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2.1            Introduction 

 The vast majority of fungal species are able to 
undergo sexual reproduction involving the forma-
tion of sexual spores via meiosis. This form of 
reproduction is thought to have many evolutionary 
advantages, and where present offers a valuable 
laboratory tool for experimental genetic analysis 
(Dyer and Paoletti  2005 ; Aanen and Hoekstra 
 2007 ; Lee et al.  2010 ). However, a surprisingly 
high minority of fungal species (approximately 
20 %) are only known to reproduce by asexual 
(mitotic) means. This includes many species of 
industrial importance, notably several  Aspergillus  
and  Penicillium  species (Dyer and Paoletti  2005 ; 
Dyer and O’Gorman  2011 ). The aim of this chap-
ter is twofold. Firstly, to describe how sexual 
cycles may be induced in fi lamentous fungi includ-
ing ‘fastidious’ species (Kwon- Chung and Sugui 
 2009 ), which require very specifi c conditions, and 
sexually ‘recalcitrant’ species, where a sexual 
cycle might not yet have been reported. Secondly, 

to describe methods by which sexual progeny can 
be isolated, with further possibilities suggested for 
progeny analysis. The chapter will focus on fi la-
mentous ascomycete species ( Pezizomycotina ), 
which represent one of the largest groups in the 
fungal kingdom, and in particular on members of 
industrial importance. A fi nal section is included 
to briefl y describe ways in which the sexual cycle 
can be exploited for purposes including gene iden-
tifi cation and localization, strain improvement, 
and gene complementation.  

2.2     Sexual Reproduction 
and Breeding Systems 
in Filamentous Ascomycete 
Fungi 

 In 1820, microscopic sexual structures in fungi 
were reported for the fi rst time in a culture of 
 Syzygites megalocarpus  ( Zygomycota ,  Mucorales ) 
(Ehrenberg  1820 ; Idnurm  2011 ). In 1904, 
Blakeslee showed that  S. megalocarpus  is a self-
fertile species and also observed the existence of 
different “sexes” (‘mating types’) in  Rhizopus 
stolonifer  (reported as  Rhizopus nigricans ). Based 
on his fi ndings he introduced the terms ‘homo-
thallism’ for self-fertile (or self- compatible) and 
‘heterothallism’ for self- incompatible (or obligate 
outcrossing) individuals (Blakeslee  1904 ). Thus, 
by defi nition, individuals of homothallic fungal 
species can complete the sexual cycle without the 
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need for a mating partner, whereas individuals of 
heterothallic species require a mating partner of 
compatible mating type for sexual reproduction to 
occur. However, it is important to note that homo-
thallic species are not restricted to self-fertility, as 
individuals normally retain the ability to out-cross 
under suitable conditions (Dyer et al.  1992 ; 
Burnett  2003 ; Cavindera and Trail  2012 ). In the 
case of heterothallic pezizomycete species there 
are normally only two mating types present. By 
convention these are now termed  MAT1 - 1  and 
 MAT1 - 2 , although for some species alternative 
established terminology such as matA and mat a  
(e.g. in  Neurospora ) or plus ‘+’ and minus ‘−’ 
(e.g. in  Podospora ) are used (Dyer et al.  1992 ; 
Turgeon and Yoder  2000 ). Also some heterothal-
lic species have an additional layer of sexual com-
patibility superimposed on the mating type. 
Individuals can either be male (M), female (F), or 
hermaphrodites (MF) with respect to their ability 
to form sexual mating structures such as ascogo-
nia, protoperithecia, microconidia, and spermatia 
(Debuchy et al.  2010 ). For a cross to be successful 
not only must isolates of opposite mating type be 
present, but also one mating partner must be able 
to act as a male and the other as a female. However, 
this system appears to be restricted to certain 
taxonomic groupings such as  Fusarium  and 
 Magnaporthe  species (Gordon  1961 ; Takan et al. 
 2012 ). A third reproductive strategy occurring in 
fi lamentous fungi was later described, called 
‘pseudohomothallism’ (or secondary homothal-
lism) (Dodge  1957 ). Ascomycetous pseudohomo-
thallic species (e.g.  Neurospora tetrasperma , 
 Podospora anserina ) develop four spored asci in 
which most ascospores contain two nuclei, one of 
each mating type (Raju and Perkins  1994 ). A typi-
cal binucleate ascospore germinates to form a 
self-fertile mycelium due to the fact that the aris-
ing heterokaryic hyphae contains both matA and 
mat a  nuclei (Pöggeler  2001 ). 

 In heterothallic pezizomycete species sexually 
compatible haploid strains are normally morpho-
logically indistinguishable and not differentiated 
into male and female sexes, the mating partners 
are instead distinguished only by their mating 
type (Bistis  1998 ). Extensive studies over the 
past 25 years have revealed that both sexual iden-

tity and later stages of sexual development are 
controlled in fungi by so called ‘mating-type’ 
( MAT ) genes (Debuchy et al.  2010 ). In hetero-
thallic pezizomycete fungi there is usually only 
one  MAT  locus at which between one and three 
 MAT  genes may be present. The DNA sequence 
of the  MAT  genes of isolates of opposite mating 
type, together with other non-coding sequence 
present at the  MAT  locus, is highly dissimilar 
although the regions fl anking the  MAT  locus are 
highly conserved (Debuchy and Turgeon  2006 ). 
Because of the dissimilarity in sequence between 
the opposite  MAT  loci, they are referred to as 
‘idiomorphs’ instead of alleles to emphasize that 
the sequences at the same locus are highly dis-
similar (Metzenberg and Glass  1990 ). By con-
vention,  MAT1 - 1  mating-type isolates contain a 
 MAT  idiomorph which includes a  MAT1 - 1  gene 
encoding a protein with a motif called the alpha 
box, whereas  MAT1 - 2  mating-type isolates con-
tain a  MAT  idiomorph which includes a  MAT1 - 2  
gene encoding a regulatory protein with a DNA- 
binding domain of the high mobility group 
(HMG) family. These two idiomorphs are desig-
nated  MAT1 - 1  and  MAT1 - 2 , respectively. Where 
more than one  MAT  gene is present in an idio-
morph, each gene within an idiomorph is indi-
cated by the idiomorph symbol followed by a 
dash and a number, e.g.,  MAT1 - 2 - 1  (Turgeon and 
Yoder  2000 ). The organization of  MAT  genes dif-
fers in homothallic species, where both alpha box 
 MAT1 - 1  and HMG domain  MAT1 - 2  genes are 
normally present in the same individual; this co- 
occurrence appears to confer the ability to self- 
fertilize. The alpha and HMG genes can be tightly 
linked at a single  MAT  locus or be present at two 
distinct  MAT  loci within the genome (Paoletti 
et al.  2007 ; Debuchy et al.  2010 ). 

2.2.1     Use of  MAT  Genes 
as Diagnostic Tools 
for Induction of a Sexual Cycle 

 The discovery and characterization of mating- 
type genes from a diverse range of fungi has pro-
vided a major advance in the ability to induce 
sexual cycles of chosen fungal species in vitro. 
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Fungal  MAT  genes were fi rst identifi ed using 
molecular methods from the yeast  Saccharomyces 
cerevisiae  (Astell et al.  1981 ) and since then have 
been characterized from numerous fi lamentous 
ascomycete species (Debuchy and Turgeon  2006 ; 
Debuchy et al.  2010 ). 

