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ABSTRACT 

Fungal communities of aquatic ecosystems are understudied, leaving major gaps in estimating 

global fungal biodiversity. In particular, little is known regarding the distinctiveness of (1) 

aquatic endophytes vs. those in terrestrial plants, and (2) waterborne fungi vs. those inhabiting 

aquatic plants or sediments. I assessed the diversity, composition, host affiliations, and 

geographic structure of culturable endophytes associated with aquatic angiosperms in reservoirs 

in northern Arizona, and their distinctiveness relative to waterborne- and sediment fungi. 

Endophytes were low in abundance yet extremely diverse. Communities differed significantly in 

composition among reservoirs and tissues. Aquatic endophytes were largely distinct from those 

in terrestrial plants, and from those in water and sediment, but did not demonstrate host 

specificity. This work reveals the uncommon diversity and distinctiveness of endophytes in 

aquatic plants, and provides a first quantitative estimation of endophytic associations in diverse, 

ecologically important, and economically relevant aquatic plants. 
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INTRODUCTION 

1.1 Literature review 

Fungi are heterotrophic eukaryotes that are ubiquitous on Earth, inhabiting diverse terrestrial, 

marine, brackish and freshwater environments and interacting with all major lineages of life 

(Hawksworth 2001, Blackwell 2011). They play major roles as decomposers, form essential 

associations with other organisms, provide enzymes and drugs for human use, and are the major 

group driving nutrient cycling, soil formation, and plant diseases – thus influencing the growth 

and fitness of all plants on which human sustainability depends (Alexopoulous et al. 1996, 

Blackwell 2011). Roughly 100,000 species of fungi have been described, with an estimated1.5 – 

5.1 million species thought to exist (Hawksworth 2001, Blackwell 2011). Many of these 

undiscovered fungi are cryptic and are likely to occur in symbiosis with other organisms, such as 

plants, and in previously underexplored environments (Arnold and Lutzoni 2007, Shearer et al. 

2007, Blackwell 2011, Rosling et al. 2011, Wurzbacher et al. 2011).  

 

A large number of cryptic fungi that live in symbiosis with plants occur as endophytes (i.e., as 

endophytic fungi). Endophytic fungi are diverse, primarily ascomycetous fungi that live within 

healthy above- and belowground plant tissues and persist in hosts without causing any apparent 

symptoms of disease (Petrini 1996, Arnold 2007, Arnold et al. 2007). In terrestrial plants, 

endophytes can live asymptomatically within healthy plant tissues by colonizing roots, 

photosynthetic stems and leaves, and other tissues (Arnold et al. 2009, Rodriguez et al. 2009). 

Endophytes have been recovered from all major lineages of plants in natural- and 

agroecosystems (Arnold 2007; Arnold et al. 2007; Arnold and Lutzoni 2007). They subsist on 

nutrition gained from their host plant (Saikkonen et al. 1998, Clay 2001) and typically grow 
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between cells, except for a few cases in which rhytismataceous endophytes in conifers occupy 

single epidermal cells (Arnold 2007). As a group, endophytes can interact with their hosts as 

defensive mutualists, enhancing protection against pathogens, herbivores, and stress; others can 

be latent pathogens, and in many cases ecological roles or effects on host physiology or fitness 

are not yet known (Carroll 1988, Arnold 2007, Rodriguez et al. 2009). Endophytes also produce 

diverse secondary metabolites, many of which are important in agriculture, industry, and 

medicine (Tan and Zou 2001, Schulz et al. 2002, Strobel and Daisey 2003, Gunatilaka 2006, 

Zhang et al. 2006).  

 

Despite growing interests in the ecology, evolution, and applications of endophytes, little is 

known about their geographic and ecological distributions, and tissue specificity has not been 

studied in detail. As a result, it is difficult to begin to understand both the scope of endophyte 

diversity, and the most efficient ways to capture that diversity for human use. Moreover, the vast 

majority of endophyte studies have focused on plants in terrestrial systems (Carroll and Carroll 

1978, Carroll 1988, Petrini 1991, Rodrigues 1994, Fisher 1996, Faeth and Hammon 1997, 

Arnold et al. 2001, 2003, Arnold and Lutzoni 2007, U’Ren et al. 2010); however, the vast 

majority of earth’s surface is covered by water (Wetzel 2001, Polunin 2008). Endophytes in 

marine and freshwater systems have received very little attention thus far. 

 

The broad focus of this thesis is to contribute to our knowledge of endophytic symbioses, 

especially with regard to host-, tissue-, and geographic affiliations of endophyte communities in 

an understudied environment. I focus on endophytes in aquatic plants from freshwater systems. 

In part this work is motivated by my interest in fungal biodiversity, plant ecology, and 
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limnology. Complementing these foci is my focus on bioprospecting strategies – that is, helping 

to design approaches for capturing highly diverse, novel endophytes for human use. 

 

1.1.1 Functional groups of fungal endophytes 

Endophytes are highly diverse both taxonomically and ecologically. For the purposes of this 

thesis I have focused on one functional group: the class 3 endophytes identified by Rodriguez et 

al. (2009). Overall, fungal endophytes have been organized into four functional groups on the 

basis of host colonization, mechanism of transmission, biodiversity within hosts, and ecological 

function. I outline the major characteristics of these groups below in order to more clearly define 

the functional group on which I focus here. 

 

Class 1 endophytes, or clavicipitaceous fungi, are the most thoroughly studied group of 

endophytes and have coevolved with many cool- and warm-season grasses (Clay and Schardl 

2002). These ascomycetous fungi infect at least 80 genera and 300 species of Poaceae (Arnold 

and Lewis 2005) and appear to have arisen from a lineage of entomopathogens (Spatafora and 

Blackwell 1993, Spatafora et al. 2007). These endophytes are systemic, usually are vertically 

transmitted from maternal plant to seed, are highly host specific, and usually have one dominant 

fungal genotype per plant (Rodriguez et al. 2009). Mutualistic class 1 endophytes may help host 

plants counter abiotic stresses such as drought or metal contamination (Arechavaleta et al. 1989, 

Malinowski and Belesky 2000) and produce secondary compounds in planta, such as alkaloids, 

that have the ability to deter foraging herbivores such as insects and livestock (Clay 1988, Siegel 

et al. 1987, 1990, Latch 1993, Schardl 1996). Most studies on alkaloid production from these 

plants have come from two agronomically important grass species: tall fescue (Festuca 
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arundinaceae) and perennial ryegrass (Lolium perenne; Arnold and Lewis 2005). However, 

some clavicipitaceous fungi can be antagonistic to hosts, as reported by Faeth and Sullivan 

(2003) and Faeth et al. (2004): fungi in the asexual genus Neotyphodium, an endophyte common 

in cool-season grasses that is derived from sexual and horizontally transmitted Epichloë, was 

shown to decrease the growth and reproduction rates of Arizona fescue (Festuca arizonica). 

Overall, these endophytes are important as they may enhance or impair the ecophysiology of 

grasses important in grasslands and pastures alike, and thus are important from a taxonomic, 

ecological, and agronomic standpoint (Clay 1988, Schardl et al. 2004, Rodriguez et al. 2009).  

 

Classes 2, 3, and 4 consist of the nonclavicipitaceous endophytes (Rodriguez et al. 2009). These 

endophytes comprise the vast majority of endophyte diversity and are known from all major 

lineages of plants (Arnold 2007). Class 2 endophytes are usually Ascomycota (primarily 

Pezizomycotina) with lower numbers of Basidiomycota that grow in above- and below-ground 

tissues such as stems, leaves, roots, or rhizomes. Diversity of class 2 endophytes in individual 

host plants is limited, and transmission can be either horizontal among hosts or vertical via seed 

coats, seeds, or rhizomes. These endophytes can enhance plant tolerance of drought, heat, salt, 

and pathogenic attack in a habitat-specific manner (Redman et al. 2001, 2002, Márquez et al. 

2007, Rodriguez et al. 2008, 2009). 

 

In turn, Class 4 endophytes are known as the “dark septate endophytes” (DSE), distinguishable 

by their darkly melanized septa and their colonization of roots. DSE are primarily ascomycetous 

fungi that are conidial or sterile, colonize roots intracellularly and intercellulary, and are 

horizontally transmitted. They have been found in over 600 plant species worldwide, often 
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coexisting with or replacing mycorrhizal fungi (Jumpponen and Trappe 1998, Mandyam and 

Jumpponen 2005). They are often common in high-stress environments, such as hot and dry 

regions or receding glacial forefronts (Jumpponen and Trappe 1998, Jumpponen 2001, 

Rodriguez et al. 2009).  

 

Finally, Class 3 endophytes form symbioses with diverse plants, including every major lineage 

of land plants, and are the focus of this research (hereafter referred to as endophytes). In 

terrestrial plants, they form highly localized infections, are highly diverse among and within 

hosts, are horizontally transmitted, and live within healthy tissues such as photosynthetic leaves 

and stems without causing any apparent disease (Arnold et al. 2009; Rodriguez et al 2009). They 

are distinct from Class 2 endophytes on the basis of their transmission, high in-planta 

biodiversity, and lack of systemic growth (Rodriguez et al. 2009). These endophytes occur as 

symbionts of liverworts, mosses, seed-free vascular plants, conifers, and angiosperms across 

diverse terrestrial biomes ranging from dry deserts to Arctic tundra, tropical rainforests, and 

agro-ecosystems such as crop fields and greenhouses (e.g., Carroll and Carroll 1978, Fisher 

1996, Suryanarayanan et al. 2005, Arnold and Lutzoni 2007, Higgins et al. 2007, Hoffman and 

Arnold 2008, U’Ren et al. 2010).  

 

Many of these endophytes may play important ecological roles (Arnold and Lutzoni 2007), 

enhancing or limiting tolerance of drought, enhancing thermotolerance, and improving plant 

growth in suboptimal soils (Redman et al. 2002, Arnold and Engelbrecht 2007). These fungi also 

can protect hosts against pathogens and herbivores. For example, Arnold et al. (2003) showed 

that endophytes locally decreased leaf necrosis and leaf mortality following challenge by an 
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important foliar pathogen (Phytophthora sp.). Class 3 endophytes have also been recovered from 

lichens (hereafter referred to as endolichenic fungi), where they associate with photobionts such 

as green algae (see Arnold et al. 2009; U'Ren et al. 2010, 2012).  

 

Class 3 endophytes are especially common among the Pezizomycotina (Ascomycota), 

representing at least five classes: Dothideomycetes, Eurotiomycetes, Leotiomycetes, 

Pezizomycetes, and Sordariomycetes, as well as a limited number of Basidiomycota and other 

fungi (Arnold et al. 2009, Rodriguez et al. 2009, U’Ren et al. 2010). They appear to have arisen 

from a diversity of ancestral states, with pathogens especially common among their ancestors 

(Arnold et al. 2009). These endophytes are expected to include large numbers of previously 

unknown species of fungi, in part because of their cryptic occurrence in healthy tissues (Arnold 

and Lutzoni 2007). Recently their diversity and potential applications in biological control, 

industry (especially biofuels through cellulose and ligninase activity), and medicine (Jiménez-

Romero et al. 2008, Strobel et al. 2008, Dey et al. 2011, Santos-Fo et al. 2011) have increased 

interest in these fungi. However, the scale of their diversity, host affiliations, and distributions at 

local, regional, and global scales are extremely understudied (Arnold 2007).  

 

Little-studied environments such as freshwater, saltwater, and brackish aquatic ecosystems have 

yet to be thoroughly sampled for their fungal communities, especially with regard to endophytes. 

Studies to date suggest that in some cases, endophytes of aquatic hosts represent the same genera 

and families as endophytes of terrestrial plants (Li et al. 2010, Kohout et al. 2012), but almost no 

comparisons have been made to determine whether aquatic endophytes represent the same 
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genotypes as those in nearby plants on land. Moreover, little is known regarding the relationships 

between endophyte communities and fungal communities in water and sediment.  

 

The aim of this thesis is to address fundamental questions regarding (1) the diversity, 

composition, host affiliations, and geographic structure of culturable endophytes associated with 

aquatic angiosperms in freshwater systems, and (2) their distinctiveness relative to waterborne- 

and sediment fungi in those reservoirs. The over-arching motivation for this work is that 

sampling from these environments will broaden our understanding of the scale of diversity, host 

affiliations, and distributions of endophytes, and yield distinctive fungal taxa – with associated 

metabolites or useful applications -- that have yet to be recovered from terrestrial plants.  

 

1.1.2 Aquatic fungi and fungal endophytes of aquatic plants  

Even though roughly 71% of the Earth’s surface is covered by water (Wetzel 2001, Polunin 

2008), few aquatic ecosystems have been examined thoroughly for fungal biodiversity (see 

Shearer et al. 2007, Le Calvez et al. 2009, Blackwell 2011, Wurzbacher et al. 2010, 2011). There 

is a limited tradition of examining marine systems for fungal diversity (Kohlmeyer 1979, Hyde 

1989, Stanley 1992, Hyde et al. 1998, Le Calvez et al. 2009), but aquatic fungi in freshwater 

systems have received far less attention (but see Goh and Hyde 1996, C. Shearer 2001, Ranković 

2005, Raja et al. 2007, 2009, Shearer et al. 2007). Fungi that are recovered from aquatic habitats 

are often hard to classify as being strictly aquatic: terrestrial fungi have mistakenly been listed as 

being aquatic after they have been washed into or aerially dispersed into aquatic systems 

(Shearer et al. 2007, Wurzbacher et al. 2011). Conversely, there are fungi that are undeniably 

aquatic: they can only complete their lifecycles in water and to our knowledge do not leave their 



14 

 

aquatic environments at any period of time (Shearer et al. 2007). In general, however, the study 

of these ‘aquatic fungi’ has focused on fungi inhabiting submerged substrates, such as wood 

(Willoughby and Archer 1973, Hyde and Goh 1998, Raja et al. 2005). 

 

Shearer et al. (2007) states that approximately 3,047 taxa of aquatic fungi have been reported 

thus far from various substrates. In freshwater, meiosporic (presence of a sexual state and 

production of ascospores) and mitosporic (absence of a sexual state and production of conidia) 

Ascomycota appear to be the most common fungi. They form a diverse taxonomic assemblage of 

about 577 species with approximately 30% belonging to the Dothideomycetes (primarily 

Pleosporales and Jahnulales; Shearer et al. 2007, 2009). About 65% of freshwater ascomycetes 

have been reported only once from freshwater habitats; however, only a few freshwater habitats 

have been intensively sampled, and targeted sampling is rarely structured in a way to broadly 

survey culturable fungi (Raja et al. 2009). Aquatic fungi studied thus far range from 

cosmopolitan to highly limited in distributions, but general trends in host- and geographic range 

have not been assessed (C. Shearer 2001, Cai et al. 2006, Raja et al. 2009). Aside from 

freshwater ascomycetes, fungi in the phylum Chytridiomycota are the second most common, 

followed by Basidiomycota and then the diverse subphyla Mucoromycotina, Kickxellomycotina, 

Zoopagomycotina and Entomophthoromycotina (Shearer et al. 2007, Liu et al. 2009). Fungus-

like microorganisms in the Oomycota also are common (primarily Saprolegniales; Alexopoulos 

et al. 1996, Wong et al. 1998, Shearer et al. 2007, Le Calvez et al. 2009, Wurzbacher et al. 2010, 

2011, Blackwell 2011). It has also been noted that lichens rarely occur in aquatic ecosystems, but 

have been found in freshwater (Hawksworth 2000, Shearer et al. 2007).  
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For this thesis I focus on Ascomycota in freshwater systems. Most studies of freshwater 

ascomycetes have looked at mitosporic taxa, which have primarily been placed with the 

hyphomycetes (fungi that produce conidia directly from vegetative structures such as hyphae or 

conidiophores; Shearer and Raja 2010). Hyphomycetes consist of two main ecological groups: 

Ingoldian hyphomycetes and aeroaquatic hyphomycetes (Shearer et al. 2007, Shearer and Raja 

2010, Krauss et al. 2011). Hyphomycetes survive in water through the use of small fruiting 

bodies and appendaged spores for dispersal (Shearer and Raja 2010).  

 

Freshwater ascomycetes were first studied in detail by C.T. Ingold (Ingold 1942) who found 

distinct freshwater fungi on submerged substrates in the English Lake District (see Shearer et al. 

2009). These fungi are called Ingoldian hyphomycetes in his honor, but are more often referred 

to as aquatic hyphomycetes (Shearer and Raja 2010, Krauss et al. 2011). Aquatic hyphomycetes 

are a polyphyletic group of fungi that are placed primarily within the Ascomycota, with a small 

percentage belonging to the Basidiomycota (Alexopoulous et al. 1996, Krauss et al. 2011, 

Wurzbacher et al. 2011).  

