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ABSTRACT

Julidn, M. C., Debets, F,, and Keijer, J. 1996. Independence of sexual and
vegetative incompatibility mechanisms of Thanatephorus cucumeris (Rhizoc-
tonia solani) anastomosis group 1. Phytopathology 86:566-574.

The soilborne plant pathogen Thanatephorus cucumeris (anamorph
Rhizoctonia solani) is a basidiomycete that occurs worldwide and causes
damage to a large variety of agricultural crops. The lack of knowledge of
the genetic basis of incompatibility in T. cucumeris hampers the devel-
opment of environmentally friendly control measures for this plant path-
ogen. To clarify incompatibility mechanisms in T. cucumeris, sexual and
vegetative compatibility were investigated simultaneously in anastomosis
group (AG)-1. Sporulation was induced in vitro for a field isolate be-
longing to AG-1, and single spores were isolated, giving rise to homo-

karyotic colonies. The homokaryons were paired, and the contact area
between isolates was studied macro- and microscopically. Mating pro-
cesses (formation of heterokaryotic tufts between paired homokaryons)
occurred independently from vegetative incompatibility processes (lysis
of anastomosed cells), showing that in T. cucumeris AG-1 sexual and
vegetative incompatibility are two mechanisms that operate independently.
Vegetative incompatibility was variable and irreproducible, indicating veg-
etative compatibility in 7. cucumeris AG-1 is a complex mechanism. Fur-
thermore, heterokaryotization of homokaryotic mycelium (Buller phenom-
enon) was observed. A novel phenomenon is described, consisting of the
spontaneous lysis of the cells of some of the homokaryotic progeny of
the field isolate.

Rhizoctonia solani Kiihn is the asexual form of the fungal spe-
cies Thanatephorus cucumeris (Frank) Donk (1,3,30). R. solani is
cosmopolitan in soils and is a destructive plant pathogen with a
wide host range (1). The large variation between isolates of R.
solani with respect to pathogenicity and growth characteristics
and the concurrent lack of knowledge of the genetic basis of this
variation make it very difficult to understand the population struc-
ture of this fungus. Insight into the genetics of R. solani is nec-
essary to understand how the flow of genetic information within
and between populations takes place. This knowledge will aid our
understanding of the strategies for spread and survival of R. solani,
facilitating the development of effective environmentally friendly
control measures for this plant pathogenic fungus.

Insight into the occurrence of host plant resistance to the vari-
ous diseases caused by R. solani is difficult to obtain because the
fungus is not a homogeneous species but, instead, is composed of
at least 12 groups (10,34). Isolates of R. solani are assigned to
anastomosis groups (AGs) based on the occurrence of hyphal fu-
sion (anastomosis) with members of designated AGs (34); isolates
from the same AG anastomose, whereas, in general, isolates from
different AGs do not anastomose. There are some exceptions, for
example AG-BI isolates, the “bridging” isolates, are able to anas-
tomose not only with members of AG-BI, but also with isolates
belonging to AGs-2, -3, -6, and -8 (34). When two isolates from
the same AG are paired and subsequently anastomose, there are
two possible reactions: perfect fusion (a C3 reaction) or imperfect
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fusion (a C2 reaction) (9). Perfect fusion is the complete fusion of
cell walls, membranes, and cytoplasms with continuous living cyto-
plasm in the fusion site; perfect fusion occurs when anastomosed
isolates are vegetatively compatible. Imperfect fusion results in
lysis of anastomosing and adjacent cells because anastomosed
isolates are vegetatively incompatible.

Studies on the genetics of T. cucumeris (R. solani) have been
carried out in many of the AGs by studying the formation of het-
erokaryotic tufts arising in the area of contact between single-
spore homokaryotic cultures (27,31,35). Until now, only the ge-
netics of AGs-1, -4, and -8 were understood to a certain extent (1,
31,36). Little is known about the sexual compatibility of the re-
mainder of the AGs (1), but it has been suggested that the genetics
of AGs-2 and -3 differ from that of AGs-1 and -4 (1). In AGs-1
and -4, heterokaryon formation between paired homokaryons is
controlled by two closely linked genes, which together are re-
ferred to as the H factor (5). Paired homokaryons that carry H
factors differing at one or both genes produce fluffy tufts of het-
erokaryotic hyphae. The H factor in T. cucumeris has been de-
scribed as controlling heterokaryon formation (5) by functioning
like the incompatibility loci in other basidiomycetes. In later stud-
ies, it was recognized that the H factor also controls nuclear pair-
ing and the stability and outbreeding of the heterokaryon (31).

Based on these observations, Adams and Butler (2) have sug-
gested that heterokaryon incompatibility factors (H factors) in T,
cucumeris are the same as sexual incompatibility factors. Also,
Anderson (4) stated that sexual and vegetative incompatibility sys-
tems function simultancously and reciprocally. To consider sexual
and vegetative incompatibility as one and the same mechanism in
T. cucumeris would contradict what is found in most species of
higher fungi. In many species of ascomycetes and basidiomycetes,



the existence of two distinct types of incompatibility, sexual and
vegetative, that serve contrasting but complementary roles (32)
has been described.

