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INTRODUCTION

Fungal cytogenetics began with Barbara McClintock (72),
who, sitting on a bench under the eucalyptus trees at Stanford
University, realized that she could solve the problem of seeing
the small chromosomes of Neurospora crassa (48). Since then,
numerous microscopists and geneticists have established a few
fungi as important experimental systems for the study of mei-
otic chromosome behavior; e.g., see articles and reviews on
Neurospora crassa (93, 104), Coprinus cinereus (64, 99), Sac-
charomyces cerevisiae (84, 105), Schizosaccharomyces pombe
(55), and Sordaria macrospora (142). However, the small size
of most fungal chromosomes has precluded the analysis of
many of their features. Although translocations have been
readily apparent (for example, see Pukkila and Lu [102]), the
positions of centromeres or defining features in organisms with
larger chromosomes (for example, the chromomeres and het-
erochromatic knobs characteristic of maize [13]) have not been
determinable. In addition, many medically and agriculturally
important fungi do not have known sexual stages, and mitotic
material has not generally been suitable for the study of fungal
chromosomes.
A new era in the analysis of fungal chromosomes began in

the early 1980s, when David Schwartz constructed a new kind
of electrophoresis system (116, 117). His invention of pulsed-
field gradient gel electrophoresis (PFGE) and the subsequent
modifications of this technique by others (reviewed in refer-
ence 56) have allowed a radically new approach to the study of
fungal chromosomes. With this approach, the small size of
fungal chromosomes was transformed from a drawback to a
major asset, as many or all of the chromosomes of most fungi
can be separated electrophoretically (Table 1) (17, 82, 120).
With the development of PFGE, the mapping and cloning of
fungal genes gained an important and powerful new tool. For
fungi without known sexual cycles and when crosses cannot be
made in the laboratory, the hybridization of gene probes to

Southern blots of separated chromosomes has greatly aug-
mented the more difficult parasexual analysis for the construc-
tion of linkage groups (115). Furthermore, the combination of
PFGE and digestion by infrequently cutting restriction endo-
nucleases has allowed physical mapping of previously relatively
intractable fungi (16) (Table 1). The most useful electro-
phoretic karyotypes are those for which the separated chromo-
somes can be assigned to known genetic linkage groups, and
this has been completely or partially achieved for several fungi
(Table 1). In addition, complete physical maps have in some
cases been developed (16, 28, 60). PFGE-separated chromo-
somes have been used to construct or define chromosome-
specific libraries (10, 143), which have aided in gene cloning
and chromosome mapping.
The ability to separate intact fungal chromosomes has led to

the striking discovery that most species exhibit chromosome-
length polymorphism (CLP) (Table 1 and Fig. 1). Polymor-
phism has been observed in both asexual and sexual fungi and
most likely results from both mitotic and meiotic processes.
The goals of this review are to summarize the general charac-
teristics of fungal CLPs, with special attention to well-docu-
mented cases, and to discuss possible mitotic and meiotic
mechanisms for the generation of fungal CLPs. I will focus on
naturally occurring CLPs and will not cover changes caused by
induced mutagenesis (e.g., ionizing radiation used for the in-
duction of mutations). In addition, current methods for the
electrophoretic analysis of fungal chromosomes are well cov-
ered elsewhere (5, 56, 82, 83, 120) and will not be emphasized
here.

SEQUENCE CHANGES AND MECHANISMS WHICH
LEAD TO FUNGAL CLPs

As a framework for thinking about the types and amount of
CLPs observed in natural isolates of fungi, it is useful to think
about possible types of chromosome sequence changes and
known mechanisms for causing them. Therefore, this section
will briefly review chromosomal rearrangements and the types
of sequences known to be present in fungal genomes that can
serve as substrates for these changes.
Figure 2 illustrates several of the types of chromosomal

rearrangements that can lead to the generation of CLPs. Int-
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rachromosomal events can include deletions caused by recom-
bination between repeats of the same orientation (Fig. 2A) and
unequal exchange within tandem repeats between sister chro-
matids or homologs (Fig. 2B). Chromosome breakage and
healing (Fig. 2C) can lead to either a shortening of the chro-
mosome and loss of material or translocations, which may be
reciprocal or nonreciprocal.
Ectopic recombination between repeated sequences on non-

homologous chromosomes (heterochromosomal recombina-
tion) will lead to translocations (Fig. 2D), and recombination
among subtelomeric regions can lead to chromosome end vari-
ability (Fig. 2E). In addition, recombination between homologs
harboring two or more size polymorphisms can generate novel
sizes of chromosomes (Fig. 2F). Finally (not illustrated), com-
plete chromosome loss may occur if the sequences carried on
that chromosome are not required for growth.

The genomes of fungi are known to contain sequences which
can lead to CLPs by these processes. Transposable elements
(Tns) or Tn-associated enzymes have been identified in Cla-
dosporium fulvum (76, 77), Fusarium oxysporum (23, 24, 47),
Magnaporthe grisea (25), Neurospora crassa (51), Saccharomy-
ces cerevisiae (reviewed in reference 7), and Schizosaccharomy-
ces pombe (57). All Tns can act passively in generating CLPs,
as mobile sites of homology which can serve as substrates for
ectopic recombination (139). Tns which transpose via DNA-
mediated mechanisms, such as hobo of Drosophila melano-
gaster (58, 59, 65) and Ac and Ds of maize (30, 73), may also act
as sites of chromosome breakage, which may induce ectopic
recombination or translocations caused by the joining of non-
homologous sequences or chromosome shortening if the se-
quences distal to the Tn are not essential. The Fot1 and Impala
elements of Fusarium oxysporum may belong to this class of

TABLE 1. Electrophoretic karyotypes of fungia

Organism Genome size
(Mb)

Chromosome size
range (Mb)

No. of
chromosomes
(haploid)

Confirmation CLPs
reportedb Reference(s)

