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Abstract:
The alpine zone is comprised of habitats at elevations above treeline. Macromycetes (fungi that
produce mushrooms) play important ecological roles as decomposers and mycorrhizal symbionts here
as elsewhere. This research examined alpine macromycetes from the Rocky Mountains over 3 years,
and includes: 1) a morphological taxonomic study of alpine Laccaria species, 2) a molecular
phylogenetic study of alpine Laccaria using ribosomal DNA internal transcribed spacer (rDNA-ITS)
sequences, and 3) a plot-based synecological study of macromycetes on the Beartooth Plateau
(Montana/Wyoming, USA). The genus Laccaria is an important group of ectomycorrhizal (EM)
basidiomycetes widely used in experimental and applied research on EM fungi. Five taxa are
recognized in the Rocky Mountain alpine using macro- and micromorphological and culture data. All
occur in Colorado, and are: Laccaria bicolor, L. laccata var. pallidifolia, L. pumila, L. montana and L.
sp.(a new taxon similar to L. montana, with more elliptical, finely echinulate basidiospores). Only L.
pumila and L. montana occur on the Beartooth Plateau. All are associated with species of Salix, and L.
laccata also with Dryas octopetala and Betula glandulosa. Maximum-parsimony phylogenetic analysis
of rDNA-ITS sequences for 16 alpine Laccaria collections provided strong support for morphological
species delineations. Laccaria laccata var. pallidifolia is highly divergent relative to other taxa. Laccaria
pumila and L. montana are supported as distinct species, along with a putative new taxon related to
both. All taxa are supported by molecular synapomorphies except L. pumila, which exhibits a unique
combination of insertion-deletions and single nucleotide polymorphisms. Alpine L. bicolor often lacks
a violet basal tomentum, but differs from L. laccata by a robust, striate stipe and finely fibrillose pileus,
characters supported by phylogenetic results. Interspecific ITS variation ranges from 1.6-7.3 %, and
intraspecific variation from 0-1% in analyzed collections. Fifteen plots on the Beartooth Plateau, most
containing a single EM host, were sampled multiple times per season. A total of 33 species (48% of
estimated Beartooth Plateau total) were recorded. Small sampling plots focused on EM hosts were
effective in representing most common EM fungal species; however, the EM host range of most
species was not fully represented. 
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ABSTRACT

The alpine zone is comprised of habitats at elevations above treeline. 
Macromycetes (fungi that produce mushrooms) play important ecological roles as 
decomposers and mycorrhizal symbionts here as elsewhere. This research examined 
alpine macromycetes from the Rocky Mountains over 3 years, and includes: I) a 
morphological taxonomic study of alpine Laccaria species, 2) a molecular phylogenetic 
study of alpine Laccaria using ribosomal DNA internal transcribed spacer (rDNA-ITS) 
sequences, and 3) a plot-based synecological study of macromycetes on the Beartooth 
Plateau (Montana/Wyoming, USA). The genus Laccaria is an important group of 
ectomycorrhizal (EM) basidiomycetes widely used in experimental and applied research 
on EM fungi. Five taxa are recognized in the Rocky Mountain alpine using macro- and 
micromorphological and culture data. All occur in Colorado, and are: Laccaria bicolor,
L. Iaccata var. pallidifolia, L. pumila, L. montana and L. sp.(a new taxon similar to L. 
montana, with more elliptical, finely echinulate basidiospores). Only L. pumila and L. 
montana occur on the Beartooth Plateau. All are associated with species of Salix, and L. 
Iaccata also with Dryas octopetala and Betula glandulosa. Maximum-parsimony 
phylogenetic analysis of rDNA-ITS sequences for 16 alpine Laccaria collections 
provided strong support for morphological species delineations. Laccaria laccata var. 
pallidifolia is highly divergent relative to other taxa. Laccaria pumila and L. montana 
are supported as distinct species, along with a putative new taxon related to both. All taxa 
are supported by molecular synapomorphies except L. pumila, which exhibits a unique 
combination of insertion-deletions and single nucleotide polymorphisms. Alpine L. 
bicolop often lacks a violet basal tomentum, but differs from L. laccata by a robust, 
striate stipe and finely fibrillose pileus, characters supported by phylogenetic results. 
Interspecific ITS variation ranges from 1.6-7.3 %, and intraspecific variation from 0-1% 
in analyzed collections. Fifteen plots on the Beartooth Plateau, most containing a single 
EM host, were sampled multiple times per season. A total of 33 species (48% of 
estimated Beartooth Plateau total) were recorded. Small sampling plots focused on EM 
hosts were effective in representing most common EM fungal species; however, the EM 
host range of most species was not fully represented.



CHAPTER I

LITERATURE REVIEW AND PROJECT OVERVIEW 

Introduction

Alpine organisms live close to life’s fringes, surviving under nearly constant 

conditions of environmental stress. While the climate, faunas, and vascular plant floras 

of alpine regions have been well (though by no means comprehensively) studied, fungi 

and other soil microorganisms, though of critical importance to ecosystem functioning, 

are relatively poorly known. This study is an attempt to make progress toward filling this 

gap in our understanding. The research described comprises two major components: a 

systematic study of Rocky Mountain alpine Laccaria species (Order Agaricales) using 

morphological and molecular data, and a plot-based synecological study of alpine 

macrofungi (Phylum Basidiomycota, Order Agaricales) on the Beartooth Plateau in 

southern Montana and northern Wyoming.

The term “alpine zone” refers to high mountain habitats situated at elevations 

above the climatic treeline, on an elevational gradient between the subalpine and nival 

(permanent snow cover) zones (Fig. I). Treeline, the elevational limit for growth of the 

tree form in vascular plants, is situated at altitudes above which trees are physiologically 

unable to ripen shoots quickly enough to withstand adverse environmental conditions. 

Wardle (1974) comments that “timberline is therefore one of the most significant 

boundaries in biological nature, separating two fundamentally different ecosystems.”
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The alpine zone comprises approximately 4 million square kilometers, or 3% of 

the earth’s land surface (Kdrner, 1999). North temperate alpine habitats are similar in 

terms of climate and vegetation to the Arctic, i.e., habitats situated at latitudes beyond 

treeline, and the two habitats are often considered collectively as comprising the 

“tundra,” or arctic-alpine, biome that covers approximately 8 percent of the Earth’s land 

surface (Chapin and Kdrner, 1995).

Alpine

Subalpine

Montane

Lowland
Forest

Figure I. Schematic diagram showing elevational gradient of mountain vegetation zones.

Although most north-temperate alpine regions are geographically distant from the 

Arctic, similarities in climate-imposed physiological limits in addition to geologic events 

have shaped species distribution patterns and resulted in a high number of species having 

both arctic and alpine distributions. The following sections on patterns and origins of 

arctic-alpine biodiversity draw upon the literature pertaining to vascular plants. In
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contrast to arctic-alpine vascular plant floras, arctic-alpine mycotas (“fungal floras” or 

fungal species assemblages) are poorly !mown in many parts of the world, precluding the 

ability to discern any large-scale patterns of species distribution. There are two primary 

reasons why a discussion of arctic-alpine vascular plant distributions may be relevant 

here. First, it is plausible that environmental factors have acted similarly in influencing 

distributions of both plants and fungi. Secondly, the presence of close associations 

between plants and both saprobic and mycorrhizal fungi predicts that fungal species 

distributions may follow those of particular plant species (or vice versa). For these 

reasons, the biogeographic patterns observed in arctic-alpine vascular plants provide an 

initial hypothesis for studies of such patterns in arctic-alpine macro fungi.

General Patterns of Arctic-Alpine Biodiversity

Although arctic and alpine habitats share a large number of plant species, the two 

physiographic regions differ in two main ways in regard to patterns of species diversity. 

First, the contribution of forest populations to overall species distributions, being a 

function of distance, is likely to be of greater importance in alpine than in arctic habitats 

(Gardes and Dahlberg, 1996). In addition, species diversity tends to be higher in alpine 

areas than in the arctic, both as a result of the proximity of dissimilar habitats (due to 

large altitudinal changes over a short distance) and the occurrence of a larger number of 

distinct, favorable microclimates (Billings, 1973, 1974a; Chapin & Kdmer, 1995; Muller 

& Magnus on, 1987). In general, species diversity tends to decrease with increases in 

altitude and latitude (Chapin & !Corner, 1995).



Origins of Alpine and Arctic Floras

The present north-temperate alpine vascular plant flora is hypothesized to have a 

complex evolutionary history resulting from a number of factors, including adaptive 

radiations in older species relocated and isolated by tectonic processes, migration of 

arctic species during periods of glaciation, adaptations in lower elevation montane 

species, and ice age survival of species in glacial refugia (Komer, 1995; Love & Love, 

1974; Murray, 1995). The floras of tropical alpine regions are vastly different from those 

of temperate regions, and are hypothesized to be composed largely of evolutionary 

lineages derived from lower elevation plants. Due to these differences in species 

composition and evolutionary history, tropical alpine floras will not be further discussed 

in this study. However, one exceptional element of these tropical floras seems worthy of 

mention here in relationship to the floras of north temperate alpine ecosystems: a Tertiary 

’’remnant of an old flora of the mountain chain north of the Tethys Sea” that makes up 

part of the flora of both the Tibetan alpine zone and the southern Rocky Mountains (Love 

& Love, 1974).

Early Western North American Alpine Floras

Although the lack of early Mesozoic alpine plant fossils makes the early 

evolutionary history of alpine plants difficult to trace, evidence indicates that plants had 

colonized North American alpine zones at least as early as the late Cretaceous period 

(Billings, 1974b). Species distribution patterns and the occurrence of endemic species 

provide evidence that upward migration of lower elevation species and subsequent



radiation of new evolutionary lineages, as well as long-distance events or “alpine island

hopping,” were important forces contributing to the present alpine flora (Billings, 1974b). 

Billings (1974b) recognizes a “strong endemic element” in the Rocky Mountain flora, 

and notes that the flora of the Beartooth Plateau of southern Montana and northern 

Wyoming consists of approximately 50% arctic-alpine and 50% western North American 

endemic species. The percentage of arctic-alpine species exhibits a southward decrease, 

with only about 25% of southern Rocky Mountain species having arctic-alpine 

distributions; a majority of species are related either to central Asian alpine species, 

southwest desert species, or represent endemic taxa.

Development of the Early Arctic Flora

Fossil evidence indicates that no representatives of current arctic-alpine plant 

genera were present in the northern plains during the early Tertiary period (Love & Love, 

1974). Rather, it appears that by the early Eocene, the vegetation of the northern latitudes 

was dominated by elements of the Tertiary nemoral flora as the result of northward 

continental drift. Evolution of elements of the present arctic-alpine flora from these 

Tertiary species appears to have occurred in latitudes north of the conifer zone by the 

Late Miocene, and an early arctic flora of approximately 1,500 species had achieved a 

circumpolar distribution prior to the beginning of the Pliocene glaciation events (Love & 

LOve,1974).
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Effects of Pliocene/Pleistocene Glaciation

The glacial events of the Pliocene and Pleistocene periods profoundly influenced 

the distribution of arctic-alpine floras through the combined effects of climate change, 

physical disruption of species ranges, migration barriers, and occurrence of glacial and 

interglacial refugia. During periods of glaciation, ice cover resulted in the physical 

disruption of formerly circumpolar species distributions, and climatic cooling resulted in 

the southward displacement of species ranges. It is these southward displacements, and 

subsequent upward altitudinal migration of species, that is hypothesized to result in the 

observed patterns of shared species between arctic and alpine habitats (Love & Love, 

1974). Of those species that did not extend southward, some, it can be presumed, 

suffered extinction. Some species, however, survived in northern regions in glacial 

refugia such as coastlines, islands, or nunataks (unglaciated mountain peaks surrounded 

by glacial ice) that escaped glaciation. These species, in addition to lower-latitude alpine 

species that experienced northward range extensions during interglacial periods, then 

colonized or recolonized arctic habitats during late Pleistocene interglacial periods 

(Abbott et ah, 2000; Billings, 1974b; Ives,, 1974b; Muller & Magnuson, 1987). The 

observation that most alpine populations of arctic-alpine species differ at the ecotype 

level from their arctic counterparts underscores the effect of barriers to gene flow during 

glacial periods, and suggests that populations surviving in glacial refugia may have been 

more important than northward-expanding populations in serving as interglacial source 

populations (Billings^ 1974b; Love & Love, 1974). Billings (1974b) stresses the
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importance of interglacial as well as glacial refugia in affecting the evolution of alpine 

species. In the former, alpine species were able to survive during upward elevational 

forest migrations during periods of deglaciation when climates became warmer. In 

addition to displacing ranges southward and isolating populations in refugia, glaciation 

events led to accelerated paces of evolution by fragmenting once-circumpolar species 

into isolated, independently evolving lineages (Love & Love, 1974).

An alternate hypothesis states that a widely distributed Northern Hemisphere 

arctic-alpine flora (in contrast to the solely Arctic flora mentioned above) was present 

prior to Pleistocene glaciation events, and that Pleistocene; glaciation resulted in 

dissecting this arctic-alpine flora rather than forcing southward migrations of species. The 

presence oLplants having Rocky Mountain -  central Asian disjunct distributions seems to 

provide evidence supporting this hypothesis (Blair, 1996).

In regard to contemporary forces, work by Riebesell (1982) suggests that plant 

migration and extinction are ongoing, processes in the alpine, comparable to island 

communities, and that alpine plant populations are dynamic rather than representing 

strictly relict populations. In summary, alpine vascular plant floras consist of elements 

having a complex mixture of historical origins: endemic species evolved from adapted 

populations of lower elevation species coexisting with local populations of more widely 

distributed species with distribution patterns resulting from a number of geological 

phenomena.



8

Arctic-Alpine Mvcotas

The biogeographic and evolutionary patterns of alpine macrofungi are much more 

poorly understood than are those of vascular plants; for instance, the level of endemism 

in western North American alpine species cannot yet be determined due to the lack of any 

previous large-scale studies of the mycota of this region, and a lack of baseline 

biogeographic data makes overall evolutionary patterns difficult to discern. Watling 

(1987) posed the question of whether the distributions of macro fungi are directly related 

to the migration of plant species, mirror patterns of plant distributions on the basis of 

similar physiological tolerance zones rather than on directly following plant migrations, 

or are, in fact, not similar to patterns of arctic-alpine plant distributions. An addition to 

these questions is whether saprobic fungal lineages follow the same evolutionary patterns 

as symbiotic or parasitic lineages. The biogeographic and evolutionary patterns observed 

for vascular plants can serve as a template for investigations of the evolution of alpine 

fungal taxa; however, more baseline biodiversity data are necessary before patterns for 

fungi can be reliably interpreted:

As mentioned earlier, the presence of mycorrhizal associations may predict that 

the distribution patterns of mycorrhizal macrofungi follow that of their plant hosts (or 

vice versa). Mycorrhizae are mutualistic associations between certain species of fungi 

and the roots of certain species of vascular plants. Ectomycorrhizae are a type of 

mycorrhizae in which the fungal hyphae form a sheath around the fine root tips of the 

plant. Nutrient exchange takes place in a netlike-structure (Hartig net) that surrounds the
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plant epidermal cells. Ectomycorrhizae are generally formed by macro fungi in the 

Basidiomycota, and occasionally Ascomycota. Other types of mycorrhizal fungi are not 

considered in the present study.

Most mycorrhizal fungi are obligant symbionts, able to complete their life cycles 

only when associated with a suitable host plant. Ectomycorrhizal (EM) fungi exhibit 

various degrees of host specificity, with most having a wide host range while others (e.g. 

Suillus spp.) are restricted to a single host genus or species within a genus (Smith & 

Read, 1997). Watling (1992) notes that most EM macrofungi associated with willows 

(Salix spp.) in Great Britain are species having broad host ranges; however, he also notes 

that willow-dominated regions in Great Britain share many EM fungal species with 

willow-dominated regions in continental Europe. This finding suggests that the 

distributions of EM fungi are influenced by, or at least mirror, those of EM host plants.

Previous arctic-alpine fungal inventories indicate that between 28% and 60% of 

these mycotas comprise EM fungi (Cripps et ah, 2001; Gulden, 1996); these fungi are 

associated with a limited number of host plant species (Table I). While historical factors 

may explain broader patterns of species distributions, localized distributions of EM host 

plants, especially Salix spp.(the most common EM host plants in the North American 

alpine zone), may be the most important factor affecting Rocky Mountain alpine EM 

fungal distributions (C. Cripps, personal communication).

Because saprobic fungi appear to exhibit a degree of substrate specificity, it is 

likely that their distributions are influenced by the distribution of host plants as well. 

Preliminary evidence suggests that some saprobic macrofungi are host specific. A study
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Table I . Ectomycorrhizal host plants documented in arctic alpine habitats. Adapted from 
Gardes & Dahlberg (1996) with additions by T. Osmundson.

Species References

Arctostaphylos alpina Michelsen et ah 1996

Arctostaphylos rubra MilleretaL 1982

Betula glandulosa Eddington & Cripps (manuscript in preparation), 
Lange 1957

Betula nana Michelsen et al. 1996, Miller et al. 1982, Treu et al 
1996, Vare et al. 1997

Cassiope tetragona Miller 1982, Miller & Laursen 1974, Kohn & 
Stasovski 1990, Stutz 1972

Crepis aurea Read & Haselwandter 1981
Daphne striata Read & Haselwahdter 1981
Dryas integrifoha Bledsoe et al. 1990, Kohn & Stasovski 1990, Miller 

& Laursen 1974, Read & Haselwandter 1981, Stutz 
1972, Vare et al. 1992

Dryas octopetala Bledsoe et al. 1990, Debaud et al. 1981, 
Haselwandter & Read 1980, Lesica & Antibus 
1986, Miller 1982, Read & Haselwandter 1981, 
Treu et al. 1996, Vare et al. 1992

Festuca rubra Read & Haselwandter 1981
Heliantheinum oelandicum Read Sc Haselwandter 1981
Homogyne alpina Read Sc Haselwandter 1981
Kobresia bellardii (=K. myosuroides) Haselwandter & Read 1980, Kohn Sc Stasovski 

1990, Massicotte et al. 1998, Read Sc Haselwandter
1981

Pedicularis capitata Kohn Sc Stasovski 1990
Pediculans dasyantha Vare et al. 1992
Pediculans hirsuta Stutz 1972
Polygonum viviparum Haselwandter Sc Read 1980, Lesica Sc Antibus ■ 

1986, Massicotte et al. 1998, Michelsen et al. 1996, 
Read Sc Haselwandter 1981, Treu et al 1996

Potentilla hyparctica Bledsoe et al. 1990, Haselwandter Sc Read 1980
Potentilla reptans Read Sc Haselwandter 1981
Potentilla stricta Read Sc Haselwandter 1981
Pyrola grandiflora Kohn Sc Stasovski 1990
Sahx spp. Bledsoe et al. 1990, Dhillion 1994, Haselwandter Sc 

Read 1980, Kohn Sc Stasovski 1990, Laursen Sc 
Chmielewski 1982, Linkins & Antibus 1982, 
Michelsen et al. 1996, Miller 1982, Read Sc 
Haselwandter 1981, Stutz 1972, Treu et al. 1996, 
Vare etal. 1992, 1997

Saxifraga oppositifoba Kohn Sc Stasovski 1990, Stutz 1972
Saxifraga paniculata Read Sc Haselwandter 1981
Silene  ̂acaulis Read Sc Haselwandter 1981
Vaccinium uligionosum Stutz 1972



by Horak and Miller (1992) indicates that species of Galerina, a genus of moss- 

decomposing fungi, are restricted to certain mosses. In'addition, the saprobic species 

Marasmius epidryas is reported only on dead leaves of Dryas spp.

In addition to historical and biotic factors, abiotic factors such as soil type and 

microclimate may influence macrofungal distributions. Lesica and Antibus (1986) found 

that levels of root colonization by arbuscular mycorrhizal fungi were significantly higher 

on calcareous than on acidic soils, speculating that this phenomenon is due to the fact that 

phosphorous availability can be limiting at pH levels higher than 7 and that mycorrhizal 

associations may therefore be particularly advantageous for plant growth on calcareous 

soils. It has not been established whether a similar pattern exists for EM fungi.

Alpine Climate

Perhaps the most common characterization of the temperate alpine zone is as a
I

cold-dominated region: the effects of low average temperatures are in fact widespread, 

including short growing seasons, high incidence of water stress, and low soil nutrient 

availability due to reduced rates of weathering and mineralization processes, low biomass 

production, low decomposition rates and high levels of aeolian erosion (Gardes & 

Dahlberg, 1996; !Corner, 1999; Lesica & Antibus, 1986). However, other factors such as 

high maximum solar radiation and reduced atmospheric pressure may be more common 

among alpine regions on a global scale; therefore, it can be said that cold temperatures 

alone do not account for patterns of adaptation exhibited by alpine plants (!Corner, 1999).
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In the Rocky Mountain temperate alpine zone, distribution of plant (and 

presumably fungal) species may be further influenced by low water availability due to 

high winds that remove snow cover in winter and increase evapotranspiration in plants 

during the growing season (Lesica & Antibus, 1986), and by low annual precipitation due 

to the influences of a continental climate type.

Perhaps the most critical determinant of species diversity levels and local 

distribution patterns is the occurrence of numerous, diverse, topologically influenced 

microclimates, or “topoclimates” (Barry and Van Wie, 1974; Billings, 1974a; Kdrner, 

1999). Local differences in solar radiation, slope, and exposure (in turn influenced by 

wind speed, air temperature and soil type) influence soil temperatures, snow drift and 

cover patterns and melt rates, depth of soil thaw, effects of wind and local differences in 

plant canopy structure, and may in fact be more important than the more generalized 

“alpine climatic conditions” in determining species distributions (Billings, 1974a;

Billings & Bliss, 1959; Kdrner,, 1999). Billings (1974a) draws a sharp contrast between 

arctic-alpine and forested habitats in terms of the relationship between vegetation and the 

physical environment, stating that, “unlike the situation within a forest, the modification 

of microclimate by vegetation is minimal and the physical environment dominates the 

vegetation.” Distinct microclimates can result from the location of a number of physical 

features, including rocks, solifluction terraces, soil polygons, or, for soil organisms or 

small-statured plants, from shelter offered by shrubs or other plants (Billings, 1974a).



Adaptations in Arctic-Alpine Plants and Fungi

The origin of alpine life forms required adaptations to the unique climatic 

challenges associated with altitudinal extremes. In plants, these adaptations include 

avoidance of low temperature extremes through genetically determined patterns of 

growth form (e.g., cushion, prostrate shrub and rosette morphologies), phenological and 

life history patterns (e.g., dormancy, responses to temperature and photoperiod, 

predominance of perennial over annual species) and microhabitat selection (Kdmer,

1999). While compiling data on arctic-alpine fungal adaptations is outside the scope of 

the present research, a brief discussion of hypothesized adaptations is presented here 

because a better understanding of these mechanisms will ultimately enhance the 

understanding of evolutionary patterns in arctic-alpine fungi.

In terms of temperature adaptation, fungi must be able to endure freezing 

temperatures even during the growing season and resume metabolism without having to 

undergo an extended dormancy phase (Savile, 1982). Putative fungal adaptations to 

arctic-alpine and cold-dominated environments include physiological .adaptations 

allowing growth at low temperatures, biochemical adaptations such as the production of 

cryoprotectant compounds, spore germination requiring incubation at sub-freezing 

temperatures, the ability of basidiocarps to resume spore production following freezing, 

production of dormant spores, thick and/or pigmented cell and spore walls, spores having 

a gelatinous outer coating, and self-compatible mating systems (Aragno, 1981; Gardes & 

Dahlberg, 1986; Ingold, 1982; Muller & Magnuson, 1987; Robinson, 2001). Research on
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cold tolerance in fungi indicates that cold-adapted ecotypes exist within species (Cline et 

ah, 1987; Tibbett et ah, 1998), a phenomenon well !mown in vascular plant species (e.g., 

Billings & Mooney, 1968; McGraw, 1985); whether this ecotypic variation in fungi is the 

result of phenotypic plasticity or genetic drift is a question open to further research.

The aforementioned occurrence of self-compatible mating systems may be of 

particular importance in certain ectomycorrhizal basidiomycetes. The occurrence of fungi 

that produce basidia having a two-sterigmate condition (two spores borne on each 

basidium), instead of the typical four-sterigmate condition (resulting from meiosis and 

subsequent migration of one nucleus into each spore), is hypothesized to occur more 

frequently in arctic-alpine than in temperate species (Gardes and Dahlberg, 1996). This 

state occurs in genera such as Laccaria and Inocybe that are commonly found in 

disturbed and primary successiona! habitats as well as in arctic-alpine regions. In the 

two-sterigmate condition, basidiospores normally contain twice the normal number of 

nuclei (Mueller et ah, 1993) and may therefore be secondarily homothallic, he., contain 

both mating type alleles and therefore be self-fertile. Secondary homothallism may allow 

rapid colonization of disturbed or extreme habitats, since mycelia from two spores of 

opposite mating types do not have to find each other for successful mating to occur.

The association of fungi in symbioses may represent an additional means of 

adaptation to conditions (in arctic-alpine or non-arctic-alpine habitats) of water stress or • 

high ultraviolet radiation. The occurrence of Ascomycete and (very few) Basidiomycete 

fungi with algae or cyanobacteria in lichen symbioses is plentiful in arctic-alpine habitats, 

suggesting a potentially adaptive situation (Billings & Mooney, 1968; Larcher & Bauer,



1981; Redhead & Kuyper, 1987). Basidiolichens are comparatively abundant in arctic- 

alpine habitats, and represent a recently evolved symbiosis compared to ascolichens 

(Lutzoni & Vilgalys, 1995).

Studies of roots of arctic-alpine plants indicate that the incidence of arbuscular 

mycorrhizal colonization decreases with altitude (Komer, 1999). However, formation of 

ectomycorrhizae with woody dwarf and shrub plants (e.g., Salix spp., Betula spp., Dryas 

spp.) is nearly ubiquitous in arctic-alpine habitats (Eddington and Cripps, manuscript in 

preparation; Gardes & Dahlberg, 1996). This finding concurs with the observation by 

Moser (1966) that conifer species at treeline are almost universally ectomycorrhizal. 

These observations suggest that the formation of ectomycorrhizae may be critical for 

survival of woody plant species at high altitudes and latitudes. Gardes and Dahlberg 

(1996) suggest that greater knowledge of the population structures of arctic and alpine 

ectomycorrhizal fungi would be valuable in understanding these and other possibly 

advantageous adaptations.

What is an Alpine Species?

In discussing distribution patterns in alpine plant species, Komer (1999) notes that 

species observed in the alpine zone can represent: I) Species with ranges centered at low 

elevations but extending above treeline, 2) Species with ranges centered in the montane 

zone and extending both to lower elevations and into the alpine zone, 3) Species with 

ranges predominantly in the alpine zone but extending into lower altitudes, and
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4) Species restricted to the alpine zone. Previous studies indicate that these patterns 

apply to distributions of macrofungi as well (Gardes & Dahlberg, 1996; Moser, 1982, 

2002; Singer, 1954). Of these categories, Kdrner considers only the lasftwo to represent 

“true” arctic-alpine species. However, from a standpoint of identifying cold-adapted 

ecotypes, inferring evolutionary and biogeographic patterns, and identifying the 

physiological and host ranges of species, the study of species potentially belonging to any 

of these categories is important. In addition to these reasons, study of species occurring in 

the first two categories is of importance because these species may represent a significant 

component of the alpine mycota. To cite an example from the Arctic, a study of the 

saprobic fungal genus Galerina on the arctic island of Svalbard by Gulden (1987) 

reported the occurrence of 12 species: three having predominantly boreal distributions 

extending into the Arctic, four with wide (temperate to arctic) distributions, and five with 

predominantly arctic-alpine distributions. Of these latter five species, only two appear to 

be restricted to arctic-alpine habitats.

Distinguishing true arctic-alpine species may be complicated by the occurrence of 

environmentally - influenced morphological modifications (Bendiksen et ah, 1993;

Gardes and Dahlberg, 1996) that result from phenotypic plasticity rather than speciation 

events. Recognizing true arctic-alpine species from ecotypes of more widely distributed 

species can be approached with more confidence using molecular identification and/or 

mating studies. The present project attempts to take this approach toward better 

elucidating species identities in Rocky Mountain alpine species of Laccaria in hopes of
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leading to a better understanding of the evolution of arctic-alpine mycorrhizal fungi in 

general.

Arctic-Alpine Macromvcete Studies

The study of arctic and alpine macromycetes (fungi, particularly Basidiomycetes 

but including Ascomycetes, forming conspicuous fruiting structures) is a relatively 

immature field of study compared to arctic-alpine studies involving vascular plants.

While several small-scale examinations of arctic and alpine collections were conducted in 

the late nineteenth century, the first major works on arctic (Greenland: Lange, 1948- 

1957) and alpine (Swiss Alps: Favre, 1955) macromycetes were not carried out until the 

mid-twentieth century (Gulden, 1996, Horalc et ah, 2002). More recently, arctic-alpine 

mycotas have been documented for Europe, Iceland, Svalbard, and the Canadian Arctic 

but relatively little work has been done in North America or in the tropical alpine zones. 

Of macrofungi in general, Billings (1974b) states that “little is Icnown of their ecology in 

alpine ecosystems.” More recent studies have begun to elucidate the community 

structures and host relationships of alpine ectomycorrhizal basidiomycetes, but clearly 

more work is needed in this regard (see Gardes & Dahlberg, 1996 for review and 

discussion).

There are a number of reasons, to explain this discrepancy between the states of 

Imowledge pertaining to arctic-alpine fungi and vascular plants. Studies of macromycete 

systematics and biodiversity has historically lagged far behind that of vascular plants in 

general. In addition, relatively few mycological studies have been conducted in arctic-
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alpine areas, most likely due to the relative inaccessibility of these habitats and their 

geographic distance from most centers of academic research.

A number of challenges are encountered in studying macromycetes in arctic- 

alpine habitats. First, the fruiting of macromycetes occurs during a short window of time 

and can be unpredictable due to the occurrence of summer freezing and potentially dry 

conditions. In a 3-year study of macrofungi in Rocky Mountain subalpine forests, Keck 

(2001) noted that 65% of the species recorded fruited only in a single year with above- 

average precipitation. Second, the basidiocarps of arctic-alpine macromycetes tend to be 

small and often hidden under shrubs or other vegetation, making collecting difficult. 

Third, the presence of diverse topoclimates results in patchy patterns of plant species 

distribution, resulting in small areas of species establishment and making placement of 

large research plots for quantitative studies difficult. However, the existence of diverse 

topoclimates probably serves to increase overall species diversity (Kdmer, 1999), and 

discrete vegetation units can be beneficial for inferring mycorrhizal host-symbiont 

associations and choosing appropriate comparative sites using ,small sampling plots. Two 

general types of approaches have been used in previous arctic-alpine macromycete 

studies to account for habitat patchiness: wide-scale sampling over diverse topoclimates 

(e.g., Lange, 1957), and focused sampling in specific habitat types of high fungal 

diversity, e.g. snowbed (Graf, 1994; Senn-Irlet, 1988) or mire (Senn-Irlet, 1993) 

communities.

In addition to fostering a better understanding of the ecology of cold-adapted 

organisms, further studies of arctic-alpine mycorrhizal fungi may have implications for
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the overall understanding of mycorrhizal symbioses. As stated by Gardes and Dahlberg 

(1996), “cold-dominated environments provide extreme conditions for the establishment 

and functioning of mycorrhizal associations. Therefore, such systems are simple models 

to address the ecology and evolution of mycorrhizal symbioses.”

The present review covers the body of arctic-alpine literature on two general types 

of studies: biotic inventories and mycosociological studies. As previously mentioned, a 

number of arctic-alpine regions have been the subject of macrofungal biotic inventories. 

Table 2 provides a summary of species numbers (fleshy Basidiomycetes only) reported in 

these biotic inventories; studies restricted to a single fungal genus are numerous and are 

not included here. As evidenced by these figures, many of the fungal inventories 

involving cold-adapted species has been conducted in Arctib ecosystems. Data suggest 

that macrofungal species diversity is greater in arctic than in alpine regions, in contrast 

with patterns observed in vascular plants. Whether this difference represents a true 

pattern resulting from historic or climatic factors or is simply an artifact of sampling 

effort will only become clear with further intensive surveys in alpine ecosystems.

While biotic inventories are primarily concerned with documenting the 

biodiversity of fungi within a study region, mycosociological studies are more concerned 

with elucidating aspects of community structure and ecological interactions between 

fungal species, between fungi and other organisms, and between fungi and environmental 

factors. Pertaining to the arctic-alpine biome, perhaps the most well-known study in this 

regard is that of Lange (1957), who documented distributions of Greenland macrofungi in 

relationship to plant community types.
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Table 2. Summary of arctic-alpine macrofungal biotic inventories. Species numbers 
include fleshy Basidiomycetes (Agaricales, Boletales, Russulales, Gasteromycetes) only. 
Compilations include checklists or reviews not referring to single studies.

S tu d y  L o c a tio n A rctic /A lp in e S tu d y
D u ra tio n

N u m b e r  
o f  S p ec ies

R e fer e n c e

A lask a , U S A A rc tic I yr. 53 K o b a y a s i e t al. 1967
A lask a , U S A su b a rc tic

tu n d ra /ta ig a
10 yrs. 28 M ille r  1982b

A lask a , U S A A rc tic I O yrs 22 M i l l e r e t a l  1982, G illm an  
&  M ille r  1977

B affin  Is lan d A rc tic I y r 18 P a rm e le e  1969
G reen lan d A rc tic I yr. 28 W a tlm g  1977
G reen lan d , A rc tic C o m p ila tio n 25 W a tlm g  1983
G reen lan d A rc tic I yr. 44 K o b a y as i e t al. 1971
G reen lan d A rc tic C o m p ila tio n 560 B o rg e n  e t al. 2000
G reen lan d A rc tic 9 yrs. 218 L a n g e  1948-57
G o d h av n  a rea , W  G re en la n d A rc tic 5 yrs 150 L a m o u re  e t al. 1982 1
Ice lan d A rc tic I yr. 140 . C h ris tia n se n  1941
Iceland A rc tic 11 yrs. 60* H a llg rlm sso n  1981
Ice lan d A rc tic C o m p ila tio n 4 6 6 H a llg r im sso n  1998
Ice lan d A rc tic C o m p ila tio n 13 W a tlin g  1983
N o rd ie rn  N o rw ay A rc tic C o m p ila tio n 2 1 2 . L a n g e  &  S k ifte  1967
N o rw ay A rc tic C o m p ila tio n 15 W a tlin g  1983
S v a lb ard  ' A rc tic C o m p ila tio n 155 O h e n o ja  1971, G u ld en  &  

T o rk e lse n  1996
S v alb ard A rc tic I yr. 28 K o b a y as i e t al. 1968
S v alb ard A rc tic C o m p ila tio n 19 W a tlin g  1983
F en n o scan d ia A rc tic , A lp ine c o m p ila tio n 406 B e n d ik se n  &  O heno ja , 

u n p u b lish ed
A lberta , C a n ad ian  R o ck ies A lp in e 5 yrs. 13 ** K e rn a g h a n  &  C urrah  1998
F ie ra  d i P n m ie ro , I ta lian  A lp s A lp in e S in g le  fo ray 22 B o n  1987
R h a e tian  A lp s A lp in e S in g le  fo ray 2 2 * * S e n n -Ir le t 1992
Sw iss A lp s A lp in e 3 yrs 69 G ra f  1994
S w iss N a tio n a l P a rk , S w iss 
A lps

A lp in e 13 yrs. 213 F a v re  1955

S o u th e rn  an d  C e n tra l R o ck y  
M o u n ta in s , U S A

A lp in e 4  yrs 150+ C rip p s  e t a l 2002

* Family Tricholomataceae only.
** Study included subalpine as well as alpine areas; only alpine species are included 

here.

The ecological aspects of these studies are reviewed in Chapter 4 (Beartooth plot 

studies); only the inventory data related to these studies are summarized here (Table 3). 

In contrast to the body of fungal inventories, the majority of mycosociological studies 

have been conducted in alpine areas, especially the European Alps.
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Table 3. Summary of species inventory data generated during arctic-alpine 
mycosociological and ecological studies. Species numbers include fleshy Basidiomycetes 
(Agaricales, Boletales, Russulales, Gasteromycetes) only.

S tu d y  L o c a tio n A rc t ic /A lp in e S tu d y  D u r a t io n N u m b e r  
o f  S p e c ie s

R e fe re n c e

A lps A lp in e 2 yrs. 39 E y n a rd  1977
S w iss A lp s A lp in e 3 yrs 69 G ra f  1994
Sw iss A lps A lp in e 3-5-yrs. 88 S e n n -Ir le t 1988 '
Sw iss A lps A lp in e 5 yrs 25 ,Senn-Irle t 1987
W este rn  I ta lian  A lp s A lp in e 5 yrs . 99 L o  B u e  e t al 1994

, E ag le  S u m m it, A la sk a , U S A A rc tic N o t lis ted 16 (E M  on ly ) M ille r  1982
G o d h av n  a rea , W . G re en la n d 'A rc tic 3 y rs 65 P e te rs e n  1977
G reen lan d A rc tic 9 yrs.. 218 L an g e  1948-57
N W  F in n ish  L ap lan d A rc tic 8 yrs. 56 M etsan h e im o  1987

Further research in two areas is suggested by the studies cited here: additional 

inventories in previously under-investigated regions, and further research into the 

ecology of arctic-alpine fungi. Many of the alpine fungal inventories have been focused 

on the Alps; investigations of mountain ranges in regions such as North America and 

temperate Asia are necessary for better understanding biogeographic patterns. Lack of 

knowledge of the latter region could represent language biases in the literature rather than 

true gaps in research. Among agaric fungi, ectomycorrhizal fungi are dominant in arctic- 

alpine habitats in terms of species richness, comprising between 28 and 60 percent of 

macromycete species observed (Cripps et ah, 2001; Gulden, 1996). Further 

investigations on mycorrhizal community structure, host associations, and factors 

affecting species composition and diversity will help elucidate this important aspect of 

arctic-alpine ecology.

-,I
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The Rocky Mountain Alpine Mvcota Project

As mentioned above, the arctic-alpine mycota has been the subject of biotic 

inventories in several areas, but that of the North American alpine is virtually unknown. 

The present study was conducted as a part of the Rocky Mountain Alpine Mycota project, 

a National Science Foundation Biotic Surveys and Inventories Program-sponsored 

project dedicated to conducting the first large-scale survey of macro fungal biodiversity in 

the North American alpine zone (Cripps & Horak, 1999; Cripps et ah, 2002).

The importance of better understanding species biodiversity in the Rocky 

Mountain and other alpine regions is underscored by the function of these areas as 

repositories for winter precipitation (of particular importance to the arid regions of 

western North America), as potential indicator biomes responding to climate change 

events, and as understudied physiographic regions.

Because of their high latitudes/altitudes and areas of perennial snow cover, arctic- 

alpine areas are likely to be particularly sensitive to the effects of large-scale climate 

change events (Grabherr et al.,, 1995; Smaglik, 2000). Such events could have 

pronounced effects on arctic-alpine habitats by changing snowmelt timing and/or 

patterns, affecting organismal physiology through higher levels of ultraviolet radiation, 

allowing upward elevational shifts in treeline, causing melting of permafrost layers 

(either directly through higher mean air temperatures or indirectly through modifications 

to plant and soil community composition), changing the abundance of shrubby vegetation 

and altering levels of net CO2 emissions. Warmer mean annual temperatures could affect



23

glacial formation and melt rates, with subsequent effects on the uses of glaciers as 

irrigation sources, archives of past climatic conditons, scenic and recreational sources, 

and future sources of drinking water (Ives, 1974a; Nelson et ah, 2001; Oechel et ah, 

2000; Ostrem, 1974; Sturm et ah, 2001). Ecological consequences of climate change 

already in evidence include changes in organismal phenologies, range shifts, changes in 

community composition, invasions of nonnative species, and changes in species 

recruitment and trophic interactions (Walther et ah, 2002). Hypothesized effects of 

changes to soil community composition underscore the fact that we Icnow little about the 

community structure of fungi and other soil microorganisms in arctic-alpine habitats.

As understudied physiographic regions, arctic-alpine habitats may hold important 

keys to understanding larger evolutionary patterns. Muller & Magnuson (1987) suggest 

that the survey of additonal areas is necessary in order to better determine the origins of 

particular arctic-alpine species, and that incomplete data on species distributions hampers 

our ability to arrive at conclusions regarding the biogeography and evolution of taxa. 

Additionally, Moncalvo et ah (2000) suggest that addressing questions regarding the 

higher-level phylogenetic relationships among the agaricoid fungi is restricted by gaps 

created by yet-undiscovered taxa. Biodiversity studies in under-studied biomes may help 

to more quickly fill in these gaps, contributing to studies in the areas of systematics, • 

evolutionary biology, biogeography, and ecology.
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Applied Aspects of Fungi in Arctic-Alpine Habitats

For most of the period of human existence, the inhospitable environment and 

inaccessability of the alpine zone have prevented severe human-mediated disturbance of 

these regions. The advent of all-terrain vehicle technology and increasing population 

growth and industrial production present severe challenges for these ecosystems. 

Disturbance of alpine habitats by human activities such as snowmobiling, off-road 

motorized recreation, livestock grazing, ski area development, mining and air pollution 

have increased over recent decades (Graf, 1997; Ives, 1974c; Komer, 1999). As a result, 

the importance of research into alpine ecosystem functioning and reclamation have 

increased. One aspect of this research is to better understand the functional importance 

and potential applications of ectomyctirrhizal fungi in alpine environments. Species such 

as Laccaria spp. may be particularly useful for such applications because of their ability 

to grow in pure culture and form ectomycorrhizae under laboratory conditions, and have 

a wide distribution throughout the alpine zone (Graf & Brunner, 1995).

In applied studies focused on developing appropriate systems for reclamation in 

alpine areas (particularly ski slopes), Graf (1997) synthesized Laccaria bicolor (Maire) 

Orton and L. montana Singer mycorrhizae with the host plants Dryas octopetala L. and 

Salix herbacea L. Mycorrhizal fungi added to soil significantly increased soil 

aggregation, reduced erosion in simulated rain treatments, and increased retention of 

small grain-sized soil particles on slopes. Ectomycorrhizal fungi used to inoculate



seedlings for the revegetation of a high-elevation subalpine Colorado mine site resulted in , 

increased seedling growth rates (Grossniclde & Reid, 1982,1983).

In addition to applications involving direct synthesis of ectomycorrhizae with host 

plants, ectomycorrhizal fungi could have additional applied uses. For example, because 

the hyphae that comprise the thallus of an ectomycorrhizal fungus can absorb nutrients 

over large geographic areas, basidiocarps may potentially be used as sensitive 

bioindicators for the accumulation of pollutants such as heavy metals (Peintner, 1998). 

Better understanding the ecology (i.e. host association), distribution, and physiology 

(fruiting frequency and periodicity, abundance) of cold-adapted mycorrhizal fungi will 

have important implications for applied research by facilitating selection of appropriate 

experimental systems.

Description and Goals of Present Research

The present research consists of the following three studies:

1. ) A detailed taxonomic study of alpine species in the genus Laccaria (Phylum

Basidiomycota, Order Agaricales, Family Tricholomataceae).

2. ) A molecular phylogenetic study of Rocky Mountain alpine Laccaria species using

nuclear ribosomal internal transcribed spacer (ITS) DNA sequences.