To clarify incompatibility in 7. cucumeris, sexual and vegeta-
tive compatibility in AG-1 were studied simultaneously. Vegetative
compatibility was assessed microscopically as perfect fusion, with
no cell lysis after anastomosis (4). Sexual compatibility was assessed
macroscopically as formation of heterokaryotic tufts when homo-
karyons of different mating types were paired (5,18,35). The fact
that the tufts arising at the junction between paired homokaryons
belonging to AGs-1 and -4 are heterokaryotic has been demon-
strated by a number of researchers using naturally occurring mar-
kers (5,35), mutants (27,31), sporulation behavior (2), virulence
(18), and randomly amplified polymorphic DNA markers (13).

If in T. cucumeris sexual and vegetative compatibility were the
same mechanism, then formation of a heterokaryon when pairing
homokaryons with different mating types (sexual compatibility)
should be accompanied by perfect fusion (vegetative compati-
bility). Likewise, the lack of formation of a heterokaryon when
pairing homokaryons with the same mating type (mating incom-
patibility) should result in cell lysis of the anastomosed cells (veg-
etative incompatibility).

In this report, we present our studies of pairings between sibling
single-spore isolates (SSIs) belonging to AG-1, and evidence is
given for independence between sexual and vegetative incom-
patibility systems in T. cucumeris AG-1. In addition, based on the
fact that small tufts occasionally form when a heterokaryon is
paired with a homokaryon, we suggest that heterokaryotization of
a homokaryon by a heterokaryon (Buller phenomenon) might take
place in T. cucumeris. Furthermore, spontaneous lysis of hyphae
was observed in some of the homokaryotic isolates, a phenome-
non that has not been reported before, to our knowledge, in T.
cucumeris.

MATERIALS AND METHODS

Isolates and internal transcribed spacer-polymerase chain
reaction (ITS-PCR) subgroup determination. The heterokar-
yotic T. cucumeris (R. solani) field isolate 1R4 used in this study
was provided by D. E. Carling (University of Alaska Fairbanks)
and corresponds to number 43 in his collection. The AG of this
isolate was confirmed by pairing it with AG tester isolates (34) as
described by Keijer et al. (20). SSIs derived from single 1R4 ba-
sidiospores are denoted as *1 through *46. Isolate *4 was lost
during this study. AG-subgroup determination was confirmed by
amplification of the ITS of the ribosomal gene cluster by PCR
followed by digestion of the products with the restriction endo-
nuclease EcoRI (20). This was done for the parent isolate 1R4 as
well as for the derived SSIs #2, *3, *12, and *15; 10 ng of fungal
DNA from the parent and the SSIs was used as template in ITS-
PCR, which was performed as described by Keijer et al. (20) with
the primers ITS1: 5-TCCGTAGGTGAACCTGCGG and ITS4:
5’-TCCTCCGCTTATTGATATGC. The products were digested
with endonuclease EcoRI (Life Technologies, Bethesda, MD) at
37°C for 2 h, separated by electrophoresis in 1% agarose (33),
stained with ethidium bromide, and photographed over a UV trans-
illuminator. Total DNA extracted from field isolate 1R4 and SSIs
#2, *3, *12, and *15 was visualized on agarose gels (33) to deter-
mine whether plasmids were present, These DNAs also were sep-
arated by cesium chloride gradients (33) to determine the presence
of a plasmid band.

Media. Potato marmite dextrose agar (PMDA) contained 39 g
of potato-dextrose agar (PDA, Oxoid, London) and 1 g of marmite
yeast and vegetable extract (CPC Ltd., Esher, Surrey, England)
per liter. Water agar (WA) was 15 g of agar technical no. 3
(Oxoid) per liter. Potato-dextrose charcoal agar (PDCA) contained
39 g of PDA supplemented with 0.5% (wt/vol) activated charcoal
(Sigma Chemical Company, St. Louis) per liter. WA covered with

cellophane (WA + cellophane) was prepared by autoclaving cut
pieces of cellophane and placing them on top of a WA plate.
Fortified nutrient agar (FNA) contained 20 g of agar technical no.
3, 15 g of sucrose, 2 g of asparagine, 0.6 g of KH,PO,, 0.8 g of
K,HPO,, 1 g of MgSO,, 10 mg of CaCl,, 2.5 mg of ZnSO47H,0,
2.5 mg of H3BOy, 0.5 mg of MnSO,-1H,0, 1.7 mg of NaFeEDTA,
0.3 mg of CuSO45H,0, and 0.1 mg of (NH,)sM0,0,4-4H,0, as
well as 1.0 mg of thiamin, 1.0 mg of niacin, 20 pg of biotin, 0.5
mg of Ca-pantothenate, 0.5 mg of pyridoxine, and 0.1 mg of p-
aminobenzoic acid per liter. All reagents were analytical grade
and were obtained from Sigma or Merck (Darmstadt, Germany).

Sporulation and isolation of SSIs. Isolate 1R4 was induced to
fruit as follows. A petri dish with PMDA was inoculated with a 3-
mm? agar plug from the stock culture and incubated for 30 days at
23°C in the dark. A small agar plug was cut from the edge of the
colony and placed in a 9-cm-diameter petri dish with WA. The
WA plates were incubated at 23°C in the dark until the mycelium
covered the plate completely and then were placed on a laboratory
bench in diffuse light. In fruiting experiments, petri dishes with
supports in the lid were used to facilitate aeration. Of the AG-1
isolates tested for fruiting, only isolate 1R4 fruited reproducibly
and abundantly.

