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The fungal sexual revolution continues: 
discovery of sexual development in members 
of the genus Aspergillus and its consequences
Valeria Ellena1,2*  , Michael Sauer1,3,4 and Matthias G. Steiger1,2

Abstract 

Asexuality was considered to be a common feature of a large part of fungi, including those of the genus Aspergillus. 
However, recent advances and the available genomic and genetic engineering technologies allowed to gather more 
and more indications of a hidden sexuality in fungi previously considered asexual. In parallel, the acquired knowledge 
of the most suitable conditions for crossings was shown to be crucial to effectively promote sexual reproduction in 
the laboratory. These discoveries not only have consequences on our knowledge of the biological processes ongoing 
in nature, questioning if truly asexual fungal species exist, but they also have important implications on other research 
areas. For instance, the presence of sexuality in certain fungi can have effects on their pathogenicity or on shaping the 
ecosystem that they normally colonize. For these reasons, further investigations of the sexual potential of Aspergillus 
species, such as the industrially important A. niger, will be carried on.
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What is reproduction?
Reproduction is one of the most fascinating and intrigu-
ing processes in nature. Reproduction, is the biological 
process through which new individuals (offspring) are 
generated. Not only does it enable a species to be main-
tained, it is also fundamental for a species to evolve. It 
is during reproduction that changes by mutations or 
by reshuffling of genes can be propagated in a species, 
allowing natural selection and evolution to take place. In 
nature, and in the fungal world in particular, the modes 
of reproduction and the frequencies at which these occur 
are highly diverse [1, 2]. Some organisms, like the Glom-
eromycota fungi, are capable of exclusive clonal repro-
duction, others, such as mammals, of exclusive sexual 
reproduction, others, including ciliates and a large group 
of fungi, alternate these two modes [2]. Within clonal 

and sexual reproduction, then, specific modes can be 
observed, depending on the organism [1]. Yeasts, for 
instance, can reproduce asexually either by budding or 
fission [1] and sexual reproduction in fungi can occur by 
self-crossing or outcrossing [2]. An overview of asexual 
and sexual reproduction in the fungal genus Aspergillus 
is illustrated in Fig. 1.

Both asexual and sexual development provide cer-
tain benefits and are associated to certain costs for an 
organism [1]. The majority of the known eukaryotes go 
through a sexual phase during their lives and this has led 
to various debates and discussions about the origin and 
the evolutionary advantage of such a dispendious mecha-
nism of reproduction [2, 3, 5–8]. Although sexual devel-
opment is associated with many costs, including the need 
of finding a partner and the transmission of just half of 
the parental genes to the progeny [1], it is also known to 
provide certain advantages to a species. First of all, it is 
the main source of genetic variation, which occurs mainly 
through recombination during meiosis but also through 
the process of crossover [9, 10]. These mechanisms can 
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increase the fitness of an organism and provide adapta-
tion to environmental changes [11]. Secondly, it allows to 
repair genetic damages by recombination, to mask lethal 
mutations and to avoid their fixation in the genome [10]. 
Finally, the formation of highly resistant sexual structures 
and sexual spores can provide an additional advantage 
to an organism in the presence of adverse environmen-
tal conditions [10]. Despite all these benefits and its 
widespread presence among eukaryotes, it is quite sur-
prising that for a large group of fungi a sexual cycle has 
not been observed. In the genus Aspergillus, just slightly 
more than one third of the described species were proven 
to be sexual [12, 13]. The scope of this primer is to pro-
vide an overview of the recent advances and the future 
perspectives in the discovery and in the study of sexuality 
in members of the genus Aspergillus, with a focus on the 
important industrial species Aspergillus niger.

