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Summary

Sexual reproduction occurs in two fundamentally
different ways: by outcrossing, in which two distinct
partners contribute nuclei, or by self-fertilization (self-
ing), in which both nuclei are derived from the same
individual. Selfing is common in flowering plants,
fungi, and some animal taxa [1-5]. We investigated
the genetic basis of selfing in the homothallic fungus
Aspergillus nidulans. We demonstrate that alpha and
high-mobility group domain mating-type (MAT) genes,
found in outcrossing species, are both present in the
genome of A. nidulans and that their expression is
required for normal sexual development and asco-
spore production. Balanced overexpression of MAT
genes suppressed vegetative growth and stimulated
sexual differentiation under conditions unfavorable
for sex. Sexual reproduction was correlated with sig-
nificantly increased expression of MAT genes and
key genes of a pheromone-response MAP-kinase sig-
naling pathway involved in heterothallic outcrossing.
Mutation of a component MAP-kinase mpkB gene
resulted in sterility. These results indicate that selfing
in A. nidulans involves activation of the same mating
pathways characteristic of sex in outcrossing species,
i.e., self-fertilization does not bypass requirements for
outcrossing sex but instead requires activation of
these pathways within a single individual. However,
unlike heterothallic species, aspects of pheromone
signaling appeared to be independent of MAT control.

Results and Discussion

Self-fertilization is a common phenomenon in flowering
plants, fungi, and certain animal taxa and is thought to
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confer ecological benefits, such as reproductive assur-
ance, in areas where compatible mating partners are
scarce, and maintenance of well-adapted genotypes
[1-4]. It is generally believed that self-fertilization has
evolved from ancestral outcrossing systems [1, 2, 6-8].
Although much is understood about the genetic controls
and signaling pathways involved with outcrossing in
plants and fungi, surprisingly little is known about the
genetics and cellular basis of self-fertilization [9-11].
Main insights have come from studies in plant species
in which mutations in self-incompatibility systems give
rise to self-fertility [1, 2], from yeasts in which silent
gene cassettes enable self-fertility through mating-
type conversion [9, 12, 13], from filamentous fungi in
which linkage or fusion of MAT genes is associated
with self-compatibility [6, 7], and from the pathogen
Cryptococcus neoformans in which sexual reproduction
can occur between partners of the same mating type
[14].

In the present study, we investigated the genetic basis
of self-fertility in the ascomycete fungus Aspergillus
nidulans (teleomorph Emericella nidulans). Here, indi-
vidual isolates, composed of hyphae originating from
a uninucleate haploid spore, are able to complete the
sexual cycle under suitable environmental conditions
[15-17]. Nuclear fusion occurs within reproductive
structures termed “cleistothecia,” which are sur-
rounded by specialized “Hiille” cells, with the diploid
zygote undergoing meiotic division to yield haploid as-
cospores [17-19]. Ascomycete fungi provide a good
model system because much is known about the
genetic basis of mating pathways in heterothallic (obli-
gately outcrossing) species [6, 11, 13, 20]. In filamentous
species, “mating-type” genes act as master regulators
of sexual reproduction conferring sexual identity for
mating (processes leading to fusion of isolates of oppo-
site mating type) and are also thought to be involved
with later stages of sexual development and nuclear
fusion [6, 11, 20-23].

Identification of Mating-Type Genes in A. nidulans
Mating-type (MAT) genes have been cloned from hemi-
ascomycete yeast and euascomycete filamentous
fungal species. They encode proteins with DNA-binding
motifs, consistent with a role as transcriptional activa-
tors [10]. Highly dissimilar regions of DNA termed
“idiomorphs,” containing one to three MAT genes,
have been identified in isolates of opposite mating
type in heterothallic species [6]. By convention, MAT1-1
(abbreviated MAT-1) isolates contain a MAT gene
encoding a conserved alpha (z)-domain protein,
whereas MAT1-2 (abbreviated MAT-2) isolates contain
a MAT gene encoding a conserved class of high mobility
group (HMG)-domain protein [24]. Gene-disruption
studies have shown that MAT genes are required for
normal sexual development in heterothallic species [6].
Intriguingly, mating-type genes have also been found
in  homothallic (self-fertile) euascomycetes. Some
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Figure 1. Developmental Features of Control and AMAT Gene Deletion Strains

Panels show growth after 14 days on ACM (supplemented with 10 mM uracil and uridine) in the dark at 28°C of host (2-155) and transformation
(PG Con2) control strains and AMAT1-20 and AMAT2-10 gene deletion/replacement strains.

