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a b s t r a c t
In ﬁlamentous fungi, vegetative compatibility among individuals of the same species is determined by
the genes encoded at the heterokaryon incompatibility (het) loci. The hyphae of genetically similar individuals that share the same allelic speciﬁcities at their het loci are able to fuse and intermingle, while different allelic speciﬁcities at the het loci result in cell death of the interacting hyphae. In this study,
suppression subtractive hybridization (SSH) followed by pyrosequencing and quantitative reverse transcription PCR were used to identify genes that are selectively expressed when vegetatively incompatible
individuals of Amylostereum areolatum interact. The SSH library contained genes associated with various
cellular processes, including cell-cell adhesion, stress and defence responses, as well as cell death. Some
of the transcripts encoded proteins that were previously implicated in the stress and defence responses
associated with vegetative incompatibility. Other transcripts encoded proteins known to be associated
with programmed cell death, but have not previously been linked with vegetative incompatibility.
Results of this study have considerably increased our knowledge of the processes underlying vegetative
incompatibility in Basidiomycetes in general and A. areolatum in particular.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Programmed cell death (PCD) in eukaryotes is a genetically controlled mechanism that requires the active participation of a cell in
its own death (Gilchrist, 1998). This process plays various roles in
tissue development and organization. For example, PCD eliminates
cells between developing digits (e.g., ﬁngers) in animals and it is
involved in leaf senescence in plants (Gilchrist, 1998). PCD is also
involved in eukaryotic nonself recognition, where cell death is triggered in infected plant and animal cells to prevent the spread of
the infection to surrounding tissue (Greenberg and Yao, 2004;
Hückelhoven, 2007). In fungi, PCD associated with nonself recognition or ‘‘PCD by incompatibility’’ limits vegetative hyphal fusion
between genetically different individuals (Worrall, 1997; Saupe,
2000; Glass and Kaneko, 2003). Although the exact biological function of PCD associated with the nonself recognition system in fungi

⇑ Corresponding author. Address: Department of Genetics, Forestry and Agricultural Biotechnology Institute (FABI), 74 Lunnon Road, Hillcrest, Pretoria 0002, South
Africa. Fax: +27 12 420 3960.
E-mail address: brenda.wingﬁeld@fabi.up.ac.za (B.D. Wingﬁeld).
1
Present address: Department of Forest Mycology and Pathology, Swedish
University of Agricultural Sciences, Uppsala 750 07, Sweden.
1087-1845/$ - see front matter Ó 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.fgb.2011.08.001

is not yet clear, it has recently been suggested that it may also be
involved in pathogen recognition (Chevanne et al., 2010).
The nonself recognition system of ﬁlamentous fungi is controlled by genes encoded at the heterokaryon (het) or vegetative
incompatibility (vic) loci (Worrall, 1997). When genetically similar
individuals that share the same allelic speciﬁcities at all of their het
loci meet, their hyphae fuse and their cytoplasms intermingle
(Worrall, 1997). However, if the interacting individuals are genetically dissimilar with different allelic speciﬁcities at some or all of
their het loci, cell death of the interacting hyphae prevents maintenance of a functional connection and a zone of inhibition is formed
between the two individuals (Worrall, 1997).
At the DNA level, relatively little is known about the het loci of
fungi. For the Basidiomycetes it is known only that these fungi
apparently harbor fewer het loci than Ascomycetes (Worrall,
1997). The situation for the Ascomycetes is somewhat better
understood, although almost all current knowledge of the het loci
is based on the model species, Neurospora crassa and Podospora
anserina (e.g., Kubisiak and Milgroom, 2006). However, the information obtained from these studies suggests that there is no common function among the various het genes (Saupe, 2000). In some
cases, the only apparent function of certain het gene products is to
control nonself recognition (e.g., het-6 in N. crassa and het-D and
het-E loci in P. anserina), while other het gene products are also
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involved in additional cellular processes such as, mating in N. crassa
and het-C in P. anserina (Saupe, 2000). Nevertheless, the fact that
the het-E, het-D and het-R genes of P. anserina encode homologues
with a NACHT domain (named after known genes containing this
domain; NAIP, CIIA, HET-E and TP1) suggests that PCD by incompatibility may be related to PCD in higher eukaryotes (Paoletti
et al., 2007; Pinan-Lucarré et al., 2007; Chevanne et al., 2010).
In fungi, similar mechanisms appear to underlie PCD associated
with vegetative incompatibility. This is because the interactions
between individuals with different allelic speciﬁcities at their het
loci all share the same morphological characteristics, which include the progressive shrinkage and fragmentation of the cytoplasm resulting in the formation of discrete remnants (Bursch,
2001; Marek et al., 2003). As these remnants resemble ‘apoptotic
bodies’, it was initially believed that PCD by incompatibility is similar to Type I PCD or apoptosis (Bursch, 2001). An alternative
hypothesis is that PCD by incompatibility is similar to Type II
PCD or autophagy, where cells undergoing autophagy display morphological features such as vacuolization and cell lysis (Marek
et al., 2003; Pinan-Lucarré et al., 2003, 2007). Although both types
of cell death could be involved in this process, autophagy has been
suggested as merely a consequence of PCD by incompatibility and
that it does not represent an actual mechanism of PCD (PinanLucarré et al., 2005). Thus, even though PCD associated with vegetative incompatibility represents one of the best studied forms of
PCD in fungi, the exact mechanism of how cell death by incompatibility is activated remains unclear.
Various approaches have been used to study the mechanisms
that regulate vegetative incompatibility. One method has been to
use mutations that suppress PCD by incompatibility (Glass and
Kaneko, 2003; Dementhon et al., 2004). For example, a mutation
in the vib-1 (for vegetative incompatibility block) gene of N. crassa
partly suppresses mating-type associated cell death, as well as hetc/pin-c induced cell death (Glass and Kaneko, 2003; Dementhon
et al., 2004). Another approach has been to study differentially expressed genes that are speciﬁcally up-regulated during vegetative
incompatibility, which led to the discovery of the induced during
incompatibilty (idi) genes in P. anserina (Bourges et al., 1998). More
recently, PCR-based suppression subtractive hybridization (SSH)
has been used to study the genes involved in fungal-fungal interactions (Carpenter et al., 2005; Muthumeenakshi et al., 2007).
In this study, the nonself recognition system of the white rot
fungus Amylostereum areolatum was considered. This fungus is an
obligate symbiont of various Sirex woodwasp species (Slippers
et al., 2003) and, like other Basidiomycetes, very little is known
about the molecular genetics underlying its nonself recognition
system other than that it harbors at least two het loci (van der Nest
et al., 2008, 2009). Our aim was, therefore, to identify the mechanisms underlying vegetative incompatibility in A. areolatum. For
this purpose, genes that are selectively expressed during vegeta-
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tive incompatibility were identiﬁed using PCR-based SSH and
454-based pyrosequencing. Quantitative reverse transcription
PCR (qRT-PCR) was employed to conﬁrm up-regulation of selected
transcripts and to compare the expression levels of these transcripts over time. Following the assignment of putative functions
to the various up-regulated transcripts, the pathways and mechanisms involved in vegetative incompatibility were inferred.

