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ABSTRACT 

Large genetic individuals of Armilhria g m c a  grow mitoticall y from 

a single point of origin to occupy discrete temtories, often covering 

several hectares of forest floor. Since the expansion of temtories requires 

a large number of ce11 generations over a long period of tirne, somatic 

mutations are expected to accumulate. To test this possibility, isolates were 

collected from spatially separated points within two large individuals of A. 

galüca, and 42 anonymous regions of genomic DNA were screened for 

variation apparent as single strmd conformational polymorphism (SSCP). 

Although there was abundant variation in nucleotide sequences between the 

two individuals, there was no variation among isolates within either of the 

individuals. This result can only be explained in one of two ways. Either 

the mutation rate in individuals of A. gallica is far lower than expected, or 

the expansion of individuals of this fungal pathogen involves far fewer ce11 

generations than was previously estimated. 
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INTRODUCTION 

Mutation is the source of al1 allelic variation. How sexual and asexual 

populations of organisms evolve with mutation has recently been the subject 

of intense debate (Drake et al., 1998; Kondrashov, 1995; Taddei et al., 

1997). Despite the abundant theory on this topic, mutation rates are 

notoriously dficult to determine in natural populations (Kondrashov, 1998). 

This is because in most cases the time elapsed since the common ancestry of 

two allelic forrns of a DNA sequence can only be estimated indirectly; the 

difEculty is that individuals in most populations are spatiaily discomecteci 

from one another and their genealogical relationships usually cannot be 

known with certainty. In contrast, in those few cases where genealogical 

relationships among individuals are known, not enough time has elapsed to 

observe mutations in statistically meaningfui numbers. 

Spatially structured individuals of a common and ecologically 

important fungus, Amillaria, offer a unique oppominity to measure 

mutation rates under natural conditions. From population genetic studies 

(Riuo et al., 1995; Saville et al., 1996; Smith et al., 1994), it is generally 

accepted that genetic individuals of this fungus grow mitotically from a 

single point of origin, expanding to occupy discrete temtories that may 

include many adjacent roots systems over many hectares of forest floor. The 

growth of these individuals in nature is thought to be much like the growth 

of a mycelium from a point of inoculation on artifcial medium in a petn 

dish. 



In nature, the individuals of Armillaria can persist for centuries. The 

motivation for this thesis was that the large number of ce11 divisions required 

to produce such large and old individuals should bring the observation of 

statis ticall y meaningful numbers of mutations wi thin specific segments of 

selectively neutral DNA within the reach of a modest sequencing effort. 

Furtherrnore, the spatial relationship among cells of an individual provides 

the framework for estimating the time back to common ancestry of different 

copies of segments of DNA, resulting in an accurate estimate of mutation 

rate. Physical distance betweea points sampled w ithin the individual can 

also be equated with a minimum number of ce11 divisions required for the 

fungus to expand over that spatial interval. In effect, the entire mutational 

history of an individual of Armillaria should be laid out in a spatial pattern 

reflecting growth from a single point (Figure 1). 

The ability to determine the mutational history of a fungal individual, 

w hich consists of a natural population of cells, is analogous in some respects 

to the elegant experimental systerns designed by Lenski and students to 

study evolution in the test tube (Koroaa et al., 1994; Travisano et al., 1995). 

In their most comprehensive experirnental evolution study, Lenski and 

Travisano (Lenski and Travisano, 1994). propagated twelve replicate 

populations of E. coli in a uniform environment for 10,000 generations. Al1 

populations were founded from the same cell; therefore there was initially no 

genetic variation either within or between the replicate populations. This 

meant that mutation provided their only source of the obsewed adaptation 

and genetic divergence over time (Sniegowski et al., 1997). Individuals of 

Armillaria parallel these experimental populations since they arise from a 

single point and mutation provides their only source of genetic variation 



over time. Unlike liquid cultures of E. coli, however, individuals of 

Amillaria represent spatially structured ce11 populations growing through 

much larger numbers of generations. This spatial structure might aiso 

prevent the "seleetive sweeps" of adaptive mutations that occur in the 

spatiaily mixed environment of a liquid culture. 

Literatnre Review 

Mutation is most often expressed in units of events per nucleotide 

position per unit of time, which is expressed in years or generations. Since 

mutation rates in these units are very small(l0-10 to 10-9, there are two 

fundamentally different approaches to determining mutation rates: 

observations must either compare DNAs over (a) large numbers of 

individuals or (b) long periods of time. An example of the former approach 

is to look for mutation in a known Lineage of ceils or organisrns. Because 

the nurnber of generations in these lineages is usuaily small, a mutation rate 

can only be determined by sampling DNA sequences from a large number of 

individuals. An example of the latter approach is to compare DNA 

sequences between species and then estimate the mutation rate based on the 

amount of time since the two species diverged. Here the number of 

generations since the cornrnon ancestor is large, and only a single 

representative of each species is required to detemine the mutation rate. 

Although these two methods attempt to determine the same thing, the 

mutation rate, there is an important dmerence between them. When 

measuring the rate of mutation by counting changes within a known lineage, 

al1 but those mutations of the most severe deleterious effects (e.g., lethals) 



will be retained. Therefore this method cornes the closest to  a direct 

measure of the overall, spontaneous mutation rate. In contrast, comparing 

the sequence differences between species is actually a measurement of the 

"substitution rate": the rate at which mutant alleles replace other alleles as 

they reach fixation in a population over time. Deleterious mutations, even 

mildly deleterious mutations, will have a reduced chance of becoming fixed 

in a population and therefore will be under-represented in this kind of 

analysis. For mutations that are selectively neutral, the substitution rate at 

the population level is equal to the mutation rate at the level of the individual 

(Hart1 and Clark, 1997). However, given that many mutations are slightiy 

deleterious (Thatcher et al., 1998) and will therefore be lost over the long 

term, the two methods will yield very different results. The evidence that 

these two approaches yield very different estimates of mutation rate in the 

mtDNA of humans is compelling (Loewe and Scherer, 1997). 

Determining Mutation Rate in a Known Lineage 

In determining mutation rate within a known lineage, there are two 

main methods. Mutation rate can either be determineci (a) as a mutation rate 

of a particular segment of DNA, usually a gene, or (b) as an average 

mutation rate across the entire genome. In plants and animals, many 

estimates are based on the mutation rate at specific loci, particularly loci 

which have an obvious phenotypic effect (Crow, 1993; Crow and Demiston, 

1985; Klekowski, 1992). For example, mutation rates for loci detennining a 

number of human diseases have been made (Crow, 1997). These estimates 

of the human mutation rate for specific loci have k e n  useful in determining 

the relative importance of gender and patemal age differences in mutation 



rates. Because of the lirnited number of loci compared and the variability in 

the mutation rate between sites, however, these estimates Say little about the 

overall genomic mutation rate (Crow, 1997). More extensive studies of 

mutation rates in animals based on specific loci corne from Caenorhabditis 

elegans, Mus musculus and Drosophila where estimates range from 1.8X 

IO-'' to 3.4 X 10-l0 mutations per base pair per replication (Drake, et d., 

1998). For al1 of these estimates, niutaïions with smdl effects tend to go 

uncounted so the values above are al1 minimum estimates uncorrected for 

poorly detected kinds of mutations m e ,  et ai., 1998). 

In plants, the majority of the mutation research litenitüre is on the 

chlorophyll-deficient or albino phenotype resulting from mutations of the 

nuclear genome (Klekowski, 1992). Since the al bino phenotype results from 

mutations at any one of a great variety of different nuclear gene loci, the 

number of these loci must be estimated and the overall mutation rate for 

albinism is then the sum of the individud mutation rates of each of these loci 

(Klekowski, 1992). 

Since different genes have different rates of mutation, a disadvantage 

of the specific-locus method is that the one or more genes examined may be 

umepresentative of the rest of the genome (Drake, et ai., 1998). Also a 

potential bias in the estimation of genomic mutation rates is that genes that 

mutate frequently are more likely to be studied than those that mutate rarely. 

