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The breeding biology of biotypes of the
witches’ broom pathogen of cocoa, Crinipellis
perniciosa
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Investigation of the breeding biology of the agaric Crinipellis perniciosa (causal agent of witches’
broom disease of cocoa in South America| found that two distinct breeding strategies exist among
the four known biotypes of the fungus, which are specific to cocoa (C-biotype). solanaceous hosts
{S-biotype), Bixa orellana (B-biotype) and liana vines (L-biotype). The homomictic (primary
homothallic) behaviour of the C-biotype was confirmed and single basidiospore isolates (SSIs) of
the S-biotype and B-biotype were found to behave in a similar manner. The mycelia of most SSIs of
the L-biotype did not bear clamp connections and pairings between sibling SSIs established that an
outcrossing mechanism under the control of two unlinked mating type factors was operating (i.e.
bifactorial heterothallism). These matings also suggested that one of the mating factors has a two-
gene structure. The occurrence of bi- and trinucleate basidiospores and SSIs bearing true or false
clamp connections suggests that the L-biotype exhibits a limited degree of secondary homothallism.
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witches’ broom disease.

Introduction

The agavic Crinipellis perniciosa {Stahel) Sing., causal
agent of witches” broom disease of cocoa ( Theobroma
cacao L.}, is a well-documented and destructive patho-
gen, representing one of the major factors limiting
cocoa production in South America and the Caribbean
(Thorold, 1975). The fungus exhibits a hemibiotrophic
life cycle (Hedger er al, 1989). Infection of meri-
stematic cocoa tissues (shoots, flowers and pods) by
basidiospores results in the growth of branched and
swollen green brooms within which a non-clamped
intercellular ~ biotrophic ~ mycelium  proliferates
(Wheeler, 1985). Death of the broom 4-6 weeks after
infection is followed by invasion of the host tissues by a
narrower, clamped mycelium similar to that found on
agar media. The life cycle is completed by the produc-
tion of basidiocarps on the surface of brooms 6-24
months later.

Baker & Crowdy (1943) found the fungus to be
homothallic, based on the observation that clamp
connections are produced on the hyphae of single
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basidiospore cultures. Delgado & Cook (1976a)
observed karyogamy in immature basidia and found
that basidiospores are uninucleate and formed on
basidia in tetrads. The fertility of single spore cultures
was demonstrated by Purdy ez al. (1983) who induced
basidiocarps on mycelia derived from single spores.
These lines of evidence suggest that the non-outcross-
ing breeding strategy adopted by C. perniciosa is
homomixis (primary homothallism).

The breeding strategy adopted by a particular
organism has far-reaching consequences for its popula-
tion biology. For basidiomycete species which have no
known anamorphic (asexual) means of spore produc-
tion, a non-outcrossing breeding strategy disseminates
the parental genotype and avoids the necessity for
mating with a compatible primary mycelium (mono-
karyon) prior to basidiocarp formation. In the case of
C. perniciosa, every successful infection of a cocoa
meristem is potentially fertile, hence permitting more
rapid and clonal spread of the fungus. C. perniciosa is
known to produce arthroconidia in agar culture
(Delgado & Cook, 1976b) but these have not been
observed in nature and have not been shown to infect
cocoa tissues.

C. perniciosa was originally believed to be restricted
to hosts belonging to two genera of the tamily Sterculi-



aceae, namely Theobroma and Herrania (Baker &
Holliday, 1957). However, more recently the fungus
has been reported on a wider range of unrelated hosts.
We consider that evidence from morphological,
cultural and plant inoculation studies suggests that
these represent four discrete biotypes (Evans, 1977,
1978:; Hedger et al., 1987; Bastos ef al., 1988). The
Solanum biotype (S-biotype) and the Bixa biotype (B-
biotype| cause witches” broom disease symptoms on a
range of solanaceous hosts (Bastos & Evans, 19835) and
the shrub Bixa orellana (Bastos & Andebrhan, 1986).
respectively, Basidiocarps of C. perniciosa have also
been found on both live and dead liana vines. There is
no evidence that this liana biotype (L-biotype] is linked
with any disease symptoms (Evans, 1978; Hedger et
al., 1987) but Griffith {1989) has shown that the L-bio-
type in Ecuador is host specific and is associated with
the liana Arrabidaea verrucosa (Bignoniaceae),

Here we report studies on the ontogeny and breed-
ing behaviour of isolates of C. perniciosa from several
locations in South America and representing the four
known biotypes. The results are discussed with refer-
ence to the mycelial development of the fungus and to
the possible evolution of the taxon.

