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Abstract

Heterokaryosis is an integral part of the parasexual cycle used by predominantly asexual fungi to introduce and main-
tain genetic variation in populations. Research into fungal heterokaryons began in 1912 and continues to the present
day. Heterokaryosis may play a role in the ability of fungi to respond to their environment, including the adaptation
of arbuscular mycorrhizal fungi to different plant hosts. The parasexual cycle has enabled advances in fungal genetics,
including gene mapping and tests of complementation, dominance, and vegetative compatibility in predominantly
asexual fungi. Knowledge of vegetative compatibility groups has facilitated population genetic studies and enabled
the design of innovative methods of biocontrol. The vegetative incompatibility response has the potential to be used
as a model system to study biological aspects of some human diseases, including neurodegenerative diseases and
cancer. By combining distinct traits through the formation of artificial heterokaryons, fungal strains with superior
properties for antibiotic and enzyme production, fermentation, biocontrol, and bioremediation have been produced.
Future biotechnological applications may include site-specific biocontrol or bioremediation and the production of

novel pharmaceuticals.
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Background

Heterokaryosis refers to the presence of two or more
genetically distinct nuclei within the same cell. While
uncommon throughout most of life’s kingdoms, het-
erokaryosis is a hallmark of kingdom Fungi. The fungal
subkingdom, Dikarya, which contains two phyla (Asco-
mycota and Basidiomycota) and 95 % of all known fungal
species [1], is named for its characteristic heterokaryons
with exactly two genetically distinct nuclei. Basidiomy-
cota are often distinguished by the presence of clamp
connections, a cytological feature unique to this phy-
lum that helps to ensure the segregation of both haploid
nuclei into daughter cells following mitosis. Ascomycetes
are often characterized by croziers, structures similar to
clamp connections, that maintain the dikaryotic state
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of ascogenous cells [2]. In the sexual cycle, the nuclei in
these dikaryotic cells fuse and undergo meiosis, result-
ing in genetically recombined haploid basidiospores or
ascospores.

Heterokaryosis also occurs during vegetative growth
as a component of the parasexual cycle, a mechanism for
increasing genotypic diversity in predominantly asexual
fungi (Fig. 1) [3]. In this paper, the term “predominantly
asexual” is used to refer to fungi that historically were not
known to have a sexual cycle and those that only rarely
undergo sexual recombination. In the parasexual cycle,
first described in 1956 by Pontecorvo [4], hyphae from
two compatible individuals grow towards each other by
chemotaxis [5] and fuse, allowing exchange of nuclei to
form a heterokaryon [4]. These nuclei become mixed in
the cytoplasm of the heterokaryon [6] and sometimes
undergo karyogamy, resulting in diploid cells. Following
karyogamy, mitotic recombination and repeated chro-
mosome loss through mitotic nondisjunction result in
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Fig. 1 The parasexual cycle. The parasexual cycle parallels events

in the sexual cycle, resulting in genetically unique haploid offspring
but without a meiotic reduction. a Hyphae of genetically unique
homokaryotic parents grow towards each other by chemotaxis and
fuse. b Nuclei from each unique strain migrate within the fused
hypha, which is now considered a heterokaryon. ¢ Haploid nuclei

in the heterokaryon undergo karyogamy to create a heterozygous
diploid nucleus. d The diploid nucleus undergoes mitotic recombi-
nation to produce a recombined genotype. e In growing hyphae,
gradual loss of chromosomes due to repeated rounds of mitotic non-
disjunction results in haploidization and unique genotypes in various

sectors of mycelium

the formation of haploid, as well as some aneuploid, cells
with unique genomes from those of either parent nucleus
[4]. Thus, even in the absence of meiosis and sexual
reproduction, the parasexual cycle is effective in increas-
ing genotypic diversity in predominantly asexual fungi
[7].

Fungal biologists have taken advantage of heterokaryo-
sis during the parasexual cycle to enable genetic analyses
and to advance biotechnology. For example, heterokary-
ons have enabled gene mapping, complementation, and
epidemiological studies in predominantly asexual fungi.
The power of heterokaryosis has also been harnessed to
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create beneficial fungal hybrids in applications as diverse
as antibiotic production and bioremediation (Fig. 2). This
review focuses on the evolution of scientific thought
about non-sexual heterokaryosis, its biotechnological
applications, and future directions for basic and applied
research.

Early discoveries

The term, heterokaryosis, was coined in 1912 by Ger-
man mycologist, Hans Burgeft [8]. Working with Phyco-
myces nitens, he noticed that different sporangiospores
could give rise to phenotypically distinct mycelia [8, 9],
contrary to the phenotypically identical offspring one
would predict from asexual mitotic reproduction. In
1932, Hansen and Smith, working with Botrytis cinerea,
showed that the phenotypically distinct mycelia arose
from either one or the other haploid nucleus or from
both, which were variably present in the sporangiospores
[10]. Their explanation, now known to be correct, was
that dissimilar nuclei of the heterokaryotic mycelium
segregated into different cells, resulting in homokaryotic
regions of the mycelium that differed from each other in
their genetic makeup.

In 1944, Beadle and Coonradt, working with Neuro-
spora crassa, produced two auxotrophic strains, one of
which could not synthesize p-aminobenzoic acid, and the
other of which could not synthesize nicotinic acid [11].
When grown separately on minimal media, neither strain
thrived, but when grown together on minimal media,
hyphal fusion allowed for the formation and growth of a
heterokaryon possessing a functional copy of each gene
deficient in the other strain. This genetic complemen-
tation experiment suggested the potential advantages
of heterokaryosis in wild asexual fungi and a rationale
for the persistence of heterokaryons throughout fungal
evolution.