This can enormously idlate an estimate of the typical mutation rate (Crow 

and Denniston, 1985). More fundamentally, because these estimates are 

based on genes, they underestimate the spontaneous mutation rate across 

the entire genome since the majority of DNA in higher eukaryotes is non- 



coding. Because there is uncertainty about the number of genes and the 

importance of extragenic mutations, measuring the mutation rate at specific 

loci carmot give an estimation of the spontaneous mutation rate for the total 

genome (Crow, 1997). 

In addition to measuring variation in specifc gene regions, the other 

possibility is to determine mutation rate over the whole genome. These 

studies usuaily follow the accumulation of mutations with a phenotypic 

effect and can provide an estimate of the rate of deleterious mutations across 

the entire genome. For example, a set of initially genetically identical lines 

is established and maintained independently and mutations are allowed to 

accumulate (Drake, et al., 1998). Avoiding the difficulty that lines 

accumulating large numbers of mutations becorne increasingly vulnerable to 

loss due to low fitness can be accomplished in Drosophih by keeping a 

chromosome continually heterozygous and minimizing selection by using 

only a single male each generation (Drake, et al., 1998). Then the 

chromosome is made homozygous and its viability compared in the same 

culture with a tester chromosome from a standard laboratory stock (Crow, 

1997). The decreased viability may be caused either by many mutations 

with very small effects or by a s d l e r  number with correspondingly larger 

effects (Crow, 1997). These two possibilities can be distinguished by using 

the fact that as the number of mutations increases, the variance from culture 

to culture increases (Crow, 1997). B y replicating the accumulation lines 

many times, the variance, and the total number of mutations, can be 

detemiined (Crow, 1997).. 



A major problem with results from these kinds of experiments has 

k e n  the lack of the proper control for the estimation in the decline in o v e d l  

fitness (Drake, et al., 1998). Because fitness components are aotoriously 

sensitive to environmentai effects (Houle in (Drake, et al., 1998) , the 

mutation-accumulation lines should ideally be rneasured at the sarne time as 

a control that has not had the oppominity to accumulate mutations (Drake, et 

al., 1998). This can be overcome by freezing the control lines, a technique 

that has become available only recently for Drosophila (hake, et al., 1998). 

Mutation rate in microbes is generally rneasured differently than in 

plants and animals. Plants and animals have orders of magnitude moie DNA 

than microbes, most of which is not in functional genes but rather in introns 

and intergenic regions (Drake, et al., 1998). This makes the rate of mutation 

across the entire genome easier to estimate in microbes. Rates of 

spontaneous mutation in DNA-based microbes were last surveyed in Drake 

(1991) (Drake, et al., 1998). There are two methods cornmonly used to 

calculate mutation rates in microbes (Drake, 1991). One is a method of 

mutant accumulation where a population is grown until large enough to 

contain many mutants and the mutant frequency is then followed as a 

function of population size (Drake, 1991). The second i s  Luria and 

Delbmck's method where many replicate cultures are grown from small 

mutant-free inocula until roughly half have experienced a mutation, and the 

cultures are then scored for average population size and for mutants (Drake, 

1991). The mutation rate can then be calculated either by using the entire 

distribution or by using oniy the fraction of cultures without mutants (Drake, 

1991). 



Determining Mutation Rate By Comparing Species 

For determining mutation rate by comparing dflerent species, the 

same two main methods are available as for determining mutation rate 

within known lineages: mutation rate can either be determined (a) as a 

mutation rate of a particular segment of DNA, usually a gene. or (b) as an 

average mutation rate across the entire genome. Comparing sequences of 

one or several particular gene regions between species have al1 of the same 

problerns as when genes are compared within species. The advantage of this 

method over searching for mutational eveats within a known lineage of 

individuals is that the DNA sequences of two different species will usually 

have a larger number of differences than between sequences from within the 

same species; this is because the time since common ancestry is much 

longer. The longer divergence time provides a statistically meaningful 

number of observations in contrast to comparing a single change within a 

known lineage of individuais where much smailer numbers of differences 

are evident. Because there is often a large number of nucleotide sequence 

differences between species, it is possible to make estimates of the total 

genomic mutation rate by comparing only bases that have silent 

substitutions. This is desirable since silent substitutions are thought to have 

virtually no selection on them. It is necessary, however, to compare the 

DNA sequences of many genes in order to estimate the average DNA 

divergence since even when only silent substitutions are compared, the 

percent of divergence differs between individual genes (Britten, 1986). It is 

possible however, to estirnate the neutral mutation rate for each gene by 

comparing only synonymous substitutions within that gene. Using this 

information, a deleterious mutation rate can be determined by comparing the 



dfierence between the number of nonsynonymous substitutions and the 

number that would be expected at the neutral rate (Crow, 1999). This has 

recently been done for 46 proteins in humans and it was determined thai 

38% of mutations in genes are deleterious (Eyre-Walker and Keightiey, 

1999). 

The average rate of mutation across the entire genome can be 

determined by measurïng the thermal stability of hybridizations of 

interspecies DNA DNA duplexes formed in vitro between single-copy DNA 

from two different species (Britten, 1986). Since the majority of these 

changes appear to be neutral, the mutation rate can be estimated because the 

differences in thermal stability arise from the fixation of neutral changes in 

the genomes of different species (Britten, 1986). This allows the median 

divergence of al1 single-copy DNA to be estimated at once and is therefore 

representative of the entire genome. Measuring the thermal stability of 

hybridizations has a disadvantage to comparing primary DNA sequences of 

a particular gene region, which is that specific substitutions and 

rearrangement events can not be identified (Britten, 1986) It is also not 

sensitive enough to detect variation between individuals with very little 

sequence divergence and so c m  only be used for between species 

comparisons. 

Unlike counting mutations within a known lineage, estimating 

interspecies DNA sequence differences has the added complication of 

needing an accurate method of determining the time of divergence of the two 

species in question. Unfominately, divergence times estimated from the 

fossil record or geologicai events usually have a large margin of e m r  



(Britten, 1986). Despite the problems in determining absolute mutation rate, 

comparing interspecies DNA sequences can be a powerful method of 

determining the relative rate of mutation between two species. This can be 

dune using the relative rate test, in which an outgroup species is used as a 

reference for comparing the substitution rate in two related species (Li et al., 

1987) . 

Other problems arîse when comparing sequences between species that 

diverged a long time in the past. Hot spots of substitution can mean that 

some bases change more than once, often reverting back so that their initial 

sequence is restored. These multiple hits mean that there may be more 

substitutions actually occumng than are observed. This will cause the rate 

of substitutions to be under-estirnated (Golding, 1983). If transitions occur 

more frequently than transversions, as seerns to be generally the case, this 

can in effect cause the rate of substitutions to be under-estirnated in the same 

way as variability in the mutation rate among sites does (Golding, 1983). 

Because of the effects that variability in mutation rate cm have on estimates 

of the total mutation rate, cornparisons can only be made between species 

that have a high degree of sequence similarity. 

Evolutionary Forces and ~ u t a t i o n  Rate 

The fact that DNA repair mechanisms exist implies that the mutation 

rate is effected by evolutionary forces. Rapidly mutating individuals 

produce less fit offspring because most nomeutral mutations are deleterious 

(Drake, 199 1 b) . Since most non-neutral mutations are deleterious, selection 

should favor genetic modifiers that d u c e  the mutation rate and thereby 



reduce the genetic load of deleterious alleles (Drake, et al., 1998). If 

selection does favor a reduction in mutation rates then why does the 

mutation rate not fail to zero? One suggestion is that there is a lirnit to how 

low the mutation rate can go since there is a physiological cost of increasing 

fidelity, in slower replication or the burden of additionai repair systems 

(Drake, 199 1 b). Also, in a changing environment when new mutations 

prove adaptive, there will be selection for increased mutation rates (Drake, 

1991b). 

Models incorporating mutators and antirnutators have shown that a 

mutator can reduce individual fitness while increasing the probability for an 

adaptive (i.e., beneficial) mutation to appear in the population uaddei, et al., 

1997). These models predict that a minimal mutation rate would be selected 

in a stable environment, whereas in an oscillating environment, populations 

at equilibrium could have a non-minimal mutation rate (Taddei, et al., 1997). 