 

Ingoldian fungi are mostly saprobic on submerged or partially submerged substrates (primarily 

wood, as well as herbaceous debris; Raja et al. 2007, 2009, Shearer et al. 2009, reviewed in 

Shearer et al. 2007, Wurzbacher et al. 2011). However, Ingoldian fungi have been studied more 

intensively from dead stems and leaves than from other aquatic substrate types (Shearer and Raja 

2010), possibly biasing perspectives on their ecological distributions. Ingold (1955) discovered 

that at least some aquatic hyphomycetes can grow on aquatic plants: he discovered a freshwater 

Dothideomycete, Macrospora scirpicola, when he sampled from the submerged stems of the 



16 

 

aquatic macrophyte, Schoenoplectus lacustris. These fungi play an important role in aquatic food 

webs: they serve as a food source for aquatic organisms and help decompose leaf litter, wood, 

and insect exoskeletons (Alexopoulous et al. 1996, Goh and Hyde 1996, Shearer et al. 2007, 

Wurzbacher 2011). They also putrefy detritus, which helps change the structure and food quality 

for invertebrate leaf-shredders and detritivores (Alexopoulous et al. 1996, Shearer et al. 2007, 

Krauss et al. 2011). Their conidia are sigmoidal, branched, or tetraradiate (Blackwell 2011, 

Krauss et al. 2011, Wurzbacher et al. 2011); often are dispersed in well oxygenated running 

waters; attach to plants and other materials such as detritus; grow on underwater roots or 

submerged leaves, wood, and twigs in well-aerated bodies of water; and even accumulate in 

foam occurring on water surfaces such as at the banks of streams (Bӓrlocher 1992, Alexopoulous 

et al. 1996, Shearer et al. 2007, Wurzbacher et al. 2010, 2011). When foam bubbles on the water 

surface burst, fungal spores may be dispersed into the air, often reaching new substrates such as 

trees; this leads to some of these fungi being isolated from terrestrial plants (Blackwell 2011).  

 

In contrast, aeroaquatic hyphomycetes are dispersed on the surface of stagnant slow-moving 

waters and colonize submerged plant detritus, but also can be found terrestrially or in sediment 

(Bӓrlocher 1992, Alexopolous et al. 1996, Shearer et al. 2007, Wurzbacher et al. 2011). Typical 

aeroaquatic habitats are shallow woodland ponds, ditches, and water-filled depressions (Shearer 

et al. 2007, Wurzbacher et al. 2011). Aeroaquatic fungi can live in habitats that are subjected to 

periodic drying, fluctuating water levels, and prolonged periods of oxygen depletion (Shearer et 

al. 2007, Wurzbacher et al. 2011). Often aeroaquatic hyphomycetes can outcompete aquatic 

hyphomycetes in low-oxygen or oxygen-depleted environments (Wurzbacher et al. 2011). The 

conidia of these fungi are tightly coiled, and trap air that helps to make them buoyant, allowing 
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them to float on the water surface until they attach to a new substrate (Bӓrlocher 1992, Shearer et 

al. 2007, Shearer and Raja 2010, Blackwell 2011). Their conidia are formed at the air-water 

interface; however, aeroaquatic hyphomycetes are unable to complete their life cycle on 

submerged substrates as dispersal units are only produced aerially above the water level (Shearer 

et al. 2007). Much like aquatic hyphomycetes, aeroaquatic hyphomycetes are primarily 

Ascomycota, and consist of a small number of Basidiomycota (Shearer et al. 2007).  

 

Although freshwater ascomycetes have been isolated from lakes and rivers, they remain a poorly 

understood group of fungi. In particular, they have not been compared simultaneously with 

fungal communities from aquatic plants, and their occurrence in lentic ecosystems (i.e., standing 

waters, such as lakes and reservoirs) is extremely understudied. A few recent studies found 

aquatic hyphomycetes in riparian plants (Fisher et al. 1991, Sridhar and Bärlocher 1992, Sati and 

Belwal 2005, Arya and Sati 2011); for example, Sokolski et al. (2006) documented an 

endophytic aquatic hyphomycete from black spruce needles that were submerged in aerated 

water. However, endophyte communities have not been sampled thoroughly in strictly aquatic 

plants (but see Li et al. 2010, Kohout et al. 2012), and it is unclear if fungal endophytes of 

aquatic plants generally belong to previously identified groups of aquatic or aeroaquatic 

hyphomycetes. For the purposes of this thesis I am focusing on understanding the diversity and 

distinctiveness of endophytes in aquatic plants, with a special focus on lentic waters. 

 

1.1.3 Limnological perspectives  

Lentic systems are important sources and storage units for the freshwater on which human 

sustainability depends. Many lentic habitats have distinct zones that differ in illumination, 
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temperature, pH, mixing, seasonal stability, plant density, oxygen levels, and microbial 

communities (Wetzel 2001, Maier et al. 2009). Microbial communities in lentic systems are 

often dominated by cyanobacteria and algae, but protozoan, viral, and fungal communities are 

also present (Maier et al. 2009). Littoral zones (i.e., areas in bodies of water that are close to 

shore) typically have the highest abundance and diversity of fungi relative to pelagic or other 

environments (Ranković 2005, Maier et al. 2009, Wurzbacher et al. 2010, Wurzbacher et al. 

2011). The sediment in the littoral zone receives little or no sunlight, but is aerated by the roots 

of emergent and submerged plants, and may serve as a hotspot for fungal biodiversity due to a 

large supply of organic matter (Wetzel 2001, Maier et al. 2009, Mohamed and Martiny 2011, 

Monchy et al. 2011, Wurzbacher et al. 2011). Mohamed and Martiny (2011) found that the 

presence of aquatic plants increased fungal diversity in comparison to bodies of water from 

which aquatic plants were intentionally removed. In turn, both water and sediment fungi may 

complement the ecological roles of endophytes in aquatic systems. For example, Iskandar et al. 

(2011) reported that sediment-borne fungi from industrially polluted rivers can tolerate and 

sequester copper and lead. However, littoral zones of lakes and reservoirs are poorly understood 

in general with regard to the diversity and structure of fungal communities in water and 

sediment, and the relationships of those fungi to those inhabiting local plants as endophytes. 

 

1.1.4 Aims and content of this thesis 

Here I examine communities of aquatic fungi in freshwater lakes and reservoirs in northern 

Arizona, USA. I focus on endophytes of aquatic plants and on the communities of fungi present 

at the same time points in water and sediment. Many studies have examined the relationships of 

terrestrial plants with fungi (e.g., Carroll and Carroll 1978, Janos 1980, Carroll 1988, Petrini 
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1991, Schulz et al. 1993, Rodrigues 1994, Fisher 1996, Faeth and Hammon 1997, Schulthess and 

Faeth 1998, Arnold et al. 2000, 2001, 2009, Suryanarayanan et al. 2002, 2005, 2011, Agrios 

2005, Arenal et al. 2007, Arnold and Lutzoni 2007, Higgins et al. 2007, Hoffman and Arnold 

2008, Rodriguez et al. 2009, U’Ren et al. 2010, 2012), but associations between aquatic plants 

and fungal symbionts are not as well characterized (but see Fisher et al. 1991, Sridhar and 

Bärlocher 1992, Suryanarayanan and Kumaresan 2000, and Li et al. 2010). Roots of emergent 

and submergent macrophytes often host arbuscular mycorrhizal fungi (AMF), which can 

influence plant colonization in particular environments (Beck-Nielsen and Madsen 2001, 

Jayachandran and Shetty 2003, de Marins et al. 2009), but less is known regarding the 

abundance, diversity, and ecological importance of non-mycorrhizal fungal symbionts (see 

Sridhar and Bärlocher 1992, Suryanarayanan and Kumaresan 2000, J. Shearer 2001, 2010, Sati 

and Belwal 2005, Li et al. 2010, Arya and Sati 2011, Kohout et al. 2012).  

 

Two recent studies by Li et al. (2010) and Kohout et al. (2012) sampled freshwater aquatic and 

riparian plants for endophytic fungi. Both studies focused on riparian areas that were not man-

made and were located in regions with a high density of natural riparian systems. Li et al. (2010) 

sampled stem and leaf tissues from five aquatic and riparian plant species (Ottelia acuminata, 

Myriophyllum verticillatum, Cardamine multijuga, Equisetum arvense, and Impatiens chinensis) 

from a stream in Kunming City, Yunnan Province, southwest China. Ottelia acuminata, 

Myriophyllum verticillatum, and Cardamine multijuga are submergent aquatic plants, whereas 

Equisetum arvense and Impatiens chinensis are riparian plants found in the vicinity of the stream 

with occasional stem pieces in water. Healthy plants were collected in October 2007 and healthy 

leaves and stems were cut into about 5 X 5 mm segments. Leaf and stem segments were surface 



20 

 

sterilized by sequential emersion into 0.5% sodium hypochlorite (2 minutes) and 70% ethanol (2 

minutes). Tissue segments were rinsed with sterile water and allowed to dry under sterile 

conditions. Li et al. (2010) placed 100 leaf and stem tissue segments from each host plant onto a 

Petri dish that contained a modified version of potato dextrose agar, and each dish was incubated 

at 25°C and were examined every other day for 21 days. Altogether, 214 isolates from 500 tissue 

segments (overall isolation frequency = 42.8%) were recovered, with at least one fungal isolate 

from each host plant species. Differences in isolation frequencies were observed with the five 

host plants, as there was a lower isolation frequency with truly aquatic samples (18-30% for 

Ottelia acuminata, Myriophyllum verticillatum, and Cardamine multijuga) relative to semi- and 

non-aquatic tissues in proximity to water (41-63% for Equisetum arvense and Impatiens 

chinensis). From the fungal isolates, Li et al. (2010) found high numbers of Eurotiomycetes and 

Dothideomycetes with the most predominant fungal taxa from Penicillium, Aspergillus, 

Trichoderma, Cladosporium, and Alternaria. However, the study did not involve a replicated 

study design or multiple sites, limiting insights regarding host and geographic structure in 

endophyte communities. The study also did not evaluate root endophytes. 

 

Kohout et al. (2012) sampled root tissues from five submergent isoetid species (Isoëtes 

echinospora, Isoëtes lacustris, Littorella uniflora, Lobelia dortmanna, and Subularia aquatica) 

from four freshwater oligotrophic lakes in southern and central Norway (Lake Avsjøen, Lake 

Ljøsvatn, Lake Mjӑvatn, and Lake Mjøsa). In August 2010, entire root systems were collected, 

cut into 2-3 cm segments, thoroughly washed with tap water, and surface sterilized using a 100% 

solution of household bleach for 30 seconds followed by three rinses with sterile distilled water. 

Kohout et al. (2012) placed 63 – 568 tissue segments from each host plant (total tissue segments 
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= 1585) onto Petri dishes that either contained a modified version of Melin Norkrans medium or 

a modified version of potato dextrose agar. Each dish was then incubated in the dark at 20°C and 

was examined every other day for 9 weeks. Altogether, 139 isolates from 1585 tissue segments 

(overall isolation frequency = 8.8%) were recovered, with at least one fungal isolate from each 

host plant species. Differences in isolation frequencies were observed with the five host plants, 

ranging from ~0.2% for Isoëtes lacustris (1 isolate from 568 root segments) to ~48% for 

Littorella uniflora. This culture-dependent approach yielded only 14 OTUs from 139 isolates 

which is relatively low in terms of diversity (Fisher’s alpha = 3.9). Using a culture-independent 

approach, the authors recorded 29 OTUs among 234 high-quality sequences (Fisher’s alpha = 

8.5). The 41 OTUs obtained in the overall study belonged to the Ascomycota, Basidiomycota, 

Mucoromycotina, Chytridiomycota and Glomeromycota.This study did not take photosynthetic 

tissues into account, and was so varied in the quantity of tissue segments that the insights into 

endophyte ecology are somewhat limited.  

 

The studies by Li et al. (2010) and Kohout et al. (2012) are important and provide information 

about endophytes from freshwater aquatic plants. However, no study to date has quantitatively 

evaluated the diversity, distributions, or host affiliations of endophytes in lake-dwelling plants, 

or evaluated these factors with nearby waterborne- and sediment fungi and aquatic macrophytes. 

In so doing, this thesis provides the first record of endophytes in man-made freshwater systems, 

critical to the hydrology of arid lands. 

 

 

 



22 

 

1.2 Explanation of thesis format 

The broad goals of this thesis are to expand knowledge of fungal diversity by characterizing the 

diversity and distinctiveness of endophytic fungi associated with freshwater angiosperms. 

Specifically, I aim to understand the diversity, composition, host affiliations, and geographic 

structure of culturable endophytes associated with common aquatic angiosperms of northern 

Arizona, and their distinctiveness relative to waterborne and sediment fungi sampled 

concurrently and with similar methods in those bodies of water. My work is organized into two 

appendices. 

 

In Appendix A, I determine the abundance, diversity, composition, and structure of endophyte 

assemblages in roots and submergent- and emergent photosynthetic shoots of freshwater 

angiosperms collected over two periods from six lakes and reservoirs in northern Arizona. This 

study is the first to quantify endophyte community structure in aquatic plants, and the first to 

evaluate how endophyte communities differ temporally and as a function of tissue types, host 

species, bodies of water, and water depth. This work will contribute to a better understanding of 

limnology, aquatic plant ecology, conservation, and sampling strategies for bioprospecting 

studies. This work is coauthored by my thesis advisor with contributions from an undergraduate, 

Lorna J. Battista, and is intended for submission to FEMS Microbiology Ecology. 

 

In Appendix B, I evaluate fungal communities of waterborne- and sediment fungi from 

freshwater reservoirs, and compare these communities with fungi inhabiting plants in the same 

sites. The results highlight that given the limitations of our sampling approach, waterborne- and 

sediment fungi appear to be highly abundant but exhibit relatively low diversity, and only a small 
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subset of these fungal strains occur in both water/sediment and living plants. This work will 

contribute to a better understanding of limnology, aquatic fungal ecology, conservation, and 

sampling strategies for bioprospecting studies. This work is coauthored by my thesis advisor 

with contributions from Lorna J. Battista and is intended for submission to area managers and 

limnologists as a professional report. 
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PRESENT STUDY 

The methods, results and conclusions from this research are presented in the appended 

manuscripts. The following is a summary of the most important findings from each.  

 

2.1 Host affiliations and geographic distributions of fungal endophytes inhabiting 

aquatic plants in northern Arizona, USA.  

Most studies of endophytic fungi have focused on terrestrial plants, while only a handful of 

studies have evaluated aquatic plants from brackish, marine, or fresh waters for endophytes. 

Here, we evaluated the abundance, diversity, composition, host- and tissue affiliations, and 

geographic structure of fungal endophytes associated with freshwater angiosperms in northern 

Arizona, USA, in two collection periods. I focused on the most abundant species of submergent 

and emergent macrophytes from three microsites in each of six reservoirs and lakes. Endophytes 

were isolated in culture from roots and submergent and emergent photosynthetic shoots of each 

species of freshwater angiosperms, and all emergent cultures were sequenced for a 1000 basepair 

fragment comprising the nuclear ribosomal internal transcribed spacers and the 5.8S gene (ITS 

ribosomal DNA [rDNA]), and a portion of the adjacent nuclear ribosomal large subunit (LSU 

rDNA). A total of 226 isolates representing 60 putative species was recovered from 9,600 plant 

tissue segments. Although isolation frequency was low overall, fungi recovered here were 

phylogenetically diverse, comprising at least 37 genera, 19 families, and 13 orders across three 

phyla. Comparisons among the most thoroughly sampled host species and reservoirs revealed 

that isolation frequency and diversity did not differ significantly between years, among species, 

or among reservoirs. Diversity was slightly higher in roots than in photosynthetic tissues. 

Communities differed significantly among reservoirs in a manner that reflected watershed 
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associations, and among tissue types (roots vs. submerged shoots). However, we found no 

evidence for differences in community structure as a function of depth or host species. The 

majority of fungi recovered from aquatic plants are members of the Pezizomycotina 

(Ascomycota), with very few Agaricomycetes (Basidiomycota), and Mucorales 

(Mucoromycotina). Comparisons with previously collected communities of enodphytes from 

terrestrial plants in riparian areas suggest that endophytes of aquatic plants were quite distinct at 

the community level. Together these analyses provide a first quantitative estimation of 

endophytic associations in diverse, ecologically important, and economically relevant aquatic 

plants, and show how endophyte communities differ temporally and as a function of tissue types, 

host species, bodies of water, and depth. Overall, the results provide a basis for evaluating 

general trends in endophyte biology that have been based mostly on plants in terrestrial 

ecosystems. This work will contribute to a better understanding of limnology, aquatic plant 

ecology, conservation, and sampling strategies for bioprospecting studies. 