SSIs were isolated by inverting a sporulating culture overnight
over WA plates. Germinated single basidiospores were isolated 1
to 6 days later by picking them from the agar with a sterile Pasteur
pipette under an inversion microscope and transferring them to
WA plates. The single spores were incubated at 23°C in the dark.
When mycelial colonies began to develop, hyphal tips were
transferred to FNA plates. The SSIs as well as the parent isolate
were stored at 4°C on FNA.

Pairings of SSIs and formation of heterokaryons. Pairings
among the SSIs were performed on PDCA. This medium has
been widely applied in analysis of the genetics of T. cucumeris
(7,8). The disadvantage of this nontranslucent growth substrate is
that it does not allow microscopic observation of anastomosis.
Therefore, WA + cellophane also was employed. Plugs (3-mm?) of
each isolate were placed 6 cm apart in a 9-cm-diameter plate and
incubated at 23°C in the dark. Observations of the plates were
done during a period of 14 days. Tuft formation (sexual com-
patibility) was studied macroscopically on both media. Anasto-
mosis was studied microscopically on WA + cellophane. Perfect
anastomosis or C3 reaction (vegetative compatibility) was reported
when anastomosed and adjacent cells were not lysed and the
diameter of anastomosis points was equal to the hyphal diameter.
Imperfect anastomosis or C2 reaction was reported when anas-
tomosed and adjacent cells lysed and the diameter of anastomosis
points was less than the hyphal diameter. When tufts of aerial
mycelium formed in the junction between paired SSIs, hyphae
from each tuft were picked with sterile forceps and placed on
WA. When colonies began forming, hyphal tips were transferred
to FNA. To confirm that the picked hyphae from the junction were
formed heterokaryons, the test proposed by Adams and Butler (2)
was performed. Cultures derived from the tufts were paired to
both parent homokaryons in PDCA plates. Lack of tuft formation
with both of the homokaryotic parents was considered adequate
proof that the heterokaryon had been successfully formed and
isolated.

RESULTS

Sporulation and subgroup determination. 7. cucumeris (R.
solani) field isolate 1R4 sporulated easily in culture, and the spores
germinated readily on WA, The SSIs obtained from 1R4 dis-
played a large variation in cultural characteristics such as color,
sclerotia formation, and growth rate. ITS-PCR subgroup determi-
nation confirmed that parent isolate 1R4 as well as the derived
SSIs belong to AG-1-IC, the microsclerotial form of AG-1 (Fig. 1).

Pairings of SSIs. The pairing medium WA + cellophane was a
highly suitable medium for analyzing compatibility reactions, be-

Vol. 86, No. 6, 1996 567



cause the cellophane prevented T. cucumeris from growing in the
agar, allowing for observation of the cellular interactions in one
mycelial layer. In addition, the cellophane reduced contamination
of the plates during microscopic observations, because it appar-
ently does not provide a suitable growth surface for most micro-
organisms. Furthermore, observations during several weeks were
not hindered by cell death. If WA alone is used, hyphae on the
surface die after a few days. On WA + cellophane cell death did
not occur, enabling study of the reactions that took place when ho-
mokaryons were paired over a period of 14 days.

Preliminary studies were done for which randomly chosen SSIs
*2 and *5 were paired with SSIs *1 and *3 and with themselves
on WA + cellophane. The interactions in the area of contact be-
tween the isolates were studied. No tuft formation was observed
in any of the pairings. Most pairings showed perfect anastomosis
or vegetatively compatible interaction: no lysis could be observed
from the moment of first contact between the isolates up to 8 days
later. Only two combinations, *2 x *3 and *5 x *3 showed im-
perfect anastomosis or vegetatively incompatible interaction: cell
lysis was observed from the first day of isolate contact. We con-
cluded that there appeared to be different vegetative compatibility
groups of SSIs. One group was represented by SSIs *1, *2, and
*5, and the other group was represented by SSI *3. As expected,
self pairings resulted in a compatible reaction.

For further experiments, one SSI from each vegetative compati-
bility group was randomly chosen (SSIs *2 and *3, respectively)
and paired to all SSIs, both on WA + cellophane and PDCA. The
contact area was studied at 6, 10, and 14 days after inoculation for
vegetative and sexual compatibility. Each pairing was duplicated,
and the experiment was repeated three times. The results are shown
in Table 1. In addition, parent isolate 1R4 was paired with all the
SSIs and with itself.

These experiments allowed us to make some observations. First,
tuft formation did not depend on the occurrence of perfect anas-
tomosis (vegetative compatibility), just as the lack of tuft formation
did not imply imperfect anastomosis (vegetative incompatibility).
Tuft formation occurred clearly in the presence and absence of
cell lysis, just as absence of tuft formation took place with and
without cell lysis. For example, SSIs *6 and *22 formed a tuft
with SSIs *2 and *3; however, SSI *6 showed no cell lysis with
SSIs *2 or *3, whereas SSI *22 showed lysis with both SSIs *2
and *3. Likewise, SSIs *5 and *20 did not form a tuft when paired