3. ) A plot-based synecological study of alpine fungi on the Beartooth Plateau, a large 

alpine region located in southern Montana and northern Wyoming.
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Taxonomic Study of Rocky Mountain Alpine Laccaria

As part of this project, a detailed systematic study of Rocky Mountain alpine 

Laccaria species was conducted. The cosmopolitan genus Laccaria Berkeley & Broome 

comprises a group of agaric (mushroom-forming) fungi (Phylum Basidiomycota, Class 

Hymenomycetes, Order Agaricales) classified in the family Tricholomataceae on the 

basis of having a white spore print, attached lamellae, non-divergent lamellar trama, and 

lack of both an annulus and volva (Singer, 1986). Laccaria species are frequently 

collected and are documented as ectomycorrhizal symbionts of numerous plant species, 

suggesting an important ecological role. Some species are found in disturbed or primary 

successional habitats such as recently deglaciated soils (Jumpponen et al., 1999), smelter, 

sites (Cripps, 2001), recently reclaimed mine sites (Tommerup et al., 1991) and young 

forests (Dighton et al., 1986; Tommerup et al., 1991), indicating a role as pioneer species 

following ecological disturbance events. Because a number of Laccaria species can grow 

in culture and form mycorrhizae with host plants under laboratory conditions, they have 

been frequently used in applied studies on mycorrhizal fungi (Mueller, 1992). A better 

understanding of species limits, infrageneric and higher-order relationships, ecology and 

host associations in Laccaria could provide useful insight into character evolution and the 

evolution of host associations in ectomycorrhizal fungi. Laccaria is a commonly 

encountered genus demonstrated to be important in soil aggregation, plant nutrient 

acquisition, soil nutrient cycling, and primary succession in disturbed habitats. A better 

understanding of host-symbiont relationships in alpine species promises to have
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additional implications toward facilitating selection of appropriate experimental systems 

for applied high-altitude ecological and reclamation research.

The genus Laccaria is supported as monophyletic by at least one synapomorphic 

character, the presence of spores with echinulae formed by microtubules oriented 

perpendicular to the epispore layer (Mueller, 1992). This character results in a distinctive 

echinulate, or “spiny,” basidiospore morphology. Laccaria species are recognized in the

field by having orange-brown, red-brown or violet basidiocarps with moderately thick _ j
, ,

lamellae. In a monograph of North American species, Mueller (1992) recognized 19 

Laccaria species in North America north of Mexico, with an additional 17 species 

provisionally recognized from other regions of the world. Recent studies-using molecular 

evidence reveal uncertainty in the higher-order phylogenetic position of Laccaria.

Ribosomal and mitochondrial DNA-based phylogenetic studies suggest that Laccaria \

may be more closely related to the brown-spored genus Cortinarius (Family

Cortinariaceae) than to other genera in the Tricholomataceae (Binder & Hibbett, 2002; -:

Hibbett et ah, 2001; Moncalvo et ah, 2000). While such a relationship seems reasonable !

due to shared ecology (ectomycorrhizal mutualists), phylogenetic clades including both ,

Laccaria and Cortinarius received low bootstrap support in these studies, and a later :

study by Moncalvo et ah (2002) showed the position of Laccaria to be unresolved.

Phenetic clustering analysis of ITS-RFLP data by Kemaghan (2001) placed the analyzed ,

Laccaria species in a clade with Tricholoma spp.; however, in such analyses, homoplasy 

of fragment sizes could cause unrelated taxa to cluster together. Though the genus 

Laccaria is well supported as monophyletic by morphological data, the conflicting results
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of these molecular studies underscore the level of uncertainty regarding the correct 

higher-level phylogenetic position of Laccaria.

Several authors have suggested that the arctic and alpine species of Laccaria are 

particularly in need of circumscription (Gulden, 1982; Lamoure et ah, 1982). A number 

of taxonomic problems, as well as the lack of a detailed taxonomic treatment of arctic- 

alpine taxa, have resulted in confusion regarding the identification of a number of taxa. 

The genus Laccaria lacks clear morphological variation between some taxa, and in some 

cases exhibits a larger degree of variability within than between taxa. A number of 

characters commonly used in species identification in other genera (e.g., basidiocarp 

coloration, odor, and taste, and microscopic characters such as pleurocystidia and 

cheilocystidia) are either too variable within taxa or not variable enough between taxa, 

so that these characters may be taxonomically useful in identifying some Laccaria 

species but not others. Recourse to infrequently used characters such as somatic culture 

mat morphology is necessary for circumscription of some taxa (Mueller, 1985; Fries & 

Mueller, 1984).

As mentioned above, some Laccaria species display a high level of phenotypic 

plasticity; in some cases, this plasticity results in morphological continua that do not 

allow for the natural segregation of species and infraspecific taxa (Fries & Mueller, 1984; 

Mueller & Vellinga, 1986a). Perhaps these problems are most evident in Laccaria 

laccata (Scop.: Fr.) Cooke, the most widely reported species in this genus. On one hand, 

these factors have resulted in a proliferation of infraspecific taxa that probably 

overrepresents the true number of infraspecific varieties worthy of formal taxonomic
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recognition (Mueller, 1992; Mueller & Vellinga, 1986a). On the other hand, the 

difficulty of identifying Laccaria species has resulted in widespread raisidentification of 

taxa, and the name Laccaria laccata has been applied in a loose sense (sensu latii) to 

most Laccaria species lacking violet basidiocarp pigments, therefore underestimating 

true species diversity. Nomenclatural synonomy, missing or poor quality type 

collections, and literature descriptions conflicting with extant type specimens have 

caused further confusion in species identifications.

For the reasons provided above, the identities and distributions of arctic-alpine 

species of Laccaria are not Icnown with certainty for most areas and collections from 

these habitats remain in need of further study. Ectomycorrhizal host associations of arctic 

and alpine Laccaria species, especially .in North America, remain largely unknown with a 

few exceptions. Lange (1957) noted occurrence of Laccaria laccata in plots dominated 

by Betula glandulosa Michx., Betula nana L., and Salix herbacea L. in Greenland. 

However, as described above, collections documented under the name Laccaria laccata 

may be referable to other taxa in light of more recent work in circumscribing species in 

the L. laccata complex (Mueller, 1985, 1991a; Mueller & Vellinga, 1986a; Fries & 

Mueller, 1984). Several species have been reported to be associated with Salix herbacea, 

including Laccaria altaica Singer (=L. pumila Fayod), L. bicolor (Maire) Orton, L. 

farinacea (Hudson) Singer (= L. laccata (Scop.: Fr.) Cke), L. laccata (Scop.: Fr.) Cooke, 

L. montana Singer, L. proxima (Bond.) Pat., L. proximella Singer (=Z. proxima (Bond.) 

Pat. in arctic-alpine habitats), L. pumila Fayod, and Z. tetraspora Singer (=Z. ohiensis 

(Mont.) Singer, though Z. tetraspora is more likely a misapplied name for Z. montana
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Singer in the arctic-alpine literature) (summarized in Graf, 1994; synonyms according to 

Mueller, 1992).

Two species, L. montana and L. pumila, are recognized by Mueller (1992) as 

being restricted to arctic, alpine and boreal habitats. Laccaria species are documented 

under 16 names in the arctic-alpine literature, although synonomy and probable instances 

of misapplication of names most likely cause this number to be an overrepresentation of 

true species diversity (See Chapter 2). Arctic-alpine Laccaria collections are recorded 

from the Alps, Greenland, Scotland, Iceland, Kamchatka, Finland, Norway, Svalbard, 

Alaska, Alberta and Baffin Island.

In the Rocky Mountains, subalpine Laccaria records include L. amethysteo- 

occidentalis G.M. Mueller, L. bicolor (Maire) Orton, L. Iaccata var. pallidifolia (Peck) 

Peck, L. montana Singer, L. nobilis G.M. Mueller, L. proxima (Boud.) Pat., and L. pnmila 

Fayod (Cripps, 2001; Mueller, 1992; Osmundson, unpublished data). However, no 

published arctic-alpine Laccaria records were encountered during the course of the 

literature review, indicating that the Rocky Mountain alpine species are largely unknown. 

Ectomycorrhizal host associations are also not documented for Laccaria in the Rocky 

Mountain alpine zone. The degree of host specificity and the distributions of host plants 

may be expected to have a large effect on distributions of Laccaria species.

According to observed biogeographic patterns, some plant species found in the 

Rocky Mountain alpine are part of the more widely-distributed Rocky Mountain and 

temperate arctic-alpine floras, with the Southern Rocky Mountains, and the San Juan 

Range in particular, having some endemic taxa recorded neither from the Arctic nor from
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the Central and Northern Rocky Mountains (Johnson & Billings, 1962; Love & Love, 

1974; Weber & Wittmann, 2001). It could be hypothesized that similar patterns apply to 

macrofungi, and may either be directly related to EM plant distributions or attributable to 

historical factors. At present, insufficient data exist to either support or refute this 

hypothesis.

As previously mentioned, alpine habitats are observed to be more species-rich in 

vascular plants than arctic areas due to a greater number of diverse topoclimates and 

closer proximity to subalpine source populations. Whether this pattern applies to 

ectomycorrhizal fungi in general is outside the scope of the present project; however, 

whether it applies to Laccaria in particular, and the degree to which distributions of 

Laccaria spp. follow host plant distributions, will be evaluated for the Rocky Mountain 

alpine zone on the basis of field data and a review of the arctic-alpine literature.

The objectives of the taxonomic study of Rocky Mountain Laccaria species are 

to: I) Identify Laccaria species occurring in the Rocky Mountain alpine zone and provide 

a taxonomic treatment for North American alpine taxa using macro- and 

micromorphological data, 2) Document EM hosts associated with Laccaria spp. in Rocky 

Mountain alpine habitats, and 3) Delineate Rocky Mountain alpine geographic 

distributions for Laccaria species, comparing those for the Beartooth Plateau and 

Colorado field sites, and between the Rocky Mountains and other arctic-alpine areas.

Broader goals of this study are to produce a classification based on a large number 

of collections that can serve as a basis for further studies of arctic-alpine Laccaria taxa 

worldwide, and to address taxonomic and ecological questions about arctic-alpine



Laccaria as a means of exploring the use of this genus as a model system in studying the 

evolution of arctic-alpine ectomycorrhizal fungi. Specimens were collected over a period 

of 3 years at .alpine field sites in Colorado,. Montana, and Wyoming and examined using 

macroscopic, microscopic, and occasionally cultural (somatic morphology of laboratory 

cultures) characters.

Molecular Svstematics of Rocky Mountain Alpine Laccaria

As previously mentioned, the taxonomy of Laccaria species has been complicated 

by a scarcity of systematically informative macro- and micromorphological characters 

and a high degree of phenotypic plasticity among some species, especially for Laccaria 

laccata. Considering the ecological importance and applied potential of Laccaria 

species, generating a better understanding of species limits and identifying systematically 

informative characteristics could have important implications for further research. . 

Nucleotide sequence data can provide additional characters useful for stabilizing taxon 

groupings and infrageneric classifications. As part of the biosystematic study of Rocky 

Mountain alpine Laccaria species, a phylogenetic analysis of ribosomal DNA internal 

transcribed spacer (ITS) sequences was employed as a means of determining species- 

level groups, defining unique suites of morphological character states useful for 

identifying taxa, and assessing the systematic usefulness of various morphological 

characters. ' . ,

Sequence data have previously been used for Laccaria at the levels of ordinal and 

population studies, but molecular studies at the infrageneric level are presently lacking.



As previously mentioned, recent molecular phylogenetic studies including the order 

Agaricales have underscored the level of uncertainty regarding the correct higher-level 

phylogenetic position of Laccaria by suggesting that the genus may be more closely 

related to the brown-spored genus Cortinarius (Family Cortinariaceae) than to the other 

genera currently classified in the family Tricholomataceae (Binder & Hibbett, 2002; 

Moncalvo et ah, 2000). At the population level, molecular data have been used to 

identify strains (Albee et ah, 1996) and to examine the persistence of individual 

genotypes on host roots, the effect of genotype on fruiting phenology, and the spatial 

distribution of genets (de la Bastide et al, 1994; Gherbi et ah, 1999; Selosse et ah, 2001).

Species concepts used in the delimitation of fungal species include morphological 

species (species delimited on the basis of differences in morphological characteristics), 

biological species (species delimited on the basis of mating compatibility of single-spore 

isolates) and phylogenetic species (species delineated on the basis of evolutionary, 

usually molecular genetic data). To-date, morphological and biological species concepts 

have served as the basis for species delimitations in Laccaria.

Studies in infrageneric relationships in Laccaria have, in a sense, served as a 

model system for the taxonomic study of ectomycorrhizal basidiomycetes. Because 

many Laccaria species can be grown under laboratory conditions and possess spores that 

can germinate in culture, characters such as culture morphology and mating intersterility 

have been used in addition to cladistic analyses of basidiocarp macro- and 

micromorphological characters to delimit species (Fries & Mueller, 1984; Mueller, 1985, 

1987b, 1991a, 1992; Mueller & Gardes, 1991). Such a multifaceted approach to the
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taxonomic study of ectomycorrhizal basidiomycetes (or even agaric fungi in general) is 

uncommon. However, with the exception of studies using RFLP patterns to distinguish I

putative species (Gardes et ah, 1990, 1991; Mueller & Gardes, 1991), use of molecular '|

data in Laccaria systematics has not previously been reported.

Rigorous taxonomic studies involving L. montana and L. pumila,, two of the most 

commonly reported arctic-alpine-boreal taxa, have been hampered by the recalcitrance of 

these species to spore germination and/or pairing of isolates in the laboratory. The two 

species are morphologically nearly identical, with the exception of the number of spores 

borne on each basidium (two on L. pumila, and four oh L. montana). Although it has !;

been suggested that the two taxa are conspecific (Singer, 1977), Mueller (1992) retains ;

them as distinct species based on the observation that the number of spores borne on each )

basidium is constant, not exhibiting both basidial types in single basidiocarp collections 

in contrast to some other species (e.g., some Inocybe species). Determination of whether 

or not these taxa are conspecific could lead to a better understanding of their ecological '

roles, as they are often reported from similar habitats. In particular, future studies should ',

assess the importance of secondary homothallism, or self-fertility, that is hypothesized to 

occur in bisporic basidiomycetes and could represent an ecological advantage under 'f

difficult environmental conditions. Populations of both taxa appear to occur 

sympatrically on the Beartooth Plateau. Better understanding their species-level' 

relationships, as well as their distributions and host associations, could lead to a better 

understanding of their ecologies. Molecular data could provide evidence either



supporting or refuting the existence of gene flow between sympatric populations of Z. 

pumila and L. montana.

The Objectives of this study are to: I) Use genetic data to assess morphological 

species groupings for Rocky Mountain taxa, 2) Assess the systematic utility of various 

morphological characters, determining whether taxon groups inferred using molecular 

data can be defined by either morphological synapomorphies or unique combinations of 

morphological character states, 3) Evaluate the utility of the ITS region for further 

phylogenetic studies m Laccaria, 4) Provide a basic characterization of the internal 

transcribed spacer region in the Laccaria species studied, determining levels of sequence 

variation between species and examining whether molecular divergence between 

geographically separated populations within species can be detected using the ITS region, 

5) Conduct a preliminary molecular test of the hypothesis of genetic isolation between 

Laccaria pumila and L. montana, and 6) Create a preliminary phylogenetic backbone for 

further molecular phylogenetic studies in Laccaria.

Future studies could seek to examine whether there is evidence of molecular 

divergence between alpine and subalpine populations within species, and between alpine 

populations associated with different ectomycorrhizal host plants, and to test the 

hypothesis that the arctic-alpine Laccaria species form a monophyletic group by 

examining whether there is evidence that these species evolved from different lineages 

within Laccaria. In terms of arctic-alpine macromycetes in general, Gulden (1996) states 

that some species “are clearly closely related to ‘lowland’ species. Originally many of 

these were described as varieties, subspecies, or forms of ‘lowland’ species. There has



been a trend to raise these infraspecific taxa to specific level. We need, however, better 

criteria to support such opinions. Modern molecular methods will probably be very 

helpful in deciding this.”

As part of the present study, an ITS sequence dataset was generated using 17 

Laccaria collections from alpine field sites in Colorado, Montana and Wyoming and 

analyzed using a maximum parsimony method to, produce a phylogenetically-based 

classification of the collections. While the scope of the project precluded expansion of 

the dataset to include reference specimens examined in Mueller’s (1992) monographic 

study of North American Laccaria species, reference specimens were examined 

morphologically and may be included in a future molecular analysis. This project is the 

first study to employ a phylogenetic analysis using ribosomal ITS sequence data for 

examining species-level relationships in Laccaria.

Plot-Based Svnecological Study of Beartooth Plateau Macrofungi

In studies seeking to describe the gynecology of organisms, it is rarely possible to 

survey the entire ecosystem of interest. This fact necessitates the use of sampling plots 

from which relationships can be inferred for the larger ecosystem using data collected in 

smaller, representative areas. Plot-based studies have several additional benefits, 

allowing: I) More accurate measurement of temporal effects on community composition 

by pinpointing precise areas for repeated sampling, 2) Selection and comparison of areas 

differing in terms of one or more biotic or abiotic factors (e.g. stand age, plant 

community type, EM host plants, soil composition, microclimate, etc.), 3) Quantification
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of-community parameters such as species diversity and evenness, species abundance and 

species richness using sporocarps (Schmit et ah, 1999; Senn-Irlet et ah, 1999) or 

mycorrhizal root tips from soil cores (Kernaghan, 2001), and 4) Estimation of sampling 

effectiveness using species-effort or species-area curves.

A number of potential problems are inherent in plot studies, including the 

presence of confounding factors and the possibility of failure to detect heterogeneity that 

would be uncovered if the whole study area were surveyed (Braun-Blanquet, 1932; 

Cripps Sc Miller, 1993). In most macrofungal studies, the presence of above-ground 

sporocarps in a plot is used to infer the presence of fungal mycelia or mycorrhizae in the 

soil. The short-lived nature and unpredictable (or at least poorly understood) production 

of sporocarps, as well as the observation that species composition inferred from 

sporocarp data appears to differ from that inferred from molecular analysis of 

mycorrhizal root tips, further complicates drawing conclusions about macrofungal 

community structure (Gardes & Bruns, 1996; Schmit et ah, 1999).

In addition to these problems, plot studies in alpine habitats must also consider 

the effect of patchy plant distributions resulting from the vast diversity of microclimates 

that characterize these ecosystems. On the positive side, such distributions can facilitate 

the selection of sampling plots containing a single ectomycorrhizal host plant or other 

parameter of interest. However, the lack of continuous stands of host plants makes small 

plot sizes necessary and reduces the probability of environmental homogeneity between 

plots, so a number of possible confounding factors not directly related to host plant



species must be considered in association with observed patterns of macrofungal 

community composition.

Only a small number of plot-based fungal ecology studies have been conducted in 

arctic-alpine habitats. Lange (1957) used sampling plots to describe fungal species 

occurrence in relation to arctic plant community types in Greenland. Graf (1994) 

examined the community structure of macromycetes associated with a single host plant 

(Scilix herbaced) in the Swiss Alps, documenting sporocarp abundance, frequency, and 

periodicity, and relating these characteristics for selected species to microclimate, 

snowmelt patterns, and soil characteristics. Similarly, Eynard (1977) focused exclusively 

on the ecology of macromycetes in Salix herbacea snowbed communities in the French 

Alps. Petersen (1977) used sampling plots to conduct repeated sampling in identical 

locations in Greenland in order to examine the phenology of macromycete sporocarp 

production in relation to climatic and soil factors. Senn-Irlet (1988) used repeated plot 

sampling to compare macromycete communities in silicious and calcareous alpine 

snowbed communities in the Swiss Alps.

The objectives of the present study are to: I) Document mycorrhizal host-fungal 

associations using plots containing a single mycorrhizal host plant, 2) Measure the degree 

of similarity in mycorrhizal fungal communities within and between host plant species in 

a quantitative manner using Simpson’s index of similarity, 3) Provide a preliminary 

assessment of plant community composition in relation to fungal species assemblages, 4) 

Assess methods for alpine plot studies in a continental climate, where patchy plant 

distributions and lack of moisture can complicate assessment of fungal biodiversity using



39

sporocarps, and 5) More rigorously document host-symbiont associations as part of the 

study of Rocky Mountain alpine Laccaria species.

The present study incorporates a study design using 15 small (12.5 m2 each) 

permanent plots situated on the Beartooth Plateau (Montana/Wyoming, USA) that were 

sampled multiple (2-4) times per season during the three years of the study. Plots were 

selected to contain a single putative ectomycorrhizal (EM) host plant whenever possible, 

and included the host plants Betula glandulosa, Dryas octopetala, Salix planifolia, S. 

glauca, S. arctica, and S. reticulata, comprising all Icnown ectomycorrhizal plants on the 

Beartooth Plateau with the exception of Polygonum viviparum. This design (using single 

hosts whenever possible) allowed the ability to link mycorrhizal fungi to hosts with more 

confidence, to examine host specificity phenomena, to produce preliminary assessments 

of species abundance, and to quantitatively compare sampled areas using similarity 

indices based on species presence/absence data. In addition, repeated sampling during 

each season and over a number of seasons allowed observation of annual differences in 

species composition and fruiting phenology. The present study represents the first plot- 

based synecological study of macromycetes in the south/central Rocky Mountain alpine

zone.
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CHAPTER 2

TAXONOMIC STUDY OF ROCKY MOUNTAIN ALPINE LACCARIA

Introduction

The genus Laccaria Berkeley Sc Broome is a commonly encountered group of 

ectomycorrhizal (EM) fungi (Phylum Basidiomycota, Class Hymenomycetes, Order 

Agaricales) that produce gilled mushrooms. The genus is defined by basidiocarps having 

orange-brown to red-brown or violaceous pigmentation, lamellae (gills) that are attached, 

.subdistant to distant, thick and waxy-looking, and echinulate (spiny) basidiospores that 

are white to cream or violaceous-white in mass. Laccaria is placed in the family 

Tricholomataceae by Singer (1986), Moser (1983) and most other authors primarily on 

the basis of having a white spore print, attached gills, and by the absence of a volva. 

However, Kuhner (1984) placed Laccaria and the sequestrate genus Hydnangium in a 

separate family, Hydnangiaceae, on the basis of having multinucleate, echinulate 

basidiospores with echinulae formed by microtubules perpendicular to the episporium, a 

unique trait in the family Tricholomataceae sensu Singer. Recent molecular phylogenetic 

studies suggest that Laccaria could be more closely related to the brown-spored genus 

Cortinarius (Family Cortinariaceae) than to other genera in the Tricholomataceae (Binder 

& Hibbett, 2002; Moncalvo et ah, 2000); however, these groupings received low 

bootstrap support in the phylogenetic analyses, and additional analyses by Moncalvo et 

al. (2002) left the higher-order position of Laccaria unresolved. Additionally, RFLP data 

by Kemaghan (2001) place Laccaria closer to Tricholoma (Family Tricholomataceaej
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than to Cortmarius. As Laccaria is, one of the few EM genera currently placed in the 

family Tricholomataceae3 elucidating the higher-order phylogenetic relationships of this 

genus has implications for better understanding evolutionary patterns related to the EM 

symbiosis; however, such studies are outside the scope of the present project.

Laccaria species are frequently documented as mycorrhizal symbionts of 

numerous plant species, suggesting an important ecological role. Some species are found 

in disturbed or primary successional habitats such as recently deglaciated soils 

(Jumpponen et ah, 1999), smelter sites (Cripps, 1995, 2001), recently reclaimed mine 

sites (Tommerup et ah, 1991) and young forests (Dighton et ah, 1986; Tommerup et ah, 

1991), indicating a role as pioneer species following ecological disturbance events. The 

ability of some Laccaria species to grow in culture and form mycorrhizae with host 

plants under laboratory conditions has allowed their use in examining phenomena such as 

predation of invertebrates by ectomycorrhizal fungi (Klironomos & Hart, 2001), cellular 

interactions / gene expression during mycorrhiza formation (Lei et a h ,1991; Podila et ah,, 

2002), and as sources of mycorrhizal inocula for tree plantations (Buschena et ah, 1991; 

Selosse et ah, 2001). Laccaria species have been used as experimental systems for 

genetic transformation of ectomycorrhizal fungi (Bills et ah, 1999) and as model systems 

for studying genetic mechanisms and population biology of EM basidiomycetes (de la 

Bastide et ah, 1994, 1995, 1995b; Gherbi et ah, 1999; Kropp, 1997; Selosse et ah, 1996, 

2001). A better understanding of species limits, infrageneric and higher-order 

relationships, ecology and host associations in Laccaria could provide useful insight into 

character evolution and evolution of host associations in EM fungi, as well as facilitate
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selection of appropriate experimental systems for applied ecological and reclamation 

research.

Several authors have suggested that the arctic and alpine species of Laccaria are 

particularly in need of circumscription (Gulden, 1982; Lamoure et ah, 1982). A number 

of taxonomic problems, as well as the lack of a detailed taxonomic treatment of arctic- 

alpine taxa, have resulted in confusion regarding taxon identification. In addition, arctic- 

alpine macrofungi in the Rocky Mountains have not been studied extensively; none of the 

collections in Mueller’s (1992) monographic study of North American Laccaria were 

collected in alpine habitats, arid Mueller (personal communication) suggests that patterns 

of EM host association for alpine taxa are relatively unknown. The present project was 

conducted as part of the Rocky Mountain Alpine Mycota project (C. Cripps, NSF grant 

9971210), the first intensive study of alpine macrofungi in this region. The goals of the 

present research are to present a taxonomic treatment of alpine species of Laccaria in the 

Rocky Mountains, and to examine distributions, host associations, and ecology of alpine 

Laccaria species in the Southern and Central Rocky Mountains. A taxonomic 

classification based on a large number of regional alpine collections could serve as a 

basis for further studies of arctic-alpine Laccaria species worldwide. The present study 

represents the first report on North American alpine Laccaria species, based on an 

intensive study of 86 Rocky Mountain collections. This report identifies morphological 

species, provides data on EM host associations, and exafnines geographical distributions 

for Rocky Mountain alpine taxa. Five Laccaria species, L. bicolor (Maire) Orton, L. 

Iaccata var. pallidifolia (Peck) Peck, L. montana Singer, L. pumila Fayod and a putative



new taxon are described. Pertinent ecological and distributional data are provided for 

each taxon.

Infrageneric Classification in Laccaria

While the genus Laccaria as a whole is well delineated and presumably 

monophyletic, Laccaria species lack a number of the distinctive morphological 

characters commonly used to distinguish species in other agaric genera, resulting in a 

small number of taxonomically informative characters. There is little variation in 

basidiocarp coloration between most species, and useful microscopic features such as 

pleurocystidia and cheilocystidia are rare, often varying between basidiocarps within a 

single collection. Recourse to infrequently used characters such as somatic culture mat 

morphology is necessary for circumscription of some taxa (Fries & Mueller, 1984; 

Mueller, 1985). In addition, some species display a high level of phenotypic plasticity, 

resulting in morphological continua that do not allow for the natural segregation of 

species and infraspecific taxajTnes & Mueller, 1984; Mueller & Vellinga, 1986a).

These problems are perhaps most evident in Laccaria laccata (Scopoli: Fries) Cooke, the 

most widely reported species in the genus. On one hand, the difficulty of identifying 

Laccaria species has resulted in widespread application of the name Laccaria laccata in 

a loose sense (sensu latu) to most Laccaria species lacking violet basidiocarp pigments, 

therefore underestimating true diversity and adding to misidentifications of species in 

both alpine and non-alpine habitats. On the other hand, these factors have resulted in a 

proliferation of infraspecific varieties that probably over-represents the true number of



taxa worthy of formal recognition (Mueller, 1992; Mueller & Vellinga, 1986a). 

Nomenclatural ,synonomy, missing or poor quality type collections, and literature 

descriptions conflicting with extant type specimens have caused further confusion in 

species identifications (Mueller, 1987, 1992, 1997).

Studies (Fries & Mueller, 1984; Gardes et ah, 1990, 1991; Mueller, 1984, 1985, 

1991a) leading to a monographic treatment of North American Laccaria species by 

Mueller (1992) resolved a number of taxonomic questions by combining morphological 

data with cultural, mating, and molecular RFLP analyses. Mueller’s monograph 

recognized 19 species of Laccaria, and two varieties within L. laccata, for North 

America north of Mexico (Table I) and 36 species, with 3 varieties in L. laccata, and 2 

varieties in each of Z. masonii and Z. ohiensis, worldwide (Table 2). The cladistic 

analysis of morphological characters performed as part of Mueller’s Study separated 

Laccaria into two subgroups: Metasection Amethystina, consisting of species having 

violet basidiocarp pigments, and Metasection Laccaria, consisting of species lacking 

violet pigmentation. The one notable exception in this classification is the inclusion of Z. 

oblongospora G.M. Mueller in Metasection Laccaria; although this species possesses a 

violaceous basal tomentum and somatic culture mat on PDA and MMN media, other 

characteristics, such as finely ornamented and ellipsoid basidiospores, suggest a 

phylogenetic affinity to Z. proxima (Boudier) Patouillard and some collections of Z. 

laccata. Because of the inclusion of Z. oblongospora with the Laccaria species lacking 

violet pigmentation in the cladistic analysis, no synapomorphies support the monophyly 

of either subgroup.



Table 4. North American Laccaria species recognized by Mueller (1992). Western North America boreal distributions listed.

S p e c ie s
(M e ta s e c tio n  L a cca ria )

L. p ro x im a  (B o u d ie r)  P a to u illa rd

E c o lo g y  &  D is t r ib u t io n  M v c o r rh iz a I  H o s t  P la n ts

re fo re s te d  a rea s , b o re a l; N  A m erica , E u ro p e  P m aceae , P opulus tremuloides

W . N . A m . B o re a l  D is t r ib u tio n  

A K , C O , ID , O R , W A , B C

L  oblongospora  G .M . M u e lle r  san d y  so il; G u lf  c o a s t P u m sp a lu s tn s
L  laccata  v a r. Iaccata (Scopoh Fries) C ooke  E u ro p e , N . A m e ric a ; u n c o m m o n  u n k n o w n

no n e

no n e

L  Ia c c a ta v z x p a lh d ifo h a ( P e c k ) P e c k  c o sm o p o lita n  P m aceae , F a g a c e a e , B e tu la ce ae

L  longipes  G .M . M u e lle r  m o sses ; G re a t L a k e s  re g io n  an d  N e w  Y o rk  Picea mariana, L a n x  lancina,

A lnus n tgosa
L  fra te rn a  (C o o k e  &  M a ssee iS a cc a rd o ) P e g le r  A u s tra lia ; w o rld w id e  ( in tro d u c ed ) E ucalyptus

A K , C O , ID , O R , W A , W Y , B C  
n o n e

n one

L. m ontana  S in g e r  

L  p u m ila  F a y o d  

L  stria tu la  (P e c k ) P e c k  

L  ohiensis (M ontague) S inger

a rc tic , a lp in e , b o re a l; p o o r  so il, h u m u s, m o ss P m aceae , Betula, Sahx

a rc tic , a lp in e , b o re a l; p o o r  so il, h u m u s, m o ss P m aceae , Betula, Sahx

m o sses; e a s te rn  N o r th  A m e ric a  Tsuga can a d en sis , P m aceae ,

F a g a ce ae
m o stly  su b tro p ic a l, tro p ic a l, so u th  tem p e ra te  u n k n o w n

A K , C O , ID , M T , W Y , W A , B C

A K , C O , W A , W Y

n o n e

none

L  tortihs  (B o lto n ) C o o k e b are  so il; c o sm o p o litan , u n co m m o n  P in a c e a e , F a g a ce ae

(M e ta s e c tio n  A m e th y s tin a )

L  trichoderm ophora  G .M . M u e lle r S E  N  A m e ric a ; te m p e ra te  c o n ife r  o r  m ixed  

fo res ts

so il, m o sses ; w e s te rn  N . A m e ric a  e as t to 
M ic h ig a n , O n ta rio

w e ste rn  N  A m e ric a , G re a t L ak es  re g io n  

san d  d u n e s  o r  v e ry  sa n d y  so il, e as te rn  an d  
m id w e s te m  N . A m e ric a

L  m a n tim a  (T e o d o ro w ic z )  S in g e r g% H u h tm en  sand ; w / o r  w /o  m y c o rrh iz a l assoc  , eas te rn

C an ad a , n o r th e rn  E u ro p e

L  b icolor  (M a ire )  O rto n

L nobihs  S m ith  apud  G  M . M u e lle r  
L  tru lhsata  (E llis )  P e c k

Pinus

u n k n o w n

P m a ce ae

P inus

u n k n o w n

O R , W A , W Y

none

A K , ID , O R , W A , B C

C O , ID , W A  
n one

none



Table 4, continued.
L. ochropurpurea  (B e rk e le y )  P e c k

L  am ethysteo^occidentalis  G .M  M u e lle r  
L  am ethystm a  C o o k e

L. v inaceobiunnea  G .M . M u e lle r

te m p e ra te  d ec id u o u s  fo res ts ; e a s te rn  N . 
A m e ric a

c o n ife r  fo res ts; w e ste rn  N . A m e ric a  

te m p e ra te  d ec id u o u s fo res ts ; ea s te rn  N . 

A m erica , E u ro p e, C e n tra l/S o u th  A m e ric a  

san d y  so il, G u lf  c o a s t

Ouerc-us, F agus n o n e

Pseudotsuga menziesii 
Quercus1 Fagus

O R , W A , B C

CO

Ouercus virgim ana n o n e
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Table 5. Tentative list of world species of Laccaria recognized by Mueller (1992).

S p ec ies
L am ethysteo-occid'entahs  G .M . M u e lle r  
L am ethystm a  C o o k e  

L  bicolor  (M a ire ) O rto n  

L  bullulifera  S in g e r

L  canaliculata  (C o o k e  &  M a ssee )  P e g le r  

L chibiensis  M ic h a l 
L  fib r illo sa  M c N a b b  

L  fra tern a  (C o o k e  &  M a ssee )  P e g le r  
L  galerinoides  S in g e r 
L  gom ezu  S in g e r &  G .M  M u e lle r  

L. grabripes  M c N a b b  

L unpolita  V e lh n g a  &  G .M . M u e lle r  

L  laccata  (S c o p ..F r.)  C o o k e  va r Iaccata  
L laccata  v a r m o ellen  S in g e r 

L. laccata  var. p a lh d ifo h a  (P eck ) P e c k  
L  IiIacina  S tev en so n  

L Iongipes  G .M . M u e lle r  

L  m aritim a  (T eo d .) S in g e r ex H u h tm en  

L m asonii var. brevispinosa  M c N a b b  

L  mason u  v a r  m asonii S te v en so n  

L m ontana  S in g e r 

L  m iinna  Im ai 

L  nana  M assee  

L  nigra  K o n g o  

L  nobihs  G .M . M u e lle r  

L  oblongospora  G  M  M u e lle r  

L  ochropurpurea  (B e rk .) P e c k  

L  ohiensis  (M o n t.)  S in g e r 

L  ohiensis var. paraphysa ta  M c N a b b  

L proxim a  QBoud ) P a t  

L proxim ella  S in g e r 

L  p u n u la  F ayod  

L  purpureobadia  R e id  

L  striatula  (P eck ) P e c k  

L  tortihs  (B o lt.)  C o o k e  

L  trichoderm ophora  G  M . M u e lle r  

L lru lhssata  (E llis) P e c k  

L vinaceoavellanea  K o n g o  

L vinaceobm nnea  G .M . M u e lle r  
L  vio laceom ger  S te v en so n

D istr ib u tio n
W este rn  N o rth  A m erica

E as te rn  N o rth  A m erica , E u ro p e , C en tra l an d  S o u th  A m erica  

W este rn  N o rth  A m erica , G rea t L akes re g io n , E u ro p e  
M ex ico

u n d e r n a tiv e  A u s tra la s ia n  trees 

U S S R

N e w  Z ea lan d
A u stra lia , w id e ly  d is tr ib u te d  v/hexe. Eucalyptus- in tro d u c ed  
S ou th  A m erica  
C o sta  R ica , C o lo m b ia  

N e w  Z ea lan d

u n d e r n a tiv e  E u ro p ea n  trees 
E u ro p e , N o rth  A m erica ; ra re  

E u ro p e

N o rth  A m erica , E u ro p e  

N e w  Z ea land

N o rth  A m erica  (G re a t L ak es reg ion )

E aste rn  N o rth  A m e ric a  (rare ), N o rth e rn  E u ro p e  

N e w  Z ea lan d  

N e w  Z ea lan d

c o sm o p o litan  in a rc tic , a lp in e , bo real h a b ita ts

Japan

E n g lan d

Japan

W este rn  N o rth  A m erica , G rea t L ak es re g io n  

N o rth  A m erica  (G u lf  C o a st s ta tes) •

E as te rn  N o rth  A m e ric a

E as te rn  N o rth  A m erica , C en tra l an d  S o u th  A m e ric a , E u ro p e

N e w  Z ea land

c o sm o p o litan

S o u th e rn  A rg en tin a , C h ile

c o sm o p o litan  in a rc tic , a lp in e , b o real h a b ita ts

W este rn  E u ro p e

E aste rn  N o rth  A m e ric a

N o rth  and S ou th  A m erica , E u ro p e

S E  N o rth  A m erica , M e x ico , C en tra l A m e ric a

E as te rn  N o rth  A m e ric a

Japan

U S A  (G u lf  C o a st sta tes)

N e w  Z ea lan d



48

Therefore, the major subgroups are treated as Metasections rather than true Sections 

(Mueller, 1992). Current species limits in Laccaria are based primarily on macro- and 

micromorphological characters, with support from mating and restriction fragment length 

polymorphism (KFLP) data. The recent development of techniques for generating and 

analyzing DNA sequence data allows the use of additional characters for phylogenetic 

reconstruction. Molecular phylogenetic analysis could therefore represent a means of 

evaluating the robustness of Mueller’s (1992) proposed inffageneric classification for 

Laccaria.

Laccaria in Arctic Alpine Habitats

Laccaria species are commonly collected in arctic and alpine habitats in the 

Northern hemisphere, and appear to be ecologically important (Gardes & Dahlberg,

1996). However, for the reasons presented above, the identities of arctic-alpine species of 

Laccaria are not known with certainty for most areas, and collections from these habitats 

remain in need of further study. In addition, ectomycorrhizal host associations of arctic 

and alpine Laccaria species, especially in North America, remain largely unknown. 

Gardes and Dahlberg (1996), in a review of mycorrhizal fungi in alpine habitats and 

drawing on information from Gulden & Jenssen (1988), report 3 arctic-alpine species 

(not specified by name), with Betula, Dryas, Salix, and Saxifraga reported as host genera. 

Lange (1957) noted the occurrence of Laccaria laccata in plots dominated by Betula 

glandulosa Michx., Betula nana L., and Salix herbacea L. in Greenland. However, as 

described above, collections of Laccaria laccat.a may be referable to other taxa in light of



more recent work in circumscribing species in the L. Iaccata complex (Fries & Mueller, 

1-984; Mueller, 1985, 1991a; Mueller & Vellinga, 1986a). Numerous species have been 

reported in association with Salix herbacea in alpine habitats (summarized in Graf, 1994; 

synonyms according to Mueller, 1992), including: Laccaria altaica Singer (=Z. pumila 

Fayod), L. bicolor (Maire) Orton, L. farinacea (Hudson) Singer (=L. trichodermophora 

G.M. Mueller, probably referable to L. bicolor (Maire) Orton in arctic-alpine habitats), L. 

Iaccata (Scop.: Fr.) Cooke, L. montana Singer, L. proxima (Bond.) Pat., L. proximella 

Singer (=Z. proxima (Bond.) Pat.), L. pumila Fayod, and Z. tetraspora Singer 

{=L.ohiensis (Mont.) Singer); Z. tetraspora may be a misapplied name for Z., montana 

Singer in the arctic-alpine literature. Mueller (1992) recognizes two species, Z. montana 

and Z. pumila, as being restricted to arctic, alpine and boreal habitats. Laccaria species 

are documented under 16 names in the arctic-alpine literature (Table 6). In light of the 

nomenclatural confusion and problems of misapplied names within Laccaria, it is 

probable that the 16 taxa reported for arctic-alpine habitats are an over-representation of 

tme species diversity. Drawing on concepts of synonomy and nomenclatural 

misapplication proposed by Gulden and Torkelsen (1996) and Mueller (1992), a 

conservative list of arctic-alpine taxa from the literature is presented (Table 7); concepts 

of synonomy and nomenclatural misapplication are discussed in the section “Discussion 

of Species Records in the Arctic-Alpine Literature” below. When these “concepts” are 

applied, the number of probable species in arctic-alpine habitats is reduced to seven: Z. 

avachaensis Kalamees, Z. bicolor (Maire) Orton, Z. Iaccata (Scop.: Fr.) Cooke (mostly 

var. pallidifolia, although var. moelleri and var. Iaccata may be present), Z. maritima
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(Theodor) Singer, L. montana Singer, L. proximo, (Bond.) Pat., and Z,. pumila Fayod. 

Arctic-alpine Laccaria collections are recorded from the Alps, Greenland, Scotland, 

Iceland, Kamchatka, Finland, Norway, Svalbard, Alaska, Alberta and Baffin Island. 

Given the possible over-representation and misidentification of taxa in the arctic-alpine 

literature, cataloging accurate patterns of global geographical distribution will be difficult 

until herbarium specimens corresponding to literature records can be examined.

Table 6. Previous reports of Laccaria species in arctic-alpine habitats.

Taxon Location References

L. altaica Singer Western Alps Kiihner & Lamoure 1986, Trimbach 
1978

Altai Mountains, USSR Singer 1967
Svalbard Skifte 1979
Northwest Territories, Canada Lahaie 1981
Baffin Island, Canada Lahaie 1981

L. avachaensis Kalamees Rodygmo, Kamchatka Kalamees & Vaasma 1993
L. bicolor (Maire) Orton Kronok Nature Res., Kamchatka Kalamees & Vaasma 1993

Radont Valley, Switzerland Graf 1994
Godhavn area, W. Greenland Lamoure et al. 1982
Scotland Wathng 1987

L  laccata (Scop.: Fr.) Cooke Greenland Lange 1957, Lamoure et al. 1982, 
Wathng 1983

Uzon Caldera, Kamchatka [ss. 
Mueller and Vellinga]

Kalamees & Vaasma 1993

Western Italian Alps Lo Bue et al. 1994
Western Alps Ktihner & Lamoure 1986
French Alps Eynard 1977
Swiss Alps Senn-Irlet 1992, 1993
Iceland Hallgrlmsson 1981,1998, Watling

1983
Norway Lange & Skifte 1967
Alaska Linkins & Antibus 1982
Svalbard Gulden &Torkelsen 1996, Olienoja 

1971, Vare etal. 1992

L. laccata var. subalpma Singer Scotland Watling 1987
L. maritima (Theodor) Singer Iceland Hallgrimsson 1998

Greenland Lange 1955 (see L. trulhsata var. 
rugulospora)

North Sea coastal Redhead 1989
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Taxon Location References

' L montana Singer Fiera di Primiero, Italy Bon 1987
Uzon Caldera, Kamchatka Kalamees & Vaasma 1993
Mt. Rae, Alberta, Canada Kernaghan & Currah 1998
Northwest Territories, Canada Lahaie 1981
Ellesmere Island, Canada Lahaie 1981
Baffin Island, Canada Lahaie 1981
Svalbard Gulden &Torkelsen 1996, Vare et al ,

1992, Osmundson (unpublished)
Iceland Hallgrimsson 1998
Radont Valley, Switzerland Graf 1994
Eastern Swiss Alps Favre 1955
Central Swiss Alps Senn-Irlet 1987

L ohiensis (Mont.) Singer Greenland Lamoure et al. 1982, Wathng 1977
Svalbard Watlmg & Watling 1-988

L proximo. (Bond.) Pat. Radont Valley, Switzerland Graf 1994
Eastern Swiss Alps Favre 1955
Godhavn area, W. Greenland Lamoure et al. 1982
Western Italian Alps , Lo Bue et al. 1994
Umiat, Alaska Kobayasi et al. 1967
Finnish Lapland Kallio & Kankamen 1964
Norway Lange & Skifte 1967

L proximella Singer Scotland Watling 1987
- L. pumila Fayod Svalbard Gulden &Torkelsen 1996, Vare et al.