 

2.2 Relationship of endophytic fungi in aquatic plants to sediment- and waterborne 

fungi in three reservoirs in northern Arizona, USA.  

Although recent studies have made substantive progress in beginning to understand the 

contributions of endophyte diversity to estimates of global species richness of fungi, a major 

question remains unresolved: to what degree are endophytic fungi unique relative to other 

communities of fungi in the environment? Freshwater lakes and reservoirs represent important 

but under-explored study systems in which this question can be addressed effectively. We used a 

culture-based approach to characterize fungal communities in water, sediment, and aquatic plants 

in the littoral zones of three reservoirs in northern Arizona, USA. In summer 2012, water and 
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sediment samples were collected with nearby submergent and emergent macrophytes. Fungi 

were isolated on the same media from each substrate, and were sequenced for a 1000 basepair 

fragment comprising the nuclear ribosomal internal transcribed spacers and 5.8S gene (ITS 

rDNA), and partial nuclear ribosomal large subunit (LSU rDNA). Fungi were highly abundant in 

water and sediment of each reservoir, but the communities we observed were not very diverse 

relative to those occurring as endophytes. At higher taxonomic levels, communities in all three 

substrates and all reservoirs were dominated by Eurotiomycetes. However, at the species level, 

communities differed markedly among reservoirs and among substrates. Most strikingly, we 

found that communities of waterborne-, sediment-, and endophytic fungi within each reservoir 

differed significantly, indicating relatively little overlap among environmental communities (in 

water and sediment) and symbiotic communities (in tissues). Methodological issues and 

suggestions for future studies are provided to qualify our preliminary conclusion that these 

communities differ markedly, suggesting that endophytes of aquatic plants are an important 

addition to studies of global biodiversity of fungi. This work should contribute toward a better 

understanding of limnology, especially fungal community structures in freshwater reservoirs, 

aquatic fungal ecology from substrates that are not often sampled from in freshwater ecosystems 

(water and sediment), and help provide sampling strategies of endophytes and aquatic fungi for 

possible bioprospecting studies.  
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Abstract 

Most studies of endophytic symbionts have focused on terrestrial plants, neglecting the 

ecologically and economically important plants present in aquatic ecosystems. The goal of this 

study was to evaluate the diversity, composition, host- and tissue affiliations, and geographic 

structure of fungal endophytes associated with freshwater aquatic plants. In fall 2011 and 

summer 2012, the most abundant species of submergent and emergent macrophytes were 

collected from three microsites in each of six reservoirs and lakes in northern Arizona, USA. 

Endophytes were isolated in culture from roots and photosynthetic tissues of each species, and 

all emergent cultures were sequenced for a 1000 basepair fragment comprising the nuclear 

ribosomal internal transcribed spacers and 5.8S gene (ITS rDNA), and partial nuclear ribosomal 

large subunit (LSU rDNA). A total of 226 isolates representing 60 putative species was 

recovered from 9,600 plant tissue segments. Although isolation frequency was low overall, fungi 

recovered here were phylogenetically diverse, comprising at least 37 genera, 19 families, and 13 

orders across three phyla. Comparisons among the most thoroughly sampled host species and 

reservoirs revealed that isolation frequency and diversity did not differ significantly between the 

two collection periods, among species, among reservoirs, or as a function of depth. Diversity was 

slightly higher in roots than in photosynthetic tissues. Communities differed significantly among 

reservoirs in a manner that reflected watershed associations, and among tissue types. However, 

we found no evidence for differences in community structure as a function of collection period 

or host species. Together these analyses provide a first quantitative estimation of endophytic 

associations in diverse, ecologically important, and economically relevant aquatic plants and 

provide a basis for evaluating general trends in endophyte biology that have been based mostly 

on plants in terrestrial ecosystems.  
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Introduction 

Fungi are ubiquitous on Earth, inhabiting diverse terrestrial, marine, brackish and freshwater 

environments. Roughly 100,000 species of fungi have been described, with an estimated 1.5 –5.1 

million species thought to exist (Hawksworth 2001, Blackwell 2011). Many of these 

undiscovered fungi are likely to occur in symbiosis with other organisms, such as plants, and in 

previously underexplored environments (Arnold and Lutzoni 2007, Shearer et al. 2007, 

Blackwell 2011, Rosling et al. 2011, Wurzbacher et al. 2011). Even though roughly 71% of the 

Earth’s surface is covered by water (Wetzel 2001, Polunin 2008), few aquatic ecosystems have 

been examined thoroughly for fungal biodiversity (see Shearer et al. 2007, Le Calvez et al. 2009, 

Blackwell 2011, Wurzbacher et al. 2010, 2011). 

 

Freshwater environments cover only a small fraction of the Earth’s surface (0.8%) compared to 

terrestrial (28.4%) and marine (70.8%) environments (Polunin 2008), yet they represent highly 

productive ecosystems that provide water as an important natural resource for agriculture and 

almost every crucial industry (Niereg 1985, Wetzel 2001, Maier et al. 2009). Lentic waters (i.e., 

standing waters) such as lakes and reservoirs represent diverse ecosystems that span a wide array 

of water quality, seasonality, structural features, and temperature regimes, and are home to plants 

that together comprise some of the most productive communities on Earth (Wetzel 2001).  

 

Aquatic plants (aquatic macrophytes or hydrophytes) are plants that can grow in or near fresh- or 

saltwater. Vascular aquatic macrophytes include ferns, conifers and other gymnosperms, and 

angiosperms. Although the exact number of hydrophyte taxa is not yet known at a global scale, 

the United States Army Corps of Engineers has attempted to assemble a list of aquatic plants in 
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the United Sates and its territories (7,828 species; Lichvar 2012).  At least 1,437 species of 

aquatic plants are known from Arizona, including both aquatic specialists (i.e., truly aquatic 

plants) and species that at times can occur in non-aquatic environments (Lichvar 2012). 

 

Truly aquatic plants are phylogenetically diverse and comprise three general growth forms: 

floating (free-floating and floating-leaf plants), emergent, and submergent (Borman et al. 1997; 

Brönmark and Hansson 2005). Free-floating plants have leaves that float on the water surface, 

and may or may not be rooted in sediment (Borman et al. 1997). Emergent plants have foliage 

that extends above the water surface, as well as submerged stems, roots, and narrow-leaved 

segments of photosynthetic tissue (Niering 1985, Brix and Schierup 1989, Borman et al. 1997, 

Wetzel 2001, Brönmark and Hansson 2005). They grow in shallow waters in the littoral zones of 

lakes (i.e., the often plant-rich region near the shoreline; Borman et al. 1997, Wetzel 2001, Maier 

et al. 2009, Wurzbacher et al. 2010, Wurzbacher et al. 2011). In contrast, all tissues of 

submergent plants occur beneath the water surface, with occasional floating leaves or flower 

stalks that protrude only a small distance from the water (Niering 1985, Brix and Schierup 1989, 

Borman et al. 1997, Wetzel 2001; Brönmark and Hansson 2005). Submergent plants can be 

found from shallow to deep waters (Borman et al. 1997, Wetzel 2001). Many of these 

hydrophytes die back in the winter, with new plant growth initiated in spring from overwintering 

shoots and roots (Wetzel 2001, Shearer 2010). Overall, the vast majority of aquatic plant species 

are either emergent or submergent, motivating the focus of this study on plants in those 

functional groups (Wetzel 2001). 
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Although many studies have examined the relationships of terrestrial plants with fungi (e.g., 

Carroll and Carroll 1978, Janos 1980, Carroll 1988, Petrini 1991, Schulz et al. 1993, Rodrigues 

1994, Fisher 1996, Faeth and Hammon 1997, Schulthess and Faeth 1998, Arnold et al. 2000, 

2001, 2009, Suryanarayanan et al. 2002, 2005, 2011, Agrios 2005, Arenal et al. 2007, Arnold 

and Lutzoni 2007, Higgins et al. 2007, Hoffman and Arnold 2008, Rodriguez et al. 2009, U’Ren 

et al. 2010, 2012), associations between aquatic plants and fungal symbionts are not as well 

characterized (but see Sridhar and Bärlocher 1992, Suryanarayanan and Kumaresan 2000, and Li 

et al. 2010). Roots of emergent and submergent macrophytes often host arbuscular mycorrhizal 

fungi (AMF; Beck-Nielsen and Madsen 2001, Jayachandran and Shetty 2003, de Marins et al. 

2009), but little is known regarding the abundance, diversity, and ecological importance of non-

mycorrhizal fungal symbionts (see Sridhar and Bärlocher 1992, Suryanarayanan and Kumaresan 

2000, J. Shearer 2001, 2010, Sati and Belwal 2005, Li et al. 2010, Arya and Sati 2011, Kohout et 

al. 2012), and no study has quantitatively evaluated the diversity, distributions, or host 

affiliations of endophytes in freshwater plants.  

 

Endophytes are microbes that live within healthy above- and belowground plant tissues and 

persist in a plant host without causing any apparent symptoms of disease (see Arnold 2007). 

Here, we focus on class 3 endophytes (sensu Rodriguez et al. 2009; hereafter, endophytes), 

which are diverse, horizontally transmitted, and dominated by Ascomycota. They infect 

emerging plant tissues, typically grow between cells, do not form specialized arbuscules or other 

structures, and can be found in photosynthetic tissues as well as roots (Arnold 2007). Endophytes 

subsist on nutrition gained from their host plants (Saikkonen et al. 1998, Clay 2001), and 

interactions with hosts can range from defensive mutualism and enhancement of stress tolerance 
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to latent pathogenicity (Carroll 1988, Arnold 2007, Rodriguez et al. 2009). Endophytes also 

produce diverse secondary metabolites, many of which are important in agriculture, industry, and 

medicine (Tan and Zou 2001, Schulz et al. 2002, Strobel and Daisey 2003, Gunatilaka 2006, 

Zhang et al. 2006). In general, however, little is known about the geographic and ecological 

distributions of endophytes, and tissue specificity has not been studied in detail.  

 

Aquatic plants represent an excellent study system for addressing broad questions in endophyte 

biology. Freshwater macrophytes include taxa that span several continents (Lacoul and 

Freedman 2006, Fulmer and Robinson 2008), as well as species with restricted, highly localized 

distributions that are often in proximate but distinct bodies of water, providing an opportunity to 

examine geographic distributions of endophytes at multiple scales. Multiple aquatic species often 

occur together at local and regional scales, providing an opportunity to examine host associations 

without confounding effects of geography. Because these plants collectively occur in water, and 

the same individuals may have tissues that are both submerged and exposed to air, they also 

present an opportunity to examine the importance of the surrounding environment and associated 

conditions in influencing endophyte communities. Emergent and submergent macrophytes 

typically display traits that are highly distinct from terrestrial plants (i.e., thin cuticles, frequently 

open stomata, and often specialized roots that are reduced in size, fine, feathery and adapted for 

oxygen uptake; Willoughby 1977, Wetzel 2001), providing the basis for understanding the 

importance of these structural elements in shaping endophyte assemblages. Finally, aquatic 

plants are critically important in ecosystem function, such as affecting the distribution and 

abundance of animals by providing a food source and habitat, and services, including nutrient 

cycling and water filtration, providing an invaluable component of water quality and a resource 
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in bioremediation efforts (Carpenter and Lodge 1986, Brix and Schierup 1989, Wetzel 2001, 

Cronin et al. 2006, Tanaka et al. 2006). Thus, understanding fungi that may influence their 

physiology, health, or fitness is important. 

 

The goal of this study is to evaluate the diversity, host affiliations, and geographic distributions 

of endophytes associated with freshwater macrophytes, with a special focus on lentic waters in 

northern Arizona, USA. We focused our sampling on three of the most abundant, native, aquatic 

freshwater plant species of Arizona: Persicaria amphibia (L.) A. Gray (syn. Polygonum 

amphibium L.; Polygonaceae; emergent), Stuckenia pectinata (L.) Böerner (syn. Potamogeton 

pectinatus L.; Potamogetonaceae; submergent), and Elodea bifoliata H. St. John 

(Hydrocharitaceae; submergent). We also examined one invasive species when it was 

encountered in our study sites (Myriophyllum sibiricum Komarov; Haloragaceae; submergent).  

 

This study is the first to quantify endophyte community structure in aquatic plants, and the first 

to evaluate how endophyte communities differ temporally and as a function of tissue types, host 

species, bodies of water, and depth. This work will contribute to a better understanding of lake 

ecosystems, conservation, and sampling strategies for bioprospecting studies. 

 

Materials and Methods 

Aquatic macrophytes were collected from each of three microsites along the shore of one natural 

freshwater lake and five freshwater reservoirs in northern Arizona, USA in 2011 (September to 

mid-October; Stoneman Lake, Lower Lake Mary, Willow Creek Reservoir, Watson Lake, 

Morton Lake, and Mud Lake) and three reservoirs in 2012 (early June; Lower Lake Mary, 
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Willow Creek Reservoir, and Watson Lake) (Table 1). All of these bodies of water are reservoirs 

(i.e., are human-made) except Stoneman Lake, which is a natural lake. Interlake distances range 

from 2 km to 110 km. Average water depth at each sampling site was 33.5 cm in 2011 (range: 

4.4 – 88.4 cm) and 29.0 cm in 2012 (range: 9.4 – 64.0 cm). Water temperatures in the lake and 

reservoirs near Flagstaff, which represent the Little Colorado River Watershed (Coconino 

County, Walnut Creek and Canyon Diablo complexes: Stoneman Lake, Lower Lake Mary, 

Morton Lake, Mud Lake), typically are 12-15° cooler than those near Prescott (Yavapai County, 

Verde River Watershed; Watson Lake, Willow Creek Reservoir) (Arizona Game and Fish 2011). 

Microsites were spaced at ca. 30-40 m intervals along accessible shorelines. 

 

Of the three reservoirs sampled in both years (Lower Lake Mary, Willow Creek Reservoir, and 

Watson Lake), Lower Lake Mary is the most variable in terms of water volume; it often dries 

completely during the summer dry season. Both Willow Creek Reservoir and Watson Lake 

maintain some water volume each year, but shorelines fluctuate according to rainfall and 

snowmelt patterns. Willow Creek Reservoir has been filled since 1936, and Watson Lake has 

been filled since 1915 (Arizona Game and Fish 2011). All three are stocked regularly with fish 

(Arizona Game and Fish 2011). 

 

Plant collections 

Focal plant species in both collection periods were Persicaria amphibia (emergent) and 

Stuckenia pectinata (submergent). In 2011 we also collected Elodea bifoliata (submergent), but 

it was not found in 2012. Similarly, Myriophyllum sibiricum Komarov (Haloragaceae; 
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submergent), an invasive species (Robinson et al. 2007), was collected opportunistically from 

two of three sites at Stoneman Lake in 2011 (Table 1).  

 

For submergent plants we collected roots and submerged stems and leaves. For emergent plants 

we collected roots, submerged stems and leaves, and emergent stems and leaves. Submergent 

plants were fully uprooted manually or with a shovel. Larger emergent plants were removed in 

pieces based on tissue type.  

 

Plant material was placed immediately in a sealable plastic bag with residual water. Emergent 

stems and leaves were placed in a separate sealable bag void of any residual water. All plants and 

plant material were transported to the lab in a cooler for processing within 24 to 72 hours of 

collection. Vouchers of all focal plants were deposited at the University of Arizona Herbarium 

(ARIZ: collections DCS001-DCS022, accessions 407794-407797; additional accessions 

pending). 

 

Tissue processing  

Tissue samples were rinsed for 30 seconds in running tap water and then surface-sterilized by 

sequential immersion in 95% ethanol (10 seconds), 10% Clorox (0.5% sodium hypochlorite; 2 

minutes), and 70% ethanol (2 minutes; Arnold et al. 2007). After surface-drying under sterile 

conditions, roots, stems, and leaves were cut into 2 mm
2 

segments that were placed individually 

into a 1.5 mL microcentrifuge tube containing ca. 0.7 mL of 2% malt extract agar (MEA). For 

the first collection (2011), 48 pieces of each tissue type were plated per host collection. In 2012, 

96 pieces of each tissue type were plated per host collection. Microbial isolates were archived at 
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the Robert L. Gilbertson Mycological Herbarium (DM0001-DM0242; including cases in which 

there were multiple isolates archived from a single tissue segment).  

 

Molecular methods  

Most isolates lacked reproductive structures in pure culture and could not be identified beyond 

the level of phylum based on morphology. Therefore, total genomic DNA was extracted directly 

from fresh mycelium of each isolate using a phenol:chloroform method (Arnold and Lutzoni 

2007) or a modified protocol from the Extract-N-Amp tissue PCR kit (Sigma-Aldrich, St. Louis, 

MO).  