(A) Colony appearance showing dark-shelled cleistothecia (black arrow) covered by salmon-gold colored Hiille cells. Also note macroscopic ag-
gregation of Hiille cells (white arrow) in the AMAT2-10 strain. Scale bars indicate 200 um.

(B) Squashes of cleistothecia and adherent Hiille cells showing prolific red-colored ascospore production (black arrow) in control strains or thick-
walled Hiille cells alone (white arrow) and showing no evidence of ascospore formation in gene deletion strains. Scale bars indicate 10 um.

species have both «- and HMG MAT genes present,
either fused together, linked in the same region, or at
separate loci [6-8, 25]. Other species may have only an
a-domain gene [6]. MAT genes from homothallic species
appear functional in heterothallic species [6, 7]. It has
been proposed that MAT genes may be involved in sex-
ual development of homothallic species [6, 20], although
a requirement has only been demonstrated experimen-
tally for Gibberella zeae and Sordaria macrospora [26,
27].

By using conventional molecular approaches, we
identified a 6.1 kb region from A. nidulans isolate 2-1
containing a putative MAT gene encoding a 318 amino
acid HMG protein (Figures S1 and S2 in the Supplemen-
tal Data available online). During the course of this work,
genome sequence data were released for A. nidulans
isolate FGSC A4 revealing an identical HMG MAT
sequence [28]. As noted in a preliminary report [29],
we also detected a putative o-domain MAT gene,
encoding a 361 amino acid polypeptide. A full descrip-
tion of cloning, RACE-PCR, sequence analysis of MAT
genes, and corresponding proteins is presented in the
Supplemental Data. The a- and HMG MAT genes map-
ped to A. nidulans chromosome 6 and 3, respectively
(Figure S2). In accordance with standard nomenclature
([24]; B.G. Turgeon, personal communication), the a-do-
main gene was designated MAT1-1 (abbreviated MAT7),
and the HMG gene was designated MAT2-1 (abbrevi-
ated MAT2). Unlinked MAT loci have also recently
been detected in the related homothallic Neosartorya
fischeri [25].

Functional Characterization of Mating-Type Genes

In heterothallic species, isolates of complementary
MAT-1 and MAT-2 genotype are required for completion
of the sexual cycle. MAT-1 and MAT-2 proteins have
been shown to interact [30], possibly explaining the

need for complementary MAT genes. The fact that A.
nidulans contained both o and HMG MAT genes within
the same genome provided a possible explanation for
self-fertility. Three approaches were used to assess
the functionality of MAT genes in A. nidulans.

First, MAT1 and MAT2 were individually deleted by
gene replacement (Supplemental Data) [31]. A total of
40 putative MAT1 and 37 putative MAT2 deletion
mutants were obtained, all of which showed defects in
sexual development. Two MAT1 (AMAT1-9 and
AMAT1-20) and two MAT2 (AMAT2-10 and AMAT2-11)
transformants were chosen for further study. There
was no discernable effect on vegetative growth or asex-
ual sporulation. Regarding sexual development, both
AMAT1 mutants formed Hiille cells and cleistothecia
under conditions inducing the sexual cycle (Figure 1),
but cleistothecia were lower in number and smaller
than those of control strains (Table 1). Critically, cleisto-
thecia were sterile—being devoid of ascospores, with
only a granular amorphous mass visible within. Similarly,
the AMAT2 mutants formed Hiille cells and cleistothecia
under sexual conditions, although numbers of cleisto-
thecia were again significantly lower than controls
(~11%; Table 1), and both exhibited occasional prolifer-
ation of Hulle cells that aggregated to form ornate
macroscopic structures (Figure 1). Cleistothecia were
again sterile. Complementation of the MAT-gene dele-
tants was achieved by crossing AMAT71-20 and
AMAT2-10, resulting in the occasional formation of
cleistothecia containing ascospores, as observed in
outcrossing of G. zeae MAT mutants [26].