Why study sexual reproduction in the aspergilli?
The discovery of sexual cycles in fungi so far considered 
asexual has major implications. Firstly, it broadens the 
biological knowledge of the organism and the species, 
making it possible to perform crossing experiments and 
classical genetics studies [14]. In addition, the possibility 
of mating strains in the laboratory is a powerful tool for 
strain improvement of industrially relevant microorgan-
isms [15]. This process allows the generation of progeny 
with various combinations of desirable characteristics, 
without previous knowledge of the genetic basis of the 
traits of interest. Furthermore, novel strains generated by 
breeding are considered non genetically modified [16]. 
Thus, they can be more easily employed as cell factories 

in the food and feed industry [17]. This is particularly 
relevant for instance for A. niger. Also, it was previously 
suggested that recombination derived from meiosis and 
the mating-type might play a role in the increased patho-
genicity of certain Aspergillus isolates, such as Aspergil-
lus fumigatus [18]. Therefore, the possibility of sexuality 
in natural isolates of Aspergillus species is relevant, due 
to its potential medical implications. Finally, the discov-
ery of a sexual cycle in A. niger and other aspergilli might 
help to better define the concept of species in the genus, 
since the most commonly accepted and intuitive species 
concept is based on the ability of two individuals belong-
ing to the same species to breed and produce fertile off-
spring [19].

Three advances of research in the last decade
Advances in the genomic technologies show evidence 
of sexual potential
Studies and discoveries of the sexual reproduction of cer-
tain members of the aspergilli were conducted already in 
the previous century. For instance, in 1959 the formation 
of ascospores in Aspergillus alliaceus was reported by 
Fennel and Warcup [20]. Recently, indications of sexual-
ity in fungal species previously considered asexual have 
been accumulated and complete sexual cycles were found 
for several of them [15], as shown in Table 1 for a selec-
tion of aspergilli.

These discoveries have been facilitated by the recent 
advances in the genomic technologies. In the last dec-
ade, the number of complete fungal genome sequences 
increased dramatically, aided by the rapid development 
of the next-generation sequencing (NGS) technologies 

Fig. 1  Schematic overview of the asexual and sexual development in the aspergilli and their interconnection [3, 4]. For a more detailed description 
of the process the reader is invited to visit the poster associated with this publication (Additional file 1)
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and the increasing availability of databases and bioin-
formatics tools for their analysis [27]. This allowed the 
detection of sex-related genes, particularly the mating-
type genes, in presumably asexual species [10], including 
A. niger [28]. The availability of genome sequences of sev-
eral species also allowed comparative genomics studies 
so that more than 70 genes proven to be involved in the 
sexual development of Aspergillus nidulans, A. fumiga-
tus, Aspergillus flavus and Aspergillus parasiticus [11] 
could be identified in other Aspergillus species [28–31], 
providing an excellent basis to study the genetics of sex-
ual development in other aspergilli as well.

Besides the identification of the genes, the availability 
of genome sequences allows the design of mating-type 
specific primers, which can be used to rapidly distinguish 
opposite mating-type strains. Therefore, targeted cross-
ings between opposite mating-type strains can be easily 
set-up [32]. Next to the detection of sex-related genes, 
the advances in transcriptomics and the increasing avail-
ability of RNA-Seq data also allows the investigation of 
whether these genes are transcribed and to get an insight 
into their functionality. For instance, a transcriptome 
analysis was performed in Aspergillus cristatus by com-
paring gene expression in mating inducive and non-indu-
cive conditions, revealing a great number of MAT target 
genes [33]. In A. niger, not only the mating-type gene 
MAT1-1, the pheromone precursor gene ppgA and the 
pheromone receptors genes preA and preB were detected 
[28, 34], but they were also found to be expressed [31], 
adding a further indication of a cryptic sexuality for this 
fungus.

Advances in the genetic engineering technologies to study 
sexual reproduction
In parallel with the advances in the genome sequencing 
and analysis technologies, also the genetic engineering 

technologies saw a remarkable development in the last 
years.