 

We PCR-amplified and sequenced the 600-800 basepair nuclear ribosomal internal transcribed 

spacers and 5.8s gene (ITS rDNA) and the first 400-600 base pairs of the adjacent portion of the 

nuclear ribosomal large subunit (LSU rDNA) as a single fragment using primers ITS1F or ITS5 

and LR3 (Gardes and Bruns 1993, White et al. 1990, Vilgalys and Hester 1990). Together these 

regions span fast- and slow-evolving regions that are widely used in fungal systematics (U’Ren 

et al. 2010). PCR mixtures for samples extracted using phenol:chloroform consisted of 12.5 L 

Sigma Readymix REDTaq (Sigma-Aldrich), 8.5 L PCR-quality water, 1 L of each primer (10 

M), 1 L dimethyl sulfoxide (DMSO), and 1 L DNA template. For samples treated with 

Extract-N-Amp, 20 L PCR mixtures consisted of 10 L REDExtract-N-Amp, 4.4 L PCR-

quality water, 0.8 L of each primer, and 4 L DNA template (Sigma Aldrich Extract-N-Amp 

PCR Tissue Protocol).  
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PCR products were evaluated by gel electrophoresis on 1% agarose gels with SYBR Green I 

(Molecular Probes, Invitrogen; Carlsbad, CA). PCR products that yielded visible bands of ca. 

800-1500 base pair were sent to the University of Arizona Genetics Core facility (UAGC) to be 

cleaned, quantified, normalized and sequenced bidirectionally using an Applied Biosystems 

3730xl DNA Analyzer (Foster City, California, USA).  

 

The software programs phred and phrap (Ewing and Green 1998; Ewing et al. 1998) were used 

to call bases and assemble bidirectional reads into consensus sequences using the ChromaSeq 

package in Mesquite v. 1.06 (Maddison and Maddison 2005; Maddison and Maddison 2009). All 

contigs were edited manually in Sequencher version 4.5 (Gene Codes, Ann Arbor, MI) to verify 

base calls. Sequences were submitted to GenBank (accessions pending).  

 

Community analyses 

Taxonomic placement of each strain was estimated at higher levels based on comparisons of 

sequences with BLASTn searches of the NCBI GenBank database (Altschul et al. 1990). Class 

level taxonomy for each isolate was estimated using the top hit from BLASTn queries, in 

conjunction with other hits within the top 50 matches, using ITS rDNA-partial LSU rDNA data 

(Altschul et al. 1990, U’Ren et al. 2012). 

 

ITS rDNA-partial LSU rDNA data were used to delimit operational taxonomic units (OTU) 

using 95% sequence similarity and 40-character overlap in Sequencher v. 4.5 (Gene Codes 

Corp., Ann Arbor, MI). This degree of sequence similarity was chosen based on U’Ren et al. 

(2009), who showed that ITS rDNA sequences of known sister species in four genera of 
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Dothideomycetes and Sordariomycetes usually differ by ca. 4-5%. OTU based on 95% ITS 

rDNA-partial LSU rDNA sequence similarity often approximate species boundaries when 

compared against published phylogenies and were used as a proxy for species (U’Ren et al. 

2009). Sequences were also assembled into groups at the genotype level (i.e., 100% sequence 

similarity), as well as at 99% sequence similarity; general conclusions did not differ when 

operational taxa were delimited at these stringent levels, but the number of singletons increased 

to the point of prohibiting community analyses. Therefore, the results below are based on 95% 

ITS rDNA-partial LSU rDNA sequence similarity. 

 

Species accumulation curves and bootstrap estimates of total richness were inferred in EstimateS 

v. 8.2.0 (http://viceroy.eeb.uconn.edu/EstimateS) using 50 randomizations of sample order 

without replacement. Diversity was measured by Fisher's alpha, a parameter of the log series 

model that is robust to variation in sample sizes (Fisher et al. 1943; Arnold et al. 2009). Hosts 

that had fewer than two isolates were genotyped and were included in whole-community 

diversity measures, but were not included in diversity assessments for individual host plant 

species. Fisher’s alpha values over 100, characteristic of exceptionally small sample sizes with 

high species richness, were excluded from statistical analyses.  

 

Statistical analyses comparing isolation frequency, richness, and diversity were performed in 

JMP v. 10.0.0 (SAS Institute, Cary, North Carolina, USA). Similarity indices were calculated in 

EstimateS and in PAST v. 1.88 (Hammer et al. 2001) after removing all singleton OTU. 

Similarity was measured with Jaccard’s index (based on presence/absence data only), and the 

Morisita-Horn index (based on isolation frequency).  accard’s index and Morisita-Horn values 
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range from 0 (no similarity) to 1 (identical communities). Results were used in PAST for the 

analysis of similarity (ANOSIM; Clarke 1993) and visualized using non-metric multidimensional 

scaling (NMDS), an ordination method that uses rank-order information in a dissimilarity matrix 

(Gauch 1982, U’Ren et al. 2012). ANOSIM uses distance measures to test the null hypothesis 

that there are no differences in species composition between two or more groups (Warwick et al. 

1990, Clarke 1993, U’Ren et al. 2012). Distances (defined as 1-Morisita’s index) were converted 

to ranks and the test statistic R calculated as the difference of mean ranks between versus within 

groups (U’Ren et al. 2012). Significance was computed by 10,000 permutations of group 

membership.  

 

Results 

A total of 226 isolates was recovered from 9,600 plant tissue segments from the two collection 

periods (2011, 112 isolates from 5,280 segments; 2012, 114 isolates from 4,320 segments; see 

Table S1). Total isolation frequency (i.e., percent of tissue segments bearing culturable fungi) 

over the two collection periods was 2.35% and did not differ significantly between years (2011, 

2.12%; 2012, 2.64%; t-test comparing means within each year: t = -0.39, df = 24.23, p = 0.7005; 

only reservoirs and plant species sampled in both collection periods were evaluated; see Table 

1). This result reflected consistency in isolation frequency from each tissue type between 

collection periods: roots, t = -0.76, df = 17.07, p = 0.4558; submergent shoots, t = -1.49, df = 

18.73, p = 0.1533; emergent shoots (P. amphibia only, t = -3.26, df = 2.56, p = 0.0589).  

 

Isolation frequency did not differ significantly between root and submergent shoot tissue types 

(Figure 1A, t = -0.47, df = 40.73, p = 0.6386; only reservoirs and plant species sampled in both 
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collection periods). Isolation frequency did not differ among reservoirs, between the two most 

commonly collected species (P. amphibia and S. pectinata), nor between the two collection 

regions (respectively, F = 0.29, df = 2, 28, p = 0.7477; t = -0.08, df = 24.94, p = 0.9399; t = -

0.41, df = 19.94, p = 0.6889). Isolation frequency also did not differ significantly as a function of 

depth, either overall (Figure 1B, R
2 

= 0.08, p = 0.0609) or for roots or submergent shoots when 

considered separately (Figures 1C-D, roots, R
2
 = 0.08, p = 0.2113; submergent shoots, R

2
 = 0.08, 

p = 0.1772).  

 

Richness and diversity 

High-quality sequence data from 225 of 226 isolates yielded 60 OTU based on 95% ITS rDNA-

partial LSU rDNA similarity (Fisher’s alpha = 27.8) and 107 genotypes based on 100% ITS 

rDNA-partial LSU rDNA similarity (Fisher’s alpha = 83.2). More than half of the 60 OTU 

(53.3%) were singletons (i.e., found only once).  

 

Species accumulation curves for the full data set obtained in this study (all six lakes and 

reservoirs, and all focal species across the two collection periods; Figure 2), and for the reduced 

data set (three reservoirs and two focal species across the two collection periods; Figure 3A), 

approached statistical completion. Bootstrap estimates of total richness suggested that 

approximately 80% of expected species richness was found by our surveys (Figures 3A). 

Sampling in each reservoir in the reduced data set was statistically complete or nearly complete 

(Lower Lake Mary = 81.5% of expected richness, Watson Lake = 77.7%, Willow Creek 

Reservoir = 82.4%; Figures 3B-D). 
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Diversity of endophytes (Fisher’s alpha) did not differ between collection periods overall (t = -

0.49, df = 4.78, p = 0.6435; only those reservoirs and plant species sampled in both periods were 

evaluated, and emergent shoots from P. amphibia were excluded due to small numbers of 

isolates), nor for root and submergent shoots when considered separately (roots, t = -0.82, df = 

1.47, p = 0.5248; submergent shoots, t = 1.96, df = 4.83, p = 0.1097; Table S1).  

 

Diversity did not differ among reservoirs, between P. amphibia and S. pectinata, nor between the 

two collection regions (respectively, F = 0.43, df = 2, 9, p = 0.6654; t = -1.62, df = 8.13, p = 

0.1441; t = 0.52, df = 9.30, p = 0.6155; only reservoirs and plant species sampled in both periods 

were evaluated, and emergent shoots from P. amphibia were excluded due to small numbers of 

isolates). Diversity did not differ significantly between roots and submergent shoots, but were 

slightly higher in roots (Figure 4A, t = -2.46, df = 4.96, p = 0.0577). Diversity did not differ as a 

function of depth overall (Figure 4B, R
2 

= 0.01, p = 0.7321), or for roots or submergents shoots 

when considered separately (Figures 4C-D, roots, R
2
 = 0.0003, p = 0.9811; submergent shoots, 

R
2 

= 0.0004, p = 0.9648).  

 

Taxonomic composition of fungal assemblages 

The majority of fungi recovered from aquatic plants were members of the Pezizomycotina 

(Ascomycota; n = 219 sequences with defined taxonomy). The remaining six isolates consisted 

of one isolate of Basidiomycota (Agaricomycetes) representing 1 OTU with BLAST affinity for 

Ceratobasidium, and five Mucoromycotina (Mucorales) representing 1 OTU with BLAST 

affinity for Rhizopus.  
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Pezizomycotina isolates spanned five classes and at least 13 orders, 19 families, and 37 genera. 

Eurotiomycetes were most common (40.0% of isolates [90 isolates], representing 19 OTU in ca. 

3 families and 7 genera), followed by Dothideomycetes (36.4% of isolates [82 isolates], 

representing 20 OTU in ca. 8 families and 16 genera), Sordariomycetes (10.2% of isolates [23 

isolates], representing 12 OTU in ca. 7 families and 9 genera), Leotiomycetes (8.9% of isolates 

[20 isolates], representing 5 OTU in ca. 1 family and 4 genera), and Pezizomycetes (0.9% of 

isolates [2 isolates], representing 1 OTU from an unknown family and genus). Two isolates 

representing 1 OTU were not identifiable to the class level (incertae sedis) and are referred as 

“mitosporic Ascomycota” with BLAST affinity for Ochrocornis, a genus of uncertain placement. 

 

Other endophytic isolates were recovered during our study, but were excluded from our analyses. 

An Oomycota isolate with BLAST affinity for Pythium was recovered from a submergent shoot 

tissue from P. amphibia. Over 20 isolates of endophytic actinomycetes (bacteria) with BLAST 

affinity to Streptomyces were recovered from all tissue types of E. bifoliata, P. amphibia, and S. 

pectinata, but were predominantly isolated from root tissues.  

 

Distribution of fungal OTU 

ANOSIM indicates that endophyte communities did not differ significantly in composition 

between the two collection periods, between the two most commonly studied host species, or 

among regions (only those reservoirs and plant species sampled in both periods were evaluated; 

statistics and visual representation in Figures 5A-F). However, communities did differ 

significantly in composition among reservoirs within each year based on presence-absence data, 

but was non-significant with regard to abundance comparisons (Figures 6A-B). ANOSIM further 
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indicated that endophyte communities differed significantly in composition among the three 

tissue types (Figures 7A-B).  

 

Discussion 

The relationships between fungi and terrestrial plants, which are central to the structure and 

function of terrestrial ecosystems, have received substantive attention over the last four decades 

(Carroll and Carroll 1978, Janos 1980, Carroll 1988, Petrini 1991, Schulz et al. 1993, Rodrigues 

1994, Fisher 1996, Faeth and Hammon 1997, Schulthess and Faeth 1998, Arnold et al. 2000, 

2001, 2009, Suryanarayanan et al. 2002, 2005, 2011, Agrios 2005, Arenal et al. 2007, Arnold 

and Lutzoni 2007, Higgins et al. 2007, Hoffman and Arnold 2008, Rodriguez et al. 2009, U’Ren 

et al. 2010, 2012). In contrast, fungi from marine, brackish, and fresh waters have been relatively 

neglected (reviewed in Shearer et al. 2007, Wurzbacher et al. 2010, 2011, Krauss et al. 2011). In 

part due to increasing recognition of the frailty and importance of aquatic ecosystems and the 

plants that inhabit them, recent studies have begun to explore the fungi from plants in aquatic 

environments (e.g., Sridhar and Bärlocher 1992, Suryanarayanan and Kumaresan 2000, Beck-

Nielsen and Madsen 2001, Jayachandran and Shetty 2003, Sati and Belwal 2005, de Marins et al. 

2009, J. Shearer 2010, Li et al. 2010, Arya and Sati 2011, Kohout et al. 2012). Although 

important, these studies have generally not adopted a replicated or quantitative approach or 

regional-scale sampling. The goal of this study was to examine the abundance, diversity, 

geographic distributions, and taxonomic composotion of endophytic symbionts from the roots 

and photosynthetic tissues of locally abundant aquatic plants in lakes and reservoirs of northern 

Arizona. The results presented here not only inform our understanding of endophytic symbioses 

in the diverse environments in which plants occur, but also provide suggestions for optimizing 
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future studies that aim to efficiently capture distinctive endophytes for use in bioprospecting-

based applications.  

 

Isolation frequency  

Overall, the isolation frequency we observed (2-3% of tissue segments yielding a fungus in 

culture) was low relative to that observed in previous studies of aquatic plants. Kohout et al. 

(2012) recorded an isolation frequency of 8.8% from roots of five submergent isoetids from 

freshwater oligotrophic lakes in southern and central Norway. Li et al. (2010) recorded an overall 

isolation frequency of 42.8% from stem and leaf tissues from five riparian plants in China (three 

submergent; two in the vicinity of a stream with stem pieces in water). Both studies focused on 

riparian areas that were not man-made and were located in regions with a high density of natural 

riparian systems, such that the regional diversity, abundance, and biomass of aquatic plants was 

likely higher than in our study sites.  

 

The isolation frequency we observed also was lower than in many terrestrial plants, consistent 

with Li et al. (2010), who found a lower isolation frequency in truly aquatic samples (18-30%) 

relative to semi- and non-aquatic tissues in proximity to water (41-63%). Isolation frequency 

from leaves of terrestrial riparian species such as Fraxinus velutina, Quercus emoryi, and 

Populus fremontii in riparian areas of northern Arizona ranged from 0-16% in a recent study, but 

were greater overall than those observed here (mean = 6.5%; Lau et al., in press). U’Ren et al. 

(2010) also detected relatively low isolation frequencies in leaves from 10 species of terrestrial 

plants in other areas of Arizona with similar bioclimatic features (overall, 7.7%). These data 

suggest that culturable endophytic symbionts in the biotic zones studied to date in Arizona may 
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not be very common. However, Suryanarayanan et al. (2005) found an isolation frequency >80% 

for endophytic fungi in stems of cacti in the Sonoran Desert, perhaps corresponding to the high 

water content and long lifetimes of cactus stems. Notably Lau et al. (in press) showed that 

isolation frequency in terrestrial plants was positively associated with rainfall; however, our 

study shows that immersion in water does not ensure high frequency of infection with culturable 

fungi in our study area.  

 

One important difference among published studies of endophytes is the stringency and approach 

for surface-sterilizing tissues (see Fisher et al. 1986, Schulz et al. 1993, Lodge et al. 1996, Faeth 

and Hammon 1997, Arnold et al. 2000, Kohout et al. 2012). We used a method that was 

developed and tested with terrestrial plants (Arnold et al. 2007). When photosynthetic tissues of 

aquatic plants were placed in 10% bleach, they began to lose their pigment after ca. 30 sec. 

Those tissue pieces typically turned yellow or light brown, raising the possibility that our 

sterilization process may have infiltrated and damaged endophytes in these delicate structures. 

Similar concerns were raised by Kohout et al. (2012), who suggested that bleach may infiltrate 

large root cavities, ultimately damaging endophytes. In that study, 100% household bleach was 

used (relative to 10% in the present study), with a shorter immersion time. However, Li et al. 

(2010) used a similar surface sterilization method relative to ours (except that they did not 

include the surface sterilization step of 10 seconds of 95% ethanol, and they rinsed tissue pieces 

with water after sterilization); they still recovered a high isolation frequency of endophytic fungi. 

Notably, both Li et al. (2010) and Kohout et al. (2012) used a different medium (a modified 

recipe based on potato dextrose agar), suggesting its use in future studies. The use of different 

media types can lead to differences in isolation frequency and apparent diversity of fungi 
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(Sandberg and Arnold, in prep) and should be explored further for endophytic fungi. Matching 

both nutrient content and pH relative to substrates may be particularly important in future work. 