It has also been suggested that since mutator genotypes generate adaptive 

mutations efficiently, a transient increase in mutator frequencies should be a 

comrnon event in naturd asexud populations undergoing sporadic adaptive 

evolution (Taddei, et al., 1997). Modeling has shown that in a population of 

infinite size, mutator alleles that cause an elevation of 10 to 100 fold in 

overall mutation rate can be fuced by 'hitchhiking' with favorable mutations, 

whereas a mutator with a 1000 fold effect on mutation rate will not become 

fixed (Taddei, et al., 1997). However a population containing a mutator 

with a 1000 fold effect on mutation rate can evolve faster than a population 

without a mutator if the mutator is easily reverted (Taddei, et al., 1997). 

This c m  explain how a mutator allele can remain rare and yet have a 



dramatk effect on the fitness of the population as a whole fladdei, et ai., 

1997) 

To determine if mutation rates are adjusted to optimal levels, 

populations of Drosophifa subjected to high mutation pressure in the form 

of x-rays were studied to determine if an equilibriurn was maintaineci 

between the amounts of environmental mutagens and intriasic mutation rates 

(Nothel, 1987). If mutation rates in populations are adjusted to optimal 

levels, then radiosensitivity must i) remain constant over several hundred 

generations in populations continuously kept at the same level of per 

generation input of x-rays, ii) increase in subpopulations that are no longer 

irradiated, and iii) further decrease in a subpopulation with an additional 

increased exposure level (Nothel, 19a1). Al1 of these conditions were met 

and the data indicated that populations of D. melmgtzs?er clearly showed a 

fine-tuned evolutionary adjustrnent of mutation rates to irradiation levels. 

This indicates that mutation rates are not constant for a species but that the 

amount of genetic variability arising by mutations, which uitimately fuels 

the selective responses, is itself controlled by selective forces (Nothel, 

1987). This also implies that the mutation rates of populations in natural 

systems may be very different from those of experimental populations. For 

this reason, in order to get an accurate measure of mutation rate in a given 

organism, it is necessary to measure it under natural conditions. Large 

individuals of Armilkria are ideal for this purpose. Because of their age and 

pattern of growth, not only do they have a known lineage consisting of an 

enonnous number of ce11 generations, they also represent a natural 

population of cells. 



Mutation in Asexual Organisms 

In outbreeding sexual species, meiosis uncouples rate-adjusting 

mutations from the mutations they create so that a neutral allele rernains 

associated with a mutation that has occurred in the same garnete as itself for 

an average of only two generations (Drake, et ai., 1998). In organisms with 

rare or no sex, the products of mutation remain coupled to the rate 

determinanis so that deleterious genes are eliminated from the population in 

the sarne genotypes in which they occur (Drake, et aï., 1998). In sexual 

species, since deleterious mutations are regroupeci every generation, it is 

possible in pnnciple for mutations to be elirninated in groups (Drake, et al., 

1998). Since this is the case, a mutation rate that would lead to extinction in 

an asexual species may be tolerated in a sexual one (Drake, et al., 1998). 

In small populations asexual species also face the problem of Muller's 

ratchet, where the least mutated class is subject to Ioss through genetic drift 

and once lost cannot be brought back if back mutation (Le., reversion) is rare 

(Judson and Normark, 1996). Even in large populations, asexuals will still 

accumulate slightly deleterious mutations since they will be unable to reduce 

their mutational load as rapidly as sexual populations (Judson and Normark, 

19%). Clearly there is much stronger selection in favor of reducing the 

mutation rate in asexual or selfing organisms than in sexual species (Drake, 

et al., 1998). 

Although asexual reproduction is advantageous in presewing 

genotypes that are well adapted to the immediate environment, sexual 

recombination is thought to be necessary for long-term evolutionary success 



(Kondrashov, 1993). If this is the case, an organism with a plastic mode of 

growth could grow asexually for a long period of time over many ce11 

generations, but still have enough sexual reproduction to avoid the problems 

of long-term asexuality. Armilluria may combine the best of both asexual 

and sexual strategies. Individuals of Armilhtia grow and expand their 

territory asexually for many hundreds of years, but at the same time produce 

sexual spores capable of exploiting new environments. 

Biology of ArmiCCaria 

A. gallica is a common opportunistic pathogen of woody plants which 

is widespread in temperate regions around the world. It is one of several 

species of &milfaria. This economically and ecologically important genus 

is well studied and there is considerable information on its life cycle and 

ecology (Shaw and Kile, 199 1). in A. gaflica, compatibility between 

monosporous isolates is controlled by a bifactorial sexual system found 

commonly in Homobasidiomycetes (Smith and Anderson, 1989). In 

bifactorial systems, two incompatibility factors, each constituted of two 

closely linked loci, determine compatibility (Ullrich, 1977). There are 

multiple alleles for each locus and isolates must ca ry  different alleles at 

both loci for a compatible rnating reaction to occur (Smith and Anderson, 

1989). In most Homobasidiomycetes, a sexually compatible mating results 

in a dikaryotic mycelium with or without clamp connections (Anderson et 

al., 1989). Amiflaria is unusual in that compatible matings produce 

vegetatively stable diploid mycelia lacking clamp connections (Anderson, et 

al., 1989). 



At the population level, samples of A. gallica from eastem North 

America have been shown to have genotypic frequencies not significantly 

difTerent from Hardy-Weinberg expectations over distances of as much as 

400 - 2000 km (Saville, et al., 1996). Amilluria has also been found to have 

a high level of genotypic diversity within sites even though there is evidence 

for some level of nonrandom mating at the local level (Rizzo and 

Harrington, 1993; Saville, etal., 19%; Smith, etal., 1994). So dthough 

individuals of Armilhia can grow rnitotically over long time pends, they 

are derived from a widespread sexual population with frequent mixing of 

genes. 

Individuafs of Amillaria grow vegetatively and have an 

indeterminate size, shape, and age which means that an individual is not 

simply defined. Such individuals are usually termed genets, which in this 

organism is best defined as a mitotic ce11 lineage established in a mating of 

two gametic nuclei (Smith, et al., 19%). Although haploid, monokaryotic 

hyphae have never been seen in nature (Smith, et al., 1994), genets are 

presumably established when basidiospores germinate and the resulting 

haploid hyphae quickly meet compatible monokaryotic hyphae from another 

basidiospore, mate, and form a diploid. The formation of the diploid 

therefore marks the begiming of a new individual. Once formed. the diploid 

thallus expands from this single point of origin to occupy a discrete temtory 

by continuous vegetative expansion. 

Vegetative expansion of an individual may be via rhizomorphs or 

grow th through susceptible host tissue and root-to-root contacts (Rizzo and 

Hanington, 1993). Expansion primarily takes place by the formation of 



rhizomorphs which are specialized aggregations of hyphae which bear 

superficial resemblance to the roots of higher plants (Caimey et al., 1988). 

Rhizomorphs grow apically through soi1 and leaf litter between woody food 

bases (Cairney, et al., 1988). Rhizomorphs are an efficient means by which 

an individual can expand its territory since they grow at a rate of 9.8 mm per 

&y as compared with 0.75rnm per &y for normal mycelium (Rishbeth, 

1968). This altows individuals of ArrniIlaria to quickly invade new food 

sources. 

Rhizomorphs have a highly organized apical growing point of tightly 

packed cells, protected by a cap of intertwined hyphae in (and producing) a 

mucilaginous matrix (Gow and Godd, 1995). Behind is a medullary zone 

containing vessel-hyphae w hich f o m  a central charme1 through the 

rhizomorph (Gow and Godd, 1995) allowing for efficient translocation of 

nutrients. Tluough vegetative expansion, individuals of Anniliaria can grow 

to occupy several root systerns, and may eventually occupy large areas up to 

several hectares in extent (Rizzo et al., 1995). 

Once a clone becomes established, basidiospore germination w ithin an 

individual clones temtory appears to be an extremely rare event as is 

evidenced by the lack of any new genotypes within an individuals temtory 

(Smith et al., 1992). This is likely due to the ability of established clones to 

quickly invade new food sources (Smith, et al., 1992). Because the 

established clone is already present, it will usually be the first to encounter a 

new food source within its territory. However, even if a new food source is 

first encountered by basidiospores from other individuals, the established 



clone, which can shuttle resources from other locations, can presurnably 

outcompete the newly arrived basidiospores. 