Novel cloning strategies, such as the Golden Gate clon-
ing method [35–37], could be successfully applied for 
the generation of constructs to be used in A. niger [38]. 
CRISPR/Cas9 has also revolutionized genetic engineer-
ing in filamentous fungi [39] and can be used to efficiently 
generate mutants in A. niger [38]. Also, the availability of 
inducible promoter systems greatly facilitates overex-
pression studies [40]. While all of these technologies can 
be applied for instance for pathway integration or strain 
improvement, they can also provide powerful tools to 
study the sexual potential of the aspergilli. Genetic engi-
neering strategies allowed the confirmation of the func-
tionality of the MAT genes in the sexual development 
of A. fumigatus [41, 42], before a sexual cycle could be 
described for this species [24]. Isogenic strains differing 
only in the MAT gene were obtained in A. oryzae, mak-
ing it possible to analyze their expression and their target 
genes [43]. MAT1-1 and MAT1-2 overexpression strains 
could be obtained in A. fumigatus, showing mating-type 
dependent expression of pheromone and pheromone 
precursor genes [44]. The inactivation of the transcrip-
tion factor sclB in A. niger was shown to induce the for-
mation of sclerotia [45], which act as sexual structures in 
species related to A. niger [21, 22, 26], and could provide 
a potential genetic engineering strategy for the genera-
tion of strains able to undergo sexual reproduction.

Importance of media and conditions for the induction 
of sexual development
The conditions at which the strains are grown are well 
known to have a crucial impact on fungal growth and 
development. In the past, environmental conditions were 
shown to impact not only vegetative growth and asexual 
development, but also the possibility of certain species to 
form sclerotia or other reproductive structures [46–48]. 
Particularly relevant for the induction of a sexual cycle 
in the aspergilli is the choice of a suitable medium. In 
the past two decades the sexual cycle of a number of 
aspergilli could be induced when a range of media was 
tested, showing the requirement for very specific condi-
tions [49]. For instance, A. fumigatus could be crossed 
on sealed oatmeal agar plates at 30 °C in the dark [24] 
while A. parasiticus [22], Aspergillus nomius [25] and 
Aspergillus terreus [23] were shown to form ascospores 
after several weeks on mixed cereal agar medium. Hou-
braken and Dyer gave an exhaustive overview of the dif-
ferent methods that can be used to induce a sexual cycle 
in filamentous fungi, with a particular focus on the use 
of different cultivation media and inoculation tech-
niques [32]. Although a sexual cycle in A. niger has not 
been observed so far, the formation of sclerotia could 

Table 1  Sexual development was  discovered 
in  an  increasing number of  aspergilli important 
to humankind

Species Sexual cycle

A. flavus Yes [21]

A. parasiticus Yes [22]

A. terreus Yes [23]

A. fumigatus Yes [24]

A. nomius Yes [25]

A. tubingensis Yes [26]

A. niger No

A. oryzae No

A. sojae No
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be recently efficiently induced in some A. niger strains 
grown on organic substrates such as raisins or other plant 
parts [50].

Three areas ripe for development
Correlation between sexual reproduction 
and pathogenicity
The implications of sexual reproduction on the patho-
genicity of fungal species has only been recently studied. 
Even if the available data is still limited, there are already 
indications that the ability of certain fungal species, 
including certain aspergilli, to undergo sexual develop-
ment can have important consequences for pathogenesis 
[51]. Among the species belonging to the genus Aspergil-
lus, most studies were performed on A. fumigatus, which 
is the most common causative agent of aspergillosis in 
immunocompromised patients [52]. Alvarez-Perez and 
colleagues suggested a possible correlation between the 
mating-type and the virulence of A. fumigatus strains, 
with an association between the MAT1-1 gene and iso-
lates of invasive or clinical origin [53]. However, a subse-
quent study in which isogenic strains were used did not 
confirm the role of the mating-type in pathogenicity [54]. 
Therefore, further investigations are required to fully 
understand the role of the mating-type in pathogenic 
strains. Moreover, recombination derived from meiosis, 
by generating novel genotypes, might play a role in the 
increased pathogenicity and azole resistance of certain A. 
fumigatus isolates [18, 55]. Increased pathogenicity might 
also be related to the higher resistance of the ascospores, 
compared to conidia, to stress conditions [51], such as 
high temperatures [56]. Other Aspergillus species for 
which a sexual cycle is known, such as A. flavus and A. 
parasiticus, can be human or plant pathogens, can cause 
food spoilage and produce aflatoxins. Although a sexual 
cycle in A. niger has not been described yet, some strains 
were shown to be the causative agents of allergic reac-
tions and infectious diseases, including aspergillosis, in 
immunocompromised patients [18, 57]. Therefore, fur-
ther research focusing on the correlation between patho-
genesis and (potential) sexual cycle in the aspergilli is 
required, due to the relevant medical implications that 
it would have to track pathogenesis and provide suitable 
treatments.