Notably, 2% MEA is mildly acidic, but Willow Creek Reservoir, Watson Lake, and Lower Lake 

Mary are slightly alkaline (Arizona Department of Environmental Quality, 2010; Upper Granite 

Creek Watershed Management Plan, 2011, www.azdeq.gov, accessed 4/2013; Sandberg, pers. 

obs.). Here, malt extract agar was used to enhance comparability with endophytes of terrestrial 

plants in the same biogeographic region (Lau et al., in press; U’Ren et al. 2012). 

 

Diversity 

In contrast to isolation frequency, the diversity of fungi observed here (Fisher’s alpha = 27.8) 

and the prevalence of singleton OTU (53.3%) resemble Fisher’s alpha values of ‘hyperdiverse’ 

endophytes in species-rich systems such as tropical forests (e.g., Fisher’s alpha = 25.9 with 59% 

singletons; Arnold and Lutzoni 2007; Fisher’s alpha = 25.9 with 62.8% singletons; Higgins et al. 

2011). The diversity we discovered was much greater than that observed in roots of aquatic 

plants in Norway by Kohout et al. (2012) (Fisher’s alpha = 3.9).  

 

Because this study spanned multiple reservoirs, some of which are quite distant from one another 

(>100 km) and host different fungal communities (see below), our overall diversity values may 

be inflated by regional comparison relative to studies conducted within single sites. Interestingly, 

in three species of terrestrial plants in six riparian areas sampled at a similar spatial scale in 

northern Arizona, Lau et al. (in press) recorded a total Fisher’s alpha of 14.3 (ca. twofold less 

than in the present study). In our work, diversity per host species in each reservoir averaged 10.2 

± 6.5 (range per species, Fisher’s alpha = 0.9 – 20.3), which was 1.41 times greater than the 

http://www.azdeq.gov/
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values found by U’Ren et al. (2012) in terrestrial plants from a similar bioclimatic region in 

southern Arizona with similar sampling methods and sampling intensity (Fisher’s alpha = 7.2 ± 

6.7; range per species, Fisher’s alpha = 0.8 – 10.9). Importantly, each of those studies included 

only foliage; here, we sampled both foliage and roots, and the distinctive communities in each 

tissue type thus increased overall diversity. When we examine the overall diversity only from 

photosynthetic tissues (Fisher’s alpha overall = 23.0, per host species per lake/reservoir average, 

Fisher’s alpha = 12.3 ± 21.0; range per species, Fisher’s alpha = 2.5 – 68.0), diversity was 0.53 

times greater than the values found by U’Ren et al. (2012) and again exceeded those in terrestrial 

plants. Thus in general, our study points to a high diversity of endophytes in aquatic plants 

despite a low isolation frequency. For bioprospecting purposes, high diversity per sampling 

effort is highly desirable, suggesting that distinct endophyte communities in aquatic plants may 

be an important source of endophyte taxa for applied research. 

 

Although our data reveal a high diversity of endophytes, it is likely that additional taxa could be 

recovered using culture-free methods. To date, only a few studies have applied culture-free 

methods to study endophytes of aquatic plants. In Kohout et al. (2012), the culture-independent 

approach yielded a higher diversity of fungi in Norwegian aquatic plants (culture-free method, 

Fisher’s alpha = 8.5) than did a culture-based approach with the same plants (Fisher’s alpha = 

3.9). Similarly, Neubert et al. (2006) found a high diversity of endo- and ectophytic fungi (>600 

OTU) associated with all tissue types of the opportunistically aquatic plant Phragmites australis 

collected from dry and flooded sites in Lake Constance, Germany. Together, these and studies of 

terrestrial plants argue strongly for using culture-independent methods to evaluate endophyte 
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diversity in future work. One drawback of such approaches, though, is that uncultured fungi 

cannot be cultivated in vitro for bioprospecting purposes. 

 

Community structure 

Our study reveals that endophyte communities differ significantly among reservoirs within a 

given sampling period, and among tissue types. Differences among reservoirs correspond to the 

geographic differences in endophyte communities revealed previously in studies of terrestrial 

plants both in the immediate area (Lau et al., in press) and in other regions of Arizona (U’Ren et 

al. 2012). Our results are consistent with the occurrence of significantly different communities 

within each focal reservoir, indicating that for bioprospecting purposes, sampling multiple 

reservoirs to capture distinctive species would be important. Similarly, our data underscore the 

importance of sampling multiple tissue types to gain the richest sample of endophyte taxa. In 

contrast, we did not discover any clear relationship of diversity to sample depth nor major 

differences in communities as a function of host species; thus, sampling within lakes/reservoirs 

may not need to include multiple host species or depths if efficient recovery of rich communities 

is the objective. 

 

Taxonomic composition of communities 

We recovered a very high degree of phylogenetic richness, with at least 37 genera, 19 families, 

13 orders, seven classes, and three phyla estimated to be present among 225 sequenced isolates. 

Clearly a high diversity of lineages and species are capable of forming endophytic symbioses in 

these freshwater systems.  
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At higher taxonomic levels, fungal assemblages in these aquatic plants were distinctive relative 

to those in terrestrial plants of the region, but resembled other surveys of aquatic macrophytes. 

Terrestrial angiosperms in the region typically are dominated by Sordariomycetes, 

Dothideomycetes, and Pezizomycetes, with Leotiomycetes also very common in some conifers 

such as Pinaceae (Lau et al. in press, Hoffman and Arnold 2008, 2010, U’Ren et al. 2010, 2012). 

Previous collections from terrestrial plants in the area have consisted entirely of Pezizomycotina, 

but we also found Basidiomycota (Agaricomycetes) and Mucoromycotina in our aquatic plant 

survey. Our results resemble those of Li et al. (2010), who found high numbers of 

Eurotiomycetes and Dothideomycetes in aquatic plants. Their most predominant fungal taxa 

were similar to ours at the genus level (Cladosporium, Penicillium, Alternaria, Aspergillus, and 

Trichoderma). Many of these fungi are highly cosmopolitan, occurring opportunistically in many 

different environments. Thus it is not yet clear whether the strains we recovered are strictly 

aquatic. We found no evidence for morphology or sequence data resembling Ingoldian or 

aeroaquatic fungi, suggesting that endophytes of aquatic plants may be an important but 

previously overlooked group of fungi in freshwater systems. Thus, for bioprospecting purposes, 

aquatic plants may be an important complement to regional studies of endophytes in terrestrial 

species, and to studies of submerged detritus and woody substrates. 

 

In addition to differences at higher taxonomic levels, the presence of distinctive species of 

endophytes in aquatic plants relative to those in terrestrial plants also would argue for sampling 

from aquatic systems for capturing regional diversity. Aquatic plants differ from terrestrial plants 

not only in their habit of growing in water, but also in a suite of morphological characteristics: 

thinner cuticles, feathery roots, mucilaginous surfaces, and frequently open stomata (Willoughby 
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1977, Wetzel 2001). To test the prediction that endophytes of aquatic plants differ from those in 

proximate terrestrial species at lower taxonomic levels, we compared the full data set of 

genotypes of fungi obtained in the present study (225 isolates) with those found in terrestrial 

plants in northern Arizona riparian zones (111 isolates; Lau et al. in press). Using 95% sequence 

similarity, the overall pool of 346 isolates represented 93 OTU (Fisher’s alpha = 42.8), of which 

56 were found only once (60.2%). Among the 37 OTU found more than once, 33 were found in 

only aquatic or only terrestrial plants, whereas only four were found in both aquatic and 

terrestrial plants. Thus aquatic plants appear to represent an important complement to surveys of 

terrestrial plants in studying endophyte biodiversity. 

 

Together these analyses provide a first quantitative estimation of endophytic associations in the 

aquatic plants and reservoirs/lakes of the western USA. Our work reveals that despite a low 

isolation frequency, endophytes associated with roots and photosynthetic tissues of aquatic plants 

in northern Arizona are highly diverse and distinctive at low- and high taxonomic levels relative 

to those in proximate terrestrial communities. These data suggest that efficient bioprospecting 

surveys could be achieved by including aquatic plants in regional surveys, and by examining 

multiple lakes/reservoirs and tissue types, with less emphasis on multiple host taxa, sampling 

depths, or sampling years. More generally, our study provides a basis for evaluating general 

trends in endophyte biology that have been based mostly on plants in terrestrial ecosystems and 

uncovers the compelling features of fungal communities in aquatic systems. 
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Table legend 

 

Table 1. Locations and characteristics of study sites, and collection data. Asterisk denotes one 

natural lake (Stoneman Lake); all others are reservoirs. Latitude, longitude, and elevation 

indicate central sampling location. Minor changes between years in coordinates reflect changes 

in shorelines due to changes in water levels. Surface data represent published values (Malcolm 

Pirnie and Arizona Department of Environmental Quality 2000 and Arizona Game and Fish 

2011 and, marked with superscript 1), but can fluctuate annually (ranges included in table).
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TABLE 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lake* and reservoir characteristics Sampling data: fall 2011 Sampling data: fall 2012 

Lake or 

Reservoir County 

Surface 

Area1  

(ha) 

Average 

Elevation 

(m) Lat. Long. 

Average 

Depth of 

Sampling 

Location 

(cm) 

Plant  

Species 

Collected 

Plants 

Collected Lat. Long. 

Average 

Depth of 

Sampling 

Location 

(cm) 

Plant 

Species 

Collected 

Plants 

Collected 
  

  

   

    

  

   

  

Morton 

Lake Coconino 4.1 – 11.4 2148 

N 34° 

53.577' 

W 111° 

17.784' 46.6 P. amphibia 3 – – – – – 

  

  

   

  

E. bifoliata 3           

  

  

   

    

          

Mud  

Lake Coconino 2.8 2180 

N 34° 

55.530' 

W 111° 

21.038' 66.7 P. amphibia 3 – – – – – 

  

  

   

  

S. pectinata 1           

              E. bifoliata 3           

              

Stoneman 

Lake* Coconino 48.6 2045 

N 34° 

46.873' 

W 111° 

31.227' 5.1 P. amphibia 3 – – – – – 

  

  

   

  

S. pectinata 1           

  

  

   

  

E. bifoliata 3           

  

  

   

  

M. sibericum 2           

  

  

   

    

  

   

  

Lower Lake 

Mary Coconino 0 – 303.5 2068 

N 35° 

06.611' 

W 111° 

34.779' 9.2 P. amphibia 3 

N 35° 

06.713' 

W 111° 

34.906' 16.2 P. amphibia 3 

  

  

   

  

S. pectinata 3   

  

S. pectinata 3 

  

  

   

  

E. bifoliata 3   

   

  

  

  

   

    

  

   

  

Willow 

Creek Res. Yavapai 138.4 1564 

N 34° 

36.126' 

W 112° 

26.319' 42.8 P. amphibia 3 

N 34° 

36.124' 

W 112° 

26.277' 21.6 P. amphibia 3 

  

  

   

  

S. pectinata 3   

  

S. pectinata 3 

  

  

   

  

E. bifoliata 3   

   

  

  

  

   

    

  

   

  

Watson 

Lake Yavapai 80.9 1585 

N 34° 

35.125' 

W 112° 

25.374' 30.8 P. amphibia 3 

N 34° 

35.143' 

W 112° 

25.367' 49.3 P. amphibia 3 

  

  

   

  

S. pectinata 3   

  

S. pectinata 3 
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Figure legends 

 

Fig. 1. Isolation frequency of endophytes from root and submergent tissues of two species of 

aquatic plants collected from three reservoirs in northern Arizona, USA, in 2011 and 2012 

(reduced data set); bars indicate standard error. Panels indicate isolation frequency of endophytes 

from (A) root and submergent tissues, and the relationship of depth to isolation frequency for (B) 

root and submergent tissues considered together, (C) root tissues only, and (D) submergent 

tissues only (reduced data set). 

 

Fig. 2. Species accumulation curves for the full data set. 

 

Fig. 3. Species accumulation curve for the reduced data set (n = 160 isolates; panel A) and each 

reservoir in the reduced data set that was analyzed independently: (B) Lower Lake Mary (n = 53 

isolates), (C) Watson Lake (n = 41 isolates), and (D) Willow Creek Reservoir (n = 66 isolates). 

Figures show the number of species (OTU) observed (Mao Tau; black lines), lower and upper 

95% confidence intervals (red lines), and bootstrap estimate of richness (blue lines). 

 

Fig. 4. Diversity of endophytes from roots and submergent tissues of two species of aquatic 

plants collected from three reservoirs in northern Arizona, USA, in 2011 and 2012 (reduced data 

set); bars indicate standard error. Panels indicate diversity for each tissue type (A) and as a 

function of sample depth for (B) root and submergent tissues together, (C) roots only, and (D) 

submergent shoots only (reduced data set). 
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Fig. 5. Non-metric multidimensional scaling (NMDS) plots of the reduced data sets and 

nonsingleton OTU, computed using Jaccard and Morisita indices, respectively, for (A-B) 

collection years, (C-D) host species, (E-F) regions, and (G-H) reservoirs. Each point represents 

the fungal community from a plant host, and convex hulls (i.e., the smallest convex polygon 

containing all points) show the area occupied by points from each site. One-way analysis of 

similarity (ANOSIM) indicates that there were no significant differences in community 

composition among collection periods, hosts, and regions. 

 

Fig. 6. Non-metric multidimensional scaling (NMDS) plots of the reduced data sets and 

nonsingleton OTU, computed using Jaccard (A) and Morisita (B) indices, to compare 

composition among reservoirs within each year. Abbreviations correspond to Lower Lake Mary 

(LLM), Watson Lake (WL), and Willow Creek Reservoir (WCR). Each point represents the 

fungal community from a plant host in a reservoir site, and convex hulls (i.e., the smallest 

convex polygon containing all points) show the area occupied by points from each site. One-way 

analysis of similarity (ANOSIM) indicates that there was a significant difference in community 

composition among reservoirs within each year (for  accard’s index only; panel A). 

 

Fig. 7. Non-metric multidimensional scaling (NMDS) plot of endophytic fungi from the reduced 

data set and nonsingleton OTU only, computed using Jaccard (A) and Morisita (B) indices, 

which revealed differences in community composition among three tissue types. Red crosses 

represent emergent shoots (ESL), blue squares represent roots (R), and green diamonds represent 

submergent shoots (SSL).  
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Fig. 1.  
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Fig. 2. 
 

 

― Sobs (Mao Tau) 
― Sobs 95% CI 
― Bootstrap Mean 
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Fig 3.  
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Fig. 4. 
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Fig. 5. 

 

A B 
□ 2011 

+ 2012 

□ 2011 

+ 2012 

ANOSIM 

R = 0.1947 

p = 0.0755 

ANOSIM 

R = 0.0480 

p = 0.3170 
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C D 
□ P. amphibia 

+ S. pectinata 

□ P. amphibia 

+ S. pectinata 

ANOSIM 

R = 0.0320 

p = 0.3843 

ANOSIM 

R = -0.0693 

p = 0.6580 
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E F 
□ Yavapai 
+ Coconino 

□ Yavapai 
+ Coconino 

ANOSIM 

R = -0.1389 

p = 0.8163 

ANOSIM 

R = -0.1270 

p = 0.7671 
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Fig. 6. 

 

A B 
□ WL 

◊ WCR 

+ LLM 

□ WL 

◊ WCR 

+ LLM 

ANOSIM 

R = 0.2617 

p = 0.0327 

ANOSIM 

R = 0.0733 

p = 0.2849 
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Fig. 7. 

 

 

A B □ R 

◊ SSL 

+ ESL 

□ R 

◊ SSL 

+ ESL 

ANOSIM 

R = 0.1241 

p = 0.0208 

ANOSIM 

R = 0.1527 

p = 0.0102 
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Supplementary table legend 

 

Table S1. Sampling locations, collection data, and isolation frequency and diversity of 

endophytic fungi from 64 aquatic plant hosts. Asterisk denotes one natural lake (Stoneman 

Lake); all others are reservoirs. Microsite cluster refers to one of the three microsites in each lake 

or reservoir where aquatic plants were collected. In 2011, we plated 48 pieces/tissue/species/site. 