Variation Within Individuals 

It has been argued that asexual species could generate genetic 

variability through somatic mutation and mitotic recombination (King and 

Schaal, 1990). Indirect evidence that somatic mutation is occumng and may 

have evolutionary sigiuf~cance cornes from the observation that some 

branches on trees obviously differ from other branches, and the fact that 

insect herbivores do not fare equally well on al1 branches of a tree (Antolin 

and Strobeck, 1985). More direct evidence c o m a  from the fact that 

restriction site variation has been found in obligately asexually reproducing 

lineages of T a r ~ a c u m  ofticinale (King and Schaal, 1990) and using RAPD 

markers Tusken et al found variation which indicated that somatic 

mutations were accumulating in clonal aspen stands (Tuskan et al., 19%). 

There is also evidence for somatic mutations occumng in 

Basidiomycetes. There have been numerous studies which have shown that 

filamentous fungi grown in nutritionally rich laboratory media exhi bit 

extremely high levels of morphological and physiological variation (Li et al., 

19%). In the cultivated button mushroom, Agaricus bispom, the 

phenornenon of sectoring of rnycelium is of particular concem to the spawn 

industry (Li, et al., 1994). These sectors arise from a range of genetic 

abnomalities including deheterokaryotization, loss of alleles, allelic 

conversion, chromosomal length polymorphism's, and loss of entire 

chromosomes (Horgen et al., 19%). Somatic recombination between 

artificially paired A. bisporus heterokaryons has also been found to occur 



with stri kingly high frequencies, suggesting that genetic exchange and 

recombination may occur between vegetative heterokaryons in nature (Xu et 

al., 1996). Although these studies did not attempt to determine a mutation 

rate, it is clear that in the broadest sense somatic mutation is occurring in 

these systems. 

Goals 

Individuals of Amillaria grow mitotically for hundreds of years and 

occupy temtories hectares in extent. It should therefore be possible to detect 

somatic mutation within large individuals of ihis fungus through screening 

arbitrady selected segments of DNA. Due to their spatial pattern of growth, 

it should also be possible to determine a rate of mutation in these individuals 

under "natural" conditions. 1 have screened isolates from a total of 25 

sampling points within two large individuals of Annifiaria gaflica for 

variation in nucleotide sequences. The distance between sampling points 

within one of these individuals is up to 650 m which represents a minimum 

of 6.SX 107 ce11 divisions based on a ce11 length of 10 pm (Saville, e? al., 

19%). 1 have screened a total of more than 104 base pairs of presumably 

non-coding DNA, and a v e n  the expected mutation rate of 10-10 - 10-9 

(Drake, 199 1) should expect to see sixty five to six hundred and fifty base 

pair changes (10-9X (6SX103X104). After this intensive search, 1 found no 

variability within these individuals calling into question two assumptions 

about individuals of A. gallica. Either the rate of mutation is much lower 

than expected, or  the numbers of ce11 divisions have been drastically over- 

estimated. 



Figure 1 Once a maîing takes place, clones expand in size from a single point 
over time. if a mutation m u r s  as the clone expands. the ail coatauuiig 
that mutation wiii be replicated iuioil ibere are numerais ceUs with the 
same mutaiion This wili create sectors refleaing the clone's spatial 
pattern of p w t h -  



MATERIALS AND METHODS 

Collection of Isolates 

A. gallica isolates were obtained from fruit-bodies and rhizomorphs 

dong 1 km east/west, and north/south transects through a permanent study 

site in a northern Michigan hardwood forest (Smith, et al., 1992). Clean 

cultures of isolates were obtained from rhizomorphs and fmitbodies as 

described in Saville et al (19%). The isolates were previously characterized 

as either belonging to Clone One or Clone Two based on mating-type 

alleles, RFLPs, and RAPDs (Smith, et aï., 1992). Additionai genotypic data 

are provided by Saville et ai. (19%). In thîs study, seventeen isolates from 

Clone One, five from Clone Two plus a haploid, single spore isolate from 

Clone One (4424) were screened for variation 2). 

DNA Extraction 

Mycelium from each of the isolates was inoculated ont0 2% malt 

extract agar and two to three weeks later was subcultured onto liquid 

complete yeast medium (CYM) (Stevens, 1974) in a petri dish. These 

cultures were incubated until a fine mat of hyphae covered the liquid 

medium, at which time the liquid was strained off through filter paper. The 

mycelium was then put in 2 ml flat-bottomed polypropylene tubes and 

submerged briefly in liquid nitrogen. The mycelium was then dried in a 

Sorvall Speed Vac ovemight and stored at -20' C. 



To extract DNA from each of the isolates, a 1.5 ml polypropylene 

tube was filled to 1/3 capacity with freeze-dried mycelium. The mycelium 

was chopped to a coarse powder with a clean spatula. 1.0 ml of CMI3 

extraction buffer with salt (140 p l  of 5 M NaCl; 100 pl of 10% CTAB; 50 pl 

of 1.0 M Tris (pH 8.0); 20 p l  of 0.5 M EDTA; 690 pl  of glass distilled H20) 

was added. The contents were then mixed with a spatula, and vortexed at 

low speed to produce a smooth suspension of mycelial fragments in 

extraction bufEer. This suspension was allowed to stand at room temperature 

for 30 minutes before k i n g  centtifuged for four minutes at high speed in a 

Beckrnan Microfuge. The supernatant was transfened to a new tube and 700 

pl  of chlooroform/isoamyl alcohol(24: 1) was added and the contents were 

vortexed thoroughly. After centrifugation at maximum speed for 5 minutes, 

the aqueous phase was transferred to a new tube, to which 750 pl  of CTAB- 

no sait buffer ( 75 pl of 1096 CTAB; 37.5 pl 1.0 M Tris (pH 8.0); 15 pl  of 

0.5 M EDTA; 622.5 p l  of glass distilled &O) was added and mixed 

thoroughly by inversion and centrifuged for 30 seconds at high speed. The 

supernatant was poured off and the tube was inverted on a clean paper towel 

for thirty minutes. The pellet was then dissolved in 300 p l  of TE containhg 

2.0 M NaCl. 300 p l  of chloroform/isoamyl(24: 1) was added and the mix 

was vortexed bnefly and spun for 5 minutes. The supernatant was 

transferred to a new tube and 650 pl of cold ethanol was added and the tubes 

were mixed thoroughly by inversion. After centrifugation for 1 minute, and 

the supernatant was poured off. The pellet was rinsed with 70% ethanol and 

d l  of the remaining liquid was removed with a micro pipette. Pellets were 

dried in a vacuum for 15 minutes after which pellets were dissolved in JO pl 

of glass distilled H20. The DNA was then heated to 65' C for 5 minutes 

and stored at -20" C. 



Plasmid Library and Seqeeneing 

A plasmid library of EcoRI digested DNA from one haploid, single- 

spore isolate (4424) was made in the vector pUC18 by standard methods 

(Sambrook et al., 1989). A total of 61 clones from this library were 

randomly selected to be sequenced, and mini preparations of plasmid DNA 

were then done by the alkaline-lysis method (Sambrook, et al., 1989). These 

cloned DNA regions were sequenced with Ml3 forward &or reverse 

primers using dideoxy-rnediated chah termination (Sanger et al., 1977). 

Some were sequenced on an AEH 373A automated DNA sequencer at the 

York University DNA Sequencing Facility. The majority, however, were 

sequenced manuall y, including electrophoresis on standard denaturing 

polyacrylamide gels (Sequagel XR-National Diagnostics). Sanger dideoxy 

chain tennination sequencing reactions were camed out as described below. 