1992, Osmundson (unpublished)
Western Italian Alps Lo Bue et al. 1994
Eastern Swiss Alps Favre 1955
Iceland Hallgrimsson 1998
Switzerland Senn-Irlet 1988, 1992
Alaska Mueller 1992

L. stnatula (Peck) Peck Alaska Laursen & Ammirati 1982, Laursen
& Chmielewski 1982, Linkins &
Antibus 1982

Svalbard Reid 1979
L. tetraspora Singer Switzerland Senn-Irlet 1988

Baffin Island Parmalee 1969
Alaska Kobayasi et al. 1967, Miller et al.

1982
Svalbard Ohenoja 1971
Greenland Lange 1957

L tortilis (Bolton) Cooke Greenland Lamoure et al. 1982, Lange 1957
Western Italian Alps Lo Bue et al. 1994
Alaska Kobayasi et al. 1967, Laursen &

Chmielewski 1982, Miller et al.1982
Svalbard Ohenoja 1971
Iceland Hallgrimsson 1981,1998
Kamchatka Kalamees & Vaasma 1993

L trullisata (Ellis) Peck Greenland Lamoure et al. 1982,,Lange 1957
f  rugulospora M. Lange

.



Table 7. Laccaria records from the arctic-alpine literature after accounting for probable 
synonyms and misapplied names. Application of synonyms and nomenclature follows 
Gulden and Torkelsen (1996) and Mueller (1992).

L. avachaensis Kalamees

L. bicolor (Maire) Orton
L. Iaccata (Scop.: Fr.) Cooke (mostly var.pallidifolia, although var. moelleri and var.

Iaccata may be present).
L. maritima (Theodor) Singer (reported from arctic, but not alpine, habitats)
L. montana Singer 
L. proxima (Bond.) Pat.
L. pumila Fayod

Discussion of Species Records in the Arctic-Alpine Literature

L. altaica Singer
Mueller (1992; Mueller & Vellinga, 1986) considers L. altaica to be a later synonym of 
L  pumila. However, Sivertsen (1993) considers L. altaica to be a distinct species, 
differing slightly from L. pumila in spore shape and echinulae density. Due to the level 
of morphological similarity between collections referable to each taxon and in the 
absence of genetic data distinguishing the two taxa, L. altaica will be considered a 
synonym of Z. pumila in this study.

Z. avachaensis Kalamees
Z. avachaensis is reported to be most closely related to Z. bicolor, differing in having a 
densely frbrillose-squamulose pileus, more reddish-brown coloration, and larger, more 
finely echinulate basidiospores (Kalamees & Vaasma, 1993). The type specimen was 
collected on volcanic slag and ash fields in a sparsely vegetated high mountainous region 
of Kamchatka (host plant not reported). Z. avachaensis has presently been reported only 
from the type locality.

Z. bicolor (Maire) Orton
Considered to be associated with conifers in North America (Mueller 1992), Z. bicoldr is 
reported in the arctic-alpine literature to be associated with S. herbacea in Greenland, 
Scotland and Switzerland, and with Betula ermanii Cham, and Larix dahurica Turcz. ex 
Trantv. shrubs at treeline in Kamchatka.



L. Iaccata (Scop.: Fr.) Cooke
L. Iaccata is commonly reported in the arctic-alpine literature. No information is 
reported on distinctions at the subspecies level, and given the level of 
macromorphological similarity and number of systematic questions within the L. Iaccata 
complex, herbarium collections referred to as L. Iaccata should be more closely 
examined. Reported in association with Betula nana L., B. glandulosa Michx., Salix 
g&zwca L., 6". arcfppMa Cock, ex Heller, 6". Aerbocea L., 6". refzwa L., 6". roAWi/Wa 
Trautv., and Polygonum viviparwn L.

L. Iaccata var. subalpina Singer
Mueller (1992) treats this taxon as a synonym of L. Iaccata var. pallidifolia.

L. maritima (Theodor) Singer
Reported only from Iceland and Greenland (as L. trullisata f. rugulospora) in the arctic- 
alpine literature, this species is associated with sandy soils and sand dunes.

L. montana Singer
This taxon is one of the most widely collected Laccaria species in arctic-alpine habitats. 
Reported in association with Salix spp. and Dryas spp. See additional comments under Z. 
tetraspora.

L. ohiensis (Mont.) Singer
Considerable taxonomic confusion is associated with this taxon. The holotype of L. 
ohiensis is a quadristerigmate species; however, the name L. ohiensis was later used in 
some cases to describe a bisterigmate species. At least some records of L. ohiensis from 
arctic-alpine areas probably represent collections of L. pumila (Gulden and Torkelsen,
1996).

L. proximo (Bond.) Pat.
This species has been reported from the Alps and Greenland, in association with Salix 
herbacea and Polygonum viviparum. See comments under L. proximella.

L. proximella Singer
Like L. proxima, L. proximella is characterized by having ellipsoid spores with low 
ornamentation. L. proximella was reported by Watling (1987) as the “alpine equivalent” 
of L  proxima, differing in terms of having smaller stature, a lilaceous tinge in the 
lamellae and a less distinctly course fibrillose pileus and stipe, and lacking a raphanoid 
odor. Mueller (1992) considers L. proximella to differ in terms of having violet 
mycelium at the base of the stipe and exhibiting a preference for poor, rocky soil. 
However, he reports examining a large number of collections referable to L. proxima 
from arctic-alpine habitats, and therefore considers L. proximella to be a species 
described only from South America and arctic-alpine records of L. proximella to be L. 
proxima (Mueller 1992).
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L. pumila Fayod
This taxon is one of the most commonly collected and widely distributed Laccaria in 
arctic-alpine habitats (Gulden & Jenssen, 1988), occasionally appearing in the arctic- 
alpine literature under the synonyms L. Iaccata var. pumila (Fayod) Favre and L. altaica 
Singer. In addition, the epithets L. tortilis (Bolt.) Cke. ss. Kobayasi et al 1968, M. Lange 
1955, Miller et al. 1982 and Ohenoja 1971, L. altaica sensu Skifte (1979), L. striatula 
(Bk.) Pk. sensu Reid 1979 and Singer 1943, and possibly L. ohiensis (Mont.) Sing, sensu 
Watling & Watling 1988 have been applied to collections referable to L. pumila (Gulden 
& Jenssen 1988, Gulden & Torkelsen, 1996). See comments under Z. altaica regarding 
synonomy. Reported in the literature to be associated with Polygonum viviparum, Salix 
herbacea, and Diyas octopetala.

L. striatula (Peck) Peck
This species was reported in association with S. rotundifolia by Linkins and Antibus 
(1982) in Alaska. Mueller (1991) and Gulden and Torkelsen (1996) report that the name 
L. striatula is occasionally misapplied to collections of L  pumila.

L. tetraspora Singer
Mueller (1992) treats the name L. tetraspora Singer as a synonym of Z. ohiensis (Mont.) 
Singer. However, he states that at least some of the collections of Z. tetraspora reported 
from arctic-alpine areas appear to be referable to Z. montana Singer. Z. montana is 
distinguished from Z. ohiensis by having broadly ellipsoidal (rather than globose) spores 
with narrower echinulae.

Z. tortilis (Bolton) Cooke
This species has been reported in association with Salix glauca and Polygonum 
viviparum. Mueller (1991, 1992) and Gulden and Torkelsen (1996) indicate that at least 
some of the collections reported under the name Z. tortilis from arctic regions (e.g., 
Kobayashi, 1967) are actually Z. pumila Fayod. Both species have bisterigmate basidia, 
but Z. tortilis is characterized by larger, globose basidiospores.

Z. trullisata (Ellis) Peck f. rugulospora M. Lange
This species was described by M. Lange (1957) in association with Salix glauca in sand 
dunes in Greenland. Holland (1976) considers this taxon to be a synonym ofZ. maritima.

Laccaria in the Rocky Mountains

In the Rocky Mountains, subalpine Laccaria records include Z. amethysteo- 

occidentalis, L. bicolor, L. Iaccata var. pallidifolia, L. montana, L. nobilis, L. proximo, 

and L. pumila (Cripps, 2001; Evenson, 1993; Mueller, 1992; Osmundson, unpublished).



However, no arctic-alpine Laccaria records were encountered during the course of the 

literature review, indicating that the Rocky Mountain alpine species are largely unknown. 

Based on biogeographic patterns observed in Rocky Mountain alpine plants (Johnson & 

Billings, 1962; Love & Love, 1974; Weber & Wittmann, 2001) it can be hypothesized 

that some species found m the Rocky Mountain alpine should be part of the more widely- 

distributed Rocky Mountain and temperate arctic-alpine mycofloras, but that the 

Southern Rocky Mountains, and the San Juan Range in particular, could harbor endemic 

taxa recorded from neither the Arctic nor from the Central and Northern Rocky 

Mountains. Based also on patterns observed for vascular plants, it can be hypothesized 

that alpine areas will be more species-rich than arctic areas due to a greater number of 

diverse topoclimates and closer proximity to subalpine source populations (Kdrner,

1999). Whether this pattern, applies to ectomycorrhizal fungi in general is outside the 

scope of the present project; however, whether it applies to Laccaria in particular will be 

evaluated on the basis of field data and a review of the arctic-alpine literature.

The level of genetic relatedness between alpine populations and nearby subalpine 

populations within morphological species has not been assessed for ectomycorrhizal 

basidiomycetes. A study on biological and morphological species in the saprobic genus 

Psilocybe (Boekhout et ah, 2002) observed interfertility between an ex-type strain of the 

alpine species P. chionophila and a morphologically similar subalpine isolate, showing 

that, at least in saprobic species, conspecific alpine and subalpine populations exist. The 

study did not assess whether alpine isolates from various regions are more closely related 

to each other than to nearby subalpine populations, a question with implications for better



elucidating evolutionary patterns in arctic-alpine fungi. An assessment of genetic 

relatedness for ectomycorrhizal species would provide evidence for addressing the 

question of whether alpine populations are derived from lower elevation populations (or 

vice versa), or are more closely related to alpine populations in other locations.

The relationship between the distributions of ectomycorrhizal (EM) 

basidiomycetes and their mycorrhizal host plants in arctic-alpine habitats was posed by 

Watling (1987), who suggested that EM fungi may'have either followed their hosts, 

mirrored host distributions due to similar physiological optima, or have different (e.g., 

more restricted) distributions. Host specificity patterns in relation to EM fungal 

distributions, as well as whether host shifts between subalpine and alpine populations 

have occurred, represent questions in need of further study. Alpine Laccaria species in 

North America are mycorrhizal symbionts of dwarf and some shrubby Salix spp, Betuia 

spp., and Dryas spp. The distributions of these host plants may be important in 

influencing the distributions of Laccaria spp.

Among the existing problems pertaining to arctic-alpine Laccaria are: I) 

stabilization of nomenclature for taxa, 2) gaining a better understanding of species 

distributions, host associations, and patterns of host specificity, 3) examining associations 

with subalpine taxa in terms of assessing genetic evidence for conspecificity, studying the 

population biology of alpine and subalpine populations, identifying morphological 

adaptations to alpine environmental factors, and identifying host shifts between subalpine 

and alpine populations, 4) examining evidence to support or reject the treatment of 

Laccaria altaica and L. pumila as synonyms, and 5) examining evidence to diagnose L.
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pumila and L. montana as distinct species or as variants (bisterigmate and 

quadristerigmate, respectively) within a single species. The difference between 

bisterigmate and quadristerigmate species may be fundamental in an ecological sense. 

Cytological studies by Tommerup et al. (1991) and Mueller et al. (1993) determined that 

bisporic basidia usually produce spores having 4 nuclei, and quadrisporic basidia usually 

produce spores having 2 nuclei. Most spores from bisporic basidia contained nuclei of 

compatible mating types, as evidenced by most single spores producing clamped, 

dilcaryotic hyphae (Tommerup et al., 1991), an occurrence not noted in quadrisporic 

species (Doudrick & Anderson, 1989; Fries & Mueller, 1984). The fact that these spores 

can form dilcaryotic hyphae without need of joining with the mycelium of a compatible 

mating type (i.e., “secondarily homothallic”) may represent a means for rapid 

colonization of disturbed and primary successional habitats (Tommerup et al., 1991), or 

potentially for survival under adverse environmental conditions.

Better understanding species limits, infrageneric and higher-order relationships, 

ecology and host associations in Laccaria could provide useful insight into character 

evolution, evolution of host associations, and morphological adaptations to cold climates. 

In addition, identifying host-fungus mycorrhizal partnerships may be important toward 

the development of systems for reclamation of high-altitude disturbed sites and 

improving the understanding of mycorrhizal host specificity patterns as they relate to 

alpine habitats. The present research addresses several (but not all) of the problems listed 

above by documenting Laccaria spp. with Rocky Mountain alpine distributions, 

presenting, data on mycorrhizal host associations, and examining collections and host



associations of Rocky Mountain subalpine Laccaria species collected near alpine sites. 

Analysis of ribosomal DNA internal transcribed spacer sequences (Chapter 3) was 

conducted in order to: I) evaluate the morphological species concepts presented in this 

chapter, 2) evaluate the delimitation'of L. montana and A pumila as distinct species using 

molecular data, and 3) evaluate morphological features useful for species delineation.

Systematically Informative Characters in Laccaria Classification

As previously discussed, species delimitation in Laccaria is complicated by a lack 

of systematically informative macromorphological traits and by a high degree of 

phenotypic plasticity among some species (particularly L  laccata). The use of a 

combination of macromorphological, micromorphological, cultural and molecular 

characters, in addition to mating studies, has aided in the delimitation and nomenclatural 

stabilization of some taxa (Mueller, 1992).

Macromorphological Characters

Although macromorphology in Laccaria species can be highly variable, traits 

such as basidiocarp color, size, and texture can be useful features in identifying taxa. 

Basidiocarp color in Laccaria ranges from violet to orange-brown, red-brown, or gray, 1 

and can be a useful field characteristic in distinguishing violet-pigmented taxa such as L  

amethystina and L. amethysteo-occidentalis or gray-pigmented taxa such as L. murina 

from taxa having orange-brown or red-brown basidiocarps (Imai, 193.8; Mueller, 1992). 

However, basidiocarp colors often change with age or weathering, and can be highly 

variable within species. Lamellae color can be systematically informative, for example,
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providing a distinguishing feature between L. bicolor, having pale violet to vinaceous 

lamellae, and members of the L. Iaccata complex, having pinkish-orange to pale orange- 

brown lamellae. Like basidiocarp color, lamellae color often fades in older specimens. 

The color of the mycelium at the base of the stipe appears to be a systematically 

informative character, with species in Metasection Amethystina having violet basal 

mycelium and those in Metasection Laccaria (excepting L. oblongospora) having white 

basal mycelia. However, basal mycelium color is sensitive to age and environment; as a 

result, field collections of species in Metasection Amethystina will often have a white, 

rather than violet, basal mycelium (Mueller, 1992; Osmundson Sc Cripps, unpublished 

data).

Basidiocarp size in many Laccaria species is highly variable, and thus represents 

an unreliable systematic character in most cases. However, size appears to be 

systematically informative in distinguishing the large, robust species L. nobilis from the 

smaller-statured L. bicolor and L. trichodermophora, as well as from members of the L. 

Iaccata complex (Mueller, 1984, 1992). The small stature of L  montana, L. pumila, L. 

tortilis, and L. ohiensis is distinctive for these taxa; however, use of this character for 

identification requires caution, as small basidiocarps of other taxa within the L. Iaccata 

complex could be mistaken for these taxa and can be distinguished only on the basis of 

micromorphological characters. Additionally, the long, narrow stipe stature of L. 

striatula and the long stipes of L. Iongipes can be useful in distinguishing these species 

(Mueller, 1991a, 1992).
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Like basidiocarp color and size, basidiocarp texture is often highly variable, but 

can be diagnostic for species in some cases. The scaly pileus and stipe ofL. nobilis, in 

addition to large size and robust stature, can often be used to distinguish this species from 

other species in the L. bicolor complex and species in the L. Iaccata complex (Mueller, 

1984, 1992). The presence of a strongly translucent-striate pileus margin can be used to 

distinguish L. pumila, L. montana, and L. tortilis from L. Iaccata in many, but not all, 

cases, since L. Iaccata basidiocarps are occasionally striate and this character can be 

highly variable in L. pumila, L. montana and L. tortilis (Mueller, 1992); basidiocarp 

texture is therefore not a systematically informative characteristic in delimiting these 

species.

Mlcromorpholo gical Characters

Macromorphological characters m Laccaria can be highly variable within taxa. In 

addition, many characters used in classifications within other agaric genera (lamellar 

attachment, pileus and stipe context morphology, odor, and taste) are not consistently 

systematically informative m Laccaria (Mueller, 1992). For these reasons, 

micromorphological characters are usually required to differentiate species.

The number of sterigmata (i.e., number of spores produced) on each basidium in 

Laccaria appears to be highly consistent within taxa, and therefore systematically 

informative. Laccaria fraterna, L. pumila, and L. tortilis are characterized by 2 (-3) 

sterigmata per basidium; all other Laccaria species have (3-) 4 sterigmata per basidium 

(Mueller, 1992).
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Although the frequency, size, and shape of cheilocystidia (sterile-cells borne on 

the edges of lamellae) can be highly variable within taxa, the presence of large, abundant, 

clavate cheilocystidia in L. amethystina, L. amethysteo-occidentalis, and L. 

vinaceobrunnea appears to be consistant and distinctive and can be used in combination 

with other characters to distinguish these species (Mueller, 1992).

The arrangement of hyphae in the pileipellis (outermost cell layer of the pileus) is 

distinctive in some Laccaria species. Most species are characterized by having 

interwoven hyphae with scattered fascicles of perpendicular, aerial hyphae. However, L. 

trichodermophora is usually characterized by having hyphae arranged in a trichodermium 

(layer of uniform hyphae oriented perpendicular to the pileal surface), and Z. 

vinaceobrunnea (and occasionally Z. amethystina)' by having a pileipellis of interwoven 

hyphae with occasional long, singular, perpendicular aerial hyphae (Mueller, 1992).

Spore characteristics are highly important in distinguishing Laccaria species. 

Spore shape in Laccaria ranges from globose (e.g., Z. amethystina, Z. ochropurpurea, Z. 

tortilis) to subglobose or broadly ellipsoid (e.g. Z. amethysteo-occidentalis, Z. nobilis, Z. 

bicolor, Z. pumila, Z. montana, Z. Iaccata vax. pallidifolia), ellipsoid (e.g., Z. proximo), 

oblong (e.g. Z. oblongospora, Z. maritima), or subfusiform (e.g. Z. trullisata). The length 

and width of the echinulae (spines) on the basidiospores are also characteristics of high 

systematic importance. Echinulae length can be used to distinguish species, and ranges 

from finely roughened (e.g., Z. trullissata) to finely echinulate (< I pm, e.g., Z. maritima, 

L. proximo, L. oblongospora), moderately echinulate (1-1.5 pm, e.g., Z. bicolor, Z. 

laccata, Z. montana; L. pumila), or strongly echinulate (>1.5 pm, e.g., Z. tortilis, Z.
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striatula, L. ohieiisis). The width of echinulae at the base is additionally important for 

distinguishing L. ohiensis andZ. striatula, having broad (>1.2 pm) echinulae bases, from 

L. Iaccata var. pallidifolia (Mueller, 1991a). Spore thickness is useful for distinguishing 

L. trullissata (thin-walled) from the similar L. maritima (thick-walled). Average spore 

size can be useful in distinguishing members of the L. bicolor complex, having smaller 

spores, from members of the L. Iaccata complex; however, the range of spore sizes can 

overlap between species in these complexes (Mueller, 1992; Osmundson, unpublished 

data).

Cultural Characters

Because a number of Laccaria species can be grown in culture, observation of 

somatic culture mat morphology can be used to provide additional characters for 

delimiting species. Culture mat color can be used to distinguish species in Metasection 

Amethystina, with violet culture mats on PDA and MMN media, from species in 

Metasection Laccata (with the exception of L. oblongospora), having white culture mats 

on PDA and MMN (Mueller, 1992). Culture mat morphology, especially the distribution 

of zones of thicker growth can additionally distinguish taxa in the L. bicolor complex. 

Additional cultural characteristics such as average linear growth rate, micromorphology 

of early hypha, and appearance of zones of denser mycelial growth support species 

designations based on morphological, molecular, and mating compatibility data (Mueller,

1985, 1992; Fries & Mueller, 1984).
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Molecular Characters

Molecular data provide additional characters for systematic analysis and their use 

can be a powerful tool for inferring species limits and phylogenetic classifications, 

especially when used in addition to morphological and mating compatibility data. Thus 

far, the use of molecular data in Laccaria systematics has been limited to restriction 

fragment length polymorphisms (RFLPs) of ribosomal and mitochondrial DNA as data to 

support species delimitations based on mating compatibility and morphological data. 

Restriction fragment patterns of nuclear ribosomal DNA (rDNA) distinguished the 

species L. amethystina, L. bicolor, L. Iaccatd and L. proxima, and distinguished 

biological species within the L. Iaccata complex and populations within species between 

North America and Europe (Gardes et al. 1990). Restriction fragment patterns of 

mitochondrial DNA (mtDNA) produced similar results to those of rDNA, although 

higher variability was detected between L. bicolor populations, and evidence for mtDNA 

divergence between North American and European L. bicolor populations was not found 

(Gardes et al., 1991). Gardes and Mueller (1991) determined that RFLP patterns for 

rDNA and mtDNA were congruent with morphological and mating compatibility data in 

distinguishing three species (X. bicolor sensu stricto, L. nobilis, andZ. trichodermophora) 

within the L. bicolor species complex. Wliile RFLP data represent an additional, 

powerful set of characters to support species recognitions, problems in determining 

homology of observed banding patterns precludes the use of RFLPs in phylogenetic 

reconstruction. The use of sequence data in the present study (Chapter 3) provides a 

preliminary assessment of the utility of ribosomal internal transcribed spacer (rDNA-lTS)



sequences for recognizing species, and produces a framework for future studies toward 

generating a robust phytogeny for the genus Laccaria.

Cytological Characters

Laccaria species are characterized by having multinucleate spores (usually 2 

nuclei per spore in quadristerigmate and 4 nuclei per spore in bisterigmate species; 

Tommerup et ah, 1991), a rare condition in the family Tricholomataceae sensu Singer 

(1986). This characteristic was used by Kuhner (1984) to support the placement of 

Laccaria and the sequestrate genus Hydnangium in a separate family, Hydnangiaceae. An 

extensive survey of the nuclear condition of Laccaria and Hydnangium species and an 

extensive literature review of nuclear condition in other Agaricales by Mueller and 

Ammirati (1993) confirmed that the multinucleate condition is ubiquitous m Laccaria 

and Hydnangium, but determined that it is not restricted to these genera. In other words, 

the presence of multinucleate basidiospores supports the monophyly of Laccaria and 

Hydnangium, but is not systematically informative at the family level due to homoplasy 

within the order Agaricales.

Mating Studies

The biological species concept, as applied to the Agaricales, assesses the potential 

conspecificity of isolates on the basis of the ability of homokaryotic mycelia derived 

from single spore isolates to mate, forming dikaryotic mycelia, in culture. The 

application of this species concept has increased in recent years as a means of assessing



and refining species delimitations based on morphological characters (Petersen, 1995a, 

1995b). Because the spores of many Laccaria species germinate in culture, spore mating 

studies have been used to elucidate species limits, and the studies of Fries and Mueller 

(1984), Mueller (1991a, 1991c) and Mueller and Gardes (1991) serve as a model for the 

integration of mating and morphological data for systematic studies in ectomycorrhizal 

basidiomycetes.

Early single-spore intercollection pairing experiments between Swedish isolates 

off. Iaccata sensu Iato resulted in the determination of four intersterility groups (ISGs), 

Groups I, II, III, and IV (Fries, 1983). Correlation of these isolates with taxonomic data 

resulted in assigning these groups to L. proximo (Group I), L. bicolor (Group II), and L. 

Iaccata sensu stricto (Groups III and IV); mating of additional isolates resulted in 

delimiting the two additional ISGs Group V, corresponding to L. amethystina, and Group 

VI, corresponding to L. altaica (=L. pumila) (Fries & Mueller, 1984). In each case, 

biological species (i.e., ISGs) were found to correspond to morphological species; the 

presence of two ISGs referable to L. Iaccata indicated the presence of cryptic species 

within a single morphological species.

Studies on restriction fragment length polymorphisms in selected Laccaria 

species (Gardes et ah, 1990, 1991a) employed a revised nomenclature for ISGs, referring 

to ISGs within L. Iaccata as Biological Species 1,2,3, and 4, with groups I and 2 

consisting of North American isolates and groups 3 and 4 consisting of Swedish isolates. 

Correlation of mating data with morphometric analyses and RFLP data resulted in 

assignment of these intersterility groups to North American Laccaria laccata var.
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pallidifolia (Biological Species I), L. Iongipes (Biological Species 2), Swedish Z., Iaccata 

var. pallidifolia and L. Iaccata var. moelleri (Biological Species 3), and L. ohiensis 

(Biological Species 4), and delimited an additional group (Biological Species 5) 

corresponding to L. striatula (Mueller, 1991a, 1991c, 1992). Similarly, intercollection 

pairing reactions combined with RFLP data and a phenetic analysis of morphological • 

characteristics resulted in delimiting three species within the Laccaria bicolor complex:

L. bicolor sensu stricto, L. nobilis, and L. trichodermophora (Mueller & Gardes, 1991).

The results of these studies in the L. Iaccata and L. bicolor species complexes 

illustrate the utility of mating data for addressing taxonomic problems. Mating data can 

provide evidence supporting the presence of genetic isolation between populations, 

thereby supporting or refuting character selection and weighting schemes used in 

systematic analyses and encouraging the rigorous evaluation of morphological 

differences between putative taxa, e.g., spore size .between L. Iongipes vs. L. Iaccata var. 

moelleri, echinulae basal width between L. ohiensis and L. laccata, stipe length, texture, 

and color between L. striatula and L. ohiensis, and basidiocarp size, texture and color 

between L. bicolor, L. nobilis and L. trichodermophora (Mueller, 1991a, 1991c; Mueller 

& Gardes, 1991).

Several weaknesses are inherent in applying the biological species concept to 

Agaricales, including the inability to examine species whose spores do not germinate in 

culture, the possibility that the ability to mate in culture is retained even though 

morphological divergence or the presence of barriers to reproduction in nature exist (due 

to mating compatibility being a pleisiomorphic trait), and the fact that there is a



significant distinction that must be made between the ability to form dikaryotic mycelia 

and the ability to produce viable offspring (Petersen, 1995a, 1995b). In addition, the 

presence of compatible mating type nuclei in many spores of bisterigmate species 

precludes their use in mating studies unless they have been dedikaryotized first (Fries & 

Mueller, 1984). Mating studies to test the hypothesized genetic isolation of Z. m'ontana 

and L. pumila have been unsuccessful due to the inability to reliably obtain homokaryotic 

isolates of either species (Mueller, 1991). Due to these biological limitations, in addition 

to methodological limitations imposed by conducting a study with multiple researchers 

collecting over a large geographic region and broad range of taxa, obtaining 

homokaryotic cultures and conducting mating studies was beyond the scope of the 

present project. Mating data, or alternatively, the incorporation in molecular 

phylogenetic analyses of reference specimens previously used in mating studies, could be 

employed in future research to evaluate the species delimitations made in the present 

project.

Materials and Methods

The present study consists of a detailed taxonomic examination of Rocky 

Mountain alpine Laccaria species using material collected over a 5-year period at alpine 

field sites in Colorado, Montana, and Wyoming, USA. Collections were analyzed using 

macroinorphological and micromorphological characters, and cultural characters 

whenever possible.
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Specimen Collection

Specimens were collected at field sites above treeline in the southern and central 

Rocky Mountains between 1997 and 2002. Southern Rockies field sites, all located in 

Colorado, included Independence Pass (elevation 3600-3700 m), Linkins Lake Valley 

(elev. 3600 m), Cumberland Pass (elev. 3662 m) and Cottonwood Pass (3700 m) in the 

Sawatch Range; Cinnamon Pass (elev. 3700-3850 m), Black Bear Pass (elev. 3760 m), 

Mineral Basin (3900 m), U.S. Basin (elev. 3660 m) and Horseshoe Lake (elev. 3810 m) 

in the San Juan Mountains; Loveland Pass (elev. 3700 m) and Haggeman’s Pass (elev. 

3600 m) in the Front Range, and Blue Lake Dam (elev. 3300 m) in the Tenmile Range. 

North-central Rocky Mountain sites were located on the Beartooth Plateau in southern 

Montana and northern Wyoming (elev. 2950-3264 m). Ectbmycorrhizal host plants in 

close proximity to basidiocarps were noted for each collection. In addition to general 

collecting, a more systematic analysis on the Beartooth Plateau was conducted using 

fifteen 1-m2 sampling plots in order to better assess mycorrhizal host plant associations 

for macromycetes including, but not limited to, Laccaria spp. (Chapter 4). Spore 

deposits and/or tissue cultures were attempted when feasible. Cultures were maintained 

on potato dextrose (PDA) or modified Melin-Norlmans (MMN; Marx, 1969) media. 

Basidiocarps were preserved by warm air drying on an electric dryer and deposited in the 

Montana State University -  Bozeman herbarium (MONT), Fungal Section. Laccaria 

specimens collected during the course of this study are listed by taxon in Tables 8-12
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following species descriptions (Results section). Specimens are designated with C.L. 

Cripps (CLC) or T.W. Osmundson (TWO) collection numbers.

Morphological Descriptions

Macromorphological descriptions of basidiocarps were made from fresh 

specimens. Descriptive terms follow Largent (1986). Color designations correspond to 

Kornerup and Wanscher (1967), and are noted as combinations of plate number, column, 

and row (e.g., 8A5). Preparation of hand sections for observation of microscopic 

characters and use of descriptive terms follow Largent et al. (1977). Sections were 

mounted in 3% KOH for measurement of spores and microscopic features, and in 

Melzer’s reagent (0.5 g iodine, 1.5 g potassium iodide, 20 mL dH20, 20 mL chloral 

hydrate) to test for amyloid reactions. Spore measurements were made with apiculus and 

ornamentation excluded. Length-width ratios (Q) were calculated for each spore, and a 

mean calculated for each collection (Qm). Average length-width ratios in the species 

descriptions are presented as the range of values encountered for collections examined. 

Basidiospore measurements were made from hymenial tissue in order to maintain 

consistency between collections, and in order to maintain consistency of methods with 

those used in Mueller’s (1992) monographic treatment of North American Laccaria 

species. Measurements were made from a random sampling of 10-20 spores and 5-20 

basidia and cystidia for each collection, using multiple basidiocarps wherever possible in 

order to capture variation within collections. Width measurements of basidia and cystidia 

were made at the widest point. Drawings of microscopic features were prepared using a
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drawing tube attached to a Leica research microscope. Culture morphology was 

observed, noting color, relative growth rate, and growth form on PDA and/or MMN 

media. Some taxa, including L. montana, did not grow in culture, and successful 

isolation of Z. pumila was rare.

Scanning Electron Microscopy

Lamellar fragments (approximately I mm2) were removed from dried 

basidiocarps, attached to aluminum mounts using double-stick tape, and gold-palladium 

sputter coated at a nominal coating thickness of 15 nm using a Hummer VII sputtering 

system (Anatech Ltd., Alexandria, VA). Basidiospores were examined at 15 IcV using a 

JEOL JSM-6100 scanning electron microscope.

Results

Five species of Laccaria were collected in Rocky Mountain alpine habitats: L. 

bicolor (Maire) Orton, L. Iaccata var. pallidifolia (Peck) Peck, L. montana Singer, L. 

pumila Fayod, and Laccaria sp., putatively representing a new species. Rocky Mountain 

distributions for these taxa are discussed below.

Key to Rocky Mountain Alpine Laccaria Species

A key to Laccaria species collected in the Rocky Mountain alpine zone is 

presented. Though not found in alpine habitats during the course of the present study, L. 

proxima (Boud.) Pat. is included both because this species was found in Beartooth
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subalpine areas in mixed EM plant communities that included Salix shrubs, and because

its apparent affinity for disturbed sites and mine tailings makes it likely to be found in

such sites above treeline.

Key to Rocky Mountain alpine Laccaria species:

I . Basidia bisterigmate; basidiocarps small (pileus <3 (-3.5) cm in diameter), pale
orange-brown to nearly red-brown ; basidiospores (8-) 9-13.5 x (6,8-) 7.5-10.5 (-12) 
pm; subglobose to broadly ellipsoidal (Qm = 1.08-1.18), with moderately coarse
echinulae (< 1.5 (-2) pm in length, 0.3-1 (-1.25) pm wide at base) .............................
............................................ ..................................................... Laccaria piimila Fayod

1. Basidia tetrasterigmate...................................................................................................2

2. Basidiocarps small to medium-sized (pileus 0.5-3.5 cm in diameter); pileus
translucent-striate or nonstriate, glabrous to indistinctly fibnllose, pale orange to dark 
orange-brown or red-brown; stipe +/- equal, glabrous to minutely fibrillose..............3

2. Basidiocarps medium to large in size (pileus 1.5-7 cm in diameter); pileus distinctly
finely fibrillose, pale pinkish-orange to dark orange-brown or red-brown; stipe 
robust, basally enlarged to clavate, distinctly fibrous-striate.......................................5

3. Basidiocarps small to medium (pileus 1-3.5 cm in diameter, stipe 1.5-5 cm long),
glabrous, indistinctly striate to nonstriate; pale orange; basidiospores globose to 
subglobose (Qm = 1-1.07) with moderately course echinulae (<1.5 (-2) pm in length, 
0.3-1.1 pm wide at base)......................Laccaria laccata vax. pallidifolia (Peck) Peck

3. Basidiocarps small (pileus 0.5-2 (-3.5) cm in diameter, stipe generally < 3 cm long),
usually translucent-striate; orange brown to red-brown; basidiospores subglobose to 
broadly ellipsoidal (Qm = 1.04-1.18), finely to moderately echinulate.........................4

4. Basidiospores subglobose to broadly ellipsoidal (Qm = 1.04-1.16), moderately large (x
= 9.1-10.1 x 8.7-9.1 pm) with moderately course echinulae (< 1.7 (-2.5) pm in length, 
0.3-1.1 pm wide at base)........................................................Laccaria montana Singer

4. Basidiospores generally more ellipsoidal than above(Qm =1.16-1.18), sometimes
smaller (x = 7.9-9.7 x 6.8-8.3 pm), having finer echinulae than above (< I (-1.7 at 
spore apex) pm in length, 0.3-0.6 pm wide at base).................................. Laccaria sp.

5. Basidiocarps pale pinkish-orange to dark orange-brown, medium to large (pileus in 
mature specimens 2-7 cm in diameter); basal tomentum white to violet; colonies on
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PDA bright violet, fading to red-brown, pale violet or nearly white; basidiospores 
subglobose to broadly ellipsoidal (Qm = 1.06-1.15), with moderately coarse echinulae 
(< 1.5 (-2.5) pm in length, 0.4-1.2 pm wide at base), associated with shrub Salix
species.......................................................................... Laccaria bicolor (Maire) Orton
(NOTE: Large specimens of Z. Iaccata var. pallidifolia (especially when somewhat 
dry) may key out here due to pileus diameter, and can be distinguished by having less 
clavate, glabrous to indistinctly fibrillose stipes and white cultures on PDA).

5. Basidiocarps dark orange-brown to red-brown, medium to large (pileus in mature 
specimens 1.5-5.5 cm in diameter); basal tomentum white; colonies on PDA white; 
basidiospores ellipsoidal (Qm = 1.36-1.51) and finely echinulate (echinulae < I pm in 
length with occasional long echinulae (1-1.8 pm long) at apex; echinulae 0.2-0.75 pm
wide at base); subalpine; commonly on mine tailings and disturbed sites ....................
................•'................................................................... -ILaccariaproximo (Bond.) Pat.

Taxonomy of Rocky Mountain Alpine Zuccarm

Laccaria bicolor (Maire) Orton Figures 2, 3

Make, 1937. Publ. Inst. Bot. Barcelona 3: 84 (as Z. Iaccata var. bicolor) 

Macromorphology: Pileus (1-) 2-5 (-7) cm in diameter, convex, occasionally 

becoming nearly plane with shallow central depression in age; pale pinkish orange to 

dark orange, occasionally darker at margin, hygrophanous, drying to pale orange; nearly 

glabrous when young, becoming minutely scaly with concentrically-arranged fine scales 

in age; not striate. Margin involute becoming decurved to uplifted, entire to undulating 

slightly, occasionally rimulose in age. Context thick, white to pale orange, pinkish-white 

or pale violet. Lamellae adnate to adnexed, broad, moderately thick, subdistant, pink; 

edges entire; lamellulae present. Stipe 2-5 x 0.3-0.8 cm, equal or more frequently 

gradually basally enlarged to clavate, robust, long, tough, solid becoming hollow at least 

in some collections; concolorous to paler than pileus, pale whitish orange to pale orange-
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brown; apex pink in some young specimens. Surface longitudinally striate, rough- 

fibrous. Basal tomentum generally white under field conditions, but noted as violet in ' 

one collection (CLC 1482). Odor and taste mild.

Micromorphology: Pileipellis of interwoven, inamyloid, cylindrical, mostly 

repent hyphae with widely scattered fascicles of hyphae oriented nearly perpendicular to 

pileal surface. Hyphae hyaline or having intracellular pigment appearing pale orange- ' 

brown in 3% KOH. Clamp connections abundant. Stipitipellis of parallel, cylindrical, 

repent, inamyloid hyphae. Terminal elements in one collection (CLC 1469) swollen. 

Clamp connections present. Caulocystidia absent. Lamellar trama of subparallel to 

interwoven, cylindrical, hyaline, inamyloid hyphae. Clamp connections present. 

Subhymenium undifferentiated. Pleurocystidia absent. Cheilocystidia filiform, 

cylindrical to irregular, hyaline, 29-44 x 1-4 pm; absent to abundant. Basidia clavate, 

hyaline, 26-44 x 8-11 pm, tetrasterigmate; sterigmata < 7 pm in length. Basidiospores 

5.4-8 (-9.5) x (4.1-) 5.5-7.7 (-8.5) pm (mean = 6.2-8 x 5.5-7 pm), Q = 1-1.32 (Qm= 1.06 

-1.15), subglobose to broadly ellipsoidal, hyaline, echinulate; echinulae <1.5 (-2.5) pm 

in length, (0.2-) 0.4-1.2 pm wide at base.

Culture morphology: Dikaryotic cultures on PDA and MMN moderately fast

growing; colonies white, becoming bright violet then fading to red-brown, pale violet or 

nearly white.

Rocky Mountain alpine habitat and distribution: Solitary to scattered, occurring in 

alpine habitats in the Front Range, Sawatch Range and San Juan Mountains in Colorado.
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Associated with dwarf willows including, Salix arctica and S. reticulata, and shrub 

willows including Salix planifolia and S. glauca.

Comments: L. bicolor is distinguished by having medium to large-sized, robust, 

minutely scaly basidiomata, subglobose to broadly ellipsoidal basidiospores borne on 

tetrasterigmate basidia and violet mycelial growth on PDA. The presence of a violet basal 

tomentum in one collection (CLC 1482) was noted. While this character can be useful in 

identifying X. bicolor in the field, it was rarely present in Colorado alpine collections. 

Laccaria bicolor and L. Iaccata var. pallidifolia are the two medium- to large-sized taxa 

collected at alpine field sites during the course of this study. Both have tetrasterigmate 

basidia and globose to subglobose basidiospores; L. Iaccata var. pallidifolia generally has 

larger spores, but the present study failed to separate the two species based on spore 

characteristics alone (i.e., division based on spore characteristics conflicts with those 

based on macromorphological and molecular data); because of these overlaps in spore 

size and shape, L. bicolor can be difficult to distinguish from L. Iaccata var. pallidifolia 

in the absence of a violet basal tomentum and/or mycelial culture. In the present study, 

basidiocarp stature and texture were found to be useful characters for distinguishing the 

,two species: L. bicolor basidiocarps were consistently more robust than L. Iaccata var. 

pallidifolia, with minutely scaly pile! and basally enlarged to nearly clavate, rough 

fibrous-striate stipes. Distinctions based on these characters were supported by molecular 

data (Chapter 3). Laccaria bicolor was collected at alpine field sites in Colorado, but 

was not collected on the Beartooth Plateau. Examination of the collection TENN 42529 

(Appendix A), the Representative Specimen (c.f. neotype) ofX. bicolor, showed
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micromorphological features corresponding to those of the smaller-spored Rocky 

Mountain alpine collections examined.

Material examined: USA. COLORADO. Summit/Clear Creek Co.: Front Range, 

Loveland Pass, 7 August 1999, CLC 1304 (MONT); San Juan Co.: San Juan Mountains, 

Black Bear Basin, 3 August 2000, CLC1445 (MONT), Mineral Basin, 7 August 2001, 

CLC 7d72 (MONT), Stony Pass, 28 July 2002, CLC (MONT), Horseshoe Lake, 6 

August 2001, CLC1656 (MONT), Cinnamon Pass, 10 August 2001, CLC1709 

(MONT); Pitkin/Chaffee Co.: Sawatch Range, Independence Pass, 11 August 1999, CLC 

(MONT), 13 August 1999, CLC (MONT), 6 August 2000, CLC 

(MONT), 13 August 2001, CLC 1742 (MONT); Pitkin Co.: Sawatch Range, Linkins 

Lake Valley, 8 August 2000, CLC 1482 (MONT). Collections of Laccaria bicolor 

examined, with collection data and EM host plants, are shown in Table 8.

Table 8. Rocky Mountain alpine L. bicolor (Maire) Orton collections examined, showing 
collection data and ectomycorrhizal host associates.

ID Location Ranae State Plant Associations Date
C LC  1304 Lo ve land  P ass F ront CO SaH x sh rub 8 /7 /99

C LC  1445 B la ck  B ea r Basin- San Juan CO S a lix  arctica 8/3 /00

C LC  1709' C in n a m o n  P ass San Juan C O S a lix  arctica 8/10/01

C LC  1672 M in e ra l Basin San Juan CO S a h x  reticula ta 8/7/01

C LC  1656 H o rse sh o e  Lake San Juan- CO S a lix  re ticula ta 8/6/01

C LC  1825 S to n y  P ass San Juan C O S a lix  planifolia 7/28 /02

C LC  1469 In d e p e n d e n ce  P ass S aw atch C O S a lix  planifolia 8/6 /00

C LC  1482 L inkm s Lake  V a lle y S aw atch CO S a lix  planifolia 8/8 /00

C LC  1742 In d e p e n d e n ce  P ass S aw atch CO • S a lix  planifolia 8/13/01,

C LC  1347 In d e p e n d e n ce  P ass S aw atch CO S a lix  planifolia, S . g la u c a  8/11 /99

C LC  1365 In d e p e n d e n ce  P ass S aw atch CO S a lix  shrub 8 /13 /99
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Figure 2. Laccaha bicolor (Maire) Orton a, b. Basidiocarps (CLC 1672). c. Scanning 
electron micrograph of basidiospores (CLC 1482). d. Culture morphology on PDA 
medium (CLC 1825). e. Rocky Mountain alpine distribution map.



Figure 3. Laccaria bicolor (Maire) Orton, CLC 1445. a. Basidiomata, actual size. b. Basidiospores. c. Basidia. 
d. Cheilocystidia. Scale bars = 10 pm.