Acremonium chrysogenum 33 2.6–6.4 8 No 135
Agaricus bisporus 34 1.2–4 13 No 49, 107
Aspergillus nidulans 31 0.4–4 10–15 Genetic map, cytology Yes 9
Aspergillus niger 35.5–38.5 3.5–6.6 8 Genetic map No 134
Aspergillus oryzae 35 2.8–7 8 No 54
Beauveria nivea 26–33 0.9–6.6 8–10c Yes 125
Candida utilis Not estimated 0.4–.3.5 $8c Yes 126
Candida albicans 16–17 0.66–4.3 8–9 Physical map Yes 16
Cercospora kikuchii 28.4 2.0–5.5 8 No 39
Cladosporium fulvum 44 1.9–5.4 11 Yes 127
Cochliobolus heterostrophus 35 1.3–3.7 15 or 16 RFLP map Yes 132
Colletotrichum gloeosporioides
Type A Not estimated 0.270–6 13–15 Yes 67, 70
Type B Not estimated 0.330–.6 6–8 Yes

Coprinus cinereus 37.5 1–5 13 Microscopy Yes 101
Cryptococcus neoformans var.
neoformans

21–24.5 0.770–3.9 12–13 Yes 98, 137

Fusarium oxysporum 41–51.5 0.8–6.7 11–14 Yes 81
Fusarium oxysporum f. sp. cubense 32.1–58.9 0.6–7.5 9–14 Yes 6
Fusarium solani 40 0.4–6 13 No 88
Histoplasma capsulatum Not estimated 0.5–.5.7 $7c Yes 123
Leptosphaeria maculans 17.5–23 0.7–3.7 6–14 Yes 86, 97, 129
Magnaporthe grisea 40 3–10 and 0.47–2.2 7 1 1–4

minichromosomes
RFLP map Yes 119

Mucor circinelloides 39 2.3–8.1 $8 Yes 87
Nectria haematococca 8.5 ,0.6–7 10–15 Yes 52, 80
Neurospora crassa 47 4–12.6 7 Microscopy, genetic maps Yes 12, 91
Phanerochaete chrysosporium 15 1.8–5 7 Yes 20
Pneumocystis carinii 7–8 0.3–0.7 14–16 Yes 21
Pythium sylvaticum 37–38 1.9–5.1 $13 Yes 69
Pythium ultimum 23.7–37.6 1.28–4.6 9–14 Yes 69a
Saccharomyces cerevisiae 13.5–14.5d 0.24–3 16 Physical map, microscopy,

genetic map
Yes 89, 60

Schizophyllum commune 34–35 1.2–5.1 11 Microscopy Yes 42
Schizosaccharomyces pombe 14 3.5–5.7 3 Physical map No 28
Septoria nodorum 28–32 0.5–3.5 14–19 Yes 18
Septoria tritici 29.5–32.6 330–3.5 14–18 Yes 75
Tilletia caries, Tilletia controversae 32.25–39.88 0.29–4.49 14–20 Yes 108
Tilletia indica 24 1–.3.3 $11 Yes 131
Trichoderma longibrachiatum 33 2.8–6.9 7c No 68
Ustilago hordei 18.4–25.9 0.170–3.15 16–21 Yes 74
Ustilago maydis Not estimated 0.3–.2.0 20 Yes 50

a Values for genome size (haploid strains) and chromosome number are estimates made by the referenced authors.
b CLPs found in natural isolates; excludes mutagen- and transformation-induced CLPs.
c For these species, this number refers to bands on gels, not chromosome number.
d Using an estimate of 1 to 2 Mb for the size of the rDNA repeat (60).
e The two are considered one species, per reference 108.
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Tns (23, 24), although their involvement in CLPs has not been
directly examined.
In addition to Tns, other dispersed repeats, although less

common than in plants and vertebrates, are found in most
fungi and may serve as sites of homology for ectopic recombi-
nation events, both intrachromosomally and heterochromo-
somally, and some fungi have mechanisms which may prevent
the use of repeats in meiotic ectopic recombination. In N.
crassa, the process of repeat-induced point mutation (RIP)
causes premeiotic transition mutations and methylation of
most repeated sequences, although the 5S rRNA genes, which
are dispersed, are protected from RIP (118). One possible
function for RIP is to change repeats enough so that they do
not lead to ectopic recombination. In Ascobolus immersus
(106) and Coprinus cinereus (33), repeated sequences are
methylated but not mutated; it is possible that the methylation
also serves to mark repeats so that they do not recombine
ectopically.
If Tns and other repeated sequences are substrates for ec-

topic recombination, then increasing their number might be
expected to increase the frequency of ectopic exchange within
a population. The deliberate doubling of the number of Ty1
elements (from about 25 to about 50) within a strain of S.
cerevisiae did not lead to significantly decreased viability of
spores in one meiotic generation, indicating that ectopic re-
combination was not increased (8). Therefore, either these
elements are not efficient substrates for ectopic recombination
or ectopic recombination among them is actively suppressed.
Changes in the copy number of tandem repeats are well

known for fungi, in two ways. First, the tandem repeat con-
taining the rRNA genes is apparently variable in length in all
fungi and in some cases has been shown directly to be a source
of CLPs (see below). Second, subtelomeric repeats have been
shown in S. cerevisiae to be composed of a mosaic of repeat

units (63), and recombination among subtelomeric repeats has
been documented both for this organism and forM. grisea (29).
These subtelomeric recombination events may be a source of
CLP in fungi, as has been shown for the malarial parasite
Plasmodium falciparum (19, 40), although direct measure-
ments of the effect of subtelomeric recombination on CLP in
fungi have not been made.
Finally, as discussed under Dispensable Chromosomes, por-

tions of some fungal chromosomes are clearly dispensable.
Therefore, it is likely that recombination between homologs of
different sizes generates new chromosome sizes during meiosis
(Fig. 2F). However, direct evidence for this process in fungi is
so far lacking (this subject is discussed in full under Meiotic
Changes).