In 2012 we plated 96 pieces/tissue/species/site. The use of 'N/A' for emergent shoot isolates, 

isolation frequency, and diversity for E. bifoliata, M. sibericum, and S. pectinata indicate that 

emergent shoot tissues did not exist for these host plants. The use of 'ND" indicates that isolation 

frequency was either too low to permit Fisher's alpha calculations, or that Fisher’s alpha values 

were over 100, which were excluded from statistical analyses 
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TABLE S1 

Lake* or 

Reservoir 

Collection 

Dateˣ 

Depth 

(cm) 

Microsite 

Cluster Host Species 

Total 

Root 

Isolates 

Root 

Isolation 

Frequency 

(%) 

Root 

Diversity 

Total 

Submergent 

Shoot 

Isolates  

Submergent 

Shoot 

Isolation 

Frequency 

(%) 

Submergent 

Shoot 

Diversity 

Total 

Emergent 

Shoot 

Isolates 

Emergent 

Shoot 

Isolation 

Frequency 

(%) 

Emergent 

Shoot 

Diversity 

Stoneman 

Lake* 

September 

4, 2011 5.1 1 

Elodea 

bifoliata 10 20.83 1.49 3 6.25 2.66 N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 5.1 1 

Myriophyllum 

sibericum 3 6.25 2.66 0 0 ND N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 5.1 1 

Persicaria 

amphibia 2 4.17 ND 6 12.5 2.45 1 2.08 ND 

Stoneman 

Lake* 

September 

4, 2011 4.4 2 E. bifoliata 1 2.08 ND 0 0 ND N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 4.4 2 P. amphibia 4 8.33 5.52 0 0 ND 0 0 ND 

Stoneman 

Lake* 

September 

4, 2011 4.4 2 

Stuckenia 

pectinata 0 0 ND 1 2.08 ND N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 5.7 3 E. bifoliata 1 2.08 ND 1 2.08 ND N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 5.7 3 M. sibericum 0 0 ND 4 8.33 5.52 N/A N/A N/A 

Stoneman 

Lake* 

September 

4, 2011 5.7 3 P. amphibia 2 4.17 ND 1 2.08 ND 1 2.08 ND 

Lower Lake 

Mary 

September 

5, 2011 11.9 1 E. bifoliata 0 0 ND 1 2.08 ND N/A N/A N/A 

Lower Lake 

Mary 

September 

5, 2011 11.9 1 P. amphibia 8 16.67 28.36 2 4.17 ND 3 6.25 2.66 

Lower Lake 

Mary 

September 

5, 2011 11.9 1 S. pectinata 2 4.17 ND 1 2.08 ND N/A N/A N/A 

Lower Lake 

Mary 

September 

5, 2011 10.2 2 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Lower Lake 

Mary 

September 

5, 2011 10.2 2 P. amphibia 0 0 ND 6 12.5 0.38 3 6.25 0.53 

Lower Lake 

Mary 

September 

5, 2011 10.2 2 S. pectinata 3 6.25 2.66 0 0 ND N/A N/A N/A 

Lower Lake 

Mary 

September 

5, 2011 5.6 3 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Lower Lake 

Mary 

September 

5, 2011 5.6 3 P. amphibia 0 0 ND 3 6.25 0.53 0 0 ND 

Lower Lake 

Mary 

September 

5, 2011 5.6 3 S. pectinata 3 6.25 ND 2 4.17 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 49.1 1 E. bifoliata 1 2.08 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 49.1 1 P. amphibia 1 2.08 ND 0 0 ND 0 0 ND 

Willow Creek 

Reservoir 

October 7, 

2011 49.1 1 S. pectinata 0 0 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 62.5 2 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 62.5 2 P. amphibia 1 2.08 ND 0 0 ND 0 0 ND 
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Willow Creek 

Reservoir 

October 7, 

2011 62.5 2 S. pectinata 0 0 ND 1 2.08 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 88.4 3 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

October 7, 

2011 88.4 3 P. amphibia 1 2.08 ND 0 0 ND 0 0 ND 

Willow Creek 

Reservoir 

October 8, 

2011^ 88.4 3 S. pectinata 0 0 ND 0 0 ND N/A N/A N/A 

Watson Lake 

October 8, 

2011 49.4 1 P. amphibia 1 2.08 ND 1 2.08 ND 1 2.08 ND 

Watson Lake 

October 8, 

2011 49.4 1 S. pectinata 0 0 ND 3 6.25 ND N/A N/A N/A 

Watson Lake 

October 8, 

2011 33.5 2 P. amphibia 0 0 ND 0 0 ND 0 0 ND 

Watson Lake 

October 8, 

2011 33.5 2 S. pectinata 0 0 ND 1 2.08 ND N/A N/A N/A 

Watson Lake 

October 8, 

2011 57 3 P. amphibia 0 0 ND 0 0 ND 0 0 ND 

Watson Lake 

October 8, 

2011 57 3 S. pectinata 0 0 ND 0 0 ND N/A N/A N/A 

Morton Lake 

October 16, 

2011 32 1 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Morton Lake 

October 16, 

2011 32 1 P. amphibia 1 2.08 ND 0 0 ND 1 2.08 ND 

Morton Lake 

October 16, 

2011 33.8 2 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Morton Lake 

October 16, 

2011 33.8 2 P. amphibia 2 4.17 ND 0 0 ND 2 4.17 ND 

Morton Lake 

October 16, 

2011 62.5 3 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Morton Lake 

October 16, 

2011 62.5 3 P. amphibia 7 14.58 7.89 0 0 ND 0 0 ND 

Mud Lake 

October 16, 

2011 16.2 1 E. bifoliata 1 2.08 ND 0 0 ND N/A N/A N/A 

Mud Lake 

October 16, 

2011 16.2 1 P. amphibia 7 14.58 0.29 0 0 ND 1 2.08 ND 

Mud Lake 

October 16, 

2011 33.5 2 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Mud Lake 

October 16, 

2011 33.5 2 P. amphibia 0 0 ND 0 0 ND 0 0 ND 

Mud Lake 

October 16, 

2011 42.7 3 E. bifoliata 0 0 ND 0 0 ND N/A N/A N/A 

Mud Lake 

October 16, 

2011 42.7 3 P. amphibia 0 0 ND 0 0 ND 0 0 ND 

Mud Lake 

October 16, 

2011 42.7 3 S. pectinata 0 0 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

June 1, 

2012 20.4 1 P. amphibia 3 3.13 ND 5 5.21 3.2 1 1.04 ND 

Willow Creek 

Reservoir 

June 1, 

2012 20.4 1 S. pectinata 2 2.08 ND 0 0 ND N/A N/A N/A 

Willow Creek 

Reservoir 

June 1, 

2012 27.7 2 P. amphibia 3 3.13 ND 4 4.17 ND 1 1.04 ND 

Willow Creek 

Reservoir 

June 1, 

2012 27.7 2 S. pectinata 2 2.08 ND 5 5.21 1.25 N/A N/A N/A 

Willow Creek 

Reservoir 

June 1, 

2012 16.8 3 P. amphibia 31 32.29 1.63 3 3.13 2.66 0 0 ND 

Willow Creek 

Reservoir 

June 1, 

2012 16.8 3 S. pectinata 2 2.08 ND 0 0 ND N/A N/A N/A 
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Watson Lake 

June 1, 

2012 64 1 P. amphibia 7 7.29 5.32 1 1.04 ND 1 1.04 ND 

Watson Lake 

June 1, 

2012 64 1 S. pectinata 0 0 ND 2 2.08 ND N/A N/A N/A 

Watson Lake 

June 1, 

2012 41.5 2 P. amphibia 2 2.08 ND 1 1.04 ND 2 2.08 ND 

Watson Lake 

June 1, 

2012 41.5 2 S. pectinata 4 4.17 ND 1 1.04 ND N/A N/A N/A 

Watson Lake 

June 1, 

2012 42.4 3 P. amphibia 1 1.04 ND 5 5.21 ND 0 0 ND 

Watson Lake 

June 1, 

2012 42.4 3 S. pectinata 0 0 ND 8 8.33 0.33 N/A N/A N/A 

Lower Lake 

Mary 

June 2, 

2012 9.4 1 P. amphibia 4 4.17 ND 2 2.08 ND 0 0 ND 

Lower Lake 

Mary 

June 2, 

2012 9.4 1 S. pectinata 0 0 ND 3 3.13 0.53 N/A N/A N/A 

Lower Lake 

Mary 

June 2, 

2012 27.7 2 P. amphibia 0 0 ND 0 0 ND 1 1.04 ND 

Lower Lake 

Mary 

June 2, 

2012 27.7 2 S. pectinata 1 1.04 ND 1 1.04 ND N/A N/A N/A 

Lower Lake 

Mary 

June 2, 

2012 11.4 3 P. amphibia 1 1.04 ND 1 1.04 ND 0 0 ND 

Lower Lake 

Mary 

June 2, 

2012 11.4 3 S. pectinata 3 3.13 ND 0 0 ND N/A N/A N/A 

 

*Denotes one natural lake (Stoneman Lake); all others are reservoirs 

^S. pectinata from the Watson Lake collection in 2011 was collected a day after the original collection 

ˣIn 2011, 48 pieces/tissue/species/site; in 2012, 96 pieces/tissue/species/site 
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APPENDIX B 

 

RELATIONSHIP OF ENDOPHYTIC FUNGI IN AQUATIC PLANTS TO  

SEDIMENT AND WATERBORNE FUNGI IN THREE RESERVOIRS IN  

NORTHERN ARIZONA, USA  

 

Intended submission to area managers and limnologists as a professional report 
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Abstract 

Although recent studies have made substantive progress in beginning to understand the 

contributions of endophyte diversity to estimates of global species richness of fungi, a major 

question remains unresolved: to what degree are endophytic fungi distinct relative to other 

communities of fungi in the environment? Freshwater lakes and reservoirs represent important 

but under-explored study systems in which this question can be addressed effectively. We used a 

culture-based approach to characterize fungal communities recovered from water, sediment, and 

aquatic plants in the littoral zones of three reservoirs in northern Arizona, USA. In summer 2012, 

water and sediment samples were collected with proximate samples of the most abundant species 

of submergent and emergent macrophytes. Fungi were isolated on the same media from each 

substrate, and were sequenced for a 1000 basepair fragment comprising the nuclear ribosomal 

internal transcribed spacers and 5.8S gene (ITS rDNA), and partial nuclear ribosomal large 

subunit (LSU rDNA). Fungi were highly abundant in water and sediment of each reservoir, but 

the communities we observed were not highly diverse relative to those occurring as endophytes. 

At higher taxonomic levels, communities in all three substrates and all reservoirs were 

dominated by Eurotiomycetes. However, at the species level, communities differed markedly 

among reservoirs and among substrates. Most strikingly, we found that communities of 

waterborne-, sediment-, and endophytic fungi within each reservoir differed significantly, 

indicating relatively little overlap among environmental communities (in water and sediment) 

and symbiotic communities (in tissues). Methodological issues and suggestions for future studies 

are provided to qualify our preliminary conclusion that these communities differ markedly, 

suggesting that endophytes of aquatic plants are an important addition to studies of global 

biodiversity of fungi. 



89 

 

Keywords: Aquatic macrophyte, aquatic fungi, Ascomycota, benthic, biodiversity, lake, 

endophytic fungi, freshwater, reservoir, sediment, symbiosis, waterborne



90 

 

Introduction 

Fungi represent one of the most diverse clades of eukaryotes (Blackwell 2011) and interact with 

most major lineages of life through symbiosis (Alexopoulous et al. 1996, Hawksworth 2001, 

Arnold 2007). They are important in nutrient cycling and plant health in all ecosystems in which 

they have been studied in detail (Clay and Holah 1999, Hawksworth 2001). Over the past three 

decades an increased focus on the diversity of symbiotic fungi has led to the discovery of many 

new species (see Raja et al. 2007, 2010, Le Calvez et al. 2009, Jones et al. 2011, Rosling et al. 

2011, Ferrer et al. 2012). However, mycologists generally agree that the vast majority of fungal 

biodiversity has yet to be discovered, with a large number of species occurring as hidden 

symbionts of macroscopic hosts (Blackwell 2011). Endophytic symbioses in particular are 

thought to harbor diverse and previously unknown fungi (see Arnold and Lutzoni 2007). 

Although recent studies have made substantive progress in beginning to understand endophyte 

diversity (reviewed by Arnold 2007, Rodriguez et al. 2009), a major question remains 

unresolved: to what degree are endophytic fungi distinct relative to other communities of fungi in 

the environment?  

 

Freshwater lakes and reservoirs represent one system in which the differences between 

endophytic fungi and free-living fungi in the environment can be addressed effectively. 

Endophytes of most plants are acquired from the environment surrounding that plant, colonizing 

tissues after contagious spread via horizontal transmission (see Bayman et al. 1998, Arnold 

2007). Because such lentic systems are often bounded communities without large amounts of 

biodiversity exchange (if not connected directly; see Appendix A, this thesis), sampling fungi in 

water and sediment of lakes and reservoirs provides a useful comparison with endophytic 
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communities in the same environment. Moreover, freshwater communities are understudied with 

regard to their fungal biodiversity: freshwater environments encompass only a fraction of the 

Earth’s surface (0.8%), but they are highly productive ecosystems that provide water as an 

important natural resource for agriculture and almost every crucial industry (Niereg 1985, 

Wetzel 2001, Polunin 2008, Maier et al. 2009). Shearer et al. (2007) states that approximately 

3,047 taxa of aquatic fungi have been reported thus far, with the majority from freshwater. 

However, it is not known whether fungi in aquatic systems generally represent distinctive, 

strictly aquatic species – or terrestrial species that occur incidentally in aquatic environments 

(Shearer et al. 2007, Wurzbacher et al. 2011). A culture-based approach is especially important 

in this case because it helps distinguish living from nonviable fungal propagules. 

 

Here we address these questions in a culture-based study of fungal communities from three 

reservoirs in northern Arizona, USA. Specifically, we evaluate the distinctiveness of waterborne 

(planktonic), sediment-borne (benthic), and endophytic fungi sampled concurrently, using 

similar methods in proximate sites. We focus on the littoral zones of the reservoirs, because these 

areas typically have the highest abundance and diversity of fungi relative to pelagic areas, and 

are more accessible from shore (Borman et al. 1997, Wetzel 2001, Ranković 2005, Maier et al. 

2009, Wurzbacher et al. 2010, Wurzbacher et al. 2011). This study is the first to quantify fungal 

community structure in water and sediment of freshwater reservoirs in the western US, and the 

first to discover if endophytes there represent a subset of the locally available water- and 

sediment fungi. This work will contribute to a better understanding of limnology, especially 

fungal community structures in freshwater reservoirs, aquatic fungal ecology from substrates that 
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are not often sampled from in freshwater ecosystems (water and sediment), and help provide 

sampling strategies for endophytes and aquatic fungi for possible bioprospecting studies.  

 

Materials and Methods 

In June 2012, we collected three samples of water and three samples of sediment at each of three 

microsites in each of three freshwater reservoirs in northern Arizona (Willow Creek Reservoir, 

Watson Lake, and Lower Lake Mary; 54 samples: 27 water and 27 sediment) (Table 1). 

Reservoirs are described in Appendix A of this thesis. Microsites were spaced at ca. 35 m 

intervals along accessible shorelines of each reservoir and were the same as those used to collect 

plants for endophyte isolation (Appendix A, this thesis), except that water and sediment were 

collected 5-15 m from the plant collection area, and the three sampling locations within each 

microsite were 5-15 m apart. The average water depth of the sampling locations was 38.1 cm 

(range: 10.8 – 86.3 cm).   

 

Plants were collected as described in Appendix A of this thesis. Water and sediment samples 

were collected at the same time and were taken from the uppermost 12.5 cm of water and the 

first 12.5 cm of sediment. When taking sediment samples, additional water was avoided by 

creating an air pocket by a quick motion from above the water surface to the sediment of the lake 

or reservoir bottom. Samples were gathered in sterile 50 mL Falcon tubes, with each sample 

containing 25 mL of either sediment or water. Water and sediment samples were placed in a 

cooler for transport to the lab.  

 

Water and sediment processing 
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Within 72 hours of collection, water and sediment samples were plated on 100 x 15 mm Petri 

dishes containing 2% malt extract agar (MEA) amended with antibiotics to exclude bacterial 

growth (15 µg/mL tetracycline, 100 µg/mL ampicillin, 50 µg/mL kanamycin, and 40 µg/mL 

Ciprofloxacin; see Fisher et al. 1986, Rodrigues 1994, Lodge et al. 1996, Gamboa and Bayman 

2001, Hoffman and Arnold 2010).  

 

Water samples were agitated and aliquoted into 1.5 mL microcentrifuge tubes. Samples were 

spread onto one plate for each stock and diluted solution with a sterilized metal rod directly after 

being vortexed (750 µL/plate; stock) or diluted 1:10 and vortexed prior to spreading (750 

µL/plate; dilution).  

 

Sediment samples were placed in 2 mL microcentrifuge tubes and prepared as suspensions 

containing 0.4 g of sediment in 1.6 mL of sterile water. Sediment samples were placed in a 

vaccum centrifuge at 30°C for 50-60 minutes before addition of sterile water. This suspension 

was vortexed and either spread directly (750 µL/plate; stock) or diluted 1:10 prior to spreading 

(750 µL/plate; dilution). Plates were wrapped tightly with Parafilm and incubated at room 

temperature (~22°C) with ambient light.  