Laccaria laccata var. Dallidifolia ('Peck') Peck Figures 4, 5

Peck, 1890. Annual Rep. New York State Botanist 43: 274 (as Clitocybe laccata 

var. pallidifolia)

Macromorphology: Pileus (0.5) 1-2 (-3) cm in diameter, convex to shallow 

convex or nearly omphaloid; indistinctly translucent-striate to nonstriate, pale orange 

(5AS to darker), hygrophanous, drying to paler orange (5B6), glabrous, occasionally 

lubricous. Margin equal to uneven or crenulate; rimulose in age. Context white to pale 

orange. Lamellae adnate to sub decurrent or rarely decurrent, broadly attached, adnate, • 

thick, pale orange to pink, subdistant. Edges entire; lamellulae present. Stipe 1.5-5 x 0.2 

x 0.5 cm, equal to slightly enlarged toward base, generally with long, thin appearance; 

straight to undulating, pale orange, glabrous to minutely fibrillose, fibrous-striate; 

occasionally tough, rubbery. Basal tomentum white. Odor mild.

Culture morphology: Cultures not obtained.

Micromorphology: Pileipellis of interwoven, inamyloid, cylindrical, mostly repent 

hyphae with widely scattered fascicles of hyphae oriented nearly perpendicular to pileal 

surface. Hyphae hyaline or having intracellular pigment appearing pale orange-brown in 

3% KOH. Clamp connections abundant. Stipitipellis of parallel, cylindrical, repent, 

inamyloid hyphae. Clamp connections present. Caulocystidia absent. Lamellar trama of 

subparallel to interwoven, cylindrical, hyaline, inamyloid hyphae. Clamp connections 

present. Subhymenium undifferentiated. Pleurocystidia absent. Cheilocystidia filiform, 

cylindrical, hyaline, 32-44 (-50) x 3-5 pm; rare to absent. Basidia clavate, hyaline, 26-50 

x 9-12 pm, tetrasterigmate; sterigmata < 8 (-11) pm in length. Basidiospores (5-) 6.2-10
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(-10.9) x (4.1-) 5.6-9.8 (-10.8) |Lim (mean = 6.2-8.8 x 5:5-8.8 |am), Q = 1-1.22 (-1.32) (Qm 

= 1-1.07 (- 1.18), subglobose to broadly ellipsoidal, hyaline, echinulate; echinulae <1.5 

(-2) pm in length, 0.3-1.1 pm wide at base.

Rocky Mountain alpine habitat and distribution: Solitary to scattered, occurring in 

alpine habitats in the Sawatch Range, 10-mile Range, Front Range and San Juan 

Mountains in Colorado. Associated with Diyas octopetala, Betula glandulosa, Salix 

reticulata, Salix glauca and in mixed habitats with D. octopetala + unidentified dwarf 

Salix and Betula glandulosa + Salix cf. reticulata.

Comments: Laccaria laccata v&v. pallidifolia exhibits a wide range of phenotypic 

variability (Mueller, 1992), and can therefore be difficult to distinguish from a number of 

other Laccaria species (see comments under other species descriptions). As such, reports 

of this species in the literature must be viewed cautiously. Widely reported from arctic- 

alpine habitats, L. laccata var. pallidifolia is reported from Colorado field sites but was 

not collected on the Beartooth Plateau during the course of this study. Host overlap with 

L. bicolor occurs in terms of associations with dwarf willows; however, L. laccata is 

reported here in association with the additional hosts Dryas octopetala and Betula 

glandulosa, and is reported only once with shrubby Salix species. Laccaria laccata var. 

pallidifolia is a cosmopolitan, commonly collected species. Rocky Mountain subalpine 

collections are reported from Colorado and Idaho (Mueller, 1992). Host plant families are 

reported as Pinaceae, Fagaceae and Betulaceae (Mueller, 1992). Examination of the 

reference collection TENN 43090 (Appendix A) showed micromorphological features 

corresponding to those noted for the Rocky Mountain alpine collections examined.
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Material examined: U.S.A. COLORADO. Pitkin/Lake Co.: Sawatch Range, 

Independence Pass, 14 August 1999, CLC1370 (MONT); Summit Co.: 10-mile Range, 

Blue Lake Dam, near Breckenridge, 2 August 2001, CLC1603 (MONT), 3 August 2001, 

CLC 1633 (MONT); San Juan Co.: San Juan Mountains, Horseshoe Lake, 6 August 

2001, CLC1655 (MONT); Gunnison/Chaffee Co.: San Juan Mountains, Cottonwood 

Pass, 12 August 2001, CLC1724 (MONT). Collections of Laccaria laccata var. 

pallidifolia examined, with collection data and EM host plants, are shown in Table 9.

Table 9. Rocky Mountain alpine L. laccata var. pallidifolia (Peck) Peck collections 
examined, showing collection data and ectomycorrhizal host associates.

ID Location Ranqe State Plant Associations Dat

C L C 1603 B lu e  L a k e  D am T en m ile C O Salix  reticulata, B etu la  glandulosa 8/2/01

C L C 1633 B lu e  L a k e  D am T en m ile C O B etula  glandulosa 8/3/01

C L C 1308 L o v e la n d  P ass F ro n t CO ? 8/8/99

C L C 1655 H o rsesh o e  L ak e S an  Juan CO Sahx reticulata 8/6/01

C L C 1648 C o tto n w o o d  P ass S an  Juan CO Salix  glauca 8/4/01

C L C 1724 C o tto n w o o d  P ass S an  Ju an CO D ryas octopetala 8/12/01

C L C 1238b In d e p en d e n ce  P ass S aw atch CO Sahx reticulata, S a h x  arc tica t 8/13/98

C L C 1370 In d e p e n d e n c e  P ass S aw atch CO d w a rf  Salix, D iya s octopetala 8/14/99

C L C 1653 C u m b e rla n d  P ass • S aw atch CO B eiula  glandulosa 8/4/01
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Figure 4. Laccaria laccata var. pallidifolia (Peck) Peck. a. basidiocarps (CLC1655 ). b. 
Scanning electron micrograph of basidiospores (CLC 1633). c. Rocky Mountain alpine 
distribution map.
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Figure 5. Laccaria laccata var. pallidifolia Peck (Peck), CLC 1370. a. Basidiomata, actual size. b. Basidiospores. c. Basidia. Scale bars = 10 pm



Laccaria montana Singer Figures 6, 7

Singer, 1973. Sydowia 7: 89.

Macromorphology: Pileus 0.5 -  2.5 (-3.5) cm in diameter, convex becoming plane 

or occasionally uplifted, with shallow central depression or rarely a low broad umbo; 

orange brown (“raw Sienna,” 6D7 to “caramel,” 6B5-6C6) to red brown or brick red 

(7D6 -  7E8), glabrous to minutely scaly, especially when dry; translucent-striate to 

plicate-sulcate, mildly to strongly hygrophanous, drying to pale orange buff (“Pompeiian 

yellow,” 5C6). Margin involute to decurved, often uplifted-undulating in age; entire or 

occasionally cremate, occasionally splitting in age. Context thin, white to pale orange- 

brown. Lamellae adnate or rarely short decurrent, moderately thick, broad (occasionally 

narrow or ventricose), subdistant, greyish orange (5B5-7B5) to pinkish orange-brown 

(6C5-6C7). Edges entire; lamellulae present. Stipe 1.0 -  2.8 (-4.7) x (0.1-) 0.2-0.3 (-0.4) 

cm, + equal, solid becoming hollow in age, glabrous to minutely fibrillose, + concolorous 

with pileus, brownish-orange to red-brown (5C5-7D6). Basal tomentum white, scant to 

moderately dense. Odor and taste mild.

Micromorphology: Pileipellis of interwoven, inamyloid, cylindrical, mostly repent 

hyphae with widely scattered fascicles of hyphae oriented nearly perpendicular to pileal 

surface. Hyphae hyaline or having intracellular pigment appearing pale orange-brown in 

3% KOH. Clamp connections abundant. Terminal elements in one collection (TWO 561) 

inflated, subclavate. Stipitipellis of parallel, cylindrical, repent, inamyloid, hyaline 

hyphae. Clamp connections abundant. Caulocystidia absent. Lamellar trama of 

subparallel to interwoven, hyaline, inamyloid hyphae; cells barrel-shaped. Clamp
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connections present. Subhymenium undifferentiated. Pleurocystidia absent. 

Cheilocystidia filiform, cylindrical to irregular, hyaline, 31-55 (-64) x 3-6 pm; absent in 

some collections while scattered to abundant in others. Basidia clavate, hyaline, 32-51 (- 

65) x (9-) 11-14 (-17) pm, tetrasterigmate; sterigmata < 10 (-12) pm in length. 

Basidiospores (8-) 9-11 (-12) x (7-) 7.9-9.5 (-10.5) pm (mean = 9.1-10.Ix 8.7-9.1 pm), Q 

= 1-1.29 (Qm =1.04-1.16), subglobose to broadly ellipsoidal or occasionally globose, 

hyaline, echinulate; echinulae < 1.7 (-2.5) pm in length, 0.3-1.1 (-1.3) pm wide at base.

Culture morphology: Culture not obtained.

Rocky Mountain alpine habitat and distribution: Scattered to gregarious, rarely 

solitary; usually among mosses; occurring in alpine habitats on the Beartooth Plateau in 

Montana/Wyoming. Only one collection observed from alpine field sites in Colorado, 

collected in the San Juan mountains. Associated primarily with the shrub willows Salix 

planifolia and S. glauca; also found in association with the dwarf willow Salix arctica in 

Wyoming.

Comments: Laccaria montana appears similar in the field to L. pumila, L. tortilis 

and small, striate forms off. Iaccata var. pallidifolia (Mueller, 1992). Laccaria laccata 

var. pallidifolia is characterized by having smaller, globose to subglobose basidiospores. 

Laccaria tortilis and L. pumila are characterized by having bisterigmate basidia. See 

additional comments under L. pumila. Laccaria montana was observed only once in 

alpine habitats in Colorado during the present study. A specimen (A.H. Smith 87400 

(MICH)) identified as L. montana from Independence Pass, Colorado was examined by 

Lahaie (1981), who reported finding both bisterigmate and tetrasterigmate basidia;
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therefore, this record cannot be confirmed without further examination. Mueller (1992) 

states that at least some previous arctic records ofZ. tetraspora (e.g., Kobayasi et ah, 

1967; Miller et ah, 1982) are L. montana. Lahaie (1981) reports L. montana to have been 

collected near Betula nana and Arctostaphylos alpina from an arctic site on the 

Tuktoyaktuk Peninsula, Northwest Territories, Canada. Laccaria montana is reported in 

Rocky Mountain subalpine habitats in Colorado, Idaho, Montana and Wyoming, in 

association with Betula spp., Salix spp. and species in the Pinaeeae. Examination of the 

reference collection TENN 42880 (Appendix A) showed micromorphological features 

corresponding to those of the Rocky Mountain alpine collections examined.

Material examined: U.S.A. COLORADO. San Juan County: San Juan Mountains, 

Mineral Basin, 30 July 2002, CLC 1853 (MONT). MONTANA. Carbon Co.: Beartooth 

Plateau, near source of Quad Creek, 10 August 1999, TWO 264 (MONT), 28 July 2001, 

TWO 441 (MONT); Carbon Co. at Wyoming State Line, Beartooth Plateau, Highline 

Trailhead, I August 2000, TWO TTP (MONT), 14 July 2001, TIFO TdP (MONT), 3 

August 2001, TWO (MONT), 3 August 2001, TWO TOT (MONT), 16 August 2001, 

TWO T40 (MONT), 19 August 2001, TWO TTP (MONT), 19 August 2001, TWO TdT 

(MONT), 18 July 2002, TWO dTT (MONT), 15 August 2002, TWO 7T0 (MONT). 

WYOMING. Park Co.: Beartooth Plateau, north of Frozen Lake, 31 July 2001, TWO 477 

(MONT), 4 August 2001„ TWO TT2 (MONT), 17 August 2001, TWO TTT (MONT), I 

September 2001, TWO 591 (MONT). Collections o iLaccaria montana examined, with 

collection data and EM host plants, are shown in Table 10.
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Figure 6. Laccaria montana Singer, a .  Basidiocarps (TWO 504). b .  Scanning electron 
micrograph of basidiospores (TWO 613). c. Rocky Mountain alpine distribution map.

Table 10. Rocky Mountain alpine Laccaria montana Singer collections examined, 
showing collection data and ectomycorrhizal host associates.

I P L o c a t i o n R a n q e S t a t e P l a n t  A s s o c i a t i o n s D a te

T W 0 2 6 4 Q u a d  C reek B eartoo th M T Salix p lanifo lia 8 /10 /99

T W 0 4 4 1 Q u a d  C re ek B eartoo th M T Salix p lan ifo lia 7/28/01

T W 0 3 6 9 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Salix p lanifo lia 7/14/01

T W O 540 H ig h lin e  T ra ilh ea d B eartoo th M T /W Y Salix p lan ifo lia 8/16/01

T W 0 6 1 3 H ig h lin e  T ra ilh ea d B eartoo th M T /W Y Salix p lan ifo lia 7/18 /02

T W O 5 0 4 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Salix glauca 8/3/01

T W O 505 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Salix glauca 8/3/01

T W 0 5 5 9 H ig h lin e  T ra ilh ea d B eartoo th M T /W Y Salix  glauca 8/19/01

T W 0 5 6 1 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Salix g lauca 8/19/01

T W 0 3 1 9 H ig h lin e  T ra ilh ea d B eailo o th M T /W Y ? 8/1/00

T W O 7 I0 H ig h lin e  T ra ilh ea d B eartoo th M T /W Y ? 8/15 /02

T W 0 4 7 7 F ro zen  L ake B earto o th W Y Salix arctica 7/31/01

T W 0 5 5 3 F ro zen  L ak e B earto o th W Y Salix arctica 8/17/01

T W 0 5 1 2 F ro zen  L ak e B eartoo th W Y Salix p lan ifo lia 8/4/01

T W 0 5 9 1 F ro zen  L ak e B eartoo th W Y Salix p lan ifo lia 9/1/01

C L C 1853 M inera l B asin San Juan C O Salix arctica 7 /30 /02



Figure 7. Laccaria montana Singer a. Basidiomata1 actual size (TWO 441, left; TWO 561, right), b. Basidiospores (TWO 540) 
c. Basidia (TWO 540). d. Cheilocystidia (TWO 540). Scale bars = 10 pm.
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Laccaria vnmila Favod Figures 8, 9

Fayod, 1893. Annali Accad. Agric. Torino 35: 91.

Macromorphology: Pileus 0.5-1.5 (-3.5) cm in diameter, convex to plane to 

nearly omphaloid, often with slight central depression, usually translucent-striate, 

glabrous to minutely fibrillose, occasionally lubricous; strongly hygrophanous, pale 

orange-brown (6D8) to nearly red-brown. Margin decurved, often becoming uplifted in 

age; entire to irregular or slightly eroded. Context thin, white to pale orange. Lamellae 

adnate to short decurrent, narrow to moderately broad, moderately thick to thick, 

subdistant, greyish-orange to pinkish orange (6B5-6B6), occasionally forked; edges 

entire; lamellulae present. Stipe (0.6-) 1.5-3.5 (-5) x 0.1-0.4 cm, solid, often tough, ± 

equal, glabrous to minutely fibrillose, pale pinkish brown to pinkish orange or dark 

orange-red (“Raw sienna,” 6D7); base of stipe often opaque, whitish. Basal tomentum 

white, moderately dense to lacking entirely. Odor and taste mild.

Micromorphology: Pileipellis of interwoven, inamyloid, cylindrical, mostly 

repent hyphae with widely scattered fascicles of hyphae oriented nearly perpendicular Io 

pileal surface. Hyphae hyaline or having intracellular pigment appearing pale orange- 

brown in 3% KOH. Clamp connections abundant. Stipitipellis of parallel, cylindrical, 

repent, inamyloid hyphae 3-8 pm in width. Clamp connections abundant. Caulocystidia 

absent. Lamellar trama of subparallel to interwoven, cylindrical, hyaline, inamyloid 

hyphae. Clamp connections present., Subhymenium undifferentiated. Pleurocystidia 

absent. Cheilocystidia filiform, hyaline, 28-35 (-46) x 3-5 pm; uncommon. Basidia 

clavate, hyaline, (28-) 32-44 (-50) x 8-15 pm, bisterigmate; sterigmata < 13 pm in length.
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Basidiospores (8-) 9-13.5 (-15) x (6.8-) 7.5-10.5 (-14.5) pm (mean = 9.5-11.4 x 8.1-9.5 (-

10.5) pm), Q =1-1.3 (Qm =1.08-1.18), subglobose to broadly ellipsoidal or 

occasionally globose, hyaline, echinulate; echinulae < 1.5 (-2) pm in length, 0.3-1 (-1.25) 

pm wide at base.

Culture morphology: Dikaryotic cultures on PDA and MMN slow-growing; 

colonies white.

Rocky Mountain alpine habitat and distribution: Solitary to scattered or 

gregarious, usually among mosses; occurring in alpine habitats in the Sawatch Range and 

San Juan Mountains in Colorado and the Beartooth Plateau in Montana/Wyoming. 

Primarily associated with dwarf willows in Colorado, and with the shrub willows Salix 

planifolia and S, glauca in Montana and Wyoming.

Comments: In Rocky Mountain alpine habitats, Laccariapumila appears to be 

indistinguishable from L. montana on the basis of macromorphological characteristics, 

alone; however, L. pumila is easily distinguished from L. montana by having bisterigmate 

basidia and slightly larger basidiospores. The two species are distributed sympatrically 

on the Beartooth Plateau. Laccaria pumila is reported by Mueller (1992) as appearing 

similar to L. tortilis and to small, striate forms of L. Iaccata var. pallidifolia. Laccaria 

pumila can be distinguished from L. Iaccata var. pallidifolia by its larger, more broadly 

ellipsoidal spores and bisterigmate basidia, and from L. tortilis, which has globose 

basidiospores with longer, wider echinulae. Laccaria tortilis has been reported from 

SLibalpine habitats in the western United States (O.K. Miller Jr., unpublished data;

Mueller, 1992), but was not observed in alpine habitats during the present study. Mueller
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(1992) states that previous arctic records ofZ. tortilis (Kobayasi et al, 1967; Lange, 

1955) are most likely L. pumila, and that L. altaica, commonly reported from arctic- 

alpine habitats, is a synonym of Z. pumila. Sivertsen (1993) considers L. pumila and L 

altaica to be distinct species differing in spore shape and echinulae density. Examination 

of Kobayashi1 s (1967) basidiospore illustrations during the present study confirms 

Mueller’s identification of this taxon as L. pumila. In addition to alpine habitats, L. 

pumila is found in subalpine habitats in Montana in association with Salix spp. and 

Populus tremuloides (Cripps, unpublished; Osfnundson, unpublished). Mueller (1992) 

reports collections from Rocky Mountain subalpine habitats in Wyoming and Colorado, 

and reports L. pumila to be associated with Salix spp, Betula spp., and species in the 

Pinaceae. Examination of the reference collection TENN 42553 (Appendix A) showed 

micromorphological features corresponding to those of the Rocky Mountain alpine 

collections examined.

Material examined: U.S.A. COLORADO. San Juan County: San Juan 

Mountains, Black Bear Basin, 3 August 2000, CLC1446 (MONT), Cinnamon Pass, I 

August 2000, CZC 7435 (MONT), 10 August 2001, CZC JdPP (MONT), Mineral Basin, 

30 July 2002, CZC 7350 (MONT), CZC 7357 (MONT), Stony Pass, 28 July 2002, CZC 

1819 (MONT), Emma Lake, 31 July 2002, CZC1872 (MONT); Ouray Co.: San Juan 

Mountains, Imogene Pass, 29 July 2002, CZC1835 (MONT), CZC1837 (MONT); Lake 

Co.: Sawatch Range, Haggeman’s Pass, 14 August 1998, CLC1252 (MONT). 

MONTANA. Carbon Co.: Beartooth Plateau, near source of Quad Creek, 10 August 

1999, TTKC 255 (MONT), TIKC 253 (MONT), 31 July 2000, TTKC 374 (MONT), 21
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August 2000, TWO JjJ (MONT), TWO 337 (MONT), TWO 343 (MONT), 28 July 2001, 

TWO 442 (MONT), 30 July 2001, TWO 465 (MONT), 5 August, 2001, TWO 520' 

(MONT), 27 August 2002, TWO 716 (MONT), TWO 777 (MONT), TWO 718 (MONT), 

At Wyoming state line, Beartooth Plateau, Highline Trailhead, 7 August 1998, CLC1201 

(MONT), 19 August 2001, TWO JdO (MONT), TWO Jd2 (MONT), 15 August 2002, 

TWO 70P (MONT), 28 August 2002, TlFO 72d (MONT), TWO 730 (MONT), Clark Fork 

Picnic Area (subalpine, with Salix shrubs and possibly conifers), 12 July 2001, TWO 362 

(MONT); 19 July 2001, TWO 374 (MONT), McLaren mine tailings (subalpine, with 

conifers and Salix shrubs), 21 July 2001, TWO 411 (MONT). WYOMING, Park Co.: 

Beartooth Plateau, north of Frozen Lake, 29 July 1997, CLC1104 (MONT), 21 August 

1999, CTC 7404 (MONT), 3 August 2001, TWC JOT (MONT), 21 August 2001, CTC 

7777 (MONT), I September 2001, TWC J3P (MONT), North of Gardner Headwall, 31 

July 2002, TWO 663 (MONT), Beartooth Highway, near Top of the World Store 

(subalpine, with Salix shrubs), 21 July 2001, TWO 409 (MONT). Collections of Laccaria 

pumila examined, with collection data and EM host plants, are shown in Table 11.
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Table 11. Rocky Mountain alpine Laccaria pumila Fayod collections examined, showing 
collection data and ectomycorrhizal host associates.

ID Location Ranae State Plant. Associations Date
C L C 1435 C in n am o n  P ass S an  Ju an CO Salix  reticulata 8/1 /00
C L C 1699 C in n am o n  P a ss S an  Juan C O Sa h x  reticulata 8/10/01
CLCl 850 M m e ia l B asin S an  Ju an CO S a h x  arctica 7/30/02
C L C 18 5 1 M in e ra l B asin S an  Juan CO Salix- arctica 7/30/02
C L C 1 8 1 9 S to n y  P ass S an  Juan CO S a h x  arctica 7/28/02
C L C 1835 Im o g e n e  P ass S an  Ju an CO S a h x  arctica 7/29/02
C L C 1837 Im o g en e  P ass S an  Ju an CO S a h x  arctica 7/29/02
C L C 1446 B la c k  B e a r  B a sin S an  Ju an CO S a h x  arctica, S. p la n ifo h a 8/3/00
C L C 1872 E m m a  L ak e S an  Juan CO Salix p la n ifoha 7 /3 1 /0 2
C L C 1 2 5 2 H a g g em a n 's  P ass S aw atch CO Salix  p la n ifo h a 8/14 /98
TW0268 Q u ad  C re ek B earto o th M T Sahx p la n ifoha 8 /10 /99
T W 0 3 1 4 Q u ad  C re ek B earto o th M T Sahx p la n ifoha 7 /31 /00
T W 0 3 3 7 Q u ad  C reek B earto o th M T S a h x  p lan ifoha 8 /21 /00
T W 0 7 1 6 Q uad  C re ek B earto o th M T Sahx p la n ifoha 8/27/02
T W 0 4 4 2 Q uad  C re ek B earto o th M T Salix glauca 7/28/01
T W 0 4 6 5 Q uad  C reek B earto o th M T S a h x  glauca 7/30/01
T W O 5 2 0 Q u ad  C re ek B earto o th M T S a h x  g lauca 8/5/01
T W 0 7 1 7 Q u a d  C re ek B earto o th M T Sahx glauca 8/27/02
T W 0 3 4 8 Q u ad  C re ek B earto o th M T  . Salix  sh ru b 8/21/00
T W 0 2 6 5 Q uad  C re ek B earto o th M T Salix  sh rub 8 /10 /99
T W 0 7 1 8 Q uad  C re ek B e a rto o th M T S a h x  sh rub 8/27/02
T W 0 3 3 5 Q uad  C reek B earto o th M T ? 8/21/00
T W 0 7 2 6 H ig h lm e  T ra ilh ea d B earto o th M T /W Y S a h x  p la n ifoha 8/28/02
T W O 5 6 0 H ig h lm e  T ra ilh ea d B earto o th M T /W Y S a h x  g lauca 8/19/01
T W 0 5 6 2 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Sahx g lauca 8/19/01
T W O 7 3 0 H ig h lm e  T ra ilh ea d B earto o th M T /W Y Sahx g lauca ' 8/28/02
T W O 7 0 9 H ig h lin e  T ra ilh ea d B earto o th M T /W Y Salix  sh ru b 8/15/02
C L C 12 0 1 H ig h lm e  T ra ilh ea d B earto o th M T /W Y Sa h x  spp. 8/7/98
C L C 1104 F ro z e n  L ak e B earto o th WY d w a rf  Salix , 7/29/97
C L C 1404 F ro z e n  L ak e B earto o th WY SaIix arctica 8/21/99
TWO50-1 F ro z e n  L ak e B earto o th W Y Sahx p lan ifoha 8/3/01
C L C 1777 F ro z e n  L ak e B earto o th WY S a h x  p lan ifoha 8/21/01
T W 0 5 8 9 F ro z e n  L ak e B earto o th WY ? 9/1/01
T W 0 6 6 3 G a rd n e r H e ad w all B earto o th W Y Sahx arctica 7 /3 1 /0 2
T W 0 3 6 2 C la rk  F o rk  P ic n ic  A re a  * B earto o th M T S a h x  sh rub , Pinus contorta, P icea  sp. 7 /12 /01

T W 0 3 7 4 C la ik  F o rk  P ic n ic  A re a  * B earto o th M T S a h x  sh rub 7/19/01
T W 0 4 1 1 M c L are n  M in e  T a ilin g s  * B earto o th M T S a h x  sh rub 7/21/01

T W O 4 0 9 T o p  o f  th e  W o rld  S to re  * B earto o th W Y Salix  sh ru b 7/21/01

* D en o tes  su b a lp m e  c o lle c tin g  site



Figure 8. Laccaria putnila Fayod. a. Basidiocarps (TWO 442). b. Basidiocarps (CLC 
1446). c. Scanning electron micrograph of basidiospores (TWO 501). d. Culture 
morphology on PDA medium (TWO 362). e. Rocky Mountain alpine distribution map.



Figure 9. Aaccanu pwmzVu Fayod (CLC 1435). a. Basidiomata, actual size. b.Basidiospores.c.Basidia.d.Cheilocystidia. Scale

bars = IO pm.



Laccaria sp. Figures 10, 11

Macromorphology: Pileus 0.4-1 (-1.8) cm in diameter, convex to plane, glabrous, 

slightly striate, hygrophanous, dark orange to red-brown. Margin decurved, entire to 

crenate. Context thin. Lamellae adnate to subdecurrent, thick, subdistant, pink; edges 

entire; lamellulae present. Stipe 1-1.5 x 0.1-0.2 cm, equal, glabrous to fibrous-striate, 

dark orange-brown to red-brown.

Micromorphology: Pileipellis of interwoven, inamyloid, cylindrical, mostly 

repent hyphae with widely scattered fascicles of hyphae oriented nearly perpendicular to 

pileal surface. Hyphae hyaline or having intracellular pigment appearing pale orange- 

brown in 3% KOH. Clamp connections abundant. Stipitipellis of parallel, cylindrical, 

repent, inamyloid, hyaline hyphae. Clamp connections abundant. Caulocystidia absent. 

Lamellar lrama of subparallel to interwoven, hyaline, inamyloid hyphae. Clamp 

connections present. Subhymenium undifferentiated. Pleurocystidia absent. 

Cheilocystidia absent. Basidia clavate, hyaline, 32.5-37.5 x 10-12.5 pm, tetrasterigmate; 

sterigmata < 8 pm in length. Basidiospores (6.5-) 8.5-10.8 x (6-) 7.5-9.5 pm (mean = 7.9- 

9.7 x 6.8-8.3 pm), Q = 1.04-1.39 (Q1" = 1.16-1.18), subglobose to broadly ellipsoidal, 

hyaline, echinulate; echinulae < I (-1.7) pm in length, 0.3-0.6 pm wide at base.

Culture morphology: Culture not obtained.

Rocky Mountain alpine habitat and distribution: Scattered, usually among 

mosses; occurring in alpine habitats in the 10-mile Range and San Juan Mountains in
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Colorado. Associated with Salix glauca, an unidentified shrubby Salix sp., and in a mixed 

stand of Salixplanifolia and Betula glandulosa. Not reported from the Beartooth Plateau.

Comments: Laccaria sp. is distinguished by having small, dark orange to red- 

brown basidiocarps, tetrasterigmate basidia, and broadly ellipsoidal, finely echinulate 

basidiospores. Laccaria sp. closely resembles L. montana in both macro- and 

micromorphology. The presence of a distinct taxon was first revealed by phylogenetic 

analysis of ribosomal DNA internal transcribed spacer (rDNA-ITS) sequence data 

(Chapter 3). Further morphological examination revealed the presence of morphological 

differences between the two taxa. Laccaria sp. is characterized by having basidiospores 

with shorter and narrower echinulae and a slightly more ellipsoidal shape, and often 

having smaller basidiocarps than L. montana.

Collections of Laccaria sp. form a distinct, well-supported clade in phylogenetic 

analyses of rDNA-ITS sequences, and are supported by exhibiting four synapomorphic 

single nucleotide polymorphisms relative to the other taxa included in the present study.

The present study included two subalpine and one alpine herbarium collections 

previously identified as L. montana and collected in Colorado. The two subalpine 

collections are included in the monographic study by Mueller (1992), and were used as 

nomenclatural reference specimens to represent L. montana for the present study. 

Examinations of these collections indicate that one subalpine collection (TENN 42877, 

Appendix A) corresponds to Beartooth Plateau L. montana collections in terms of spore 

shape and echinulae dimensions. The other subalpine reference collection (TENN 42880, 

Appendix A) and the alpine reference collection (DBG 20424, Appendix A) appear more
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similar to Laccaria sp. than to the Beartooth Plateau L. montana collections. Examination 

of the type specimen of A montana (Singer M5464, F!, holotype) by Mueller (1992) 

showed basidiospores having a globose to broadly ellipsoidal shape (Q = I -F ll  (-1.26)) 

and echinulae 1.5 -  1.8 mm long and uncrowded, similar to the spore characteristics 

exhibited in the Beartooth Plateau L. montana collections. The reference specimens were 

not included in the molecular phylogenetic portion of the present study; further 

morphological and molecular analyses including these and other collections of L. 

montana sensu Iato will be necessary to determine whether there is a sufficient basis for 

describing Laccaria sp. as a new species.

Laccaria bicolor differs from Laccaria sp. by having larger, robust basidiocarps 

with distinctly fibrillose pile! and rough fibrous-striate, basally enlarged stipes. 

Basidiospores o ff. bicolor are generally smaller, less ellipsoidal and more coursely 

echinulate than those of Laccaria sp.

Laccaria sp. can be distinguished from small L. Iaccata var. pallidifolia 

basidiocarps by its more broadly ellipsoidal, more finely echinulate basidiospores and 

generally darker basidiocarp coloration, and from L. pumila by having tetrasterigmate 

basidia and smaller, more finely echinulate basidiospores.,

Laccaria sp. is associated with shrubby willows (Salix spp.) in Colorado, and is 

not reported from the Beartooth Plateau.

Material examined: U.S.A. COLORADO. Summit Co.: 10-mile Range, Blue 

Lake Dam, near Breckenridge,, 23 August 2001, CLC1625 (MONT); Pitkin/Lake Co.:

San Juan Mountains, Independence Pass, 15 August 2001, CLC1771 (MONT); San Juan
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Co.: San Juan Mountains, U.S. Basin, 8 August 2001, CLC 1682 (MONT). Collections 

of Laccaria sp. examined, with collection data and EM hosts, are shown in Table 12. 

Table 13 provides a summary of systematically informative morphological 

characters for distinguishing the 5 Rocky Mountain alpine Laccaria species 

described above.

Figure 10. Laccaria sp. a. Basidiocarps (CLC 1625). b .  Scanning electron micrograph 
of basidiospores (magnification?) (CLC —-). c. Rocky Mountain alpine distribution map.

Table 12. Rocky Mountain alpine Laccaria sp. collections examined, showing collection 
data and ectomycorrhizal host associates.

ID Location Ranqe State Plant Associations Date
C L C 1625 B lue  L ak e  D am T en m ile C O Salix planifolia , Betula glandulosa 8/23/01

C L C 17 7 1 In d e p en d e n ce  P ass S an  Ju an C O Salix  sh ru b 8/15/01

C L C 1682 U .S . B asin S an  Ju an C O Salix glauca 8/8/01



Figure 11. Laccaria sp. (CLC 1625). a. Basidiospores. b. Basidia. Scale bars = 10 pm.



T a b le  1 3 . C o m p a r is o n  o f  s y s te m a t ic a l ly  in fo rm a t iv e  c h a ra c te r s  in  R o c k y  M o u n ta in  a lp in e  L a c c a n a  s p e c ie s .

C h a r a c t e r /

P iIeus S tip e
B asa l

to m en tu m
S p o re  S ize S p o re  sh ap e  (Q) S pore  E ch m u lae

spore

#
C ultu re

co lor

^ ------ T a x o n

L. bicolor

1-7 cm , c o n v ex , p a le  

p in k  o ran g e  to d ark  

o ran g e; m in u te ly  

fib n llo se -sc a ly , 

n o n s tn a te

2-5  x  0 .3 -0  8 cm , 
c o n c o lo ro u s  to  p a le r  th an  

p ile u s ; b a sa lly  e n la rg ed  

to  c la v a te ; ro b u st,s tr ia te , 

ro u g h -fib ro u s

v io le t, 

fa d in g  to 
w h ite

5 4-8 (-9.5) x (4,1-)
5 .5 -7 .7  (-8 .5 ) p m  (x =  

6 .2 -8  x  5 5-7  p m )

Q = I 06-1 15, 

su b g lo b o se  to 

b ro a d ly  e llip tica l

<  I 5 (-2 .5 ) p m  long; 

(0 .2 -) 0 .4 -1 .2  p m  

w id e  a t b a se

4 v io le t

L. Iaccata  var. 
paU idifoba

0 .5 -3  cm , c o n v ex  to 
o m p h alo id , p a le  
o ran g e , g lab ro u s , 

in d is tin c tly  translucent- 
s tr ia te  to  n o n s tn a te ’

1 5 - 5 x 0  2 -0 .5  cm , p a le  

o ra n g e , + /-  equal, 
g la b ro u s  to  m in u te ly  
f ib rillo se

w h ite

(5-) 6 2 -1 0  (-1 0 .9 ) x  

(4 .1 -) 5 .6 -9  8 (-10 .8 ) 

p m  (x =  6 .2 -8 .8  x  5.5- 

8.8 p m )

Q = I-1 .07 (-1 18); 
su b g lo b o se  to 

b ro a d ly  e llip tica l

<_1 5 (-2)' p m  long, 

0 3-1.1 p m  w id e  a t 
b ase

4 N /A

L  m ontana

0 .5 -3 .5  cm , c o n v ex  to 

p la n e  o r o ccas io n a lly  

u p lifted ; o ran g e-b ro w n  

to  re d -b ro w n , u su a lly  
tran s lu c en t-s tria te

1-4 .7  x  0 .1 -0  4  cm , 

c o n c o lo ro u s  w ith  p ileu s, 

eq u a l, g lab ro u s  to  
m in u te ly  f ib rillo se

w hite ,

u su a lly
sp a rse

(8-) 9-11 (-12) x  (7-) 

7 .9 -9  5 (-1 0 .5 ) p m  

(x= 9  1-10 I x 8 .7 -9 .1 

p m )

Q = I  04 -1 .16 ; 
su b g lo b o se  to 

b ro a d ly  e llip tica l

< 1 .7  (-2 .5) p m  long; 

0 .3 -1 4 ' ( 4 .3 )  p m  

w id e  a t b a se

4 N /A

L  pu m ila

0 .5 -3  5 cm , c o n v ex  to 

p la n e  o r  n e arly  

o m p h alo id ; p a le  

o ra n g e -b ro w n  to  red - 

b ro w n ; u su a lly  
tran s lu c en t s tr ia te

0 .6 -5  x  0  1 -0 .4  cm , 

c o n c o lo ro u s  w ith  p ileu s, 

+ /-  e q u a l, g lab ro u s  to  ' 

m in u te ly  f ib rillo se

w hite ,

u su a lly

sparse

(8-) 9 -13 .5  x  (6 .8 -) 7 .5- 

10.5 (-1 2 ) p m  (x= 9 ;5 -

11 4 x 8 .1-9.5 ( 4 0 ,5 )  

pm )

Q =  I 0 8 -1 .18 , 

su b g lo b o se  to 

b ro a d ly  e llip tica l

< 1 .5  (-2) p m  long; 

0 .3-1 (-1 .25 ) p m  

w id e  a t base

2 w hite

L accaria  Sg.

0.4-1 8 cm , c o n v ex  to 
p lan e , d a rk  o ra n g e  to 
red -b ro w n , g lab ro u s , 

s lig h tly  s tria te

1 - 1 5 x 0  1-0 2 cm , d a rk  
o ra n g e -b ro w n  to  red  

b ro w n , eq u a l, g lab ro u s  to 
fib ro u s-s tr ia te

N /A

(6.5-) 8 5-10 8 x (6-)
7 .5 -9 .5  p m  (x =  7 .9 -9 .7  

x  6 .8 -8 .3  pm )

Q  =  1 .16-1 .18; 
b ro ad ly  e llip tica l

<  I (-1 .7 ) p m  long, 

0 .3 -0 .6  p m  w id e  at 
b ase

4 N /A
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Discussion

The present study represents the first report on North American alpine Laccaria 

species based on an intensive study of Rocky Mountain collections. Objectives of this 

study were to identify morphological species, determine mycorrhizal host plant 

associations, and examine geographical distributions for Laccaria collections from alpine 

field sites in the southern and central Rocky Mountains. Four species and a potentially 

new taxon are reported from the Rocky Mountain alpine zone: L. bicolor (Maire) Orton, 

L. Iaccata var. pallidifolia (Peck) Peck, L. montana Singer, L. pumila Fayod, and 

Laccaria sp.

The five taxa described in this study can be distinguished on the basis of macro- 

and micromorphological characters. Laccaria pumila, L. montana and Laccaria sp. are 

distinguished by having small basidiocarps, often with translucent-striate pilei, and 

having relatively large, subglobose to broadly ellipsoidal basidiospores. Laccaria pumila 

is distinguished from L. montana and Laccaria sp. by having bisterigmate basidia and 

larger basidiospores. Laccaria sp. is distinguished from L. montana by having slightly 

more ellipsoidal, more finely echinulate basidiospores. Although two of the Laccaria sp. 

collections examined had small (0.5-1.5 cm), red-brown basidiocarps, there appears to be 

overlap in terms of macromorphology between Laccaria sp. and L. montana, so 

macromorphological traits are probably not consistently reliable in distinguishing the two 

species. Examination of three herbarium collections previously identified as L. montana 

from Colorado revealed that two of these collections (one alpine and one subalpine) have 

spore morphologies similar to Laccaria sp., whereas the third (a subalpine) collection
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appears more similar to Beartooth Plateau L. montana collections and to the type 

specimen of Z. montana as described in the monographic study by Mueller (1992). 

Morphological examination and analysis of DNA sequence data for additional collections 

of Z. montana will be useful in establishing species limits for Z. montana and Laccaria 

sp., and thereby determining whether Laccaria sp. should be described as a distinct 

species. This taxonomic information will hopefully in turn lead to a better understanding 

of the geographic distributions and ecology of these taxa.

Laccaria bicolor and Z. Iaccata var. pallidifolia in the Rocky Mountain alpine 

zone are characterized by producing larger basidiocarps (longer stipes and generally 

broader pile!) than the other species described in the present study, Laccaria bicolor can 

be distinguished from Z. Iaccata var. pallidifolia in Rocky Mountain alpine habitats by 

having more robust basidiocarps with distinctly fibrillose pile! and basally-enlarged to 

clavate, rough fibrous-striate stipes, and producing violet colonies when cultured on 

potato dextrose agar (PDA).

Species described on the basis of morphological characters are supported by 

phylogenetic analysis of ribosomal DNA internal transcribed spacer sequences (Chapter 

3). Although macro morphological characters are generally considered to be variable and 

unreliable for identification in Laccaria, molecular analysis supports the distinction 

between Z. bicolor and Z. Iaccata var. pallidifolia on the basis of basidiocarp stature and 

texture. Violet pigmentation of the basal tomentum in Z. bicolor, which can be an 

extremely useful field characteristic, is generally lacking in Rocky Mountain alpine 

collections and was encountered in only one of the alpine collections examined in the
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present study. The two species can sometimes be distinguished by differences in spore 

size, with L. bicolor generally having smaller basidiospores. However, overlaps in spore 

shape and size were encountered between collections of the two taxa used in this study, 

so that identification required macromorphological characters in addition to spore 

morphology. Species descriptions of L  laccata var. pallidifolia and Z, bicolor in 

Mueller’s (1992) monograph of North American species are consistent with the 

observation of overlaps in spore size and length-width ratio. In the case of the Rocky 

Mountain alpine collections used in the present study, the macromorphological 

appearance of basidiocarps (the more robust stature, scaly pile! and densely Iibrillose 

stipes of Z. bicolor in particular) was consistently reliable for distinguishing species. 

Wlien used, culture morphologies were consistent with those reported by Mueller (1992) 

and can aid in distinguishing the two species. It was observed in subalpineZ. bicolor 

collections lacking a violet basal tomentum that storing fresh specimens in a covered 

plastic container under refrigeration for several days resulted in new growth of violet 

mycelium at the base of the stipe (Osmundson, unpublished). This method may represent 

a simpler alternative to obtaining tissue cultures for observing mycelial coloration.

It is possible that, due to environmental differences, the morphological differences 

such as basidiocarp size used to delimit species in the present study do not hold outside of 

the Rocky Mountain region (E. Vellinga, personal communication). Examining arctic- 

alpine collections worldwide, as well as corroborating morphological traits for worldwide 

collections with DNA sequence data, is necessary to evaluate this possibility and 

represents a possible avenue for further research.
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The two taxa characterized by more robust basidiocarps (Z. Iaccata var. 

pallidifolia and L. bicolor) and Laccaria sp., are reported only from the Colorado field 

sites. Laccaria pumila occurs in both Colorado and Montana/Wyoming. Laccaria 

montana is regularly collected on the Beartooth Plateau, but was only collected once m 

Colorado during the course of this study. Both L. Iaccata var. pallidifolia and L. bicolor 

are reported from subalpine forests in Montana and Wyoming in association with 

conifers, aspen and possibly Betulaceae (in the case of L. laccata) as in Colorado, 

suggesting that differences in environmental or soil conditions may result in the absence 

of these species in Montana/Wyoming alpine habitats. Additionally, the data from this 

study suggest that ectomycorrhizal host shifts have occurred from subalpine to alpine 

populations of these species, so historical factors may result in the observed distributional 

patterns.

Laccaria bicolor is associated with the EM host plants Salix planifolia, Salix 

glauca (both shrubby species), S. arctica, and S reticulata (both dwarf species).

Laccaria laccata var. pallidifolia is associated with Diyas octopetala, Betula glandulosa 

and Salix reticulata, and was collected only once near a shrubby Salix species {S. 

glauca). Laccaria pumila is associated with both dwarf and shrubby Salix species. 