10 11 12 13 14 15 16 17 18

Fig. 1. Internal transcribed spacer-polymerase chain reaction (ITS-PCR) of
Thanatephorus cucumeris parent isolate 1R4 and single-spore isolates (SSIs)
*2, *3, *12, and *15. Lanes 1 and 10, 123-bp ladder. The 429-bp band is in-
dicated with an arrow. Lanes 2 to 9, full-length ITS-PCR products. Lanes 11
to 18, ITS-PCR products digested with EcoRI. Lanes 2 and 11, tester anasto-
mosis group (AG)-1-1A. Lanes 3 and 12, tester AG-1-IB. Lanes 4 and 13, tes-
ter AG-1-IC. Lanes 5 and 14, parent isolate 1R4. Lanes 6 and 15, SSI *2.
Lanes 7 and 16, SSI *3. Lanes 8 and 17, SSI *12. Lanes 9 and 18, SSI *15.
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with SSIs *2 or *3; however, SSI *5 showed no cell lysis when
paired with SSIs *2 and *3, and SSI *20 showed cell lysis when
paired with SSIs *2 and *3 (these examples are italicized and un-
derlined in Table 1). The independence of tuft formation (sexual
compatibility) and vegetative compatibility is illustrated in Figure
2, in which tuft formation and a barrage reaction occurred simul-
taneously all along the area of contact. The barrage corresponded
microscopically with cell lysis in the area of anastomosis.

Second observation: the formation or nonformation of a tuft
was consistently reproducible between experiments, whereas cell
lysis after anastomosis was less reproducible (Table 1). Variation
in compatibility responses was observed even within one pairing,
where along the contact area between two paired isolates some

TABLE 1. Sexual and vegetative compatibility of single-spore isolates (SSIs)
*2 and *3 of Thanatephorus cucumeris and vegetative compatibility of parent
isolate 1R4 with progeny SSIs at 10 days after inoculation?

Sexual compatibility Vegetative compatibility

SSIs ) *3 *2 *3 IR4
*] I I (¢ ififc C
*2 I I ifele 1 C
*3 I I I C ifehi
it { 1 C C* C
*6 c c C C C
*7 C 5 clchi | ilch
*8 C C clife ifele C
*9 C C c/ifi ifilc clchi

*10 I I clifi | C

*11 C C C ifelc C

*12 C C ilchi I I

*13 1 I ifife ifcli ifilc

*14 I | ¢ | I

*15 C C clchi I C

*16 C C i/cli I ifefi

*17 c C c/efi I I

*18 I | I clife C

*19 I I ifehi I C

*20 I I 1 1 I

*21 e C ililc | C

*22 C £ 1 i [

*23 I I C 1 C

*24 C C ifefi i/ch cfifi

*25 I 1 I 1 c

*26 I I C c/ifi C

*27 I 1 ifehi clehi |

*28 C (& clifi clifi C

*29 (8 € ilch I C

*30 I I clile clile C

*31 C C 1 I ifeli

*32 C C clifi I C

*33 C C C I C

*34 C C ifcli I I

*35 C C clifi ifchi ilclc

*36 C C I C

*37 | [ clehi | clile

*38 C C 1 I ififc

*39 [ I C i/ch C

*40 I I | clifi I

*4] I I [ clife clife

*42 I | ifife 1 C

*43 | I clehi | clifi

*44 & C 1 1 I

*45 C C ifchi ch C

*46 C ¢ clifi I C

¥ In sexual compatibility: C = sexual compatible (tuft); I = sexually incom-
patible (no tuft). In vegetative compatibility: C = vegetatively compatible
(no lysis when anastomosed); I = vegetatively incompatible (lysis when
anastomosed). Where vegetative compatibility was not reproducible between
experiments, the results of the three experiments are shown in lowercase
letters. Examples given in the text are italicized and underlined and show
independence of sexual and vegetative incompatibility mechanisms.

* In additional pairing experiments, including the preliminary experiment, an
incompatible reaction (C2 reaction) was sometimes observed in anastomo-
sis between these isolates.



areas showed lysis (vegetative incompatibility) and some did not.
Furthermore, even in self pairing, incompatible reactions were
observed in one of the experiments (Table 1, SSI *2). In addition,
a large variation in the intensity of the killing reaction was ob-
served. In some pairings, only the anastomosed cells lysed, whereas
in other pairings lysis affected not only the anastomosed cells but
also many of the neighboring cells. In some cases, lysis was so
extended that it could be observed macroscopically as a bar-
rage (Fig. 2). In pairings of the parent 1R4 with its homokar-
yotic progeny, cell lysis after anastomosis was observed clearly in
9 of the cases; in 24 of the cases, no cell lysis was observed; and
the remaining 12 pairings gave no clear reaction (Table 1).

Third observation: based on the lack of tuft formation, we con-
cluded that SSIs *2 and *3, which belong to different vegetative
compatibility groups, belong to the same sexual compatibility
group or mating type. Based on the results of the sexual compati-
bility reactions, the SSIs could be divided into two sexual com-
patibility (mating type) groups of almost equal size. The sexual
compatibility types were arbitrarily named M1 and M2. M1: SSIs
*1 to *3, *5, ¥10, *13, *14, *18 to %20, *23, *25 to *27, *30, *37,
*30, and *40 to *43; M2: SSIs *6 to *9, *11, *12, *15 to *17, *21,
*22, *¥24, *28, *29, *¥31 to *36, *38, and *44 to *46. To confirm the
grouping of SSIs according to their mating type, randomly chosen
SSIs *2, *3, *12, and *15 were paired to the rest of the SSIs on
PDCA and WA + cellophane, and tuft formation was assessed. All
pairings were done in triplicate. The results confirmed the mating-
type grouping of SSIs.