 Although the  MAT  genes and idiomorphs 
show considerable sequence divergence overall, 
it has nevertheless been possible to identify partly 
conserved alpha box and HMG domain regions 
of the  MAT1 - 1  and  MAT1 - 2  genes, respectively, 
encoding homologous 65–80 amino acid regions 
of the MAT proteins. This has allowed the design 
of degenerate PCR primers [which can include 
the alternative base inosine (I) to avoid too high a 
rate of degeneracy] that can be used to amplify 
these regions of the  MAT  genes from species 
where genome sequence data is lacking. Due to 
sequence divergence within the Pezizomycotina, 
degenerate primers often need to be designed for 
groups of related fungal species because it has 
proved diffi cult to design all encompassing 
pezizomycete  MAT  degenerate primer sets (Dyer 
et al.  1995 ; Arie et al.  1997 ; Singh et al.  1999 ; 
Table  2.1 ). But once  MAT  amplicons have been 
obtained they can then be sequenced to confi rm 
homology to known  MAT  genes, and if desired 
the arising sequence can be used to design spe-
cifi c primers (which are likely to be less prone to 
PCR artefacts than degenerate primers) for use as 
a  MAT  diagnostic tool to determine the mating 
type of isolates. It is noted that the  MAT1 - 2  gene 
sequence tends to be conserved to a higher extent 
than  MAT1 - 1  gene sequence, so it might be nec-
essary to obtain  MAT1 - 1  idiomorph sequence via 
a chromosome walking approach based on 
inwards sequencing from the  SLA  and  APC  genes 
found in the conserved region bordering the  MAT  
loci (Eagle  2009 , C Eagle and PS Dyer unpub-
lished results) or use of TAIL-PCR to amplify 
whole  MAT  idiomorph regions (Arie et al.  1997 ). 
More recently it has also been possible to use 
whole genome sequence to identify  MAT  genes 
by BLAST analysis and thereby design  MAT  
diagnostic primers set directly. Such  MAT  diag-
nostic tests may use different primer pairs for the 
 MAT1 - 1  or  MAT1 - 2  genes, necessitating two 
rounds of PCR (see examples in Table  2.1 ). 

Alternatively, multiplex PCR-based tests have 
been designed to allow mating type to be deter-
mined using a single PCR (Table  2.1 ). The latter 
diagnostic relies on the use of one primer binding 
to conserved sequence in the fl anking regions of 
isolates of both mating type, together with two 
further primers that bind to sequence either pres-
ent in the  MAT1 - 1  or  MAT1 - 2  idiomorph. The 
location of the latter two primers is designed such 
that differential size PCR products are generated 
according to whether isolates are of  MAT1 - 1  or 
 MAT1 - 2  genotype, thereby allowing the rapid 
and effi cient determination of mating type [for 
further explanation of rationale see Dyer et al. 
( 2001b ) and Paoletti et al. ( 2005 )].

   The availability of a PCR-based mating-type 
detection method is a major aid when dealing 
with induction of sexual reproduction in hetero-
thallic species. Before the introduction of these 
 MAT  diagnostic techniques, isolates had to be 
crossed in all combinations with each other and 
when successful mating occurred, mating-type 
tester strains were selected. With these tester 
strains, larger sets of isolates were then examined 
in order to determine their fertility and mating 
type. Whereas now with the use of  MAT- specifi c 
primers, the mating type of isolates can be deter-
mined prior to crossing on agar media. It is there-
fore possible to set up, in a more effi cient manner, 
directed crossings between isolates known to be 
of the opposite mating type. This signifi cantly 
reduces the amount of effort needed to study for 
example the presence of a sexual cycle in pre-
sumed asexual species or the sexual fertility 
within a population. Indeed, this approach has 
led to major breakthroughs over recent years with 
the induction of a sexual cycle in a series of pre-
viously considered ‘asexual’ species when crosses 
were set up between known  MAT1 - 1  and  MAT1 - 2  
isolates. A model example concerns the opportu-
nistic human pathogen  Aspergillus fumigatus . 
This species was described by Fresenius in  1863  
and for more than 140 years was only known as 
an asexual organism (Samson et al.  2009 ). 
However, there was accumulating evidence for 
the presence of a cryptic (i.e., hidden, so far 
undescribed) sexual cycle. Firstly, studies of the 
population structure provided evidence for sexual 
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recombination based on the analysis of the asso-
ciation of alleles of fi ve loci (Pringle et al.  2005 ) 
and sequence present at three intragenic regions 
(Paoletti et al.  2005 ). Secondly, it was possible to 
identify  MAT1 - 1  and  MAT1 - 2  isolates of  A. 
fumigatus  using genomic BLAST searching and 
degenerate PCR approaches, together with the 
presence of a series of genes related to sex within 
the genome (Galagan et al.  2005 ; Paoletti et al. 
 2005 ). A multiplex PCR- based  MAT  diagnostic 
test was then developed, and analysis of 290 
worldwide clinical and environmental isolates 
revealed the presence of  MAT1 - 1  and  MAT1 - 2  
genotypes in similar proportions (43 % and 57 %, 
respectively) (Paoletti et al.  2005 ). The presence 
of the two mating types in equal frequencies 
within a population is an indication of sexual 
reproduction (Milgroom  1996 ). In a subsequent 
study, analysis of a population of  A. fumigatus  
strains from fi ve locations in Dublin, Ireland, 
revealed an almost exact 1:1 ratio of  MAT1 -
 1 : MAT1 - 2  isolates (O’Gorman et al.  2009 ). 
Furthermore, 88 out of 91 isolates were geneti-
cally unique according to a  RAPD- PCR DNA 
fi ngerprinting study, and a phylogenetic analysis 
demonstrated that the  MAT - 1  and  MAT1 - 2  iso-
lates were interleaved when represented on a 
phylogenetic tree. This provided strong evidence 
for recent or extant sexual reproduction and led 
O’Gorman et al. ( 2009 ) to set up directed crosses 
between known  MAT1 - 1  and  MAT1 - 2  isolates on 
a range of media under a variety of different 
growth conditions. An exciting result was then 
obtained when it was found that a sexual cycle, 
leading to production of cleistothecia containing 
recombinant ascospores, could be induced when 
cultures were crossed on oatmeal agar in 
Parafi lm-sealed Petri-dishes which were incu-
bated at 30 °C in darkness for 6–12 months 
(O’Gorman et al.  2009 ). More recently, a “super-
mater” pair of  A. fumigatus  isolates have been 
identifi ed which produce abundant cleistothecia 
containing viable ascospores after only 4 weeks 
incubation under the same conditions (Sugui 
et al.  2011 ). There have subsequently been fur-
ther examples of the discovery of sexual states in 
other supposedly ‘asexual’ fungal species using 
similar directed crosses between known  MAT1 - 1  

and  MAT1 - 2  isolates [reviewed by Dyer and 
O’Gorman ( 2012 )]. These have included notably 
the description of a sexual state for the industrial 
workhorse  Trichoderma reesei  (Seidl et al.  2009 ), 
the penicillin producer  Penicillium chrysogenum  
(Böhm et al.  2013 ), the opportunistic pathogen 
 Aspergillus lentulus  (Swilaiman et al.  2013 ), the 
afl atoxin producers  Aspergillus fl avus  and 
 Aspergillus parasiticus  (Moore  2014 ), and the 
starter culture of blue veined cheese  Penicillium 
roqueforti  (Ropars et al.  2014 ; S Swilaiman, J 
Houbraken, J Frisvad, R Samson and PS Dyer, 
unpublished results). 