Materials and methods

Mycelial cultures were obtained by plating out surface
sterilized basidiocarp stipe tissues or samples of cocoa
brooms and infected plant material on a selective
medium (Griffith, 1989). This consisted of a basal
Malt-Yeast Extract Agar [MYEA; 30 g/l dark malt
extract powder, 5 g/l yeast extract, 15 g/ agar (all from
Lab M Ltd]], supplemented with an additional 15
g/l agar (i.e. double-strength). After autoclaving (15
min, 15 psi), 10 ml/l of 1 per cent benomyl solution,
1 ml/I 3 per cent of o-phenyl phenol and 10 ml/l of an
antibiotic cocktail (2 g/l each of benzylpenicillin,
streptomycin  sulphate, ampicillin and chlorotetra-
cyclin) were added. Basidiospores were obtained by
inducing basidiocarp production on cocoa brooms and
liana vines, using the method of Suarez (1977 ). In addi-
tion it proved possible to fruit mycelial cultures using
the mycelial mat method of Purdy ef al. (1983) and the
bran-vermiculite method of Griffith & Hedger (1993},
In all cases, the induction of basidiocarp formation
involved the simulation of tropical conditions by means
of a mist chamber maintained at 27°C with a 12 h
photoperiod (08.00-20.00 h). Deionized water was
sprayed with a Defensor 500 humidifier for 6-8 h per
day (Griffith, 1989).

Infected plant material and fungal cultures from
Ecuador were collected by the authors, while brooms
and cultures from other South American countries
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were kindly supplied by C. N. Bastos and T.
Andebrhan (CEPLAC. Belem, Brazil), L. H. Purdy
(University of Florida, Gainesville), E. A. Wyrley-Birch
(ODA, Santa Cruz, Bolivia) and P. Hadley (University
of Reading, England).

To obtain basidiospores, a freshly collected basidio-
carp was suspended over a plate of 1 per cent water
agar overnight at 25°C to deposit a spore print.
Basidiospores from the print were streaked onto
MYEA with a loop and after incubation at 25°C for
3-5 days, small, well-spaced colonies were picked off
with a sterile needle, using a stereo microscope, and
replated individually. These putative single spore iso-
lates (SSIs| were numbered sequentially (e.g. LA 10.1 is
the first SSI obtained from a basidiocarp of field isolate
LA 10 ete.). Mycelial cultures were routinely main-
tained on MYEA at 25°C.,

To examine mating reactions, 5 mm diameter plugs
of each of the two strains be be mated in each cross
were placed 2 cm apart on a 9 cm petri dish of MYEA
and incubated inverted at 25°C. Plates were sealed with
insulation tape to reduce water loss and the possibility
of contamination. After 3 weeks incubation and subse-
quently at weekly intervals. 4 mm plugs were taken
from the line of contact between the two colonies and
from 1-2 cm either side of this line. These plugs were
subcultured onto a fresh plate of MYEA while main-
tain their original orientation on the mating plate.
After 3-5 days’ incubation, 7 mm plugs were taken
from the margins of these colonies and examined
directly with a 40X objective. The presence or
absence of clamp connections and the general morpho-
logy of the mycelium was recorded.

The method of Stephenson & Gooday (1984) was
used to examine the nuclear condition of hyphae and
basidiospores. To obtain hyphae for staining, agar
plugs of mycelia were incubated on glass slides in a
Petri dish for 1-2 days. using damp filter paper to
maintain high humidity. The inoculum plug was care-
fully removed and the hyphae which had grown onto
the glass were stained with a drop of the fluorochrome
DAPI (Sigma D-1388; 4 gg/ml solution in 100 mum
phosphate buffer (pH 7.5}, stored at 4°C in a dark
bottle}. Basidiospores deposited from a fresh basidio-
carp placed over a glass slide for 1 h were stained by
adding a drop of the DAPI solution. In all cases a
coverslip was placed over the tissue, which was then
left at 4°C for 1 h. Nuclei were observed by epifluore-
scence microscopy (Carl-Zeiss, filter no. 46-63-01-
9901, excitation at 360 nm and fluorescence at 450
nm) using a 63 X oil-immersion objective.
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Results