Primers were end-labeled in a total volume of 5 pl as follows: 1 pl 

(2pmol) [gamma-33~] ATP (1000 Cilrnmol , Dupont-NEN, Maricham, ON, 

Canada); 2 pl (1 pmol) sequencing primer; 1 pl 5X kinase BuEer (300 mM 

Tris-HCl (pH7.8), 50 mM MgCl2,I M K I ) ;  and 1 pl T4 Polynucleotide 

Kinase (1 Ulpl) at 3 7 O  for 30 minutes. Sequencing reactions contained a 

total volume of 36 pl as follows: 5 pl (1 pmol) labeled primer from above; 

4.5 pl Taq Sequencing B m e r  (300 mM Tris-HCl (pH 9.0), 50 rnM MgC12, 

300 m M  KCl, 0.5 8 (w/v) W-1); 26 pl (-50 fmol) template DNA and 

distilled water; 0.5 p l  Taq DNA polymerase (5 U/pl). From the above 

sequencing reaction, 8 pl was added to each of four tubes containing 2 pl of 

either Termination MUr-A (2 mM ddATP and 100 FM each dATP, dCîP, 7- 

deaza-dGTP, and dTTP); Termination Mix C (1 mM ddCTP and 100 pM 



each (IATP, dCI'P, 7-deaza-dGTP, and d'ITP); Termination Mix G (0.2 m M  

ddGTP and 100 p M  each dATP, dCïP, 7deazadGTP, and dTTP); or 

Termination Mix T (2 m M  ddTTP and 100 pM each dATP, dCTP, 7-deaza- 

dGTP, and dTTP). 

Cycle Sequencing was done on a Perkin-Elmer 9600 thermocycler as 

follows: a 10 minute 95' original denaturation followed by 20 cycles of 30 

seconds at 95O denaturation, 40 seconds at 55" annealing, and 1 minute at 

72" polymerization. This was followed by ten cycles of 95O for 30 seconds 

and 70" for 1 minute. 

PCR 

Once the sequences of these anonymous region s were kn rn, primer 

pairs were designed to a m p l e  a region between 150 and 398 base pairs in 

length. Rimers between 19 and 22 base pairs in length were ordered from 

Dalton Chemicals. Using these primer pairs lOOX dilutions of DNA from 

each of the 22 isolates plus 442-4 were amplified using a Perkin-Elmer 9600 

thermocycler as follows: 5 minutes at 95' original denaturation followed by 

30-35 cycles of 30 seconds at 940 denaturation, 40 seconds at 48'-60' 

(depending on primers) annealing, and 1 minute at 72O polymerization, 

followed by a 9 minute polymeization at 72O. Both forward and reverse 

primers were end-labeled with [gamma -33P] ATP (60 fmol, 1000 Ci/mmol, 

DuPont-MN, Markham, ON, Canada) and polynucleotide kinase (O. 1 U, 

Gibco BRL, Burlington, ON, Canada) at 3 7 O  for 30 minutes. PCR reactions 

(12 pl) contained 0.1 p M  of each labeled primer, 200 FM dNTPs, 1X PCR 

B a e r  II with 2 mM MgCl* ,0.025 U Amplitaq DNA polymerase (Perkin- 



Elmer, Nomalk, -,USA) and 6 pl of a 100-fold dilution of genomic DNA 

extracted as above. 

Single-Strand Conformational Polymorphisms 

Amplifed products were subjected to electrophoresis on 15% 

polyacrylamide gels (acrylamide: bisacrylamide ratio 50: 1; 0.5X TBE 

buffer) under two conditions; gels with no glycerol, and gels with 7% 

glycerol (Orita et al., 1989). Since SSCP bands migrate differently based on 

the conformation of single strands of DNA, having more than one 

electrophoresis condition increases the chance that al1 of the variation will be 

found. Electrophoresis was performed at 155 V for 19 boum (no glycerol) or 

24 hours (78 glycerol). Gels were dried on VWR 238 blotting paper and 

exposed to X-ray films (Kodak Biomax MR) for 2-4 days at room 

temperature. A sequence ciifference between isolates is detected as a 

dfierence in migration between bands on the polyacrylamide gel. 



Figure 2 Map of ArmiIbia gullicu isolates within a 30 hectare site. The thick solid Lines enclose 
isolates fmm each of the Clones but are not meant to represent the exact genet boundaries. 
The thin üncs within Clone One enclose the collection points of the isolates indicatcd. 

Clone One 



RESULTS 

Two previously identified clonal individuals of A. gallica were 

selected and screened for variation. These large clones had been previously 

identified as genetic individuals based on mating type alleles, rnitochondnal 

DNA restriction fragment patterns, RFLPs and RAPDs (Smith, et al-, 1992). 

These clones were selected because of their large size indicating that they 

had undergone a large number of ce11 divisions. Twenty RAPD and twenty- 

seven nuclear DNA restriction fragments had been found to be invariant in 

al1 diploid isolates of Clone One, indicating remarkable genetic stability 

(Smith, et al., 1992). The screening in this study included some of the 

isolates from Smith et al (1992) as well as other isolates collected in 

subsequent years from points distributed throughout the two clones. A total 

of seventeen isolates of Clone One and five of Clone Two were screened. 

The collection points from which these isolates were made are shown in 

Figure 2. 

To obtain the sequence information necessary to design primers for 

PCR and subsequent SSCP analysis, a plasrnid library was made. This 

plasmid library was made from Eco R1 digested genomic DNA from a 

single spore isolate of Clone One. Randornly selected inserts were then 

selected from the library and sequenced. Once sequenced, primer pairs were 

designed to amplifj the sequenced region in al1 of the twenty-two isolates. 

These amplified regions were then compared using SSCPs. Before this was 

done, a BLASTN search with each nucleotide sequence of A. gaika was 

done in Genebank. A BLASTN search allows any sequence to be compared 

with al1 of the sequences in the database. Any accessioned sequences which 



share comrnon nucleotides with the sequence in question are retrieved. 

These sequences are listed in order from the sequence which is most likely 

to be homologous, to the sequence that is least likely to be homologous to  

the sequence in question. A certain amount of sequence similarity is 

expected merely by chance. In this snidy, however, none of the sequences 

from the EcoRl plasmid library that were used subsequently for SSCPs had 

significant homology to any sequence in the database. 

From the plasmid library , primers were designed for a total of forty- 

two regions that had been sequenced. Because DNA regions were randomly 

selected, they should be distributed widely in the genome. For each region, 

primer pairs amplified a sequence between 150 and 400 base pairs in length. 

This represents a total of over 1Oûûû bases of sequence that were amplified 

and screened for variation. SSCPs were used for each amplified region to  

screen al1 twenty-two of the isolates from the two clones for any variability 

between isolates (Orita, et al., 1989). 

Using SSCPs, polymorphisms are detected by differences in the 

migration of bands on a polyacryiamide gel (Figure 3). Reviously the SSCP 

protocol used in our laboratory has consistently revealed al1 sequence 

variation known to be present from earlier sequencing (six fungal strains 

with a total of 43 base substitutions, four one-base pair microsatellite 

repeats, two minisatellites wi th repeat unit lengths of 9 and 12 bases, and 3 

indels of 1-3 bases in length (Carbone et al., 1999). As well, in my 

screening of Clones One and Two, SSCPs revealed variability between 

clones in 31 of 42 regions (Table 1). Since adjacent clones contain many of 

the sarne electrophoretic phenotypes (Saville, et al., 1996; Smith, et al., 



1992; Smith, et al., 1994) identical SSCP phenotypes for 1 1 of the 42 

regions between clones is not unexpected. 

The fact that a large arnount of variability between clones was seen 

indicates that our SSCP protocol can successfully detect allelic variability. 

To further ensure that al1 variation would be detected, SSCPs were run under 

two conditions, with 7% glycerol and without glycerol . Although the 

relative migration rate of DNA bands was difEerent between the two ninning 

conditions, al1 polymorphisms between clones could be detected (Figure 4) 

under both mnning conditions. 

There are three distinct genetic changes which can occur in diploid 

individuals (Table 2). As well as detecting base substitutions, which will 

increase heterozygosity, SSCPs will aiso reveal any loss of heterozygosity 

due to gene conversion or mitotic crossing over. A region that is 

homozygous will contain only one allele. Because the DNA migrates as 

both double-stranded and single-stranded fragments, homozygotes will 

produce a banding pattern of two single-stranded fragments and one double- 

s tranded fragment (Figure 5). Single-stranded fragments will rnigrate at 

similar, but usually not identical, rates and will appear as up to two bands in 

the upper half of the gel. The double stranded fragment will migrate 

significantly faster thaa these and will appear as a single band closer to the 

boaom of the gel. Since heterozygotes have two alleles, they have four 

single-stranded and two double-stranded fragments (Figure 5). T hese will 

normally migrate in a similar fashion to the homozygotes, resulting in up to 

four bands in the upper half of the gel, and up to two bands closer to the 

bottom of the gel. 