Second, an antisense RNA approach was used to
disrupt MAT2 gene function [32]. Transformants
exhibited significantly delayed and less abundant sex-
ual development compared to control strains, although
there was no clear reduction in MAT2 mRNA levels
(Figure S3).
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Table 1. Numbers and Size of Cleistothecia formed by Host 2-155
and Transformation Control PG Con2 Strains and AMATT and
AMAT2 Gene Deletion Strains

Cleistothecia Cleistothecia

Strain (per cm?)2Pc diameter (um)®°<
2-155 3324 +221a 171.0 £ 6.4 a

PG Con2 3142174 a 162.0 + 4.5a
AMAT1-9 265.3 = 20.7b 145.0 £ 9.8 b
AMAT1-20 256.9 = 22.5b 1200 £ 75b
AMAT2-10 340+ 34c 146.0 £ 12.2b
AMAT2-11 37.2+x28c 1345+7.0b

2Cleistothecia, defined as dark-walled spheres >70 um diameter for
scoring purposes, produced after incubation on ACM (sealed plates
supplemented with 10 mM uracil and uridine) in the dark at 28°C for
14 days.

®Mean of 12 replicates = SEM. Strains show a significant (p < 0.01)
variation in number of cleistothecia (one-way ANOVA on log-trans-
formed data: F = 116.3; D.F. 5, 66).

¢Values in the same column followed by the same letter do not differ
significantly (p < 0.05) according to SPSS contrast test.

9Mean of 20 replicates = SEM. Strains show a significant (p < 0.01)
variation in diameter of cleistothecia (one-way ANOVA on Welch-
corrected variance: F = 7.5; D.F. 5, 52).

Finally, MAT1 and MAT2 were overexpressed under
the control of an inducible alcA promoter, either individ-
ually (OVEMAT1 and OVEMAT2 strains) or together
(OVEMAT1+2 strain) (Supplemental Data). On ACM, all
transformants grew as the control strain after point or
confluent inoculations, completing the sexual cycle by
producing fertile cleistothecia. However, differing
results were obtained when transformants were grown
on alcA-inducing media, which does not normally
support sexual development. After point inoculations,
OVEMAT1 and OVEMAT2 replicates grew at the same
rate as the control, but they failed to produce cleistothe-
cia or Hille cells. In contrast, point-inoculated
OVEMAT1+2 transformants showed no growth. When
transformants were initially grown on cellophane sheets
on ACM before transfer to the inducing medium,
OvEMAT1, OVEMAT2, and the control continued vegeta-
tive growth after transfer but failed to produce cleisto-
thecia or Hille cells. In contrast, OVEMAT1+2 strains
exhibited no further vegetative growth and instead
produced cleistothecia containing ascospores from
the mycelium already formed. RT-PCR confirmed over-
expression of MAT genes (Figure S4).

These results are highly significant because they indi-
cate that MAT genes, by definition involved in mating in
outcrossing species, are also involved with sexual
development in the self-fertile species A. nidulans. The
gene-deletion studies demonstrated that both MAT17
and MAT2 are required for the production of sexual
ascospores, coincident with a preliminary report of MAT
deletion in A. nidulans [33]. Deletion of MAT genes in G.
zeae and S. macrospora also rendered these homothal-
lics self-sterile [26, 27], and MATqa locus gene(s) are
linked to self fertility in C. neoformans [34]. At least 40
additional genes are required for, or correlated with,
sex in A. nidulans (see recent review [17]). The observa-
tion that Hulle cells and sterile cleistothecia were formed
even in the absence of MAT genes indicates that they
act downstream of key initiators of sexual develop-
ment such as VeA, NsdD, and StuA [17]. Given the

requirement of MAT genes for ascospore production in
A. nidulans, it may be speculated that MAT expression
contributes to nuclear identity within homothallic spe-
cies, as suggested for heterothallic species [20, 35].
This might be one factor involved in “relative heterothal-
lism,” whereby some self-fertile isolates exhibit prefer-
ential outcrossing [18, 36]. MAT2 might also have
a role in regulating Hiille-cell development, given the
formation of abnormal Hiille aggregates in the AMAT2
strains.

The overexpression studies showed that MAT gene
expression at abnormally high levels resulted in
suppression of vegetative growth and stimulation of
sexual differentiation under conditions unfavorable for
sex. Similar vegetative-growth arrest at the onset of
sex occurs in yeast [22, 37], and MAT gene overexpres-
sion has been shown to repress growth or be lethal in
heterothallic P. anserina [35]. Growth suppression and
sexual stimulation occurred only in OVEMAT1+2, sug-
gesting that balanced expression of MAT1 and MAT2
genes is required for normal sexual reproduction.

