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Abstract:
Ectomycorrhizal fungi are important obligate symbionts of trees in temperate forests.  Currently we have a very limited understanding of their population biology.  This proposal focuses on examining genetic diversity and gene flow in mainland and island populations of Rhizopogon a hypogeous (producing below-ground sexual reproductive fruiting bodies), mycorrhizal species that associates with pines, including Bishop pine and Torrey pine.  Rhizopogon species are known to play an important role in Bishop pine regeneration following fire disturbance.  Previous studies have examined genetic diversity within and among populations of these two pines, but there have been no published studies on the population structure of mycorrhizal fungi.  Furthermore, because the three Bishop pine populations on Santa Cruz Island are not continuous, but are interspersed with chaparral, an opportunity exists to examine how much distance limits gene flow within an island compared to among islands.  Microsatellites will be used to infer population structure.  These markers provide numerous codominant loci for data analysis. 
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Overview

The need to study gene flow in mycorrhizal fungi

Ectomycorrhizal (EM) fungi are root symbionts of many temperate forest trees.  This symbiosis is fundamentally important in the biology and ecology of forest trees.  Currently we have a limited understanding of the biology of ectomycorrhizal fungi and the paucity of information on the population biology of these fungi demonstrates the need for further research.  From the few published studies, most have focused on determining genet size and distribution in a few epigeous (producing above ground fruiting bodies) species e.g., Hebeloma, Laccaria, and Suillus, (Baar et al 1994, Bonello et al 1998, Dahlberg & Stenlid 1990, 1994, Gherbi et al 1999, Gryta et al 1997).  Studies that address gene flow in populations of mycorrhizal fungi are lacking.  

Gene flow in fungi occurs through spore dispersal.  Fungi produce numerous spores that may or not be forcibly discharged, depending on the type of fruiting body.  The majority of forcibly discharged spores land near the location where they were formed, but some may be dispersed on wind currents for fairly long distances (Alexopoulos et al 1996, Rogers & Rogers 1999).  In contrast, fungi that produce below-ground truffle-like (hypogeous) fruiting bodies do not have forcibly discharged spores and rely on foraging mammals, e.g., rodents, to disperse their spores.  The hypogeous fruiting bodies are either eaten by animals (mycophagy) or deliquesce in the soil.  Spores transported by animals are returned to the soil when the animal defecates.  If the fruiting bodies remain untouched by animals, the fungal tissue deliquesces leaving the resistant spores in a mass of slime.  Because of this strategy of sexual reproduction, the hypogeous fungi leave an incredible number of spores in the soil forming a “spore-bank”.  Dispersal distance and longevity of these spores is not well understood, but presumably they could be dispersed long distances and remain viable for a very long time.  The main goal of this project is to gain a better understanding of gene flow in a mycorrhizal fungal species that relies on animal mycophagy for spore dispersal.  

The ideal place to study spore dispersal—Channel Islands National Park and coastal California mainland 


Islands provide an excellent opportunity to study evolution and gene flow in populations, as the surrounding ocean provides an effective barrier to small mammal dispersal (gene flow) among mainland and island populations.  The Channel Islands have been a center of research for animal and plant island population biology studies (Ashley & Willis 1987, Bushakra et al 1999, Gill 1980, Goldstein et al 1999, Haller 1986, Ledig and Conkle 1983, Mundy et al 1997, Wayne et al 1991) but not for fungal population biology.  In fact, the only published work on mycorrhizal fungi on these islands are based on investigations of the possible positive role indigenous endomycorrhizal species may play in reclaiming overgrazed land on San Miguel Island (Koske & Halvorson 1989a, 1989b).  There have been no other published studies on the diversity or ecology of any fungus inhabiting the Channel Islands National Park.

The system selected to study: Rhizopogon populations associated with Bishop pine and Torrey pine

A unique opportunity exists to study genetic diversity within and gene flow among natural populations of a hypogeous, EM fungal species associated with Bishop pine (Pinus muricata) and Torrey pine (P. torreyana), two species that are indigenous to Santa Rosa Island and Santa Cruz Island (Bishop pine only) and to the coastal California mainland.  Bishop pine occurs naturally at eight locations along the Pacific coast from northern California to one location in Northern Mexico and also on two of the Channel Islands (Santa Cruz and Santa Rosa Islands; Millar et al 1988).  Analysis of allozymes revealed that the northern populations (Trinidad, Mendocino, Sonoma, and Marin) are genetically distant from the southern populations (San Luis Obispo, Lompoc, and Santa Cruz Island) and that each of these subpopulations have several alleles unique to that population (Millar et al 1988).  These results suggest that there is not much gene flow among populations of Bishop pine.  

