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TABLE 1 Distribution of genetic markers in clone 1 monosporous isolates
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Each data set includes the four possible mating-types (MATA, MATB) segregating at meiosis from four fruit-bodies of clone 1. RFLP probes (pVII-8, -13,
-18, -23) are anonymous nuclear DNA EcoRl fragments cloned in pUC18 from an A. bulbosa isolate by standard methods®’; pJA1 contains a portion of the
nuclear rDNA repeat of A. ostovae?®. Of several RAPD primers tested, three gave multiple fragments: primer R25 (ACTTGAGGCG) was one of a series of
arbitrary primer sequences that produced six, and primer R28 (ATGGATCCGC) produced two segregating fragments; primer R32 (CATCATCATCATCAT) is a
repeated sequence found in a wide range of organisms (GenBank) and in the monosporous isolates examined produced 3 segregating fragments. RAPD
fragments marking heterozygous loci segregated consistently in three independent experiments as present ( +) or absent (0), and therefore act as dominant
markers. To avoid bias, we chose marked loci that were not closely linked to one another, nor to either mating-type locus, which are always heterozygous.
Allele designations are arbitrarily assigned for each RFLP, RAPD and mating-type locus.

* First number denotes fruit-body, second number denotes monospores isolate (see Fig. 1).

A. bulbosa is a facultative tree-root pathogen, commonly
found in European and eastern North American mixed hard-
wood forests>*. It does not produce conidia or any other vegeta-
tive propagules but thalli form abundant macroscopic cord-like
aggregations of hyphae, called rhizomorphs, which facilitate
vegetative spread and food base acquisition in the forest floor.

Previous attempts to determine the size of individual clones
of basidiomycetes have relied on two criteria: assay of somatic
interactions® "’ and distribution of mating-type alleles®°. Somatic
interactions suggest genetic dissimilarity when an ‘antagonistic’
reaction line develops along the contact zone between two
isolates growing together, whereas isolates of the same or similar
genetic constitution seem to mingle freely and establish a stable
cytoplasmic continuum. The second method uses the bifactorial
sexual incompatibility system found in most basidiomycetes
including A. bulbosa'®, in which compatible matings occur only
when paired monosporous isolates have different alleles at two
unlinked, multiallelic loci, designated A and B (ref. 11). It is
then assumed that fruit-bodies with the same alleles at A and
B loci and growing in ‘reasonable’ proximity are from the same
diploid vegetative mycelium.

Using these criteria, it has been inferred that basidiomycete
clones can exceed 500 m in diameter’"'*'* which is surprising
as mushrooms are perceived as spatially discontinuous and
ephemeral. Unfortunately, neither method distinguishes a single
large clone from a number of closely related individuals. As
spore deposition decreases rapidly from the point of liberation'*,
mating between compatible spore offspring would generate a
cluster of individuals that are genetically distinct but share the
same four parental mating-type alleles. Furthermore, about half
of such sib-related individuals may not be somatically antagonis-
tic®'?. To discriminate clearly between vegetative growth of an
individual and multiple matings involving similar genotypes, we
examined allelic composition at heterozygous loci marked by
restriction fragment length polymorphisms (RFLPs) and ran-
dom amplified polymorphic DNAs (RAPDs) (ref. 15) in A.
bulbosa.

In September of 1988 to 1991, A. bulbosa isolates (species
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VII; ref. 3) were obtained from fruit-bodies and rhizomorphs
along 1 km east/west, and north/south transects through a per-
manent study site in a northern Michigan hardwood forest. A
region of 15 hectares yielded A. bulbosa isolates with identical
mating-type alleles and mitochondrial DNA restriction fragment
patterns, both of which are highly polymorphic within the
species'®. We provisionally refer to this group of collections as
‘clone 1’ (Fig. 1). If clone 1 is made up of inbred siblings, about
half would show loss of heterozygosity at any unconstrained
genetic locus that is heterozygous in the parent. In fact both
allelic forms of each of five loci marked by RFLPs (Table 1)
were clearly evident in Southern blot analyses of genomic DNAs
from representative vegetative (diploid) isolates throughout
clone 1. In addition, all 11 RAPD products, each marking a
heterozygous locus (Table 1), were present in all vegetative
isolates (Fig. 2).