Pheromone-Response MAP-Kinase Signaling
Pathway

A key role of MAT genes in heterothallic species is to
regulate expression of a pheromone-signaling system
involved with detection of a mating partner [11, 23, 37].
This pathway has been best characterized in Saccharo-
myces cerevisiae, in which mating-type-dependant
expression of pheromone-precursor and receptor
genes is observed [37]. Binding of diffusible peptide
pheromones to cognate receptors triggers G protein-
mediated signal transmission through a mitogen-
activated protein (MAP) kinase cascade ultimately tar-
geting a homeodomain transcription factor [22, 37].
The result is two-fold: cell-cycle arrest and activation
of mating-specific genes including those encoding pro-
teins required for nuclear-membrane fusion [11, 37, 38].
Although less is known about signaling pathways in
heterothallic euascomycetes, components similar to
those in yeasts are highly conserved across fungal
taxa [10, 11, 39]. Genes encoding «- and a-factor-like
pheromone precursors and receptors have been char-
acterized from filamentous species, with evidence of
mating-type-dependent expression [23] and a role in
mate recognition [40]. Meanwhile, various components
of G protein-linked MAP-kinase cascades are essential
for sexual development in Magnaporthe, Cryphonectria,
and Neurospora species [11, 41]. Elements of the pher-
omone-signaling pathway have also been detected in
homothallic species, most notably in A. nidulans (see
review article [17]).

In the present study, we exploited newly available
A. nidulans genome data to assess the concurrent
expression of genes with possible involvement in a pher-
omone-response pathway during sexual development
of a self-fertile species. RNA was extracted from 4-, 7-,
or 10-day-old cultures, and semiquantitative RT-PCR
was performed. Expression of genes was barely detect-
able from unsealed plates (Figure 2), indicating low-level
expression under conditions favoring vegetative growth
and asexual conidiation. In contrast, strong expression
of MAT1 and MAT2 and all genes of the pheromone-
response pathway was detected at all time points in



Self-Fertility in Aspergillus nidulans
1387

No Sex Sex

4d 7d 10d 4d 7d 10d

mat1 (maTz1) [ 306 bp
N 0 0 0 e = e A
YT 2000 0 e e== e RN
PONCY =~ 0 2w e e RREH
pree (sTe2) [ HEEEEEEEEEEEEE ] 421 e
rada (cPA7) [ 326 br
sfap (STES) N X X ] 4«60
grgA (sTE18) [N 221 e
SEACyGNE 20 20 e=e ess essULN
uz = G EDEeE

mpks (Fus3) . E__X ] 352bp
stea (s7E12) [N X__] 326 bo
Cy=y = == e -
Actin e e XXX 272bp

Figure 2. Expression of Genes of the Pheromone-Response
Pathway

Semiquantitative RT-PCR showing expression of MAT genes and
representative genes of the pheromone-response pathway of
A. nidulans. The name of the A. nidulans gene (where identified) is
shown to left-hand side with equivalent gene from S. cerevisiae in
parentheses. Cultures were grown for 4, 7, or 10 days in the dark
at 28°C on ACM unsealed (“No Sex”) or sealed (“Sex”) plates.

extracts from sealed plates, where sexual development
was occurring because of restricted air exchange (Fig-
ure 2) [15, 17]. This included increased expression of
a putative o-pheromone precursor (ppgA) [29], both
a- and o-factor-like pheromone receptors (oreA and
preB respectively [29], later cotermed gprB and gprA
by Seo et al. [42]), the subunits of a heterotrimeric G
protein (fadA, sfaD, and gpgA) [43], three kinases of
the MAP kinase cascade (steC [44], STE7 equivalent,
and mpkB [homolog of FUS3 in S. cerevisiae]), a protein
kinase regulator (STE50 equivalent), as well as the target
homeodomain transcription factor (steA) [45]. Expres-
sion of the actin control gene remained constant.
Results were consistent with individual studies of gprA
(oreB) and gprB (preA) expression [42].