 It should be cautioned that the presence of the 
 MAT  genes alone is insuffi cient to prove that a 
sexual stage exists. Given that several hundred 
other genes are also likely to be required for a 
functional sexual cycle to occur, it is possible that 
loss of function of any of these genes could result 
in reduced fertility or asexuality. For example, a 
series of over 75 genes have been identifi ed 
which are required for sexual reproduction in the 
aspergilli, encompassing processes such as envi-
ronmental sensing, mating, fruit body formation, 
and ascospore production. Such ‘sex-related’ 
genes might be predicted to accumulate deleteri-
ous mutations or even be lost in purely asexual 
species, in which there was no functional con-
straint on their conservation (Dyer  2007 ; Dyer 
and O’Gorman  2012 ).   

2.3     Methods to Induce Sexual 
Reproduction in Filamentous 
Fungi 

 In this next section methods will be described to 
induce sexual reproduction in fi lamentous asco-
mycete species based on procedures that have 
been used to obtain successful mating in a variety 
of fungal species. The fi rst step involves the 
selection of suitable strains; this is followed by 
 MAT  analysis; then selection of suitable agar 
media, inoculation procedures, and incubation 
conditions to induce a sexual cycle. Finally after 
formation of a sexual state, single ascospore iso-
lates should be obtained and these should be 
examined for evidence of recombination. It is 
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noted that sexual reproduction for many homo-
thallic species can be achieved fairly readily as 
there is no need for any mating step, so most of 
the following discussion will apply to heterothal-
lic species which can be more demanding in their 
sexual requirements.  

2.4    Materials 

2.4.1    Solutions 

 Sterile distilled water or tap water. 
 Tween 80: 0.5 g/L, ddH 2 O to 1 L.  

2.4.2     Agar Media Inducing Sexual 
Reproduction 

 Carrot agar (CA): Fresh washed, peeled, diced car-
rots (400 g) in 400 mL ddH 2 O. Autoclave at 121 °C 
for 15 min. After autoclaving, blend the carrots and 
add additional 500 mL ddH 2 O. Add ZnSO 4 ·7H 2 O 
(0.01 g/L), CuSO 4 ·5H 2 O (0.005 g/L), agar (20 g/L). 
Mix well and  autoclave at 121 °C for 15 min. 

 Mixed cereal agar (MCA): Gerber mixed 
grain cereal (Gerber Products Co., Freemont, 
Michigan) (50 g/L), agar (20 g/L), in 1 L 
ddH 2 O. Mix well and autoclave at 121 °C for 
15 min (McAlpin and Wicklow  2005 ). 

 Oatmeal agar (OA) 1 : 
 Version (1): Blend 30 g of oats and add 1 L 

ddH 2 O. Boil and let it stand for 1 h. Add 
ZnSO 4 ·7H 2 O (0.01 g/L), CuSO 4 ·5H 2 O 
(0.005 g/L), agar (20 g/L). Autoclave for 15 min, 
at 121 °C (Samson et al.  2010 ). 

 Version (2): Add 40 g of oats to 1 L tap water. 
Bring to the boil then lower the heat to just below 

1   Commercially made oatmeal agar (OA) is available from 
certain manufacturers, but in our experience this is not 
able to induce sex in demanding species. Instead, it is best 
to prepare OA in house. Different brands of oats can be 
used and these have can have an effect on the mating. 
Commonly used brands are Pinhead oatmeal (Odlums, 
Ireland) and Quaker Oats. For  Sordaria  and  Chaetomium  
species and  Penicillium rubens  ( P. chrysogenum ) this 
medium needs to be supplemented with biotin (6.4 μg/L) 
to induce sex (Böhm et al.  2013 ). 

boiling point (i.e., bubbling gently) for a further 
45 min. Then fi lter through two layers of cheese 
cloth and restore the volume of the solution to 
1 L with tap water and mix thoroughly. Add agar 
(20 g/L). Autoclave for 15 min at 121 °C with 
slow cool down and slow release of pressure to 
prevent media loss (O’Gorman et al.  2009 ). 

 Potato dextrose agar (PDA): 200 g sliced pota-
toes are boiled in 1 L of ddH 2 O and sieved, add 
glucose (20 g/L), agar (20 g/L), ZnSO 4 ·7H 2 O 
(0.01 g/L), CuSO 4 ·5H 2 O (0.005 g/L). pH is 
approximately 5.6. Autoclave for 15 min, at 
121 °C (Samson et al.  2010 ). 

 Tap water agar (TWA) 2 : Bacto™ agar (15 g/L) 
in 1 L tap water. Autoclave for 15 min, at 
121 °C. Supplement with appropriate natural 
growth substrate (Dyer et al.  1993 ). 

 V8 agar (V8): V8 ®  vegetable juice (Campbell) 
(175 mL/L), CaCO 3  (3 g/L), ZnSO 4 ·7H 2 O 
(0.01 g/L), CuSO 4 ·5H 2 O (0.005 g/L), agar 
(20 g/L) in 1 L ddH 2 O. Mix well and autoclave at 
121 °C for 15 min (Samson et al.  2010 ).   

2.5    Methods 

2.5.1    Strain Selection 

2.5.1.1    Identifi cation 
 The fi rst step in inducing a sexual cycle is the 
requirement for the correct identifi cation of iso-
lates of the same biological species. In the past, 
fungal taxonomy was primary based on pheno-
typic and physiological characters. Nowadays 
molecular techniques like DNA sequencing are 
commonly applied for identifi cation purposes. 
Such data has shown that many well-known ‘spe-
cies’ are actually species complexes composed of 
closely related species that might be sexually fer-
tile when crossing within a species, but sexually 
sterile when attempts are made to cross different 
species. For example,  P. chrysogenum  is a com-
plex of fi ve species, namely  P. chrysogenum 
sensu stricto ,  Penicillium rubens ,  Penicillium 

2   In our experience Bacto™ agar is less prone to conden-
sation problems than some cheaper, less pure, commercial 
agars. 
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allii - sativi ,  Penicillium tardochrysogenum,  and 
 Penicillium vanluykii  (Henk et al.  2011 ; 
Houbraken et al.  2012 ). Using these current taxo-
nomic insights, the main penicillin producer is 
named  P. rubens  and in the study of Böhm et al. 
( 2013 ) all  P. chrysogenum  strains that were able 
to reproduce sexually are actually  P. rubens . The 
induction of the sexual cycle would have proba-
bly been much more diffi cult or even impossible 
if attempts had been made to cross different 
members of the  P. chrysogenum sensu lato  com-
plex and might explain why the sexual stage had 
remained undiscovered up to that point. Similarly, 
it was discovered that the ‘single’ anamorphic 
species  Pseudocercosporella herpotrichoides  is 
composed of two closely related, but intersterile, 
species  Tapesia  ( Oculimacula )  yallundae  and 
 Tapesia acuformis  (Dyer et al.  1996 ). Again, 
attempts to induce a sexual cycle by erroneously 
crossing isolates of the different species would 
have failed in this case. 