Spore germination and mycelial development

Daily observations of young spore germlings from
several representative C-biotype isolates confirmed the
findings of Delgado & Cook (1976a). The germ tubes
were initially swollen (5-20 xm diameter) until about
200 pm in length. Between the second and seventh day
after germination, cultures developed narrower hyphae
(1-3 pm diameter) of similar diameter to those of mature
(i.e. > 3-week-old) mycelium. Clamp connections were
first observed between the seventh and 10th day after
germination, usually at the centre of the colony.
Clamps were initially sparse and unfused but. by the
10th to 18th day, fused clamps were visible throughout
the mycelium. These results broadly confirm those of
Hedger er al. (1987) who investigated the germination
of mass spore cultures of the C-biotype and L-biotype.
In the present study, however, the developmental
changes were observed to occur more rapidly. This
may have been due to increased spore density or less
nutritious medium (Potato dextrose agar) used by
Hedger eral. (1987).

The morphological development of germlings of
S-biotype and B-biotype isolates was identical to that

Fig. 1 Bi- and trinucleate basidio-
spores of C. perniciosa stained with the
fluorochrome DAPI (see text). Light-
phase plates (a) and (¢} correspond to
the dark-phase plates (b) and (d),
respectively. Note the binucleate
basidiospore (centre ficld in Fig. 1b)
from the L-biotype isolate SCL.4 and
the trinucleate basidiospore (centre
field in Fig. 1d) from the Brazilian
S-biotype isolate 314. Bar represents
20 pum.

of the C-biotype. The growth of L-biotype basidio-
spores during the first week after germination followed
the pattern described above. However, most single
spore germlings of the L-biotype differed from those of
the other biotypes in that subsequently no clamp
connections were observed, even after 1-2 months
incubation and repeated subculture. In a few cases per-
sistent but unfused clamp connections were seen.

Nuclear staining

Examination of basidiospores from several isolates
stained with the fluorochrome DAPI confirmed that
most were uninucleate. However. a significant percen-
tage were binucleate and in two cases trinucleate
basidiospores were observed (Fig. 1, Table 1). There
was no opportunity to examine basidiocarp hymenial
tissues for the presence of two or three-spored basidia.
It is possible that the bi- and trinucleate basidiospores
were the result of post-meiotic nuclear division,
although Kiihner (1977) considered that such basidio-
spores generally arise through unequal nuclear segre-
gation from bi- or trisporic basidia.

DAPI-staining also showed that hyphae bearing
clamps were consistently binucleate in isolates of all
biotypes, while the unclamped hyphae of L-biotype
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Table 1 The nuclear condition of basidiospores of biotypes of C. perniciosa as assessed by DAPI staining

Nuclear condition (%) of basidiospores§

Method of:
Accession No. Biotype Origin¥ basidiocarp production Uninucleate Binucleate Trinucleate

unkl Cocoa CE B 99.1 0.9 0

unk2 Cocoa CE B 98.6 1.4 0

226 Cocoa CE A% 98.4 1.6 0

405 Cocoa B Vv 99.2 0.8 0

314 Solanum B Vv 92.5 7.0 0.5
SCL4 Liana AE Vv 952 4.8 0
SCFT Liana AE Vv 90.8 7.6 1.6

+Origin of isolates: CE: Coastal Ecuador; B: Brazil; AE: Amazonian Ecuador.

ZBasidiocarps were produced either on naturally infected cocoa brooms (B), as described by Suarez (1977) or from mycelial
cultures grown on bran-vermiculite medium { V } (Griffith & Hedger. 1993).

§300 DAPI-stained basidiospores from a single basidiocarp were examined in each case.

SSIs were uninucleate. Confirmation of the nuclear
condition of clamped and unclamped SSIs was made
by Nomarski interference microscopy.

Gross morphology of cultures

Sibling single spore cultures of the C-biotype, S-bio-
type and B-biotype were highly uniform in appearance
and indistinguishable from parental cultures. In
contrast, sibling single spore cultures of the L-biotype
were heterogeneous with respect to growth rate and
morphology (Fig. 2), and were generally slower grow-
ing and less fluffy than the parental mycelia. When
spores of the I-biotype were spread over a plate of
MYEA medium, complex crimson pigment patterns,
presumably arising from the interaction of different
spore germlings were observed after about 3 weeks
(Griffith, 1989). No such antagonistic interactions
occurred in mass spore cultures of the other biotypes.