Laccaria montana is associated predominantly with the shrub willows S. planifolia and S. 

glauca. Laccaria sp. is associated with Salix shrubs and was encountered in a mixed 

stand of Salix shrubs and Betula glandulosa. The three smaller-statured species are 

almost always encountered in moss-covered areas in proximity to the ectomycorrhizal 

host plant. The occurrence of sympatric populations of L. pumila and L. montana on the
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Beartooth Plateau allows the opportunity to observe differences in small-scale 

distributional and ecological patterns between the two species. Although L. pumila is 

associated primarily with dwarf Salix species and L. montana primarily with shrubby 

Salix species, the observation that L. pumila is occasionally found with Salix shrubs 

suggests that the ecological functions of the two species are not defined by host 

specificity patterns alone. It is possible that biological differences between bisterigmate 

and tetrasterigmate species may contribute to ecological niche occupation. Tommerup et 

al. (1990) suggest that secondary homothallism (i.e., production of single basidiospores 

containing both mating type nuclei required for formation of dikaryotic mycelium) may 

represent an advantage in primary successional or disturbed sites. The stability of 

sterigmata number within Laccaria basidiocarps (Lahaie, 1981; Mueller, 1992), along 

with the presence of sympatric populations of L. pumila and L. montana on the Beartooth 

Plateau, suggests that sterigmata number in these species is under genetic rather than 

environmental control. The hypothesis of genetic isolation between L. pumila and L. 

montana suggested by Mueller (1992) was evaluated in the present study (Chapter 3) 

using rDNA-ITS sequence data. These data indicate that no recombination in the ITS 

genetic region occurs between the two morphological species; however, the analysis 

included only 2 isolates from each morphological species, therefore this result should be 

considered preliminary.

Laccaria bicolor, reported in the present study in association with Salix spp., is 

reported in association with conifer species in subalpine habitats and therefore suggests 

that a mycorrhizal host shift has occurred in arctic-alpine populations of this taxon. A
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similar host shift from gymnosperm (Pinus) to angiosperm (Quercus costaricensis) hosts 

has been documented for the closely related species L. trichodermophora (Mueller &

Strack, 1992). Results of an analysis of rDNA-ITS sequence data (Chapter 3) 

incorporating alpine (Colorado) and subalpine (Montana) L. bicolor collections indicate 

that a significant amount of genetic divergence has occurred between these populations; 

further analyses including additional isolates over a larger geographic area would be 

useful in better clarifying the relationship between alpine and subalpine populations.

The presence of ectomycorrhiza-forming plants in the genera Salix, B etui a, and 

Dryas appears necessary for the occurrence of Laccaria spp. in Rocky Mountain arctic- 

alpine habitats. However, the observation that L. bicolor, L. Iaccata var. pallidifolia and 

Laccaria sp. (species reported from alpine habitats in Colorado but lacking on the 

Beartooth Plateau) are associated with EM host plants that occur in both regions suggests 

that host plant distribution alone does not account for observed distribution patterns of 

Laccaria species. It is therefore probable that environmental and/or historical factors as 

well as EM host distributions influence the distributions of these fungi. One factor that 

may help to account for the observed differences in species composition is variability in 

soil types. The Beartooth Plateau is characterized by a relatively homogeneous soil type 

derived from Precambrian crystalline rocks that form the core of the Beartooth uplift 

(Johnson & Billings, 1962), a factor that may account for the lower diversity of 

macromycete species observed in comparison to the southern Rocky Mountains (C. 

Cripps, personal communication). Differences in host abundance may also help to 

account for the observed distributional patterns. Salix glduca, for example, is more
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common in Colorado alpine sites than on the Beartooth Plateau (C. Cripps, personal 

communication), and may influence the relative abundance of associated species such as 

L. b ico lo r  in Colorado. Successional patterns, host specificities and species-specific 

ecological roles are poorly understood for ectomycorrhizal basidiomycetes, particularly 

in arctic-alpine habitats, and these subjects offer important avenues for further research.

All species found in the present study are reported in the literature to occur in 

other arctic-alpine localities with the exception of the newly described taxon L accaria  

sp., which may be found to be more widely distributed after additional collections 

previously identified as L a c c a r ia  m ontana have been examined. This result suggests a 

lack of endemicity in Rocky Mountain alpine L accaria . This lack is in contrast with the 

occurrence of endemic vascular plant species in the Rocky Mountain alpine zone, but 

concordant with the observation that none of the ectomycorrhizal host plants associated 

with L a cca ria  spp. in this region represent Rocky Mountain endemic species.

Preliminary world distribution maps for the L acca ria  species reported from arctic- 

alpine habitats (based on Table 7) are provided in Figure 12, with Rocky Mountain 

distributions from the present study included. Collections identified under different 

names and representing either likely synonyms or misapplied names appear on these 

maps under the most likely correct identification, determined as previously described in 

the section of this chapter pertaining to literature records o f  L a cca ria  in arctic-alpine

habitats.
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Figure 12. Distribution maps for arctic-alpine Laccaria species. Mapped records 
refer to one or more collections. Probable synonyms and misapplied names are 
taken into account as described in the section on Laccaria in arctic-alpine habitats 
A. L. avachensis Kalamees & Vaasma, B. L. bicolor (Maire) Orton, C. L. Iaccata 
(Scop:Fr) Cke., I). L. maritima (Teod.) Sing, ex Huhtinen, E. L. montana Singer, 
F. L. proximo (Bond.) Pat., G. L. pumila Fayod, H Laccaria sp. (current study).
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Figure 12 -  Continued.

The ability of many Laccaria species to be grown and manipulated under 

laboratory conditions has made Laccaria an important genus for applied and 

experimental work with ectomycorrhizal fungi. Better understanding species limits, 

geographic distributions, host associations, and ecological roles of alpine species can 

provide a foundation for the development of plant-fungal systems for reclamation 

applications in high altitude habitats. In addition, the wide distribution of the genus in 

arctic-alpine habitats may facilitate the use of Laccaria as a model genus for evolutionary 

studies in arctic-alpine mycorrhizal macromycetes; a robust taxonomic classification of
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arctic-alpine taxa is a necessary foundation for such studies. Avenues for .further research 

toward such a classification include examination of arctic-alpine Laccaria collections 

worldwide, clarification of the relationship between the taxa L. pumila and L. altaica 

(Sivertsen, 1993), and conducting mating studies between arctic-alpine isolates from 

various geographic regions and between alpine and subalpine populations within species.
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CHAPTER 3

MOLECULAR SYSTEMATICS OF ROCKY MOUNTAIN 

ALPINE LACCARIA

Introduction

Traditionally, species delimitations and inferences of evolutionary relatedness in 

the Agaricales have been based largely upon morphological characteristics of the 

basidiomata. In the late 1980s, the development of the Polymerase Chain Reaction 

(PCR), a technique allowing exponential amplification of DNA from small amounts of 

source material (Mullis et a'L, 1986; Mullis Sc Faloona, 1987; Saiki et ah, 1988), made it 

possible to amplify genes of interest for use in molecular phylogenetic studies. The 

present study incorporates an analysis of ribosomal DNA internal transcribed spacer 

sequence data as a means of evaluating the morphological species concepts for Rocky 

Mountain alpine Laccaria species presented in Chapter 2. The following introduction is 

comprised of a literature review concerning species concepts in fungi, use of ribosomal 

DNA sequence data for phylogenetic inference in fungi, and systematic studies and 

molecular characterization of Laccaria species.

Classification of fungal species is generally based on one or more of the three 

major species concepts: morphological species, biological species, and phylogenetic 

species. The morphological species concept delimits species on the basis of differences in 

macroscopic and microscopic morphological characteristics, the biological species 

concept delimits species on the basis of mating compatibility of single-spore isolates, and
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the phylogenetic species concept delimits species on the basis of evolutionary, often 

molecular genetic, data. An additional species concept, the ecological species concept 

(delimitation of species based on differences in habitat or host preference), merits 

mention here. Although the use of this concept is most often associated with plant 

pathogenic fungi, it has been used to some extent (usually in combination with 

morphological characters and/or mating data) in agaric genera such as Pleurotus (P. 

populinus/ P. pulmonarius; Vilgalys et ah, 1993) and Armillaria (Banik et ah, 1996; Volk 

et ah, 1996).

Early fungal taxonomic work beginning with Elias Fries (1794-1878) classified 

the gilled fungi predominantly on spore print color (the color of the spores deposited in 

mass, prepared by removing the mushroom cap (pileus) and placing gill-side down on a 

sheet of paper for several hours) and basidiocarp stature. Basidiocarp stature comprises a 

number of features, including pileus diameter and shape, stipe length, width, shape and 

attachment, mode of attachment of the lamellae (gills), shape of the pileal margin, and the 

presence/absence of an annulus (ring around the stipe) and/or volva (cuplike tissue 

around the base of the stipe). Additional macromorphological characteristics include 

basidiocarp color, odor, taste, lamellar thickness and spacing, and pileus and stipe texture 

(e.g., scales, fibrils, etc.). Biochemical characters and ecological observations such as 

trophic status (e.g., substrate preference, nematophagy, mycorrhizal or saprotrophic 

mode) have been used, often in combination with morphological and/or phylogenetic 

data, to delimit species or species groups (e.g., Besl & Bresinsky, 1997; Thorn et ah, 

2000) .
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Microscopic characteristics of the basidiomata are also widely used as important 

morphological characters for delimiting species. Microscopic characters of particular 

systematic importance include spore size and shape, spore ornamentation, spore wall 

thickness, chemical reactions of spores, tissues and individual cell types (e.g., basidia), 

morphology of the outermost cell layers of the pileus and stipe (pileipellis and 

stipitipellis, respectively), morphology of the basidia (size, shape and number of 

sterigmata, i.e., number of spores borne on each basidium), presence/absence and 

morphology (size, shape) of sterile cells on the edge or face of the lamellae 

(cheilocystidia and pleurocystidia, respectively), and cellular organization of the lamellar 

trama.

The biological species concept, as applied to the Agaricales, assesses the potential 

conspecificity of isolates on the basis of the ability of homokaryotic mycelia derived 

from single spore isolates to mate, forming dikaryotic mycelia, in culture. The 

application of this species concept has been used primarily as a means of assessing and 

refining species delimitations originally based on morphological characters, and as a 

means of identifying cryptic species within broader morphospecies. Examples of 

application of the biological species concept to the Agaricales include studies in the 

saprobic Collybia dryophila complex (Vilgalys, 1991),Melanotus (Sime & Petersen, 

1999), Pleurotus (Petersen, 1995a, b; Vilgalys et ah, 1993), Lentinula (Shimomura et ah, 

1992) wad Armillaria (Banik & Burdsall, 1998; Banik et ah, 1996, Volk et ah, 1996). 

Because of the inability of the spores of most ectomycorrhizal (EM) basidiomycetes to 

germinate in culture, application of the biological species concept to EM species is
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comparatively rare. Because the spores of many Laccaria species do germinate in 

culture, mating studies in this genus (Fries & Mueller, 1984; Mueller, 1991a) serve as 

models for determining biological species in EM fungi.

The phylogenetic species concept delimits species on the basis of inferred 

differences in evolutionary history. Groups (clades) at a given taxonomic level are 

defined on the basis of monophyly, i.e., containing a hypothetical ancestor and all of its 

descendants. Phylogenetic analyses can be performed using morphological and/or 

molecular data, usually employing computer algorithms to analyze morphological data 

matrices and DNA, RNA, or protein sequence data. These analyses provide a measure of 

evolutionary relatedness that can be used to infer species limits.

Molecular phylogenetic data have been used in fungi to examine relationships 

between fungal phyla (Bruns et ah, 1992), to infer divergence times for major fungal 

groups and produce time estimates for the origins of major morphological adaptations 

(Berbee & Taylor, 1993, 1995), examine higher-level relationships in the Agaricales 

(Binder & Hibbett, 2002; Hibbett et ah, 2000; Moncalvo et ah, 2000b, 2002), examine 

the relationships of sequestrate or hypogeous taxa (Gasteromycetes) to species 

traditionally belonging to the Agaricales (Baura et ah, 1992; Hibbett et ah, 1997; Peintner 

et ah, 2001), and in numerous studies of infrageneric relationships in the Agaricales.

Present species limits in Laccaria are based primarily on morphological species 

concepts, with the limits of some species supported or revised on the basis of mating 

and/or restriction fragment length polymorphism (RFLP) data. While nuclear and 

mitochondrial rDNA sequences for selected Laccaria species have been used in higher-



order phylogenetic studies (Binder & Hibbett,'2002; Hibbett et al., 2000; Moncalvo et al, 

2000b, 2002), phylogenetic analyses using DNA sequence data to examine infrageneric 

relationships, infer phylogenetic species and evaluate morphological characters used in 

delimiting species are lacking for Laccaria.

Mueller (1992) conducted a cladistic analysis of Laccaria species based on a 

morphological data matrix to examine relationships between morphological species; the 

results of this analysis led to the proposal of Metasections Amethystina and Laccaria as 

major subdivisions within the genus Laccaria, and produced a hypothesis for 

evolutionary relationships between species within the genus. Thus far, the use of 

molecular data in Laccaria infrageneric systematics has been limited to restriction 

fragment length polymorphisms (RFLPs) of ribosomal and mitochondrial DNA as data to 

support species delimitations based on mating compatibility and morphological data.

Additionally, molecular data have been used at the population level to identify 

Laccaria strains (Albee et al., 1996), and in field studies to examine the persistence of 

individual genotypes on host roots, the effect of genotype on fruiting phenology and the 

spatial distribution of genets (de la Bastide et ah, 1994; Gherbi et ah, 1999; Selosse et ah, 

2001) .

Ribosomal DNA: Description and Use in Fungal Phylogenetics

The present study uses a portion of the nuclear ribosomal DNA (nrDNA) repeat 

unit in order to examine molecular sequence-level characters in Rocky Mountain alpine 

Laccaria collections. The nrDNA unit is a tandemly repeated cluster comprising three
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genes encoding the 18S (small subunit, or SSU), 28S (large subunit, or LSU) and 5.8S 

ribosomal DNA subunits separated by two internal transcribed spacer (ITS) regions, 

designated ITSl and ITS2 (Figure 13). Each repeat is separated by an intergenic spacer 

(IGS) and external transcribed spacer (ETS) region.

I T S l - F

primer

\  ITS-I ITS-2

IT S 4 -B

primer

Figure 13. Schematic diagram of the structure of the eukaryotic nuclear ribosomal 
repeat unit showing gene arrangement and location of PCR primer binding sites. 
Adapted from Hillis & Dixon (1991) and White et al. (1990). IGS = Intergenic 
Spacer, ETS = External Transcribed Spacer (=NTS or Nontranscribed Spacer), nSSU 
= nuclear Small Subunit, ITS = Internal Transcribed Spacer, nLSU = nuclear Large 
Snhnnit

The nrDNA repeat unit is widely used for fungal molecular phylogenetic studies 

(Hibbett, 1992). Several important characteristics make this genetic region particularly 

useful for phylogenetic studies. The ribosomal gene cluster is present in multiple copies, 

facilitating PCR amplification. Ribosomal DNA occurrs in all organisms and is therefore 

useful for phylogenetic studies at a variety of taxonomic levels. This high conservation
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of some regions has allowed the design of universal PCR primers useful for a variety of 

■ species (White et ah, 1990).

The nrDNA cluster has been shown to undergo concerted evolution, reducing the 

occurrence of multiple sequences that could be problematic in studies using multigene 

families that include pseudogenes or sequence variation between repeated units (Hillis & 

Dixon, 1991). In addition, the ribosomal repeat unit consists of both highly conserved 

and highly variable regions, enabling phylogenetic studies at a variety of taxonomic 

levels.

The highly conserved coding regions (18S, 28S, 5.8S) arephylogenetically useful 

at higher taxonomic levels including the family, phylum, and kingdom levels. The IGS 

region is highly variable, and therefore useful at the population or occasionally species 

levels in fungi (Bruns et ah, 1991).

Use of nrDNA and ITS Sequence Data in Fungal Phylogenetics

The nuclear ribosomal DNA repeat has been widely used in phylogenetic studies 

of fungi at all taxonomic levels. The utility of rDNA for fungal phylogenetics is 

reviewed in Hibbett (1992) and Bruns et ah (1991). The present review does not seek to 

provide exhaustive coverage of the vast amount of literature on rDNA-based fungal 

systematics, but rather to highlight important studies and examples (especially in the 

Agaricales) illustrating the utility of rDNA for phylogenetic studies and providing the 

methodological basis for the present research.

I
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As previously mentioned, the rDNA repeat region has been used in phylogenetic 

studies at all taxonomic levels. Bruns et al. (1992) and Berbee and Taylor (1993, 1995) 

used nrDNA 18S sequence data to examine phylogenetic relationships among the true 

fungi. The presence of three major lineages within the Basidioniycota was examined 

using 18S rDNA (Swann & Taylor, 1993). .Nuclear and mitochondrial large and small 

subunit genes have been used to examine relationships among the Agaricales (gilled 

mushrooms) and relatives (Binder & Hibbett, 2002; Hibbett et al., 2000; Moncalvo et al., 

2000b, 2002), and nrDNA large subunit sequences were used in inferring coevolutionary 

patterns in basidiolichen-forming Omphalina species (Lutzoni & Vilgalys, 1995). The 

evolution of sequestrate growth forms has been examined using mitochondrial LSU 

sequences in Suillus and relatives (Bruns et al. 1989), ribosomal SSU and ITS sequences 

in the LycOperdales (Krueger et al., 2001) and ITS sequences for Cortinarius and 

relatives (Peintner et al., 2001). Ribosomal IGS sequences have been used at the species 

and population levels in a number of genera, for example Armillaria (Coetzee et al., 

2000, 2001).

The iibosomal ITS region, used in the present study, has been used in numerous 

phylogenetic studies of species relationships within genera in the Agaricales. Examples 

of genera examined include Dermocybe and Cortinarius (Holland & Holst-Jensen, 2000;

Liu et al., 1997; Seidl, 2000), LgnhWa (Hibbett et al., 1995), TfgWoma (Aanen et al.,

2000), Lgpzola s.l. (Johnson, 1999), zlgarzqwj (Mitchell & Bresinsky, 1999), the GaZgnna 

margznala species complex (Gulden et al., 2001), C&roogo/npW and GompWz'ua

(Miller & Aime, 2001) and Armillaria (Piercey-Normore et al., 1998). In most cases,
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ITS sequences appear to yield well-resolved infrageneric phylogenies; however, in the 

genus Inocybe, ITS sequences do not appear to provide sufficient resolution of branches 

and better-supported results are obtained using other loci such as the RNA polymerase II 

large subunit gene, RPB!'(Matheny et ah, 2002).

Molecular rDNA-ITS phylogenies have been correlated with morphological or 

cultural characters for a number of genera including Collybia s.str. (Hughes et ah, 2001); 

similar studies have been carried out fox Lyophylknn section Difformia (Moncalvo et ah, 

1993) and the Pleurotaceae (Thorn et ah, 2000) using nLSU sequences. In terms of 

biogeography, ITS sequences have been used in establishing the presence of 

geographically-correlated clades and inferring historical biogeographical patterns in 

Shiitake (Lentinula edodes and relatives) (Hibbett, 2001; Hibbett et ah, 1995), examining 

biogeographical relationships between eastern North American and eastern Asian' 

macrofungi (Mueller et ah, 2001), examining patterns of dispersal and disjunction in 

Flammulina (Methven et ah, 2000) and Pleurotopsis (Hughes et ah, 1998), and in tracing 

the causative species and probable origin of Armillaria root rots in South Africa (Coetzee 

et ah, 2001). Henkel et ah (2000) used ITS sequence data to compare DNA from 

mycorrhizal root tips and basidiocarps of pleurotoid Russulaceae, establishing an 

ectomycorrhizal trophic mode for two species previously described as lignicolous.

Studies of genetic mechanisms in Agaricales using ITS sequence data include 

characterizing apparent recombination or gene conversion in a Flammidina hybrid 

(Hughes & Petersen, 2001) and identifying geographically-based evolutionary lineages
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and providing evidence of a mechanism for patterns of concerted evolution of ribosomal 

repeats in Schizophyllum commune (James et ah, 2001).

In addition to strict phylogenetic inference, rDNA-ITS sequence and RFLP data 

are probably the most widely used means of molecular identification for fungi, frequently 

used for strain typing, identification of fungal species from mycorrhizae on roots or in 

soil isolates, and correlation of genetic with morphological and/or ecological data (Bruns, 

2001; Gardes & Bruns, 1993, 1996a, 1996b; Gardes et ah, 1991a; Henrion et ah, 1992; 

Horton & Bruns, 2001; Kemaghan, 2001; Moncalvo & Vilgalys, 2002). In addition, 

species-specific ITS PCR primer pairs can be developed for identifying the presence of 

particular species of interest, as demonstrated for the ectomycorrhizal ascomycete genus 

Tuber (Amicucci et ah, 1998).

Molecular Characterization in Laccaria

Previous molecular characterizations of Laccaria spp. include molecular strain 

typing, RFLP analysis, and rDNA sequencing. Because of the importance of Laccaria as 

an ectomycorrhizal inoculant in forestry applications, a number of studies have used 

molecular strain typing methods in order to characterize population level characteristics 

such as spatial distribution, fruiting patterns, and mycelial persistence of Laccaria genets 

in field settings. Weber et ah (2002) developed a set of sequence -characterized 

amplified region (SCAR) markers in order to selectively identify a particular L  bicolor 

strain on mycorrhizal roots and demonstrate long-term persistence of this individual 

genotype in an inoculated Douglas Fir plantation. Similarly, randomly amplified
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polymorphic DNA (RAPD) markers demonstrated persistence of L. bicolor genets for at 

least 3 years under natural conditions on Norway spruce roots (de la Bastide et ah, 1994), 

Basidiocarp studies on L. amethystina in forest plots have demonstrated infraspecific ' 

variability in RAPD and randomly amplified microsatellite (RAMS) banding patterns, 

showing that even closely located genets exhibit genotypic variation (Fiore-Donno & 

Martin, 2001; Gherbi et ah, 1999). While these molecular markers can be used to 

demonstrate variability within species and identify individual strains, they are less robust 

than sequence data in phylogenetic analyses due to the difficulty of establishing 

homology between bands of similar length.

RFLP analysis has been used in a number of studies in identifying Laccaria 

species. Gardes et ah (1990) determined that RFLPs using the entire nrDNA repeat could 

distinguish the four species L. laccata, L. bicolor, L. proximo and L. amethystina, as well 

as distinguish biological species in the L. laccata complex and distinguish European from 

North American isolates in L. bicolor and L. amethystina. However, RFLP patterns using 

only the ITS region were unable to unambiguously distinguish these four species (Gardes 

et ah, 1991b), suggesting that direct sequence comparison is necessary to better 

characterize interspecific variation patterns in the ITS region. RFLP patterns in 

mitochondrial DNA (mtDNA) revealed high variability both within and between species, 

and provided preliminary evidence for length (insertion/deletion) as well as point 

mutations in Laccaria mtDNA (Gardes et ah, 1991a). However, mtDNA RFLP patterns 

could not distinguish between European arid North American populations in L. bicolor, 

suggesting that these populations have not been separated long enough for all ancestral
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ixitDNA genotypes to have become extinct. Mitochondrial DNA RFLP polymorphism 

supported the existence of distinct biological species in both L. bicolor and L. Iaccata that 

were supported by mating data, and mtDNA and nrDNA RFLP data combined with 

mating studies and phonetic analysis of basidiocarp and basidiospore morphology were 

used to delimit three species within the L. bicolor complex: L. nobilis, L. bicolor sensu 

stricto, and L. trichodermophora (Mueller & Gardes, 1991). While RFLP data represent 

an additional set of characters for use in inferring genetic divergence and supporting 

species recognitions, problems in determining homology of observed banding patterns 

precludes the use of RFLPs in phylogenetic reconstruction.

In addition to taxonomic applications at the species level, RFLPs can be useful in 

molecular typing at the strain level. Using the variable nrDNA IGS2 region, RFLP 

patterns can be used to distinguish L. proximo strains even from similar localities (Albee 

et ah, 1996). Similarly, length polymorphisms of PCR-amplified genes can be useful in 

species and subspecies identification. While the length of the ITS region appears to be 

nearly constant (approximately 700 b.p. including ITS I, 5.8S, and ITS2 ) m Laccaria 

(Gardes et ah, 1991b), the IGS region has been shown to exhibit length variation even in 

closely separated genets ofZ. amethystina in forest plots (Fiore-Donno & Martin, 2001).

Previous DNA sequence analysis in Laccaria is limited in comparison to RFLP- 

based studies. Gardes et ah (1991b) characterized a short fragment (168 b.p.) from the 3 ’ 

end of the rDNA-ITS region for L. laccata, L. proximo and 3 strains of L. bicolor, 

determining levels of sequence difference of 1-2% between L. bicolor strains, 

approximately 3.5% between L. bicolor strains and L. laccata, and up to 5% between L.
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bicolor strains and L. proximo. While these findings establish an estimate of variability 

in the ITS region between Laccaria species, this estimate should be considered as 

preliminary due to the short length of the fragment and limited number of isolates used.

Several higher-order molecular phylogenetic studies have included Laccaria 

species: L. pumila and L. amethystina using nrDNA SSU and LSU and mtrDNA SSU and 

LSU sequences (Hibbett et ah, 2000; Binder & Hibbett, 2002), L. bicolor using nrDNA 

LSU sequences (Moncalvo et ah, 2000) and L. bicolor, L. vulcanica and L  

ochropurpurea using nrDNA LSU sequences (Moncalvo et ah, 2002). Each of these 

studies, with the exception of Moncalvo et al. (2002), suggested a relationship between 

Laccaria and Cortinarius (Family Cortinariaceae); however this relationship was not 

well-supported (bootstrap values < 53%). The study of Moncalvo et al. (2002) provided 

strong support for the monophyly of Laccaria; however, it did not resolve the higher- 

order relationships of the genus. Phenetic clustering of ITS RFLP data by Kemaghan 

(2001) suggests a close relationship between Laccaria and Tricholoma, both currently 

placed in the Family Tricholomataceae by most authors. While RFLP phenetic clustering 

data must be interpreted cautiously due to problems in determining homology of RFLP 

fragments, this relationship receives preliminary support in the present study due to the 

ability to unambiguously align published ITS sequences for Tricholoma but not 

Cortinarius with the Laccaria sequences obtained in this study.
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Study Objectives

As discussed in Chapter 2, identification of arctic-alpine Laccaria species has 

been complicated by problems including a scarcity of systematically informative 

morphological characters, nomenclatural synonomy, missing or poor-quality type 

collections for some species and literature descriptions conflicting with extant type 

specimens, and that a detailed taxonomic treatment of arctic-alpine taxa is currently 

lacking. In addition, rigorous taxonomic studies involving L. montana and L. pumila, 

two of the most commonly reported arctic-alpine-boreal taxa, have been hampered by the 

recalcitrance of these species to spore germination and/or pairing of isolates in the 

laboratory. The two species are morphologically nearly identical, with the exception of 

spore size and the number of spores borne on each basidium (two on L. pumila, and four 

on L. montana). Although it has been suggested by Singer (1977) that the two taxa may 

be conspecific, Mueller (1992) retains them as distinct species based on the observation 

that the number of spores borne on each basidium is constant, not exhibiting both 

character states as is the case in some genera, i.e., Inocybe and Hebelorna (Cripps, 1997; 

Smith et ah, 1983). The inability to conduct mating studies between L. montana and Z 

pumila precludes the application of the biological species concept to determining the 

conspecificity of these species; therefore a molecular approach will be useful in- 

addressing this longstanding taxonomic question. Determining whether or not these two 

taxa are conspecific could lead to a better understanding of their particular ecological 

roles, as they are often reported from similar habitats. In particular, future studies should 

assess the importance of secondary homothallism, or self-fertility, that is hypothesized to



occur in bisporic basidiomycetes and could represent an ecological advantage under 

difficult environmental conditions. Populations of both taxa appear to occur 

sympatrically on the Beartooth Plateau. Better understanding their species-level 

relationships, as well as their distributions and host associations, can lead to a better 

understanding of their ecologies.

The objectives of the present study are to: I) Use genetic data to assess 

morphological species groupings for Rocky Mountain taxa, 2) Assess the systematic 

usefulness of various morphological characters by determining whether taxon groups 

inferred using molecular data can be defined by either morphological synapomorphies or 

unique combinations of morphological character states, 3) Evaluate the utility of the ITS 

region for further phylogenetic studies in Laccaria-, 4) Provide a basic characterization of 

the internal transcribed spacer region in the Laccaria species studied, determine levels of 

sequence variation between species and examine whether molecular divergence between 

geographically separated populations within species can be detected using the ITS region, 

5) Conduct a preliminary molecular test of the hypothesis of genetic isolation between 

Laccariapinnila and L. montana\ and 6) Create a preliminary phylogenetic backbone for 

further molecular phylogenetic studies in Laccaria.

The present study consists of a phylogenetic analysis of rDNA-ITS sequences 

from 16 Rocky Mountain alpine Laccaria collections representing the 5 morphological 

species described in the previous chapter, as well as a Rocky Mountain subalpine, 

conifer-associated L. bicolor collection included as a reference specimen for that taxon.
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Materials and Methods

Specimen Collection

Specimens were collected during the years 1997-2001 at alpine field sites in 

Colorado, Montana, and Wyoming as described in Chapter 2. Specimens were preserved 

by warm air drying on an electric dryer and deposited in the Montana State University 

Herbarium (MONT), Fungal Section. Dried basidiocarp collections used for DNA 

extraction and phylogenetic analysis are listed in Table 13.

DNA Extraction

DNA was extracted from dried basidiocarps using a procedure modified from 

Edwards et al. (1991) and Weiss et al. (1998). Preliminary experiments showed that 

treatment of dried tissue by -SO0C or liquid nitrogen freezing did not noticeably increase

DNA yield (data not shown). Dried tissue was ground and suspended in 500 jul
,

extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS), 

vortexed 5 sec, and incubated I h in a 65°C heating block. Sample was then centrifuged 

5 minutes at 14,000 ipm. The supernatant was transferred to a new tube, then treated 

with I pi ribonuclease A (RNAse A, I pg/pl) and allowed to sit for 15 min. DNA was 

precipitated by adding 1000 pi ice-cold 95% ethanol and 50 pi SM sodium acetate, pH 

5.2 and mixed by inverting. The sample was frozennt -20 0C for 30-45 minutes, then 

centrifuged 10 minutes at 14,000 rpm. The supernatant was discarded, and the pellet was 

washed with 1000 pi 70% ethanol and centrifuged 10 minutes at 14,000 rpm. The
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supernatant was discarded, and DNA dried in a vacuum oven 15 min at 50°C. DNA was 

resuspended in 25 pi IX TE (Tris-EDTA) buffer, pH 8.0 and stored at -20 0C until use. 

Extraction products were visualized on 0.8% agarose gels containing 0.003 % ethidium 

bromide.

Table 14. Rocky Mountain alpine Laccaria -collections used in molecular 
analysis. Dried basidiocarp material was used as DNA source for all 
collections. All collections are housed at MONT herbarium.

T ax o n G e o g ra p h ic a l O rig in E M  H o s t Species C o lle c to r  an d  
C b llec tion  N u m b e r

L bicolor C O , F ron t R ange, Loveland Pass Sahx  sp. (shrub) C C n p p s N 1304
CO, San Juan M ts , B lack  B ear Pass unknow n C C npps 1445
C O , Saw atch R ange, Independence Pass Sahx plainfoha C C n p p s 1469
CO, Saw atch R ange, Lm km s L ake V alley Sahx planifoha C C n p p s 1482
C O , San Juan M ts , M ineral Basin Sahx arctica C C n p p s 1672

L laccata var C O , Saw atch  R ange, Independence Pass Sahx  sp. (dw arf), D iyas C C n p p s 1370
palhdifoha octopetala

CO, 10-m ile R ange, B lue L ake D am Sahx reticulata, Betula 
glandulosa

C C npps 1603

C O , 10-m ile R ange, B lue  Lake D am BetuIa glandulosa C  C n p p s 1633
C O , San Juan M ts , H orseshoe Lake Sahx reticulata C. C n p p s 1655

C O , Saw atch  R ange, C ottonw ood Pass Dryas sp. C. C upps 1724

L montana M T /W Y , B eartoo th  Plateau, H ighlm e Lr. unknow n T. O sm undson* 319
W Y , B eartooth  Plateau, Frozen Lake Sahx planifoha T  O sm undson 591

L pumila C O , F ro n t R ange, H aggem an 's Pass Sahx planifoha C C n p p s 1252
W Y , B eartoo th  Plateau , Frozen Lake Sahx planifoha T  O sm undson 501

Laccana  sp CO, 10-m ile R ange, B lue Lake Dam Betula glandulosa, Salix 
planifoha

C. C ripps 1625

C O , Saw atch  R ange, Independence Pass Sahx  sp (shiub) C C ripps 1771

A d d itio n a l S eq u en ces U sed
Tnchohm a umfactum, G enB ank A ccession  N um ber A F 2 4 I5 1 4  (O utgioup taxon)

Tricholoma portentosiim, G enB ank  A ccession  N um bei A F349686 (O utgroup taxon)

Laccaria bicolor, G allatin  Co , M T , U SA , T Osmandson 752 (Subalpine com parative specim en)

1lFoi collection designations throughout chapter, C  C npps =  C LC and T. O sm undson =  TW O
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Preliminary experiments showed that Laccaria genomic DNA crude extractions 

failed to PCR amplify; therefore, genomic DNA was further purified using a 

phenol !chloroform extraction according to Sambroolc et ah (1989). DNA was diluted to a 

volume of 100 pi in a 1.5 ml microcentrifuge tube, and 100 pi phenol / chloroform / 

isoamyl alcohol (25:24:1) was added to the sample and mixed to form an emulsion.

Tubes were centrifuged for 30 sec at 12,000 rpm. The aqueous phase was transferred to a 

new tube, and the organic phase “back-extracted” by the addition of an equal volume of 

TE buffer, pH 7.8 and centrifugation for 30 sec at 12,000 rpm; the aqueous phase from 

the back-extraction was added to the first aqueous phase. An equal volume of 

chloroform : isoamyl alcohol (24:1) was added to the aqueous phase and mixed, then 

centrifuged for 30 sec at 12,000 rpm. The aqueous phase from this step was transferred 

to a new tube, and DNA was precipitated by adding a 1/10 volume of 3M sodium acetate, 

pH 5.2, and 2 volumes of ice cold 95% ethanol and incubated at -20°C for 60 min. The 

mixture was centrifuged for 10-15 min at 14,000 rpm and the supernatant discarded. The 

DNA pellet was washed with 500 pi 75% ethanol and centrifuged for 10 min at 14,000 

rpm. The supernatant was discarded and the DNA dried in a vacuum oven at 55°C for 15 

min or until all traces of ethanol were removed. The pellet was then resuspended in 25 pi 

TE buffer and stored at -20°C. An aliquot of the DNA solution was diluted 1:25 to 1:125 

(determined empirically, depending on sample) with sterile ddH20  prior to PCR 

amplification.
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PCR Amplification

Ribosomal ITS gene products were amplified using the polymerase chain 

reaction (Mullis et al., 1986; Saiki et al., 1988). Amplifications used the basidiomycete- 

specific primers ITS-IF and ITS-4B (Gardes & Bruns, 1993). Primer sequences are as 

follows: ITS-IF (CTTGGT CATTT AG AGGAAGT A A); ITS-4B CAGGAGACTTGTAC 

ACGGTCCAG) (Sigma-Genosys, Woodlands, TX, USA). Reactions were carried out in 

40 pi mixtures (2 per sample) consisting of 8 pi template DNA (approximately 50-100 

ng), 8 pi each of forward and reverse primers (20ng / pi), 4 pi IOX PCR buffer (Fisher 

Buffer A containing 1.5mM MgCl2, Fisher Scientific, Pittsburgh, PA, USA), 3.2 pi dNTP 

mixture (2.5mM each dNTP; Promega Corp., Madison, WI51USA), 0.3 pi Eppendorf 

MasterTaq DNA polymerase (Brinkmann Instruments, Westbury, NY, USA), and 8.5 pi 

sterile ddH20. Reactions were performed using an Eppendorf Mastercycler Gradient 

thermocycler (Brinkmann Instruments, Westbury, NY, USA) using the following 

conditions: initial denaturation 94°C 2 min; 30 cycles of denaturation 94 0C 30 sec, 

annealing 55 0C I min, and extension 72 0C I min; final extension 72 0C for 5 min. Lid 

temperature was set at 105 0C, and temperature ramping was set at 10C / sec. PCR 

products were visualized using 1.5% agarose gels containing 0.003 % ethidium bromide. 

PCR products were purified prior to sequencing using the QIAquick PCR purification kit 

(QIAGEN Inc., Valencia, CA, USA) according to manufacturer’s instructions, with an 

additional wash in 0.75 mL 35% guanidine hydrocloride as recommended by the 

manufacturer to reduce primer-dimers in the final eluate, and with final elution in 30 pi
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elution buffer. DNA was concentrated by ethanol precipitation as described in the 

section on phenol-chloroform extraction, with the amount of of ice cold 95% ethanol 

added in the first step modified to 3 volumes. The dried DNA product was resuspended 

in 7 pi autoclaved ddH^O.

DNA Sequencing

DNA sequencing reactions were performed using the ABI Prism BigDye 

Terminator v.2.0 cycle sequencing kit (Applied Biosystems, Foster City, CA). Sequences 

were generated in both directions using the primers ITS-IF or ITS-4B in the following 

sequence reaction mixture: 2 pi BigDye, 0.5 pi forward or reverse primer (20 ng / pi), 3.5 

pi DNA, overlaid with mineral oil. The sequencing reaction was performed on a Perlcin- 

Elmer GeneAmp 9600 thermocycler (Perkin-Elmer Corp., Norwalk, CT, USA) for 45 

cycles using the following parameters: denaturation at 96°C for 10 sec, annealing at 50°C 

for 5 sec, and elongation at 60°C for 4 min. The fluorescently labeled product was 

cleaned by removing mineral oil, adding 30 pi autoclaved ddH20, and separated from 

residual mineral oil on a paraffin film. DNA was precipitated as described for ethanol 

precipiation prior to the sequencing reaction, and resuspended in 0.8 Blue Dextran dye. 

DNA was denatured by placing for 2 min in a boiling water bath then placing on ice 

immediately prior to loading samples on the sequencing gel. Sequencing products were 

analyzed using an ABI PRISM 377 automated DNA sequencer (Applied Biosystems, 

Foster City, CA).
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Sequence chromatographs were examined and reverse-complements of the 

reverse (ITS-4B-primed) sequences produced using Chroma's version 1.45 software 

(copyright Conor McCarthy, Griffith University, Southport, Queensland, Australia; 

available as freeware at http://www.technelysium.com.au/chromas.html). Forward and 

reverse-complemented reverse sequences were aligned and edited to create a consensus 

contig using the BioEdit Sequence Alignment Editor (copyright Tom Hall, North 

Carolina State University; available as freeware at http://www.mbio.ncsu.edu/BioEdit/ 

bioedit.html). Regions of poor sequence quality at the 5’ and 3’ ends were deleted. 

Sequence identity was confirmed as belonging to Laccaria spp. by means of a BLAST 

search (www.ncbi.nih.org/blast). Multiple sequence alignments were performed using 

ClustalX software (Jeanmougin et ah, 1998) and edited manually.

Phylogenetic Analysis

The final multiple sequence alignment was formatted as a Nexus file and analyzed 

using PAUP* 4.OblO software (Swofford, 2001) on a Dell microcomputer running under 

Microsoft Windows 98. Maximum parsimony was used as the optimality criterion. 

Characters were specified as unordered and equally weighted, with gaps treated as 

missing data. Insertion/deletion events (indels) were coded as additional, binary 

characters denoting presence/absence. Sensitivity analyses omitting these additional 

characters, as well as analyses incorporating each outgroup sequence separately were 

conducted to examine the effects of these perturbations on tree topology. Exact searches 

were conducted using the branch-and-bound algorithm with the addition sequence set to

http://www.technelysium.com.au/chromas.html
http://www.mbio.ncsu.edu/BioEdit/
http://www.ncbi.nih.org/blast
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“furthest,” initial MAXTREES set to 100, initial upper bound computed heuristically, 

MULTREES option in effect, and branches collapsed if maximum branch length equaled 

zero. Strict consensus trees were generated for each analysis. The partition homogeneity 

test was employed to test for phylogenetic congruence between ITS I, 5.8S, and ITS2 

sequences. Branch robustness was assessed using 1000 bootstrap replicates (Felsenstein,. 

1985) using a branch-and-bound search. The neighbor-joining method in PAUP* was 

employed to produce a genetic distance matrix.

Outgroup taxa chosen were Tricholoma unifactum (GenBank accession number 

AF241514) and Tricholomaportentosum (GenBank accession number AF349686). 

Outgroups were chosen based on shared family classification (Family Tricholomataceae 

in Singer’s (1986) classification) and trophic type (ectomycorrhizal) with Laccaria. 

Although recent large-scale molecular phylogenetic studies by Moncalvo et al. (2000), 

Hibbett et al. (2000) and Binder and Hibbett (2002) suggest that Laccaria may be more 

closely related to the dark-spored genus Cortinarius than to Tricholoma, the clades 

containing Laccaria grouped with Cortinarius received low bootstrap support in these 

studies and a relationship between Laccaria and Tricholoma was supported by phenetic 

clustering of RFLP data by Kernaghan (2001). In addition, Laccaria ribosomal ITS 

sequences could not be aligned unambiguously to those of Cortinarius spp. deposited in 

GenBank.



133

Results

Phylogenetic congruence between ITS I, 5.8S and ITS2 regions was supported by 

the partition homogeneity test (p=0.33). The dataset consisted of 696 characters for 

analyses with indels coded as binary characters, and 669 characters for analyses with 

binary characters omitted.

The primary analysis included both Tricholoma outgroup sequences and included 

indel presence/absence coded as binary characters. Of 696 characters, 524 were constant, 

65 variable but parsimony uninformative, and 107 parsimony informative. This analysis 

yielded 4 most parsimonious trees of length 229 steps, consistency index (Cl) = 0.8253, 

retention index (RI) = 0.8910, and rescaled consistency index (RC) = 0.7354. The strict 

consensus tree for this analysis is shown in Figure 14. This tree reveals the presence of 

well-supported clades corresponding to the morphological species (previously 

determined, see Chapter 2) L. bicolor (97% bootstrap), L. 'laccata var. pallidifolia 

(100%), L. montana (100%), andZ. pumila (89%). An additional, well-supported (99% 

bootstrap) clade was discovered that corresponded to a species appearing similar to L 

pumila and L. montana under field conditions. This unidentified species, Laccaria sp., is 

supported by differences in macro- and micromorphology as described in Chapter 2. A 

sister group relationship between this taxon and L. pumila and L. montana received 

moderate (73%) bootstrap support. An additional clade within L. bicolor, comprising 

collections CLC 1672 and CLC 1304, received 83% bootstrap support in this analysis; 

however, this clade was found to be sensitive to omitting binary indel codes in 

subsequent sensitivity analyses (see below). The relationship between alpine collections
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of Z. bicolor and the subalpine L. bicolor reference specimen TWO 752 received only 

moderate support (bootstrap 75%); however, this relationship was repeatedly supported 

by sensitivity analyses.

---- Laccana sp CLC1625

----  Laccana sp CLC1771

100 ----  L montana TW05 91

----  L. montana T W 0 3 1 9

----L pumila CLC1252

----  L pumila TWO501

L bicolor T W 0 7 5 2

----  L bicolor CLC1672

----  L. bicolor CLC1304

L bicoldr GLC1482

L bicolor CLC1445

y L  bicolor CLC1469

L Iaccata CLC1603

L Iaccata CLC1370

L. Iaccata CLC1724

L Iaccata CLC1655

L Iaccata CLC1633

----  T1 unifactum

----  T portentosum

Figure 14. Strict consensus of 4 most-parsimonious trees for the primary Laccaria 
rDNA ITS phylogenetic analysis. Presence or absence of insertion-deletion events 
(“indels”) were coded as an additional set of binary characters. Tricholoma unifactum 
(GenBank accession AF241514) and Tricholoma portentosum (GenBank accession 
AF349686) were used as outgroup taxa. Bootstrap values (>50%) are shown above 
branches.
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Sensitivity Analyses

Sensitivity analyses were conducted to test the effects on tree topology of 

removing outgroup taxa and/or omitting binary codes. The analysis including both 

Tricholoma outgroups and omitting indel codes consisted of 669 characters (524 

constant, 62 variable but parsimony uninformative, and 83 parsimony informative) and 

produced 9 most-parsimonious trees of length 188 steps, consistency index (Cl) = 0.8617, 

retention index (Rl) = 0.9048, and rescaled consistency index (RC) = 0.7796. The strict 

consensus tree for this analysis is shown in Figure 15. Although the grouping of 

collections corresponding morphologically to L. bicolor is still strongly supported as 

monophyletic (95% bootstrap support), the arrangement of subclades within L. bicolor is 

rearranged slightly with only collection CLC1672 forming a subclade distinct from other 

alpine collections and all other alpine collections forming a polytomy.