Heterokaryons and adaptation

Beadle and Coonradt also suggested that nuclear
exchanges may take place multiple times in the lifetime
of a single fungus, allowing fungi to continually update
their genomes through contact with compatible neigh-
bors [11]. This potential for genetic variation within the
lifetime of a single fungus was hypothesized to play an
important role in the fungus’ ability to adapt to a con-
tinuously changing environment. In 1952, Jinks provided
the first experimental data to support the hypothesis that
genotypically distinct nuclei within the same mycelium
could be involved in adaption [12]. In a culturing experi-
ment involving various types of media, he showed that
the ratios of two genotypically unique nuclei within a wild
strain of Penicillium fluctuated according to media type.
Similar unbalanced ratios of nuclei have been observed
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Fig. 2 Protoplast fusion. a Fungal cell walls are digested with cell wall degrading enzymes, exposing protoplasts (b). ¢ Polyethylene glycol (PEG)
facilitates fusion of protoplasts, which may belong to different strains or species, as represented by red or blue chromosomes. d Fused protoplasts
form heterokaryons and may progress partway or completely through the parasexual cycle, resulting in diploid or recombined haploid hybrids. e
Applications of fungal heterokaryons or hybrids resulting from protoplast fusion include genetic analyses, fermentation, pharmaceutical production,

in the basidiomycete, Heterobasidion parviporum [13].
Whether these shifts resulted from selection acting on
nuclei [14] or from more random processes of gain or
loss in particular mycelial fractions requires further
investigation. Recently, it has been shown that heterokar-
yons and subsequent hybrids can form between different
strains of the grass endophyte, Epichloé, through vegeta-
tive hyphal fusion [15]. In fact, the existence of multiple
genotypically distinct nuclei within the same mycelium
may be more common than is recognized, particularly
among filamentous ascomycetes [16]. This nucleotypic
diversity allows for increased phenotypic plasticity and
a complex interplay of coordinated competition and/or
cooperation among nuclei [14, 16, 17]. Additionally, the
parasexual cycle, even when aborted by heterokaryon
incompatibility reactions, provides a possible mechanism
for the transfer of DNA elements, such as supernumerary
chromosomes, between normally incompatible strains
[18-20].

As presumed asexual organisms [21], arbuscular myc-
orrhizal fungi (AMF) pose a conundrum as to how they
have escaped the accumulation of deleterious mutations
and thrived over such long evolutionary time scales. It

remains controversial as to whether AMF, ubiquitous
plant root symbionts whose spores are multinucleate
[22], are homokaryotic or heterokaryons formed through
hyphal fusion [23, 24]. However, research suggest that
selective forces acting among nuclei and the mechanisms
of spore biogenesis involved in sorting of nuclei into
spores may serve to buffer against mutational load [22].
This process of differential segregation of distinct nuclei
into spores may also provide a mechanism for adaptation.
An experiment with a strain of Rhizophagus irregularis
showed that switching of plant hosts resulted in an adap-
tive shift in nucleotype frequency [25]. Nucleotypes that
made the fungus better adapted to the new plant host
became more common while nucleotypes with less adap-
tive genes decreased in frequency, allowing certain seg-
regants to be more effective colonizers of their new hosts.
A related study showed that segregation of nucleotypes
in an AMF that normally had no effect on plant growth
resulted in an AMF capable of inducing rice growth at
five times the rate of a control [26].

Expression of genes from multiple genetically distinct
nuclei within the mycelium of a single AMF results in
extremely diverse transcriptional profiles. These profiles
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include expression of tens or even hundreds of divergent
alleles [27], which likely play a role in the phenotypic
plasticity of AMF. Future genomic and labeling studies of
individual nuclei in AMF will hopefully clarify how geno-
typic diversity is partitioned among nuclei and provide
insights into the mechanisms behind host recognition
[28] and growth promotion. Given the fundamental role
of AMF in plant root physiology, these findings will have
far-reaching implications for agriculture and sustainable
food production.

Gene mapping and complementation tests
Pontecorvo was the first to recognize the potential use
of the parasexual cycle for genetic mapping in fungi
for which a sexual cycle has not been identified or for
those with an infrequent sexual cycle [4]. In 1958, Kéfer
developed a method for counting the number of linkage
groups and for mapping genes along the 8 chromosomes
in the sexual species, Aspergillus nidulans, that utilized
mitotic haploidization and mitotic recombination, rather
than meiotic recombination [29]. In order to determine
the overall number of chromosomes, he simply counted
the number of groups of completely linked genetic mark-
ers among the haploid segregants of diploids carrying
multiple genetic markers. Markers that always segre-
gated together were considered to be located on the same
chromosome. In order to map a gene to a specific linkage
group, he formed heterokaryons between a tester strain
for which specific linkage groups were marked and a
mutant strain carrying the mutant gene. Diploids result-
ing from karyogamy were identified on the basis of spore
color and auxotrophic markers. Haploid segregants of
these diploids showed segregation in repulsion between
the mutation and the genetic marker of one linkage
group but independent segregation with markers of all
other linkage groups. In this way, genes were mapped to
specific chromosomes.