Sib matings of mycelia of the L-biotype

The absence of clamp connections on hyphae of most
single spore cultures of the L-biotype (Table 2| and
their presence on mass spore cultures and mycelia
derived from basidiocarp stipe tissues, suggested that
the L-biotype might be outcrossing (i.e. heterothallic)
and that mating between compatible unclamped,
primary mycelia is a prerequisite for the formation of
secondary clamped mycelia (Burnett, 1975). To test
this hypothesis, sets of sibling single spore cultures
were paired in all possible combinations. In the case of
one isolate, SCFT, the results of initial pairings with 15
SSIs were used to choose six tester isolates for pairing
with a further 41 SSIs. SSIs found to bear true or false

clamp connections were not included in these pairings
and their status is discussed below.

Matings were conducted with sets of sibling SSIs
from a total of 20 basidiocarps collected at three sites
in coastal Ecuador, one site in Amazonian Ecuador
and also a single isolate from Brazil. The provenance of
these basidiocarps is shown in Table 2. Approximately
25 per cent of sib matings gave rise to mycelia bearing
clamp connections. In a smaller number of cases false
(i.e. unfused) clamp connections were seen. In Fig. 3,
the results of three representative sib-matings are
arranged on the hypothesis that mating compatibility in
the L-biotype is under the control of two, unlinked
mating factors, i.e. bifactorial or tetrapolar heterothal-
lism (Burnett, 1975).

In other tetrapolar species, the two mating type
factors are denoted A and B, according to the morpho-
genetic events which they control. Hence the A factor
controls nuclear pairing, clamp cell formation and
synchronized nuclear division, while the B factor con-
trols nuclear migration and clamp cell fusion (Cassel-
ton & Economou, 1985). As the matings of the
L-biotype appeared to operate in a similar manner, it
was possible to identify some hemi-compatible
(common-B factor) pairings from the distribution of
false clamps. Most pairings between non-sib SSIs were
compatible (data not shown), demonstrating that multi-
ple alleles at both loci are present within L-biotype
populations (Griffith, 1989).

A summary of the results of all the sib-matings is
given in Table 3. The mating type specificity of one SSI
from each set of siblings is arbitrarily given the mating
genotype A B,. Depending on their mating reaction
with this SSI, the other sibling cultures were denoted
A B, A B, orAB,.A and B represent the two mating

b il
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Fig. 2 Differences in gross morphology and radial growth rate between sibling single spore isolates (SSIs) from the L-biotype
isolate, LZ1. A 7 mm agar plug of each isolate was inoculated centrally on MY EA (see text) in 9 cm Petri dishes and incubated at

/

25°C for 7 days. The parental isolate LZ1 is in the top left corner and its progeny LZ1.4,5,6,7,8,9, 10, 12, 13, 14 and 15 are
ordered from left to right and top to bottom. Note that the parental isolate is slightly fluffier and faster growing that its progeny.

type factors, while x and y represent the alternative
alleles at these two loci in each set of siblings.

The number of SSIs in each set of pairings ranged
from 3 to 56. In several sets, where only small numbers
of sibling SSIs (i.e. <10) were isolated, fewer than the
four possible combinations of mating type factors were
identified. In four sets (LA10, LA46, LJ17 and
SCL1A), no compatible or common-B matings were
observed. In the case of LA46 and SCL1A, where 10
and 11 SSIs, respectively, were mated, unknown
factors may have inhibited sib-mating or affected the
distribution of mating factors among the basidiospore
progeny. Deviations from normal Mendelian ratios
among SSIs with respect to mating type factors and iso-
zymes have also been reported in other basidio-
mycetes, for example Laccaria (Fries & Mueller, 1984 )
and Pleurotus (May et al., 1988) species.

Although the results of the majority of sib-matings
conformed to the expected pattern (e.g. isolate LAI;

Fig. 3a), pairings with some SSIs could not easily be
interpreted. For example, SSIs LC3.12 (Fig. 3b),
LZ1.22 and LZ1.31 (Fig. 3c) were compatible with
about half of their sibs (i.e. both A B, and A B ). Pair-
ings with these ‘aberrant’” SSIs were repeated and it was
confirmed that the clamps produced were actually
fused. The gross morphology and nuclear condition of
these SSIs and the secondary mycelia they produced
was normal. Parag (1962) reported that common-A
heterokaryons of Schizophyllum commune are some-
times stable but have a distinctive ‘flat’” morphology.
When paired with compatible primary mycelia, nuclear
migration is unilateral as acceptor migration is blocked.
However, none of these features was observed in the
‘aberrant’ SSIs of C. perniciosa; all matings involving
these SSIs were bilateral and morphologically normal.
The generation of new mating type specificities by
intrafactor recombination has been observed in several
basidiomycetes {Raper et al., 1958; Takemaru, 1961
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Table 2 Presence or absence of true and false clamps in single basidiospore
cultures of the liana biotype of C. perniciosa