Effect of climate change on the reproductive mode 
of the aspergilli
The influence of environmental conditions, including 
temperature, pH and humidity, on fungal growth and 
development is well known and characterized in the 
laboratory. The climate change, ongoing since the mid-
twentieth century, has effects on the living organisms in 

their natural environment. However, studies on the effect 
of climate change on fungi are still limited and mostly 
focusing on basidiomycetes, because of the facility with 
which spore-bearing structures (mushrooms) can be 
monitored [58]. Changes in temperature and moisture 
have consequences on the reproductive season and on 
the timing of reproduction [59, 60]. Studies in the asper-
gilli are still very limited and they were mostly conducted 
on the aflatoxin producer A. flavus, focusing on the 
effects of increasing temperatures on aflatoxin produc-
tion [61]. A study simulating the current and expected 
future increase in temperature was performed to investi-
gate the response of different fungal species, including A. 
niger [62]. Higher growth rate and lower spore produc-
tion can be expected in future climates [62]. Changes in 
climate not only affect mycelial growth, sporulation and 
toxin production but were also shown to cause a shift of 
wild species towards the poles [63]. Besides changing the 
current ecosystems, modifications in fungal growth and 
development raise concerns about food and health safety. 
For instance, altered levels of allergenic spores in the air 
might have an effect on the risk of patient sensitization 
[62] and colonization of new environments by plant and 
crop pathogens causes consequences in terms of global 
food security [63]. Global warming might bring new 
fungal infections as pathogenic species increase their 
geographic range and adapted thermotolerant strains 
are selected from ancestors with significant pathogenic 
potential but currently not pathogenic because sup-
pressed by mammalian body heat [64]. The consequences 
can have a major impact on the ratio of mammals to 
reptiles as described by the FIMS hypothesis “fungal 
infection-mammalian selection” [65]. More studies are 
therefore required to analyze the relationship between 
climate change and modifications in the reproduction 
mode of fungi and its important implications.

Implications of sexual reproduction in speciation studies
The study of the origin of species is a fundamental 
problem in biology that has puzzled scientists for dec-
ades and continues to be a topic of debate. In the past 
years, more than 20 different concepts of species have 
been proposed [66]. One of these is the biological spe-
cies concept, which regards a species as a group of 
organisms where two individuals of opposite sexes can 
interbreed and produce fertile offspring [19]. In fungi, 
including in the genus Aspergillus, genetic and repro-
ductive isolation seems to precede morphological dif-
ferentiation [67]. In this regard, the study of speciation 
is not only a human-made concept but it assumes an 
important biological meaning, for which investigations 
of the reproduction modes and of the reproductive bar-
riers present between organisms in nature are required. 
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Recent discoveries of sexual cycle and characteriza-
tion of the mating-type loci in members of the Asper-
gillus genus could provide new tools for studying the 
evolution of these species and the occurrence and the 
significance of cryptic species in nature. In the ascomy-
cetes, the sequences flanking the MAT loci are highly 
conserved [29, 30, 68]. Therefore, the rate of conserva-
tion and evolution of the MAT loci and their flanking 
sequences provides a useful tool for speciation studies, 
allowing the inference of phylogenetic relationships 
between species of medical or industrial importance, in 
cases where commonly used barcode sequences alone 
are not enough [14, 69].

Conclusions
The recent rapid development of genomic and genetic 
engineering technologies coupled with the identifica-
tion of suitable conditions has led to the identification 
of sexual development in an increasing number of fungi 
previously considered asexual. Despite these advances, 
the sexual cycle of certain fungal species has not been 
discovered yet, although evidence of their sexual poten-
tial is accumulating. Examples include A. niger and A. 
oryzae, economically important species, for which the 
discovery of a sexual cycle would be of utmost relevance. 
Studies focusing on the natural ecology of these fungi, 
including their environmental conditions and their inter-
action partners in nature, are required to investigate the 
mode of reproduction in the members of the aspergilli 
and its significance for pathogenicity, environment and 
speciation.
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