2. Materials and methods
2.1. Fungal cultures and pairing reactions
The two heterokaryons of A. areolatum used in this study,
CMW31512 (the result of pairing homokaryons CMW1684812
and CMW168281) and CMW31513 (the result of pairing homokaryons CMW1684841 and CMW168281), were previously synthesized
and their vegetative compatibility groups determined based on
hyphal morphology (van der Nest et al., 2008). One nucleus was
common to the two heterokaryons, while the other nuclei were
sib-related. Working cultures of the isolates were maintained on
potato dextrose agar (PDA) (24 g L1 of PDA, 1 g L1 glucose, and
1 g L1 yeast extract) (Biolab, Johannesburg, South Africa). All of
the isolates used in this study are also maintained at 4 °C in the
culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South
Africa.
To allow for the identiﬁcation of genes up-regulated during vegetative incompatibility in A. areolatum, a vegetatively incompatible
interaction was compared with a ‘‘no pairing’’ reaction (i.e., a heterokaryon that is not interacting with itself or another heterokaryon) (Fig. 1A and B). By following this approach, we hoped to
identify not only the pathways and processes involved in the activation of PCD by incompatibility, but also those that underlie nonself recognition. For the incompatible interaction, heterokaryons
CMW31512 and CMW31513 were paired by placing a mycelial
plug (±5 mm diameter) of each isolate 3 cm apart in the middle
of 9 cm Petri dish containing PDA. For the ‘‘no pairing’’ reaction,
a single mycelial plug (±5 mm diameter) of CMW31512 was placed
at the center of a 9 cm Petri dish containing PDA. For both the
incompatible and the ‘‘no pairing’’ reactions, eight replicates were
prepared and incubated in the dark at 25 °C. Three days after the
establishment of hyphal contact between CMW31512 and
CMW31513, mycelium of heterokaryon CMW31512 was harvested
by scraping the mycelial tissue from all eight replicate plates and it
was then frozen in liquid nitrogen. To prevent cross-contamination
with hyphae from heterokaryon CMW31513, mycelia were not
harvested within 0.5 cm from the border between the interacting
mycelia. At the same time, the mycelium of CMW31512 was
harvested from the eight ‘‘no pairing’’ reactions and frozen in liquid