 Therefore, it is essential to verify that isolates 
to be used in crossing experiments are of the same 
biological species. The internal transcribed spacer 
regions (ITS) of the ribosomal gene have been 
used in many taxonomic studies for species iden-
tifi cation and have been selected as fungal bar-
codes (Schoch et al.  2012 ). The main  advantages 
of using the ITS locus for identifi cation are the 
ease of amplifi cation by PCR and the presence of 
a high number of ITS sequences in the public 
databases. However, the resolution of this locus is 
insuffi cient for species identifi cation of all fungi. 
For example, closely related species belonging to 
the industrially important genera  Aspergillus , 
 Penicillium ,  Fusarium,  and  Trichoderma  can 
share the same ITS barcode. In those cases, it is 
recommended to sequence other (protein coding) 
genes. There is no consensus which region to 
sequence and the choice largely depends on the 
genus/species being dealt with. Details on molec-
ular and phylogenetic identifi cation methods can 
be found in Crous et al. ( 2009 ).  

2.5.1.2    Origin of Strains 
 Freshly isolated strains are generally more fertile 
than strains maintained for longer periods in cul-
ture collections, which can be prone to a ‘slow 

decline’ in fertility following prolonged subcul-
ture (Dyer and Paoletti  2005 ). For example, 
 Paecilomyces variotii  strains isolated from heat- 
treated products proved to be fertile, while older 
isolates from a culture collection were unable to 
mate (Houbraken et al.  2008 ). Similar observa-
tions were found in the heterothallic  Histoplasma 
capsulatum . This species lost fertility during lab-
oratory passage and it was suggested that selec-
tive pressures may serve to maintain fertility in 
the environment (Kwong-Chung et al.  1974 ; 
Fraser et al.  2007 ). Furthermore, even when 
obtaining isolates from the fi eld it is important to 
be aware that such isolates can exhibit a range of 
fertility due to various physiological and genetic 
factors (Dyer et al.  1992 ). Indeed the same ‘slow 
decline’ in sexual fertility observed during 
in vitro culture may be occurring in vivo in natu-
ral populations subject to strong selection pres-
sure favoring asexual propagation (Dyer and 
Paoletti  2005 ). For example, Sugui et al. ( 2010 ) 
found that most attempted crosses involving the 
emerging agent of aspergillosis  Aspergillus  
( Neosartorya )  udagawae  either failed to produce 
cleistothecia or produced ascospores which did 
not germinate. Similarly, Swilaiman et al. ( 2013 ) 
found that many clinical isolates of the opportu-
nistic pathogen  A. lentulus  exhibited low fertility 
or were sterile in crosses. However, in both of 
these cases it was possible to detect isolates that 
successfully crossed to form cleistothecia with 
ascospores. This illustrates the fact that it is very 
important to select a number of representative 
fi eld isolates for crossing studies to ensure that at 
least some representatives will exhibit sexual fer-
tility if it is present.  

2.5.1.3    Strain Typing 
 Before the start of the mating experiments, the 
isolates should ideally be typed using methods 
such as AFLP (Amplifi ed Fragment Length 
Polymorphism), SSR (microsatellites or sim-
ple sequence repeats), RFLP (Restriction 
Fragment Length Polymorphism), RAPD 
(Random Amplifi ed Polymorphic DNA), or 
MLST (MultiLocus Sequence Typing) DNA 
fi ngerprinting. The use of such typing methods 
allows the selection of independent (non-
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clonal) strains for crossing purposes, avoiding 
the error of setting up repeated crosses with dif-
ferent isolates of the same fi eld strain. Typing 
can also generate insights as to whether there is 
evidence of recombination among the strains.   

2.5.2    Detection of MAT Genes 

 In order to increase the likelihood of success and 
reduce the number of crosses that need to be set 
up, it is recommended that the mating type of test 
strains be determined prior to crossing efforts. 
This enables directed crosses to be set up on agar 
media (see below) between  MAT1 - 1  and  MAT1 - 2  
mating partners that are known to be potentially 
sexually compatible. For certain species or species 
groups, mating type-specifi c primers have been 
developed that amplify part of either the  MAT1 - 1  
or  MAT1 - 2  gene. A selection of primers pairs 
already published for some important pezizomy-
cete species is given in Table  2.1  together with 
details of some degenerate primers pairs that 
should be more broadly applicable to wide groups 
of species (Dyer et al.  1995 ; Arie et al.  1997 ; Singh 
et al.  1999 ; Paoletti et al.  2005 ; Seymour et al. 
 2005 ). Especially note that the use of hot-start 
PCR can greatly increase the chances of success; 
for example, Singh et al. ( 1999 ) were unable to 
amplify a  MAT1 - 2  region from  T. yallundae  using 
standard PCR, but found that the use of hot-start 
PCR gave very strong amplifi cation of the required 
product. In cases where no  MAT  amplicons are 
obtained, it is recommended that new degenerate 
primers are designed based on known  MAT  gene 
sequence of species that are phylogenetically 
closely related to the test species.  

2.5.3    Agar Media 

 A large variety of agar media have been used for 
the induction of fungal sexual cycles. Generally, 
media based on natural substrates are more effec-
tive than synthetic media and which agar to use 
largely depends on the species or genus. Some 
species are fastidious and need specifi c nutrients, 
which often mimic their natural growth substrate. 

For example, the sexual cycle of the cereal patho-
gen  T. yallundae  occurs in nature on straw stubble 
left after harvest (Dyer et al.  2001a ) and attempts 
to induce the sexual cycle in vitro on a range of 
synthetic media failed. However, it was possible 
to induce the sexual cycle when  MAT1 - 1  and 
 MAT1 - 2  isolates were inoculated onto straw seg-
ments (especially those with nodes), which were 
kept moist by being placed on TWA (Dyer et al. 
 1993 ). Similarly, it was only possible to induce 
sex in  Thermomyces dupontii  (= Talaromyces 
thermophilus ) on natural oat grains rather than 
synthetic agar media (Pitt  1979 ; Houbraken et al. 
 2014 ), and three dermatophytic  Trichophyton  spe-
cies required growth on sterilized baby or rabbit 
hair (placed on agar) to induce sexual reproduc-
tion (Kawasaki et al.  2010 ). By contrast, for spe-
cies such as  Neurospora crassa  it is possible to 
induce sex on fully synthetic media, one reason 
why this is used as a model organism (Perkins 
 1986 ). The diversity in nutrient requirements for 
sexual reproduction is illustrated well by mem-
bers of the genus  Aspergillus . Species such as the 
homothallic  Aspergillus nidulans  and  Aspergillus 
fi scheri  reproduce sexually on a fairly wide range 
of media, including fully synthetic complete 
media and oatmeal agar (OA) (Paoletti et al. 
 2007 ). This contrasts with some heterothallic spe-
cies which have more exacting demands. 
Members of the section  Flavi  (e.g.  A. fl avus , 
 A. parasiticus ) have only been successfully 
crossed on mixed cereal agar (MCA), while 
crosses of members of the section  Fumigati  ( A. 
fumigatus ,  A. lentulus ) have only proved fruitful 
on OA. In contrast to these two high water activity 
media, species belonging to section  Aspergillus  
(Eurotium-type ascomata) require a low water 
activity medium (e.g., malt extract agar with 40 % 
sucrose) for fruiting body formation (Dyer and 
O’Gorman  2012 ). In  Fusarium , the standard 
medium to induce fruiting bodies, called perithe-
cia, is carrot agar. In contrast, attempts with 
 Fusarium keratoplasticum  to use this standard 
medium were unsuccessful while crosses on V8 
agar induced the sexual cycle in this species 
(Covert et al.  2007 ; Short et al.  2013 ). In the case 
of homothallic  Giberella zeae  sex can be induced 
by the gentle removal of surface mycelia, fol-
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lowed by treatment with detergent solution 
(Cavindera and Trail  2012 ). One intriguing exam-
ple is that of different  Cryptococcus  species. 
Nielsen et al. ( 2007 ) found that it was possible to 
induce the sexual cycle of  Cryptococcus neofor-
mans  on pigeon guano media, but that this was not 
possible for the related species  Cryptococcus gat-
tii . It was suggested that the ability to undergo 
sexual reproduction on pigeon guano represented 
an evolutionary adaptation that allowed ancestral 
strains of  C. neoformans  to sweep the globe 
(Nielsen et al.  2007 ; Heitman et al.  2014 ). It is 
important to note that when making agar media 
there can be difference among ingredients of dif-
ferent suppliers. For example, different brands of 
yeast extracts    are available and these can have a 
strong infl uence on the phenotype of the culture. 
Furthermore, agar media based on natural ingre-
dients can vary between manufactures and labs, 
and even within one lab batch to batch differences 
can occur. 