Analyses removing, either one of the Tricholoma outgroup taxa and maintaining 

binary gap codes did not result in changes in tree topology (Figs. 16, 17). The only 

notable difference between these results and those of the primary analysis is reduced 

bootstrap support (59% vs. 73-77%) for the branch joining Laccaria sp. with A montana 

and L. pumila when the T. portentosum outgroup was removed (Fig. 17).
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100 L  m o n t a n a  T W 0 5 9 1

L. m o n t a n a  T W 0 3 1 9

-----L p u m i la  C L C 1 2 5 2

L p u m i l a  T W O 5 0 1

72

L. s p  C L C 1 6 2 5  

L. s p  C L C 1 7 7 1  

L. b i c o l o r  C L C 1 3 0 4

67 L b ic o l o r  C L C 1 4 6 9

L b ic o lo r  C L C 1 4 4 5

100

L. b ic o lo r  C L C 1 4 8 2

L b ic o lo r  C L C 1 6 7 2

L b i c o l o r  T W 0  7 5 2

L. I a c c a t a  C L C 1 6 0 3

100
L I a c c a t a  C L C 1 6 3 3

L I a c c a t a  C L C 1 6 5 5

L. I a c c a t a  C L C 1 7 2 4

L. I a c c a t a  C L C 1 3 7 0

----- T. u n i f a c t u m

----- T. p o r t e n t o s u m

Figure 15. Strict consensus of 9 most-parsimonious trees for the sensitivity analysis including 
both outgroup taxa and omitting binary indel codes. Bootstrap values (>50%) are shown above 
branches. Each minimal length tree had length =188 steps, Cl = 0.8617, RI = 0.9048, and RC = ,
0.7796. i

i
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100 L montana TW 0591

L. m o n t a n a  T W 0 3 1 9

L. p u m i la  C L C 1 2 5 2

L. p u m i la  T W O 5 0 1

9 8
L. s p  C L C 1 6 2 5  

L. s p .  C L C 1 7 7 1

L b ic o lo r  C L C 1 4 8 2

L b ic o lo r  C L C 1 4 6 9

L. b ic o lo r  C L C ‘1 4 4 5

8 0 8 4
L. b i c o l o r  C L C 1 6 7 2

L b ic o lo r  C L C 1 3 0 4

L b ic o lo r  T W 0 7 5 2

L  Ia c c a ta  C L C 1 6 0 3

100,
L Ia c c a ta  C L C 1 6 3 3

L. Ia c c a ta  C L C 1 6 6 5

L Ia c c a ta  C L C 1 7 2 4

L. Ia c c a ta  C L C 1 3 7 0

T  u m f a c t u m

Figure 16. Strict consensus of 4 most-parsimonious trees for the sensitivity analysis including 
binary indel codes and using only T. unifactum as the outgroup taxon. Bootstrap values 
(>50%) are shown above branches. Each minimal length tree had length = 184 steps, Cl = 0.8424
Rf = 0.9085, RC = 0.7653.
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-----L montana TW0591

-----L m o n t a n a  T W 0 3 1 9

---- L p u m ila  C L C 125 2

-----L p u m ila  T W O 501

-----L sp .  C L C I 6 2 5

---- L. s p  C L C 1 7 7 1

L. b ico lor  C L C 1 4 8 2

L. b ico lor  C L C 1 4 6 9

L. b ico lor  C L C 1 4 4 5

-----L b ico lo r  C L C 1 6 7 2

-----L. b ico lo r  C L C 1 3 0 4

L b ico lor  T W 0 7 5 2

-----L Ia cca ta  C L C 1 6 0 3

-----L. Iacca ta  C L C 1 3 7 0

L Ia cca ta  C L C 172 4

L. Ia cca ta  C L C 1 6 3 3

L Ia cca ta  C L C 1 6 5 5

—- T p o r t e n to s u m

Figure 17. ,Single most-parsimonious tree for the sensitivity analysis including 
binary indel codes and using only T. portentosum as the outgroup taxon. Bootstrap 
values (>50%) are shown above branches. Tree length = 188 steps, Cl = 0.8404 RI
= 0.9080, RC = 0.7631.

I
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Analyses removing either one of the outgroup taxa and omitting gap codes 

resulted in the same tree topology as the analyses omitting gap ,codes and retaining both 

outgroup taxa (Figs. 18, 19), with the only notable difference being increased bootstrap 

support (75% vs. 63-65%) for the branch connecting L. pumila and L. Montana when the 

T. portentosum outgroup was removed (Fig. 18).

100

98

100  I m o n ta n a  T W 0 5 9 1

-- L m o n ta n a  T W 0 3 1 9

9 5  L p u m ila  C L C 1 2 5 2

-—  L  p u m ila  T W 0 5 0 1

-- L s p  C L C 1 6 2 5

-- L s p  C L C 1 7 7 1

------- L b ic o lo r  C L C 1 3 0 4

------- L b ic o lo r  C L C 1 4 6 9

------- L b ic o lo r  C L C 1 4 4 5

------- L b ic o lo r  C L C 1 4 8 2

------- L b ic o lo r  C L C 1 6 7 2

------- L  b ic o lo r  T V /0 7 5 2

------- L Ia c c a la  C L C 1 6 0 3

------- L Ia c c a ta  C L C 1 6 3 3 '

------- L Ia c c a ta  C L C 1 6 5 5

-- =--- L Ia e c a ta  C L C 1724

------- L. Ia c e a ta  C L C 1 3 7 0

------  T  u n ifa c tu m

Figure 18. Strict consensus of 9 most-parsimonious trees for the sensitivity analysis 
excluding binary indel codes and using only T. unifactum as the outgroup taxon. 
Bootstrap values (>50%) are shown above branches. Each minimal length tree had 
length = 145 steps, Cl = 0.8828, RI = 0.9254, RC = 0.8169.
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L. montana TW0591

L. m o n t a n a  T W 0 3 1 9

L p u m i la  C L C 1 2 5 2

L. p u m i la  T W O 501

9 8 L sp .  C L C 1 6 2 5

L sp .  C L C 1 7 7 1

L. b ico lo r  C L C 1 3 0 4

L b ico lo r  C L C 1 4 6 9

L b ic o lo r  C L C 1 4 4 5

L b ico lo r  C L C 1 4 8 2

8 0
L. b ico lo r  C L C 1 6 7 2

L. b ico lo r  T W O  752

L Ia c c a ta  C L C 1 6 0 3

100

L. Ia c c a ta  C L C 1 6 3 3

L. Ia c c a ta  C L C 1 6 5 5

L. Ia cca ta  C L C 172 4

L. Ia c c a ta  C L C 1 3 7 0

T  p o r t e n t o s u m

Figure 19. Strict consensus of 4 most-parsimonious trees for the sensitivity analysis 
excluding binary indel codes and using only T. portentosum as the outgroup taxon. 
Bootstrap values (>50%) are shown above branches. Each minimal tree'had length =
150 steps, Cl = 0.8733, RI = 0.9195, RC = 0.8030.
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Molecular Characterization of Rocky Mountain Alpine Laccaria s p p .

Intraspecific and Interspecific Genetic Variation

The neighbor joining method in PAUP* was used to generate a genetic distance 

matrix for the combined ITSl / 5.8S / ITS2 dataset (Figure 20). Intraspecific variation 

was found to be extremely low: 0-0.3% between alpine L. bicolor collections, 0.2-1% 

between L. Iaccata var. pallidifolia collections, 0.2% inZ. montana, 0.3% m. Laccaria 

sp., and 0% in Z. pumila (Table 14). Intraspecific variation in Z. bicolor between alpine 

collections from Colorado and subalpine collections from Montana was higher, ranging 

from 2.1-2.4%. Interspecific variation ranged from 1.6-1.8 % between Z. montana andZ. 

pumila to 6-7% between Z. Iaccata -var. pallidifolia andLaccaria bicolor (7.9-8.4% when 

subalpine Z. bicolor collection TWO 752 was included; Table 15). The most divergent 

clade was found to be Z. Iaccata var. pallidifolia, ranging from 6-8.4% difference from 

other taxa included in this study.

Table 15. Intraspecific genetic distance for Rocky Mountain alpine Laccaria 
species, computed using neighbor-joining method in PAUP version 4.0b 10.

Taxon %
Intraspecific

Variation
Lbicolor  0-0.3 (2.1-2.4)*
L Iaccata var. pallidifolia 0.2-1 0
L  montana 0.2
L  pumila 0
L. sp. 0.3

* Range when subalpine L. bicolor collection TWO 752 
included.



Species 1625 1603 1672 1304 1482 1445 ■ 591
L.sp.1625
L .lac.1603 0.063
L .bic.1672 0 026 0.060
L.bic.1304 0.027 0.063 0 . 0 0 2
L.bic.1482 0.027 0.063 0 . 0 0 2 0 . 0 0 0
L.bic.1445 0.029 0.065 0.003 0 . 0 0 2 0 . 0 0 2
L .mont.591 0.026 0.066 0.033 0.034 0.034 0.036
L .sp.1771 0.003 0 065 0.029 0.030 0.030 0.032 0.026L.lac.1370 0.065 0.004 0.059 0.063 0.063 0.065 0.066L .pum.1252 0.019 0.063 0.029 0.030 0.030 0.032 0.016L.mont.319 0.028 0.068 0.034 0.036 0 036 0.037 0 . 0 0 2L.pum. 501 0.019 0 063 0.029 0.031 0.030 0.032 0.016L.lac;1724 0.068 0.005 0.065 0.068 0.068 0.070 0.071L .lac.1655 0.068 0.009 0.065 0 069 0.068 0.070 0.071
L.bic.1469 0.027 0.063 0 . 0 0 2 0 . 0 0 0 0 . 0 0 0 0 0 0 2 0.034L.lac.1633 0.064 0 . 0 0 2 0.061 0.065 0.064 0.066 0.068L.bic.752 0.035 0.079 0 = 0 2 1 0.023 0.023 0.024 0.037

1771 1370 1252 319 501 1724 1655 1469

0.066
0.019 0.062
0.028 0.068 0.018
0.019 0 = 063 0 .0 0 0 0.018
0.070 0.005 0 068 0 073 0.068
0.070 0.009 0.068 0.073 0.068 0 . 0 1 1
0.030 0.063 0.030 0.036 0.030 0 068 0:0680.066 0 . 0 0 2 0.064 0 070 0.064 0.004 0.007 0.0640.039 0.079 0.031 0.039 0.031 0.084 0.084 0 023

1633

0.080

to

Figure 20. Neighbor-joining uncorrected (“p”) genetic distance matrix for Laccaria species rDNA-ITSl/ 5.8S / ITS2 
region.
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Table 16. Interspecific ITSl / 5.8S / ITS2 genetic distance for Rocky Mountain alpineLaccaria 
species, computed using neighbor joining method in PAUP version 4.0b 10.

Taxon Pairs

L  bicolor vs. L  Iaccata 
L bicolor vs. L  montana 
L  bicolorvs. L pumila 
L  bicolorvs. L  sp.
L Iaccata vs. L  montana 
L  Iaccata vs. L  pumila 
L  Iaccata vs. L  sp.
L  montana vs. L  pumila 
L  montana vs. L  sp.
L  pumila vs. L. sp.

* Range when subalpine L 
752 included.

% Interspecific 
Variation

6.0- 7.0 (7.9-8.4)*
3 .3-3.7 (3.7-3 .9)*
2.9-3.2 (3 1)
2 .6-  3.2 (-3 .9)"
6.6- 7.3 
6 .2-6.8
6.0- 7.0
1. 6-  1.8
2 .6-2.8 
1.9

bicolor collection TWO

Characterization of Variable Nucleotide Positions

In addition to characterizing the degree of genetic variation within and between 

species, an objective of the present study was to characterize the occurrence of insertion- 

deletion events (indels) and single nucleotide polymorphisms (SNPs) corresponding to 

morphological species groups. Table 16 provides a comparison of variable sequence 

regions by taxon. The clade corresponding to L. Iaccata var. pallidifolia represents the 

most divergent taxon in the analysis, and is characterized by a number of synapomorphic 

indels and SNPs. Sequence gaps occur for this species at alignment positions 116-142, 

153-173, 205, 442-444, 452-455, 591-599, 602-604, 628, 630 and 635. Apparent 

insertions occur at positions 255-256 and 491-494. SynapomorphioSNPs occur at 

positions 15, 105, 145, 149, 181, 212, 257, 261, 325, 436, 447, 451, 460, 483, 495, 497, 

541,563,564,572,624,638;639 and 652. ,



T a b le  1 7 . C o m p a r is o n  o f  v a r ia b le  n u c le o t id e  p o s it io n s  b y  c o l le c t io n .  S y n a p o m o rp h ic  s in g le -n u c le o t id e  p o ly m o rp h is m s  a p p e a r  in 

b o ld  ty p e .

Alignment Position

6 15 19 29 43-49 64 75-80 97 105 116-142

Taxon
L bicolor CLC13 04 C A - A TT-CGAA A ---ATC - T CCTCTCGAGGAAACTCGGATTTG- AGG

L. bicolor CLC1445 C A A A TTTCGAA A T--ATC T T CCTCTCGAGGAAACTCGGATTTG-AGG

L. bicolor CLC1469 C A A A tttcgaa A T--ATC T T CCTCTCGAGGAAACTCGGATTTG-AGG

L. bicolor CLC1482 C A A A TTTCGAA A T--ATC T T CCTCTCGAGGAAACTCGGATTTG-AGG
L. bicolor CLCl 672 C A - A TT-CGAA A "--ATC - T CCT CT CGAGG AAACT CGG ATTT G -AGG

L. Iaccata CLC1370* C G - G T------ AG A TataTc T A
L. Iaccata CLC1603 C G - G ----------A A TATATA T A
L. Iaccata CLC1633 C G A G T - ---AG A TATATA T A
L. Iaccata CLC165 5 C G A G T------ AG A TATATA T A
L. Iaccata CLCl 724 C G A G T ----A G A TATATA T A

L montana TW0319 C A - G TTTCGAA G TA-ATC T T actctcgagGCaactcGgaTt t t - agg

L. montana TW0591 C A A G TTTCGAA G TA-ATC T T ACTCTCGAGGCAACTCGGATTTT-AGG

L. pumila CLC1252 C A A A TT-CGAA G TA-ATC T T ccTctcgaggcaactcggatttT -agg

L. pumila TWO501 - A - A TTTCGAA G TA-ATC T T cctCtcgagGcaactcggatttt- agg

Laccaria sp. CLCl625 C A A G Tttcaaa G TA-ATT T T CCTCTCGAGGCAACTCGGATTTT-AGG
Laccaria sp. CLC1771 C A A G TTTCAAA G TA-ATT T T CCTCTCGAGGCAACTCGGATTTT-AGG
*  A ll L  I a c c a ta  s p e c im e n s  b e lo n g  to  L  I a c c a ta  y a r .  p a llid ifo lia



T a b le  17 , c o n t in u e d .

Alignment Position

145 148 149 153-173 181 196-198 205 212 220 233 237 255-256

Taxon

L. bicolor CLC1304 C C G CTGTACAAGT CGGCTTTTCTT C T - - A T T C G

L. bicolor CLC1445 C C G CTGTACAAGTCGGCTTTTCTT C T - - A T T C G —

L. bicolor CLC1469 C C G cTgtacaagtcggctttt CTT C T -- A T T C G —

L bicolor CLC1482 C C G CTGTACAAGTCGGCTTTTCTT C T - - ' A T T C G
L. bicolor CLC1672 C C G CTGTACAAGTCGGCTTTT CTT - T -- A T T C G

L. Iaccata CLC1370 G T C A -C A C A C A TA

L. Iaccata CLCl603 G T C A TCA - C A C A ' TA

L. Iaccata CLC1633 G T C A TCA - C A C A TA
L laccata CLC1655 G T C A TCA - C A C A TA
L laccata GLC1724 G T C A TCA C A C A TA

L. montana TW0319 C C G C T - - - - ----------GCTTTCCTT C T -- A T A G G —
L. montana TWC591 C C G CT--------------- -GCTTTCCTT C T— A T A G G

L pumila CLC1252 C T G cTgTaaaagTcagctttcctC C T— A T A C A —

L. pumila TWO501 C T G CT GTAAAAGT CAG CTTT CCTC C T— A T A C A —

Laccaria sp. CLCl625 C C G CT GTAAAAGT CAGCTTT CCTG C - C - A T A C G
Laccaria sp. CLC1771 C C G CTGTAAAAGTCAGCTTTCCT C C -C- A T A C G



T a b le  17 , c o n tin u e d .

257 261 315 325 387

Taxon
L. bicolor CLC1304 A T G A T

L bicolor CLC1445 A T G A T

L. bicolor CLC1469 A T G A T

L bicolor CLC1482 A T G A T

L. bicolor CLCl 672 A T G A T

L. Iaccata CLC1370 G C G T T

L. Iaccata CLCl 603 G C G T T

L laccata CLC163 3 G C G T T

L. laccata CLC165 5 G C G T T

L. laccata CLC1724 G C G T T

L. montana TW0319 ■ A T G A C

L. montana TW0591 A T G A T

L. pumila CLC125 2 A T G A T

L.pumila TWO501 A T G A T

Laccana sp. CLC1625 A T G A T

Laccaria sp. CLC1771 A T C A T

Alignment Position

436 442-444 447 451 452-455 460 465 482 483 491-494 495

T ACT T A GCTT A T C G — ------- — T
T ACT T A GCTT A T C G — T
T ACT T A G Ct t A T C G — T
T ACT T A GCTT A T C G — T
T ACT T A GCTT A T C G — T
A ----- A T — T T C A TTTG A
A — A T — T T C A TTTG A
A — A T — T T C A TTTG A
A — A T — T G C A TTTG A
A — A T — T T C A TTTG A
T GCT T G GCTT A T T G — T
T GCT T G GCTT A T T G T
T GCT T A GCfT A T T G — T
T GCT T A GCTf A T T G — T
T ' ACT T A GCTT A T C “ G — T
T GCT T A GCTT A T C G ------------- T



T a b le  17, c o n tin u e d .

Alignment Position

496 497 498 500 506 526 527 541 547 563 564 572 574 579 581 589 590

Taxon
L  bicolor CLC1304 C A C G G G T G A A T G C G G A G

L. bicolor CLC1445 C A C G G G T G A A T G C G G A G

L. bicolor CLC1469 C A C G G G T G A A T G C G G A G

L bicolor CLC1482 C A C G G G T G A A T G C G G A G

L. bicolor CLCl 672 C A A G G G T G A A T G C G G A G

L. Iaccata CLC13 70 C T A G A G T T A T C A T A G G G

L laccata CLCl 603 C T A G A G T T A T C A T A G G G

L. laccata CLC163 3 C T A G A G T T A T C A T A G G G

L. laccata CLCl 655 C T A A A C T T A T C A T A G A G

L. laccata CLC1724 C T A G A G T T A T C A T A G G G

L. montana TW0319 T A A G A G C G G A T G T A G A T
L. montana TW0591 T A A G A G C G G A T G T A G A T

L. pumila CLCl 252 T A A G A G C G G A T G C A G A G

L pumila TWO501 T A A G A G C G G A T G C A G A G

Laccaria sp. CLC1625 C A A G G G C G G A T G C A T A G

Laccaria sp. CLCl 771 C A A G G G C G -Q A T G C A T A G



T a b le  17 , c o n t in u e d .

Alignment Position

591-599 602-604 608 611 617 624 627 628 630 631 635 638

O)COCO 640-641 652 658

T axon

L. bicolor CLC1304 CT------ I IA AAG T T C C T G C T G A A — A A

L bicolor CLC1445 CT------ TTA AAG T T C C T G C T G A A — A C

L. bicolor CLC1469 CT------ I IA AAG T T C C T G C T G A A — A A

L. bicolor CLC1482 CT------ I IA AAG T T C C T G C T G A A — A A
L. bicolor CLC1672 CT------ TTA AAG T T C C. T G C T G A A -  - A A

L. Iaccatd CLC1370 — A T C T T - - T - T T AC C A

L. Iaccata CLC1603 — A T C T T - - T T T AC C A

L laccata CLC1633 — — A T C T T - - T T T AC C A

L. laccata CLC1655 — A T C T T - - T T T AC C A
L. laccata CLC1724 ----- A T C T C - - G T T AC C A

L. montana TW0319 AT------ I IA AAG A T T C T G C T G A A -T A A
L montana TW0591 AT------ I TA AAG A T T C T G C T G A A -T A A

L.pumila CLC1252 CT------ I IA AAG A T T C T G C T G A A -T A A
L pumila TWO501 CT------ TfA AAG A T T C T G C T G A A -T A A

Laccaria sp. CLC1625 CT------ TfA AAG A C C C T ' G C T G A A - - A A
Laccaria sp. CLC1771 CT------ I IA AAG A C C C T G C T G A A ~~ A A
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Lciccctrici bicolor exhibits no synapomorphic indels, but exhibits synapomorphic 

SNPs at positions 126, 138, 158, 164, 170, 220, 579 and 608. Laccaria sp. is also not 

characterized by any synapomorphic indels, but exhibits synapomorphic SNPs at 

alignment positions 47, 80, 581, and 611. Laccaria montana exhibits one synaporphic 

indel at positions 155-164, and synaporphic SNPs at positions 116, 233, 451, 590, and 

591. Laccariapumila is not characterized by any synaporphic indels or SNPs, although it 

possesses a unique pattern of shared nucleotide variation.

Results of the present study are summarized as follows:

1) Molecular phylogenetic analysis of rDNA ITSl /5 .88 / ITS2 sequences supports 

the distinction of the morphological species L. bicolor, L. Iaccata var. pallidifolia, 

L. montana and L. pumila as delimited by morphological features (Chapter 2). 

These groupings receive strong bootstrap support.

2) In addition, sequence data strongly support the distinction of an unidentified 

species (Laccaria sp.), described in Chapter 2.

3) Sensitivity analyses show that tree topology is robust to the deletion of outgroup 

taxa and exclusion of binary codes indicating presence / absence of indel regions.

4) Molecular characterization of the ITS region of the species studied reveals 

intraspecific genetic variability of < 1% among alpine collections, with up to 

2.4% divergence observed between Colorado alpine and Montana subalpine 

collections ofZ. bicolor. Interspecific variability ranges from 1.6% {L. montana 

vs. L. pumila) to 8.4% (L laccata var. pallidifolia vs. subalpine L. bicolor).
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Discussion

The present study examined evidence for either supporting or refuting 

delimitation of species as set forth in the previous chapter by determining whether taxon 

groups inferred using molecular data could be defined by either morphological 

synapomorphies or unique combinations of morphological character states. Maximum 

parsimony phylogenetic analysis of the rDNA ITS region provided strong support for 

recognition of the morphological species described in Chapter 2. Clades corresponding 

to the morphological species L. bicolor, L. Iaccata var. pallidifolia, L. montana, L. 

pumila, and Laccaria sp. were supported by high bootstrap values and were robust to 

analytical perturbations related to outgroup selection and recoding or omitting indel 

regions. Each morphological species group exhibits a number of synapomorphic indels 

and / or single nucleotide polymorphisms with the exception of L. pumila, which is 

characterized by having a unique combination of variable nucleotide positions but has no 

unique individual indels or SNPs.

Furthermore, the molecular phylogenetic study assessed morphological traits 

having apparent systematic importance that can be used to reliably identify Laccaria 

species in the Rocky Mountain alpine zone. The results of this study supported a number 

of observations made during the morphological taxonomic study.

Distinguishing L. bicolor and L. Iaccata var. pallidifolia can be difficult due to 

similar morphology and phenotypic plasticity. Laccaria bicolor has generally been 

distinguished by having violaceous lamellae and a violet tomentum at the base of the 

stipe (Mueller, 1992). Additionally, the two species can often be distinguished on the



basis of basidiospore morphology, with L. bicolor generally having smaller, more broadly 

ellipsoid (as opposed to subglobose in L. Iaccata var. pallidifolia) spores; however, the 

ranges of both basidiospore size and shape overlap between the two species (Mueller, 

1992), and overlap strongly between alpine collections.

The results of the present study indicate that L. bicolor can be distinguished from 

L. Iaccata var. pallidifolia, at least in the North American alpine zone, on the basis of 

basidiocarp macromorphology. Laccaria bicolor has basidiocarps with minutely scaly 

pilei and more robust, rough fibrous-striate, basally enlarged to subclavate stipes. Violet 

coloration in the lamellae and basal tomentum was only found in one collection (CLC 

1482); however, this collection was shown to be closely related to otherwise 

morphologically similar collections that lacked violet coloration, including the collection 

CLC 1469 that exhibited no ITS sequence divergence from CLC 1482. These findings 

indicate that violet pigmentation in the basal tomentum, while useful for identification, 

may be rare under field conditions in the Rocky Mountain alpine zone and that the lack of 

this character in L. bicolor collections has likely lead to identifying L. bicolor specimens 

as L. Iaccata vax. pallidifolia (e.g., Lahaie, 1981). Laccaria bicolor can be distinguished 

by production of violet mycelial mats on PDA media, underscoring the value of 

attempting to obtain tissue cultures from field specimens to facilitate identification. In 

addition, it has been observed in subalpine collections of L. bicolor lacking violet basal 

mycelia that storing fresh basidiocarps in a plastic covered container under refrigeration 

often results in new growth of violet mycelia at the base of the stipe (Osmundson,, 

unpublished).



An additional morphotype having small, dark orange to red-brown basidiomata 

was collected during the course of field studies in Colorado alpine habitats. Originally 

thought to represent a small form of A laccata -wzx. pallidifolia or Z. montana, these 

specimens were found to have more broadly ellipsoid and generally more finely 

echinulate basidiospores than L. laccata var. pallidifolia and L. bicolor, to have smaller 

and more finely echinulate basidiospores than L. montana, and much smaller, less robust 

basidiocarps than L. bicolor. This species is provisionally refered to as Laccaria sp. in 

the previous chapter. This species is supported by high bootstrap values and several 

synapomorphic single nucleotide polymorphisms as comprising a distinct phylogenetic 

clade. It appears likely that Laccaria sp. represents a distinct and possibly undescribed 

taxon; however, additional material is needed in order to better characterize this species 

morphologically and ecologically.

Laccaria laccata var. pallidifolia is supported in this analysis as a distinct but 

morphologically variable taxon including both convex and nearly omphaloid pileal forms 

and exhibiting a wide range in basidiospore size. Laccaria laccata var. pallidifolia 

appears to be highly divergent at the molecular level compared to the other species 

studied, and is supported by numerous synapomorphic indels and SNPs in the ITS region. 

Morphologically, this species is generally more robust and often (though not always) has 

a less striate pileus than L. montana and L. pumila. In addition, L. laccata var. pallidifolia 

has basidiospores that are smaller and more subglobose than L. montana and L. pumila. 

Though strongly supported as distinct species genetically, L. laccata var. pallidifolia and 

L. bicolor exhibit a large degree of overlap in basidiospore shape and size. These two
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species are distinguishable, at least in the Rocky Mountain alpine zone, by 

macromorphological differences as previously discussed.

The present study provides strong preliminary support for retaining L. montana 

and L. pumila as distinct species as suggested by Mueller (1992), rather than as varieties 

of a single species varying in number of sterigmata per basidium (4 vs. 2, respectively)

(Singer, 1977). Both clades are supported by high bootstrap percentages, and L. montana 

is supported by a synapomorphic indel and several synapomorphic SNPs. Wliile L. ■

pumila is not supported in the present analysis by any synapomorphic molecular traits,
,

this taxon exhibits a unique combination of indels and SNPs (each individual indel / SNP 'I

is shared by at least one other taxon) when compared to the other species in this study.

No variation was discovered between L. pumila collections from the southern and central

Rocky Mountains’. This lack of intraspecific variation as well as the lack of

synapomorphic molecular characters might suggest that L. pumila is relatively recently

evolved; however, the nearly cosmopolitan arctic-alpine-boreal distribution of this

species suggests either a long evolutionary history or a rapid dispersal time. It is difficult

to come to any firm conclusions in this regard based on the small number of samples

analyzed here; future studies using larger sample sizes may uncover variation that was

not observed in the present study. The lack of variation between Colorado and Montana f

populations, presence of synapomorphic indels and SNPs in L. montana, and the well-

supported clustering of L. pumila collections distinct from L. montana provide evidence

that L. pumila and L. montana are distinct species rather than 2- and 4-spored variants, 'i

respectively, of a single species.

i
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The relative position of clades was found to be robust to changes in outgroups 

and/or coding of indel regions. However, due to the limited number oftaxa included, the 

present study should be interpreted as providing only an extremely preliminary 

assessment of species relationships in Laccaria. A  robust moleular phylogeny of 

Laccaria with wide taxon sampling is necessary in order to better assess infrageneric 

relationships and discern evolutionary and biogeographic trends.

Levels of interspecific ITS sequence variability were found in this study to be in 

the range of those observed by Gardes et al. (1991b), although a higher level of 

divergence between L. bicolor and L. Iaccata was observed in the present study (up to 

5% in Gardes et al., 1991b, and up to 8.4% in the present study with the inclusion of the 

subalpine L. bicolor collection TWO 752). The level of intraspecific variation in L. 

bicolor in the present study appears to be much lower (0.2%) than the 1-2% observed by 

Gardes et al. (1991b) when only Colorado alpine collections are considered; however, 

addition of the Montana subalpine collection TWO 752 results in an observed level of 

2.1-2.4 % intraspecific variability. It appears that the levels of interspecific ITS sequence 

variation observed in the present study are sufficient for resolving species groups in 

Laccaria\ however, it is as yet unclear whether robust hypotheses of interspecific 

relationships can be produced using ITS sequences due to the restricted taxon and 

geographic sampling employed here. The low level of intraspecific variability observed 

suggests that population groups may not be discriminated by phylogenetic analyses using 

ITS sequences. It should be kept in mind, however, that the present study includes only a 

limited number of samples collected within a relatively restricted geographic and



physiographic region. The genetic variability observed between alpine Sa/zx-associated 

and the subalpine conifer-associated L. bicolor collection over a limited geographic area 

(Colorado to Montana) suggests that the lack of variability may be restricted only to 

limited geographic and/or physiographic regions. The high resolution of clades observed 

in the present study indicates that the rDNA-ITS region is a good candidate for use in a 

molecular phylogenetic study of the entire genus Laccaria incorporating broad 

geographical sampling.

Avenues of future research include the addition of reference specimens, 

preferably supported by data from mating studies, in order to stabilize the nomenclature 

assigned to the species groups in the present study, addition of subalpine collections to 

better assess Rocky Mountain biogeographical patterns, and the use of additional Rocky 

Mountain alpine collections to further characterize intraspecific genetic variation, assess 

host associations and further examine the relationship between L. montana and L. pumila.
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CHAPTER 4

SYNECOLOGICAL STUDY OF BEARTOOTH PLATEAU MACROMYCETES

Introduction

Although numerous studies have gathered biotic data for macromycetes in arctic 

and alpine habitats, aspects of the ecology of these arctic-alpine fungi are poorly known. 

Only a handful of synecological studies have been conducted, and ectomycorrhizal (EM) 

host associations, which have been the subject of study in forest fungi (e.g., Trappe, 

1962), are comparatively little Icnown for arctic-alpine fungi. Documenting links 

between EM host and fungal species is a first step toward better understanding 

mycorrhizal specificity phenomena and specific ecosystem functions of fungal species in 

arctic-alpine habitats.

The use of sampling plots allows the inference of biotic or ecological patterns for 

a larger area using data collected in smaller, presumably representative, areas. Compared 

to random sampling, plot-based studies have several benefits, allowing: I) more accurate 

measurement of temporal aspects of community composition by pinpointing precise areas 

for repeated sampling, 2) selection and comparison of areas differing in terms of one or 

more biotic or abiotic factors (e.g. stand age, plant community type, soil composition, 

microclimate, etc.), 3) quantification of community parameters such as species diversity 

and evenness, species abundance and species richness using sporocarps (Schmit et ah, 

1999; Senn-Irlet & Bieri, 1999) or mycorrhizal root tips from soil cores (Kemaghan,
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2001), and 4) estimation of sampling effectiveness using species-effort or species-area 

curves.

Macromycete ecological studies are usually conducted using sporocarp (i.e., 

mushroom) surveys. It is important to note that a sporocarp represents only the 

reproductive structure of an organism that exists primarily obscured from sight in the soil 

or other substrate; therefore, a number of issues unique to fungi necessitate sampling 

methods different from those used for plants or lichens. The ephemeral nature of 

sporocarps, combined with species-specific seasonal periodicity in sporocarp production, 

makes it necessary to survey plots regularly (Arnolds, 1992; Straatsma et ah, 2001). 

Annual fluctuations in fruiting due to genetic or environmental factors necessitate studies 

conducted over several years, and some infrequently-fruiting species may be recorded 

only in years where environmental factors (e.g., abundant rainfall) result in years of 

uncommonly high sporocarp production (Keck, 2001; Straatsma et ah, 2001). The use of 

molecular identification techniques allows sampling of fungi in the absence of 

sporocarps, and studies of EM fungal communities indicate that there is poor 

correspondence between above-ground and below-ground species composition and 

abundance (e.g., Gardes & Bruns 1996b). Nonetheless, sporocarp surveys hold some 

distinct advantages for synecological research. Sporocarps are generally conspicuous to 

the unaided eye, and therefore provide an efficient means of surveying a large area. 

Additionally, taxonomic classifications for macrofungi are based largely on sporocarp 

morphology, so sporocarp material can be used to link taxonomic and ecological
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information as well as to identify species that are not yet represented in DNA sequence 

databases.

In addition to these problems, plot studies in alpine habitats must also consider the 

effect of patchy plant distributions resulting from the vast diversity of microclimates that 

characterize these ecosystems. On the positive side, such distributions can facilitate the 

selection of sampling plots containing a single ectomycorrhizal host plant or other- 

parameter of interest. However, the lack of continuous stands of host plants makes small 

plot sizes necessary and reduces the probability of environmental homogeneity between 

plots so that a number of possible confounding factors not directly related to host plant 

species must be considered in association with observed patterns of macrofungal 

community composition.

Only a small number of plot-based fungal ecology studies have been conducted in 

arctic-alpine habitats. Lange (1957) used sampling plots to describe Lmgal species 

occurrence in relation to arctic plant community types in Greenland. Graf (1994) 

examined the community structure of macromycetes associated with a single host plant 

{Salix herbacea) in the Swiss Alps, documenting sporocarp abundance, frequency, and 

periodicity, and relating these characteristics for selected species to microclimate, 

snowmelt patterns, and soil characteristics. Similarly, Eynard (1977) focused exclusively 

on the ecology of macromycetes in Salix herbacea snowbed communities in the French 

Alps. Petersen (1977) used sampling plots to conduct repeated sampling in identical 

locations in Greenland in order to examine the phenology of macromycete sporocarp 

production in relation to climatic and soil factors. Senn-Irlet (1988) used repeated plot
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sampling to compare macromycete communities in silicious and calcareous alpine 

snowbed communities in the Swiss Alps. LoBue et al. (1994) determined fungal 

community compositions for vegetation types defined by cluster analysis of plant releves. 

Kemaghan and Harper (2001) compared fungal species across an alpine-subalpine 

ecotone using small plots along transects for collecting soil cores to be used for molecular 

identification of mycorrhizal species.

The present study differs from those mentioned above by using plots constructed 

around particular ectomycorrhial host plants in order to directly compare fungal 

assemblages between host species. The study of Lange (1957) differs from the present 

study in that, while the plot design considered ectomycorrhizal host plant species in 

characterizing vegetation types, it did not attempt to restrict plots to containing a single 

host species; in addition, most plots in Lange’s study were not surveyed more than once 

due to time constraints. Studies by Graf (1994) and Eynard (1977) differ from the present 

study in characterizing fungal communities in the context of a single ectomycorrhizal 

host {Salix herbacea), and Senn-Irlet (1988) in characterizing fungal communities within 

a single community type (Salix-xich snowbeds).

Primary objectives of the present study are to I) document mycorrhizal host- 

fungal associations, 2) assess the degree of fungal species similarity between host plants 

in a quantitative manner using a coefficient of overlap, 3) assess methods for alpine plot 

studies in a continental climate, where patchy plant distributions and lack of moisture can 

complicate assessment of fungal biodiversity using sporocarp studies, and 4) more
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rigorously assess, host-symbiont associations as part of the study of Rocky Mountain 

alpine Laccaria species.

Ectomycorrhizal fungi in arctic-alpine habitats are associated with a number of 

shrubs, dwarf woody plants and herbaceous species (see Chapter I). On the Beartooth 

Plateau, major host species include the shrub willows Salix glauca and S. planifolia, 

dwarf willows S. arctica and S. reticulata, the recumbant mat plant Dryas octopetala, and 

the bog birch Betala glanduiosa. The sampling design used in the present study (using 

single hosts whenever possible) allowed the ability to linlc mycorrhizal fungi to hosts 

with more confidence and to quantitatively compare sampled areas using similarity 

indices based on species presence/absence data. In addition, repeated sampling during 

each season and over a number of seasons allowed observation of annual differences in 

species composition and fruiting phenology.

The present study also seeks to assess methods for alpine plot studies in a 

continental climate, where patchy plant distributions and lack of moisture can complicate 

assessment of fungal biodiversity using sporocarp studies. In particular, the size, number 

and location of sampling plots are considered in terms of their ability to estimate 

ectomycorrhizal species diversity and EM host ranges when compared to species totals 

derived from the combination of plot-based and general (non-plot-based) sampling over 

the course of the study, as well as compared to results from other arctic-alpine plot 

studies.

The plot data collected in this study were used to perform a more rigorous 

assessment of host-symbiont associations of Rocky Mountain alpine Laccaria species in
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order to contribute to the better understanding of biogeographic and ecological patterns in 

this important EM genus, and to facilitate selection of host-fungus systems for potential 

use in alpine restoration projects. Host associations have not been previously assessed in 

combination with a detailed biosystematic study of the arctic-alpine species of Laccaria.

Materials and Methods

Description of Collecting Sites

Collection of macromycete sporocarps was conducted at five primary sites on the 

Beartooth Plateau (Figure 21): Site I, near the source of Quad Creek, located in Carbon 

County, Montana; Site 2, Highline Trailhead on the Montana / Wyoming border; Site 3, 

near Frozen Lake, located in Park County, Wyoming; Site 4, north of Gardner Headwall,

located in Park County, Wyoming, and Site 5, consisting of a group of solifluction
!

terraces located to the east of Site 4 in Park County, Wyoming. Collection plots were 

constructed at Sites 1-4, with collecting at Site 5 restricted to general collecting.

Plot Selection and Specimen Collection

. Sixteen 12.6 m2 (2 m diameter) circular sampling plots were distributed among 

Sites 1-4 (Table 18). Plots were selected to contain particular ectomycorrhizal (EM) host 

plants, isolated from other EM plants wherever possible. In several cases, a particular EM 

host could not be located on a given site except in proximity to other EM plants. In these 

cases, additional EM plant species on the plots are noted. Selection of species as 

probable host plants was based on previous studies that examined roots for mycorrhizae
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Figure 21. Map showing location of Beartooth Plateau, Montana / Wyoming, USA. 
Detail map shows location of sites for collection of macromycete specimens.
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Table 18. Location and description of Beartooth Plateau alpine sampling plots.

S ite P I o tE M  P la n t  S n ec ie s E le v a t io n G P S  C o o rd in a te s

Q u a d  C re e k I D ryas octopetala 301 6  m 45° 0 1 .4 4 4  N , 109° 24  486  W

C a ib o n  C o  , M T 2 Sa h x  p lan ifo lia 3 0 0 4  m 4 5 ° 0 1 .3 9 2  N , 10 9 °2 4 .5 2 6  W

3 Sahx glauca 300 2  m 45° 0 1 .333  N , 109° 24.551 W
4 B etula  glandulosa, Sahx  

planifolia , S  reticulata
2 9 9 4  m 45° 0 1 .4 2 7  N , 109° 24 .597  W

H ig h lin e  T r a i lh e a d I Salix  glauca 30 8 9  m 45° 0 0 .7 1 6  N , 109° 23 724 W

C arb o n  C o ., M T /P a rk  C o ., W Y 2 S a h x  glauca 3093 m 4 5 °0 0 .3 5 6  N , 10 9 °2 4  387 W

3 Salix  reticulata 30 6 2  m 45° 00 .131  N , 109° 24 .377  W

4 D ryas octopetala, Salix reticulata3063  m 45° 0 0 .1 2 9  N , 109° 24 .344  W

5 Sahx p lanifo lia 30 6 4  m 45 ° 0 0 .1 3 5  N , 10 9 °2 4 .3 8 0  W

6 D iya s  octopetala, S a h x  re ticu la ta 3 0 6 l m 45° 0 0 .1 2 9  N , 10 9 °2 4  338 W

7 S a h x  reticulata 309 7  m 44° 5 9 .9 9 4  N , 10 9 °2 4 .5 6 4  W

F ro z e n  L a k e I Salix  arctica 3 1 9 4  m 44° 5 7 .9 2 9  N , 109° 29 .057  W

P a rk  C o , W Y 2 S a h x  reticulata 3195  m 44° 5 7 .9 3 2  N , 109° 28 .998  W

3 Sahx arctica 3193  m 44° 57 852  N , 109° 28 .857  W

G a r d n e r  H e a d w a ll I Sahx arctica 3228  m 44 ° 5 8 .5 3 2  N , 109° 2 7 .326  W

P a rk  C o , W Y 2 Sahx arctica 3171 m 44° 58 685  N , 109° 27 .230  W

(See Chapter I). Most of the putative EM plants on the Beartooth Plateau were 

subsequently examined for the presence of ectomycorrhizae; all putative hosts examined 

were confirmed to be ectomycorrhizal (Eddington & Cripps, manuscript in preparation). 

Host plants selected were Salix reticulata, S. arctica, S. planifolia, S. glauca, Diyas 

octopeiala, and Betula glandulosa (Fig. 22). Other plants (forbs only) in addition to the 

EM host plant were documented for each plot (Appendix D). Plots were surveyed every 

1-3 weeks during the field season (mid-July to early September) between the years 1999- 

2002 (Appendix E). Sporocarps collected from plots were photographed, described, then 

preserved by warm air drying on an electric food dehydrator. Specimens were deposited 

in the Montana State University, Bozeman, herbarium (MONT), Fungal Section. 

Specimens collected on plots are listed in Appendix F.
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Figure 22. Beartooth Plateau EM host plants, a. Salix reticulata', b. S. arctica', c. S. 
glauca] d. Dryas octopetala; e. Betula glandulosa.

Characterization of Sampling Plots By Site

Four sampling plots were constructed at Site I, located near the source of Quad 

Creek in Carbon County, Montana (Figure 23). Plot I contains the prostrate, mat-forming 

shrub Dryas octopetala L. isolated from other EM plants. Plots 2 and 3 contain the shrub 

willows Salixplanifolia Pursh and S. glauca L. ( = S. brachycarpa Nutt, in this study), 

respectively. Plot 4 contains the bog birch Betula glandulosa Michx., the only birch shrub 

found on the Beartooth Plateau during the course of the present study. Due to the rarity 

of B. glandulosa on the Beartooth Plateau, a plot was constructed to include this
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individual even though it occurs directly adjacent to Salix planifolia and the dwarf willow 

S. reticulata L. All Site I plots were constructed in July, 1999 prior to macromycete 

fruiting.