C
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Fig. 1. Mycelia for heterokaryon CMW31512 was harvested (indicated with highlighted areas) where it was (A) not involved in an interaction with any other isolate (i.e., a
‘‘no pairing’’ reaction), (B) where it was involved in a vegetatively compatible interaction with itself, and (C) an incompatible interaction with heterokaryon CMW31513. To
prevent contamination with CMW31513 RNA, mycelia were harvested more than 0.5 cM from the interaction zone 3 days after hyphal contact. The ‘‘no pairing’’ reaction was
used as a driver, while the vegetatively incompatible reaction was used as the tester for subtractive hybridization (SSH) cDNA library construction.
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nitrogen. A Zeiss Stereo microscope (Zeis, Germany) was used to
determine when the hyphae had come into contact.
To verify the SSH results using qRT-PCR, the incompatible and
the ‘‘no pairing’’ reactions were repeated as described above. In
addition, for comparative purposes, a compatible reaction was induced by placing two mycelial plugs (±5 mm diameter) of heterokaryon CMW31512 3 cm apart from each other on a 9 cm Petri dish
containing PDA (Fig. 1C). At 1, 2 and 3 days after hyphal contact,
mycelium was harvested as described above for heterokaryon
CMW31512, where the latter isolate was involved in a ‘‘no pairing’’, as well as the vegetatively compatible and incompatible
interactions. To achieve a biological repeat for the qRT-PCRs, the
mycelium from a duplicate set of interactions were also obtained.
2.2. Evans blue, Giemsa and a-naphthol staining
To establish if PCD is associated with vegetative incompatibility
in A. areolatum, Evans blue (Jacobson et al., 1998) and Giemsa
(Hutchison et al., 2009) staining were employed. Evans blue penetrates only dead cells and it was used it to compare the proportion
of dead compartments between compatible and incompatible
interactions. Because this staining method does not allow for differentiation between necrotic and apoptotic cell death (Chen and
Dickman, 2005; Hutchison et al., 2009), Giemsa staining was used
to determine if nuclear degradation, a characteristic of apoptosis,
occurs during vegetative incompatibility in A. areolatum (Hutchison
et al., 2009). Becasuse it is well established that laccases are involved in fungal–fungal interactions (e.g., Iakovlev and Stenlid,
2000), the laccase activity associated with compatible and incompatible interactions was also compared using a-naphthol staining.
For the staining interactions, the incompatible and the ‘‘no pairing’’ reactions were repeated as described above. Three days after
hyphal contact, segments of hyphae of the interaction or contact
zone were positioned on microscope slides after which the fungal
tissue was stained with Evans blue (0.05%; Sigma, St. Louis, MO) for
45 min at room temperature and washed with phosphate buffered
saline (Jacobson et al., 1998). A Zeiss Axiocam light microscope
using Zeis software (Zeis, Germany) was then used to determine
the proportion of dead compartments. Calculations were based
on the mean of 10 replicates per sample per time point. The integrity of the nuclei between compatible and incompatible interactions was also examined by placing segments of hyphae from the
interaction zone on microscope slides and staining the hyphae
with Giemsa stain (Sigma). Thereafter, the stained hyphae were
examined using light microscopy. Laccase activity was measured
1 month after hyphal contact by ﬂooding mycelium with freshly
prepared 1% (wt/v) a-naphthol (Sigma) in 96% ethanol and stained
for 2 h (Iakovlev and Stenlid, 2000). Because laccase catalyzes the
oxidative polymerization of a-naphthol, the extracellular activity
of this enzyme was assayed visually through the appearance of
the purple-colored oxidative product.
2.3. RNA isolation and cDNA preparation
Total RNA was isolated from the frozen mycelium harvested
from the incompatible and the ‘‘no pairing’’ reactions using TRIZOL
Reagent (Invitrogen Life Technology). The quality and quantity of
the RNA samples was determined using the Nanodrop ND-1000
(Nanodrop Technologies, Wilmington, DE, USA) and agarose gel
electrophoresis as previously described (Sambrook et al., 1989).
Total RNA (A260/A280 > 1.8) isolated from the eight incompatible
reaction plates and total RNA isolated from the eight ‘‘no pairing’’
reactions were combined, respectively. Messenger RNA (mRNA)
was puriﬁed from the pooled total RNA using a commercially available kit [Puriﬁcation of poly(A) mRNA Mini NucleoTrapÒ, Macherey–Nagel] following the manufacturer’s recommendations. In all