OVERVIEW OF FUNGAL KARYOTYPES AND
INTRASPECIFIC POLYMORPHISMS

Case Studies of Electrophoretic Karyotypes

In order to fully understand the nature and biological im-
portance of fungal CLPs, a physical understanding of the ar-
rangement of genes and nongenic sequences in strains exhib-
iting CLPs is needed. It is important to determine whether the
CLPs result from changes involving rearrangements of linkage
groups of genes or gains and losses of noncoding sequences. In
fact, the available data suggest that within-species CLPs are a
mixture of the two types of changes.
The most complete physical and genetic maps are available

for laboratory strains of S. cerevisiae. In this organism, which
has been mapped to 110-kb resolution physically and 15- to
20-kb resolution genetically (60), CLPs should in theory be
attributable to known sequence rearrangements. In their direct
comparison of six polymorphic chromosomes, Link and Olson

FIG. 1. Electrophoretic karyotypes of three fungi exhibiting extensive CLP. (A) Coprinus cinereus (reprinted from reference 143, with permission of the publisher).
Lanes: J6, C. cinereus Java-6; O7, C. cinereusOkayama-7. Mb, megabases. Numbers to the left of the left panel and to the right of the right panel represent chromosome
sizes. Numbers between the panels represent chromosome numbers in strain Okayama-7. (B) Candida albicans (reprinted from reference 16, with permission of the
publisher). Lanes: 1006, nonswitching C. albicans 1006; WO-1, switching C. albicans WO-1; CHR, chromosome. R1 and R2 refer to rDNA-containing chromosomes.
Other numbers refer to other chromosomes. snc, supernumerary chromosome, which is a translocation product (see text). (C) Cochliobolus heterostrophus (reprinted
from reference 132, with permission of the publisher). Lanes: B, C. heterostrophus B30.A3.R.45; H, C. heterostrophus Hm540; S, Saccharomyces cerevisiae. On both the
left and right sides of the panel, numbers followed by ‘‘Mb’’ refer to sizes, and other numbers refer to chromosomes, for strain B30.A3.R.45 on the left and strain Hm540
on the right. mt, mitochondrial DNA.
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(60) found high conservation of SfiI/NotI maps. In the case of
chromosome VIII, which differed in the strains they examined
by 30 kb, or about 5% of the size of the chromosome, they
found most of the size difference in one SfiI fragment which
mapped to the central region of the chromosome, and part of
the CLP reflected the absence of the subtelomeric Y sequences
on the right arm of one of the chromosome VIII homologs
compared.
Numerous CLPs are found in wild and industrial strains of S.

cerevisiae. The types of CLPs observed include aneuploidy,
changes in the occurrence and length of subtelomeric repeats,
translocations, and uncharacterized CLPs for both baking
strains (44a) and wine strains (2, 4). As expected, crosses be-
tween strains with pronounced CLPs, presumably including
translocations, resulted in lowered spore viability. Transloca-

tions have also been documented and correlated with CLPs for
laboratory strains of S. cerevisiae (116) and N. crassa (91).
The majority of studies of CLPs have been in fungi for which

less genetic and physical data are available and for which the
CLPs observed are often quite large. For example, Fig. 1A
shows the electrophoretic separation of the chromosomes of
two strains of the fungus C. cinereus. As is common for many
filamentous fungi, there are two size groups of chromosomes,
necessitating the use of different PFGE conditions to effect
reasonable separation of most of the chromosomes. The two
strains shown, Java-6 and Okayama-7, exhibit numerous CLPs,
and it is not possible to identify homologs by inspection of the
gel photograph alone. This electrophoretic karyotype has been
partially correlated with the C. cinereus genetic map by the use
of cloned gene probes and by genetic studies (101, 143). In

FIG. 2. Mechanisms by which CLPs may be generated. Each mechanism is described in the text. Symbols used: horizontal lines (solid or shaded), chromosomes;
arrows along chromosomes, repeated sequences; ovals along chromosomes, centromeres; knobs at the ends of chromosomes, telomeres; X’s, crossover points; jagged
lines (C), breakpoints; hatched and lined boxes (E), subtelomeric repeats.
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addition, the haploid chromosome number, 13, has been de-
termined by numerous microscopic studies (41, 102). Although
the two strains differ in the lengths of most or all of their
chromosomes, they are interfertile, and new sizes of chromo-
somes appear after meiosis, indicating that recombination has
probably occurred between homologs (143, 145). However,
proof that the new chromosome sizes represent recombinants
between presumptive homologs has not yet been obtained. The
progeny of crosses between the two strains have a variety of
karyotypes. Therefore, many of the length changes between
these two strains likely represent gains and losses of nonessen-
tial sequences. However, genetic and molecular hybridization
studies indicate that at least one translocation, which must be
balanced, differentiates the genomes of Java-6 and Okayama-7.
This translocation may involve chromosome 13, because some
of the sequences isolated from a chromosome 13-specific li-
brary of Java-6 hybridize to chromosome 13 of Okayama-7, but
others hybridize to a different, not identified, Okayama-7 chro-
mosome (145).
Although the electrophoretic karyotype of C. cinereus is a

useful tool for the assignment of genes to chromosomes and
the construction of chromosome-specific libraries (143, 144),
the physical basis for the CLPs cannot be determined without
direct comparative physical mapping. In addition, although
genetic markers are known for 10 of the 13 chromosomes (14),
the lack of a more complete genetic map makes the interpre-
tation of the genetic meaning of CLPs difficult.
A physical approach to the analysis of CLPs has been used

to compare the complete electrophoretic karyotypes of two
strains of Candida albicans (16), a pathogenic yeast which has
no known sexual phase. In this study, SfiI restriction maps were
constructed and compared for strains 1006 and WO-1, which
were chosen in part because their electrophoretic karyotypes
are strikingly different (Fig. 1B). Strain WO-1 is a switching
strain: it switches back and forth between growth in the normal
yeast shape, producing white colonies, and an elongated, slip-
per-shaped form, producing opaque colonies (121). Switching
is not accompanied by karyotypic changes, and except for the
rDNA chromosome, the karyotype of both strains is stable
under prolonged laboratory growth conditions.
The genome of strain 1006 consists of eight chromosome

pairs, and the genome of WO-1 differs from it by three recip-
rocal translocations, so that six of its chromosome pairs have
dimorphic homologs. Strikingly, the translocations have all
taken place at or near SfiI sites. Since the dispersed repeat
RPS1 is known to contain four SfiI sites (43), the data are
consistent with a model in which the translocations have re-
sulted from ectopic recombination between copies of RPS1.
Sequencing of translocation breakpoints should provide infor-
mation in support of or against this model.
In sexual fungi, a genetic approach to the examination of

intraspecific CLPs may be taken. Tzeng et al. (132) constructed
a restriction fragment length polymorphism (RFLP) map using
a cross between two strains of Cochliobolus heterostrophus,
Hm540 and B30.A3R.45, which differ by numerous CLPs (Fig.
1C). Three features of their data are particularly relevant to a
consideration of CLPs. First, they documented a reciprocal
translocation whose breakpoints map to the site of the viru-
lence locus Tox1. This genetic translocation may explain the
low viability reported for this cross and for other crosses be-
tween tox1 and TOX1 strains. Second, strain Hm540 contains
15 chromosomes, while strain B30.A3R.45, which is also hap-
loid, has 16 chromosomes. Chromosome 16 of B30.A3R.45 is
not an unusually small chromosome; it is 1.3 Mb, and several
chromosomes of similar size are present in both parents. How-
ever, of the 91 random spore progeny analyzed in this study,

