESULTS 

 

 Community pyrosequencing. A total of 68,263 raw reads with an average read 

length of 240 bp were processed following the quality control methods detailed above. 

The final number of reads passing quality filters was 37,730 with an average read length 

of 294 bp. Blast results parsed in MEGAN clustered into 220 OTUs at 95% sequence 

similarity and 488 OTUs at 97% sequence similarity. After singleton removal, 96 OTUs 

remained when clustered at 95% sequence similarity, and 181 remained when clustered at 

97%. 

 Rarefaction curves were generated to determine overall sampling depth, 

differences in sampling depth based upon 97% versus 95% sequence similarity, and 
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effects of removing singleton OTUs. At 97% sequence similarity, full pyrosequencing 

dataset rarefaction curves projected a rapid accumulation of OTUs continuing with 

increased sequencing depth, indicating incomplete sampling depth. When singleton 

sequences were removed from the dataset the curve became nearly asymptotic, projecting 

minimal continued accumulation of OTUs with increased sampling depth (Figure 2).  At 

95% similarity, sampling depth was comparably asymptotic to 97% similarity without 

singletons, and showed a nearly completely asymptotic trend with singletons removed, 

indicating thorough and complete sampling of the community and no advantage to 

increased sequencing depth.  A 95% sequence similarity OTU definition was deemed 

satisfactory as it is a commonly used OTU definition in fungi (3, 30, 43) and singletons 

were left in the data set to avoid unnecessary data loss. All downstream analyses were 

performed with the 95% sequence similarity OTU definition. 

 Sanger sequencing of cultured specimens. A total of 238 endophyte culture ITS 

sequences passed quality control filters as described above. These ITS clustered into 27 

OTUs based upon 95% sequence similarity. 

 Phylogenetic diversity. One sequence per OTU was checked against the AFTOL 

(31) database to verify and correct family level taxonomic assignments. OTUs spanned a 

wide taxonomic range of fungal families, and all but two fungal families that were 

recovered via culture sequencing were also recovered via pyrosequencing (Table 1).  

 Community structure. Beta diversity, or diversity between sample units, was 

calculated as 5.1 using Whittaker’s species turnover index for pyrosequencing data, 

which represents how many times OTU composition changes completely among sample 
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units. An average of 36 OTUs were recovered per sample unit using pyrosequencing. 

Alpha diversity, calculated using the Shannon index, was significantly greater in nursery 

and nonnative samples than forest samples from native species (Table 2). Cultured 

isolates also displayed significantly greater alpha diversity in nursery samples compared 

to forest samples, but more similar alpha diversity levels were found between native and 

nonnative samples and among host species (Table 2).  

 The NMS ordination (Figure 3) represents sample units oriented in “OTU space”. 

NMS ordination shows the similarity of communities organized relative only to each 

other.  R. macrophyllum, R. occidentale, and native status are significantly correlated 

with the ordination axes and are respectively coded as “mac” “occ” and “native” on 

overlaid vectors with length being correlated to the r2 value (Figure 3). Upon visual 

inspection of the NMS ordination plots, each host species or cultivar individually shows a 

loose aggregation of associated sample units, indicating greater intraspecific than 

interspecific similarity. There does not appear to be any differentiation of forest and 

nursery sites, and only minor differentiation of native and nonnative sample units can be 

seen in the ordination. 

 Differences in community structure between hosts and environments noted in 

NMS plots were supported by the results of the MRPP analyses.  These tests showed 

significant chance-corrected within group agreement of communities when separated by a 

priori environmental variables of site, native status, and host (Table 3). The a priori 

environmental variables of site, native status, and host sample units formed distinct 

groups of endophyte communities with less heterogeneity than expected by chance.    
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 MRPP analyses of culture sequences largely agreed with pyrosequence data 

(Table 3).  Again, when grouped by native status and host identity, sample units formed 

distinct groups of similar endophyte communities correlating with the a priori 

environmental variables. However, contrasting forest and nursery environments was also 

found to have a significant chance-corrected within group agreement. Effect sizes of 

significant chance-corrected within group agreements were also generally larger in 

culture data than pyrosequencing data.  

 Results of ISA further supported this differentiation of endophyte community 

structure among hosts and environment and identified species that were reliably 

associated with a host or environment. Looking at the pyrosequencing and culture 

sequence data together, the forest and nursery environment were each found to have an 

indicator species, while the nonnative host environment had two indicator species, and R. 

macrophyllum environment had three indicator species (Table 4). All indicator species 

identified had relatively high indicator values and were statistically highly significant (P 

< 0.01).  