Accession Basidiocarp Fused  False  Clamps
No. Origin source clamps clamps absent Total
LAl Pichilingue Field 0 0 il 11
LA10 Pichilingue Field 3 0 5 8
LA20 Pichilingue Field 0 1 S 6
LA21 Pichilingue Field 2 0 5 7
LA22 Pichilingue Field 0 0 5 5
LA41 Pichilingue Field 5 0 6 11
LA43 Pichilingue Field 0 0 9 9
LA46 Pichilingue Field 1 0 10 el
L] Pichilingue Field 0 1 11 12
LC3 Pichilingue = Bran-vermiculite 2 18 20
LZ1 Pichilingue Liana 4 0 29 33
LJ11 Jauneche Field 2 0 6 8
LJ14 Jauneche Field 1 0 8 9
LJ15 Jauneche Field 0 0 (§) 6
LJ17 Jauneche Field 2 0 3 )
SCL1A San Carlos  Bran-vermiculite 3 0 17 20
SCL2 San Carlos  Bran-vermiculite 3 2 15 20
SCL4 San Carlos  Bran-vermiculite 5 2 18 25
SCFT San Carlos  Bran-vermiculite 6 3 56 65
450 Brazil Bran-vermiculite 9 3 13 25

Studies were made of single basidiospore isolates originating from four sites, namely
Coastal Ecuador: (1) fichilingue and (2) Jauneche, both in Los Rios Province,
Amazonian Ecuador: (3) San Carlos, Napo Province and Brazil: (4) Manaus,

Amazonas Province.

The single basidiospore cultures were obtained by spore fall from basidiocarps.
These were: (1) collected in the field by the authors, (2) from naturally infected liana
tissue which was induced to fruit in a mist chamber, or (3) from mycelial cultures
inoculated onto bran-vermiculite medium and placed in a mist chamber.

The Brazilian isolate (450) was supplied by Dr Cleber Bastos, CEPLAC, Belem,
Brazil. Full details of the origin of the parental cultures are given in Griffith (1989).

Day, 1963; Eugenio & Anderson, 1968) and is pre-
dicted to be widespread among bifactorial species
(Raper & Flexer, 1971). The present data are consist-
ent with the interpretation that C. perniciosa has a B
factor composed of two linked loci (i.c. Ba and Bp)
and that recombination between these loci gives rise to
new B factor specificities (i.e. recombination between
B, and B, gives rise to factors B, and B,). However,
only one of the two possible recombinant alleles was
detected in these pairings and no evidenc of A factor
recombination was found. Pairing experiments with
larger sets of SSIs may permit identification of the full
range of putative recombinant mating factor specifici-
ties.

The overall frequency of putative intrafactor recom-
bination was 6 per cent, which is within the range
observed in studies of other species (Koltin et al.,
1972). The level of putative intrafactor recombination

among the progeny of SCFT and SCL2 was 10 per
cent (6 of 56) and 14 per cent (2 of 14), respectively,
while no recombinants were observed in several other
sib-matings. Although sampling error may account for
these differences, it is possible that, as in §. commune,
the frequency of mating type factor recombination may
be affected by genetic and environmental factors
(Schaap & Simchen, 1971).

Confirmation that B factor recombination occurs in
C. perniciosa could be obtained by back-mating the
putatively recombinant SSIs with SSIs containing the
parental mating type factors. Intrafactor recombination
should be absent among the progeny of these crosses as
all would have the same allele at one or both of the B
factor loci. The possibility that the ‘aberrant” SSIs were
the result of mutation in the B factor cannot at present
be ruled out. B,, mutants in which the B factor is
partially or totally inactivated are normal in appear-
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Fig. 3 Sibling single basidiospore isolates which did not bear clamp connections were paired in all combinations on Malt-Yeast
Extract Medium and subcultures from mating plates examined for the presence/absence of clamp connections after 4 weeks
growth, as described in the text. + = compatible pairing, fused clamp connections observed; — =incompatible pairing, no clamp
connections observed; f =hemi-compatible pairing, unfused clamp connections observed, indicative of some but not all
common-B factor matings. Dotted lines are used to group SSIs showing the same mating type specificities. The mating factor
genotypes (A, B, etc.), according to our interpretation of the data, are shown for each set.