cases, RNA was stored at 80 °C to maintain its integrity. Double-stranded cDNA was synthesized from the mRNA (4.0 lg) using
the cDNA Synthesis System (Roche Diagnostics, Mannheim) with
oligo(dT)15 primer and following the manufacturer’s recommendations. cDNA (10 lg) was puriﬁed using the MinElute PCR Puriﬁcation Kit (Qiagen).
2.4. Preparation and sequencing of subtractive cDNA library
The two cDNA libraries were subjected to PCR-based SSH (Diatchenko et al., 1996) by making use of the Clonetech (Palo Alto, CA)
PCR Select-Subtraction cDNA kit. In principle, SSH was used to compare the mRNA transcripts between the ‘‘no pairing’’ and the vegetatively incompatible reactions and to obtain genes that are
selectively expressed in the vegetatively incompatible reaction.
The SSH library was constructed using the cDNA from the vegetatively incompatible reaction as Tester and those from the ‘‘no pairing’’ reaction as Driver. For this purpose, cDNA from the Driver and
the Tester was digested with RsaI to generate short, blunt-ended
double-strand cDNA. The digested cDNA was puriﬁed using the
MinElute PCR Puriﬁcation Kit, and the SSH Adaptors 1 or 2 ligated
to the Tester cDNA. The Adaptor 1-ligated and the Adaptor 2-ligated
Tester cDNAs were then separately hybridized to an excess of Driver cDNA at 68 °C for 8 h after denaturation at 98 °C for 90 s. The
two hybridization samples were mixed without denaturation and
hybridized at 68 °C overnight with an excess of freshly denatured
Driver cDNA to eliminate redundant cDNAs common to both libraries. Redundant cDNA present in the Tester library was elimated
during hybridization, because the common fraction in the Tester
cDNA is removed by hybridizing to the excess Driver molecules.
After diluting the resulting mixture in 200 lL buffer (Clonetech),
two rounds of PCR were used to selectively amplify differentially
expressed cDNA. The ﬁnal PCR product (6 lg) was subjected to
pyrosequencing using the Roche 454 GSFLX platform at Inqaba Biotech (Pretoria, Gauteng, South Africa). A single-lane sequencing run
using one section of the PicoTitrePlate™ was performed. Sample
preparation and analytical processing (e.g., base calling) were performed by Inqaba Biotech (http://www.inqababiotec.co.za).
2.5. Evaluation of the subtraction efﬁciency
Subtraction efﬁciency was evaluated by comparing the relative
amount of the constitutively expressed glycerol-3-phosphate
dehydrogenase gene in subtracted cDNA and unsubtracted cDNA
by PCR using the previously designed primers GpdF and GpdR
(Neves et al., 2004). The PCR was performed using a reaction mixture containing 20 ng DNA, 0.2 mM of each of the four dNTPs,
1.5 mM MgCl2, 0.5 lM of each primer and 2.5 U FastStart Taq
(Roche Diagnostics, Mannheim). Thermal cycling conditions included an initial denaturation step at 94 °C for 2 min followed by
30 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for
30 s, extension at 72 °C for 30 s, and a ﬁnal extension at 72 °C for
10 min. DNA was separated by electrophoresis on 2% agarose
(wt/v) gels (Roche Diagnostics, Mannheim), stained with ethidium
bromide and visualized under ultraviolet light (Sambrook et al.,
1989). Sizes of the amplicons were determined by comparison
against a 100 base pair (bp) molecular weight marker (O’RangeRuler™ 100 bp DNA ladder, Fermentas Life Science).
2.6. Sequence assembly and the identiﬁcation of expressed genes
Individual sequence reads were aligned and assembled into
contigs using Vector NTI Advance™ sequence analysis software
(Invitrogen Life Technology). The basic local alignment search tool
(BLAST, Altschul et al., 1990) implemented in BioEdit Version
7.0.9.0 (Hall, 1999) was used to identify and ﬁlter out sequences
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Table 1
List of the primers used for qRT-PCR.
Putative function

Primer

Sequence 50 –30

18S

18S-F
18S-R
LAC-F
LAC-R
FLO-F
FLO-R
ACP-F
ACP-R
P2A-F
P2A-R
POL-F
POL-R
MAK-F
MAK-R
MAN-F
MAN-R
MFS-F
MFS-R
POT-F
POT-R
CCG-F
CCG-R
NAD-F
NAD-R

ACT GAC AGA GCC AGC GAG TT
GTA CAA AGG GCA GGG ACG TA
GGC AGG TAC GCA TTC TTG AT
CCG CTC GTC CCT ACT TAC AT
CAA TGG ACG ATA TGC TGA CG
CGA CTC GTA GGG GTC ATA GC
CAA GAA GAC CCT CGC TTC TG
CAA GAA GGA TGC GAA GAA GG
GTA CCA ACC CAA CCT TGA CG
TCG GAT CCT TCT TGT CGA AC
GGG CAG GTA CAG TCT CCT CA
GGA CCA GCA ACG TCT CAT TT
CAT CCT TGC TGA GAT GCT GA
TGG GGA ACG AAG AGA GAG AA
GTA CTT GGA CGG GCA GTT GT
GAG GTA CTC GTC CGC CTT C
TAG GGA ACT GCG TCG CTA TC
ACC GGC CCC AGA ACT ATA TC
TCA CCC TCT CTC CTT CTC CA
GTA GGT GAT GCG GGA GGT AA
CGA GGT ACA GGT CGA ACA GA
AAC TCA AAG ATT GCC CTC CA
CAA GGA GAA ATA CCC CAT CC
GAC GAA AAT TCC AGC GAA CT

Laccase
Flocullin
ADP/ATP carrier
Protein
Phosphatase 2A
Polyubiquitin
MAP kinase
Mannoprotein
Mfs1.1
Polyphenol oxidase
(tyrosinase)
Trehalose synthase
NADH quinone
Oxidoreductase
a

%PCR efﬁciencya
95
98
98
100
96
100
99
100
97
85
85
87

The efﬁciency of PCRs was determined with the LightCycler 480 Relative Quantiﬁcation Software (Roche Diagnostics).