Fourth observation: in some of the pairings of parent isolate 1R4
with its progeny, very small and discontinuous tufts were observed
in the contact area (Fig. 3). In most of the pairings, hyphae from
parent and SSI came in contact and showed no tuft formation,
whereas in pairings of the parent with SSIs *2, *15, *17, *19, *32,
*36, *38, and *41, very small spots of thin aerial hyphae were
observed. These spots were fluffy but not as big or spectacular as
the tufts formed between pairs of single spore-derived homokar-
yons. Also, in pairings between in vitro-generated heterokaryons
with their parent homokaryons, small spots of fluffy tufts were
sometimes observed (Fig. 3).

Fifth observation: large areas of dead cells were observed in
some pairings after 2 weeks of incubation. When inoculated, both
isolates of the pairing grew toward each other, covering the plate,
and formed a tuft if they were of different mating types, after
which some cells lysed spontaneously. The lysis process conti-
nued until most mycelial cells were dead. Two weeks after inocu-
lation, living hyphae were observed only in the formed tufts and
very close (5 to 10 mm) to the inoculum. This process did not
take place in pairings between all isolates, To our knowledge, spon-
taneous lysis has not been reported in T. cucumeris.

To exclude the possibility of transfer of “deleterious” material
from one isolate to another, thereby generating lysis, each SSI was
inoculated separately on WA + cellophane and PDCA plates and
studied for 4 weeks. On PDCA, the spontaneously lysing isolates
grew very sparsely without formation of sclerotia, whereas the non-
lysing isolates grew very densely and formed sclerotia (Fig. 4).
On WA + cellophane, all isolates grew, covering the whole surface
of the plate, but after a number of days, several isolates began to
show lysis of cells in some areas. These areas gradually increased
in size until all hyphae were dead, except those close to the
inoculum (Fig. 5). Observations through a microscope showed that
the lysis always began in lateral branches of the hyphae and then
spread through the hyphae. Two weeks after inoculation, 18 of the
SSIs showed cell lysis over the entire plate, and no sclerotia were
formed; these were described as “spontaneously lysing” isolates.
Twenty-six of the SSIs showed no cell lysis, even after 4 weeks,
and formed sclerotia; these were described as “nonlysing”
isolates. One of the SSI, *23, showed both cell lysis and very
weak formation of sclerotia. Grouping of the SSIs regarding lysis
and mating type is shown in Table 2. Parent isolate 1R4 showed

no lysis and abundant formation of sclerotia. On FNA and PMDA,
all isolates grew very densely, forming sclerotia, and no lysis was
observed even months after inoculation.

Finally, both on PDCA and WA + cellophane, two types of tufts
with different morphology were observed (Fig. 6). One type was
continuous along the entire contact area between the paired homo-
karyons and consisted of long, dry threads of mycelium. Usually,
sclerotia were formed on the tuft some time after its formation.
This tuft was designated “fibrous tuft.” The other type, desig-
nated “compact tuft,” appeared as discrete spots of aerial myce-
lium, in some cases as only one spot in the entire contact area
between the isolates. The compact tuft contained many tiny drops
of water in the branched mycelia, and sclerotia never formed.
Fibrous tufts were formed in pairings between nonlysing isolates
or between a nonlysing and a spontaneously lysing isolate. Com-
pact tufts were formed only when two spontaneously lysing isolates
were paired. Compact tufts remained restricted to the area of
contact between homokaryons. The same was true for fibrous
tufts formed between two nonlysing isolates, but when a spon-
taneously lysing isolate was paired with a nonlysing isolate, the
fibrous tuft overgrew the spontaneously lysing isolate, in some
cases covering the entire surface previously colonized by the spon-
taneously lysing isolate (Fig. 7). Both types of tuft were visible as
abundant aerial growth and were very different from tufts observed
between homokaryotic isolates of AG-2 and -3 (M. C. Juli4n, and
J. Keijer, unpublished data), between heterokaryotic isolates of
AG-3 (M. C. Julidn, and J. Keijer, unpublished data), and in
pairings of AG-8 isolates (36), which have a feltlike appearance
rather than the fluffy appearance of the sexual tufts.

Formation of heterokaryons. Heterokaryons were formed by
pairing nine homokaryons (underlined in Table 2) on PDCA in all
of the possible combinations that were allowed for the mating
types and subsequently isolating mycelium from the tuft that was
formed in the area of contact between the homokaryons. To test
whether heterokaryons had been formed successfully, they were
paired on a PDCA plate with both parent homokaryons. In all
cases, the control pairings between the parent homokaryons showed
very clear and spectacular tuft formation. Most of the newly
formed heterokaryons did not produce tufts when paired with their
parent homokaryons. However, in 5 of 20 pairings, very small spots
of fluffy tuft appeared. These tufts had the same appearance as the
ones described in pairings of the parent 1R4 with its progeny.