The most ubiquitous endophytes recovered in this study included 12 OTUs 

present in all combinations of host and environment for pyrosequencing data, with three 

of those OTUs found in every sample unit (Table 5). Species were again identified by the 

closest match in the AFTOL database (31) resulting in several OTUs with the same 

closest species match.  No truly ubiquitous endophytes were recovered via culture 

sequencing, but one OTU (Phialocephala sp.) was present in all environments except 

forest inhabiting R. macrophyllum (Table 5).  
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DISCUSSION 

 

 This study combined the power of pyrosequencing and metagenomic approaches 

with traditional culture based techniques to establish how communities of foliar fungal 

endophytes of Rhododendron are affected by their environment. In doing so, we found 

evidence of higher endophyte diversity and distinct differences in endophyte 

communities found in Rhododendron in nursery environments than in native forest 

environments. While Shannon diversity of host species was comparable, there were 

significantly different endophyte communities within each environment   

 Although significant variation of endophyte community structure correlated with 

both host identity and environment were documented in this study, our hypotheses of 

greater diversity amongst native and forest grown plants were not supported.  Instead, 

there was evidence of greater diversity amongst nonnative and nursery grown plants. 

Though no previous studies have directly contrasted endophyte communities of nursery 

and forest environments, one possible explanation of the observed trend is the exposure 

of nursery plants to the high diversity of ornamental crop nurseries. These nurseries 

regularly receive plant materials and their associated endophyte communities of exotic 

origin, introducing additional endophyte species to the nursery environment. The 

proximity of the nurseries sampled to the forest environment allows exposure to two 

overlapping sources of endophyte infection. 

  While unexpected, the trend of greater diversity among nonnative species 

described in this study has been observed before. In a culture-based study of foliar 
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endophytes examining nonnative and native cupressaceous trees growing together, 

Hoffman and Arnold (19) also found higher diversity amongst the nonnatively planted 

Platycladus orientalis compared to the natively growing species at each site. Though this 

trend does not support our hypothesis of higher diversity within native plants, it could 

reflect three non-exclusive factors identified by Hoffman and Arnold (19): 1. a 

combination of native and introduced fungi; 2. an endophyte infection rate or carrying 

capacity independent of environment or 3. accumulation of generalist endophytes in 

nonnative hosts.  

 Both our results and previous studies contrasting endophyte communities of 

closely related host cultivars using culture-free methods have also found distinctly 

different endophyte communities associated with host identity (44, 45). These results 

support our hypothesis of distinct endophyte communities associated with each host 

species.  

  Total diversity observed in this study was not as high as reported in previous 

studies. Zimmerman et al. (3) found over 4000 OTUs, though this study was conducted in 

a tropical forest and utilized a sequencing depth approximately 20x  this study. 

Jumpponen and Jones (30) found over 700 OTUs, but sampled the entire phyllosphere 

including epiphytic fungi while utilizing a read depth approximately 3x this study. 

However, like these and many previous studies of fungal endophyte communities (3, 16, 

18, 46), we found a broad phylogenetic diversity of endophytic fungi. All OTUs 

recovered via culture sequencing were evenly dispersed amongst the phylogenetic 

diversity observed by pyrosequencing. The combination of culture-dependent and 
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culture-free methods in this study did reveal some potential bias of pyrosequencing. One 

culturable OTU in particular (Phialocephala sp.) was found to be nearly ubiquitous 

among microhabitats yet was not recovered via pyrosequencing. In pyrosequencing, these 

discrepancies are likely due to PCR bias introduced by the large number of amplification 

cycles, as well as inherent bias of the ITS primers, which has been documented 

previously (47, 48). 

 Finally, most of the important indicator and ubiquitous OTUs recovered in this 

study (referred to here by the name of their closest match in the AFTOL database) have 

not been described in association with Rhododendron previously, though a few have. All 

but two families of isolates recovered in this study (Kodoaceae and Vibrisseaceae) have 

been described in Rhododendron previously (15, 16, 49). However, the ubiquitous 

cultured species recovered in this study, Potebniamyces sp., has not been previously 

described in Rhododendron, nor was it identified in a study surveying endophytes of 

other evergreen shrubs of Western Oregon (50).  