On the basis of the increase in mpkB transcription
during sexual development, we further characterized
the possible role of this MAP-kinase regulatory gene in
cleistothecial formation in A. nidulans by generating an
mpkB loss-of-function mutant. The AmpkB mutant
showed no apparent change in asexual conidiation.
However, a complete block in sexual reproduction was
evident with no Hiille cells or cleistothecia observed in
the AmpkB mutant after 15 days’ growth, unlike control
strains (Figure 3). Complementation with the wild-type
allele restored sexual development in the mutant. The
AmpkB phenotype bore some resemblance to the
A. nidulans steC mutant regarding sexual development
[44].

The data described are of significance because a
definite correlation was evident between expression at
a high level of genes known to be involved with sex in
outcrossing heterothallic species and sexual develop-
ment in the self-fertile A. nidulans. In parallel, fruiting
between same-sex partners in C. neoformans also
requires activation of the pheromone-response pathway
[14], and pheromone-precursor and receptor genes are
required for sex in homothallic S. macrospora [46]. The

observed expression changes could also be a response
to plate sealing unrelated to sex, although this is unlikely
given the specificity of signaling to sexual induction and
anastomosis [11, 37].

MAT Gene Deletion and Overexpression

and Pheromone Signaling

Expression of pheromone precursors and most proba-
bly receptors is controlled by MAT genes in heterothallic
species [23, 40]. Gene expression of the pheromone
pathway was therefore investigated in the MAT gene
deletion and overexpression strains (Figures S4 and
S5). Greatly reduced expression of the remaining MAT
gene was observed in AMAT1 and AMAT2 strains
compared to controls. However, no other clear differ-
ences were apparent, except possibly increased ppgA
expression in the AMAT2 mutant (Figure S5). Mean-
while, no clear increase in pheromone-precursor/-re-
ceptor gene expression was observed after transfer to
inducing media in any overexpression strains despite
greatly increased MAT gene expression (Figure S4).
The apparent lack of requirement for, and induction
by, MAT genes suggests that other factors may also
control pheromone signaling in A. nidulans. Thus, the
pathway may be activated under environmental condi-
tions favorable for sex, with such conditions leading to
a pheromone-response signal similar to that seen in
heterothallic species, but without the requirement for
a compatible mate. This might in turn stimulate MAT
expression, consistent with an S. pombe Ste11-binding
site (a likely functional equivalent of A. nidulans SteA)
[47] in the MAT1 and MAT2 promoter regions (Supple-
mental Data). MAT gene expression may therefore be
primarily required for later stages of sexual development
(e.g., nuclear identity [20, 35]), a possible adaptation for
homothallism.

Conclusions

We have obtained results indicating that mating-type-
gene activity is required for normal sexual development
of A. nidulans and that sexual differentiation is corre-
lated with greatly increased expression of pheromone-
response-pathway genes known to be involved with
mating in heterothallic species. We along with other
researchers have shown that elements of this pathway
(gprA [preBl, gprB [preAl, fadA, sfaD, gpgA, steC,
steA, and mpkB [this work]) are essential for normal sex-
ual fertility in A. nidulans, although pleiotropic effects
are sometimes evident and a requirement may be over-
come in forced heterokaryons [17, 42-45]. Taken as
a whole, these results provide evidence that selfing in
A. nidulans involves activation of the same mating path-
ways characteristic of sex in obligately outcrossing spe-
cies, from which self-fertile species are thought to have
evolved; i.e., self-fertilization does not bypass the nor-
mal requirements for sexual signaling between partners
but instead requires activation of these pathways within
a single individual isolate. Our data also suggest that
modifications have occurred in the control of expression
of genes involved in sexual signaling as a possible
adaptation to homothallism. These results from a model
fungal system may provide insights into signaling pro-
cesses that occur in self-fertilizing plant and animal
taxa. The precise cellular locations of these pathways
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Figure 3. Role of mpkB in Sexual Development

The host (TNO2A7), transformation control (TNK7.3.7), AmpkB mutant (TNK7.3.6), and complementation strains were point inoculated on GMM
in the dark at 37°C to demonstrate: (A) colony morphologies after 5 days’ growth (unsealed plates) and (B) the presence or absence of cleisto-
thecia (“CT,” white arrows) and Hiille cells (black arrows) after 15 days’ growth (scale bars indicate 30 um).

and the nature of interaction(s) with proteins involved in
regulating sexual reproduction in A. nidulans now
remain to be determined.

Supplemental Data

Additional Discussion, Experimental Procedures, and five figures
are available at http://www.current-biology.com/cgi/content/full/
17/16/1384/DC1/.
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