Figure 23. Site I (“Quad Creek”) detail map showing locations of sampling plots.

Seven plots were constructed at Site 2, located near the Highline Trailhead on the 

Montana / Wyoming state line (Figure 24). Plots I and 2 contain S. glauca and Plot 3 

contains S. reticulata. Plots 4 and 6 were selected for the presence of D. octopetala, but 

also include 5. reticulata. Plot 5 is located in a moist area adjacent to Wyoming Creek, 

and contains S. planifolia. Plot 7 contains the EM host S. reticulata. Plots 1-3 were 

constructed in 1999, and 4-7 constructed in 2000.
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Figure 24. Site 2 (“Highline Trai !head’’) detail map showing locations of sampling plots.

Three plots were constructed at Site 3, located near Frozen Lake in Park County, 

Wyoming (Figure 25). Plots I and 3 contain the dwarf willow Salix arctica Pall.; Plot 2 

contains the dwarf willow S. reticulata. All Site 3 plots were constructed in July, 1999, 

prior to macromycete fruiting.

Two plots were constructed at Site 4, located near Gardner Headwall in Park 

County, Wyoming (Figure 25). Both plots contain S. arctica as the EM host, and were 

constructed in 2000.

Site 5 consists of a series of solifluction terraces located slightly east of Site 4 in 

Park County, Wyoming. No plots were constructed at this site; however, general 

collecting was conducted on a regular basis.

In addition to employing plot-based collection for documenting and comparing 

host-fungal associations, the present study includes specimens from general collecting 

outside of plots in order to provide a means of evaluating the ability of the
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Figure 25. Site 3 (“Frozen Lake”) and 4 (“Gardner Headwall”) detail map showing 
locations of sampling plots.

present number and size of plots to adequately represent the fungal communities 

associated with particular EM host plants and adequately represent the host ranges of 

particular fungal species. Ectomycorrizal host plants in close proximity were documented 

for specimens obtained through general collection; in addition, each Beartooth Plateau 

collection was assigned a location code to represent the certainty that the collection 

occurred with a single host plant. Location code I was assigned to collections occurring 

within a sampling plot; location code 2 was assigned to collections occurring outside of 

plots but in a pure stand of an EM host plant; location code 3 was assigned to collections 

occurring outside of plots and in a mixed EM host stand. Only collections having location 

codes I and 2 are included in the present study.
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Fungal Community Characterization and Similarity Comparison

Macrofungal species were tabulated by host plant and plot number. In order to 

compare fungal community composition across hosts, the present study uses the .overlap 

coefficient a / a + b + c, where a is the number of species shared between two samples, b 

is the number of species in the first sample, and c is the number of species in the second 

sample (Rossman et ah, 1998). In the present study, the samples compared consisted of 

the number of species occurring with a particular EM host plant (he., the pooled species 

lists for the individual plots representing each host species). An additional list of species 

having location code 2, along with the EM host plant, was prepared and used to evaluate 

the ability of the plot design (he., size and number) to accurately represent fungal 

communities associated with particular host plants and host ranges for particular fungal 

species. Fungal collections were recorded by date collected in order to examine temporal 

trends in macromycete fruiting.

Results

Fungal Species Recorded in Sampling Plots

A total of 31 basidiomycete and 2 ascomycete species were collected on sampling 

plots (Table 19). Of the basidiomycete species, 21 are ectomycorrhizal species and 1.0 

saprobic.
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Table 19. Species collected on Beartooth Plateau sampling plots, with EM host plant listed. 
Additional host plants associated with specimens not collected on sampling plots (i.e., location code 
2) are provided where applicable. * Plot also contains S. planifolia and S. reticulata, f Non- 
mycorrhizal species.
S p ec ie s E M  H o s ts  on  P lo t A d d it io n a l  H o s ts

A m a m ta ce ae '

Am anita absarokensis  C n p p s  &  M ille r  (unpub .) S  reticulata, S  glaiica S. arctica, S  planifolia
C o rtm ariaceae:

Cortiiiariiis absarokensis  M o s e r  &  M c K n ig h t S  glauca S  p lan ifo lia
C ortinarius c f  anom alous  Fr. S  glauca
Cortinariiis anom oli g ro u p  (aff. epsom iensis P  D
O rton) S  glauca

C ortinarius fa v re i  M o se r  ex H e n d e rso n S  reticulata S  arctica
Cortinariiis tenebricus  F a v re D  octopetala

C ortinarnis sp #1 (T e lam o m a) B  glandulosa*

C ortinarius sp. # 2  (T e lam o n ia) S. glauca, B. glandulosa*
C ortinarius sp . #3  (T e lam o m a) S. reticulata

C ortinanus  sp # 4  (T e lam o m a) S  glauca

D erm ocybe cinnam om eohitea  (O rto n ) M o se r S  glauca, B  glandulosa* S  p lan ifo lia

H ebelom a  cf. m esophaeum  (P ers.:F r.).Q uel. S. planifo lia , 'S glauca
Inocybe giacom i (g ro u p ) F a v re S. reticulata, B. glandulosa*

Inocybe  a f f  sahcis  K u e h n S  reticulata

E n to lo m ataceae .
Entolom a  sp . # l f S  plan ifo lia

Entolom a  sp . # 2 f S  plan ifo lia

Entolom a  sp  # 3 f B  glandulosa*

T n ch o lo m atac e ae .

C htocybe  sp . # l f B. glandulosa*
C litocybe  sp  # 2 f D. octopetala

Laccaria m ontana  S in g e r S. arctica, S. p lan ifo lia S  glauca

L a c c a n a pu m ila  F a y o d S  arctica, S  glauca S. p lan ifo lia

Lepista  a f f  irm a  (F r.) B ig e lo w f S. reticulata

M ycena citrinom arginala  G ill f S. p lan ifo lia

M ycena  sp. f S  glauca

Omphalina rividicola  (F a v re) L a m o u re f S  arctica

R ickenella  cf. fibu la  (B u ll..F r .) .R a ith e lh  f B glandulosa*

R ussu la les .

Lactarius g lyciosnnis (F r.:F r.)  Fr. B  glandulosa*

Lactariiis cf. nanus  F a v re S. arctica
R ussula pascua  (M o ll &  S ch a ff.)  K u e h n . S. arctica, S  p lan ifo lia

R ussula norvegica  D .A . R e id S  glauca, B  glandulosa* S.planifolia

B o le ta le s '
Leccinum  cf. rotundifoliae  (S in g .) S m ith , T h e irs  & B glandulosa*
W atl

A sco m y ce tes

B iyoglossu in  gracile  (K ars t.)  R e d h e a d f S  glauca
U nid. A sco m y c e te  (p a le  y e llo w , s ta lk ed  cup) S. p lanifo lia
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Table 20 shows species of macrofungi listed by plot. Numbers of species per plot 

ranged from zero (Site I - Plot I, 4-1, 4-2) to 11 (Site I - Plot 3). Because basidiomycetes, 

and EM basidiomycetes in particular, were the focus of the present study, only these 

species were used for further analysis. Basidiomycete species collected on sampling plots 

are presented in a releve table showing EM host plant, site-plot designation, and number 

of collections made (Table 21). A frequency histogram constructed using this data shows 

that the majority of species (17 of 31) were only collected once on plots during the four 

years of the study (Fig. 26), with frequency ranging from One to thirteen collections.

Table 20. Beartooth Plateau alpine macrofungi listed by plot. Ectomycorrhizal host 
species listed. * Denotes non-mycorrhizal species.

EM Host Funqal Species
D fy a s  octopetala (none)

Salix p la m fo lia Entolom a  sp . #2* 

L a cca n a  m ontana  

Russula pascua

S a h x  glauca C ortinanus absarokensis 

D ennocybe cinnam om eolutea

C ortm anus  sp . # 4  
C ortm anus anom ali g roup  
(a f f  epsom iensis  O rto n )

H ebelom a  cf. m esophaeum  

C ortinarius c f  anom alous  . 

L a cca n a  pumil'a  

Bryoglossum  gracile*  

M ycena  sp . (sm a ll, g ray )*  

Russula norvegica  

C ortinarius sp . #2

B etu la  glanchdosa, Salix reticulata, 
S. p la m fo lia

C litocybesp  #1*

C ortinanus  sp . #2  

D efm ocybe cinnam om eolutea
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Table 20, continued
Site Plot EM Host Funqal Soecies

l 4 B etula  glandulosa, Sahx reticulata, Inocybe giacom i g ro u p
S  p la n ifo h a  (continued)

Entolom a  sp  #3  ̂

Lactarius g lyciosnnts 
Leccim tm  cf. rotundifohae  

R ickenella  cf. fib u la *  

R ussula norvegica  

C ortinanus  sp . #1

2 I Sa h x  g lauca Am anita  absarolcensis

2 2 S a h x  glauca Am anita  absarolcensis 

Cortinarius absarolcensis

2 3 Salix  reticulata Am anita  absarolcensis 

Cortinarius fa v re i 
Inocybe g iacom i g ro u p

2 4 D ryas octopetala, Sahx reticulata Cortinarius tenebricus

2 5 Salix  p la n ifoha A sco m y c e te  (p a le  y e llo w , s ta lk ed  cup)* 

E h to lo m a sp  #1*

H ebelom a  c f  m esophaeum  

M ycena citrinom arginala*

2 6 D ryas octopetala, Sahx reticulata C htocybe  sp. #2*

2 7 S a h x  reticula ta A m anita  absarolcensis

3 I Salix  arctica Laccarm  m bntana

Russula pascua

3 2 Salix  reticulata Cortinarius fa v re i  

Cortinarius sp . #3 

Inocybe  a f f  salicis  

L epista  aff. Irina*

3 3 Salix  arctica Laccaria m ontana  

L a cca n a  pum ila  

L a c ta n u s  cf. nanus 

Omphalina nvu lico la*

4 I S a h x  arctica (none)

4 2 Salix  arctica (none)



Table 21. Releve table for Beartooth Plateau alpine macrofungi showing number of times collected for each fungal 
species, arranged by ectomycorrhizal host species and site-plot designation.

EM Host Species:
Salix reticulata Salix arctica Salix  olanifolia Salix elauca Betula slandulosa Drvas oclopctala

S ite -P lo t: 2-3 2 -7  3-2 3-1 3-3 4-1 4-2 1-2 2-5 2-1 2-2 1-3 1-4** 1-1 2-4* 2-6*

F u n g a l  S p ec ie s

Inocybe g iacom i g ro u p I I

C oriinarius fa v re i I 2

Cortinarius sp . #3 I

Inocybe  a ff. salicis I

Lepista  aff. ir ina*** I

Lactarius  cf. nanus I

Omphalina rivulicola*** I

Laccaria m ontana I I 2

Russula pascua I 4

Laccaria pum ila I 6

Am anita absarokensis I 3 I

H ebelom a  c f. m esophaeum I 2

Entolom a  cf. sericeum I

Enloloma  sp. I

M ycena citrinom arginata  * * * I

Cortinarius sp . #4 I

Cortinarius a ff. epsom iensis I

C ortinarius c f. anom olus I

M ycena  sp .*** I

C ortinarius absarokensis I 3

D erm ocybe cinnam om eolutea 12 I

Russula norvegica 3 I

C ortinarius sp . #2 I I

Clitocybe  sp . # 1 *** 2

Entoloma  sp. (sericeum  ? )*** 3

Lactarius g lyciosm us 9

Leccinum  cf. rotundifoliae I



Table 21 continued
EM Host Species:

Salix  reticulata Salix arctica Sahx olanifolia Salix eIauca Betula elandulosa Drvas octopetala
S ite-P lo t: 2 -3  2 -7  3-2 3-1 3-3  4-1 4 -2 1-2 2-5 2-1 2-2 1-3 1-4* ** 1-1 2-4* 2-6*

R ickenella  c f .fib u la * * *  

C ortinarius  sp . #1 

C ortinarius tenebricus 

C litocybe sp. #2***

I

I

I

I

* M ix ed  p lo t in c lu d in g  Salix  reticulata
** M ix ed  p lo t in c lu d in g  Salix reticulata  an d  S a lix p la n ifo lia

*** N o n -m y c o rrh iz a l spec ie s . A ll o th e r  sp ec ie s  a re  ec to m y co rrh iza l.
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Figure 26. Collection frequency histogram for Beartooth Plateau alpine sampling plots for 
the years 1999-2002.

Species Overlap Calculation

Percent species overlap was calculated for EM fungi for all pairwise combinations 

of the EM hosts SaIix arctica, S. reticulata, S. planifolia, S. glauca, Dry>as octopetala and 

BetuIa glandulosa (Table 22). Total species numbers for each host species were as 

follows (number of EM species in parentheses): S. arctica, 5 (4); S. reticulata, 6 (5); 5. 

planifolia, 6 (3); S. glauca, 11 (10); Z). octopetala, 2 (I); Z?. glandulosa, 10 (7).

The two dwarf willows, S. arctica and 5. reticulata, shared 0 species and 

therefore had a calculated similarity coefficient of 0%. S. arctica exhibited 40% 

similarity with S. planifolia, 8% with 5. glauca and 0% with B. glandulosa. S. reticulata 

exhibited 0% similarity with S. planifolia, 7% with S. glauca, and 9% with B. glandulosa.

The two shrub willows, S. glauca and S. planifolia, shared I species and 

therefore had a calculated similarity coefficient of 33.3%. S. glauca exhibited 0% (0/3)
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Table 22. Species overlap matrix for Beartooth Plateau sampling plots. Similarity values 
were calculated for ectomycorrhizal fungi only, using the overlap coefficient a/a+b+c 
(Rossman et ah, 1998). Coefficients are expressed as percent overlap.

S  reticulata

S  reticulata S  arctica S  planifolia ■S', elauca B. slandulosa:

S. arctica 0 — — —

S. p lan ifoha 0 4 0 — — —

S  glauca 7 8 8 — —

B. glandulosa  * 9 0 0 2 1 —

D  octopetala 0 0 0 0 0

1 P lo t a lso  in c lu d es S. reticulata  an d  S  p la n ifoha

D. octonetala

similarity with B. glandulosa. S. planifolia exhibited 42.9 (3/7) similarity with B. 

glandulosa. Dryas octopetala shared O species with all other hosts, and therefore had a 

calculated similarity coefficient of 0% in all pairwise comparisons.

Addition of Non-Plot Collections

The inclusion of specimens obtained by general collecting outside of sampling 

plots and denoted with location code 2 (he., in pure stands of an EM host plant) resulted 

in the addition of seven species not recorded in sampling plots (Table 23). Inclusion of 

non-plot collections corresponding to species represented in sampling plots resulted in 

the expansion of host ranges for the EM species Amanita absarokensis, Cortinarius 

favrei, Dermocybe cinnamomeolutea, and Russula norvegica (see Table 19, column 3).
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Table 23. Additional Beartooth Plateau alpine macromycete species collected with single 
EM hosts but outside of sampling plots.
S p ec ies

Inocybe.praetervisa  Q u e le t 

Inocybe  cf. bulboissuna  (K u h n er) B o n

Inocybe dulcam ara  (A lb . &  S ch w .) K u m m er 
(g roup)

Inocybe Ieiocephala  S tu n tz  

Inocybe  sp

H eb eh m a  aff. alpinum  (F av re) B ru c h e t 
Russula nana  Fr.

E nlo lom a alpicola

E M  H o st

S. reticulata  
S. reticulata  
Sahx  sh rub

C o llec tio n
T W O  567 

T W O  4 2 6  
T W O  651

S. arctica, D  octopetala /  S  reticulata  T W O  571 ,407
S  p lan ifoha  
S  p lan ifoha  
S  reticulata  
S  reticulata, S  arctica

T W O  351 

T W O  406  

T W O  514

TWO 437, 568, 569

Fruiting Phenology

Temporal trends in basidiocarp production were examined by recording collection 

dates for all specimens collected. The number of collections obtained on sampling plots 

is tabulated by week in Table 24. Annual patterns were examined by plotting the number 

of collections for each collecting date (Figure 27).

Table 24. Number of macromycete collections obtained on Beartooth Plateau alpine 
sampling plots per week, field seasons 1999-2002.

Number of Collections
Week 1999 2000 2001 2002 Total
July 1-7 0
July 8-14 I 1
July 15-21 5 1 6
July 22-28 5 5
July 29-Aug. 4 6 5 11 22
Aug. 5-11 8 7 15
Aug. 12-18 11 11 22
Aug. 19-25 9 4 13
Aug. 26-Sept. 1 3 6 9
Sept. 2-8 0
Sept 9-15 0
Sept. 16-22 0
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For the two years (2001 and 2002) for which there was a higher frequency of 

collecting excursions, data show that macromycete fruiting on the Beartooth Plateau 

occurs primarily from mid-July to early September, with peak fruiting occurring in mid- 

August.

Fruiting phenology was examined for 3 selected species that were collected 

gieater than 5 times on a particular plot (Table 25). Dermocybe cinnamomeolutea on Site 

I, Plot 3 fruited in all four years of the study (1999-2002), and appears to produce 

basidiocarps in all but the earliest and latest parts of the fruiting season. Lactarius 

glyciosmus on Site I, Plot 4 fruited in all years except 2000, producing basidiocarps from 

late July to early September. Additional collection data show that A glyciosmus was also 

collected m the same location in 1997 and 1998 (Cripps, unpublished data). Laccaria 

pumila on Site I, Plot 3 fruited in all four years of the study, though with lower frequency 

than D. cinnamomeolutea and L. glyciosmus. Fruiting was generally observed in the 

middle part of the fruiting season.

Host Association Patterns in Rocky Mountain Alpine Laccaria

Plot collection data were used to confirm host associations fox Laccaria species 

occurring on the Beartooth Plateau. These data confirmed associations of L. pumila with 

S arctica (Plot 3-3) and S. glauca (Plot 1-3), and L. montana with S. arctica (Plots 3-1 

and 3-3) and S. planifolia (Plot 1-2). Data from the taxonomic study of Rocky M ountain 

alpine Laccaria species (Chapter 2) were used to construct a table showing host
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associations by state (Table 26). These data provide evidence for additional associations 

of Z pumila with S. reticulata and S. planifolia, and Z. montana with S. glauca.

Table 25. Fruiting phenology of selected Beartooth Plateau macromycetes, 
Dermocybe cinnamomeolutea, Lactarius glyciosmus, and Laccaria pumila. 
Species were selected that were collected at least five times within the same 
sampling plot during the course of the study.

S p ec ie s

D. cinnam om eolutea  
L glyciosm us 
L pum ila

D  cinnam om eolutea  
L. g lyciosm us 
L. pum ila

S ite -P lo t

1-3

1-4

1-3

S i te -P lo t

1-3

1-4

1-3

1999 2000 2001

8 /10  8/19 7 /1 7  7 /31 8/21 7/13 7 /1 9  7/23  7 /28  7/31 8/5 8/16

X  X X  X X  X X X

X  X X X X X
X X X X X

2001 2002.

8/20 9/1 7 /17  7 /29 ' 8 /14  8/27

X X X

X X  X

X ‘

Discussion

The plot design in the present study was used to simultaneously allow a 

quantitative approach to examining ectomycorrhizal (EM) host-fungus associations while 

addressing the issue of conducting plot-based studies in a habitat characterized by patchy 

distributions of host plants. The results generated by this study are intended to provide 

confirmation of specific host-fungal associations, provide a preliminary comparison of 

EM fungal communities between different host species, and assess the capacity of a set of 

small sampling plots to accurately represent species diversity and EM host ranges for 

alpine macrofungi in a continental climate.



Table 26. Host associations for Rocky Mountain alpine Laccaria species, arranged by state. Numbers of collections 
obtained with each host are listed for Colorado and Beartooth Plateau (Montana/Wyoming) alpine field sites. Only 
collections found with a single host plant are listed.

EM Host Species:
Salix reticulata Salix arctica Salix  planifolia SaIix slattca Salix  so. (sh rub) Salix  sp. (dw arf) Betula slandulosa Drvas octooerala

State: C O M T /W Y C O M T /W Y C O M T /W Y C O M T /W Y C O M T /W Y C O M T /W Y C O M T /W Y C O M T /W Y
Species

Laccaria bicolor 2 O 2 O 4 O O O 2 O O O O O O O
Laccaria Iaccata 1 O O O O O I O O O O O 2 O 1 O
Laccaria m ontana O O I 2 O 7 O 4 O O O O O O O O
Laccaria pu m ila 2 O 5 2 2 7 O 7 O 4 O 1 O O O O
Laccaria  sp. O O O O O O 1 O I O O O O O O O
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A total of 33 species were -collected in sampling plots: 2 Ascomycota and 31 

Basidiomycota. Of the basidiomycete species, 21 (68%) were EM and 10 (32%) saprobic 

species. A preliminary list of Beartooth Plateau species by Cripps et al. (2002), combined 

with additional species records generated during the present study, documents 65 species: 

38 EM (58%) and 27 saprobic (42%) species are documented. Plots were therefore 

effective in representing 48% of the total species (31/65), 55% of the EM species (21/38) 

and 37% of the saprobic species (10/27). Considering the small number and size of plots 

used in the present study, the design used appears to be an effective and efficient method 

for sample collection.

The plot design in this study was particularly effective for the collection of EM 

species: 68% of the species collected on plots were EM'taxa; EM species represent 58% 

of the estimated Beartooth species total. This-result confirms the initial hypothesis that 

constructing sampling plots centered on EM host plants is an effective strategy for 

collecting EM fungi in a habitat characterized by patchy host distributions. Species found 

on plots represented most of the common EM taxa, with the notable exceptions of the 

commonly collected species Russula nana and Entoloma alpicola. The plot design was 

less effective in representing saprobic species: 32% of the species collected on plots are 

saprobes, compared to 42% saprobic species in the estimated Beartooth Plateau species 

total. Several genera — Mycena, Clitocybe, and Entoloma — are represented. However, a 

number of important saprobic genera are not represented on plots; these genera include 

Agaricus, Agrocybe, Calvatia, Galerina, Gymnopus and Omphalina. This result is likely 

to be a function of habitat preference and sampling design. Clitocybe, Mycena, and
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Entoloma, although saprobic, often fruit near Salix or Betula shrubs. In contrast, 

Agaricus, Agrocybe, Calvatia, and Gymnopus exhibit a preference for open grassy areas 

and were therefore selected against by the design of the plot study (plots sited on EM host 

plants). Saprobic and basidiolichen Omphalina species are also often collected in more 

open habitats (with adequate moss and moisture for the saprobic species). Galerina 

species share habitat preferences with Mycena species and Bryoglossum gracile, i.e., 

mossy areas with shrub cover, that were collected on plots; it is therefore likely that the 

lack of Galerina records from the sampling plots is more a function of the small size 

and/or number of sampling plots rather than a matter of habitat sampling. In addition to 

the genera mentioned above, saprobic species requiring specialized substrates (e.g., 

animal dung) would be difficult to represent on sampling plots, and basidiomycete wood 

decomposers are rare in arctic-alpine habitats.

Evidence for several specific host-fungal associations was generated in this study 

and supported by data for collections obtained by general (non-plot) collecting: Lactarius 

glyciosmus with Betula glandulosa, Leccinum cf. rotundifoliae with Betula glandulosa, 

Cortinarius tenebricus with Dryas octopetala, and Dermocybe cinnamomeolutea with 

Salix shrubs. The relationships between Cortinarius favrei and dwarf Salixi and 

Cortinarius absarokensis and Salix shrubs, that appear in this study represent a circular 

argument, as host association was used as a criterion in distinguishing these nearly 

morphologically-identical species. Moser and McKnight (1987) described C. 

absarokensis (with the type collection originating from the Beartooth Plateau) as 

microscopically very similar to C. favrei, and distinguished the two species on
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basidiocarp size (C. absarokensis being significantly larger) and host preference, with C. 

favrei associated with dwarf willows and C. absarokensis associated with shrub willows. 

Similarly, in Colorado collections, the two species appear to be distinguishable by size, 

with C. favrei basidiocarps mostly having pilei under 3.5 cm in diameter, and C. 

absarokensis having pilei greater than 3.5 cm in diameter (C. Cripps, unpublished data). 

On the Beartooth Plateau, collections distinguished by host association could in many 

cases not be distinguished by basidiocarp size; therefore, the host associations reported 

here might not be an accurate assessment: Furthermore, additional examination of the 

taxonomic relationship between these taxa, particularly using molecular data, seems 

warranted (Peintner et ah, 2002). Few species were documented with Dryas octopetala. 

Examination off), octopetala roots from Beartooth collections revealed a high incidence 

of mycorrhizal colonization by Cenococcum geophilum (E. Campbell and C. Cripps, 

unpublished), an ascomycete that does not produce sporocarps; this condition is possibly 

a function of the dry conditions encountered during the period of this study, as 

Cenococcum colonization has been demonstrated to increase under drought conditions 

(Worley & FIackskaylo, 1959), or might refect a particular Dryas ecotype occurring on 

the Beartooth Plateau.

A majority of species (17 of 31 basidiomycetes) were found only once on the 

sampling plots. Similarly, Senn-Irlet (1988) reported that two-thirds of species in 

Salicetum retuso-reticulatae calciphilous snowbed communities fruited only once during 

a five-year study, and Keck (2001) reported that 65% of macromycete species collected 

in Rocky Mountain subalpine field plots fruited only in the wettest year of the study.
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Yearly fluctuations in fruiting as well as the occurrence of transient or unique (appearing 

only one year) species are widely reported in macromycete sporocarp studies (Arnolds, 

1992; Straatsma et ah, 2001). The length of the present study was too restricted to favor 

any particular explanation for this finding, and the high percentage of species occurring 

in the frequency class of one collection underscores the need for sporocarp studies to be 

conducted over several years (Arnolds, 1992). The years comprising the present study 

were characterized by below average rainfall, which would be expected to result in 

underestimating species diversity and host ranges.

Overlap coefficients between host species ranged from 0% between Salix 

reticulata and S. arctica, S. reticulata and S. planifolia, S. planifolia and Betula 

glandulosa, S. arctica and Betula glandulosa, and between Dryas octopetala and all other 

species, to 21% between Salix glauca and Betula glandulosa, and 40% between Salix 

planifolia and S. arctica. This overlap between S. planifolia and S. arctica results from 

the presence of Laccaria montana and Russula pascua. Additional Rocky Mountain 

records indicate that both of these species are also associated with Salix reticulata and ,S'. 

glauca, and that the overlap exhibited between S. planifolia and S. arctica is therefore the 

result of EM fungal species that are more general Salix associates. Additional collection 

data for Dermocybe cinnamomeolutea and Russula norvegica, the two identified 

overlapping taxa between S. glauca and B. glandidosa, document the common 

occurrence of these species with Salix hosts; therefore, it is quite likely that the high 

species overlap between S. glauca and B. glandidosa is a result of the presence of Salix 

planifolia and S. reticidata in the Betula plot. However, the results of the present study
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cannot preclude the possibility that the overlapping species are associated with Betula; 

examination of mycorrhizal Betula roots would aid in clarifying this relationship.

Addition of species obtained by general (i.e., non-plot) collecting have a large 

effect on coefficient values. Addition of collections found outside of sampling plots but 

in pure stands of an EM host plant (i.e.,, location code 2) both increases the total number 

of species and the host ranges of species that also occur within the sampling plots. 

Addition of expanded host range has a tendency to increase overlap coefficients; for 

example, Salix pairs exhibiting 0% overlap in the present study would show significant 

increases if this additional host information were to be included. However, addition of 

unique non-plot species records would have the opposite effect of reducing overlap 

coefficients. A more accurate picture of species overlap between hosts would require 

incorporating both plot and non-plot data. The change in overlap that occurs when non- 

plot collections, especially in terms of host range, are considered indicates that the 

number and/or size of sampling plots used in the present study produced insufficient data 

to accurately interpret patterns of host specificity.

Addition of non-plot, location code 2 collections results in a 20% increase in the 

number of EM species with unambiguous host association data, including the commonly 

collected species Entoloma alpicola and Russula nana. Underrepresented genera on the 

Beartooth plots include Inocybe (5 spp. having location code 2), and presumably 

Cortinarius (numerous location code 2 collections have insufficient data.for positive 

identification).
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Data on fruiting phenology show that the fruiting season on the Beartooth Plateau 

is largely concentrated into a period from mid-July to early September. The species 

Dermocybe cinncnnomeolutea, Laccaria pumila, and Lactarius glyeiosmus were 

frequently collected and fruited every year of the study (every year except 2000 for L. 

glyeiosmus), and may represent species that are reproductively active during dry seasons; 

in addition, all were collected under shrubs that tend to retain soil moisture. The study 

occurred during an El Nino cycle and resultant four-year drought in the central Rocky 

Mountain region. Sporocarp studies in a continental climate can be strongly influenced 

by precipitation patterns. In a study of macromycetes in subalpine forests by Keck 

(2001), 92 % (including 65% of the species total represented by species unique to a single 

year) of the total species reported were found to occur in one year (1997) with- above 

average precipitation, compared to 18-31% in drier years. Because there were no wet 

years during the course of the present study, it is likely that the species numbers reported 

here underestimate true species richness. In addition, the length of the present study, 

while comparable to most previous arctic-alpine plot studies (summarized below), is of a 

short duration for a sporocarp-based plot study. In a 25-year study of a Swiss forest plot, 

Straatsma et al. (2001) noted unique species each year, underscoring an important 

temporal component that plot studies must take into account.

A comparison of the present study with previous arctic-alpine plot studies 

indicates that the number of taxa per unit plot area is comparable to -that of other alpine 

studies, whereas the number of taxa per unit plot area is much lower overall in alpine 

than in arctic studies (Table 27). The study of Senn-Irlet (1988) reports a much higher
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species per unit area value compared to the other studies; this may reflect the location of 

this study in snowrbed communities, Icnown to be rich in macromycete species diversity, 

or possibly underestimation of plot size given in Table 27. Given this, similarity, it 

seems reasonable that increasing the number or area of plots would be effective in 

increasing the number of taxa represented. The patchy distribution of EM host species in 

alpine areas precludes the approach of increasing plot size if maintaining single-host plots 

is a goal of the research design, so increasing the number of small plots would be a better 

approach; however, an increase in plot number would require more personnel, time and 

collecting resources than were available in the present study.

Table 27. Comparison of the present study with previous arctic-alpine plot studies.

Location Plots Total m2 Years Excursions Taxa Taxa/m2 Reference
Arctic
Greenland 30 30 3 51 25 0.83 Petersen (1977)
Greenland 84 282 1 1-2 128 0.45 Lange (1957)
Alpine
Alps 7 230 1 13 39 0.17 Eynard (1977)
Alps 6 182* 3-5 10-16 79 . 0.43 Senn-Irlet (1988)
Alps 6 596 3 47 69 0.12 Graf (1994)
Beartooth Plateau 16 202 4 18 33 0.16 present study

‘M in im u m  to ta l p lo t s iz e  P lo t s iz e  lis ted  in p u b lic a tio n  as 3 0 -1 0 0  in2, w ith  tw o sp e c if ic  p lo ts  lis ted  as 30 and 32 in2, 
th ere fo re , to ta l p lo t  a rea  m ay  b e  u p  to 4 6 2  m 2, in w h ich  tax a /m 2 w o u ld  equal 0 .17.

The goals of using the plot study in conjunction with the taxonomic study of 

Rocky Mountain Laccaria species was twofold: to confirm EM host associations for 

Beartooth Plateau taxa, and to use the taxonomic and host data from the systematic study 

(Chapters 2-3) as a check on whether the plot data reflects the true range of host
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associations for the Beartooth Plateau taxa. The plot study confirmed associations off. 

pumila with S. arctica and S. glauca, and L. montana with S. ,arctica and S. planifolia. 

However, additional data show L pumila associated with S. reticulata and S. planifolia, 

and L. montana with S. glauca-, this provides further evidence that plot size/number was 

insufficient to represent true host ranges.

In summary, the use of a small number of small plots centered on EM host species 

-was effective for representing species diversity; an increase in the number of plots as well 

as constructing plots in open, grass- or moss-covered areas would result in better 

representation. The plot surveys were useful for confirming a number of host-fungus 

associations and indicated that most of the species collected are not restricted to a single 

EM host species. However, the plot data obtained underrepresent the observed host range 

of the EM fungi collected, therefore making similarity comparisons unreliable. 

Presumably, increased replication of host-specific plots would help to rectify this 

•situation.

This is the first reported plot-based study of alpine macromycetes in the Rocky 

Mountains, and the data reported here may serve as a baseline for research on the ecology 

of alpine macromycetes in a continental climate.
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APPENDIX A

ROCKY MOUNTIAN ALPINE AND REFERENCE LACCARIA

SPECIMENS EXAMINED



Appendix A. Rocky Mountian alpine and reference Lacccuiu 
included in molecular phylogenetic analysis. ____ ____inciuu
C oll

in  I 

ID # S p ec ie s Oav Mo. Y ear S ta te C o u n try R an g e S p e c ific  L o ca tio n s Elevation (m ) P lan t assoc iations 3Iot N otes

C L C 1104 Laccaria ium ila 27 7 1997 W Y USA B eartoo th Y ozen  L akes 3111-3233 Sdw

C L C I 701 DiwiiIa 7 8 1998 W Y U SA 3 e arto o th rJighline ! r a i lh e a d 3 0 5 0 -3263 .5 Salix  spp.

C L C 1238b

laccata van  
pallidifolia 13 8 1998 C O U SA S aw atch In d ep en d en ce  Pass 3660 Sr, Si?

C L C 1252* pum ila 14 8 1998 C O U SA F ro n t H a g g em a n 's  Pass 3600 Sn

C L r 1304* bicolor 6 8 1999 C O U SA F ron t L o v e lan d  Pass 3050 Sbu

C l C 1308 Laccaria
laccata van  
pallidifolia 8 8 1999 C O U S A F ron t L o v e lan d  Pass 3050 ? om phalo id

C L C 1347 bicolor 11 8 1999 C O U SA S aw atch In d e p en d e n ce  Pass 3660 Sbu

C L C I 365 bicolor 13 8 1999 C O U S A S aw atch In d ep en d en ce  Pass 3660 Sbu large

C L C 1370* Laccaria
laccata van  
pallid ifo lia 14 8 1999 C O U S A S aw atch In d e p en d e n ce  Pass 3660 D o, Sdw om phalo id

C L C 1404 Laccaria pum ila 21 8 1999 W Y U S A B earto o th F ro zen  L ak es 3111-3233 Si 3

C L C 1435 Laccaria pum ila 01 08 200 0 C O U S A S an Juan C in n am o n  Pass 3700 Sr

C L C 1445* Laccaria bicolor 02 08 2000 C O U S A San Ju an B lack  B e ar 3761 ?

C L C 1446 pum ila 02 08 2 0 0 0 C O U SA S an Juan B lack  B ear 3761 Sn, Si

C L C 1469* bicolor 06 08 200 0 C O U SA S aw atch In d ep en d en ce  Pass 3660 Sn

C L C 1482* Laccaria bicolor OS 08 200 0 C O U SA S aw atch L in k in s L ak e  V alley 3597

Sn
(a lp in e/su b alp in e) v io le t

C L C 1595 Laccaria proxim o 21 07 2001 W Y U S A B eartoo th

M cL aren  M ine 

T ailin g s (su b a lp in e ) Salix, Picea, Pinus |
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C oll. ID # G e n u s S p ec ie s Day M o. Y ear S ta te C o u n try R ange S p ec ific  L oca tions E lev a tio n  (m P lan t a sso c ia tio n s P lo N otes

C L C 1603* Laccaria
Iaccata var. 
p a llid ifo lia 02 08 2001 C O U S A

10-m ile

R an g e
B lue  L ake D am , 

B reck en rid g e 3300 Sr, Bg C

C L C 1625* Laccaria sp. (provisional) 03 08 2001 C O U S A

10-m ile

R an g e

B lue  L ake D am , 

B reck en rid g e 3300 Bg, Sn 0

C L C 1633* Laccaria
Iaccata var. 
pallid ifo lia 03 08 2001 C O U S A

10-m ile

R an g e
B lue  L ake D am , 

B reck en rid g e 3300 Bg 0

C L C 1648 Laccaria
Iaccata var. 
pallid ifo lia 04 08 2001 C O U S A S aw atch C u m b erlan d  Pass 3662 Sg 0

C L C 1653 Laccaria
Iaccata var. 
pallid ifo lia 04 08 2001 C O U S A S aw atch Q u artz  C reek (su b a lp in e ) Betula 0

C L C 1655* Laecaria
laccata  var. 
p a llid ifo lia 06 08 2001 C O U S A S an  Juan H o rsesh o e  L ake 3810 Sr 0

C L C 1656 Laccaria b icolor 06 08 2001 C O U S A S an  Juan H o rsesh o e  Lake 3810 Sr 0

C L C 1672* Laccaria b icolor 07 08 2001 C O U S A S an  Ju an M ineral B asin 3900 Si 0
C L C 1682 Laccaria sp. (provisional) 08 08 2001 C O U S A S an  Ju an U .S . B asin 3658 Sg 0

C L C 1699 Laccaria pum ila 10 08 2001 C O U S A S an  Ju an C in n am o n  Pass 3840 Si 0

C L C 1709 Laccaria b ico lor 10 08 2001 C O U S A S an  Juan C in n am o n  Pass 3840 Si 0

C L C 1724* Laccaria
laccata  var. 
pa llid ifo lia 12 08 2001 C O U S A S aw atch C o tto n w o o d  Pass 3696 Dryas 0

C L C 1742 Laccaria b icolor 13 08 2001 C O U S A S aw atch In d e p en d e n ce  Pass 3 6 6 0 -3 6 8 7 Sn 0
C L C 1771* Laccaria sp. (provisional) 15 08 2001 C O U S A S aw atch In d e p en d e n ce  Pass 3 6 6 0 -3 6 8 7 Sbu 0

C L C 1777 Laccaria pum ila 21 08 2001 W Y U S A B earto o th F ro zen  L ake 3 1 0 0 -3 2 5 0 Sn 0

C L C 1819 Laccaria p u m ila 28 7 2002 C O U S A S tony  Pass 3840
C L C 1825 Laccaria b ico lor 28 7 2002 C O U S A S to n y  Pass 3840
C L C 1835 Laccaria pu m ila 29 7 2002 C O U S A lm o g en e 3850
C L C 1837 Laccaria pu m ila 29 7 2002 C O U S A lm o g en e 3850
C L C 1850 Laccaria pu m ila 30 7 2002 C O U S A M ineral B asin 3 8 2 2 -3 8 5 0
C L C 1851 Laccaria pum ila 30 7 2002 C O U S A M inera l B asin 3 8 2 2 -3 8 5 0
C L C 1853 Laccaria m ontana 30 7 2002 C O U S A M ineral B asin 3 8 2 2 3 8 5 0
C L C 1872 Laccaria pum ila 31 7 2002 C O U S A E m m a L ake 3688

2
1

4



C oll. ID # G e n u s S p ec ie s D ay M o. Y e a r S ta te C o u n try R ange S p ec ific  L o ca tio n s E lev a tio n  (m ) Plant a sso c ia tio n s Plot N otes

T W O 264 Laccaria m ontana 10 08 1999 M T U SA B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sn 2

T W O 265 Laccaria pum ila 10 08 1999 M T U S A B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sbu 3

T W O 2 6 8 Laccaria pum ila 10 08 1999 M T U SA B earto o th B irch  S ite 29 5 8 .5 -3 0 5 0 Sn 0

T W O 314 Laccaria pum ila 31 07 200 0 M T U SA B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sn 0

T W O 319* Laccaria m ontana 01 08 200 0 T U SA B earto o th H ig h lin e  T rail 3050-3263 .5 m oss 0

T W O 335 Laccaria pum ila 21 08 200 0 M T U SA B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 m oss 0

T W O 337 Laccaria pum ila 21 08 200 0 M T U SA B earto o th B irch  S ite 29 5 8 .5 -3 0 5 0 Sn 0

T W O 3 4 8 Laccaria pum ila 21 08 200 0 M T U SA B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sbu 3

T W O 3 6 2 Laccaria pum ila 12 07 2001 M T U SA B eartoo th

C la rk  Fork  P icnic  

A rea (suba lp ine)
Sbu, Picea, Pinus 
contorta 0

T W O 3 6 9 Laccaria montana 14 07 2001 T U SA B eartoo th H ig h lin e  T rail 3050-3263 .5 Sn 0

T W O 3 7 4 Laccaria pum ila 19 07 2001 M T U SA B eartoo th

C lark  Fork  P icnic  

A rea (su b a lp in e ) m oss, Sbu 0

T W O 408 Laccaria proxim o 21 07 2001 M T U SA B eartoo th

M cL aren  M ine 

T a ilin g s (suba lp ine)
Picea en g elm a n ii, 
Sbu 0

T W O 4 0 9 Laccaria pum ila 21 07 2001 W Y U SA B eartoo th

T o p  o f  the  W orld  

S to re (suba lp ine) m oss, Sbu 0

T W O 411 Laccaria pum ila 21 07 2001 M T U SA B eartoo th

M cL aren  M ine 

T ailin g s (suba lp ine) Sbu 0

T W O 441 Laccaria m ontana 28 07 2001 M T U S A B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sn 2

T W O 442 Laccaria pum ila 28 07 2001 M T U S A B eartoo th B irch  S ite 29 5 8 .5 -3 0 5 0 Sg 3

T W O 4 6 5 Laecaria pum ila 30 07 2001 M T U S A B eartoo th B irch  S ite 2 9 5 8 .5 -3050 Sg 3

T W O 4 7 7 Laccaria m ontana 31 07 2001 W Y U S A B eartoo th F ro zen  L ake 3111-3233 Si 3

2
1

5



C oll. ID # G en u s S p ec ie s D a\ M o. Y ear S ta te C o u n try R a n g e S p ec ific  L o ca tio n s E lev atio n  (m P lan t assoc ia tions Pin

T W O 495 Laccaria proxim o 2 08 2001 M T U SA B earto o th
M cL aren  M ine 

T a ilin g s (su b a lp in e )
S bu , Pinus  (2- 
need led ) I

T W O 4 9 8 Laccaria proxim o 2 08 2001 M T U SA B earto o th
M cL aren  M ine 

T a ilin g s (suba lp ine)
S bu , Pinus (2- 

need led) I

T W O 501* Laccaria pum ila 3 08 2001 W Y U SA B earto o th F ro zen  L ake 3111-3233 Sn f
T W O 504 Laccaria m ontana 3 08 2001 T U SA B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 S g r
T W O 505 Laccaria m ontana 3 08 2001 T U SA B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Sg r

T W O 512 Laccaria m ontana 4 08 2001 W Y U SA B earto o th F ro zen  L ake 3111-3233 Sn 0

T W O 520 Laccaria pum ila 5 08 2001 M T U SA B earto o th B irch  S ite 2 9 5 8 .5 -3 0 5 0 Sg 3
T W O 540 Laccaria m ontana 16 08 2001 W Y /M U S A B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Sn 0

T W O 553 Laccaria m ontana 17 08 2001 W Y U S A B earto o th F ro zen  L ake 31 11-3233 Si I
T W O 559 Laccaria m ontana 19 08 2001 W Y /M U S A B earto o th H ig h lin e  T rail 3050-3263 .5 Salix  cf. giauca 0
T W O 560 Laccaria pum ila 19 08 2001 T U SA B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Salix  cf. giauca 0T W O 561 Lacearia m ontana 19 08 2001 W Y /M U SA B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Salix  cf. giauca 0
T W O 562 Laccaria pum ila 19 08 2001 T U SA B earto o th H ig h lin e  T rail 3050-3263 .5 Salix  cf. giauca 0

T W O 589 Laccaria pum ila 01 09 2001 W Y U SA B earto o th F ro zen  L ake 3111-3233 0

T W O 591* Laccaria m ontana 01 09 2001 W Y U S A B earto o th F ro zen  L ake 3111-3233 Sn 0
T W O 613 Laccaria m ontana 18 07 2002 T U S A B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Sn 0

T W O 663 Laccaria pum ila 31 7 2002 W Y U S A B earto o th S o liflu c tio n  T erraces Si, m oss 0

T W O 709 Laccaria pum ila 15 8 2002 W Y U SA B earto o th H ig h lin e  T rail 3050-3263 .5 S bu , m oss 0
T W O 710 Laccaria m ontana 15 08 2002 T U S A B earto o th H ighline  T rail 3050-3263 .5 Salix  sp. 0

T W O 716 Laccaria pum ila 27 08 2002 M T U S A B earto o th B irch S ite 29 5 8 .5 -3 0 5 0 Sn 0

T W O 717 Laccaria pum ila 27 08 2002 M T U SA B earto o th B irch  S ite 2958 .5 -3050 Sg 3

T W O 718 Laccaria pumila 27 08 2002 M T U SA B eartooth Birch S ite 2958 .5 -3050 Sbu 0

2
1

6



C oll. ID # G e n u s S p e c ie s D ay M o. Y e ar S ta te C o u n try R an g e S p ec ific  L o ca tio n s E lev atio n  (m ) Plant assoc ia tions Plot N otes
T W O 726 Laccaria pum ila 28 08 2002 T U SA B e arto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Sn 0

T W O 730 Laccaria pu m ila 28 08 2002
W Y /M

T U SA B earto o th H ig h lin e  T rail 3 0 5 0 -3263 .5 Sbu (p ro b ab ly  Sg) 0

T W O 752 Laccaria c f .  bicolor 8 9 2002 M T U SA
G alla tin  C o ., H ya lite  

C an y o n (su b a lp in e ) con ife rs

TENN 4 2 8 7 7 Laccaria m ontana 13 9 1981 C O U SA

B lue  L ak e  T rail, 

L arim er Co. 3048+ ( G M M  1194)

TENN 4 2 8 8 0 Laccaria m ontana 15 9 1981 C O U S A
C am ero n  Pass, 

Jack so n  Co. 330 0 (G M M  1214)

DBGH 20424 Laccaria m ontana 20 8 1999 C O U SA

L o v elan d  P ass Lk., 

A rap ah o  N P , S um m it 

C o. 3620 Salix, m oss

E M  H osts: Si = Salbc a rc tic a ; S r =  S. reticulata  ; S g  =  S. g la u c a ; Sn = 5. p la n ifo lia ; S b u  =  Salix  sh rub ; S d w  =  d w a rf  S a lix ; D o =  Dryas octopeta la ; B g =  Betula  
glandulosa

2
1

7
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APPENDIX B

SCANNING ELECTRON MICROGRAPHS OF 

LACCARIA BASIDIOSPORES
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Laccaria bicolor. Scanning electron micrographs of basidiospores.