two-thirds contained this extra chromosome. Of the one-third
that did not, nine failed to hybridize with any of 15 markers
specific to it. Thus, chromosome 16 in B30.A3R.45 most likely
represents a B-like chromosome, similar to those found in
numerous other organisms (46).
A third feature of the C. heterostrophus study was the doc-

umentation of several insertion and deletion events which
contributed to the CLPs observed between the two strains.
However, these documented events do not fully explain the
extensive CLPs observed; the study was purposely done with
probes depleted in repetitive sequences and is therefore nec-
essarily incomplete in terms of the physical structures of the
chromosomes. Therefore, numerous CLPs in these strains re-
main unexplained.

Extent of CLPs within Species

As the majority of chromosomes within fungal species are
largely uncharacterized with respect to sequence content, it is
difficult to define and quantify CLPs. In surveying karyotypic
variation, certain basic issues come to mind. First, has ade-
quate resolution of chromosomes been obtained? Inadequate
resolution will lead to underestimates of the chromosome
number. A useful solution to this problem has been described
by Mills and coworkers (83). Bands from a gel containing
unknown numbers of chromosomes can be cut out and di-
gested with restriction enzymes. Then the separated fragments
can be hybridized with a telomere-specific probe. Since each
telomere-containing fragment will usually be of a unique size,
individual telomeres can be identified and counted. A similar
approach, using two-dimensional electrophoresis to produce
chromosome-specific restriction profiles, was used to identify
telomere bands in Magnaporthe grisea (29). An alternative
method would be to sum the sizes of the bands generated by
digestion with rare-cutting restriction enzymes; a single 2-Mb
chromosome will generate only 2 Mb of fragments, and higher
complexity will be readily apparent. However, this latter meth-
od decreases in usefulness as the size and number of comigrat-
ing chromosomes increase.
A more difficult issue to address is that of aneuploidy, which

would lead to inaccurate estimates of chromosome number.
With single-copy probes, sequence duplications can be dis-
cerned, but without complete genomic maps, it is difficult to
determine whether a segment or an entire chromosome has
been duplicated.
Beyond problems of resolution and ploidy determination,

additional difficulties are endemic to the study of incompletely
mapped genomes. First, if evidence of CLPs is obtained, it is
important to determine whether the strains under comparison
are really the same species. For example, the two yeasts
Kluyveromyces marxianus and Kluyveromyces lactis are some-
times classified as the same species because individuals of the
two species will mate. However, the hybrids between them
produce offspring with no recombinant-sized chromosomes
and no recombination of auxotrophic markers (124). There-
fore, they are most likely different species, and as their karyo-
types are strikingly different, their classification as the same
species would overestimate the number and extent of CLPs
from an intraspecific perspective. Second, when two presump-
tive homologs are compared, it is not always known whether
they are truly homologous chromosomes, because some fungal
genomes are so uncharacterized that designating homologs can
be difficult. That is, it is often true that the sizes of true homo-
logs correlate, but it is also clear from a number of studies that
two chromosomes which comigrate are not necessarily homol-
ogous in sequence (for example, reference 16). In addition,
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because translocations could be frequent, the use of a single or
even a few single-copy probes is not sufficient to denote ho-
mologs and may also underestimate the amount of chromo-
somal rearrangement which has taken place (128).
Keeping these concerns in mind, it is evident that numerous

CLPs, whatever their molecular basis, exist within populations
of true species. CLPs are observed within both asexual and
sexual populations. Kistler and Miao (53) proposed a meiotic
maintenance hypothesis, stating that the amount and extent of
CLPs will be found to be inversely correlated with the fre-
quency of meiosis. It is certainly true that the fertility of crosses
between strains with translocations will be lowered, so sexual
populations and species are expected to exhibit fewer translo-
cations that alter the linkage arrangements of essential genes.
However, many CLPs are likely to involve changes that either
do not affect the expression or dosage of genes or do so in a
way that the organism tolerates. Therefore, although translo-
cations per se are likely to be less abundant within sexual
populations, CLPs in general do not necessarily have to be. For
example, within a section (40 by 40 m) of a single wheat field,
McDonald and Martinez (75) found that presumptive ho-
mologs varied in length by as much as 20% when strains of
Septoria tritici (teleomorph Mycosphaerella graminicola) were
compared. CLPs were also found to be abundant within three
other sexual populations of S. tritici, and a similar study of
Stagonospora nodorum also found numerous CLPs within sex-
ual populations (74a). Fifteen spores from a single field-col-
lected pseudoperithecium of Leptosphaeria maculans displayed
10 different karyotypes (97). A cross of two M. grisea strains
used to generate an RFLP map revealed only one small trans-
location between the strains (119). In this cross, chromosome
4, which does not contain the M. grisea rRNA genes (rDNA),
was significantly different between the two strains even though
no changes in linkage arrangement of probe sequences was
observed. Although insertion and deletion events were identi-
fied by 10 of the 97 RFLP markers used in this mapping study,
markers for this chromosome were not well represented, and
the nature of the CLP of chromosome 4 was not documented.
A further report on this mapping cross (29) documented that
the telomeric regions of all seven chromosomes were highly
polymorphic, accounting for some of the CLPs observed.
Other studies have found a low number of CLPs in sexual

populations. Geiser and coworkers (35) studied strains from
different heterokaryon compatibility groups of Aspergillus nidu-
lans and found a low amount of CLP when different groups
were compared. However, low RFLP variation was also ob-
served. Therefore, these data may be interpreted to mean
either that meiosis has restricted the level of polymorphism or
that the populations studied were of recent common ancestry
and therefore were highly similar. Examination of electro-
phoretic karyotypes of Gibberella fujikuroi mating populations
(anamorph Fusarium moniliforme) has also revealed a low
amount of polymorphism within mating populations and
greater polymorphism between them (140).
Asexual populations of Fusarium oxysporum f. sp. cubense

showed more polymorphisms between than within vegetative
compatibility groups (6). As would be expected, compatibility
groups with the narrowest geographic distributions showed the
least polymorphism, again arguing that recency of establish-
ment may be critical to the extent of CLPs present in a pop-
ulation. Presumptively clonal populations of M. grisea were
found to have variable karyotypes (128), although the authors
did not demonstrate that this variability was in fact a barrier to
mating and recombination among the strains examined. How-
ever, the extent of CLPs within baking strains of S. cerevisiae

was found to correlate with reduced fertility in crosses among
those strains (44a).
Thus, although it is logical that extensive translocations will

be a block to the production of viable recombinant progeny
and hence will be more prevalent between species than within
them (26), the paucity of molecular data on the nature of CLPs
makes it impossible to predict the extent of CLPs within sexual
populations or the effect of the CLPs on fertility.