Fig. 2. Pairing between Thanatephorus cucumeris single-spore isolates *3 and
*44 on water agar plus cellophane shows formation of a compact tuft and,
at the same time, a barrage.
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The formed heterokaryotic tufts also were tested for spontane-
ous lysis by inoculating them on WA + cellophane and PDCA.
The heterokaryons originating from the pairings of two homokar-
yotic spontaneously lysing isolates showed spontaneous lysis and
no formation of sclerotia. When one or both of the paired homo-
karyons was a nonlysing isolate, the resulting heterokaryon showed
no spontaneous lysis.

DISCUSSION

ITS-PCR subgroup determination. The SSIs obtained from
T. cucumeris (R. solani) AG-1 field isolate 1R4 displayed a large
variation in cultural characteristics, indicating the heterokaryotic
nature of the field isolate (7,16,18). It is most likely that the var-
iation is due to segregation and recombination of chromosomes
during meiosis (20). However, meiotic recombination does not
seem to affect the ITS region, because subgroup determination of
field isolate 1R4 and the SSIs gave identical results and confirmed
that they belong to AG-1-IC, the AG-1 microsclerotial type. In
AG-1, only AG-1-IC isolates have been described to fruit in vitro,
whereas AG-1-IA and -1-IB have not (3). The subgroups within
AG-1 can be distinguished on the basis of pathogenicity (30),
cultural characteristics (29), and DNA base sequence homology
(22). These methods have the disadvantage of not being very
discriminating or requiring substantial effort. ITS-PCR provides a
highly discriminating alternative for identifying subgroups of AG-1,
both for heterokaryotic as well as for homokaryotic isolates.

Sexual and vegetative incompatibility mechanisms. The ac-
ceptance of sexual and vegetative incompatibility as one mechan-
ism in T. cucumeris differs substantially from the situation found
in other higher fungi, in which vegetative and sexual incompati-
bility are controlled by distinct incompatibility systems (19). In
the ascomycetes Neurospora crassa, Cochliobolus heterostrophus,
and Podospora anserina, insight into the genetic basis of incom-
patibility has been obtained through isolation of mating-type (12,
19) and vegetative incompatibility genes (6). For these fungi, veg-
etative incompatibility genes do not interfere with sexual repro-
duction (6), although in N. crassa mating-type genes have a dual
function (6). In the basidiomycete Coprinus cinereus, mating-type
genes are nuclear encoded (26), whereas vegetative incompati-
bility is controlled by the mitochondrial genome (25). Our re-

search proves that in T. cucumeris, as in other higher fungi,
mating type and vegetative incompatibility are two distinct mech-
anisms that operate independently.

The terminology employed to define incompatibility in 7. cucu-
meris is confusing. For example, Anderson et al. (5) used the term
“heterokaryon incompatibility system” to describe vegetative in-
compatibility in pairings between heterokaryotic field isolates of
AGs-1 and -4. The term heterokaryon incompatibility is widely
used to describe vegetative incompatibility in homothallic asco-
mycetes but is confusing in 7. cucumeris, because vegetative in-
compatibility is expressed not only in pairings between hetero-
karyons but also in pairings between homokaryons. In addition,
heterokaryon incompatibility could be interpreted as the incom-
patibility between homokaryons to form a heterokaryon and, thus,
refers to sexual incompatibility not vegetative incompatibility. Other
confusing terminology involves terms defining groups of isolates
capable of hyphal fusion. In most higher fungi, the term vegetative
compatibility group is used. In T. cucumeris, AG is used for
groups of isolates capable of hyphal fusion. Within an AG, iso-
lates may show perfect (vegetative compatibility) or imperfect anas-
tomosis (vegetative incompatibility). Finally, the use of heterogenic
incompatibility to describe vegetative and homogenic incompati-
bility, which describe sexual incompatibility (4), seems premature
because no information is available on the genes involved in both
types of incompatibility.

The use of a few clearly defined terms to describe interactions
in T. cucumeris would greatly benefit characterization of T. cucu-
meris with respect to genetics and population structure. We pro-
pose the term “‘sexual” or “mating-type” compatibility when paired
homokaryons from the same AG are able to form a distinct het-
erokaryon and the term “vegetative” or “somatic” compatibility
when pairings within an AG between homokaryons, field isolates
(heterokaryons), or homokaryon and heterokaryon result in fully
vegetatively compatible reactions or perfect anastomosis (C3 re-
action, no lysis of anastomosed cells). Vegetative or somatic in-
compatibility should be used when pairings within an AG between
homokaryons, heterokaryons, or homokaryon and heterokaryon
result in a vegetative incompatible reaction or imperfect anasto-
mosis (C2 reaction, lysis of anastomosed cells when anastomosed).

Vegetative incompatibility and heterokaryon formation. Stud-
ies of vegetative incompatibility in ascomycetes have shown that

Fig. 3. Small discontinuous tuft formed between a heterokaryon and a homokaryon on potato-dextrose charcoal agar. A, Thanatephorus cucumeris parent field
isolate 1R4 and its derived single-spore isolate (SSI) *32. B, In vitro-generated heterokaryon of SSIs *15 x *5 and its constituent homokaryon *15.

570 PHYTOPATHOLOGY



multiple vegetative incompatibility genes are responsible for in-
compatibility responses (6,15). Genes present at the vegetative
incompatibility loci are mostly involved in allelic interactions, but
they also can be involved in nonallelic interactions (15,23). Al-
though vegetative incompatibility in basidiomycetes has not been
studied as extensively as in ascomycetes, the existence of loci that
govern vegetative compatibility and differ from mating-type loci
have been described in basidiomycetes (15).