Table 3 Summarized results of sib-mating between primary
mycelia of the L-biotype of C. perniciosa

Accession Total no.
No. ABf AB, AB, AB, Other: ofSSls
LAILS§ 3 1 2 5 0 11
LAIO nd:ft  nd' nd nd. n.d. 4
LA20 4 1 0 0 0 5
LA21 1 2 0 1 1 5
LA22 3 1 O ( { 4
LA41 0 (==6--) 0 0 6
LA43 3 1 2 D 1 9
LAd6 n.d. nd. nd. nd n.d. 10
ILCI 4 3 2 0 1 10
LC3§ 6 4 3 1 1 15
LZ1§ S 11 7 4 2 29
LJ11 2 2 | 1 0 6
LJ14 3 4 [—=1--) 0 8
LJj13 3 1 {==2==) 0 5
LJi7 n.d. nd. nd nd n.d. 3
SCLIA n.d. nd. nd nd n.d. 11
SCL.2 3 5 | 3 2 14
SCL4 2 2 2 4 0 10
SCFT 19 8 14 9 588 36
450 3 1 6 3 0 13

* 1 he mating type specificity of the SSI (Single Spore solate)
with the lowest accession number in each set (e.g. LAIL.1, see
¥i2 3 was arbitrarily designated the genotype A B,. The
genotype of other SSIs were assigned according to this. The
distnibution of false clamps was used to identify common-B
factor pairings.

=T he results in this column represent single basidiospore
ssolates (SSIs) which do not conform to a simplistic analysis
of mating factor genotype and which may represent examples
of B factor recombination {i.e. A B.or A B.).

§ Full results for these sib-matings are shown in Fig. 3.

~In four sets of SSIs, no compatible or hemi-compatible
mating reactions were detected. The mating type specificities
of SSIs could not be determined ( =n.d.).

==In three cases fewer than four mating factor genotypes
were identified. In these cases parentheses are used to
designate the possible mating type specificities.

S80nly in the case of SCFT were two putative recombinant
genotypes identified (i.c. four assigned the genotype A B,
andone A B.).

ance and mating behaviour in Coprinus cinereus (Cas-
selton & Economou, 1985), although not in .
commune (Koltin ez al., 1967). However, the indepen-
dent occurrence of such mutations at the frequency
recorded here is highly unlikely.

A limited number of pairings were repeatably
incompatible and did not conform to the interpretation
described above (eg. LC3.2XLC3.8, Fig. 3b).
Similarly, false clamps were not observed in all pairings
which were subsequently interpreted as involving
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common-B factors. Other investigations of basidiomy-
cete outcrossing mechanisms have recorded similar
observations e.g. (Macrae, 1967; Ginns 1974). Most
common-B heterokaryons were found to be unstable
and formed sectors corresponding to the component
primary mycelia when subcultured. However, a few
common-B  heterokaryons bearing false clamps
remained stable after repeated subculturing (data not
shown). It is possible that the stability of heterokaryotic
mycelia formed during the initial stages of mating was
influenced by genetic factors unlinked to mating
factors.

The dynamics of dikaryon formation during com-
patible matings suggested that the secondary mycelium
propagated from the junction zone by hyphal growth,
rather than by the migration of nuclei through pre-
existing hyphae, as observed in several other bifactorial
species (Snider & Raper, 1958; Bistis, 1970). Pairings
between secondary and primary mycelia, i.e. di-mon
matings or the ‘Buller’ phenomenon; (Raper, 1966;
Coates & Rayner, 1985) never gave rise to a new
secondary mycelium, suggesting that mating in the
L-biotype only occurs between primary mycelia. The
failure of such pairings may be due to the restricted
nature of nuclear migration in C. perniciosa.

In a number of species, which like the L-biotype
exhibit ‘normal’ development (Boidin, 1971), it is
possible to differentiate mating reactions on the basis
of changes in gross morphology (Martin & Gilbertson,
1973; Ullrich & Anderson, 1978; Moore, 1985).
Zones of antagonism, sometimes involving pigment
production, were frequently observed in L-biotype sib-
matings, although it was not possible to predict reliably
the result of pairings without microscopic examination.
In compatible pairings, these zones tended to become
overgrown by the fluffier secondary mycelium while
the most distinct barrages were produced in
common-B pairings. The intensity of the zones of anta-
gonism was greater for some sets of sibling SSIs (e.g.
SCFT ) than others (e.g. LA1}.