The probability of retaining heterozygosity at each parental
locus in an individual produced by a mating of sibling monos-
porous isolates is P = (0.5)"(0.75)", where m is the number of
co-dominant (RFLP) loci and n is the number of loci at which
one allele is dominant (RAPD). In the case of clone 1, P=
(0.5)°(0.75)"' = 0.0013. This low probability allows rejection of
the hypothesis that the clone-1 isolates arose through indepen-
dent matings. Indeed, the corresponding probability for either
the 5 RFLP or the 11 RAPD markers taken separately, is <0.05
in each case. There is no obvious constraint toward heterozygos-
ity at any of these loci unlike mating-type loci. Monosporous
isolates showed normal ability to mate and produce homozygous
mycelia in laboratory crosses. In addition, a neighbouring A.
bulbosa clone (clone 2, Fig. 1) was homozygous at two of the
RFLP loci, and lacked five of the clone 1 heterozygous RAPD
fragments, implying homozygosity at these loci. Although the
genetic markers used here are probably selectively neutral, it
was not our goal to assess correlations of fitness and heterozygos-
ity under natural conditions. The most acceptable remaining
hypothesis is that clone 1 reached its present size through
vegetative growth. As each clone occupies a discrete, contiguous
territory and apparently excludes other clones of the same
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species, dispersal of rhizomorphs, fruit-bodies or other mycelial
fragments at the study site is unlikely. Other fungi that do
produce vegetative propagules, exhibit an intermingling, mosaic
pattern of genotypes in local areas'’"%.

Identifying ‘clone 1’ as a single genetic individual enables us
to make minimal estimates of its age. Rhizomorph growth rates
for clone 1 isolates were consistently <0.2 m per year (Fig. 1
legend). Estimating clone 1 to be 635 m across, its age is therefore
about 1,500 years. This is probably an underestimate as
antagonistic interactions would impede extension into areas
occupied by other A. bulbosa clones. Clearly, clone 1 was
established before the standing 60-year-old forest, and before a
300-year-old white pine/mixed hardwood forest that existed at
the site before a 1928 fire. Armillaria rhizomorphs are known
to withstand above-ground fires of extremely high tem-
peratures’®.

Given its age, the genetic stability of clone 1 is remarkable.
In our study of heterozygous loci, a total of 20 RAPD and 27

FIG. 2 RAPD products from primer R25 for monos-

Diploid isolates

FIG. 1 Size and distribution of two A. bulbosa clones within a 30 hectare
site. Cultures obtained from rhizomorph samples (608, 611, 628, 629) and
subhymenium of fruit-bodies (428, 454, 516, 517, 519, 525, 526, 530) were
chosen for genetic analysis to represent vegetative, diploid isolates
throughout 15 hectare ‘clone 1’ (solid line). Heterozygous loci (Table 1) were
assayed in monosporous isolates from fruit-bodies 438, 445, 454 and 455.
Additional A. bulbosa isolates (open circles) had clone-1 mating-type alleles
and/or mitochondriat DNA type. No overlap of clone 1 and clone 2 (dashed
line) was observed within an intensively sampled 0.8 hectare area (37
sampie points within blocked area®®). Linear growth rates of clone 1
rhizomorphs were determined by three independent methods: (1) rhizomorph
growth along 45 poplar stakes buried within clone 1, measured after one
growing season. The mean (xs.d.) maximum length of the ten longest was
19.7 +3.1 cm; (2) maximum rhizomorph growth rates for clone 1 isolates
on Weinhold’s media with 0.24 g 1~ ethanol to enhance rhizomorph growth?®,
at8,12,15,22 and 28 °C,were 0.0,0.0,2.1,4.7,and 9.0 mm d %, respectively;
(3) colonized 160 cm® wood blocks with rhizomorph initials were placed in
flats of topsoil taken from the study site and incubated at 10, 15 and 22 °C
for 40 d. Respective mean maximum growth rates under these conditions
were 0.2+0.2,0.3+0.3, and 2.2+0.4mm d~* (+s.d., n=6 for each tem-
perature). Soil temperature at the study site approaches 14 °C at 10cm
depth and 14-16 °C at lesser depths for about 90 d per year. The annual
growth rate of clone 1 is therefore estimated to be 20 cm by methods 1
and 2, and =6 cm by method 3. These are low compared to rhizomorph
growth rates reported for Armillaria species®?%2°, in keeping with a short
growing season and heavy, prolonged snow pack in the area. To estimate
the mass of clone 1 rhizomorphs 25 soil pits measuring (15 cm)® were
taken within clone 1 (open squares) and dissected to separate rhizomorphs
from fine roots. The average dry weight of rhizomorphs from all soil pits
was 0.1406 +0.1400 g per 225 cm?, or about 6.25 g m 2. This dry weight
measure is equal to a fresh rhizomorph weight of 64.4 gm™2 and mean
rhizomorph length of 17 m per m? close to abundance estimates in other
places?®.