 Some ascomycetes may require exogenous 
vitamins, minerals, or other natural materials 
for ascomata (ascocarp) production, and these 
are often not present in synthetic media. This 
might be one of the explanations why sexual 
 reproduction is more often found on media 
made from natural substrates such as oatmeal, 
(mixed) cereals, and cornmeal agar. A fraction-
ation study of V8 juice agar revealed that no 
single factor was responsible for its utility in 
inducing sex in  C. neoformans , but rather the 
unique composition of V8 juice provided suste-
nance for sex, especially the copper content 
(Kent et al.  2008 ). Other studies have found it 
necessary to add compounds to a standard 
medium to induce sex; for example biotin was 
added to OA to stimulate mating in  P. rubens  
(Böhm et al.  2013 ). Meanwhile, certain nutri-
tional auxotrophs of  A. nidulans  can require 
supplementation of media to ensure sexual 
development, e.g., tryptophan, arginine, and 
 riboB2  mutants are self-sterile (Dyer and 
O’Gorman  2012 ) and heterologous expression 
of  pyrG  can result in reduced fertility (C 
Scazzocchio pers. comm.; Robellet et al.  2010 ). 
An overview of agar media used in mating 
experiments of selected heterothallic species 

belonging to either the  Eurotiales  or  Hypocreales  
as representative groupings is given in Table  2.2 .

   Thus, the best strategy when attempting to 
induce sexual reproduction in vitro is to trial a 
range of agar media, which should include some 
basal media supplemented with the natural 
growth substrate of the species in question.  

2.5.4    Incubation Conditions 

 Besides the nutrient availability, various other 
environmental factors such as light, temperature, 
and oxygen determine the success of mating 
experiments. These factors are genus and in some 
cases also species-specifi c. There are numerous 
reports in the literature of how different environ-
mental conditions infl uence fungal sexual repro-
duction, and in the present chapter only some 
representative examples can be given. For exam-
ple,  Fusarium  perithecia are formed in abun-
dance under alternating 12 h/dark and 12 h/light 
cycles (with both fl uorescent and near ultra violet 
light), whereas perithecia are absent when incu-
bated in darkness (Table  2.2 ). Similarly the sex-
ual cycle of  T. acuformis  can be induced under 
near UV or white light, but not in darkness (Dyer 
et al.  1996 ). By contrast, it is necessary to incu-
bate  Aspergillus  species in darkness to trigger 
sexual reproduction because light preferentially 
induces asexual sporulation, refl ecting the natu-
ral ecology of many  Aspergillus  species (Mooney 
and Yager  1990 ; Han et al.  2003 ; Dyer and 
O’Gorman  2012 ). Incubation temperature also 
has a strong infl uence on sexual fertility. For 
example, Choi et al. ( 2009 ) showed that their 
 Fusarium fuijikuroi  strains only produced peri-
thecia at 23 °C and none were formed at 18, 26, 
and 28 °C. However, in  Fusarium graminearum , 
the optimal temperature was 28.5 °C and 
 Fusarium circinatum  perithecia were more abun-
dantly produced at 20 °C than at 25 °C (Table  2.2 ) 
(Tschanz et al.  1976 ; Covert et al.  1999 ). 
Meanwhile, in  Aspergillus  and  Penicillium , oxy-
gen limitation can induce sexual reproduction 
(Dyer and O’Gorman  2012 ), which can be 
achieved by sealing Petri dishes with Parafi lm 
(Table  2.2 ). 
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 Thus, the best strategy when attempting to 
induce sexual reproduction in vitro is to trial a 
range of growth conditions, which ideally might 
mimic those encountered in the wild when sexual 
reproduction occurs. This approach was used to 
induce sex in plant pathogenic  Tapesia  species 
which were known to sexually reproduce in the 
fi eld in early spring in the UK on exposed straw 
stubble. It was found that incubation in vitro at 
low temperatures between 7 and 10 °C under 
white light could induce sex, but the sexual cycle 
was inhibited above these temperatures (Dyer 
et al.  1996 ).  

2.5.5    Inoculations 

 For homothallic species, self fertilization can 
be induced using either point inoculation or 
spore spread methods (e.g. Paoletti et al.  2007 ; 
Todd et al.  2007 ; Cavindera and Trail  2012 ). In 
the case of heterothallic species, several meth-
ods have been described in the literature for 
crossing on agar media. We have summarized 
three different methods below. In the fi rst, the 
“barrage zone” method, strains of opposite 
mating type are inoculated in close proximity 
on an agar medium. During incubation, the 
strains grow towards each other. Fruiting body 
formation then mainly occurs in the barrage 
zone (Fig.  2.1a, b ), but sometimes also towards 
the centre or on the opposite periphery of the 
colony (Fig.  2.1c ). Interestingly, this method 
can also be used to promote outcrossing in 
homothallic species, especially when using 
complementary auxotrophic strains [see Todd 
et al. ( 2007 ) and Cavindera and Trail ( 2012 ) for 
further details]. In the second, the “mixed cul-
ture” method, spore suspensions of the same 
concentration are prepared for isolates of oppo-
site mating type. These suspensions are mixed 
together and then used to inoculate the agar 
medium. This results in intermingled growth of 
both partners from an early stage allowing close 
sexual interaction. Finally, in  Fusarium , 
 Neurospora,  and other pyrenomycete fungi, a 
third “fertilization” crossing technique is also 

sometimes applied. In this method, a strain of 
one mating type is cultured on an agar medium 
to allow development of protoperithecia. After 
growth, the culture is then fertilized (so-called 
‘spermatization’) with a spore-suspension of 
the opposite mating partner. This fertilization 
method can also be used in heterothallic 
 Botrytis  species that produce sclerotia, which 
can be spermatized by being soaked with 
conidia of the opposite mating type (Faretra 
et al.  1988 ). Crosses with strains of the same 
mating type should be used as controls.

2.5.5.1      Barrage Zone Method 
 Cultures of opposite mating types are crossed in 
Petri dishes containing an agar medium inducing 
recombination. The following protocol is based 
on O’Gorman et al. ( 2009 ).
    1.    Prepare single spore isolates of each isolate 

and incubate under conditions inducing 
sporulation.   