Dispensable Chromosomes

Dispensable chromosomes, or B chromosomes, have been
observed for many species of plants and animals (46) but until
recently were not known in fungi. They are defined as chro-
mosomes with variable distribution within a species (present in
only some individuals in some populations) which are com-
pletely dispensable to the individual in all tissues and are
nonhomologous to the indispensable A set of chromosomes.
They often display non-Mendelian patterns of inheritance,
have a high frequency of mitotic nondisjunction, and exhibit
various forms of meiotic drive (45). It is common for B chro-
mosomes to have no detectable effect on the phenotype of the
organisms, but this feature is variable.
In addition to entire dispensable chromosomes, dispensable

regions of chromosomes are well known in some systems. Most
notable are the heterochromatic knobs of maize (reviewed in
references 13 and 46), which are supernumerary segments of
otherwise nondispensable chromosomes.
Fungi appear to have both dispensable chromosomes and

dispensable portions of chromosomes. Convincing evidence
for a completely dispensable fungal chromosome in Cochliobo-
lis heterostrophus has already been presented (132) (see Case
Studies of Electrophoretic Karyotypes for details). Both a dis-
pensable chromosome and dispensable portions of chromo-
somes are evident in Nectria haematococca mating population
VI (79, 133). In this organism, Pda genes, necessary for the
detoxification of the phytoalexin pisatin, are unexpectedly lost
from some of the progeny in some crosses. This property seems
to be inherent in all of the Pda genes so far characterized (78,
133), and in at least one case, the entire chromosome is ap-
parently dispensable (79). The gene Pda6 maps to a 1.6-Mb
chromosome. In crosses between two strains carrying this chro-
mosome, both of which are phenotypically Pda1, some asci
exhibited 4:4 segregation for the presence of the 1.6-Mb chro-
mosome and for the Pda1 phenotype. In some cases, a deletion
derivative of this chromosome was present in Pda2 progeny,
but in other Pda2 progeny, the chromosome seems to be com-
pletely missing. Although the only chromosome-specific probe
hybridization reported was with the Pda6 gene, use of the
entire 1.6-Mb chromosome as a probe resulted in hybridization
to a Pda2 progeny isolate with the deletion derivative chro-
mosome but no reaction in a Pda2 progeny isolate which had
no electrophoretically detectable remnant of the 1.6-Mb chro-
mosome. As pointed out by Van Etten et al. (133) it may be
appropriate to think of these pathogenicity genes as condition-
ally dispensable, i.e., necessary for growth in some contexts but
not others, as is well established for the Ti plasmid of Agrobac-
terium tumefaciens or the sym plasmid of Rhizobium spp. Fur-
ther understanding of the gene complement of the dispensable
1.6-Mb chromosome of N. haematococca may help to illumi-
nate this issue.
Apparently dispensable chromosomes have also been found

in Colletotrichum gloeosporioides (71). In Australia, there are
two distinct pathotypes of C. gloeosporioides. The B biotype,
race 3, contains a 1.2-Mb chromosome which is missing from
non-race 3 type B strains. Ten clones specific to this chromo-
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some fail to hybridize in the type B strains which are missing
the 1.2-Mb chromosome, although other, repetitive sequences
are present on both the 1.2-Mb chromosome and larger chro-
mosomes. Therefore, the sequences represented by these clones
are dispensable in the B biotype, and it will be interesting to
determine, by analogy to the N. haematococca situation, wheth-
er they include genes necessary for race 3 pathogenicity.
Other studies have reported variable numbers of small chro-

mosomes, sometimes termed minichromosomes, which exhibit
polymorphism in size and number both between strains and in
the progeny of crosses. The mere size differential between
these chromosomes and the remainder of the karyotype is not
sufficient to define them as dispensable; the dispensable chro-
mosome of C. heterostrophus is the same size as a nondispens-
able chromosome, and in the case of uncharacterized small
chromosomes, their derivation as translocation products of the
larger chromosomes has not always been ruled out. However,
in some cases the smallest chromosome of a strain does appear
to have some of the properties of dispensable DNA sequences.
For example, the smallest chromosome in strains of Septoria
nodorum, which varies in size between 300 and 700 kb, is
distinct in wheat-adapted and barley-adapted strains. Clones
specific to this chromosome from one type of strain do not
hybridize to chromosomes of the other, whereas clones derived
from the larger chromosomes do cross-hybridize (14a).
A lack of Mendelian inheritance has been shown for the

small chromosomes of Bremia lactucae, which are apparently
composed primarily of repetitive DNA (32). In this case, al-
though variable numbers of these chromosomes are seen in
meiotic progeny, and although RFLP markers detected by
probes specific to these chromosomes segregate aberrantly, all
progeny contain at least one copy of these sequences. Thus,
these chromosomes may not be completely dispensable, or else
they may have an efficient mechanism of meiotic drive to main-
tain them in the population. Francis and Michelmore (32) also
point out that in the absence of further information about the
presence of centromeres and telomeres on the small chromo-
somes of B. lactucae, their status as true chromosomes or as
linear, nuclear plasmids is unclear, and the same concern ap-
plies to the majority of the examples cited here.