with similarity to known ribosomal RNA (rRNA) sequences
(EU249344, AJ406498, AF506405, AF238456, AF454428) among
the A. areolatum expressed sequence tags (ESTs). The remaining
ESTs were annotated by web-based comparisons to the nonredundant (nr) protein database of the National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov) using translated
blast searches (BLASTX) (Altschul et al., 1990). A scheme, similar to
that used by Skinner et al. (2001) was applied, where ESTs were
grouped as either highly signiﬁcant in sequence similarity (Evalue (1010), moderately signiﬁcant in sequence similarity
(E-value 109–104), having low sequence similarity (102 and
104) or not signiﬁcant in sequence similarity (E-values above
102). ESTs with signiﬁcant database matches were classiﬁed into
functional categories based on Gene Ontology annotations
(http://www.geneontology.org/).
2.7. Validation of SSH results
qRT-PCR was used to verify the up-regulation of the A. areolatum
genes identiﬁed using SSH. In order to obtain information regarding the time course of the expression of the different ESTs, total
RNA was extracted from mycelium harvested from the compatible,
incompatible and the ‘‘no pairing’’ reactions at 1–3 days after hyphal contact. Since high quality RNA is an essential requirement
for qRT-PCR (Fleige et al., 2006), the extracted RNA was evaluated
as described above and subjected to DNase I treatments (Invitrogen) following the supplier’s protocols. For qRT-PCR, ﬁrst-strand
cDNA was synthesized using the DNase I-treated total RNA and
random hexamer primers (First strand cDNA synthesis kit, Fermentas Life Science). This cDNA and speciﬁc primer pairs (Table 1), designed with Primer3 (http://bioinfo.ebc.ee/mprimer3/), were used
to perform qRT-PCR with the SYBR Green I Master dye (Roche Diagnostics). Each PCR reaction (10 lL) contained SYBR Green Master
Mix (5 lL) (Roche Diagnostics), 0.5 lM of each primer and 2 lL of
1:10 diluted ﬁrst strand cDNA template. PCR ampliﬁcation using
a 384-well LightCycler 480 (Roche Diagnostics, Basel, Switzerland)
was initiated at 95 °C for 5 min followed by 45 cycles of 95 °C for
5 s, 50 °C for 5 s and 72 °C for 20 s. After ampliﬁcation, a melting
curve analysis was run using the program for one cycle at 95 °C

for 30 s, 60 °C for 30 s, and 95 °C with 0-s hold in the step acquisition mode, followed by cooling at 40 °C for 30 s. Biological repetitions (with RNAs from two independent cultures) for the
incompatible, compatible and the ‘‘no pairing’ interactions and
technical repetitions for all the reactions were performed. PCR
speciﬁcity and product detection was checked post-ampliﬁcation
by examining the temperature-dependent melting curves of the
PCR products and a no-template control to conﬁrm that there
was no background contamination. To normalize the total amount
of cDNA in each reaction, a portion of the 18S rRNA gene was coampliﬁed using the same cycling conditions described above and
primers (Table 1) designed speciﬁcally for A. areolatum.
qRT-PCR is based on the number of cycles needed for ampliﬁcation-generated ﬂuorescence to reach a speciﬁc threshold of detection or the so-called Ct value (Livak and Schmittgen, 2001; Pfafﬂ,
2001). The Ct value for the 18S rRNA gene was used to normalize
the Ct values for the selected targets. The delta-delta cycle threshold
(DDCT) method (Livak and Schmittgen, 2001) was used to compare
the relative expression between the different time intervals. Because this method assumes optimal real time ampliﬁcation efﬁciency, another method that implemented efﬁciency correction
was also applied (Pfafﬂ, 2001). A standard curve was generated for
each of the primer pairs by plotting Ct values against different template dilutions. The resulting data were analyzed for PCR efﬁciency
correction by using LightCycler 480 Relative Quantiﬁcation Software
(Roche Diagnostics) that used the slope of the standard curve to calculate the real time PCR efﬁciency. Un-paired Student’s t tests were
used for statistical assessments using Microsoft Excel 2007 software. Genes were considered as differentially expressed when the
p-value associated with the F-value (Fisher–Snedecor) was <0.001,
and when the mean DDCT was 60.6 or P0.6 (Legrand et al., 2007).
3. Results
3.1. Evans blue, Giemsa and a-naphthol staining
Hyphae representing compatible heterokaryons behaved as a
single conﬂuent mycelium, while a dark pigmented demarcation
line was visible between incompatible heterokaryons (Fig. 2A
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Fig. 2. Macroscopic characteristics of a compatible and incompatible vegetative
interaction, before and after staining with a-naphtol. The hyphae of compatible
heterokaryons behaved as one conﬂuent mycelium (A), while a demarcation line
was visible between incompatible heterokaryons (B). Compatible interactions were
characterized by the non-localization of laccase activity as indicated by a-naphtolassays that stained entire plates purple (C). Strongly incompatible vegetative
interactions were characterized by the localization of laccase activity as indicated
by a-naphtol-assays that stained only the interacting zone purple (D).

and B). The results of the a-naphthol staining experiments (Fig. 2C
and D) demonstrated that the spatial localization of laccase activity
was different between heterokaryons involved in vegetatively
compatible and incompatible interactions. Laccase activity was
higher in the interaction zone of heterokaryons involved in an
incompatible interaction, but low or not detectable in other parts.
In contrast, laccase activity was not localized to the interaction
zone of heterokaryons involved in a compatible interaction where
all parts of the mycelium were homogeneously purple.
The demarcation line that was visible between incompatible
heterokaryons (Fig. 2A and B) was also characterized by sparse
mycelium. This was possibly the result of cell death as the proportion of hyphae stained with Evans blue was more than twice as
high for heterokaryons involved in an incompatible interaction
(56.29%) compared to those involved in a compatible interaction
(23.79%). The Giemsa staining (results not shown) revealed that
the hyphae of individuals involved in a compatible interactions
displayed compact nuclei, while the hyphae of individuals involved
in incompatible interactions displayed diffuse nuclear staining.
3.1.1. Generation and analysis of subtracted cDNAs
In the SSH library for A. areolatum transcripts for the constitutively expressed gene glycerol-3-phosphate dehydrogenase was
not detectable. This was not the case for the unsubtracted sample,
which indicated that the SSH procedure had suppressed cDNA
common to the ‘‘no pairing’’ and vegetatively incompatible reactions. Pyrosequencing of the subtracted cDNA library generated
1.85 megabases (Mb) of sequence information that represented
8142 individual sequence reads. A large number of these (6051,
74.3%) represented rRNA sequences, indicating that the mRNA
puriﬁcation was inefﬁcient at removing rRNA. After ﬁltering out
the rRNA sequences, the remaining sequence reads (2083) could
be assembled into 196 contigs (representing 1319 individual
sequencing reads), while 764 represented singletons, indicating
that a total of 960 ESTs were identiﬁed in this study.