Pontecorvo and Kéfer’s method for mapping the rela-
tive locations of genes on specific chromosomes involved
several steps [30]. First, they selected genetic markers
in one linkage group that showed a different phenotype
in a heterozygous compared to a homozygous state.
Then, heterokaryons were formed between individuals
with these contrasting genetic markers, and their corre-
sponding heterozygous diploids were isolated. If mitotic
recombination occurred in these diploids, this led to
some diploid segregants that were homozygous for one
or more of these markers. By observing which com-
binations of genetic markers were homozygous in the
recombined diploid segregants, the order of the marked
genes along one chromosome arm could be determined.
By combining this information with the results of mitotic
haploidization experiments, which map genes to specific
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chromosomes, two chromosome arms could be assigned
to the same chromosome, forming a map of an entire
linkage group, including the location of the centromere.

Pontecorvo and Kifer’s methods [30] opened the door
to mapping genomes of predominantly asexual spe-
cies in which the parasexual cycle was thought to pro-
vide the principle means of genetic recombination.
Many researchers have created genetic maps using these
methods [31-33]. For example, eight linkage groups in
Aspergillus niger were identified [33] and the location
of marker genes in all eight of these linkage groups was
mapped using methods similar to Kéfer’s [34]. These
methods have also been used to create genetic maps of
linkage groups in Penicillium chrysogenum [35] and
Aspergillus parasiticus [36].

In addition to genetic mapping, heterokaryons allow
dominance and complementation testing in predomi-
nantly asexual fungi [11, 37]. Similar to the genetic map-
ping protocols, the dominance test involves pairing of a
mutant strain to a wild type strain to form a heterokar-
yon [37]. In this test, a gain-of-function or other type of
dominant mutation is indicated if the fusant expresses
the mutant, rather than wild, phenotype. This protocol
has been utilized in various fungal genetics studies [38,
39], including one that demonstrated incomplete domi-
nance of an azole resistance gene [40].

The complementation test involves forming heter-
okaryons between two mutant strains to test if recessive
mutations are in the same gene. Genetic complementa-
tion results in a normal phenotype if recessive mutations
in the two strains are on different genes, whereas heter-
okaryons retain the mutant phenotype if the recessive
mutations are in the same gene in both sets of haploid
nuclei. Complementation tests are often used to visual-
ize heterokaryon formation between two fungal isolates
expressing different genetic or auxotrophic markers,
as in tests of vegetative compatibility. Beginning in the
1960s, new interest arose in complementation experi-
ments in Phycomyces, the same genus in which heter-
okaryosis was first studied by Burgeff in the early part
of the twentieth century. In one study, mutant strains of
Phycomyces blakesleeanus, each of which lacked a spe-
cific enzyme in the carotenoid biosynthesis pathway,
were allowed to form heterokaryons [41]. In this experi-
ment, one parent strain was white and only produced 1 %
of the beta-carotene produced by wild type strains. The
other parent strain was red, because it only produced
lycopene, a precursor to beta-carotene. A heterokaryon
resulting from fusion of these strains produced the yellow
beta-carotene pigment, a result that helped to elucidate
the beta-carotene biosynthetic pathway. A later experi-
ment demonstrated complementation between different
alleles encoding the phytoene dehydrogenase enzyme
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involved in beta-carotene synthesis [42], demonstrating
the multimeric nature of this enzyme. Heterokaryons
will undoubtedly lend themselves to many other areas of
genetic research in the future.

Vegetative compatibility

Vegetative compatibility refers to the ability of vegeta-
tive hyphae from different fungal individuals to fuse and
form stable heterokaryons [43]. Several different tests
have been devised for determining vegetative com-
patibility between different fungal strains. One of the
simplest methods relies on the formation of a barrage,
which may take the form of a pigmented, opaque, or
clear zone between vegetatively incompatible strains
[44]. Absence of a barrage between strains is indicative
of vegetative compatibility, though the type of media
has been shown to affect the outcome of this test in
N. crassa [45]. Other tests for vegetative compatibility
rely on complementation of pigmentation [46] or auxo-
trophic [11, 47] markers. In 1985, Puhalla developed a
new test for vegetative compatibility involving nitrate
non-utilizing (nit) mutants, which are isolated based on
their inability to reduce chlorate, a compound toxic to
fungi [48]. When grown on chlorate-containing medjia,
spontaneous mutations result in fast-growing sec-
tors that are assumed to be chlorate-resistant and also
nitrate non-utilizing, because nitrate is assimilated by
the same metabolic pathway as chlorate [49, 50]. One
benefit of this system is that mutagens need not be used
to generate auxotrophic mutants. Puhalla attributed
the nitrate non-utilizing phenotype of it mutants in
Fusarium oxysporum to one of two genetic mutations,
which he referred to as nitA and nitB [48]. When grown
on minimal media with nitrate as a sole nitrogen source,
neither type of mutant thrived unless they under-
went vegetative fusion to form a heterokaryon, which
restored a complete nitrate reduction pathway through
complementation.

Later researchers refined Puhalla’s techniques and
identified four main nit phenotypes, which are referred
to as nitl, nit2, nit3, and nitM [51, 52]. The most com-
monly reported phenotypes recovered are #itl and nitM
[53-55], and pairing of these is used to visualize com-
plementation and heterokaryon formation for a variety
of applications. Due to its simplicity, the use of the nit
mutant system has become a standard test for group-
ing fungal isolates into vegetative compatibility groups
(VCGs), which consist of all strains of a fungal species
that are capable of undergoing vegetative fusion and sta-
ble heterokaryon formation with each other [46]. The nit
mutant system also has several biotechnological applica-
tions, including the creation of hybrid biological control
agents [56, 57].
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Recently, a high-throughput method for obtaining nit
mutants and performing complementation tests has
been developed and tested [55]. This method speeds the
generation of nit mutants by exposing them to ultra-
violet radiation on chlorate-containing media. The com-
plementation tests are performed in liquid media in
96-well plates, a method that saves materials, labor, and
time, compared to conventional pairings on solid media.
Another newly developed technique for determining
VCGs dispenses with the #it mutant system altogether,
instead relying on spectroscopic analysis to group iso-
lates into VCGs [58]. Though not yet widely used, these
new techniques may transform the way vegetative com-
patibility testing is performed.