DEVELOPMENTAL INSTABILITY OF
THE KARYOTYPE

Mitotic Instability

With some notable exceptions (discussed below), mitotic
stability of the karyotype is generally observed. Many research-
ers have reported that repeated preparations, often over a
period of several years, yield the same electrophoretic karyo-
types (C. albicans [16], other Candida spp. [85], Colletotrichum
gloeosporioides [70], Coprinus cinereus [142a], Fusarium oxy-
sporum f. sp. cubense [6], Magnaporthe grisea [128], Septoria
nodorum [18], Septoria tritici [74a], and Tilletia spp. [108]). In
many cases, deliberate subculturing for counted numbers of
generations also did not change the karyotype. For example,
400 generations of growth of Candida parapsilosis did not re-
sult in any observable karyotypic changes (62). When 10 clones
each of two different strains of C. albicans were grown for 100
generations, one strain did not show any variations, whereas
for the other, karyotypic changes were reported for 3 of the 10
clones, and this strain is believed to be defective in some aspect
of DNA metabolism (3).
An interesting study by Longo and Vezinhet (61) compared

the mitotic stability of one haploid laboratory strain and one
wild strain of S. cerevisiae. The karyotype of the haploid strain

was stable for 412 generations. In contrast, the wild strain
showed karyotypic changes, usually involving chromosome
loss. Both the original and the derived wild strains would
sporulate and make four-spored asci, but four viable spores
were never obtained; thus, the true ploidy of the wild strain is
unknown, and it is possible that all of the changes reported
were chromosome losses, perhaps from a nominally diploid
strain carrying some trisomies.
A different question about mitotic, or clonal, stability has

been asked by investigators who grew organisms under non-
laboratory conditions. Karyotypic stability was found for
strains of S. cerevisiae isolated before and after their use in
wine fermentations (138). For Fusarium oxysporum, a strain
reisolated every 4 weeks from artificially infested soil showed
no karyotypic changes (81). Similarly, passage of two strains of
Ophiostoma ulmi through the elm tree host did not result in
any karyotypic changes except in the chromosome containing
the rDNA (24a), and the karyotypes of Colletotrichum gloeo-
sporioides type B pathogens are stable through repeated infec-
tions (70). The karyotype of the pathogen Pneumocystis carinii
is stable within a colony of infected rats for at least 3 years (22).
A recent study of C. albicans (27) illustrated the karyotypic
stability of strains recurrently isolated from patients over the
course of several months. All of these authors have pointed out
that the stability of the karyotype under these conditions, com-
bined with strain- and species-specific CLPs, makes electro-
phoretic karyotyping a useful tool in epidemiological and ag-
ricultural studies.
In contrast to these reports of karyotypic stability under

nonlaboratory conditions, the karyotypes of two strains of M.
grisea derived after numerous serial transfers in culture and
passage through a rice cultivar were different from each other
and from that of the original strain (128). The particular
changes in these strains were not characterized, although the
three strains were identical in their pattern of small chromo-
somes. At least some of the changes observed involved the
rDNA chromosome, but some changes certainly did not. It
cannot be ruled out that these CLPs resulted from physiolog-
ical changes such as those described later for C. albicans, but it
is possible that the high content of dispersed repeats in M.
grisea (37, 119) contributes to an increased genomic plasticity
in this fungus. Another significant finding from the work of
Talbot et al. (128) was that the rearrangements found among
different strains of M. grisea involve deletions, translocations,
and more complex rearrangements. As stressed earlier (and as
pointed out by the authors), it is clear that hybridization with
single-copy probes may underestimate the complexity of chro-
mosomal rearrangements detected in other studies.
Polymorphism in rDNA chromosome size. A prominent ex-

ception to the general mitotic stability of karyotypes is the
chromosome(s) containing the long tract(s) of rDNA. Vari-
ability of the rDNA chromosome has been observed among
different strains of many species, including C. albicans (44, 110,
113), Coprinus cinereus (103), Cladosporium fulvum (127), Lep-
tosphaeria maculans (86), Ophiostoma ulmi (24a), Pythium spp.
(69a), S. cerevisiae (89, 110), Septoria nodorum (18), and Tilletia
caries (108). In a comparative study of 14 strains of Ustilago
hordei (74), CLPs among 9 of 10 linkage groups studied aver-
aged about 15% in size. The tenth linkage group, which con-
tained the rDNA, was found to vary 86% in length. Variation
in the rDNA chromosome has been observed after mitotic
growth, after meiosis, after nutritional stress, and after trans-
formation. Therefore, for this chromosome, much of the inter-
strain variation observed can be ascribed to developmental
events which occur with regularity.
Where it has been directly examined, the number of rDNA
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repeats in a tract has been found to be variable, and some
studies have directly correlated CLPs in the rDNA chromo-
some with changes in the number of rDNA repeats in a tract
(Table 2). The length of the rDNA tract is typically examined
by digestion of chromosomes with a restriction enzyme which
does not cut within the rDNA subunit. For example, in Cop-
rinus cinereus, HindIII digestion of chromosomal plugs reveals
two linked clusters of rDNA repeats (Fig. 3) (103). One of
these, 100 kb in size, does not apparently vary in wild-type
strains. The second, which is 1,100 kb in size in the control
strain used by Pukkila and Skryzynia, has been shown to vary
after transformation, during vegetative growth, and during pre-
meiotic and meiotic divisions. Changes in the size of this band
correlate directly with changes in the size of the chromosome
containing the rDNA repeats (Table 2), and changes can be as
large as 500 kb, or 17% of the initial length of the chromo-
some.
Similarly large, and correlated, changes in the size of the

rDNA cluster and rDNA chromosomes were observed among
clinical isolates and spontaneous mutants of C. albicans (Table
2) (110). In these mutants, which are also discussed below,
numerous changes in electrophoretic karyotype were observed,
but the rDNA chromosome varied about twice as often as
other chromosomes. In 23 of 25 rDNA chromosomes from
various origins examined, changes in the rDNA tract length
were shown to be directly responsible for the chromosome size
changes. The remaining two had undergone other chromo-
somal rearrangement events in addition to those involving
rDNA.
Most strains of S. cerevisiae have one cluster of rDNA on

chromosome XII, with reported rDNA cluster sizes ranging
from 290 to 1,640 kb, which again correlate with changes in the
size of this chromosome (Table 2) (15, 92, 110). A systematic
study of clonal and meiotic variation with a diploid strain of S.
cerevisiae (15) showed that the two rDNA-containing ho-