If there is any loss of heterozygosity within a clone it will be detected 

as a loss of bands for those isolates effected. This would indicate that gene 

conversion had occwed, resulting in homozygosity in a tract of DNA up to 

a few thousand nucleotides in length, or that mitotic crossing over had 

occurred, resulting in homozygosity on the entire chromosome arm distal to 

the point of exchange. Both gene conversion and mitotic crossing over 

reduce genetic varïability , eliminating mutations that had occurred on one of 

the two chromosomes. Many of the amplicons were homozygous for dl of 

the isolates within a clone, but the amplicons that were heterozygous did not 

have any isolates that had become homozygous. This indicates that 

mutations have not been eliminated by gene conversion or mitotic crossing 

over, and any mutations which have occurred within these clones would 

have been detected with SSCPs. 

A total of 10282 base pairs were screened in this way for al1 of the 

isolates in both Clone One and Clone Two. There were polymorphisms in 

3 1 of the 42 regions (74%) between Clone One and Clone Two (Table 1). 

The greatest physical distance between two collection points within a clone 

was within Clone One in which two isolates were from collection points 

more than 650111 apart. This corresponds to a minimum of 6.SXW ce11 

divisions based on a ce11 size of 10um. A rate of mutation of 10-10 - 10-9 per 

base pair per cycle of DNA replication is constant for a wide range of 

microorganisms (Drake, 1991). Given this large number of ce11 divisions, 

between 65 and 650 mutations would be expected (65X107 XI04 X 10-9 to 

6.5X107 XI04 X 10.10). Despite the expectation for a large amount of 

variation, none was detected within either of the clones. 



Figure 3 SSCP of region Y38 nin on a no glycerol gel.. Polymorphisms between Clones 
One and Two can be clearly seen. 4424 is a haploid isolate of Clone One. 



Figure 4 E75 is an example of an amplicon that is clearly polymorphic between 
Clones One and Two. Alihough the polymorphism is easy to detect in 
both gels, the bands migrate differently depending upon whether the gel 
contaias (a) 7% glycerol, or (b) no glycerol. 
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Table 1 Three distinct types of genetic change which can occur in diploid individuals. 

Mutation increases heterozygosity 
(at specific sites) 

Gene conversion 

Mitotic crossing over 

eliminates heterozy gosi ty 
(in short tracts) 

el i mi nates heterozygosi ty 
(in long tracts) 
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Figure 5 Amplicon 184 is homozygous in Clone Two. This results in three different DNA 
fragments per lane, one double stranded fragment and two single stranded 
fragments. In Clone Oae this same amplicon is heterozygous. Heterozygous 
amplicons have two double stranded fragments and four single stranded fragments. 
In this gel two of the singie stranded fragments miPted together creating a dark 
upper band. 4424 is a haploid isolate of Clone One and is therefore homozygous, 
consisting of two single stranded bands and one double stranded band. 
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Table 2 Pnmcrs uscd to ampiify raadom rcgicms aC DNA in idates dAnnil&uia grrllièa. Thest 
amplified regions showed no potymaphisms within e i t k  d the cloaes. However, 7496 of tbe 
regions ampiified were pdymorphic bctweeri Clones One and Two as iodicated- 

Reverse 

, 

Accession Prime 

set 
paMbo38c 
paMbo411 
paM bo48( 
paMbo52i 
paMbo631 
paMbo67c 

B05c 
C04f 
CO6f 
Cl 5f 
C33r 
€1 6f 
E26f 
E7Sc 
E88c 
H81c 
IS8f 
170f 
17Sf 
184c 
J l  c 

M62c 
N4Sc 
01 7f 
Q 5 k  
S34f 
S92r 
T83f 
V I  9r 
V28f 
V43r 
V46r 
W40f 
W68r 
X82r 
Y38f 
W2f  
DP 1 
DP2 
OP4 
OP5 

*in progress 

AF116288 
AF116289 
AF116290 
AF116291 
AFI 16292 
AF116293 
AF116294 
AF 1 1 6295 
AR16296 
AFI 16297 
AFt 16298 
AFt 16299 
AF116300 
AF116301 
AF116302 
AF116303 
AF116304 
AF116305 
AF116306 
AF116307 
AF116308 
AF116309 
AF116310 
A F l l 6 3 l l  
AF l l 63 l2  
AFll6313 
AFll6314 
AFl l63 lS 
AF116316 
AFll6317 
AFll6318 
AFll6319 
AFI 16320 
AF116321 
AFI 16322 
AFl16323 

Number of 

NO 
YES 
YES 
YES 
YES 
YES 
YES 
E S  
YES 
NO 

YES 
YES 
YES 
E S  
NO 
E S  
NO 

YES 
NO 

E S  
NO 

YES 
YES 
E S  
YES 
E S  
YES 
YES 
YES 
YES 
NO 
NO 

YES 
YES 
YES 
E S  
YES 
NO 

YES 
NO 
E S  



DISCUSSION 

The large long-lived asexual clones of Amillaria in this study 

provided a unique opportunity to determine the average mutation rate across 

the entire genome for a natural population of celis. The fact that no variation 

was found within these large clones is extremely surprising given the large 

number of bases screened. The greatest distance between two isolates within 

a clone was 650 m. Given a minimum of 6.5X107 cell divisions, and a 

mutation rate of 10-10 - 10-9per base pair per DNA replication, between 65 

and 650 mutations are expected in the more than lO,OOû bases screened. 

The fact that no mutation or loss of heterozygosity was found can only be 

explained in one of two ways: i) The mutation rate in clones of Armilhria 

gallica in nature is much lower than expected; or ii) there are significantly 

fewer nuclear divisions than Our minimum estimate. 1 discuss each of these 

possibilities in tum below. 

How could an extremely low mutation rate be selected for in naturally 

occumng asexual clones of Armîllwia? There are two different mutation 

rates in sexual organisms. There is a mutation rate for g e d i n e  cells, and a 

mutation rate for sornatic cells. These two rates seem to have evolved 

independently and somatic rates tend to be higher than germline rates 

(Drake, et al., 1998). In organisms with distinct somatic and germiine cells, 

the reason that germiine cells have more selection pressure on them than 

somatic cells is because an individual's somatic ce11 lines have a lirnited 

lifespan. With this limited lifespan, the accumulation of mutations in 

somatic cells is not a significant handicap, since it is only through the 



gemiline cells that genes are inherited. The ultimate fate of sornatic cells is 

therefore irrelevant from an evolutionary perspective, so long as they persist 

long enough to fully contribute toward the reproductive fitness of the 

individual. In Amillaria there is no difference between somatic and 

germline cells, since any ce11 in an individual is totipotent and can give rise 

to a fruit body. Because every ce11 is a potential g e d i n e  cell, mutation 

rates for al1 cells in an individual should have at least as much selection 

pressure acting on  them as though they were germline cells. 

Even though germline cells generally are subject to more selection 

pressure than are somatic cells, the total fitness effect of somatic mutation 

grows approximately linearly with the number of ce11 cycles before 

reproduction (Orr, 1995). Since in Amillana an individual's ce11 line has an 

undetermined and potentially infinite lifespan, selection could act to reduce 

the mutation rate so that mutations do not directly decrease the fimess and 

longevity of the individual. An individual that had a reduced cornpetitive 

ability or a reduced longevity due to mutations would have a lower 

reproductive potential than an individual which maintaineci its genetic 

integrity. An individual may therefore be subject to selection for a low 

mutation rate, not onIy because every ce11 is a potential gemiline cell, but 

also because a long-lived individual has a higher reproductive potential than 

a short-lived individual. 

However, even if a low mutation rate is selected for in individuals of 

Amillaria, the selection pressure is not necessarily high. Over the short 

terni, the lifespan of one individual, it is diffkult to envision how selection 

could be strong enough to drive the mutation rate to extremely low levels. 