We are beginning to understand how hyphae fuse.
Studies of hyphal fusion in N. crassa have primarily
involved conidial anastomosis tubes (CATS), structures
that arise from germinating spores or germ tubes and
fuse with each other. Several genes and proteins involved
in CAT induction, chemotropism, and fusion have been
identified [3, 59]. A particularly interesting aspect of
CAT chemotropism is the oscillatory recruitment of pro-
teins to the tips of plasma membranes of homing tubes.
In homing CATs, the MAP kinase, MAK-2, localizes to
the growing tip of one CAT, while the protein, SO, is
simultaneously recruited to the growing tip of its part-
ner [60]. The recruitment of these proteins alternates
every 3—6 min in an anti-phase oscillatory pattern, which
repeats up to six times before contact. Recently, a tran-
scription factor, PP1, which is a predicted target of the
MAK-2 pathway, was shown to be necessary for chem-
otropic interactions [61]. This transcription factor has
been shown to promote expression of 16 genes involved
in germling fusion, including ham-11, which is thought
to act as a switch, initiating localization of MAK-2 to the
plasma membrane when CAT pairs are less than 15 pm
apart. As such, MAK-2, PP1, and HAM-11 have been
hypothesized to be components of a positive feedback
mechanism involved in chemotropic interactions. For
reviews of proteins involved in hyphal fusion, see [3, 59,
62].

Barriers to vegetative compatibility

While vegetative self-fusion is common in filamentous
fungi, a significant limitation to harnessing heterokary-
ons for biotechnology is the failure of hyphae from dif-
ferent strains to fuse [63]. In 1975, Anné and Peberdy
surmounted this barrier by dissolving fungal cell walls
with cell wall degrading enzymes and subsequently fusing
naked protoplasts together in a solution of polyethlyene
glycol (PEG) (Fig. 2). Their seminal experiment showed
that it was possible to fuse protoplasts of the same strain
[64], while a subsequent experiment showed that it was
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possible to form intraspecific heterkaryons using this
approach [65]. Later researchers expanded on Anné and
Peberdy’s methods to form heterokaryons from proto-
plasts of different genera [66], opening up new avenues
of research.

However, even when hyphal fusion barriers are sur-
mounted, genetic barriers to stable heterokaryon for-
mation exist. Stable heterokaryon formation does not
commonly occur between members of different fungal
species or even between different VCGs of the same spe-
cies in the wild, due to vegetative incompatibility (VI)
[44]. VI inhibits the formation of stable heterokaryons
through expression of heterokaryon incompatibility (4et)
genes, formerly referred to as vegetative incompatibility
(vic) genes, in heterokaryotic nuclei [43, 44, 67]. When
two incompatible nuclei occupy the same fungal cell,
expression of their /et genes leads to compartmentaliza-
tion and cell death of the heterokaryotic cell and some-
times of neighboring cells (Fig. 3) [68].

Mechanisms of incompatibility are versatile, includ-
ing both allelic and non-allelic interactions [67]. In allelic
systems, genetic differences in alleles occupying the same
locus result in VI. In non-allelic systems, the presence
of incompatible genes at different loci leads to VI. Sev-
eral VI systems have been characterized in Podospora
anserina, N. crassa, and Cryphonectria parasitica (syn.
Endothia parasitica). Systems characterized for N. crassa
include the allelic mating-type associated incompatibility
system and the non-allelic het-c/pin-c and het-6/un-24
systems. In P. anserina both the allelic set-s system and
the non-allelic het-c/het-d and het-c/het-e systems have
been characterized [44]. The C. parasitica genome con-
tains six vegetative incompatibility loci, termed vicl,
vic2, vic3, vic4, vic6, and vic7, each of which contributes
to an allelic VI system [69]. Recent work has focused on
identifying the genes and proteins associated with these
loci [70, 71]. For reviews of incompatible interactions
between ket loci, see [68, 72, 73].

VI may have evolved as a mechanism to protect fil-
amentous fungi from the spread of parasitic nuclear
genes or viruses [74]. According to this hypothesis, cell
death and plugging of septal pores acts to quarantine
and prevent the spread of these infectious elements.
A more recent hypothesis suggests that VI may be a
by-product of pathogen-driven evolution of the fun-
gal innate immune system [75-77]. In this hypothesis,
fungal pathogens, like mycophagic bacteria and myco-
parasites, drive the evolution of /et genes in much the
same way that plant pathogens drive the evolution of
resistance genes in plants. In support of this hypoth-
esis is the fact that the architecture of some /et gene
products resembles the pattern recognition receptors
of the plant innate immune system [76]. Furthermore,
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a genealogical study of Cryphonectria hypovirus 1 indi-
cated that VI failed to prevent the spread of this myco-
virus in C. parasitica [78], casting some doubt on the
hypothesis that VI evolved solely to prevent the spread
of viruses.