 

Fungal colonies were counted in the central 5 X 5 cm of each plate after 140 h (water) or 72 h 

(sediment). Bacterial colonies were noted but were not isolated or included in the analyses 

outlined below. We isolated only 1-14 culturable fungi per plate, choosing only the most 

morphologically unique cultures. Apparently pure fungal colonies were transferred to new 2% 

MEA plates that were not amended with antibiotics, and were incubated as above until sufficient 
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mycelium was obtained for DNA extraction and vouchering. Microbial isolates were archived at 

the Robert L. Gilbertson Mycological Herbarium (LB0001-LB0220; including cases in which 

there were multiple isolates archived from a single culture).  

 

Molecular methods  

Most isolates lacked reproductive structures in pure culture and could not be identified beyond 

the level of phylum based on morphology. Therefore, total genomic DNA was extracted directly 

from fresh mycelium using a phenol:chloroform method (Arnold and Lutzoni 2007) or a 

modified protocol from the Extract-N-Amp tissue PCR kit (Sigma-Aldrich, St. Louis, MO). We 

selected 1-14 colonies/plate, with the aim of maximizing morphological diversity in our sample, 

for molecular analysis. Possible artifacts of our sampling approach therefore include (1) 

potentially underestimating diversity due to rapid overgrowth by some fast-growing fungi, and 

(2) potentially overestimating diversity by sampling preferentially for morphologically distinct 

strains. 

 

For each focal strain we PCR-amplified and sequenced the 600-800 base pair nuclear ribosomal 

internal transcribed spacers and 5.8s gene (ITS rDNA) and the first 400-600 base pairs of the 

adjacent portion of the nuclear ribosomal large subunit (LSU rDNA) as a single fragment using 

primers ITS1F or ITS5 and LR3 (Gardes and Bruns 1993, White et al. 1990, Vilgalys and Hester 

1990). Together these regions include fast- and slow-evolving regions that are widely used in 

fungal systematics (U’Ren et al. 2010). PCR mixtures for samples extracted using 

phenol:chloroform consisted of 12.5 L Sigma Readymix REDTaq (Sigma-Aldrich), 8.5 L 

PCR-quality water, 1 L of each primer (10 M), 1 L dimethyl sulfoxide (DMSO), and 1 L 
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DNA template. For samples treated with Extract-N-Amp, 20 L PCR mixtures consisted of 10 

L REDExtract-N-Amp, 4.4 L PCR-quality water, 0.8 L of each primer, and 4 L DNA 

template (Sigma Aldrich Extract-N-Amp PCR Tissue Protocol).  

 

PCR products were evaluated by gel electrophoresis on 1% agarose gels with SYBR Green I 

(Molecular Probes, Invitrogen; Carlsbad, CA). PCR products that yielded visible bands of ca. 

800-1500 base pair were sent to the University of Arizona Genetics Core facility (UAGC) to be 

cleaned, quantified, normalized and sequenced bidirectionally using an Applied Biosystems 

3730xl DNA Analyzer (Foster City, California, USA).  

 

The software programs phred and phrap (Ewing and Green 1998; Ewing et al. 1998) were used 

to call bases and assemble bidirectional reads into consensus sequences using the ChromaSeq 

package in Mesquite v. 1.06 (Maddison and Maddison 2005; Maddison and Maddison 2009). All 

contigs were edited manually in Sequencher version 4.5 (Gene Codes, Ann Arbor, MI) to verify 

base calls. Sequences were submitted to GenBank (accessions pending).  

 

Community analyses 

Taxonomic placement of each strain was estimated at higher levels based on comparisons of 

sequences with BLASTn searches of the NCBI GenBank database (Altschul et al. 1990). Class 

level taxonomy for each isolate was estimated using the top hit from BLASTn queries (ITS 

rDNA-partial LSU rDNA; Altschul et al. 1990, U’Ren et al. 2012).  
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Molecular data were used to delimit operational taxonomic units (OTU) using 95% sequence 

similarity and 40-character overlap in Sequencher v. 4.5 (Gene Codes Corp., Ann Arbor, MI). 

This degree of sequence similarity was chosen based on U’Ren et al. (2009), who showed that 

ITS rDNA sequences of known sister species in four genera of Dothideomycetes and 

Sordariomycetes usually differ by ca. 4-5%. OTU based on 95% ITS rDNA-partial LSU rDNA 

sequence similarity often approximate species boundaries when compared against published 

phylogenies and were used as a proxy for species (U’Ren et al. 2009). Sequences were also 

assembled into groups at the genotype level (i.e., 100% sequence similarity), as well as at 99% 

sequence similarity; general conclusions did not differ when operational taxa were delimited at 

these stringent levels, but the number of singletons increased to the point of prohibiting 

community analyses. Therefore, the results below are based on 95% ITS rDNA-partial LSU 

rDNA sequence similarity. 

 

Species accumulation curves and bootstrap estimates of total richness were inferred in EstimateS 

v. 8.2.0 (http://viceroy.eeb.uconn.edu/EstimateS) using 50 randomizations of sample order 

without replacement. Diversity was measured by Fisher's alpha, a parameter of the log series 

model that is robust to variation in sample sizes (Fisher et al. 1943; Arnold et al. 2009).  

 

Statistical analyses comparing richness and diversity were performed in JMP v. 10.0.0 (SAS 

Institute, Cary, North Carolina, USA). Similarity indices were calculated in EstimateS and in 

PAST v. 1.88 (Hammer et al. 2001) after removing all singleton OTU. Similarity was measured 

with  accard’s index (based on presence/absence data only), and the Morisita-Horn index (based 

on isolation frequency).  accard’s index and Morisita-Horn values range from 0 (no similarity) to 
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1 (identical communities). Results were used in PAST for the analysis of similarity (ANOSIM; 

Clarke 1993) and visualized using non-metric multidimensional scaling (NMDS), an ordination 

method that uses rank-order information in a dissimilarity matrix (Gauch 1982, U’Ren et al. 

2012). ANOSIM uses distance measures to test the null hypothesis that there are no differences 

in species composition between two or more groups (Warwick et al. 1990, Clarke 1993, U’Ren 

et al. 2012). Distances (defined as 1-Morisita’s index) were converted to ranks and the test 

statistic R calculated as the difference of mean ranks between versus within groups (U’Ren et al. 

2012). Significance was computed by 10,000 permutations of group membership.  

 

Results and Discussion 

Fungi were obtained in culture from 44 of 54 samples (i.e., from all sediment samples, and 17 of 

27 water samples). Fungal abundance, measured as CFU/mL (i.e., colony forming units per mL), 

was greater in sediment than in water when assessed using 1:10 dilutions; however, abundance 

from undiluted samples was similar for each substrate (Table 2). The central 5 X 5 cm for 

undiluted samples were often dominated by a few large, fast-growing fungal colonies, causing 

our CFU/mL measurements to be lower for undiluted samples vs. diluted samples.  

 

Fungal abundance in sediment differed significantly among reservoirs, but abundance in water 

did not (Table 2). Fungi were particularly abundant in sediment from Lower Lake Mary (Table 

2). 

 

In general, fungi were more abundant in our samples than expected based on previous studies. 

Only a few studies have sampled from fresh water and sediment using culture-based methods. 
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Woollett and Hedrick (1970) and Libkind et al. (2003) recovered yeast cells from water in 

freshwater lakes with a density of ca. 0.25-0.70 CFU/mL. Libkind et al. (2003) did not find any 

evidence of fungal colonies in the water column of freshwater systems in Argentina; this 

contrasts with our study. However, Ranković (2005) found waterborne fungi in five oligotrophic 

or eutrophic reservoirs in Serbia, with the highest fungal abundance in the littoral zone and an 

overall fungal abundance of only ca. 2-5 CFU/mL (ca. tenfold less than the values we observed; 

Table 2).  

 

We are unsure as to why the lakes and reservoirs we studied were so productive with regard to 

fungal colonies, but suspect that our results reflect our different isolation methods compared to 

previous studies, as well as the relatively warm water temperatures and the capacity of terrestrial 

and aquatic fungi to intermingle at the edges of reservoirs that fluctuate seasonally in water 

levels (www.azdeq.gov, accessed 4/2013; Sandberg, pers. obs.). We also suspect that the recent 

history of each reservoir may be important. Not only do reservoirs typically demonstrate 

different limnological characteristics than natural lakes – including different mixing patterns and 

higher retention of pollutants – but historical treatment of the site can be important. For example, 

Watson Lake historically received effluent from the city of Prescott, Arizona, and in 2010 a 

storm resulted in the dumping of three million gallons of partially treated sewage into the 

reservoir (Upper Granite Creek Watershed Management Plan, 2011). Both Watson Lake and 

Willow Creek Reservoir experience major algal and bacterial blooms, sometimes on annual 

cycles, coincident with high nutrient inputs from contaminated surface flow (Upper Granite 

Creek Watershed Management Plan, 2011). Lower Lake Mary does not receive city effluent, but 

has a history of environmental pollution, as illustrated by periodic ‘fish advisories’ by the 

http://www.azdeq.gov/
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Arizona Department of Environmental Quality, which warns against consumption of fish in the 

area (www.azdeq.gov, accessed 4/2013). Such pollutants, combined with eutrophic conditions 

and warm water, may contribute to the elevated numbers of fungi observed here. In future work, 

we would propose sampling water and sediment from lakes/reservoirs in Arizona that have not 

historically been affected by treatment and sites that do not drastically fluctuate in seasonal water 

levels.  

 

Diversity of representative fungi 

A total of 227 representative isolates from water and sediment were evaluated using molecular 

sequence data (100 from water; 127 from sediment, see Table S1). High-quality sequence data 

from 226 isolates revealed 26 OTU based on 95% ITS rDNA-partial LSU rDNA similarity 

(Fisher’s alpha = 8.2) and 61 genotypes based on 100% ITS rDNA-partial LSU rDNA similarity 

(Fisher’s alpha = 27.9). Fewer than half of the 26 OTU (38.5%) were singletons (i.e., found only 

once). Bootstrap estimates of total richness suggested that approximately 86% of expected 

species richness was found by our survey (Figure 1A). Sampling in each reservoir in this data set 

was statistically complete or nearly complete (Lower Lake Mary = 91.1% of expected richness, 

Watson Lake = 84.9%, Willow Creek Reservoir = 83.9%; Figure 1B-D).  

 

Diversity of fungi from water, sediment, and plant tissues differed significantly (Figure 2A; F = 

7.26, df = 2, 19, p = 0.0045). This significant difference reflects a high diversity of endophytes: 

diversity of fungi from sediment and water was low, and diversity in those two substrates did not 

differ from one another (t = 0.37, df = 21.99, p = 0.7167). Like the endophytic fungi described in 

Appendix A (this thesis), diversity did not differ for waterborne- and sediment fungi as a 

http://www.azdeq.gov/
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function of depth overall (Figure 2B, R
2 

= 0.0656, p = 0.1882), or when considered separately 

(Figure 2C, water, R
2
 = 0.1495, p = 0.1720; Figure 2D, sediment, R

2 
= 0.0297, p = 0.5558).  

 

Taxonomic composition 

The majority of fungi recovered from water and sediment were members of the Pezizomycotina 

(Ascomycota; n = 218 sequences with defined taxonomy). The remaining eight isolates were 

Basidiomycota (Agaricomycetes) representing 4 OTU, ca. 2 orders (Agaricales and Russulales), 

3 families (Podoscyphaceae, Strophariaceae, and Tricholomataceae), and 3 genera (Pholiota, 

Podoscypha, and Tricholoma), based on BLAST results. Pezizomycotina from water and 

sediment spanned four classes and approximately 4 orders, 9 families, and 20 genera.  

 

Like the endophyte communities sampled in the same sites, Eurotiomycetes were most common 

from water and sediment (43.8% of isolates [99 isolates], representing 6 OTU, ca. 1 family and 4 

genera). In water and sediment, Sordariomycetes (26.5% of isolates [60 isolates], representing 8 

OTU, ca. 4 families and 8 genera) and Dothideomycetes (23.5% of isolates [53 isolates], 

representing 5 OTU; ca. 3 families and 5 genera) also were fairly common, followed distantly by 

Leotiomycetes (1.4% of isolates [3 isolates], representing 2 OTU; ca. 1 family and 2 genera). 

Three isolates representing 1 OTU of environmental fungi were not identifiable to the class level 

(incertae sedis) and are referred to as “mitosporic Ascomycota” with BLAST affinity for 

Scolecobasidium, a genus of uncertain placement.  

 

These waterborne- and sediment fungal communities are similar to those recovered by Ranković 

(2005) who found high numbers of Eurotiomycetes, Sordariomycetes, and Dothideomycetes in 
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freshwater lakes. The most predominant fungal taxa in that study were similar to ours at the 

genus level (Penicillium, Aspergillus, Fusarium, Phoma, and Cladosporium). Similarly, Iskandar 

et al. (2011) found only Eurotiomycetes from riverine sediment, with communities dominated by 

Penicillium and Aspergillus, consistent with their dominance here. 

 

Similarly, Harrop et al. (2009) found similar taxonomic composition among aquatic fungi from 

decomposing leaves of Arizona alder (Alnus oblongifolia) and Arizona sycamore (Platanus 

wrightii) from Fossil Creek in Arizona. Fossil Creek is similar in terms of bioclimatic features to 

our study areas and is located between our two collection regions, but does not share a watershed 

with our reservoirs. Harrop et al. (2009) recorded high numbers of Dothideomycetes that were at 

times consistent with our samples at the genus level (e.g., Phoma), but also found Basidiomycota 

and Chytridiomycota. Aquatic fungi are understudied in Arizona, and have now only been 

sampled from one bioclimatic region, leading the way for more surveys of freshwater ecosystems 

in different biotic zones within the state to be explored.  

 

An important caveat to our work is that our isolation methods may have allowed especially fast-

growing fungi to overtake isolation plates, such that we may have missed some species. Chytrids 

and diverse lineages of fungi outside the Dikarya often grow slowly and might have been 

outcompeted by fast-growing fungi. Wurzbacher et al. (2011) notes that fungi from the 

Mucoromycotina, Kickxellomycotina, Zoopagomycotina and Entomophthoromycotina often can 

be observed after diluting water samples; however, we did not recover any of these fungi from 

our 1:10 dilutions. In future work we would aim to expand our use of different media and would 

use greater dilution factors for sampling, preventing overgrowth by common or fast-growing 
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taxa. It is also possible that additional lineages of fungi might have been observed had we used 

culture-free methods. To date, only a few studies have applied culture-free methods to study 

fungi from aquatic systems. Mohamed and Martiny (2011) collected sediment samples from salt, 

brackish, and freshwater marshes in Rhode Island, and found a high diversity of fungi. The 

majority belonged to Ascomycota, followed by low numbers of Basidiomycota and 

Chytridiomycota. In contrast, Monchy et al. (2011) collected water samples from two freshwater 

lakes in France, and found fungi that belonged to the Chytridiomycota, followed by Ascomycota 

and low numbers of Basidiomycota.  

 

Community composition 

ANOSIM indicates that waterborne- and sediment fungal communities differed significantly in 

composition based on presence-absence data, but not when based on abundance data (Figures 

3A-B). The former result indicates that often, different fungi are present in each substrate. The 

latter shows that when the same fungi are present in each substrate, they are present in similar 

abundances. Thus we suggest that some fungi may be more likely to occur in one substrate or the 

other, whereas other fungi occur in both substrates with similar frequency. Further study is 

needed to determine whether some fungi are present in the water column or soil as hyphae, rather 

than spores. This may help distinguish actively growing fungi in one substrate, for example, 

from potentially incidental, sporoform fungi in the other (see Rankovic 2005). 

 

Like the endophytes discussed in Appendix A (this thesis), communities of these environmental 

fungi differed significantly among reservoirs (Figures 3C-D). This suggests that communities are 

distinct at both small- and large geographic scales. Such high beta diversity contradicts the 
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traditional perspective in microbiology that ‘everything is everywhere’ and underscores the 

importance of sampling at regional scales when attempting to contribute to estimates of fungal 

biodiversity through aquatic surveys. It is consistent with the strong geographic differences 

observed by Lau et al. (in press) in their survey of endophytes in disjunct riparian areas in 

northern Arizona. 