mologs varied to different extents. In one experiment, the
larger homolog, initially 2.6 Mb, varied in 43% of 40 clonal
isolates examined, while in the same isolates, only 13% of the
smaller homologs (initially 1.5 Mb) were variable. In meiotic
progeny of this diploid, the larger rDNA chromosome was
stable, whereas the smaller homolog had increased in size in all
10 tetrads examined. In each case, the rDNA chromosome
sizes segregated 2:2, meaning that the increase in size of the
smaller homolog had taken place premeiotically.
In N. crassa, it has been shown that the number of copies of

rDNA can vary and that strains with radically fewer or more
rDNA copies were slow growing (109). Butler and Metzenberg
(12) did not examine the size of the rDNA-containing chro-
mosome but showed that the size of rDNA repeat tracts could
vary nearly twofold and that the variation was most frequent
during the postfertilization but prekaryogamy period. They
also showed (11), by using a hybrid tract composed of two
blocks of differentially marked repeats, that changes in the size
of the tract were not confined to one region. A notable finding
from their studies was that in the case of tracts at the normal
position, which is near the terminus of linkage group V, and in
the case of small interstitial tracts translocated to linkage
group I, decreases in the number of rDNA repeats were found
at a higher frequency than increases. For example, for the
hybrid rDNA tract, which was initially measured as 1,450 kb,
seven of eight random spore progeny examined had a change,
and six of these were decreases. In contrast, in a cross between
a strain with an unusually small rDNA tract, of 800 kb, and a
strain with a tract of about 1,300 kb, nearly all of the progeny
receiving the chromosome from the small-tract parent had an
amplified rDNA tract. The rDNA amplification occurred both
premeiotically and during meiosis.
Other studies have also shown growth-related amplification

of rDNA sequences. In Kluyveromyces lactis (66), slow-growing
strains have only 43 to 55% of the number of rDNA repeats
found in fast-growing strains. When subjected to prolonged
vegetative growth, slow-growing strains can increase their
growth rate, and this increase correlates with an increase in the
size of the rDNA cluster. Similarly, rapidly growing cultures of
both C. albicans and S. cerevisiae have more copies of rDNA
than slowly growing cultures (112). Thus, it seems that al-
though a wide range of rDNA repeat numbers can be toler-
ated, under some conditions growth rate is tied to the number
of rRNA genes, and fungi have mechanisms for ensuring that
this number does not fall below a minimal size.
Cases of rapid karyotypic change. A striking feature of the

literature on fungal karyotypes is the general conservation of
the karyotype during mitotic growth. It is well known that
normal diploid human cells have stable karyotypes in culture
but that transformed cell lines have variable karyotypes and

FIG. 3. Variability in the rDNA of Coprinus cinereus (reprinted from refer-
ence 103, with permission of the publisher). Fragment sizes are shown in kilo-
bases. Lane h, C. cinereus 218; lanes a, b, c, d, and g, transformants of C. cinereus
218; lane e, oidial derivative of strain 218; lane f, oidial derivative of an oidial
derivative (218-4) of strain 218.

TABLE 2. rDNA tract variationa

Organism and strain

Interstrain variation Developmental variationb

ReferenceRepeat size
(kb)

rDNA tract
length (kb)

Chromosome
size (Mb)

rDNA tract
length (kb)

Chromosome
size (Mb)

Candida albicans 110
3153A 11.6 291, 728c 2.52, 3.02 291, 728c 2.52, 3.02d

WO-1 11.5, 12.5d 534, 2,200 2.20, 3.5
Coprinus cinereus Ac181 600, 1,100e 2.4, 3.0 103

a Data were selected to illustrate the range of sizes reported; additional measurements are presented in the primary references.
b This refers to events during mitotic or meiotic growth, including spontaneous mutagenesis and transformation. Induced mutagenesis is not included.
c The homolog assignment of different repeat tracts is unknown.
d C. albicans is a diploid; these are the sizes of the two homologs within the given strain.
e In this strain, two rDNA chromosomes were apparent, presumably because a mixed population of haploid cells was examined.

VOL. 59, 1995 CHROMOSOME-LENGTH POLYMORPHISM IN FUNGI 693



are prone to genomic alterations such as gene amplification
(130). In fungi as well, controls during vegetative growth keep
the frequency of karyotypic rearrangements low. For example,
in S. cerevisiae, the frequency of mitotic ectopic recombination
events, which can rearrange the karyotype, is only 0.1% of the
rate during meiosis (95). As mentioned above, even though
karyotypic changes are present when different strains are com-
pared, growth of a given strain normally yields changes only in
the rDNA chromosome.
A striking exception to mitotic stability of the karyotype has

been seen in the work of Rustchenko and coworkers, who
studied spontaneous mutants of C. albicans that displayed al-
tered colony morphologies and which arose most frequent-
ly after prolonged culture in the cold (114). These cultures
have many karyotypic changes, involving not only the rDNA
chromosome but also other chromosomes (Fig. 4). Although
the specific changes in the karyotypes in these mutants did
not correlate with specific phenotypic changes, the work is
important in that it showed a general loss of karyotypic
maintenance control. Later studies (111) showed that strains
incubated for long periods on medium with sorbose or ara-
binose as the only carbon source (neither is normally us-
able by the standard C. albicans strains) spontaneously yield
mutants that are Sor1 or Ara1. In this case, specific karyo-
typic changes accompany the phenotypic changes, and al-
though the breakpoints of the karyotypic rearrangements
have not been mapped, they are predicted to be in the re-
gions of the affected genes. Another study, in Candida stel-
latoidea (136), showed a similar phenomenon to the one
documented in C. albicans; Suc1 mutants arose after pro-
longed incubation of Suc2 cultures on medium with su-
crose as the only carbon source, and each was reported to
exhibit characteristic karyotypic changes. Similarly, Adams and
coworkers (1) examined the electrophoretic karyotypes of
strains of S. cerevisiae which had been grown for up to 1,000
generations under limiting organic phosphate at pH 6. Karyo-
typic changes in the cultures were observed, implying that
karyotypic change is an adaptive mechanism under these con-
ditions.
The mutants isolated by Rustchenko and others are strik-

ingly similar to the adaptive mutants reported for Escherichia
coli and S. cerevisiae (see reference 31 for a review). In all
of these cases, mutants arise on selective medium long after
standard replication of mutant cells has ceased. Although dif-