Applications of vegetative incompatibility

and compatibility

Regardless of its biological function, VI has many applica-
tions. One application of vegetative incompatibility is the
identification of VCGs in plant pathogenic fungi. VCGs
were originally envisioned as a proxy for races of plant
pathogenic fungi, because of a rough correlation between
pathogenicity or virulence and VCG [48, 54]. In plant
disease diagnosis, pairing an unknown plant pathogen
with a tester strain of a known VCG is a much quicker
and simpler way to determine the identity of the infect-
ing fungus compared to traditional methods of inocu-
lating plants and fulfilling Koch’s postulates [43]. The
plethora of studies on VCGs from 1983 to the present
date evinces the importance of VCGs in plant pathol-
ogy. However, recent studies have cast some doubt on the
utility of VCGs in disease diagnosis. Individual races of
E oxysporum f. sp. dianthi, the cause of vascular wilt of
carnations, and E oxysporum f. sp. cubense, the cause of
Fusarium wilt of bananas, have been shown to consist of
several VCGs, each with a unique genetic profile and dif-
fering degrees of virulence [79, 80]. Furthermore, some
VCGs contain not one, but several races of plant patho-
genic fungi [79-81], complicating plant disease diagnosis
based on VCGs. Another potential pitfall of VCG analy-
sis is the ability of members of different VCGs to form
“weak” heterokaryons [81]. While often unstable and
short-lived [55], these heterokaryons have shown that
exchange of genetic material is possible between mem-
bers of different VCGs.

In spite of these shortcomings, VCGs have proven use-
ful in population genetic studies. For example, by study-
ing isolates of aflatoxin-producing Aspergillus flavus
collected from different regions of Nigeria, researchers
were able to delineate the geographic boundaries of 25
VCGs, enabling selection of appropriate non-toxic iso-
lates of A. flavus to use as competitive biocontrol agents
in specific regions. If biocontrol agents are in the same
VCG as pathogenic fungi, it might be possible for these
strains to inadvertently create heterokaryons or hybrids
with increased virulence and pathogenicity [82]. There-
fore, when deploying competitive biocontrol agents, it
is essential to select isolates that are in different VCGs
than their toxic counterparts. This study resulted in the
formulation of a biocontrol agent, Aflasafe™, which has
been deployed to protect maize in Africa from A. flavus
[83].
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Fig. 3 Vegetative incompatibility. a Hyphae of vegetatively incompatible filamentous fungi grow towards each other by chemotaxis. b Hyphal
fusion occurs, resulting in a heterokaryon. € Expression of incompatible het genes in the heterokaryon leads to sealing of septal pores, autophagy,
and programmed cell death. Vacuolization and the formation of additional septa (not pictured) also occur. Autophagy (represented by small circles
in the cytoplasm of the heterokaryon) may prevent the spread of pro-death signals and is not thought to contribute to the cell death process. Thin-
ning of the heterokaryotic filament accompanies cell death

Another remarkable application of vegetative com-
patibility was the development of a method for biocon-
trol of the chestnut blight fungus, C. parasitica. In 1980,
Jaynes and Elliston found that by inoculating an infected
tree with a mixture of hypovirulent strains of C. para-
sitica belonging to several different VCGs, the infectious
mycelium was weakened [84]. This effect was less pro-
nounced with the application of individual hypovirulent
strains. It was hypothesized that a mixture of hypoviru-
lent strains provided better control of the disease because
at least some of these strains were vegetatively compat-
ible with the infecting strain and thus able to transfer
hypovirulence determinants to it. In a follow-up study,
it was reported that 76 C. parasitica isolates from one
Connecticut state forest plot fell into 35 VCGs and that
transfer of hypovirulence determinants between strains
was restricted to varying degrees by vegetative incom-
patibility barriers [85]. This research revealed an impor-
tant consideration for the control of plant pathogens. If
multiple VCGs of a single plant pathogen are present,
biological control agents that fall into several VCGs cor-
responding to those of the pathogen may be required.

VI systems in fungi may even have relevance for bio-
medical research. While the majority of VI systems do
not rely on the formation of prions, one particular sys-
tem, the het-s system, involves the use of prions to alter
cellular biochemistry, leading to cell death. In this sys-
tem, vegetatively incompatible cells express either HET-S
or HET-s proteins [75]. Upon hyphal fusion, the prion

form of HET-s from the cytoplasm of one cell induces a
conformational change in HET-S from the other cell, ren-
dering this protein toxic to the heterokaryon [86]. The
toxicity arises from the disruption of membrane integ-
rity by the activated form of HET-S [87], which leads to
death of the fused cells. The HET-s prion takes the form
of an amyloid aggregate similar to those found in over 30
named human diseases, including Alzheimer’s, Parkin-
son’s, and Huntington’s disease [88, 89]. In P anserina,
the model organism in which VI has been most thor-
oughly studied, autophagy, a process whereby cellular
components are sequestered and digested [90], occurs
alongside cell death. Autophagy, in this case, is not nec-
essary for the cell death process but instead may have a
protective effect, scavenging pro-death signals and pre-
venting them from triggering death of other parts of
the mycelium [68]. Autophagy is also implicated in both
tumor suppression and resistance to chemotherapeu-
tics [91]. Thus, filamentous fungi, like P anserina, could
prove useful as model organisms for research in cancer
and other human diseases.