The Santa Rosa Island and southern California mainland stand of Torrey pine (Pinus torreyana subs. insularis and P. torreyana subs. torreyana, respectively) have been designated as subspecies based on morphological characters, terpenoid compounds, and isozyme data (Haller 1986; Ledig and Conkle 1983).  Furthermore, the genetic data revealed very little genetic diversity within each population but only slight differences between them, a finding unknown in other pine species (Ledig and Conkle 1983).  Both Bishop pine and Torrey pine have relatively small populations that are separated geographically and genetically. 

Presently there are no published studies that have examined the population structure of a mycorrhizal fungus and its host tree.  There is already published genetic data for Bishop pine and Torrey pine, therefore these pine are model systems to use for examining fungal population biology.  It is unknown what level of genetic diversity or population structure the EM fungi associated with these pines have.  Will the fungi also demonstrate restricted gene flow among populations?  Will genetic diversity within fungal populations be high or low?  Sampling fungi on these islands in the Channel Islands National Park is an essential component to this project, especially since there are only two populations of Torrey pine and one is on Santa Rosa Island.  Furthermore, pines are obligately ectomycorrhizal and normal growth does not occur unless the roots are colonized by EM fungi (Read 1998).  By examining population structure of mycorrhizal fungi, we will elucidate information about the co-evolution of pines and their symbiotic fungi.  

Rhizopogon (Basidiomycota, Boletales) is a hypogeous, ectomycorrhizal fungal genus that is host-specific with genera of the Pinaceae, with few exceptions (Allen et al 1999, Massicotte et al 1994, Molina et al 1992, Molina et al 1999).  Several Rhizopogon species are common as resistant, dormant spores in soils of coastal California pine forests.  Rhizopogon occidentalis, R. ochraceorubens, R. olivaceotinctus, R. vulgaris, and R. subcaerulescens have been identified in the spore bank in northern California Bishop pine forests (Baar et al 1999, Horton et al 1998, Kjoller and Bruns, submitted, Taylor and Bruns 1999).  Fruiting bodies of these species have also been collected (LC Grubisha, unpubl.).  Preliminary data obtained from surveys of fruiting bodies and bioassays of Bishop pine seedlings grown in soil collected from Santa Cruz Island, reveals the presence of R. occidentalis and R. vulgaris in all three Bishop pine populations on Santa Cruz Island and R. occidentalis has been collected on Santa Rosa Island (LC Grubisha, unpubl.).  Rhizopogon has been shown to play an important role in the regeneration of Bishop pine forests at Pt. Reyes following fire disturbance (Baar et al 1999, Taylor and Bruns 1999).  The ecological strategy of the spore bank members appears to be to colonize the roots of seedlings following disturbance rather than to play a dominant role in the resident community of fungi found on roots of mature trees. 


Rhizopogon spores are not wind dispersed, but rather rely on small mammals for dispersal, thus geographic barriers to animal dispersal become very important when discussing gene flow.  Hierarchical population structure will be considered in sampling and analysis of data.  There are four different distances considered in this project for Bishop pine but only a southern California mainland-Santa Rosa Island comparison for Torrey pine.  The first distance for Bishop pine is between northern (Mendocino, Sonoma, Marin) and southern (Monterey, San Luis Obispo, Lompoc, Santa Cruz Island, Santa Rosa Island) California populations.  The second distance is that between the islands and the mainland pine populations.  The third distance it that between Santa Cruz Island and Santa Rosa Island.  The fourth distance separates the three Bishop pine populations on Santa Cruz Island.  The terrain on this island is very rugged and it may be unlikely that the small mammals travel between the pine populations.  So essentially these three populations may actually be islands of pines on an island. 

Objectives

The four objectives that I will address in my dissertation research are to: 1) examine gene flow between California mainland and island (Santa Rosa Island and Santa Cruz Island) populations of two Rhizopogon species that occur sympatrically in California, 2) examine gene flow between the host (Bishop pine) populations, 3) examine ectomycorrhizal fungal species composition of the spore-bank on Santa Rosa Island and Santa Cruz Island, and 4) increase our knowledge of fungal species composition on Santa Rosa Island by collection and identification of fungal sporocarps (mushrooms).

Preliminary data from spring 2002 (not previously reported)

Rhizopogon species diversity on islands vs closest mainland Bishop pine stand


Rhizopogon occidentalis and R. vulgaris fruit abundantly and occur sympatrically in Bishop pine stands along the California coast and on Santa Cruz Island.  R. occidentalis is the only species of Rhizopogon identified on Santa Rosa Island and is found in both Bishop pine and Torrey pine stands.  Rhizopogon species richness is lower on the islands compared to northern California.  Several species from all four Rhizopogon subgenera that associate with pine have been previously identified in northern California Bishop pine forests (LC Grubisha, unpubl., Kjoller and Bruns, submitted).  R. occidentalis and R. vulgaris are from two of these subgenera.  