nuclear DNA restriction fragments (including those in Table 1)
were invariate in all diploid isolates of clone 1. This constitutes
a direct measure of about 0.73 kilobases of nucleotide sequence
(20 base pairs for each RAPD product; 12 base pairs for each
EcoRI fragment assayed) and indicates the absence of DNA
sequence rearrangements, insertions, deletions and other inter-
nal RFLP and RAPD site gains, which would be detected as
polymorphisms. Our data also show no evidence for mitotic
crossing over?® with its attendant loss of heterozygosity, or for
mutation.

Determination of reproductive success has not been made for
any fungal individual because of the difficulties in tracking the
dispersal and establishment of windborn spores®'. As more than
10 Armillaria fruit-bodies can occur (on average) in a 5 m” area
and a single basidiomycete fruit-body can distribute 1,000,000
spores per hour over several days®?, the potential reproductive
output of an individual the size and age of clone 1 is enormous.
The successful colonization of areas already occupied by other

Clone 1

porous isolates of clone 1 and diploid isolates of Clone 2 Clone 1 Monosporous isolates
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(lane M, in kb) are to the right.

METHODS. Polymerase chain reactions of 25 ul
volume included roughly 10 ng genomic DNA with
200 pM each of dATP, dTTP, dGTP and dCTP,
1.0 uM primer oligonucleotide (Regional DNA Syn-
thesis Laboratory, Calgary, Alberta), and 2.5 pi
10 xbuffer with 0.75 units Tag DNA polymerase
(Bio/Can, Ontario). Reactions used an initial 3-min
denaturation at 93 °C, followed by 35 cycles of
37 °C for 1 min, annealing; 71 °C for 1 min, poly-
merization; 93 °C for 1 min, denaturation, in an
M.J. Research FF100 Programmable Thermai Controlier. Electrophoresis of
12-pl post-reaction samples was in 1.5% agarose, 1 X TAE buffer?” before
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ethidium bromide staining and photography over a longwave ultraviolet light
source.
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clones of A. bulbosa, however, must be vanishingly rare. We
observed rhizomorphs on 88 of 123 poplar stakes (72%) from
a 130-m transect through clone 1 after one year, showing that
new food bases are quickly colonized by the established clone.