10%

Transport
Protein metabolism
Nucleic acid metabolism
Energy/Carbon metabolism
Cellular structure and organization
Cell cycle and DNA processing
Cell death
Cell defence
Function unknown

Fig. 3. Distribution of the ESTs as a percentage of the total number comprising the
contigs in that category. Genes were categorized in different groups according to GO
annotation (http://www.geneontology.org/).

BLASTX analyses using NCBI’s nr protein database showed that
545 ESTs were similar to known database entries. Of these, 418 (64
contigs and 354 singletons) were not signiﬁcantly similar (E-values
above 102), while 127 (53 contigs and 74 singletons) were significantly similar (E-values below 102) to existing database entries
(Supplementary Table 1). ESTs that share signiﬁcant similarty to
known sequences were submitted to GenBank (GenBank accession
numbers: HS976641–HS976754). The remaining 415 ESTs (78 contigs and 337 singletons) identiﬁed in this study did not share similarity with any known sequence encoding either a known or
hypothetical proteins in the nr database.
The identiﬁed ESTs that were signiﬁcantly similar to known
database entries were annonated and classiﬁed into functional categories based on their Gene Ontology annotations (http://
www.geneontology.org/) (Fig. 4). The category with the highest
representation in terms of the number of ESTs (19.0%) was cell
death, which included ESTs that share homology with genes previously implicated in the activation of cell death associated with oxidative stress (Fig. 3; Supplementary Table 1). This was followed by
the nucleic acid metabolism (14.0%) and protein metabolism
(15.0%) categories. The category containing genes associated with
the cell defence and stress response were also well represented
among the ESTs (12.0%). Other categories contained ESTs displaying signiﬁcant similarity to proteins involved in transport
(11.0%), energy/carbon metabolism (10.0%), cellular structure and
organization (10.0%), cell cycle and DNA processing (5.0%), as well
as proteins for which the function is not yet known (4.0%). Representatives of the putative genes identiﬁed in this study that are
known to be involved in hyphal fusion, the stress and defence response, as well as PCD are listed in Table 2.
3.1.2. Conﬁrmation of SSH by qRT-PCR
qRT-PCRs on independent samples conﬁrmed that the SSH library included transcripts that were selectively induced after the
hyphae made contact (Fig. 4). This was true for all of the 11 randomly selected ESTs used in the qRT-PCR analysis. The 11 targets
all showed higher expression during a vegetatively incompatible
reaction than during the ‘‘no pairing’’ reaction.
Comparison of RNA levels associated with the selected up-regulated targets at three time points made it possible to identify
three expression patterns displayed during vegetative incompatibility. The ﬁrst expression pattern was represented by the proﬁles
for a putative mannoprotein, a putative MAPK (mitogen-activated
protein kinase) and a putative mannose-speciﬁc lectin-like protein
ﬂocculin that may be associated with hyphal fusion. For all these
genes, the targets were signiﬁcantly up-regulated during the
incompatible reaction at all three time points. Although the putative MAPK was signiﬁcantly up-regulated in both the incompatible
and ‘‘no pairing’’ reaction, its expression proﬁles showed a decline
in mRNA levels over the investigated time period. The second
expression pattern was represented by the expression proﬁles for
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1 day after hyphal contact

2 days after hyphal contact

3 days after hyphal contact

Fig. 4. Comparison of gene expression during vegetative incompatibility at different time intervals. Gene expressions during vegetative incompatibility were expressed as the
ratio to the average expression of the control group (no reaction) as determined using a method that implemented efﬁciency correction (Livak and Schmittgen, 2001). Error
bars denote standard deviation (SDs) and astericks indicate signiﬁcant up-regulation. Data were compared using a one-way analysis of variance. C indicates compatible
reactions, while I indicates incompatible reactions. Pol, polyubiquitin; Mfs, Mfs1.1; Ccg, trehalose synthase (clock control gene); Pot, polyphenol oxydease (tyrosinase); Lac,
laccase; Flo, ﬂocculin; Man, mannoprotein; Mak, map kinase; NAD, NADH-quinone oxidoreductase; ACP, ADP/ATP carrier protein; P2A, heterotrimeric protein phosphatase
2A. Three different expression proﬁles were identiﬁed, based on the time the genes were up-regulated after hyphal contact (indicated with dotted lines).

genes that may be directly (laccase and tyrosinase) or indirectly
(major facilitator superfamily transporter Mfs1.1, trehalose synthase and ubiquitin) associated with the cell defence response.
Generally, the expression of these putative genes increased 2 days
after hyphal contact. They were also not signiﬁcantly up-regulated
at any time point in the ‘‘no pairing’’ reactions. The third expression pattern was represented by the expression proﬁles for a putative ADP/ATP carrier protein, heterotrimeric protein phosphatase
(P2A) and NADH-quinine oxidoreductase that may be associated
with PCD. For all three genes, an increase in mRNA-levels was observed only 3 days after hyphal contact. Like the ‘‘cell defence’’
expression pattern, none of the ‘‘cell death’’ targets were upregulated at any time point in the ‘‘no pairing’’ reactions.