Pharmaceutical production

The uses of heterokaryons extend well beyond basic sci-
ence, with applications in the pharmaceutical, agricul-
tural, and environmental remediation industries. The
utility of heterokaryons for a wide range of biotechnolog-
ical applications likely stems from heterosis. Fungal het-
erokaryons often exhibit faster growth rates than either
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of the two parent strains [11, 92] and frequently express
desirable qualities of both [56, 93]. Several genetic mech-
anisms may account for the improved qualities of heter-
okaryons [43]. One possibility is that deleterious alleles in
one genome are masked by dominant or complementary
alleles in the second genome [94]. Another possibility is
that new gene interactions arise in the heterokaryon due
to distinct allele combinations [95, 96]. Finally, hybrids
between genotypically divergent parents may express
novel combinations of genes or a greater diversity of
transcripts, resulting in an increased variety of proteins
that may confer a faster growth rate or increased pro-
duction of secondary metabolites [97, 98]. The latter has
been exploited for biotechnological uses. For example,
in an engineered heterokaryotic strain of Aspergillus,
each nucleotype encodes a different subunit of an anti-
body, which is only fully expressed in the heterokaryon
[99, 100]. All of these mechanisms likely play a role in
enhancing the phenotypic qualities desired by fungal
biotechnologists.

In predominantly asexual fungi, the parasexual cycle
has enabled the creation of hybrids with better character-
istics for antibiotic production than their parent strains.
An early example of this is a recombined haploid hybrid
resulting from the protoplast fusion of two strains of
Acremonium chrysogenum (syn. Cephalosporium acre-
monium) that had 40 % greater cephalosporin C produc-
tion than the higher producing parent strain [101]. A
second example is a hybrid formed between two Penicil-
lium strains, one of which had high penicillin production
but poor growth and sporulation and the other of which
had low penicillin production but better growth quali-
ties [102]. One haploid recombinant resulting from pro-
toplast fusion of these strains produced approximately
the same amount of penicillin as the high penicillin-
producing parent and also expressed good growth char-
acteristics and better sporulation than either parent. A
third example is a recombined haploid hybrid created
through protoplast fusion in P chrysogenum, a producer
of B-lactam antibiotics, that had three-fold greater peni-
cillin production than the parent strains [103]. In this last
example, rather than using traditional mutagenesis tech-
niques to create auxotrophs, acetate non-utilizing and
nitrate non-utilizing mutants were generated on fluoro-
acetate and chlorate media, respectively.

In spite of these successes, the literature on the use of
heterokaryons for antibiotic production is scarce after
1993, possibly due to the lack of success in creating sta-
ble high-producing strains [104]. Fungi are notorious for
having unstable genomes [105], and even fungi undergo-
ing purely asexual reproduction can produce offspring
with different sized chromosomes over a few genera-
tions [106]. Genetic instability of intraspecific [107] and
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interspecific [98] hybrids formed through protoplast
fusion is a commonly reported problem. Industrial strains
of P chrysogenum, many of which synthesize higher levels
of penicillin due to anueploidy or polyploidy, often revert
to wild-type antibiotic production levels due to chromo-
some loss over repeated rounds of subculturing [104].
From the standpoint of fungal genetics, this instability
is a natural progression of the parasexual cycle in which
diploids formed from heterokaryons undergo haploidiza-
tion through gradual chromosome loss (Fig. 1). Although
there are methods for maintaining heterokaryons or het-
erozygous diploids, such as culturing prototrophic colo-
nies on minimal media, researchers interested in strain
improvement may prefer to select from the haploid
segregants of heterozygous diploid hybrids rather than
attempting to stabilize these diploid hybrids over time.
Haploid segregants have, in many instances, yielded sta-
ble and useful recombinants [101-103, 108].

Antibiotic resistance is one of the most pressing con-
cerns faced by microbiologists today [109], presaging the
need for new antibiotics. While fungal protoplast fusion
experiments have, so far, failed to generate novel antibi-
otics, two results of these experiments point to the like-
lihood of discovering novel antibiotics in heterokaryons,
stable heterozygous diploids, or their recombined hap-
loid segregants. First, fusion of non-antibiotic producing
strains has resulted in antibiotic producing hybrids [98,
102]. This was shown in an experiment involving fusion
of a penicillin-blocked mutant of P chrysogenum with an
extremely low penicillin-producing strain of Penicillium
patulum. Fusion of these strains resulted in hybrids capa-
ble of producing penicillin at a rate up to 30-fold greater
than either parent [98]. In another experiment, two peni-
cillin non-producing auxotrophic mutants of Penicillium
were fused, resulting in hybrids that produced penicillin,
albeit at a lower rate than the grandparent strain [102].
Thus, even for strains that have no history of antibiotic
production in isolation, their fused heterokaryons may,
through complementation of biosynthetic pathways,
produce antibiotics. Secondly, in many fungal hybrids,
expression of both sets of biosynthetic genes leads to the
production of secondary metabolites from both strains
[41, 98]. Given that only a small fraction of the estimated
1.5 million species of fungi have been described [110]
and that only a handful of these have been subjected to
protoplast fusion experiments, it seems probable that
by combining genomes of these fungi, new biosynthetic
pathways, and therefore, new antibiotics, could be synthe-
sized. Furthermore, novel antibiotics have been produced
by protoplast fusion of bacteria [111, 112], suggesting this
approach may eventually prove fruitful in fungi.