Since a clone is a populaîion of cells, any ce11 carrying a mutation with a 

deleterious effect will be outcompeted by other cells of the same individual 

without that mutation. Because the population of cells is very large, the cost 

of mutation to the individual as a whole is negligible. More importantly, 

since Armillaria is diploid, any mutation that is fully recessive will be fully 

masked within the individual. Under these conditions, mutations could 

accumulate with very little phenotypic effect and selection for low mutation 

rates within individuals would be negligible (Orr, 1995). Any argument 

suggesting an extremely low mutation rate must therefore look beyond Long- 

lived individuds to the population from which they arose. 

The long lifespan of an individual of Armillclria is cmcial to the 

ultimate suwival of its genes over the long term. The nurnber of fruit bodies 

an individual can produce is proportional to its biomass and to the length of 

time the individual can survive. Since the establishment of new clones by 

sexual reproduction seems to be a rare event, at least within another clone's 

existing temtory (Smith, et al., l992), large long-lived clones may be the 

only ones with a reasonable probability of leaving behind one or more long- 

lived sexual offspring in the next generation. Since hi i la r ia  has an 

asexual, vegetative stage that is adapted for persisting for a long p e n d  of 

time, and sex is relatively rare, selection pressures on mutation rate in 

Armillaria may be more akin to those in  asexual species than to those in 

sexual species. 

Because in sexual species meiosis uncouples rate adjusting mutations 

from the mutations they create, there is  much stronger selection in favor of 

reducing the mutation rate in asexual than in sexual species (Drake, et al., 



1998). Drake (1998) argues that if the only factors limiting reduced 

mutation rates are the fitness advantage of such a reduction and the cost of 

increased fidelity, then a much higher mutation rate per genome would be 

expected in sexual cornpared with asexual species. However asexuals 

generally have short evolutionary persistence times and so may not have 

time to evolve lower mutation rates @rake, et ui., 1998). If Armiliarïa has 

long pends of asexuality where selection is acting, however weakly, to 

limit mutation rates, but also has sex at longer intervals of time allowing 

deleterious mutations to be purged frorn the population, it is possible that it 

could avoid the problems of long term asexuality and, as a species, not be 

limited by a short evolutionary persistence time. A similar sort of 

mechanism has evolved in fish in the genus Poeciliopsis. These fish have 

both sexual and clonai forms, the clonal f o m s  having &sen from hybrids of 

sexual species. Some clones !ive for hundreds of thousands of generations 

(Vrijenhock, 1993). However, ancient clones appear to  be subject to 

mutational deterioration (Vrijenhock. 1993). These clones have escaped 

from Muller's ratchet by a retum to recombination and the evolution of new 

sexually reproducing forms (Vrijenhock, 1993). In these fish, genotypic 

diversity originally produced by recombination in the sexual ancestors was 

frozen in the form of multiple clones (Vrijenhock, 1993). Interclonal 

selection acts on this diversity, elirninating poorly adapted clones and 

leaving clones that can live and compte  with one another (Vrijenhock, 

1993). Then a new sexual form can mise from these clones allowing an 

escape from mutational detenoration (Vrijenhock, 1993). Anniliaria may be 

avoiding mutational deterioration in much the same way. By reproducing 

sexually, deleterious mutations can be eliminated. At the same time, even 

weak selection may have enough time to lower the incidence of mutation in 



the asexual stage to some minimum rate. Armillana may thus have avoided 

the trap into which purely asexual species with short evolutionary 

persistence times seem to have fallen. 

It is possible that asexuality has caused clones of Amillaria to select 

for a low mutation rate and that there may have been time for a low mutation 

rate to be achieved. However, how low the mutation rate may ultimately fa11 

and how strong the selection in the opposing direction will become are still 

open questions. Also, whether the mutation rate has reached or will reach 

some optimal equilibriurn level in A. gallica is not known. 

The experiments with Drosophila by Nothel (19û7) indicate that a 

species has an optimal mutation rate which is maintained in response to the 

arnount of mutagens to which the organism is exposed. This suggests that, 

although Drosophila is capable of decreasing its mutation rate, and has the 

repair systems to accomplish this, the mutation rate is instead kept at some 

optimal level. If this is generally applicable, then it suggests that mutation 

rates are not kept as low as physiologically possible. Since mutation rates 

are not kept at minimum levels, then each species should adjust its mutation 

rate to its own optimal level. If this is the case then it may not be surprising 

that Armillaria would have a lower mutation rate than many other 

organisms. However, there is also contrary evidence that mutation rates are 

not so free to change. Drake's (199 1) finding that the mutation rate per 

genome is remarkably constant for a wide range of microorganisms that 

have little in common suggests that this optimal level is determined by some 

fundamental evolutionary mechanisrn which applies to a wide range of 

organisms. It is dacult to believe that Amillaria alone has escaped these 



fundamental evolutionary pressures. However only a few micro-organisms 

have been studied and perhaps mutation rates will turn out not to be so 

uniform as previously thought. 

If the mutation rate is maintained at some optimal, equilibrium level, 

then this level will be determined not just by the arnount of selection for 

reducing the mutation rate, but also by selection against reducing the 

mutation rate. This selection arises from the fact that the cost of lowering the 

mutation rate becornes higher as the mutation rate becomes lower. 

Increasing the fidelity of replication has a physiological cost, for instance by 

slower replication or the cost of additional repaît systems (Drake, 1991b). 

As long as selection for lowering the mutation rate is strong enough, the 

mutation rate will continue to drop. Unfortunately quantitative data on the 

cost of fidelity of replication per generation is completely lacking (Drake, et 

al., 1998). However, if there was very little cost to reducing the mutation 

rate, it seems likely that organisms with an extremely low mutation rate 

would be more cornmon. This does not seem to be the case, however. 

Although the genornic mutation rate has been estimated for only a handful of 

species, there is no evidence for any organism having a remarkably low 

genomic mutation rate. Antirnutators that lower the mutation rate of one 

type of mutation, often do nothing to change the o v e d l  mutation rate 

(Drake, 199 1 b) . This is because there are a large number of mechanisrns 

which have evolved to reduce the mutation rate, and the cost of improving 

fidelity along one error pathway may be reduced fidelity along other error 

pathways (Drake, l99lb). Even very specific antirnutators do not seem to be 

able to reduce the mutation rate to zero, even for srnall sections of DNA, 



such as for essentid genes. Therefore it is clear that there are high costs to 

reducing the mutation rate below a certain level. 

The possibility exists that selection for a reduction in mutation rates in 

clones of Amillaria has successfully reduced the mutation rate to low levels. 

However, selection would have to be strong to reduce the mutation rate from 

the levels expected in other DNA based microorganisrns by more than one 

order of magnitude, which is wcessary to explain the lack of mutations 

found in these two clones of Armiliaria. If this proves to be tme, then the 

molecular mechanisms of DNA replication and repair in ArmilIaria would 

invite close investigation. 

If the mutation rate in Armiliaria is not unusually low, then the only 

remaining alternative explanation for the lack of variability in Clone One 

and Clone Two of A. gallica must be considered: that Our estimate of the 

number of nuclear divisions is simcantiy higher than the actual number of 

nuclear divisions. The number of nuclear divisions could be far less if 

rhizomorphs were somehow "protecting" their ce11 lines from the effects of 

excessive ce11 divisions. There is precedent for this type of phenornenon. 

For example, plants maintain their genetic integrity against the constant 

pressure of somatic mutation through the use of apical meristems 

(Klekow ski and Kazarinova-Fukshansky, 1984). There is a quiescent center 

in the meristem in which little or no DNA synthesis occurs and presumably 

little or no mitosis (Steeves and Sussex, 1972). In rnicroscopic sections, 

rhizomorph tips appear superficially sirnilar to the plant root. This prompted 

the suggestion that rhizornorph extension results from meristematic activity 

(Motta, 1969). However three-dimensional information provided by 



scanning electron microscopy has shown that rhizomorph apices have a 

basically filamentous organization (Rayner et al., 1985). A menstem-like 

structure would be totally alien to the growth strategy of the fungal hypha, 

and the impression of central apical initials is undoubtedly an artifact caused 

by sectioning compact aggregations of parallel hyphae (Gow and Godd, 

1995). 