In our experiments, we observed that vegetative incompatibility
reactions in pairings between T. cucumeris AG-1 homokaryons
was not reproducible. This variation affected both the occurrence
of killing and the extent of killing. It is not likely that this was due
to variation in experimental conditions between experiments, be-
cause the same media, isolate stocks, and environmental con-
ditions were used. Furthermore, variation in the killing reaction
was observed even within experiments. Variation in severity of the
killing reaction also was observed by McKenzie et al. (27) in
pairings of mutant homokaryons. The fact that lysis of anasto-
mosed cells is not always reproducible and generally seems to be

a gradual process hints at the possibility that vegetative incom-
patibility in T. cucumeris is dependent on a delicate balance be-
tween the components involved. This is best expressed in genetic
terms as “variable penetrance and expressivity,” i.e., expression of
the phenotype associated with a certain genotype can be modified
by the rest of the genome (modifiers, epistatic genes, or suppres-
sors) and by environmental factors. These findings indicate that
vegetative compatibility in T. cucumeris is a complex mechanism
that, as in other higher fungi, could involve several genetic loci.

The formation of a heterokaryon by homokaryons that are veg-
etatively incompatible seems contradictory, because hyphal cells
die after anastomosis due to vegetative incompatibility. Our ob-
servation that a heterokaryon can be formed despite a vegetative
incompatibility reaction can be explained by the hypothesis that
the killing reaction is not immediate: it is a progressive reaction
that is expressed at different levels of intensity in different pair-
ings. If the killing reaction is not immediate, but is initiated some
time after the different nuclei from both parent homokaryons have
come together, silencing of recessive alleles may occur.

Fig. 4. Nonlysing single-spore isolate (SSI) *31 of Thanatephorus cucumeris on A, potato-dextrose charcoal agar (PDCA) and B, water agar plus cellophane
(WA + cellophane). Spontaneously lysing SSI *12 on C, PDCA and D, WA + cellophane.
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Fig. 5. Spontaneous lysing of single-spore isolate *12 of Thanatephorus cucu-
meris on water agar plus cellophane 12 days after inoculation.

In the basidiomycete Coprinus cinereus, Freedman and Pukkila
(17) showed that silencing of heterokaryotic loci occurs in di-
karyons. Silencing is caused by a genetic mechanism that detects
and inactivates repeated sequences by massive cytosine methy-
lation (17). A mechanism analogous to silencing in Coprinus cin-
ereus could take place in T. cucumeris. This mechanism would
allow the newly formed heterokaryon to escape the killing reac-
tion. Experiments done by McKenzie et al. (27) with mutant sib-
lings showed that despite killing reactions, heterokaryons could be
formed at 25°C but not at 5°C. This indicates that escape from
killing is dependent on growth rate and metabolic activity.

Alternatively, the formation of heterokaryons despite the occur-
rence of vegetative incompatibility reactions can be explained by
the “override” hypothesis of Rayner et al. (32). In the formation of
heterokaryons, somatic structures are partially or wholly involved
during the mating process. The override hypothesis states that the
degree to which acceptance is achieved is determined by the ex-
tent to which rejection is expressed. Acceptance involves over-
ride of rejection or vice versa, i.e., formation of a heterokaryon
when homokaryons from different mating types are paired (accep-

Fig. 6. Fibrous tufts formed between nonlysing single-spore isolates (SSIs) *1 and *22 of Thanatephorus cucumeris on A, potato-dextrose charcoal agar
(PDCA) and B, water agar plus cellophane (WA + cellophane), and compact tufts formed between spontaneously lysing SSIs *3 and *12 on C, PDCA and D,

WA + cellophane.
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tance) is achieved only when the expression of vegetative incom-
patibility is lowered below certain levels. The two explanations
are not necessarily mutually exclusive because the mechanism
that determines override is unknown. It could be that initial over-
ride is only stable because heterozygous genes are subsequently
silenced.

Small discrete fluffy tufts were formed in some pairings of the
heterokaryotic field isolate 1R4 with its homokaryotic progeny as
well as in pairings of in vitro-generated heterokaryons with their
homokaryotic parents. This formation of discrete fluffy tufts might
be associated with the formation of heterokaryons. The hetero-
karyotization of homokaryotic mycelium by heterokaryons of the
same species implies the crossing of a heterokaryon with a homo-
karyon, in which migration of a nucleus can take place in one dir-
ection from heterokaryon to homokaryon. This phenomenon, com-
monly known as the Buller phenomenon, has been reported for a
number of basidiomycetes (11) and may occur in T. cucumeris.
This has been suggested previously by Bolkan and Butler (7) who
reported that heterokaryotic field isolates and homokaryons might
interact to produce new heterokaryons when paired. The fact that
the tufts that were formed when a heterokaryon and a homokaryon
were paired were very small and were produced only in a few of
the pairings indicates that heterokaryotic-homokaryotic mating, if
this is the case, does not take place extensively.