   2.    Harvest the spores of each isolate in sterile 
water containing 0.05 % Tween 80.   

   3.    Inoculate 1.0–2.5 μL of each spore suspension 
(e.g., containing 500 spores) onto the agar sur-
face about 4 cm apart and perpendicular to 
aliquots of spore-suspensions of the opposite 
mating type. This confi guration created four 
interaction/barrage zones as colonies grew.   

   4.    Seal, if required, with Petri dishes with 
Parafi lm and incubate at conditions inducing 
recombination.   

   5.    Regularly check the cultures on the produc-
tion of fruiting bodies.    

2.5.5.2      Mixed Culture Method 
 Agar slants are used in the protocol mentioned 
below and this method is useful when the agar 
medium needs be incubated for a long time. 
However, this method can be adopted for agar 
plates as well. In that case the agar media can be 
sealed with Parafi lm in order to induce fruiting 
body formation and prevent drying out of the 
plates. The following protocol is based on Horn 
et al. ( 2009c ).
    1.    Grow the fungal strains under conditions 

inducing sporulation.   

J. Houbraken and P.S. Dyer
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   2.    Harvest the spores in sterile water containing 
0.05 % Tween 80.   

   3.    Dilute or concentrate (e.g., by centrifugation) 
the spore suspensions until a concentration of 
5 × 10 5  spores per mL is obtained.   

   4.    Mix the spore suspensions of strains of oppo-
site mating types. Spore suspensions of single 
isolates can be used as negative controls.   

   5.    Inoculate the slants with 10 μL spore suspen-
sions on a medium inducing a sexual cycle 
(production of sclerotia).   

   6.    Incubate the slants with loose caps until scle-
rotia are produced.   

   7.    Enclose the caps of the slants and enclose the 
slants in sealed plastic bags to prevent 
desiccation.   

  Fig. 2.1    Mating experiments between  P. variotii  strains. 
( a – c ) Detail image of a potato dextrose agar plate where 
two  P. variotii  strains of opposite mating types were inoc-
ulated on each side of the Petri-dish. In  a  and  b , ascomata 
are formed in the  middle , in  c , ascomata are also present 
on the opposite side of the colony. ( d ,  e ) Higher-

magnifi cation view of the ascomata. ( f ) Micrograph of the 
ascomata showing asci with ascospores. ( g ) Similar as  f , 
but also showing the presence of heat-sensitive conidia 
( arrows ); isolation of the ascospores, which are heat-
resistant, can be achieved by applying the “heat treatment 
method”. Scale bars = 10 μm       
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   8.    Allow prolonged incubation and regularly 
check the cultures for the production of fruit-
ing bodies.    

2.5.5.3      Fertilization Method 
 The fertilization method below is derived from 
standard protocols used for  Fusarium  species 
(Klittich and Leslie  1988 ).
    1.    Grow the fungal strains of one mating type 

under conditions inducing sporulation.   
   2.    Harvest the spores in sterile water containing 

0.05 % Tween 80.   
   3.    Spread the cultures of one mating type on a 

suitable agar media.   
   4.    Incubate the agar plates until the agar is cov-

ered with fungal growth. Plates can be checked 
for evidence of ascogonia and protoperithecial 
formation.   

   5.    Fertilize the cultures by dispensing 1 mL of 
spore-suspension in 0.05 % Tween 80 carrying 
at least 5 × 10 5  conidia from the opposite strains.   

   6.    Work the spore suspension into the mycelia 
with a glass rod until the suspension is 
absorbed. Self-fertilizations can be made by 
substituting sterilized 0.05 % Tween 80 solu-
tion for the spore suspension. Any excess 
conidial suspension can be removed using a 
sterile Pasteur pipette.   

   7.    Seal, if required, with Petri dishes with 
Parafi lm and incubate at conditions inducing 
recombination.   

   8.    Regularly check the cultures for the produc-
tion of fruiting bodies.    

2.5.6       Single Ascospore Cultures 

 In heterothallic ascomycete species, a successful 
mating experiment will lead to production of 
ascomata (ascocarps) (Fig.  2.1d, e ) containing 
asci and ascospores (Fig.  2.1f, g ). Single asco-
spores cultures then need to be obtained for fur-
ther analysis. The method of isolation of the 
ascospores depends on the way the ascospores 
are produced (e.g., in a closed ascoma or “open” 
perithecium) and other features of the species in 
question (e.g., degree of heat resistance). Four 
commonly used methods are described below. 

2.5.6.1    Direct Isolation 
 The easiest method to obtain single ascospores 
cultures is by transferring ascospores directly 
from the fruiting body. This method can be 
applied in, e.g.  Fusarium , where ascospores are 
produced in a perithecium and ooze out to form a 
prominent spore mass. This method can also be 
adapted for closed fruiting bodies as described by 
Todd et al. ( 2007 ) for  A. nidulans .
    1.    Examine the agar plates using a stereomicro-

scope and isolate ascospores direct from a 
spore mass if present with a sharp needle. If 
necessary suspend the ascospores in 0.01 % 
Tween 20 or 0.05 % Tween 80 solution. In the 
case of closed fruiting bodies, these should be 
individually picked up and rolled across the 
surface of 4 % TWA plates to remove adher-
ing conidia and hyphae [see Todd et al. ( 2007 ) 
for a detailed description]. The latter ascomata 
can then be transferred to a microfuge tube 
and crushed to release the ascospores. These 
should then be suspended in 0.01 % Tween 20 
or 0.05 % Tween 80 solution.   

   2.    Transfer the ascospores onto a clear agar 
medium (e.g. water agar), spreading or using a 
decimal dilution series if a spore suspension is 
used.   

   3.    Incubate overnight (or longer as need be) at a 
temperature allowing germination of the 
ascospores.   

   4.    Locate single ascospores using a dissecting 
microscope and transfer these or hyphal tips 
from germinating ascospores to separate agar 
plates. Transfers can be effi ciently made using 
a fi ne, fl attened platinum wire mounted on the 
end of glass tubing. Such wires can be fl ame- 
sterilized and cool down rapidly.    

2.5.6.2      Heat Treatment 
 The second method is based on a heat treatment 
of the ascospores. In some genera, ascospores are 
markedly more heat-resistant than the (heat- 
sensitive) asexual spores. This feature can be 
used to generate single ascospore isolates free of 
contaminating conidia and hyphae. For some 
species this heat treatment step is also required to 
trigger ascospore germination; without this asco-
spores do not germinate at standard growth 
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temperatures (Perkins  1986 ; O’Gorman et al. 
 2009 ). This method has been applied for example 
in  Neurospora ,  Paecilomyces,  and  Aspergillus  
sect.  Fumigati  species.
    1.    Transfer the fruiting bodies from the agar 

plate into microfuge tubes containing 0.05 % 
Tween 80 or 0.01 % Tween 20 (ideally buff-
ered at pH 6 with, e.g., 0.01 M sodium 
phosphate).   

   2.    Agitate the suspension with glass beads in 
order to break open the ascomata and asci, or 
simply crush the ascomata on the side of the 
tube before thoroughly mixing in the buffered 
Tween.   

   3.    Check by microscopy whether the majority of 
ascospores are released into the suspension. If 
not, repeat step 2.   

   4.    Heat-treat the suspension in a water bath or on 
a thermal cycler (time and temperature is 
species- dependent). Note that most conidia 
are eliminated by a treatment of 10 min at 
60 °C.   