 Phylogenetic breadth of endophyte species recovered via pyrosequencing in this 

study is far greater than described previously in Rhododendron, though this is the first to 

utilize pyrosequencing. This gap represents a large component of the fungal endophyte 

community of Rhododendron that is difficult or impossible to culture, but the same 

patterns of diversity and community differentiation were detected with the culture 

sequence data alone. While most genera recovered in this study via culturing have been 

described on Rhododendron previously, the following genera are described in association 

with Rhododendron for the first time: Alewia, Fomitopsis, Kondoa, Mollisia, 
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Phialocephala, Potebniamyces, and Preussia (15, 16, 49). Looking at the pyrosequencing 

data, the number of genera described in association with Rhododendron for the first time 

is much larger. 

 The broader context of these endophyte communities remains largely unknown in 

terms of evolutionary history and ecological roles of these fungi, as well as specific 

effects on the host. While endophytes recovered in this study have close phylogenetic 

relationships to plant pathogens or saprobes, it is still unclear whether these organisms 

are latent saprobes or plant pathogens, or whether they have evolved an entirely novel 

and balanced mode of nutrition, and if they can transition between these states. Further 

assays are needed to determine if or when these endophytes can act as pathogens, 

saprobes, or protectors. 
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FIGURE LEGENDS 

 

FIG 1. Map of forest and nursery sample collection sites throughout Western Oregon and 

Southwest Washington. 

 

FIG 2. Rarefaction curves for Operational Taxonomic Units (OTUs) clustered by either 

95% or 97% sequence similarity with and without singletons, showing the relationship 

between the number of pyrosequencing reads obtained and expected OTUs recovered. 

 

FIG 3. Two-dimensional NMS ordination of sample units in species space. NMS 

ordination shows the similarity of communities in two dimensions without assuming 

normality or linearity. Vectors (cutoff r2>0.3 for inclusion) represent the direction and 

strength of correlations with environmental and host variables.  Symbols coded by A. 

host species or cultivar B. environment and native status. Final stress=17.6, axis 1 

captures r2 =0..302, axis 2: r2 =0.407 of the variance in the ordination. 
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FIG 1. Map of forest and nursery sample collection sites throughout Western Oregon and

Southwest Washington.
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FIG 3. Two-dimensional NMS ordination of sample units in species space. NMS  

ordination shows the similarity of communities in two dimensions without assuming  

normality or linearity. Vectors (cutoff r2>0.3 for inclusion) represent the direction and  

strength of correlations with environmental and host variables.  Symbols coded by A.  

host species or cultivar B. environment and native status. Final stress=17.6, axis 1  

captures r2 =0..302, axis 2: r2 =0.407 of the variance in the ordination.  
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TABLE 1. Phylogenetic diversity of fungal endophytes of Rhododendron observed using 

pyrosequencing. Bold families represent those recovered both via pyrosequencing and 

culture-dependent sequencing; italicized families represent those recovered only via 

culture-dependent sequencing. Operational Taxonomic Units (OTUs) were called using a 

95% sequence similarity criterion. 

   Taxon1 Sequences OTUs 
(95%) 

Fungi   
 Ascomycota   
  Ascomycetes   
   Sclerotiniaceae 149 3 
  Dothideomycetes   
   Dothideaeceae 11 2 
   Phaeosphaeriaceae 64 6 
   Pleosporaceae 32 6 
  Leotiomycetes   
   Bulgariaceae 27 2 
   Dermataceae 8772 37 
   Loramycetaceae 142 2 
   Vibrisseaceae - - 
   Rhytismataceae - - 
  Pezizomycetes   
   Clavicipitaceae 70 8 
   Pyronemataceae 13 2 
   Rhizinaceae 170 12 
  Sordariomycetes   
   Diaporthaceae 41 3 
   Hypocreaceae 38 2 
   Nectriaceae 134 8 
   Xylariaceae 20 4 
 Basidiomycota   
  Agaricomyetes   
   Bondarzewiaceae 25 1 
   Clavulinaceae  12034 33 
   Fomitopsidaceae 71 3 
   Ganodermataceae 31 1 
   Hygrophoraceae 58 4 
   Inocybaceae 23 1 
   Polyporaceae 38 4 
   Punctulariaceae  53 7 
   Stereaceae 113 4 
   Tubulicrinaceae 56 1 
  Cystobasidiomycetes   
   Erythrobasidiales 139 5 
  Dacrymycetes   
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   Dacrymycetaceae 38 3 
  Exobasidiomycetes   
   Exobasidiaceae 5 1 
   Malasseziaceae 434 6 
  Microbotryomycetes   
   Kondoaceae 12 3 
   Sporidiobolales 836 33 
  Pucciniomycetes   
   Coleosporiaceae 153 8 
  Tremellomycetes   
   Cystofilobasidiaceae 43 5 
No hits 7401 N/A 
Unassigned 96 N/A 
Total 31342 220 

1 Taxon IDs represent closest match in the AFTOL database. Bold taxa represent families 

also found in culture.  
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TABLE 3. Multiresponse Permutation Procedure (MRPP) tests for listed environments. 