220

Laccaria bicolor. Scanning electron micrograph of basidiospores.



221

Laccaria laccata van pallidifolia\ Scanning electron micrographs of basidiospores.



222

4/7 /03  x8Q0Q W D 15 15kV L montana T W 0319  I--------  3 pm

Laccaria montana'. Scanning electron micrographs of basidiospores.
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Laccaria montana: Scanning electron micrographs of basidiospores.



224

Laccaria montana: Scanning electron micrographs of basidiospores.



225

Laccaria pumila: Scanning electron micrographs of basidiospores.



226

Laccaria sp.: Scanning electron micrographs of basidiospores.



APPENDIX C

DNA SEQUENCE ALIGNMENT USED FOR PHYLOGENETIC ANALYSIS



Appendix C. Sequence alignment of rDNA complete ITS1/5.8S/ITS2 region used for phylogenetic analysis of 
Rocky Mountain alpine Laccaria species (see Chapter 3). Alignment includes a consensensus sequence for all 
alpine ingroup taxa (i.e., all ingroup taxa with the exception of the subalpine collection L. bicolor TW0752). Variable 
nucleotide positions denoted with an asterisk in the consensus sequence. Gaps denoted by '

L .sp.1625 
L .Iaccatal603 
L .bicolorl672 
L.bicolorl304 
L .bicolorl482 
L.bicolorl445 
L.montana591 
L . sp.1771 
L.laccatal370 
L.pumilal252 
L.montana319 
L.pumilaaoi 
L .Iaccatal724 
L .Iaccatal655 
L.bicolorl469 
L .Iaccatal633 
L.bicolor752 
f.unifactum 
T ."portentosum 
Ingrp.Consensus

5
AGGAfCATTA 
AGGATCATTA 
AGGATCATTA 
AGGATCATTA 
AGGATCATTA 
AGGATCATTA 
■ AGGATCATTA 
AGGATCATTA 
AGGAT CATTA 
AGGATCATTA 
AGGATCATTA 
AGGAT-ATTA 
AGGATCATTA 
AGGATCATTA 
AGGAT CATTA 
AGGAT CATTA 
AGGATCATTA 
AGGATCATTA 
AGGATCATTA 
AGGAT*ATTA

15
TfGAATAAAC
TTGAGTAA-C
TTGAATAA-C
TTGAATAA-C
TTGAATAAAC
TTGAATAAAC
TTGAATAAAC
TTGAATAAAC
TTGAGTAA-C
Tt g a a t a a aC
TTGAAfAA-C
t t g a a t a a-c
TTGAGTAAAC 
TTGAGTAAAC 
TTGAATAAAC 
TTGAGTAAAC 
TTGAATAAAC 
TTGAATAAAC 
TTGAATAAGC 
TTGA*TAA*C

25
CTGATGTGGC
CTGATGTGGC
CTGATGTGAC
CTGATGTGAC
ctGa t g tGac
CTGATGTGAC
CTGATGTGGC
CTGATGTGGC
CTGATGTGGC
CTGATGTGAC
CTGATGTGGC
CTGATGTGAC
CTGATGTGGC
CfGATGTGGC
CTGATGTGAC
CTGATGTGGC
CTGATGTGAT
TTGTTTGGGT
TTGGTTAGGT
Ct gaTg t g **

35
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGffAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTfAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCfGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTTAGCTGG 
TGTT-GCTGG 
TGTT-GCTGG
Tg t t a g c t gG

45
CTTTTCAAAG
CT------AG
CfTT-CGAAG 
CTTT-CGAAG 
CTTTTCGAAG 
CTTTTCGAAG 
CTTTTCGAAG 
CTTTTCAAAG
CTT--- AGG
CTfT-CGAAG 
CTTTTCGAAG 
CTTTTCGAAG
CTT--- AGG
CTT--- AGG
CTTTTCGAAG
CTT--- AGG
CTTTTCGAAG 
CTCTTAGGAG 
CTCTTCGGGG 
Q1J1**** * * *G

55
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCTCG
CAfGTGCTCG
CATGTGCTCG
CATGTGCTCG
CATGTGCfCG
c at gt gCtcg
CATGTGCTCG 
CATGTGCTCG 
CATGTGCTCA 
CATGTGCACG 
CATGTGCACA 
CATGTGCTC*

65
TCCGTCATC-
TCCATCATC-
TCCATCATC-
TCCATCAfC-
Tc c a t c a t c-
TCCATCATC- 
TCCGTCATC- 
TCCGTCATC- 
TCCATCATC- 
TCCGTCATC- 
TCCGTCATC- 
TCCGTCATC- 
TCCATCATC- 
TCCATCATC- 
TCCATCATC- 
TCCATCATC- 
TCCGTCATC- 
CCTGACA-CA 
CCTGACACCA 
TCC*TCATC-

75
--TTTA-ATT 
--TTTATAfA
- -TT ATC
- -TT ATC
--TTT--ATC 
--TTT--ATC 
--TTTA-ATC 
--TTTA-ATT 
--TTTATATC 
--TTTA-ATC 
--TTTA-ATC 
--TTTA-ATC 
--TTTATATA 
--TTTATATA 
--TTT--ATC 
--TTTATATA 
--TTTAT--C
--TTT----
ACTTT--TC
--TT******

228



L . sp . 162-5 
L .Iaccatal603 
L .bicolorl672 
L.bicolorl304 
L.bicolorl482 
L .bicolor1445 
L.montana591 
L.sp.1771 
L .Iaccatal370 
L .pumilal252 
L.montana319 
L .pumilaSOl 
L .Iaccatal724 
L .Iaccatal655 
L.bxcolorl469 
L . Iacc-atal633 
L.bicoior752 
T.unifactum 
T .portentosum 
Ingrp.Consensus

85
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
t Ct c c a c c t g
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
TCTCCACCTG
Tt ac ca c ct g
TTACCACCTG
TCTCCACCTG

95
TGCACATTTT 
TGCACATTfT 
TGCACA-TTT 
TGCACA-TTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACATTTT 
TGCACCCTTT 
TGCACTTTTT 
TGCACA* TTT

105
GTAGTCTT-G 
GTAGACTT-G 
GTAGTCTT-G 
GTAGTCTT-G 
GTAGTCTT-G 
GTAGfCTT-G 
GTAGTCTT-G 
GTAGTCTT-G 
GTAGACTT-G 
GTAGTCTT-G 
GTAGTCTT-G 
GTAGTCTT-G 
GTAGACTT-G 
GTAGACTT-G 
GTAGTCTT-G 
GTAGACTT-G 
GTAGTCTT-G 
GTAGTCCT-G 
GTAGACTTTG 
GTAG*CTT-G

115 125 135 145
G-ATACCTCT CGAGGCAACT CGGATTTT-A GGATCGCCG- 
G-ATA---- ----------- -----------  --ATGGCTC-
G-ATACCTCT CGAGGAAACT CGGATTT-GA GGATCGCCG- 
G-ATACCTCT CGAGGAAACT CGGATTT-GA GGATCGCCG- 
G-ATACCTCT CGAGGAAACT CGGATfT-GA GGATCGCCG- 
G-ATACCTCT CGAGGAAACT CGGATTT-GA GGATCGCCG- 
G-ATAACTCT CGAGGCAACT CGGATTTT-A GGATCGCCG- 
G-ATACCTCT CGAGGCAACT CGGAfTfT-A GGATCGCCG-
G-ATA---- -----        --ATGGCTC-
G-AfACCfCT CGAGGCAACT CGGATfTT-A GGATCGCTG- 
G-ATAACTCT CGAGGCAACT CGGATTTT-A GGATCGCCG- 
G-ATACCTCT CGAGGCAACT CGGATTTT-A GGATCGCTG-
G-ATA---- ----------- -----------  --ATGGCTC-
G-ATA----------------  ---------- - -ATGGCTC-
G-ATACCTCT CGAGGAAACT CGGATTT-GA GGATCGCCG-
G-ATA---- -----------  ---------- --ATGGCTC-
G-ATACCTCT CGAGGAAACT CGGATfT--  QAATCGCTG-
GAACACCTCT CGAGGCAACT CGG-TTT-GA GGATTGCCGC 
GAATACCTCT CGAGGAAACT CGG-fTTTGA GGACTGCTG-
G-ATA***** ********** ********** **AT*GC**-

155
TGCTGTAAAA
TG-------
TGCTGTACAA
TGCTGTACAA
TGCTGTACAA
TGCTGTACAA
TGCT-- ---
TGCTGTAAAA
TG-------
TGCTGTAAAA
TGCT--- --
TGCTGTAAAA
TG-------
TG---------
TGCTGTACAA
TG-------
TGCTGTACAA 
TGCTGT-TAA 
TGC-G--CAA 
TG********



165 175 ' 185 195 205 215 225
L .sp.1625 GTCAGCTTTC CTCTCATTT- CCAAGACTAT GTTTT-C-AT ATACACCAAA GTATGTTTAA AGAATGTCA-
L .Iaccataie03 ---------- ---TCATTT- ACAAGACfAT GTTTTTCAAT ATAC-CCAAA GCATGTTTAA AGAATGTCA-
L.bicolorl672 GTCGGCTTTT CTTTCATTT- -CAAGACTAT GTTTTT--AT ATACACCAAA GfATGTTTAT AGAATGTCA-
L.bicolorl3Q4 GTCGGCTTTT CTTTCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAT AGAATGTCA-
L.bicolorl482 GTCGGCTTTT CTTTCATTT- CCAAGACTAT GTTTTT--AT AfACACCAAA GTATGTTTAT AGAATGTCA-
L.bicolorl445 GTCGGCTTTT CTTTCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAf AGAATGTCA-
L.montana591  GCTTTC CTTTCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAA AGAATGTCA-
L .sp.1771 GTCAGCTTTC CTCTCATTT- CCAAGACTAT GTTTT-C-AT ATACACCAAA GTATGTTTAA AGAATGTCA-
L .Iaccatal370 ---------- -- TCATTT- ACAAGACTAT GTTTT-CAAT ATAC-CCAAA GCATGTTTAA AGAATGTCA-
L.pumilal252 GTCAGCTTTC CTCTCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAA AGAATGTCA-
L .montanaS19 ----GCTTTC CfTTCATfT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTfTAA AGAATGTCA-
L .pumilaSOl GTCAGCTTTC CTCfCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAA AGAATGTCA-
L .Iaccatal724 ---------- ---TCATTT- ACAAGACTAT GTTTTTCAAT ATAC-CCAAA GCATGTTTAA AGAATGTCA-
L .Iaccatal655 ---------- -- TCATTT- ACAAGACTAT GTTTTTCAAT ATAC-CCAAA GCATGTTTAA AGAATGfCA-
L .bicolorl469 GTCGGCTTTT CTTTCATTT- CCAAGACTAT GTTTTT--AT ATACACCAAA GTATGTTTAT AGAATGTCA-
L.Iaccatal633 ---------- -- TCATTT- ACAAGACTAT GTfTTTCAAT ATAC-CCAAA GCATGTTTAA AGAATGTCA-
L.bicolor752 GTCGGCTTTT CTTTCATTA- CCAAGACTAT GTTfTTATAT ACAC--CAAA GTATGTTTAT AGAATGTCA-
T.Unifactum GCCGGCTTTC CTTGCGTT-C CC-GCTCTAT GTCTTT--AT ATACCCCAT- GAATGT-AAC TGAATGTCT-
T .portentosum GCCGGCTTTC CTTACATTTT CC-GGTCTAT GTTTTTCTAT ATACCCTATA GTAfGf-CAC AGAATGTCAT
Ingrp.Consensus ********** ***TCATT*- *CAAGACTAT GTTTT***Af A*AC**CAAA G*ATGTTTA* AGAATGTCA-

235
-TCAATGGGA 
-TCAATAGGA 
-TCAATGGGA 
-TCAATGGGA 
-TCAATGGGA 
-TCAATGGGA 
-TGAATGGGA 
-TCAATGGGA 
-TCAAfAGGA 
-TCAATAGGA 
-TGAATGGGA 
-TCAATAGGA 
-TCAATAGGA 
-TCAATAGGA 
-TCAATGGGA 
-TCAATAGGA 
-TCAATGGGA 
-TTAATGGG- 
TTTAATGGG- 
-T*AAT*GGA



L .sp.1625 
L .Iaccatal603 
L .bicolorl672 
L.bicolorl304 
L .bicolorl482 
L.bicolorl445 
L .montana591 
L .sp.1771 
L .Iaccatal370 
L.pumilal252 
L .montana319 
L .pumilaSOl 
L .Iaccatal724 
L .Iaccatal655 
Libicolorl469 
L .Iaccatal633 
L .bicblor752 
T.unifactum 
T .portentosum 
Ingrp.Consensus

245
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-G1TTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
ACTT-GTTTC 
CCTTAGT-GC 
-CTTAATTGC 
ACTT-GTTTC

255
CTAT--AAAA 
CTATTAGAAA 
CTAT--AAAA 
CTAT--AAAA 
CTAT--AAAA 
CTAT--AAAA 
CTAT--AAAA 
CTAT--AAAA 
CTATTAGAAA 
CTAT--AAAA 
CTAT--AAAA 
CTAT--AAAA 
CTATTAGAAA 
CTATTAGAAA 
CTAT--AAAA 
CTATTAGAAA 
CTAT--AAAA 
CTTT--AAAT 
CTTT--AAAC 
CTAT***AAA

265
TTA-TACAAC 
CTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
CTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
TTA-TACAAC 
CTA-TACAAC 
CTA-TACAAC 
TTA-TACAAC 
CTA-TACAAC 
TTA-TACAAC 
CAAATACAAC 
CTA-TACAAC 
*TA-TACAAC

275
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAGCAAC
TTTCAACAAC
TTTCAACAAC
TTTCAGCAAC

285
GGATCTCTTG 
GGATCTCTTG
g g aTc tc tt g
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG
GGATCTCTTG

295
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT
GCTCTCGCAT

305
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA
CGATGAAGAA

315
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCACCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCAGCGAAA 
CGCA*CGAAA

tv)w



L .sp.1625 
L .Iaccatal603 
L.bicolorl672 
L.bicolorl304 
L.bicolorl482 
L.bicolorl445 
L .montana591 
L.sp.1771 
L .Iaccatal370 
L .pumilal252 
L.montana319 
L.pumilaSOl 
L .Iaccatal724 
L .Iaccatal655 
L.bicolorl469 
L .Iaccatal633 
L . bicol'Or752 
T.unifactum 
T .portentosum 
Ingrp.Consensus

32,5 335 345 355
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGTTAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGTTAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGTTAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGTTAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGTTAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCGATAAGT AATGTGAATT GCAGAATTCA GTGAATCATC 
TGCG*TAAGT AATGTGAATT GCAGAATTCA GTGAATCATC

365 375 385 395
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG
Ga a t c t t t g a a c g ca c ct t g cgctccttgg tattCcgagg
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCCTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCCTTGG TATTCCGAGG 
GAATCTTTGA ACGCACCTTG CGCTCC*TGG TATTCCGAGG

232



L .sp.1625 
L .Iaccatal603 
L.bicolorl672 
L.bicolorl304 
L .bicolorl482 
L.bicolorl445 
L.montana591 
L .sp.1771 
L .Iaccatal370 
L.pumilal2.52 
L .montana319 
L .pumilaSOl 
L .Iaccatal724 
L . Iaccatal655 
L.bicolorl469 
L .Iaccatal633 
L.bicolor752 
T.unifactum 
T.portentosum 
Ingrp.Consensus

405 415 425
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTQAGTGTC ATTAAATTCT 
■AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT 
AGCATGCCTG TTTGAGTGTC ATGAAATTCT 
AGCATGCCTG TTTGAGTGTC ATTAAATTCT

. 435
CAACCTT-CC 
CAACCAT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCAT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCTT-CC 
CAACCAT-CC 
CAACCAT-CC 
CAACCTT-CC 
CAACCAT-CC 
CAACCTT-CC 
CAACCTTTCC 
CAACCTTATC 
CAACCiT-CC

445
AACTTTTATT
A-- TTAATT
AACTTTTATT
AACTTTTATT
AACTTTTATT
AACTTTTATT
AGCTTTTATT
AGCTTTTATT
A-- TTAATT
AGCTTTTATT
AGCTTTTATT
AGCTTTTATT
A-- TTAATT
A-- TTAATT
AACTTTTATT
A-- TTAATT
AACTTTTATT
AGCTTTTATT
AGCTTTTATT
A***TT*ATT

455
AGCTTGGTTA
T--- GGTTT
AGCTTGGTTA
AGCTTGGTTA
AGCTTGGTTA
AGCTTGGTTA
GGCTTGGTTA
AGCTTGGTTA
T--- GGTTT
AGCTTGGTTA
GGCTTGGTTA
AGCTTGGTTA
T--- GGTTT
T----GGTTT 
AGCTTGGTTA
T--- GGTTT
AGCTTGGTTA 
AGCTTGGT'CA 
GGCT-GATTA
*****QQTT*

465
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTGGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTTGGATG
GGCTiGGATG

475
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT--' 
TGGGGGTT=- - 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGGGTT-- 
TGGGAGTTTT 
TGGGGGTT--

233



L .sp.1625
L .Iaccatal603
L.bicolorl672
L.bicolorl304
L.bicolorl482
L.bicolorl445
L .montana591
I.. sp. 1771
L .Iaccatal370
L.pumilal252
L.montana319
L.pumilaSOl
L .Iaccatal724
L .Iaccatal655
L.bicolorl469
L .Iaccatal633
L.bicolor752
T .unifactum
T .portentosum
Ingrp.Consensus

485 495 505 515 525 535 545 555
GCGGGCTTCA --- TCAATG AGGTCGGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA
GCAGGCTTCA TTTGACTATG AGGTCAGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT TGAC-CATCT ATTGGTGTGA
GCGGGCTTCA --- TCAATG AGGTCGGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT GGAC-CATCT ATTGGTGTGA
GCGGGCTTCA ----TCACTG AGGTCGGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT GGAC-CATCT ATTGGTGTGA
GCGGGCTTCA --- TCACTG AGGTCGGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT GGAC-CATCT ATTGGTGTGA
GCGGGCTTCA --- TCACTG AGGTCGGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT GGAC-CATCT ATTGGTGTGA
GTGGGCTTCA --- TTAATG AGGTCAGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA
GCGGGCTTCA --- TCAATG AGGTCGGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA'
GCAGGCTTCA TTTGACTATG AGGTCAGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT TGAC-CATCT ATTGGTGTGA
GTGGGCTTCA --- TTAATG AGGTCAGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA
GTGGGCTTCA --- TTAATG AGGTCAGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA
GTGGGCTTCA --- TTAATG AGGTCAGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-QT GGAC-CGTCT ATTGGTGTGA
GCAGGCTTCA TTTGACTATG AGGTCAGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT TGAC-CATCT ATTGGTGTGA
GCAGGCTTCA TTTGACTATA AGGTCAGCTC TCCTTAAATG CATTACTGGA AC-TTTT-GT TGAC-CATCT ATTGGTGTGA
GCGGGCTTCA --- TCACTG AGGTCGGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT GGAC-CATCT-ATTGGTGTGA
GCAGGCTTCA TTTGACTATG AGGTCAGCTC TCCTTAAATG CATTAGTGGA AC-TTTT-GT TGAC-CATCT ATTGGTGTGA
GCGGGCTTCA --- TTAATG AGGTCGGCTC TCCTTAAATG CATTAGCGGA AC-TTTT-GT GGAC-CGTCT ATTGGTGTGA
GCGGGCTTC-------TCAG AAGTCGGCTC TCCTTAAATG CATTAGCGGA ACCTTT--GT TGAC^CAGCT -CTGGTGTGA
GCGGGCTTT- ------TAAG AAGTCGGCTC TCCTTAAATT CATTAGCGGG ACCTTTTGGT TGCCTCAGCT ACTGGTGTGA
G**GGCTTCA ********T* AGGTCAGCTC TCCTTAAATG CATTA**GGA AC-TTTT-GT *GAC-C*TCT ATTGGTGTGA
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L .sp.1625
L .Iaccatal603
L.bicolorl672
L.bicolorl304
L .bicolorl482
L.bicolorl445
L.montana591
L .sp.1771
L .Iaccatal370
L.pumilal252
L.montana319
L.pUmilaSOl
L .Iaccatal724
L .Iaccatal655
L.bicolorl469
L .Iaccatal633
L.bicolor752
T.unifactum
T .portentosum
Ingrp.Consensus

565
TAATTATCTA 
TATCTATCTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TAT CTAT CTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TATCTATCTA 
TATCTATCTA 
TAATTATCTA 
TATCTATCTA 
TAATTATCTA 
TAATTATCTA 
TAATTATCTA 
TA* *TATCTA

575
CGCCGTGGAT 
CACTGTGGAT 
CGCCGTGGGT 
CGCCGTGGGT 
CGCCGTGGGT 
CGCCGTGGGT 
CGCTGTGGAT 
CGCCGTGGAT 
CACTGTGGAT 
CGCCGTGGAT 
CGCTGTGGAT 
CGCCGTGGAT 
CACTGTGGAT 
CACTGTGGAT 
CGCCGTGGGT 
CACTGTGGAT 
CGCCGTGGAT
CGCC-- ATT
CGCT-T-ATT
C*C*GTGG*T

585
T-TGAAGCAG 
G-TGAAGCGG 
G-TGAAGCAG 
G-TGAAGCAG 
G-TGAAGCAG 
G-TGAAGCAG 
G-TGAAGCAT 
T-TGAAGCAG 
G-TGAAGCGG 
G-TGAAGCAG 
G-TGAAGCAT 
G-TGAAGCAG 
G-TGAAGCGG 
G^TGAAGCAG 
G-TGAAGCAG 
G-TGAAGCGG 
G-TGAAGCAG 
GC-GAAGCAG 
GCTGAA--AG 
*-TGAAGC**

595
CT----TTAT

CT----TTAT
CT----TTAT
CT----TTAT
Cf----TTAT
AT----TTAT
CT----TTAT

CT----TfAT
AT----TTAT
CT----TTAT
--------- T

CT----TTAT

CT----TTAT
CTTTAATAAT 
TG--- ACTT
* * ------_ * * *IJ’

605
GAAGTTCAGC
G-- TTCAGC
GAAGTfCTGC
GAAGTTCTGC
GAAGTTCTGC
GAAGfTCTGC
GAAGTTCAGC
GAAGTTCAGC
G-- TTCAGC
GAAGTTCAGC
GAAGTTCAGC
GAAGTTCAGC
G-- TTCAGC
G-- TTCAGC
GAAGTTCTGC
G-- TTCAGC
GAAGTTCTGC 
GGGGTTCAGC 
G--GTACAGC 
G***TTC*GC

615
CTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGf
fTCTAACCGT
TTCTAATCGT
CTCTAACCGT
TTCTAACCGT
TTCTAATCGT
TTCTAATCGT
TTCTAATCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAACCGT
TTCTAATCGT
*TCTAA*CGf

625
C--CATTGAC 
C-iTATT-A- 
C--CAfTGAC 
C--CATTGAC 
C--CATTGAC 
C--CATTGAC 
C--CATTGAC 
C--CATTGAC 
C--Ta t t -A- 
C--CATTGAC 
C--CATTGAC 
C--CATTGAC 
C--TATC-A- 
C--TATf-A- 
C--CATTGAC 
C--TATT-A- 
C--CATTGAC 
CCCC-TTCAC 
CTTCATTTAT 
C--*AT**A*

635 .
TTG-GACAA- 
TTG--ACTTA 
TTG-GACAA- 
TfG-GACAA- 
TTG-GACAA- 
TTG-GACAA- 
TTG-GACAA-
t t g-g a c a a-
TTG--ACTTA
t t g-g a c a a-
t t g-g a c a a-
t t g-g a c a a-
GTG--ACTTA 
TTG--ACTTA 
TTG-GACAA- 
TTG--ACTTA 
TTG-GACAA- 
--GGGACAA- 
TTGAGACAA- 
*TG-*AC***
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L .sp.1625 
L .Iaccatal603 
L.bicolorl672 
L .bicolorl304 
L .bicolorl482 
L .bicolorl445 
L .montana591 
L .sp.1771 
L .Iaccatal370 
L .pumilal252 
L.montana319 
L .pumilaSOl 
L .Iaccatal724 
L .Iaccatal655 
L .bicolor!469 
L .Iaccatal633 
L.bicolor752 
T.unifactum 
T .portentosum 
Ingrp.Consensus

645
-Tt t t--GA
CTTTT--GA
-TTTT--GA
-TTTT-- GA
-TTTT--GA
-TTTT-- GA
TTTTT-- GA
-TTTT--GA
CTTTT-- GA
TTTTT-- GA
TTTTT-- GA
TTTTT-- GA
CTTTT---GA
CTTTT-- GA
-TTTT-- GA
CTTTT-- GA
-TCTT-- GA
CTCTC--TGA 
TT CATAATGA 
*T*TT=--GA

655
CAATTTGACC
CCATTTGACC
CAATfTGACC
CAATTTGACC
CAATfTGACC
CAATTTGCCC
CAATfTGACC
CAATTTGACC
CCATTTGACC
CAATfTGACC
CAATTTGACC
CAATTTGACC
CCATTTGACC
CCATTTGACC
CAATTTGACC
CCATTTGACC
TAATTTGACC
CATTTTGACC
CAATTTGACC
**ATTTG*CC

665
TCAAATCAG 
T CAAAT CAG 
TCAAATCAG 
TCAAATCAG 
TCAAATCAG 
TCAAATCAG 
TCAAATCAG 
TCAAAfCAG 
TCAAATCAG 
TCAAATCAG 
TCAAATCAG 
TCAAATCAG
'Tcaaatcag
TCAAATCAG
TCAAATCAG
TCAAATCAG
TCAAATCAG
TCAAATCAG
TCAAATCAA
TCAAATCAG
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APPENDIX D

PLANT COMMUNITY CHARACTERIZATION FOR BEARTOOTH PLATEAU

ALPINE SAMPLING PLOTS



Appendix D. Plant community characterization for Beartooth Plateau alpine sampling plots. Only herbaceous forbs listed. 
Ectomycorrhizal host species appears at top of columns.

EM Host Species:

P la n t  S p e c ie s

A m ennaria  Ianata  (H o o k .)  G re en e  

A ntennaria  sp.
Artem isia  scopulorum  G ray  

A stera lp ig en u s  (T & G .) G ray  

A ster sp.

A stragalus sp.
Bupleitrum  am ericanum  C ou lt. &  R ose 

Caltha leptosepala  D C .

C astelleja sp.
C erastium  sp.
Geum rossii (R .B r.)  Ser. in DC. 

Lew isia  pyg m a ea  (G ra y ) R obins. 

Lupine sp.

M ertensia sp.
M inuartia  obtusiloba  (R y d b .)  H o u se  

P edicularis groen landica  R e tz  

P edicularis oderi V ah l ex  H om em . 

P enstem on p rocerus  D o u g . E x  G rab . 

P hlew n alp inum  L.

P hlox sp.

P hyllodoce g landuliflora  (H o o k .)  C ov. 

Polygonum  bistorto ides  P u rsh  

Polygonum  viviparum  L.

Potentilla  d iversifo lia  L e h m .

PotentiUa sp.
Rum ex paucifo liu s  N utt.

S ite-P lo t:

Salix  reticula ta  Salix arctica  

2-3  2 -7  3 -2  3-1 3-3 4-1

Salix planifolia
4-2 1-2 2-5

Salix elauca  

2-1 2-2  1-3

Betula elandulosa  

1-4**

D n a s  octopetaln 

1-1 2-4* 2-6*

X
X

X X X
X

X X  X X

X

X

X

X  X

X

X

X

X

X

X

X

X

X  X

X

X

X

X

X

X

X  X  

X

X  X  

X  X

X  X

X

X

X  X

X

X

X X

X

X X X X X X X  X

X

X

X

X

X

X

X

X

X

X  X

X X

X

2
3
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Appendix D., continued
E M  H o s t S p ec ie s:

Salix reticulata Salix arctica Salix planifolia Salix elauca Betula zlandulosa D n  as octooelala
S ite-P lo t: 2-3 2 -7  3-2 3-1 3 -3  4-1 4-2 1-2 2-5 2-1 2 -2  1-3 1-4** 1-1 2-4* ** 2-6*

Sedum  lanceolatum  T o rn  

Sedum  rhodanthum  G ra y  

Senecio cym balario ides  B u ek

X  X

X

X

X

X

Senecio sp.
Sibaldia procum bens  L.

X

X

X X  X

Silene acaulis  (L .)  Jacq . X X
Trifolium p a rry i G ray X X  X X X
Trifolium sp. X  X X  X
Veronica nutuns  B ong . 

Zigedanus elegans  P u rs  Ir.
X

X

* M ixed  p lo t in c lu d in g  Salix reticulata
** M ixed  p lo t in c lu d in g  Salix re ticula ta  and  S a lix planifo lia 2

3
9



APPENDIX E

LIST OF BEARTOOTH PLATEAU PLOT SURVEY DATES
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Appendix E: List of Beartooth Plateau Survey Dates. * Denotes dates that plots were 
surveyed. Sites visited appear in parentheses after date. Excursions joined by left 
brackets.

1999

f  July 20 (Quad Creek, Highline Trailhead) 
I  July 22 (Quad Creek)
| August 9* (Highline Trailhead)

I  August 10* (Quad Creek)
LAugust 11 * (Frozen Lake)

2000

J July 17* (Quad Creek, Gardner Headwall)
I  July 18* (Highline Trailhead, Frozen Lake)
J July 31* (Quad Creek)
"I August I * (Highline Trailhead)
'-August 2* (Frozen Lake, Gardner Headwall) 
f  August 21* (Quad Creek)

-j August 22* (Highline Trailhead)
[August 23* (Frozen Lake, Gardner Headwall)

2001

J  July 13* (Quad Creek, Gardner Headwall)
I  July 14* (Highline Trailhead, Frozen Lake)

July 19* 
I  July 20* 
Ljuly 2D 
TJuly 23H 

"i July 24" 
JJuly 28" 
JJuly 29" 
[July 30" 
 ̂July 31'

(Quad Creek)
(Highline Trailhead)
(Frozen Lake, Gardner Headwall)
(Quad Creek)
(Highline Trailhead)
(Quad Creek)
(Gardner Headwall)
(Quad Creek, Highline Trailhead)
(Quad Creek, Frozen Lake, Gardher Headwall) 

[August I* (Solifluction Terraces)
August 3* (Quad Creek, Frozen Lake, Highline Trailhead) 
August 4* (Frozen Lake, Gardner Headwall)
August 5* (Quad Creek, Highline Trailhead)
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2001 f continued)

August 16* (Quad Creek, Highline !railhead)
^August 17* (Frozen Lake, Gardner Headwall)
August 19* (Highline !railhead, Solifluction Terraces) 
August 20* (Quad Creek)
August 21* (Quad Creek, Gardner Headwall, Frozen Lake) 
September I* (Quad Creek, Frozen Lake)
September 2* (HighlineTrailhead)

2002

July 3 (Quad Creek) 
fJuly 17* (Quad Creek)
July 18* (Gardner Headwall, Highline Trailhead)

I July 19* (Frozen Lake)
July 29* (Quad Creek)
July 30* (Highline Trailhead)
July 31* (Solifluction Terraces, Frozen Lake, Gardner Headwall) 

I August 14* (Quad Creek)
August 15* (Highline Trailhead)

LAugust 16* (Gardner Headwall, Frozen Lake)
August 27* (Quad Creek, Gardner Headwall)
August 28* (Highline Trailhead, Solifluction Terraces)
August 29* (Frozen Lake)



APPENDIX F

SPECIMENS COLLECTED ON BEARTOOTH PLATEAU

SAMPLING PLOTS



Appendix F. Specimens collected on Beartooth Plateau sampling plots.

I Snecific LocationslPlotI Cienus Species I Collector ID Day Month Year Plant associations |

Quad Creek 2 Entoloma sp. #2 TWO 503 3 08 2001 Sn

Quad Creek 2 Entoloma sp. #2 TWO 543 16 08 2001 Sn

Quad Creek 2 Laccaria montana TWO 264 10 OS 1999 Sn

Quad Creek 2 Laccaria montana TWO 441 28 07 2001 Sn

Quad Creek 2 Russula pascua TWO 546 16 08 2001 Sn

Quad Creek 2 Russula pascua TWO 583 Ol 09 2001 Sn

Quad Creek 2 Russula pascua TWO 721 27 08 2002 Sn

Quad Creek 2 Russula pascua TWO 689 14 08 2002 Sn

Quad Creek 3 Bryoglossum gracile TWO 696 14 08 2002 mo

Quad Creek 3 Biyoglossum Bryoglossum TWO 310 31 07 2000 mo

Quad Creek 3 Cortinarius absarokensis TWO 672 [29 107 2002 Sg

Quad Creek 3 Cortinarius absarokensis TWO 263 IlO " 08 1999 Sg

Quad Creek 3 Cortinarius absarokensis TWO 534 ' 5 08 2001 Sg

Quad Creek 3 Cortinarius cf. anomalous TWO 692 14 OS 2002 Sg

Quad Creek 3 Cortinarius sp. #2 (Telamonia) TWO 535 5 08 2001 Sg

Quad Creek 3 Cortinarius sp. #4 (Telamonia) TWO 349 21 OS 2000 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 691 14 08 2002 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 266 10 08 1999 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 350 [21 OS 2000 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 693 14 OS 2002 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 698 14~ OS 2002 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 549 116 08 2001 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus CLC 1379 19~ [8 1999 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 444 28 07 2001 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 382 19 07 2001 Sg

Quad Creek 3 Dennocybe cinnamomeoluteus TWO 537 5 OS 2001 Sg

Quad Creek 3 Dermocybe cinnamomeoluteus TWO 722 27 08 2002 Sg

Quad Creek 3 Dermocyhe cinnamomeoluteus TWO 674 29 07 2002 Sg
Quad Creek 3 Dermocybe cinnamomeoluteus TWO 313 31 07 2000 Sg

Quad Creek 3 Hebeloma cf. mesophaeum TWO 697 14 08 2002 Sg

Quad Creek 3 Hebeloma cf. mesophaeum TWO 695 14 08 2002 Sg
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!Specific Locations] Plot] Genus | Species
Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 L a c c a r ia p u m ila

Quad Creek 3 M y c e n a sp.
Quad Creek 3 R u ssu la n o rv e g ic a

Quad Creek 3 R u ssu la n o rv e g ic a

Quad Creek 3 R u ssu la n o rv e g ic a

Quad Creek 4 C lito c y b e sp. #1
Quad Creek 4 C li to c y b e sp. #1
Quad Creek 4 C lito c y b e sp. #1
Quad Creek 4 C o r tin a r iu s sp. #1 (Telamonia)
Quad Creek 4 C o r tin a r iu s sp. #2 (Telamonia)
Quad Creek 4 D e r m o c y b e c in n a m o m e o lu te u s

Quad Creek 4 E n to lo m a sp. #3
Quad Creek 4 E n to lo m a sp. #3
Quad Creek 4 E n to lo m a sp. #3
Quad Creek 4 In o c y b e g ia c o m i  group
Quad Creek 4 L a c ta r iu s [g lyc io sm u s

Quad Creek 4  L a c ta r iu s I g ly c io s m u s _________

Quad Creek 4  L a c ta r iu s g ly c io s m u s

Quad Creek 4 L a c ta r iu s g ly c io s m u s

Quad Creek 4 \L a c ta r iu s g ly c io s m u s

Quad Creek 4  L a c ta r iu s g ly c io s m u s

Quad Creek 4  L a c ta r iu s g ly c io s m u s

Quad Creek 4  L a c ta r iu s g ly c io s m u s

Quad Creek 4 L a c ta r iu s ________ [g lyc io sm u s

Quad Creek 4  L e c c in u m cf. ro tu n d ifo lia e

Quad Creek 4  R ic k e n e lla c f . f ib u la

Quad Creek 4  R u ssu la n o rv e g ic a

Frozen Lake I L a c c a r ia m o n ta n a

I Collector | ID | Day] Month | Year | Plant associations |
TWO 717 27 08 2002 Sg
TWO 265 IO 08 1999 Sg
TWO 348 21 08 2000 Sg
TWO 442 28 07 2001 Sg
TWO 520 5 08 2001 Sg
TWO 465 30 07 2001 Sg
TWO 440 28 07 2001 mo
TWO 690 14 08 2002 Sg
TWO 309 31 07 2000 Sg
TWO 544 16 08 2001 Sg
TWO 311 31 07 2000 gr
TWO 550 16 08 2001 |gr
TWO 381 19 07 2001 gr
TWO 536 5 08 2001 Bg, Sn, Sr
TWO 482 31 07 2001 Bg, Sn, Sr
TWO 619 29 07 2002 Bg, Sn, Sr
TWO 551 16 08 2001 Bg, Sn, Sr
TWO 271 10 08 1999 Bg, Sn, Sr
TWO 312 31 07 2000 Bg, Sn, Sr
TWO 270 10 08 1999 Bg, Sn, Sr
TWO 584 01 09 2001 Bg, Sn, Sr
TWO 269 10 08 1999 Bg, Sn, Sr
TWO 523 5 08 2001 Bg, Sn, Sr
TWO 621 29 07 2002 Bg, Sn, Sr
TWO 694 14 08 2002 Bg, Sn, Sr
TWO 548 16 08 2001 Bg, Sn, Sr
TWO 479 31 07 2001 Bg, Sn, Sr
TWO 450 28 07 2001 Bg, Sn, Sr
CLC 1380 19 8 1999 Bg, Sn, Sr
TWO 582 01 09 2001 Bg, Sn, Sr
TWO 315 31 07 2000 mo
CLC 1381 19 8 1999 Bg, Sn, Sr
TWO 553 17 08 2001 Si
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!Specific Locations!Plot] Genus Species I Collector | ID I Day| Month | Year | Plant associations |
Frozen Lake I R u ssu la p a s c u a TWO 554 17 08 2001 Si
Frozen Lake 2 C o r tin a r iu s sp. #3 (Telamonia) TWO 662 31 07 2002 Sr
Frozen Lake 2 C o r tin a r iu s fa v r e i TWO 661 31 07 2002 Sr
Frozen Lake 2 C o r tin a r iu s fa v r e i TWO 617 19 07 2002 Sr
Frozen Lakes 2 In o c y b e aff. sa l ic is CLC 1402 21 8 1999 Sr
Frozen Lakes 2 L e p is ta aff. ir in a CLC 1399 21 8 1999 gr
Frozen Lakes 3 L a c c a r ia p u m ila CLC 1404 21 8 1999 Si
Frozen Lake 3 L a c c a r ia m o n ta n a TWO 477 31 07 2001 Si
Frozen Lakes 3 L a c ta r iu s c f .  n a n u s CLC 1403 21 8 1999 Si
Frozen Lakes 3 O m p h a Iin a r iv u lic o la CLC 1397 21 8 1999 mo
Ftighline Trail I A m a n ita a b s a r o k e n s is CLC 1392 20 8 1999 Sg
Highline Trail I A m a n ita a b s a r o k e n s is TWO 538 16 08 2001 Sg
HighIine Trail I A m a n ita a b s a r o k e n s is TWO 678 30 07 2002 Sg
Highline Trail 2 A m a n ita a b s a r o k e n s is TWO 539 16 08 2001 Sg
Highline Trail 2 C o r tin a r iu s a b s a r o k e n s is TWO 699 15 08 2002 Sg
Highline Trail 3 A m a n ita a b s a r o k e n s is TWO 733 28 08 2002 Sr
Highline Trail 3 A m a n ita a b s a r o k e n s is TWO 397 20 07 2001 Sr
Highline Trail 3 A m a n ita a b s a r o k e n s is TWO 677 30 07 2002 Sr
Highline Trail 3 C o r tin a r iu s fa v r e i TWO 401 20 07 2001 Sr
Highline Trail 3 In o c y b e g ia c o m i  group TWO 398 20 07 2001 TSr
Highline Trail 4 C o r tin a r iu s te n e b r ic u s TWO 372 14 07 2001 Do

Highline Trail 5 Ascomycete (pale yellow, stalked cup) TWO 735 28 08 2002 S n

Highline Trail 5 E n to Io m a sp. #1 TWO 643 30 07 2002 S n

Highline Trail 5 H e b e lo m a cf. mesophaeum TWO 728 28 08 2002 Sn
Highline Trail 5 M y c e n a c itr in o m a r g in a ta TWO 645 30 07 2002 mo
Highline Trail 6 C lito c y b e sp. #2 TWO 654 30 07 2002 gr, Do, Sr
Highline Trail 7 A m a n ita a b s a r o k e n s is TWO 524 5 08 2001 I Sr

Sg = S a lix  g la u c a  ; Si = S a lix  a rc t ic a  ; Sn = S a lix  p la n i fo l ia  ; Sr = S a lix  r e tic u la ta  ; Do = D iy a s  o c to p e ta la  ; Bg = B e tu la  g la n d u lo sa  ; gr = 
grass; mo = moss
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