Hybridization also has the potential to improve strain
production of other pharmaceuticals. Ergot alkaloids,
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which are used to control bleeding during labor [113]
and in the treatment of migraine headaches [114], are
produced by fungi in the genus Claviceps. While not
currently being researched using hybridization tech-
niques, two examples illustrate how protoplast fusion
could be used to improve strains of this pharmaceutical-
producing fungus. In one study, protoplast fusion was
used to make an intraspecific hybrid of an ergotamine-
producing and a clavine-producing strain of Claviceps
purpurea [115], resulting in a hybrid that produced both
alkaloids. In another study, researchers used protoplast
fusion to create intraspecific hybrids that produced 30 %
more alkaloid than parent strains [116]. Interestingly, the
hybrids produced from the protoplast fusion of strains
not carrying genetic markers produced ten times more
alkaloid than hybrids formed between genetically marked
strains, suggesting that traditional mutagenesis may
not be the best approach when designing hybridization
experiments.

Taxol, which was originally isolated from the bark of an
endangered tree, Taxus brevifolia [117], is a drug used in
the treatment of breast, uterine, and other cancers. In the
quest for a cheaper and more readily available source of
this drug, researchers discovered taxol-producing endo-
phytic fungi, which were engineered to produce more
taxol through mutagenesis [118]. High taxol-producing
mutant strains of Nodulisporium sylviforme have been
hybridized via protoplast fusion, resulting in improved
strains with 19.35-24.51 % greater taxol production
than parent strains [119] or subjected to multiple rounds
of protoplast fusion and genome shuffling to create
improved strains with 31.52—-44.72 % higher taxol pro-
duction than parent strains [120]. Future research in this
field has great potential and may result in the creation
of fungal hybrids capable of more efficient or even novel
[107] drug production.

Fermentation and enzyme production

Protoplast fusion has been used in an attempt to improve
strains for a variety of fermentation applications. One
such application is soy sauce production. Protoplast
fusion was used to hybridize two strains of Aspergillus
sojae, one of which was a protease hyper-producer, and
the other of which was a glutaminase hyper-producer
[121]. This experiment resulted in stable heterozygous
diploids, some of which were good producers of both
enzymes. However, subsequent interspecific protoplast
fusion experiments with A. sojae and Aspergillus oryzae
failed to create hybrids expressing both parental enzymes
when protoplast fusion was followed by haploidization
[122, 123], possibly suggesting a low rate of recombina-
tion in the heterozygous diploids. A later experiment,
which used electrofusion to fuse protoplasts of A. oryzae
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and A. niger, resulted in hybrids with evidence of genetic
recombination but unimproved protease or amylase pro-
duction [124].

Protoplast fusion has been used to improve strains
for ethanol fuel production. In one study, two strains of
Saccharomyces cerevisiae, one of which had good ther-
motolerance and the other of which was a high ethanol-
producer, were fused. The resulting heterozygous diploid
hybrid had good thermotolerance and fermented molas-
ses into ethanol at a higher rate than the high ethanol-
producing parent [125]. This same hybrid strain was
used in a later study to make biofuel from sweet sorghum
[126]. In another study, intergeneric hybrids were pro-
duced by fusing mutant strains of Penicillium echinula-
tum and Trichoderma harzianum, both of which were
selected for their increased cellulase production [108].
Some recombinant hybrids formed from the fusion of
these strains produced more [B-glucosidase, an enzyme
used in the production of ethanol fuel, than either parent
strain.

The many successes in using protoplast fusion to gen-
erate both intraspecific and interspecific fungal strains
for enzyme production are too numerous to list, but a
few key examples illustrate the utility of this approach. In
one study, a recombined haploid hybrid was formed from
the protoplast fusion of Penicillium expansum and Peni-
cillium griseoroseum that produced more pectinases than
either parent strain [127]. In another study, a recombined
haploid hybrid with similarly enhanced pectinase pro-
duction was created by fusing Aspergillus flavipes and
Aspergillus niveus [128]. An interspecific hybrid formed
between Trichoderma spp. selected for their ability to
produce large quantities of chitinase or p-glucanase,
enzymes important in degrading fungal cell walls, has
also been created by protoplast fusion [129]. Some result-
ing hybrids in this study had two to three-fold increases
in their production of both enzymes, which resulted in
greater antagonistic ability against some plant-patho-
genic fungi.

Biocontrol of insects and nematodes

Of the many challenges faced by agricultural scientists,
few are greater than that of developing effective biologi-
cal control agents. Heterokaryons may offer solutions to
controlling plant pathogens and pests. Beauveria bassi-
ana is an important fungus in the biocontrol of insect
pests, such as Ostrinia nubilalis (European corn borer)
and Leptinotarsa decemlineata (Colorado potato bee-
tle). In the last three decades, research has resulted in
the creation of Beauveria hybrids that have the poten-
tial to be more effective biocontrol agents than wild
type strains. In one study, recombined haploids created
by protoplast fusion of diauxotrophic mutant strains of
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Beauveria sulfurescens and B. bassiana exhibited greater
virulence against their insect hosts, providing evidence
for the potential uses of fungal hybrids in pest control
[93]. In another study, a hybrid strain of B. bassiana with
enhanced thermotolerance was created through co-cul-
turing and fusion of two B. bassiana isolates [130]. Ther-
motolerance is a prerequisite for commercialization of
biocontrol agents.

Another desireable feature in commercial biocontrol
agents is the ability to survive in dry environments. In an
attempt to create strains that were both highly virulent and
able to withstand extremes of humidity, researchers fused
strains of the entomopathogenic fungi, Lecanicillium mus-
carium and Lecanicillium longisporum (syn. Verticillium
lecanii), which are found in the commercially available
biocontrol products Mycotal® and Vertalec®, respectively
[56]. Individual parent strains were either virulent at high
humidity or could survive low humidity, but neither pos-
sessed both characteristics, limiting their usefulness as
biocontrol agents. A later study tested hybrids formed
from protoplast fusion between these strains for their abil-
ity to control several pests, including whiteflies, aphids,
and soybean cyst nematodes [57]. Several hybrid strains
outperformed Vertalec® and Mycotal® in terms of insect
mortality and infection, and one hybrid strain reduced soy-
bean cyst nematode cyst and egg density at a significantly
higher rate than the commercial formulations. Our ability
to utilize the parasexual cycle to create fungal hybrids that
are superior biocontrol agents is still in its early stages but
appears to be a promising area of research.