4. Discussion
SSH in combination with pyrosequencing made it possible to
identify numerous genes encoding putative proteins involved in
fungal nonself recognition. Many of these putative proteins are
potentially implicated in hyphal fusion, stress and defence responses, PCD, as well as in signaling pathways that possibly regulate these processes. To the best of our knowledge, this study is the
ﬁrst to identify genes involved in vegetative incompatibility in
Basidiomycetes. For this reason, the results should provide a useful
framework to identify and elucidate the molecular mechanisms
underlying self/nonself recognition and the activation of PCD associated with vegetative incompatibility in A. areolatum and other
fungi.
This study highlighted the importance of cell-cell adhesion and
hyphal bridge formation during vegetative incompatibility in A.
areolatum and it is similar to that observed in other fungi (Pandey
et al., 2004; Muthumeenakshi et al., 2007). Various ESTs were identiﬁed that encode putative proteins involved in the generation and
breakdown of cell walls and in the transport of components necessary for these processes (Glass et al., 2000; Pandey et al., 2004;
Muthumeenakshi et al., 2007). Cell-cell adhesion and recognition

in A. areolatum further appear to be lectin-mediated, because the
two glycoprotein-encoding ESTs identiﬁed in this study encode a
putative ﬂocculin and a mannoprotein. By functioning as lectins,
these proteins are thought to facilitate cell–cell adhesion by binding to cell surface carbohydrates in fungi (Fukazawa and Kagaya,
1997; Fichtner et al., 2007; Douglas et al., 2007). The fact that transcripts for both these proteins were up-regulated during vegetative
compatibility and incompatibility relative to non-interacting
mycelia, supports the notion that similar molecular mechanisms
underlie hyphal fusion during these interactions.
Results of this study suggest that when incompatible het alleles
in A. areolatum are united in the same cytoplasm, a signaling cascade is activated that is detrimental to the cell. For example, several genes encoding putative proteins involved in the production
of known cellular damaging agents were identiﬁed. These included
proteins that alter cellular redox potential and pH, as well as proteins involved in the production of reactive oxygen species (ROS)
(Kültz, 2005; Syntichaki et al., 2005; Dröse and Brandt, 2008). This
was also conﬁrmed by the qRT-PCR results, where the A. areolatum
homologue of the NADH-quinone oxidoreductase was up-regulated only during the incompatible interaction. Additionally, to
deal with the stresses that accompany incompatibility, A. areolatum appears to activate the expression of various systems to protect itself. Several of the identiﬁed ESTs encoded putative
proteins that are directly involved in the sensing of stress and in
the defence response (Iakovlev and Stenlid, 2000; Kültz, 2005;
Horan et al., 2006; Gucciardo et al., 2007). Proteins known to be involved in the nutrient starvation response (Schmelzle et al., 2004;
Aro et al., 2005; Hewald et al., 2006) were also identiﬁed, which is
comparable to that found in P. anserina (Federovo et al., 2005; Pinan-Lucarré et al., 2003, 2007). qRT-PCR analyses on A. areolatum
made it possible to further show that transcripts encoding putative
defence response proteins were strongly up-regulated only in the
vegetatively incompatibile interactions, while the results of the
laccase staining experiments showed that laccases most likely
contribute to the protection of cells (Eisenman et al., 2007) during
vegetatively incompatibility.
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Table 2
Genes that were up-regulated during vegetatively incompatible interactions associated with hyphal anastomosis, stress and defence response, PCD and signaling in A. areolatum.