   5.    Make a decimal dilution in 0.05 % Tween 80 
or 0.01 % Tween 20.   

   6.    Spread plate 0.1 mL of each dilution on agar 
plates (duplicate).   

   7.    Incubate at a suitable temperature allowing 
ascospore germination.   

   8.    After incubation, pick individual young ger-
minating colonies from the highest dilutions 
(preferable) or locate single ascospores using 
a dissecting microscope as described above.    

2.5.6.3      Ejected Ascospores 
 Many species forcibly eject ascospores from the 
ascomata. The fact that ascospores are shot out of 
the ascomata provides a convenient way to col-
lect pure ascospores, free of contaminating 
hyphae and conidia (Dyer et al.  1993 ). However, 
some caution must be exercised as some species 
(notably lichen-forming fungi) eject ascospores 
in packets, so it can prove diffi cult to isolate indi-
vidual ascospores. There are two related methods 
available according to how the ejected ascospores 
are trapped, as follows.
  Method 1 
   1.    Pour a thin layer of clear agar (e.g. water agar) 

into the top (i.e. uppermost) lid of a Petri dish.   

   2.    Place the lid over a Petri dish containing either 
individual ascoma or sets of ascomata (trans-
ferred on agar to keep the cultures moist).   

   3.    Incubate the cultures for a suitable period 
(e.g., overnight or up to 48 h) during which 
time ascospores will be ejected onto the over-
lying agar.   

   4.    Inspect the lids containing the ascospores 
using a dissecting microscope.   

   5.    Subculture either ascospores or hyphal tips 
from germinating ascospores as described 
above.    

  Method 2 
   1.    Aliquot 3 mL of 0.05 % Tween 80 or 0.01 % 

Tween 20 into the bottom of a sterile 5 mL 
Petri dish.   

   2.    Attach either an individual ascoma or sets of 
ascomata to the lid of the Petri dish using 
Vaseline (petroleum jelly), ensuring that some 
of the underlying growth media is included to 
prevent desiccation of the ascoma.   

   3.    Incubate the cultures for a suitable period 
(e.g., overnight or up to 48 h) during which 
time ascospores will be ejected into the under-
lying liquid.   

   4.    Spread plate 0.5 mL aliquots of the Tween 
solution onto 9 cm Petri dishes containing a 
suitable clear media, and leave the dishes left 
to dry.   

   5.    Incubate further and inspect the plates using a 
dissecting microscope.   

   6.    Subculture either ascospores or hyphal tips 
from germinating ascospores as described 
above.    

2.5.6.4       Isolation from Sclerotial 
Fruiting Bodies 

 If the fruiting bodies are fi rm and sclerotial, the 
following method can be used.
    1.    Harvest the fruiting bodies by adding 10 mL 

0.05 % Tween 80 to the culture (slant or plate).   
   2.    Scrape of the agar surface with a transfer loop.   
   3.    Filter the suspension through a 100 μm fi lter.   
   4.    Transfer the retained sclerotia/stromata to a 

vial.   
   5.    Vortex the suspension followed by decanting 

to remove residual conidia. Repeat this proce-
dure at least fi ve times.   
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    6.    Filter the suspension onto Whatman #4 fi lter 
paper.   

    7.    Clean the stromata used for obtaining single- 
ascospore cultures further by vortexing 
1–2 min in 10 mL sterile water containing 
1 g glass beads (200–350 μm diameter).   

    8.    Remove from the beads.   
    9.    Vortex and decant twice with water.   
   10.    Dissect sclerotia/stromata with a micro- 

scalpel under the stereomicroscope.   
   11.    Transfer the ascospores onto an agar medium 

(e.g. water agar) as described above.   
   12.    Incubate overnight at a temperature allowing 

germination.   
   13.    Locate single ascospores using a (dissecting) 

microscope and transfer to separate agar 
plates.       

2.5.7    Analysis of Progeny 

 A selection of the collected single-ascospore 
isolates should be assessed, to confi rm that 
recombination has occurred in the case of puta-
tive outcrossing. Ascospore analysis can also be 
used to confi rm the breeding system of the spe-
cies in question. Various DNA fi ngerprinting 
techniques, such as RAPD and AFLP analysis, 
together with use of MLST markers and segre-
gation of the  MAT  locus itself have been used to 
evaluate variation in the parents and progeny of 
a cross (e.g. Murtagh et al.  2000 ; Seymour et al. 
 2005 ; O’Gorman et al.  2009 ; Horn et al.  2009c ; 
Swilaiman et al.  2013 ). It would be expected 
that self-fertilization via a homothallic breeding 
system would lead to uniformity in the asco-
spore progeny, whereas heterothallism and out-
crossing would lead to genetic variation among 
the offspring (Murtagh et al.  2000 ). Indeed, a 
1:1 segregation of mating types among the asco-
spore progeny is a clear indication of the pres-
ence of a heterothallic breeding system. 
However, it is cautioned that some ascospore 
progeny will be identical due to the fact that 
each set of eight ascospores in an ascus is com-
posed of four sets of sister ascospores, derived 
from a mitotic division post-meiosis and tetrad 
formation.   

2.6     Utilization of the Sexual 
Cycle as a Tool for Gene 
Identifi cation 
and Manipulation 

 Once a reliable method has been developed to 
induce the sexual cycle in a given fungal species, 
it can then be used as a valuable laboratory tool 
for a range of applications such as classical 
genetic analysis, strain improvement, and as a 
complement to modern genetic manipulation 
experiments. A comprehensive description of the 
applications and uses of the sexual cycle is 
beyond the scope of the present chapter. Instead 
brief mention will now be made of ways in which 
the sexual cycle can be used in the context of fun-
gal gene identifi cation and transformation rele-
vant to current accompanying chapters. 

2.6.1     Genetics of Traits of Interest 
and Gene Identifi cation 

 For many studies of gene transformation, candi-
date genes will have been identifi ed at the onset 
of studies. However, in some cases the gene(s) 
responsible for a particular trait (and associated 
phenotype) of interest might be unknown. When 
studying such a trait it is very useful to know at 
the onset of gene manipulation studies whether 
that trait has a monogenic (i.e., determined by a 
single gene) or polygenic (i.e., determined by 
several genes) basis. This can infl uence the 
design of subsequent experimental and gene 
transformation studies. The sexual cycle provides 
an ideal tool to determine the genetic basis of a 
trait of interest because crosses can be set up 
between parents which differ in that trait. The 
ascospore progeny can then be collected and 
assessed for the trait of interest, with different 
patterns predicted in the frequency of offspring 
according to the genetic basis of the trait. In the 
case of a monogenic trait determined by a single 
dominant gene, it would be expected that haploid 
ascospore progeny will show a 1:1 segregation 
pattern for that trait. This can ideally be con-
fi rmed by backcrossing to the relevant parent. 
Conversely, if a trait has a polygenic basis with 
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several genes segregating simultaneously then a 
more complex pattern of inheritance will be evi-
dent, with the progeny often failing to show dis-
tinct classes but rather a continuous distribution 
of phenotypes between the two parents (Caten 
 1979 ; Dyer et al.  2000 ). 