The closest mainland Bishop pine stand to the northern Channel Islands is in Lompoc.  Only one species of Rhizopogon has been identified from this area based on results from fruiting body surveys (LC Grubisha unpubl.) and soil bioassays (Kjoller and Bruns, submitted).  This species is from Rhizopogon subgenus Amylopogon.  Species from Rhizopogon subg. Amylopogon are common with pines in northern California and in the Sierra, thus the absence of these species on the islands is striking.  Furthermore, the presence of mutually exclusive assemblages of Rhizopogon species on the islands compared to the nearest mainland Bishop pine populations suggest there may have been ancient establishment events on the islands followed by isolation with the mainland.  

Gene flow between mainland and islands


Analysis of DNA sequence data from the nuclear ribosomal DNA intergenic spacer region (nrDNA IGS), and loci for actin and glyceraldehyde-3-phosphate dehydrogenase (GPD) genes, reveal that Rhizopogon occidentalis and R. vulgaris form northern mainland and island groups.  These data suggest that there is not much gene flow between these populations.  Previous studies of Bishop pine have shown that Bishop pine populations also form northern and southern California subpopulations (Millar 1988).  This coming year I will use microsatellite loci to examine fine population structure of both R. occidentalis and Bishop pine.  So far I have only made four collections of Rhizopogon occidentalis fruiting bodies on Santa Rosa Island and 10 from the isthmus on Santa Cruz Island.  In order to have an adequate population sampling, I need to collect more Rhizopogon fruiting bodies from these areas.  Ideally representative fruiting bodies from 20 – 30 individuals are needed from each population.  The “body” of the individual fungus is the mycelium in the soil, not the fruiting body or mushroom.  These structures are merely reproductive organs.  A fungal fruiting body or mushroom is to a fungal individual as an apple is to an apple tree, thus collecting fruiting bodies does not harm the individual fungus, it remains in place.  

Methods

Description of study area


Santa Cruz Island:  There are three areas along the East End Road in the isthmus 

region on Santa Cruz Island that I would like to sample for this study.  One is the burn 

area of the China pines, the second is the pine stand south of the East End Road (I believe 

it is called Los Pinos del Sur), and the third is an area along the East End Road just before the China pines burn area (GPS 34.00.11N, 119.37.39W).  


Santa Rosa Island:  The Torrey pine stand and Bishop pine stand. 

Procedures


Plots along transects will be established for sampling.  Four transects 5 m apart, each containing up to 5 x 4-m2 circular plots at 5 –m intervals will be sampled, given this is permissible in the terrain at all sites (O’Dell e al . 2000).  Where the terrain is too steep to allow sampling along transects or where the vegetation is too dense to reach the litter layer, collection of specimens will occur along trails. 

Collections


The primary focus will be on collecting Rhizopogon fruiting bodies and other hypogeous fungi.  Multiple collections of Rhizopogon fruiting bodies are necessary in order to adequately sample the population.  The fruiting body is merely the reproductive structure of the fungal individual, i.e., as an apple is to an apple tree, collecting fruiting bodies does not harm the individual, since the individual remains in the soil as a mycelial network.

Analysis


All collected specimens will be examined, given an approximate field identification and exemplars will be photographed.  At UC Berkeley, collections will be examined microscopically, identified using monographs and DNA sequence analysis, and deposited in the University of California Berkeley herbarium.  Photographs will be used to develop a Channel Islands fungi web page.


I will use microsatellite loci to infer fine scale population structure because they are codominant markers that provide numerous alleles with high levels of polymorphism.  

To assess within population variation, observed and expected heterozygosity will be

calculated.  To determine if observed heterozygosity is that expected from a random

mating population, expected genotype frequencies under Hardy-Weinberg equilibrium 

will be determined.  Departures from Hardy-Weinberg equilibrium will be tested 

employing a model for loci with multiple alleles (Guo and Thompson 1992).

Gene flow between populations will be inferred from the levels of genetic differentiation among populations.  FST (Wright 1951) will be calculated to determine if the R. occidentalis total population (all mainland and all island combined) is behaving as one random mating population (panmixia) or if the total population is subdivided into subpopulations that are random mating (population structure).  Assuming Hardy-Weinberg equilibrium in the total and subpopulations, FST compares the expected heterozygosity in each subpopulation to the heterozygosities expected across all populations.  If FST = 0, then the total population may be considered as behaving as one large panmictic population.  However, if FST = 1 then there is fixation of alleles at different loci in the subpopulations and they are genetically isolated from each other.  Genetic differentiation among populations increases with increasing FST, e.g., 0-0.05 indicates little genetic differentiation, 0.05-0.15 moderate genetic differentiation, 0.15-0.25 great genetic differentiation, and >0.25 very great genetic differentiation (Wright 1978).  Thus, if the R. occidentalis population in Point Reyes is compared to the Santa Rosa Island population and FST > 0.15 is estimated, then subpopulations exist and random mating does not occur in the total population, indicating that dispersal is not occurring at these distances.  