Formal experimental proof of heterokaryotic-homokaryotic mat-
ing is still lacking. Nevertheless, the implications of the possible
existence of this process in T. cucumeris may be tremendous. The
exchange of genetic material and subsequent recombination be-
tween isolates in nature would be widely increased. Recently,
Naito (28) has reported the wide occurrence of sporulation of dif-
ferent AGs in nature. In addition to their role in infection, spores
can spread and develop into homokaryotic colonies. These, in turn,
can be heterokaryotized by anastomosis with another homokaryon
or, if the Buller phenomenon takes place, by anastomosis with a
heterokaryotic colony from the same AG. This would enhance
drastically the possibility of generating genetic variation, because
heterokaryotic field isolates are omnipresent. The ultimate impli-
cation of this phenomenon would be a widening of the outbreed-
ing potential of T. cucumeris, with all the consequences this would
have for the fungus in terms of recombination and adaptation, con-
sequently affecting the genetic population structure and, thereby,
the ecology and pathology of T. cucumeris.

Spontaneous lysis of the SSIs. Massive spontaneous lysis was
observed for the first time in pairings between SSIs. At first, this
phenomenon seemed similar to the killing properties possessed by
certain strains of Ustilago maydis (21), caused by double-stranded
RNA. Also, in Podospora and Neurospora, senescence is caused
by the presence of an extrachromosomal element, a mitochondrial
plasmid (24), that can be transferred horizontally (14). In . Cu-
cumeris, spontaneous lysis is a phenomenon inherent in a subset
of the isolates and is not transmitted from one isolate to another.
Additional evidence rejecting the possibility of the involvement of
plasmid-like elements was obtained by analysis of total DNA on

TABLE 2. Grouping of single-spore isolates (S51s) of Thanatephorus cucu-
meris according to mating type and lysis behavior

Mating
type Lysis SeHls
Ml Nonlysing *1, %2, 10, *13, *19, ¥20, *25, ¥27, *30,
*39, *40, *41, *42, *43, (*23)
Spontaneous  *3, *5, *¥14, *18, *26, *37, (*23)
M2 Nonlysing ~ *6, X15, ¥17, ¥22, *24, *31, *32, ¥33, *34,
*35, *36, *38
Spontaneous  *7, *8, *9, *11, *12, *16, *¥21, *28, *29,
*44 *45, *46

* The SSls used for heterokaryon formation are underlined. SSI #23, in par-
entheses, showed both cell lysis and very weak formation of sclerotia.

agarose gels and cesium chloride gradients, which did not reveal a
plasmid band in any of the tested SSIs nor in the parent.

The spontaneous lysis phenomenon has not been reported be-
fore in T. cucumeris. That it appears in an almost 1:1 ratio among
the sibling progeny of the heterokaryotic field isolate 1R4 sug-
gests that this trait is controlled by a nuclear gene. Spontaneous
lysis seems to be a recessive trait, because the heterokaryotic par-
ent does not show spontaneous lysis. This is supported by the
observation that in pairings of spontaneously lysing with nonlys-
ing isolates, all in vitro-generated heterokaryons were nonlysing.
As expected, pairings between spontaneously lysing isolates pro-
duced only spontaneously lysing heterokaryons, and pairings be-
tween nonlysing isolates produced only nonlysing heterokaryons.

It is not clear what causes spontaneous lysis. It could be that
spontaneously lysing isolates are auxotrophs for some nutrient. On
rich media, such as FNA or PMDA, all isolates grew very densely
and formed sclerotia. On poor media, spontaneously lysing iso-
lates were able to grow for a time with the reserves accumulated
on stock FNA plates, and lysis would then be caused by starva-
tion.

The morphology of the tufts formed when homokaryons from
different mating types were paired correlates with the spontaneous
lysis phenotype. Fibrous tufts were formed when nonlysing isolates
or a spontaneously lysing isolate with a nonlysing isolate were
paired, and compact tufts were formed only when spontaneously
lysing isolates were paired. The formation of fibrous tufts was
accompanied by the formation of sclerotia on top of these tufts.
Because sclerotia are the survival structures of T. cucumeris,
sclerotium formation on top of the tuft indicates that 7. cucumeris
is rapidly preserving the newly formed heterokaryon for survival.
Sclerotia are never formed on the compact tufts, indicating that
the spontaneous lysis allele not only causes mycelial lysis but also
prevents the survival of the reconstituted heterokaryon.

These observations point to the potential advantage presented
by heterokaryotic hyphae of 7. cucumeris over homokaryotic hy-
phae. Indeed, as far as we know, field isolates are heterokaryons.
The heterokaryotic state supplies the fungus with better possi-
bilities for recombination, outbreeding, and adaptation. Nuclear
complementation can occur in a heterokaryon, neutralizing poten-
tially harmful alleles. It could be argued that many fungal species
live successfully as homokaryons, but it is necessary to consider
that T: cucumeris is a predominantly ectotrophic soilborne fungus.
Its life cycle occurs mainly outside the protective environment of
the plant. Endotropic homokaryotic fungal pathogens do not suffer

Fig. 7. Fibrous tuft formed on potato-dextrose charcoal agar (PDCA) between
nonlysing single-spore isolate (SSI) *15 and spontancously lysing SSI *3 of
Thanatephorus cucumeris. The generated tuft overgrew spontancously lysing
SSI*3,
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such high pressure from the highly variable outer environment.
The presence of different nuclei in the heterokaryons of T. cucu-
meris enlarges the possibilities for ecological adaptation and sur-
vival of this fungus.
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