 Once the genetic basis of a trait is known, var-
ious techniques exploiting the sexual cycle are 
then available to locate and try and identify the 
specifi c gene or genes of interest, or other genetic 
causal factor(s). Examples include fi rstly the use 
of classical genetic mapping techniques. Genetic 
maps now available for almost 30 fungal species, 
although these vary in their coverage (Foulongne- 
Oriol  2012 ). By using two- and three-point cross-
ing data it should be possible to locate the position 
of the gene between two known markers on a 
genetic map (Perkins  1986 ) and then chromo-
some walking and bioinformatic approaches can 
be used to try and identify specifi c genes. This 
topic has recently been reviewed by Foulongne- 
Oriol ( 2012 ) and examples of the use of mapping 
of Mendelian traits are provided in the review of 
Hall ( 2013 ). Secondly, a method termed ‘bulk 
segregant analysis’ (BSA) can be used to identify 
DNA marker(s) linked to a region of the genome 
responsible for a particular phenotype based on 
analysis of sexual progeny (Michelmore et al. 
 1991 ). This involves making pooled bulks of 
DNA from the progeny based on the presence or 
absence of the phenotype of interest. These 
pooled samples can either then be screened for 
the presence of DNA markers (e.g., PCR fi nger-
prints) or subjected to next generation sequenc-
ing (NGS). In theory the only differences between 
the pools should arise from the genetic marker of 
interest together with regions of the genome 
linked to that marker. Examples of the applica-
tion of BSA to fi lamentous fungi using molecular 
markers include the work of Chun and Lee 
( 1999 ), Jurgenson et al. ( 2002 ), Jin et al. ( 2007 ), 
Lewis et al. ( 2007 ), and Dettman et al. ( 2010 ). 
Meanwhile, BSA has been applied in conjunction 
with NGS by Lambreghts et al. ( 2009 ), Pomraning 
et al. ( 2011 ), and Nowrousian et al. ( 2012 ). A 
third method for gene localization based on the 
analysis of sexual progeny is the technique of 
quantitative trait loci (QTL) analysis. The QTL 

method is especially suitable for providing 
insights into the genetic basis of more complex 
polygenic traits and can provide an estimation of 
the number of genes contributing to a particular 
trait and the identifi cation of regions of the 
genomes linked to a particular trait (Miles and 
Wayne  2008 ). Hall ( 2013 ) has described how 
QTL mapping can be applied to genetic analysis 
of  Neurospora  species, including a review of the 
various mapping methods, and readers are 
referred there for further details. Recent exam-
ples of QTL analysis in fi lamentous fungi include 
those of Christians et al. ( 2011 ) in  A. nidulans  
and Turner et al. ( 2011 ) in  Neurospora . This 
method has the pre-requirement of parents which 
differ genetically with respect to the trait of inter-
est, together with the presence of a dense genetic 
map. Thus, QTL mapping is only applicable to 
certain studies. It is also cautioned that although 
both BSA and QTL approaches can involve con-
siderable work, they most often end with the 
identifi cation of a genome region of interest with 
various candidate genes, rather than the actual 
identifi cation of specifi c genes. Thus, further 
work is normally required after such studies.  

2.6.2     Gene Manipulation by Sexual 
Reproduction: Strain 
Improvement and Gene 
Complementation 

 Other chapters in this book describe how the 
genetic composition of fungi can be manipulated 
by various methods of gene transformation. 
Although often overlooked, the sexual cycle can 
be also used as an effi cient method for gene 
transformation. 

 The sexual cycle can be used to combine 
together genes of interest by crossing parents 
with the individual gene(s) and then selecting 
for ascospore offspring showing the desirable 
mixture of genes. For example, it might be 
desirable in certain gene function studies to 
produce mutant strains with multiple gene 
deletions. This can be achieved by lengthy 
rounds of transformation and marker recycling 
(Yoon et a1.  2011 ). However, the sexual cycle 
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can provide an effi cient alternative method 
because strains with complementary gene dele-
tions can simply be crossed together. The sex-
ual progeny are then screened for the presence 
or absence of the genes (e.g. by PCR assay) 
and isolates containing the desired combina-
tions of multiple gene deletion selected for fur-
ther study. In a parallel fashion, Böhm et al. 
( 2013 ) illustrated how such an approach could 
be used for industrial strain improvement, with 
sexual progeny of  P. chrysogenum  screened for 
isolates that exhibited high penicillin titre but 
lack of a contaminating secondary metabolite 
chrysogenin. More broadly, sexual crosses can 
be set up to generate novel genetic diversity, 
allowing the offspring to be screened for iso-
lates exhibiting, for example, either enhanced 
or decreased production of a particular metab-
olite, a phenomenon known as ‘transgressive 
segregation’ (Rieseberg et al.  1999 ). 

 Finally, the sexual cycle can be used for gene 
complementation purposes. When gene deletion 
has been shown to lead to a particular loss (or 
gain) of function, it is often required to then 
return the original gene back to the mutant strain 
to show that the original phenotype can be 
restored. This can be problematic if a limited 
number of selectable markers are available. 
However, by crossing the gene deletion strain 
with a strain containing the wild-type allele, it is 
possible to reintroduce the wild-type gene 
(Paoletti et al.  2007 ). If a consistent correlation 
between the presence of the wild-type gene (this 
can be screened for by PCR) and the presence of 
the restored phenotype can be demonstrated, or 
progeny which recapitulate the original genotype 
can be shown to exhibit the wild-type phenotype, 
then the role of the gene has been proven, i.e., 
proof of gene function through gene restoration 
by sexual crossing.   

2.7    Conclusions and Outlook 

 Many industrially and clinically important fun-
gal species were once thought to reproduce only 
asexually. Using a selection of the methods 
listed above, it has been shown that certain of 

these species may also reproduce sexually. For 
some other species a sexual state has still never 
been observed, although analyses of molecular 
markers indicate recombination. The term het-
erothallic is used for outcrossing species where 
a sexual state has been observed, and we sug-
gest the term “proto-heterothallic” for such 
asexual species where genetic evidence, such as 
the presence of complementary  MAT  loci, indi-
cates the presence of a sexual cycle. Similarly, 
for species with a homothallic mating type orga-
nization lacking a sexual state we propose the 
term “proto-homothallic”. 

 In this manuscript, we describe tools for the 
induction of a sexual state in heterothallic fungi. 
Based on the review, we show that no single 
protocol can secure induction of a sexual state 
in heterothallic fungi, not even in species 
belonging to the same genus, e.g.,  Aspergillus . 
There are likely to be more surprises waiting as 
we observe a ‘sexual revolution’ in fungi (Dyer 
and O’Gorman  2011 ). Recently, sclerotia pro-
duction was induced in the proto-heterothallic 
species  Aspergillus niger . The formation of 
sclerotia, thought to be sterile fruiting bodies in 
certain  Aspergillus  species, can be induced by 
inoculating  A. niger  onto fruits such as raisins, 
blueberries, cranberries, mulberries, apricot, 
prune, and mango on a CYA agar (Frisvad et al. 
 2014 ). By following (one of the) methods men-
tioned above and applying these specifi c growth 
conditions, a sexual state might be discovered in 
the near future for this biotechnologically 
important species. Finally, experimental cross-
ings in vitro do not strictly refl ect what happens 
in natura. For example, heat-resistant asco-
spores of the heterothallic  P. variotii  frequently 
spoil pasteurised fruit drinks and other food 
products, indicating a common occurrence of 
these ascospores and therefore the sexual state 
in nature. However, incubation times up to 6 
weeks and specifi c agar media (PDA) are needed 
to induce sexual recombination in the lab 
(Houbraken et al.  2008 ).     
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