ferent interpretations hold for the origin of these mutants,
one of the most interesting aspects of their generation is
that they must arise by a mechanism operating in cells un-
able to undergo normal rounds of DNA synthesis. Instead,
various levels and types of repair synthesis have been hypo-
thesized (122), and the cells are said to enter a type of hyper-
mutable state (36). In addition, it was recently shown that
the appearance of such mutants in E. coli is dependent on
recA and recB and that adaptive mutation in this organism
therefore involves recombination (38). It seems logical that
in the case of the Candida mutants, a similar hypermutable
state is entered and that this state involves a release of the nor-
mally stringent control of the karyotype. It should be straight-
forward to test directly whether the appearance of adaptive
mutants in fungi is accompanied by a loss of control of the
karyotype. This loss could be viewed in two ways. First, it could
be a loss of suppression of mitotic ectopic recombination.
Second, and not mutually exclusively, it could be an induction
of DNA repair processes which lead to an increased frequency
of genomic rearrangements, presumably mediated by ectopic
recombination. It will be particularly important to determine
if this type of loss is unique to fungi without a sexual cycle and
is exploited by the fungus as a means of enhancing variability,
as suggested previously (114), or if this kind of karyotypic
instability can be induced in organisms which do not have to
rely on asexual variation. It is more likely that this hypermu-
tational avenue is open to all fungi, since all can grow and
propagate vegetatively; extreme rearrangements of the karyo-
type would produce barriers to the production of viable mei-
otic progeny.
It has also been reported that transformation can lead to

dramatic changes in the karyotype of a fungus (3, 14a, 94, 103,
104a, 141). These changes can involve several chromosomes,
including the rDNA chromosome, the chromosome into which
the transforming DNA integrates, and other, unrelated chro-
mosomes. Thus, the overall induction of repair processes in
transformation may mimic their induction in resting-state mu-
tants. It will be interesting to see if any mutants known to be
defective in DNA metabolism (for example, references 34, 99,
and 104) enhance or suppress this type of genomic rearrange-
ment.

Meiotic Changes

Several studies have documented that strains with CLPs can
undergo meiosis and produce viable spores. Two types of seg-
regation of presumptive homologs have been observed in tet-
rad analysis from such crosses. In the case of homologous
chromosomes which have one heterology, the CLPs segregate
2:2. An example of this in Ustilago hordei was reported by
McCluskey et al. (74), who examined segregation of a chro-
mosome carrying a telomere-linked deletion which included
the gene fill-1. In a cross between a fill-1 mutant strain and a
closely related wild-type strain, the fill-1 deletion chromosome
segregated 2:2 with its wild-type homolog.
As pointed out by Ono and Ishino-Arao (90), if homologs

have two or more heterologies, crossing-over between them
can produce new chromosome sizes (Fig. 2). New chromosome
sizes after meiosis have been reported for Coprinus cinereus
(144, 145), Ustilago maydis (50) S. cerevisiae (90), Pythium
sylvaticum (69), and Leptosphaeria maculans (97). In both C.
cinereus and L. maculans, tetrads produced by crosses between
strains with CLPs can contain apparently reciprocal recombi-
nant products (96, 145). In C. cinereus, crosses between strains
without CLPs do not lead to new chromosome sizes in the
progeny (145), and the karyotype of C. cinereus strains is

FIG. 4. Karyotypic variability in morphological mutants of Candida albicans
(reprinted from reference 113, with permission of the publisher). Lanes: 1,
wild-type strain of C. albicans; 300, derivative of the wild-type strain; 300-SG,
301, 302, and 303, spontaneous nongerminative mutants derived from strain
300.
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known to be stable mitotically (except for the rDNA chromo-
some). Therefore, the new chromosome sizes observed in ba-
sidiospore progeny are dependent for formation on meiosis in
a strain with CLPs. A logical conclusion from these studies is
that these new chromosome sizes, which often are intermedi-
ate in size between the presumptive homologs of the parents
(144, 145), do result from meiotic recombination between ho-
mologs containing more than one heterology (as diagrammed
in Fig. 2). However, since it has not yet been demonstrated that
the chromosomes of new sizes are in fact recombinants con-
taining physical markers from the presumed homologs of the
two parental strains, it is formally possible that intrachromo-
somal expansion or diminution may be taking place instead. If
homologs of different sizes are undergoing recombination, it
should be possible to demonstrate directly that new chromo-
somes are the products of reciprocal recombination between
these homologs.
In random spore progeny and tetrads, the range of karyo-

types observed after crosses between strains with many CLPs
makes it likely that at least a portion of the CLPs are made
up of dispensable sequences, which may be present, absent,
or duplicated without phenotypic consequence. In the meio-
tic studies reported so far, the nature of the heterologies be-
tween homologs was not known except for the specific case
of the fill-1 deletion described above. Therefore, it is unknown
whether the heterologies are clustered, either as changes in
the lengths or composition of subtelomeric repeats or as inter-
stitial heterologies akin to the heterochromatic knobs of maize
(13), or whether they represent the sum of several differences
across the lengths of the homologs. It is unlikely, however, that
most CLPs represent changes in the linkage arrangements
of coding sequences, since so many different karyotypes are
viable. However, some CLPs are undoubtedly due to trans-
locations, and the tetrads produced by crosses in which the
two parents display many CLPs have lowered viability (44a,
100).

CONCLUSIONS

CLPs are widespread among fungal species and result both
from genetic translocations and from gains and losses of what
are probably nonessential sequences. Most CLPs are still
uncharacterized with respect to their content and origin.
However, it is clear that long tandem repeats, such as rDNA
tracts, are frequently variable in length and that other chro-
mosomal rearrangements are suppressed during normal mi-
totic growth. The mitotic stability of the karyotype and the
interstrain variation represent an apparent paradox; if strains
are so stable mitotically, why is there so much interstrain
variation? For asexual organisms, the answer may be twofold.
First, a low level of mitotic rearrangement does take place,
and more divergent karyotypes likely represent strains which
have been growing separately for the longest periods of time.
Second, certain physiological states, such as starvation, may
induce a relaxation of the tight mitotic control of the karyo-
type or induce DNA repair functions which lead to rearrange-
ments. For sexual species, the mechanisms that apply to asex-
ual fungi operate and, in addition, meiotic recombination
increases the overall karyotypic variability in a population
while suppressing genetic translocations. The range of karyo-
types observed in fungi indicates that many karyotypic changes
may be genetically neutral, at least under some conditions. In
addition, new linkage combinations of genes may also be ad-
vantageous in allowing adaptation of fungi to new environ-
ments.
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