Ce11 lines could be protected from the effects of excessive ce11 

divisions in another way as well. Cytological studies give an extremely 

static picture of rhizomorph growth, and the details of ce11 division are not 

clear. It is possible that the extension of the rhizomorph tip could occur 

from the division of many cells at once. This would result in the rhizomorph 

apex moving forward the distance of several ce11 lengths while actuaily 

undergoing only one ce11 division. As an example of how this could work, 

envision ten cells in a row. The first ceIl in the row will therefore have eight 

cells between it and the last d l .  If each of these cells undergoes a single 

ce11 division, there will be a total of twenty cells, with eighteen cells between 

the first and last. This increase in distance of ten ceils would have occurred 

even though the last ce11 only underwent one ce11 division. Hence, for any 

two points within the clone there would be ten times fewer ce11 divisions 

than it would appear by counting the number of ce11 compartments dong  the 

growth mis. Although a factor of ten would not completely explain the lack 

of mutation in these large clones, a mechanism such as this could go a long 

way toward explaining it. A mechanism of growth like this would also help 

to explain the fact that rhizomorph growth rates are more than ten times that 

of normal mycelium (Rishbeth, 1%8). 



It should be emphasized that assurning that expansion of the clone was 

only by the vegetative growth of rhizomorphs from a single point of origin, 

the number of ce11 divisions between isolates is probably not lower, but 

rather much higher, than out estirnate. There are a nurnber of reasons for 

this, al1 of which arise from the fact that although the distance between 

isolates is an accurate rneasure of the minimum number of ce11 divisions 

between them, there is no limit to the maximum number of ce11 divisions that 

could have occurred, Our estimate assumes growth in a straight line 

between isolates with no interruptions in either time or space. The fact that 

the amount of time since the clone was established is unknown causes us  to 

significantly underestimate the number of ce11 divisions. if the clone did 

grow out frorn a single point in a straight line unintempted, Our estimate of 

the number of ce11 divisions between two points would be accurate only if 

the original point of origin and al1 points in between were still intact and had 

not undergone ce11 divisions themselves. However growth between the two 

most separated isolates would have taken over 1 0  years and so the original 

point of origin would have replaced itself many times over, increasing the 

number of ce11 divisions even further. In fact it is possible that if growth is 

continuous throughout the clone through al1 of the growing season, there 

may have k e n  as many ce11 divisions at the original point of origin as there 

are between the two furthest points. 

It is also not plausible that the clones have grown unintempted in a 

straight, radial direction since their origin. The forest floor is an extremely 

heterogeneous environment and growth would not occur in a straight line 

when any given hyphae or rhizornorph would be encountering obstacles such 

as rocks, or new food sources such as fdlen wood. As well, there are 



constraints on expanding the borders of a clone. The boundaries of Clone 

One and Clone Two have met, and it is unredistic to assume that we happen 

to be studying them just as this occurred. More likely there have been 

antagonistic interactions between clones for rnany years. It would be 

difficult to envision how one clone could have grown unimpeded in a 

straight line while the other has died back a t  a corresponding rate. 

The final argument that our estimate of the number of ce11 divisions is 

an underestimate is that there can not be a straight line of growth between al1 

points in the clone. Since it is unknown what the clones actual pattern of 

growth has been, if any two isolates are selected, growth has been assurned 

to have occurred in a straight line between them. This conservative 

assumption cannot be completely accurate. A straight line k i n g  measured 

between a given two isolates in the clone may be the actual distance over 

which growth occurred. However, given that this is how growth occurred in 

the clone, it is impossible for both of these two isolates to then have a 

straight line relationship with any other isolate that is not located dong the 

line of growth between the first two. This can be explained as follows: if 

three points form a triangle, and the fungus has grown from point A in a 

straight line to B and also dong another straight line to C, then B and C must 

be connected through A (distance from B to C= distance from B to A + 
distance from C to A). For these reasons, Our estimate of 6.5 X 10 7 ce11 

divisions should be considered to be extremely conservative with the actuai 

number of ce11 divisions being much higher. 

Our estimate of the number of cet1 divisions could be an overestimate 

however, if Amillaria is spread vegetatively by means other than just 



rhizomorph growth - if individuals could somehow jump from place to 

place. This has not been considered possible for two reasons. First , 

Armillaria does not have asexual propagules of any kind. Second, clonal 

individuals form discrete territories with Little or no spatial interspersion of 

difTerent individuals. If an individual were able to jump from place to place, 

the individuais would have more discontinuous distributions with more 

spatial interspersion between individuals. That single individuals have 

discrete temtories strongly suggests that each grows to its present size from 

a single point of origin- that the only way an individual can reach point B 

from point A is by vegetative growth. These reasons, although valid, do not 

eliminate the possibility that individuals of Armillaria spread in very small 

steps by fragmentation and movement of rhizomorphs or mycelial 

fragments. 

Some members of the Deuteromycetes lack spores entirely and 

reproduce b y undergoing mycelial fragmentation (Moore-Landecker, 1982). 

In Armiliuria if hyphae or bits of rhizomorph were picked up by smail 

members of the soi1 fauna that traveled only centimeters at a time, this would 

greatly reduce the number of ce11 divisions necessary between two points. 

Once deposited, the fungus could grow again to be picked up and deposited 

a short distance away. This would allow the fungus to spread much more 

quickly than by rhizomorph growth alone and with far fewer cell divisions. 

As well, the fungus would grow out from each point where it was deposited, 

eventudly meeting mycelial fragments of identical genotype and origin, and 

fusing to form a discrete individual with no evidence of discontinuity. On 

the scale of meters and hectares, clones would still appear to occupy discrete 

temtories. This would also help to account for the fact that new food 



sources are quickly invaded by rhizomorphs of the existing clone rather than 

by airbome basidiospores. Distribution of hyphae or rhizomorphs by soi1 

insects would be an effective dispersal strategy and may be the simplest way 

to explain the low number of mutations in large clones of Amillaria. 

CONCLUSIONS AND PERSPECTIVES 

No genotypic variability has yet been detected in large clones of 

Arrnillaria. This is an extremely surprising result that cannot be 

satisfactoril y explained with the current understanding of mutation rates. 

Despite a substantial number of studies attempting to determine what drives 

mutation rates, very little consensus in this field of research has been 

reached. Many fundamental questions remain unanswered. Are mutation 

rates selected for minimal or for optimal levels? What is the cost of 

increasing fidelity of DNA replication? What is the advantage of sex, and 

are there mechanisms other than sex which can stop the accumulation of 

deleterious mutations or halt Muller's ratchet? Are there deep evolutionary 

forces which cause the mutation rate to be sirnilar between a wide variety of 

organisms? If it could be conclusively proven that each clone of Arrnillaria 

is derived from a single point of origin and spreads only by the continuous, 

vegetative growth of hyphae and rhizomorphs, then the lack of genetic 

variability would need to be explained in terms of an extremely low 

mutation rate. If this were the case, then the low mutation rate in Amiliaria 

would provide much needed empiricai data addressing al1 of these larger 

questions and their underlying biochernical mechanisms. 



In explainhg the lack of genetic variability in large individuals of 

Armillaria, however, 1 believe that the simpler explanation is more likely the 

correct one: that clones of Atmillaria may actually expand more quickly and 

with fewer ce11 divisions than would be expected based on continuous 

growth of rhizomorphs through the soil. It is possible to test this hypothesis 

with a very simple expriment. Poplar stakes put within the territory of a 

clone are quickly colonized by that clone (Smith, et ai., 1992). Stakes could 

be placed within the temtory of a clone, but in a quadrat where the soil has 

been either sterilized or replaced to remove al1 living material o f  the resident 

clonal individual, which is genetically distinguishable from al1 other 

individuals of the species. We know that rhizomorphs c m  grow 9.8 mrn/day 

under optimal conditions (Rishbeth, lm). Therefore, if the resident clone 

colonized a stake one metre from the nearest source of inoculurn in less than 

100 days, some other mechanism apart from rhizomorph growth would be 

needed to explain the results. If this were the case, then it would indicate 

that large fungal clones are not as old as previously thought. More 

irnportantly, clones of this fungal pathogen may be able to spread rapidly 

through the forest floor, infecting numerous trees relatively quickly. This 

would have practical implications in forest pathology. 
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