MRPP tests assess effect of a priori environmental variables on differentiation of 

endophyte communities. Significant P-values are bolded; “A” value represents chance-

corrected within group agreement. 

 
Pyrosequencing 

 
Culture 

Environment A P 
 

A P 
forest -0.008 0.819 

 
0.099 <0.01 

native 0.017 0.041  
0.069 0.003 

host 0.042 0.009  
0.039 0.039 

site* 0.078 0.012  
- - 

 

*MRPP test not conducted on culture data for site variable due to empty sample units.   
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TABLE 4. Species of fungal endophytes that are considered indicator species of each 

environment, determined by indicator species analysis. 

Environment Species1 IV2 Data3 
Forest Botrytis sp. 67 P 
Nursery Phialocephala sp. 82 C 
Nonnative Dermea sp. 76 P 

 
Diaporthe sp. 91 C 

R. macrophylum Chrysomyxa sp. 80 P 

 
Cordyceps sp. 67 P 

 
Potebniamyces sp. 70 C 

 

1 Endophyte species names represent the closest ITS sequence match in the AFTOL 

database. 

2 Indicator values of endophyte species that differentiate sample groups with P-value < 

0.01. 

3 Indicates which dataset was analyzed to find this as an indicator species (P = 

pyrosequencing; C = culture). 
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Table 5. Ubiquitous endophyte OTUs, representing those found in every combination of 

host x environment.  Endophyte species names represent the closest ITS sequence match 

in the AFTOL database and may not represent actual species sequenced. 

 

OTU Species1 Data2 
F03OTU1  Dermea sp. P 
F32OTU1  Multiclavula sp. P 
F32OTU2  Multiclavula sp. P 
F32OTU3  Galerina sp. P 
F03OTU2  Dermea sp. P 
F43OTU1  Rhodotorula sp. P 
F46OTU1  Erratomyces sp. P 
F03OTU3  Dermea sp. P 
F18OTU1  Gibberella sp. P 
F32OTU4  Multiclavula sp. P 
F03OTU6  Dermea sp P 
F43OTU2  Sporobolomyces sp. P 
F05OTU1 Phialocephala sp. C 

 

1Endophyte species names represent the closest ITS sequence match in the AFTOL 

database. 

2 Indicates which dataset was analyzed to find this as an indicator species (P = 

pyrosequencing; C = culture). 
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CONCLUSION 

 

 Investigation of foliar fungal endophyte communities of Rhododendron revealed 

high levels of diversity.  Among the various environments surveyed in this study, the 

nursery environment and nonnative hosts were identified as harboring the highest levels 

of diversity.  Diversity was comparable between Rhododendron hosts, but distinct 

endophyte communities were found associated with each. Culture dependent sequence 

data largely supported trends observed in pyrosequencing data. 

 Though many endophytes recovered in this study have been previously described 

in association with Rhododendron, many new genera not previously described on 

Rhododendron were recovered via pyrosequencing. These included: Alewia, Fomitopsis, 

Kondoa, Mollisia, Phialocephala, Potebniamyces, and Preussia recovered via culturing, 

with many more recovered only via pyrosequencing. 

 These results suggest that the high diversity of ornamental plant nurseries and 

their close proximity to native forests, may be exposing nursery plants to two overlapping 

sources of endophytes. The higher endophyte diversity in nonnative hosts suggests that 

three nonexclusive factors are driving this trend. These factors, proposed by Hoffman and 

Arnold (2007) are 1. a combination of native and introduced endophtyes; 2. an endophyte 

infection rate or carrying capacity independent of environment and 3. accumulation of 

generalist endophytes in nonnative hosts. 

 While endophytes recovered in this study have close phylogenetic relationships to 

plant pathogens and saprobes, it is still unclear whether these organisms are dormant 
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saprobes and pathogens, or whether they have evolved an entirely novel and balanced 

mode of nutrition, and if they can transition between these states.   
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