 

At the outset of this study we anticipated that endophytes would represent a subset of the local 

fungal flora occurring in water and sediment in each reservoir. To our knowledge, endophytic 

fungi of aquatic plants are transmitted horizontally, much like the endophytes of terrestrial plants 

(see Arnold and Herre 2003, Arnold 2007). Terrestrial plants appear to acquire endophytes from 

locally available fungal inocula in the air column (Arnold and Herre 2003). Thus, we predicted 

that endophyte communities would, on a per-reservoir basis, not differ significantly from 

environmental fungi. However, we found that overall, fungal communities differed significantly 

among the three substrate types (sediment, water, and aquatic plants; Figures 4A-B). These 

composite fungal communities differed significantly among reservoirs (Figures 4C-D), so we 

focused our analyses on each reservoir individually. However, fungal communities in water, 

sediment, and plants were significantly different in each of the three focal reservoirs (Figures 5A, 

C, E), as well as between reservoirs (Figures 5B, D, and F). Thus, we do not have strong 

evidence for local recruitment per se – simply geographical variation in fungi from each 

substrate, and recruitment of different fungi as endophytes than those that (at the time of our 

sampling) were abundant in sediment and water.  
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It is possible that endophytes are an ecologically specialized group that grow abundantly within 

plant tissues, but do not proliferate or persist in sediment or water. However, we suspect that our 

sampling may have biased us to over-differentiate these communities: even though we sampled 

in the same areas and used the same growth medium, we obtained a large number of fast-

growing fungi from sediment and water. It is possible that these fast-growing fungi represented a 

small but very generalized or broadly saprotrophic subset of all fungi in sediment and water – 

that is, those least likely to occur as endophytes. Perhaps fungi in water or sediment that might 

also grow as endophytes grow more slowly on standard media plates, coincident with an 

ecological preference for symbiosis in nature. In future work we would propose two experiments 

to address this uncertainty: we could compare growth rates of closely related strains from 

water/sediment and plants, predicting that those from water/sediment would generally grow 

faster on MEA than endophytic strains. Second, we would raise aquatic plants in a sterile 

environment, introduce them to lakes/reservoirs, and compare their endophyte communities to 

the fungal communities present in water and sediment both at the time of planting, and at 

harvest. 

 

Conclusions 

Fungi from marine, brackish, and fresh waters are extremely understudied in comparison to fungi 

from terrestrial ecosystems, even though roughly 71% of the Earth’s surface is covered by water 

(reviewed in Shearer et al. 2007, Wurzbacher et al. 2010, 2011, Krauss et al. 2011). Researchers 

have begun to focus on these environments to uncover unique fungal biodiversity outside of 

terrestrial habitats (e.g., Suryanarayanan and Kumaresan 2000, Schmit and Shearer 2003, Raja et 

al. 2007, 2009, Ranković 2005, Harrop et al. 2009, Le Calvez et al. 2009, Shearer et al. 2009). 
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However, little has been known regarding the relationships between environmental fungi in 

sediment and water, and those occurring in aquatic plants as endophytes – and the distinctiveness 

of these communities relative to those in terrestrial systems has not been clarified previously. 

Our research is a first step toward addressing those questions. 

 

Together, these analyses provide a first quantitative estimation of waterborne- and sediment 

fungi in reservoirs of the western USA. Although preliminary, our work reveals that despite the 

high isolation frequency, fungi associated with water and sediment samples in northern Arizona 

are not highly diverse, especially in comparison to endophytes from nearby aquatic plants. 

Water-, sediment-, and endophytic fungi of aquatic plants are distinctive at low- and high 

taxonomic levels relative to those in proximate terrestrial communities. These data suggest that 

efficient bioprospecting surveys could be achieved by including water, sediment, and aquatic 

plants in regional surveys, and by examining multiple reservoirs/lakes and substrate types, with 

less emphasis on sampling depths. However, because of our collection constraints, all samples 

were from the littoral zones of the reservoirs (the shallowest part that is often dominated by 

aquatic macrophytes). Sampling water and sediment from the pelagic zones or open waters of 

reservoirs could provide more insight into fungal biodiversity, as would expanding surveys to 

more than a single time point and nutrient medium.  
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Table 1. Locations and characteristics of study sites, and collection data. Latitude, longitude, and 

elevation indicate central sampling location. Surface data represent published values (Arizona 

Game and Fish 2011, marked with superscript 1), but can fluctuate annually (ranges included in 

table). 

Reservoir County 

Surface 

Area 

(ha)
1 

Collection 

Date Latitude Longitude 

Average 

Elevation 

(m) 

Average 

Depth 

(cm) 

Sample 

Type 

Collected 

 

Willow Creek 

Reservoir Yavapai 138.4 

June 1, 

2012 

N 34° 

36.124' 

W 112° 

26.277' 1567 63 

Water and 

Sediment 

  

       

  

Watson Lake Yavapai 80.9 

June 1, 

2012 

N 34° 

35.143'  

W 112° 

25.367'  1574 28 

Water and 

Sediment 

  

       

  

Lower Lake 

Mary Coconino 0-303.5 

June 2, 

2012 

N 35° 

06.713' 

W 111° 

34.906'  2071 23 

Water and 

Sediment 
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Table 2. Average fungal colony forming units per mL (CFU/mL) and standard deviation (SD) from stock or 1:10 dilution solution 

from either water or sediment of three reservoirs in northern Arizona. 

 

Average CFU/mL ± SD for stock solutions Average CFU/mL ± SD for 1:10 dilutions 

Reservoir Sediment
1 

Water
2 

Sediment
1 

Water
2 

Willow Creek Reservoir 31.80 ± 14.53
 

10.71 ± 10.87
 

133.87 ± 97.73
 

40.16 ± 87.10
 

Watson Lake 41.16 ± 19.27
 

51.20 ± 20.21
 

147.26 ± 344.12
 

30.12 ± 120.48
 

Lower Lake Mary 80.66 ± 93.85
 

27.11 ± 50.29
 

585.68 ± 90.36
 

20.08 ± 21.30
 

Total CFU/mL Mean ± SD 51.20 ± 26.10
A+ 

29.67 ± 62.46
A^ 

288.93 ± 295.74
B+ 

30.12 ± 84.78
B^ 

 

A 
Undiluted

 
sediment vs undiluted water: p > 0.05 

B 
Diluted sediment vs diluted water: p < 0.05 

+ 
Undiluted sediment vs diluted sediment: p < 0.05 

^ 
Undiluted water vs diluted water: p > 0.05 

1 
Undiluted sediment/diluted sediment among reservoirs: p < 0.05  

2 
Undiluted water/diluted water among reservoirs: p > 0.05 
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Figure legends 

 

Fig. 1. Species accumulation curves for (A) the full data set of waterborne- and sediment fungi (n 

= 226 isolates), and for each reservoir: (B) Lower Lake Mary (n = 87 isolates), (C) Watson Lake 

(n = 60 isolates), and (D) Willow Creek Reservoir (n = 79 isolates). Figures show the number of 

species (OTU) observed (Mao Tau; black lines), lower and upper 95% confidence intervals (red 

lines), and bootstrap estimate of richness (blue lines). 

 

Fig. 2. Diversity of fungi collected from water, sediment, and aquatic plants (as endophytes) in 

three reservoirs in northern Arizona, USA, in summer 2012; bars indicate standard error (A). 

Fungal diversity as a function of sample depth for (B) water and sediment, (C) water only, and 

(D) sediment only. 

 

Fig. 3. Non-metric multidimensional scaling (NMDS) plots of waterborne- and sediment fungi 

using Jaccard and Morisita indices, respectively, for (A-B) substrate types and (C-D) reservoirs. 

Abbreviations correspond to Lower Lake Mary (LLM), Watson Lake (WL), and Willow Creek 

Reservoir (WCR). Each point represents the fungal community from either water or sediment in 

one collection, and convex hulls (i.e., the smallest convex polygon containing all points) show 

the area occupied by points from each site. One-way analysis of similarity (ANOSIM) indicates 

that community composition differed significantly among substrate types and reservoirs (i.e., A-

D).  

 

Fig. 4. Non-metric multidimensional scaling (NMDS) plot of waterborne-, sediment, and 

endophytic fungi using Jaccard and Morisita indices, respectively, for (A-B) substrate types and 
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(C-D) reservoirs. One-way analysis of similarity (ANOSIM) indicates that community 

composition differed significantly among substrate types and reservoirs (i.e., A-D). 

Fig. 5. Non-metric multidimensional scaling (NMDS) plot of water, sediment, and endophytic 

fungi communities, used to test the hypothesis of local recruitment of endophytes from 

proximate waterborne and sediment fungi. Similarity was calculated using  accard’s index for 

nonsingletons only. Under our hypothesis we expect no significant differences between 

environmental and endophytic fungi within reservoirs, but significant differences between 

environmental and endophytic fungi between reservoirs. Panels: (A) water, sediment and 

endophytic fungi from Willow Creek Reservoir. (B) Endophytes from Willow Creek Reservoir, 

with waterborne- and sediment fungi from Lower Lake Mary and Watson Lake. (C) Water, 

sediment, and endophytic fungi from Watson Lake. (D) Endophytes from Watson Lake, with 

waterborne- and sediment fungi from Lower Lake Mary and Willow Creek Reservoir. (E) Water, 

sediment and endophytic fungi from Lower Lake Mary. (F) Endophytes from Lower Lake Mary 

withwaterborne- and sediment fungi from Watson Lake and Willow Creek reservoir. One-way 

analysis of similarity (ANOSIM) indicates that community composition differed significantly 

among fungi from different substrate types within each reservoir (i.e., A, C, E) and when 

comparing endophyte communities from one reservoir against waterborne- and sediment fungi 

from two other reservoirs (i.e., B, D), except for (F) which did not significantly differ.
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Fig. 1 
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Fig. 2  

 

A F = 7.26, df = 2, 19, p = 0.0045 

C R
2

 = 0.1495, p = 0.1720 D R
2

 = 0.0297, p = 0.5588 

B R
2

 = 0.0656, p = 0.1882 
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Fig. 3 
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Fig. 4 

 

 
 



121 

 

 
 

 



122 

 

Fig. 5 
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Table S1. Sampling locations, collection data, abundances, and diversity of fungi recovered from water and sediment samples. As 

described in Appendix A, microsite cluster refers to one of the three microsites of a reservoir where aquatic plants were collected. 

Sampling location within microsite refers to one of the three areas within each microsite where water and sediment samples were 

collected. Fungal abundance, measured as CFU/mL, is included for undiluted and diluted water and sediment samples. Undiluted and 

diluted samples were measured in the central 5 x 5 centimeters of each plate. Total isolates selected refers to the 1-14 most 

morphologically distinct colonies/plate that were selected for further analyses. ‘Selected isolates’ include isolates that were sampled 

outside of the central 5 x 5 centimeters of each plate. The use of 'ND" indicates that isolation frequency was either too low to permit 

Fisher's alpha calculations, or that Fisher’s alpha values were over 100, which were excluded from statistical analyses. 

Reservoir 

Collection 

Date 

Depth 

(cm) 

Microsite 

Cluster 

Sampling 

Location 

within 

Microsite 

Substrate 

Type 

CFU/mL 

Undiluted^ 

CFU/mL 

Diluted^ 

Total 

Isolates 

Selected* 

Total 

Isolate 

Diversity 

Willow Creek 

Reservoir June 1, 2012 15.1 1 A Sediment 54.22 301.20 2 ND 

Willow Creek 

Reservoir June 1, 2012 15.1 1 A Water 15.06 0 8 1.88 

Willow Creek 

Reservoir June 1, 2012 18.5 1 B Sediment 36.14 150.60 0 ND 

Willow Creek 

Reservoir June 1, 2012 18.5 1 B Water 60.24 0 0 ND 

Willow Creek 

Reservoir June 1, 2012 15.9 1 C Sediment 54.22 271.08 0 ND 

Willow Creek 

Reservoir June 1, 2012 15.9 1 C Water 0 0 3 2.56 

Willow Creek 

Reservoir June 1, 2012 41.1 2 A Sediment 27.11 60.24 7 3.94 

Willow Creek 

Reservoir June 1, 2012 41.1 2 A Water 0 0 4 5.52 

Willow Creek June 1, 2012 62.5 2 B Sediment 30.12 150.60 7 3.95 



126 

 

Reservoir 

Willow Creek 

Reservoir June 1, 2012 62.5 2 B Water 21.08 361.45 6 5.54 

Willow Creek 

Reservoir June 1, 2012 27.5 2 C Sediment 18.07 30.12 6 2.45 

Willow Creek 

Reservoir June 1, 2012 27.5 2 C Water 0 0 3 0.53 

Willow Creek 

Reservoir June 1, 2012 27.3 3 A Sediment 12.05 30.12 8 6.04 

Willow Creek 

Reservoir June 1, 2012 27.3 3 A Water 0 0 0 ND 

Willow Creek 

Reservoir June 1, 2012 26.4 3 B Sediment 24.10 120.48 14 5.72 

Willow Creek 

Reservoir June 1, 2012 26.4 3 B Water 0 0 1 ND 

Willow Creek 

Reservoir June 1, 2012 19.0 3 C Sediment 30.12 90.36 10 4.08 

Willow Creek 

Reservoir June 1, 2012 19.0 3 C Water 0 0 0 ND 

Watson  

Lake June 1, 2012 52.1 1 A Sediment 27.11 271.08 0 ND 

Watson  

Lake June 1, 2012 52.1 1 A Water 114.46 0 0 ND 

Watson  

Lake June 1, 2012 55.8 1 B Sediment 27.11 90.36 6 2.45 

Watson  

Lake June 1, 2012 55.8 1 B Water 0 0 0 ND 

Watson  

Lake June 1, 2012 68.6 1 C Sediment 54.22 150.60 0 ND 

Watson  

Lake June 1, 2012 68.6 1 C Water 12.05 0 4 1.63 

Watson  

Lake June 1, 2012 60.9 2 A Sediment 36.14 180.72 0 ND 

Watson  

Lake June 1, 2012 61.0 2 A Water 280.12 0 0 ND 

Watson  

Lake June 1, 2012 79.2 2 B Sediment 36.14 30.12 13 2.03 

Watson  

Lake June 1, 2012 79.2 2 B Water 0 0 1 ND 

Watson  June 1, 2012 61.6 2 C Sediment 36.14 180.72 9 1.59 
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Lake 

Watson  

Lake June 1, 2012 61.6 2 C Water 48.19 0 0 ND 

Watson  

Lake June 1, 2012 55.5 3 A Sediment 51.20 60.24 8 1.88 

Watson  

Lake June 1, 2012 55.5 3 A Water 3.01 271.08 6 14 

Watson  

Lake June 1, 2012 86.3 3 B Sediment 51.20 271.08 4 5.52 

Watson  

Lake June 1, 2012 86.3 3 B Water 0 0 1 ND 

Watson  

Lake June 1, 2012 50.0 3 C Sediment 51.20 90.36 2 ND 

Watson  

Lake June 1, 2012 50.0 3 C Water 3.01 0 6 14 

Lower Lake 

Mary June 2, 2012 23.0 1 A Sediment 60.24 120.48 10 1.49 

Lower Lake 

Mary June 2, 2012 23.0 1 A Water 159.64 30.12 13 2.81 

Lower Lake 

Mary June 2, 2012 30.0 1 B Sediment 75.30 391.57 0 ND 

Lower Lake 

Mary June 2, 2012 30.0 1 B Water 3.01 30.12 10 2.5 

Lower Lake 

Mary June 2, 2012 13.0 1 C Sediment 75.30 120.48 9 0.78 

Lower Lake 

Mary June 2, 2012 13.0 1 C Water 9.04 0 8 0.89 

Lower Lake 

Mary June 2, 2012 26.2 2 A Sediment 102.41 361.45 12 2.12 

Lower Lake 

Mary June 2, 2012 26.2 2 A Water 0 0 2 ND 

Lower Lake 

Mary June 2, 2012 42.7 2 B Sediment 69.28 692.77 0 ND 

Lower Lake 

Mary June 2, 2012 42.7 2 B Water 12.05 30.12 10 1.49 

Lower Lake 

Mary June 2, 2012 25.5 2 C Sediment 117.47 1024.10 0 ND 

Lower Lake 

Mary June 2, 2012 25.5 2 C Water 9.04 0 4 5.52 

Lower Lake June 2, 2012 10.8 3 A Sediment 75.30 873.49 0 ND 
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Mary 

Lower Lake 

Mary June 2, 2012 10.8 3 A Water 9.04 0 7 3.94 

Lower Lake 

Mary June 2, 2012 13.3 3 B Sediment 60.24 903.61 0 ND 

Lower Lake 

Mary June 2, 2012 13.3 3 B Water 15.06 30.12 3 ND 

Lower Lake 

Mary June 2, 2012 22.2 3 C Sediment 90.36 783.13 0 ND 

Lower Lake 

Mary June 2, 2012 22.2 3 C Water 27.11 60.24 0 ND 

^CFU for diluted and undiluted samples were counted in the central 5 X 5 centimeters of each plate and transformed to reflect 1 mL volumes; total  

isolates selected may indicate isolates outside of the center 

*We selected 1-14 of the most morphologically distinct colonies/plate 

 



 

 