Evolution in microsatellites is believed to occur by stepwise mutation ( Kimura and Ohta 1978).  Slatkin (1995) developed a statistic, RST, that is analogous to FST, but may be more appropriate for microsatellite loci because it is derived from models based on stepwise mutation.  FST is estimated based on frequency of alleles between populations whereas RST is the fraction of the variation in allele size between populations (Slatkin 1995).  Interpretion of RST is the same as for FST, e.g., RST = 0 indicates panmixis, RST = 1 reflects total subdivision of the population.

FST and RST will be estimated using Analysis of Molecular Variance (AMOVA, Ecoffier et al 1992).  AMOVA is a flexible analysis of variance framework that allows the variance of microsatellite frequency and size to be partitioned among hierarchical groups (Excoffier et al. 1992, Michalakis and Excoffier 1996).  Four regions are defined: northern mainland pine populations, southern mainland populations,  all Santa Cruz Island pine populations, and all Santa Rosa Island pine populations.  Groups will be defined as populations within regions.  Finally within population genetic differentiation for each population will be considered.  The software package ARLEQUIN v. 2.0 (Schneider et al 2000) will be used to test for deviation from Hardy-Weinberg expected genotype frequencies using the method of Guo and Thompson (1992) and to estimate FST and RST using AMOVA.  

Schedule

Start of project:  On-going since 2001. Start date this permit season is January 1, 2003.

Fieldwork: Santa Cruz Island pine stands will be sampled in January 2003 and at the end of March 2003.  Sampling on Santa Rosa Island is dependent on NPS assistance.  If possible I would like to sample in December 2002, or January/early February 2003.  

Identification and analysis:  present – August 2003. 

Preparation of manuscripts/reports:  September 2002 – December 2003.

Completion of project:  December 2003 (graduation is planned)

Budget


This project is not funded.  Laboratory supplies are supplied by my advisor, Thomas D. Bruns.   

Products

Publications and reports


I anticipate that at least four publications will be generated as part of this study.  In the first manuscript will examine mainland-island population structure of Rhizopogon occidentalis and Rhizopogon vulgaris and I will compare fungal gene flow measures to the mainland and island populations of the hosts, Bishop pine and Torrey pine.  This will be the first publication to address population structure of a mycorrhizal fungus and its host.  In the second publication I will present data on the island biogeography of Rhizopogon species and compare this to the closest mainland population of Bishop pine.  The third publication will be a discussion of the diversity of hypogeous fungi present on Santa Cruz Island and Santa Rosa Island, including descriptions of new taxa, a discussion of the unique island history, i.e., absence of a land bridge, and possible hypotheses for dispersal of these fungi to the islands.  The fourth manuscript will be a comprehensive account of the all fungal species collected including UC Berkeley herbarium accession numbers, habitat description, GPS locations, and GenBank accession numbers for DNA sequences.


I also submit annual reports to the University of California Nature Reserve system for my work on Santa Cruz Island.   

Collections


Specimens will be archived at the University of California Berkeley herbarium.  

Data and other materials


DNA sequences will be catalogued on-line in GenBank, a public depository of 

nucleic acid sequence data.  Photographs will be used to develop a Channel Islands fungi 

web page.
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My CV is attached.  Other scientists mentioned in the proposal but are not considered co-investigators are Thomas D. Bruns, my advisor, and James M. Trappe.  Dr. Bruns has conducted extensive research on mycorrhizal fungi at Point Reyes National Seashore.  Dr. Trappe is an expert fungal taxonomist and specializes in identification of hypogeous fungi.
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Supporting documentation 

A.
 Safety—No potentially hazardous activities

B. Access to study sites—On Santa Cruz Island I will have access to vehicles at the 

UC Nature Reserve for transportation along the East End Road to the China pines.  I will hike from the East End Road to the Bishop pine site south of the China pines (Los Pinus del Sur).  On SRI I can walk to the sites.

C.
Use of mechanized and other equipment – None needed

D.
Chemical use – Not applicable

E. Ground disturbance—There will be no ground disturbance, except for movement 


of litter to get at mushrooms.  The litter will be carefully removed and replaced.  

F.
Animal welfare – Not applicable

g. NPS assistance—On Santa Rosa Island, I request assistance in lodging and if 


possible assistance from staff in transportation.  No assistance is needed on Santa 


Cruz Island since lodging and vehicles are taken care of by the UC Nature Reserve 


Field Station.

H.  Wilderness “minimum requirement” protocols – Not applicable
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