Discussion

Homomixisin the C-biotype of C. perniciosa

The structure of populations of the C-biotype has been
investigated by Griffith (1989) and Wheeler &
Mepsted (1982, 1984 ). Their results demonstrated the
occurrence of geographically widespread clones, as
assessed by somatic compatibility reactions, and is
suggestive of a non-outcrossing breeding strategy in
this biotype.

In the present study, it was found that basidiospores
of the C-biotype are mostly uninucleate and that sibling
SSIs of the C-biotype were morphologically identical.
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This is consistent with the results of previous investiga-
tions of meiosis (Delgado & Cook, 1976b) and
basidiocarp production (Purdy er al, 1983) in the
C-biotype. Although the possibility that the basidio-
spores are diploid has not been ruled out, the evidence
that the C-biotype of C. perniciosa is homomictic is,
nevertheless. convincing. Meiosis has not been
examined in the S-biotype and B-biotype but the
evidence presented here suggests that these biotypes
are probably also homomictic.

It has been estimated that about 10 per cent of
basidiomycetes species are non-outcrossing (White-
house, 1949), although some outcrossing species are
capable of producing asexual spores (Kiithner, 1977).
Of these non-outcrossing species, most are known to
be either homoheteromictic (amphithallic or secondary
homothallic) or amictic/apomictic with incomplete
sexual progression {Burnett, 1975; Kiihner, 1977).
True homomixis (primary or homo-dikaryotic homo-
thallism) is rare and Lemke (1969) has estimated that
only 1 per cent of basidiomycete species exhibit this
type of breeding strategy. Among the few other species
in which homomixis has been demonstrated, with any
degree of certainty, are Coprinus patouillardii (Bayman
& Collins, 1990), Coprinus sterquilinus Yr. (Harder.
1926}, Heterobasidion annostm (Chase ef al.. 1983)
and Sistotrema brinkmannii (1Lemke, 1969). Several
members of the genus Srerewrn are non-outcrossing
{Amsworth, 1987) but as convineing evidence of
meiosis i the basidia of Sterewim sanguinolentin is
lacking, it is possible that these species are actually
apomictic (Rayner & Turton, 1982},

In outcrossing species, the process of somatosexual
differentiation, leading to the development of the
secondary mycelium, is prevented until heterozygosity
at the mating type loci is achieved by compatible
mating (Burnett, 1975). However, in homomictic
species, this process is constitutively initiated soon
after basidiospore germination and is completed within
5-10 days and 7-10 days in 8. brinkmannii and H.
annosum, respectively (Ullrich & Raper, 1975; Chase
et al, 1985). A comparable length of time elapsed
between spore germination and the stabilization of the
homodikaryotic secondary mycelia in the C-biotype.

It has been suggested that mating between the
primary mycelia of outcrossing species is permitted by
the suppression of the somatic incompatibility mechan-
isms which prevent successful hyphal fusions between
secondary mycelia (Coates er al., 1981). It is possible
that some form of heterokaryosis can occur between
genetically distinct mycelia of homomictic species
during the short period of time when the young
mycelium is undergoing autodikaryosis. However, it is
not clear whether stabilization of the phenotypically

secondary mycelium is preceded by the processes of
acceptor and access migration, as in outcrossing
species (Rayner eral., 1984).

The life cycle of the C-biotype of C. perniciosa (and
the S-biotype and B-biotype) in nature involves a pro-
longed biotrophic phase (usually 4-6 weeks) after
basidiospore germination (Wheeler, 1985). Multiple
infection of host meristems by genetically distinct
basidiospores may provide an opportunity for hetero-
karyosis between the phenotypically primary (i.e.
unclamped and uninucleate) biotrophic mycelia. If such
heterokaryotic mycelia arise during the biotrophic
phase, they may form stable heterodikaryons when the
host tissues die and the fungus enters the saprotrophic
growth phase.