a

b

HS976645
2
307

Database similarity identiﬁed using BLASTX (Altschul et al., 1990).
Functional categories identiﬁed using Gene Ontology annotations (http://www.geneontology.org/).
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Autophagy appears to accompany vegetative incompatibility in
A. areolatum and this has also been found in other fungi (e.g., Pinan-Lucarré et al., 2003). Several of the genes identiﬁed in this
study encoded proteins previously linked to autophagy. These included proteins involved in autophagosome formation (Sato and
Nakano, 2007), the fusion of autophagosomes with the vacuole
(Ishihara et al., 2001), as well as proteins that regulate autophagy
(Meijer and Codogno, 2004; Simonsen et al., 2004). It is thus possible that autophagy is triggered during vegetative incompatibility in
A. areolatum to clear degraded DNA and proteins, damaged organelles, etc. These would have resulted from cellular stresses caused
by a signaling cascade that was activated by the incompatibility of
het gene interactions (Meijer and Codogno, 2004; Pinan-Lucarré
et al., 2007).
When the stress-related cellular defects associated with vegetative incompatibility in A. areolatum become inordinately severe to
be handled by autophagy, it is probable that PCD is triggered. Several of the genes identiﬁed in this study encode putative proteins
(e.g., the ubiquitin activation enzyme E1 and the ADP/ATP carrier
protein) involved in the activation of apoptosis following stress
(Federovo et al., 2005; Orrenius et al., 2007; Pereira et al., 2007).
This is consistent with previous suggestions that oxidative stress,
which has been implicated in mammalian apoptosis, may also play
a role in PCD in fungi (Hutchison et al., 2009). The results of the
Giemsa staining experiments suggest that the DNA of individuals
involved in an incompatible interaction in A. areolatum was degraded, a hallmark of apoptosis also found in P. anserina (Hutchison
et al., 2009).
Based on the SSH data generated in this study, four types of signaling pathways appear to be central to the coordination of the cellular responses during vegetatively incompatibility in A. areolatum.
These included the MAPK, cyclic adenosine monophosphatedependent protein kinase A (RAS/cAMP-PKA), target of rapamycin
(TOR) and the ceramide stress response pathways (Schubert
et al., 2006; Harispe et al., 2008; Dunlop and Tee, 2009; Levin,
2005; Morita et al., 2007). Key putative regulators and effectors
of these pathways (Faix and Grosses, 2006; Harispe et al., 2008;
Bastidas et al., 2009) were identiﬁed in this study. Also, the TOR
(Dementhon et al., 2004; Pinan-Lucarré et al., 2006), RAS/cAMP
(Loubradou and Turcq, 2000) and the ceramide stress response
pathways (Fedorova et al., 2005) have previously been linked to
vegetative incompatibility. However, the exact role of these signaling pathways is not clear. Since, the TOR pathway is thought to respond to general cellular integrity (Cutler et al., 2001; Meijer and
Codogno, 2004; Pinan-Lucarré et al., 2005, 2006), it may be part
of the cell’s defence response during vegetative incompatibility
in A. areolatum. The RAS/cAMP pathway that is thought to be a
TOR effector pathway (Loubradou and Turcq, 2000), may, therefore, also regulate key processes during vegetative incompatibility
in A. areolatum. Likewise, the ceramide stress response pathway
could have a role in stress-associated ceramide-induced cell death
(Oh et al., 2006) during vegetative incompatibility in this fungus.
Even though vegetative incompatibility has been suggested to
involve the MAPK pathway (e.g., Leslie and Zeller, 1996; Roux
and Blenis, 2004), results of this study are the ﬁrst to experimentally demonstrate a link with self/nonself recognition. Our qRTPCR results also conﬁrmed the role of a putative MAPK in this
process. MAPK transcripts were already up-regulated a day after
hyphal contact in both the vegetatively incompatible and compatible interactions, possibly coordinating and regulating processes
involved in hyphal fusion. However, its expression was upregulated more strongly in the incompatible interaction. This is
consistent with the fact that the MAPK pathway is known to
regulate related processes such as hyphal fusion and autophagy
(Codogno and Meijer, 2005; Lam et al., 2006; Thaiville et al.,
2008; Fleissner et al., 2009; Gough, 2009).
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Hyphae of interacting heterokaryons fuse

Activation of Programmed Cell Death

Involves lectin mediated cell-cell adhesion and recognition
(e.g., flocculin, mannoprotein)

When the damage becomes too severe, PCD is activated
(e.g., ubiquitin activation enzyme E1, AAC)

Activation of autophagy and stress response

het gene products interact after hyphal fusion
If incompatible, a signalling cascade is activated that is
detrimental for the cell

Sensing and repairing damaged molecules, organelles, etc.
(e.g., CAT1, DNA ligase, AAD, ubiquitin, trehalose synthase)
and removing damaged molecules, organelles, etc.
(e.g., sec10 secretory, SFT2 SNARE-like proteins)

Increase in cellular damaging agents

Increased cellular damage

Increase in ROS, changes in pH and redox potential
(e.g., H + ATPases, 2-nitropropane dioxygenase,
cytochrome c oxidase)

Involves the appearance of damaged nucleic acids,
proteins and organelles, especially mitochondria

Fig. 5. Proposed model for a vegetatively incompatible interaction in A. areolatum. For information regarding proteins and protein names, see Table 2 and Supplementary
Table 1.

The overall ﬁndings of this study, together with data from previous studies enable us to propose a model for the events that may
occur during a vegetatively incompatible interaction in A. areolatum (Fig. 5). In this model, hyphal fusion represents a key process
associated with both vegetatively incompatible and compatible
interactions. After hyphal fusion, the incompatibility interaction
between het gene products activates a cascade or reactions (e.g., increased ROS production, changes in pH and redox potential) that
increase cellular stresses (e.g., degradation of DNA, organelle damage, etc.), which then trigger a stress response. During this response, the cell initially attempts to limit the damage, for
example by producing proteins involved in autophagy. Then, when
the damage becomes too severe, PCD is activated. These events are
probably regulated by the ceramide stress response pathway,
MAPK, RAS/cAMP-PKA and TOR pathways. However, to determine
and/or conﬁrm the roles played by the differentially expressed
genes during vegetative incompatibility, functional experiments
will be needed.
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