Bioremediation

Fungi are uniquely well suited to cleansing soil of con-
taminants because their hyphae grow into the spaces
between soil particles, forming expansive underground
mycelial networks [131, 132]. While some naturally
occurring fungi can break down environmental con-
taminants [132], hybrids resulting from artificial het-
erokaryons have proven to be more effective agents of
bioremediation than their parent strains. For example,
in one study, co-culturing of related strains of Fusarium
solani isolated from DDT-contaminated soils resulted in
the formation of recombined haploids that could break
down DDT at a rate up to three-fold greater than parent
strains [133]. Another example is an intergeneric hybrid
that has been used to clean up shellfish waste [134].
This hybrid, which resulted from the protoplast fusion
of high chitinase-producing strains of T. harzianum and
A. oryzae, was more effective than either parent strain in
degrading crustacean shells, a major food waste in India.
In a world of oil spills and industrial waste, the engineer-
ing of powerful hybrid bioremediation agents may prove
to be an important area of future research.
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Conclusions and future directions

Genome recombination through parasexual hybridi-
zation has the potential to enhance polygenic traits in
hybrids that would be difficult to create using more tar-
geted methods of genetic modification [124]. An addi-
tional advantage of recombining entire genomes is that
a huge variety of potentially useful segregants can result
from a single experiment, as opposed to generating a sin-
gle genetically modified strain with traditional genetic
engineering approaches. A third advantage may be that
since hybridization only involves naturally occurring
organisms, biotechnological products that result may
gain greater acceptance by the public than genetically
modified organisms.

A better understanding of heterokaryon formation and
incompatibility may have implications for human health.
Heterokaryons formed from fusion between tumor cells
and healthy cells have been hypothesized to a play a role
in metastasis [135]. Furthermore, elements of the para-
sexual cycle, like karyogamy and gradual chromosome
loss, seem to be mirrored in tumorigenesis [136]. Neuro-
degenerative diseases, like Alzheimer’s disease, share fea-
tures in common with the /et-s vegetative incompatibility
system. However, many aspects of heterokaryosis are still
a mystery. While many genes and proteins involved in
fusion competence, cell-cell communication, and directed
growth have been described [60, 61], little is currently
known about the process of plasma membrane merger
[3], a necessary step preceding heterokaryosis in natural
fungal populations. Future research may discover genes
and proteins involved in this process, help to elucidate
its mechanism at the cellular level, and lead to more effi-
cient methods for creating fungal hybrids. Overcoming the
limitations of vegetative incompatibility imposed by het
genes may also open up further avenues of research. Could
silencing of these genes allow for the efficient formation of
new fungal hybrids? The applications of hybridization are
numerous if incompatibility barriers can be overcome.

Future attempts at biocontrol may benefit from imitat-
ing the methods developed for chestnut blight. Mycovi-
ruses similar to those passed between VCGs to control C.
parasitica have recently been characterized in many plant
pathogenic fungi [137]. If it were possible to incorporate
a transmittable mycovirus into the genome of a patho-
genic fungus, this may prove to be an effective agent of
biocontrol. An additional advantage to this approach is
that it may be possible to customize biocontrol for indi-
vidual farmers by choosing biocontrol agents in the same
VCGs as those encountered in their fields. This approach
would increase the chances of transmitting the virus to
pathogenic VCGs, while avoiding transmission to non-
pathogenic VCGs and alleviating some environmental
concerns over the use of biocontrol agents.
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A similar approach might be used to increase the activ-
ity of wild fungal strains involved in bioremediation. If
an engineered strain with superior bioremediation abili-
ties were introduced into a compatible wild population,
the transformed genes could, hypothetically, become
more common in the wild population and increase its
effectiveness in bioremediation. To design such strains,
foreknowledge of fungal VCGs present in areas affected
by environmental contamination would be necessary.
Although there are certain ecological risks associated
with introducing foreign genes into wild populations
[138], such an approach may be desirable in the case of
severe environmental disasters.

In the future, researchers may want to combine tra-
ditional techniques for genetic transformation with
protoplast fusion to create superior heterokaryons for
industrial uses [99]. In this scenario, specific desired
genes would first be transformed into fungal protoplasts
[139]. The transformants would then be hybridized to
related strains to take advantage of heterosis. The result-
ing hybrids may express the desired genes and exhibit
faster growth rates and other traits desirable for indus-
trial applications.

Heterokaryosis has fascinated fungal biologists since
1912, and it continues to offer insights into the way fungi
evolve and adapt. Research into this phenomenon over
the last century has opened doors to our understanding
of fungal genetics and has shed light into the ways fungi
exploit their environment. In more recent decades, het-
erokaryons have been created artificially in the lab to
produce hybrid fungi with superior properties in antibi-
otic production, biocontrol, and bioremediation. Future
research is likely to find more uses of heterokaryons in
biotechnology and to expand their uses to other medi-
cal and agricultural applications [140]. Heterokaryons
may hold the answer to solving some of the world’s most
pressing health and environmental issues and promise to
intrigue mycologists for many years to come.
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