Outcrossing in the L-bjotype of C. perniciosa

Our results demonstrate that the outcrossing mechan-
ism of the L-biotype of C. perniciosa is essentially the
same as that of S. commune and C. cinereus (Raper,
1966: Casselton & Economou, 1985). Genetical control
of secondary mycelium development is bifactorial,
multiallelic and there was evidence that at least one of
these mating factors may have a two-locus structure.
Two-locus mating type factors permit both fine control
of inbreeding bias, while maintaining a high outbreed-
ing potential (Stamberg & Koltin, 1973). Recent
studies have indicated that the molecular structure of
basidiomycete mating factors is more complex than
was previously suggested by genetic studies (Kiies er
al, 1992). However, a model proposed by Kiies &
Casselton (1992} is consistent with both molecular and
genetic evidence obtained from several bifactorial basi-
diomycete species, suggesting that similar genetic
mechanisms control somatosexual development among
diverse members of this taxon. possibly including the
L-biotype of C. perniciosa.

The occurrence of bi- and trinucleate basidiospores
is consistent with the observation that a significant pro-
portion of L-biotype SSIs were found to bear true or
false clamps. In Rhizoctonia solani, two to five-spored
basidia are common and up to 33 per cent of basidio-
spores are binucleate (Anderson, 1984). Kerrigan &
Ross {1987) have shown that the average number of
spores per basidium of the bifactorial Agaricus subru-
fescens is often significantly less than four. They postu-
lated that partial homoheteromictic (secondary
homothallic) behaviour provides a degree of reproduc-
tive assurance, for instance during the colonization of
substrates where the probability of encountering com-
patible primary mycelia is low. It is therefore possible
that the L-biotype may also be able to achieve inbreed-
ing by the production of binucleate, potentially self-
fertile basidiospores.



| The fact that the L-biotype is host specific (Griffith,
1989 suggests that infection of A. verrucosa meristems
by basidiospores may represent an important mechan-

- 1sm for the establishment of new mycelial systems. As
the development of a secondary mycelium is a prere-
ﬁc for basidiocarp production, the dynamics of the
mating processes could have important consequences
for the biology of the fungus. The level of intrafactor
recombination (possibly also involving the A factor)
and the frequency of occurrence of multinucleate basi-
~diospores will influence the degree of inbreeding in
populations of the L-biotype and may have implica-
ns for gene flow within populations (Kirby, 1984).

lutionary relationships between the biatypes ofC.

Be preponderance of diaphoromixis {heterothallism)
mong the basidiomycetes (Whitehouse, 1949) is con-
dered to be an indication that this is an ancestral
wre and that non-outcrossing strategies have
2d secondarily (Raper & Flexer, 1971; Koltin er
L. 1972). Most non-outcrossing basidiomycetes
¢ closely related to, or taxonomically conspecific
gh. outcrossing species (Lemke, 1969; Kemp, 1975;
vid & Déquatre, 1984), suggesting that compara-
wely small genetical changes are involved in such
peeding strategy changes (Brasier, 1987: Collins,
987). Ainsworth (1987) reported the occurrence of
uterossing and non-outcrossing breeding behaviour
athin isolates obtained from both sympatric and allo-
populations of several Srereum species. He
pund that the adoption of a non-outcrossing breeding
strategy could result in effective genetic isolation,
possibly permitting the maintenance of an adaptive
e ¢ by clonal reproduction.
- We have shown that homomictic and bifactorial out-
crossing populations exist within the biotypes of C.
perniciosa and it is possible that homomixis may have
‘evolved from an ancestral bifactorial system. The
evolution of homomixis in C. perniciosa by the coinci-
dent inactivation of both of the mating type factors of a
- bifactorial ancestor, by deletion or mutation, is highly
improbable (Koltin, 1978). However, the possibility
that unifactorial populations of C. perniciosa also exist
and that homomictic populations may have evolved
from these (as suggested for S. brinkmannii; Lemke,
1969; Ullrich & Raper, 1975), cannot be ruled out.

An alternative explanation is afforded by the work
of Lanquetin & Boidin (1983) who found that the
monosporous progeny of some hybrids between the
two bifactorial species, Dichostereum durum and D.
sordulentum were non-outcrossing. Clamp connections
formed on these mycelia only after several weeks,
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suggesting that secondary mycelium formation was
impeded. compared with other naturally occurring
homomictic species. Some of the hybrid progeny of
nutritionally forced pairings between homomictic and
unifactorial isolates of S. brinkmannii also showed
similarly delayed clamp connection formation (Ullrich
& Raper, 1975). This may be an indication that there is
partial expression of mating type functions and a
resulting delay in secondary mycelium formation. The
evolution of homomixis in C. perniciosa may have
occurred by a similar hybridization event. possibly
involving hitherto undiscovered biotypes of the
species.
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