Evidently, individuals of A. bulbosa are a substantial com-
ponent of mixed oak forests. At the Michigan site, the fresh
weight of clone 1 rhizomorphs in soil is estimated to be about
9,700 kg (Fig. 1 legend). This estimate does not include
rhizomorphs below 15 cm, nor those associated with tree roots
or other wood. Significantly, this value does not include the
mass of fine hyphae in the soil and wood that necessarily
supports rhizomorph growth. Depending on nutrient culture
conditions®*?*, Armillaria hyphal mass may exceed rhizomorph
mass 50-fold. In agar amended with hot-water extracts of forest
soil, this ratio is 10.7 4.4 (£s.d., n =5). In addition, A. bulbosa
may occupy substantial volumes of suppressed or dead tree
roots in oak forests®®, within which mycelia predominate. A
conservative minimum mass estimate of the organism might
therefore be 10 times that of the rhizomorphs, or, in the case
of clone 1, about 100 tonnes, close to the mass of an adult blue
whale. By comparison, Sequoiadendron giganteum, the largest
plant on earth, attains a mass of over 1,000 tonnes, most of
which is non-living wood that has accumulated during thousands
of years of growth. In contrast to these more highly integrated
organisms, fungi may undergo dramatic fluctuations in mass,
for example, up to threefold within a few years, depending on
recent forest history®®, This is the first report estimating the
minimum size, mass and age of an unambiguously defined fungal
individual. Although the number of observations for giant plants
and animals is much greater, members of the fungal kingdom
should now be recognized as among the oldest and largest
organisms on earth. |
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Polymorphism in red
photopigment underlies variation
in colour matching

Joris Winderickx*, Delwin T. Lindsey?,
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GENETIC variation of human senses within the normal range
probably exists but usually cannot be investigated in detail for
lack of appropriate methods. The study of subtle perceptual
differences in red—green colour vision is feasible since both photo-
pigment genotypes and psychophysical phenotypes can be assessed
by sophisticated techniques. Red—green colour vision in humans is
mediated by two different visnal pigments: red (long-wavelength
sensitive) and green (middle-wavelength sensitive). The apoproteins
of these highly homologous photopigments are encoded by genes
on the X chromosome'. Colour matches of males with normal
colour vision fall into two main groups that appear to be trans-
mitted by X-linked inheritance®°. This difference in colour match-
ing is likely to reflect small variations in the absorption maxima
of visual pigments’™'', suggesting the presence of two common
variants of the red and/or green visual pigments that differ in
spectral positioning®®. We report that a common single amino-acid
polymorphism (62% Ser, 38% Ala) at residue 180 of the X-linked
red visual pigment explains the finding of two major groups in the
distribution of colour matching among males with normal colour
vision.

ff To whom correspondence should be addressed.
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Fifty young Caucasian males with normal colour vision were
recruited for this study. The determination of Rayleigh colour
matches followed an algorithm'? that measured the proportion
of red (667 nm) in a mixture of red and green (551 nm) that
was perceived as identical to a standard yellow (590 nm) light.
The ranges of red/green mixtures accepted by subjects as match-
ing the yellow comparison light, as well as the match midpoints
(centres of match ranges) fell within the limits that define normal
observers but were consistently different among observers. Some
individuals clearly required more red whereas others required
more green light to match the yellow comparison light.

The gross structure and coding sequences of the red and green
pigment.genes of each individual were determined by Southern
blot"'* and single-strand conformation polymorphism (SSCP)
analyses followed by sequencing of polymerase chain reaction
(PCR)-amplified DNA segments (Fig. 1). The results show that
each subject had one red pigment gene and one or more green
pigment genes as previously described'-'*. In addition, red and
green opsins are both found to be highly polymorphic. A com-
mon polymorphism was observed at amino acid residue 180 of
red opsin; 31 (62%) subjects had Ser (TCT), while 19 (38%)
had Ala (GCT), indicating that two major forms of red opsins
exist in the general population (Table 1), a possibility earlier
surmised from microspectrophotometric measurements'*. This
Ser/Ala polymorphism was observed previously when the red
opsin sequences of 3 individuals were determined’. A frequency
distribution histogram of the match midpoints for subjects with
Ala or Ser at position 180 of red opsin is shown in Fig. 2. Higher
sensitivity to red light (shown by a lower match midpoint in
Fig. 2) is strongly correlated with the presence of Ser (Table 1).

Further evidence that the Ser/ Ala polymorphism in red opsin
is responsible for the variation in colour matching was obtained
by studying nine deuteranopes who had no green pigment genes.
Five of these individuals had Ser and four had Ala at position
180. The results were consistent with those in colour-normal
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