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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 indi-
viduals that share the same allelic specificities at their het loci are able to fuse and intermingle, while dif-
ferent 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 tran-
scription 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.
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1. Introduction

Programmed cell death (PCD) in eukaryotes is a genetically con-
trolled 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 trig-
gered in infected plant and animal cells to prevent the spread of
the infection to surrounding tissue (Greenberg and Yao, 2004;
Hiickelhoven, 2007). In fungi, PCD associated with nonself recogni-
tion or “PCD by incompatibility” limits vegetative hyphal fusion
between genetically different individuals (Worrall, 1997; Saupe,
2000; Glass and Kaneko, 2003). Although the exact biological func-
tion of PCD associated with the nonself recognition system in fungi
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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 con-
trolled 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 genet-
ically dissimilar with different allelic specificities at some or all of
their het loci, cell death of the interacting hyphae prevents mainte-
nance 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 infor-
mation obtained from these studies suggests that there is no com-
mon 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 incom-
patibility 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 in-
clude the progressive shrinkage and fragmentation of the cyto-
plasm 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 sim-
ilar 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 mor-
phological 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 (Pinan-
Lucarré et al., 2005). Thus, even though PCD associated with vege-
tative incompatibility represents one of the best studied forms of
PCD in fungi, the exact mechanism of how cell death by incompat-
ibility 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 het-
c/pin-c induced cell death (Glass and Kaneko, 2003; Dementhon
et al., 2004). Another approach has been to study differentially ex-
pressed 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 interac-
tions (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 mecha-
nisms 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 tran-
scripts over time. Following the assignment of putative functions
to the various up-regulated transcripts, the pathways and mecha-
nisms 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 CMW16848:,
and CMW16828;) and CMW31513 (the result of pairing homokar-
yons CMW16848,, and CMW16828,), 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 L~! of PDA, 1gL™! glucose, and
1gL! 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 Biotech-
nology Institute (FABI), University of Pretoria, Pretoria, South
Africa.

To allow for the identification of genes up-regulated during veg-
etative incompatibility in A. areolatum, a vegetatively incompatible
interaction was compared with a “no pairing” reaction (i.e., a het-
erokaryon that is not interacting with itself or another hetero-
karyon) (Fig. 1A and B). By following this approach, we hoped to
identify not only the pathways and processes involved in the acti-
vation of PCD by incompatibility, but also those that underlie non-
self 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
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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 in-
duced by placing two mycelial plugs (+5 mm diameter) of hetero-
karyon 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 pair-
ing”, 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 o-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 pene-
trates 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 dif-
ferentiation 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 in-
volved in fungal-fungal interactions (e.g., lakovlev and Stenlid,
2000), the laccase activity associated with compatible and incom-
patible interactions was also compared using o-naphthol staining.

For the staining interactions, the incompatible and the “no pair-
ing” 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 integ-
rity of the nuclei between compatible and incompatible interac-
tions 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 (Aze0/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 avail-
able kit [Purification of poly(A) mRNA Mini NucleoTrap®, Mache-
rey-Nagel] following the manufacturer’s recommendations. In all

cases, RNA was stored at —80 °C to maintain its integrity. Dou-
ble-stranded cDNA was synthesized from the mRNA (4.0 pg) using
the cDNA Synthesis System (Roche Diagnostics, Mannheim) with
oligo(dT);5 primer and following the manufacturer’s recommenda-
tions. cDNA (10 pg) was purified using the MinElute PCR Purifica-
tion Kit (Qiagen).

2.4. Preparation and sequencing of subtractive cDNA library

The two cDNA libraries were subjected to PCR-based SSH (Diat-
chenko et al., 1996) by making use of the Clonetech (Palo Alto, CA)
PCR Select-Subtraction cDNA kit. In principle, SSH was used to com-
pare the mRNA transcripts between the “no pairing” and the vege-
tatively 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 vegeta-
tively incompatible reaction as Tester and those from the “no pair-
ing” reaction as Driver. For this purpose, cDNA from the Driver and
the Tester was digested with Rsal to generate short, blunt-ended
double-strand c¢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 Dri-
ver 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 li-
braries. 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 pL buffer (Clonetech),
two rounds of PCR were used to selectively amplify differentially
expressed cDNA. The final PCR product (6 pug) was subjected to
pyrosequencing using the Roche 454 GSFLX platform at Inqaba Bio-
tech (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 per-
formed 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 mix-
ture containing 20 ng DNA, 0.2 mM of each of the four dNTPs,
1.5mM MgCl,, 0.5 M of each primer and 2.5 U FastStart Taq
(Roche Diagnostics, Mannheim). Thermal cycling conditions in-
cluded 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’RangeRul-
er™ 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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Sequence 5'-3'

%PCR efficiency®

Table 1
List of the primers used for qRT-PCR.
Putative function Primer
18S 18S-F
18S-R
Laccase LAC-F
LAC-R
Flocullin FLO-F
FLO-R
ADP/ATP carrier ACP-F
Protein ACP-R
Phosphatase 2A P2A-F
P2A-R
Polyubiquitin POL-F
POL-R
MAP kinase MAK-F
MAK-R
Mannoprotein MAN-F
MAN-R
Mfs1.1 MFS-F
MFS-R
Polyphenol oxidase POT-F
(tyrosinase) POT-R
Trehalose synthase CCG-F
CCG-R
NADH quinone NAD-F
Oxidoreductase NAD-R

ACT GAC AGA GCC AGC GAG TT
GTA CAA AGG GCA GGG ACG TA

95

GGC AGG TAC GCA TTC TTG AT 98
CCG CTC GTC CCT ACT TAC AT

CAA TGG ACG ATA TGC TGA CG 98
CGA CTC GTA GGG GTC ATA GC

CAA GAA GAC CCT CGC TTC TG 100
CAA GAA GGA TGC GAA GAA GG

GTA CCA ACC CAA CCT TGA CG 96
TCG GAT CCT TCT TGT CGA AC

GGG CAG GTA CAG TCT CCT CA 100
GGA CCA GCA ACG TCT CAT TT

CAT CCT TGC TGA GAT GCT GA 99
TGG GGA ACG AAG AGA GAG AA

GTA CTT GGA CGG GCA GTT GT 100
GAG GTA CTC GTC CGC CTT C

TAG GGA ACT GCG TCG CTA TC 97
ACC GGC CCC AGA ACT ATATC

TCA CCC TCT CTC CTT CTC CA 85
GTA GGT GAT GCG GGA GGT AA

CGA GGT ACA GGT CGA ACA GA 85
AAC TCA AAG ATT GCC CTC CA

CAA GGA GAA ATA CCC CAT CC 87

GAC GAA AAT TCC AGC GAA CT
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@ 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 nonredun-
dant (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 (E-
value (1071°), moderately significant in sequence similarity
(E-value 107°-10"%), having low sequence similarity (102 and
10~%) or not significant in sequence similarity (E-values above
1072). 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 regard-
ing 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 hy-
phal 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 (Invitro-
gen) 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, Fermen-
tas Life Science). This cDNA and specific primer pairs (Table 1), de-
signed with Primer3 (http://bioinfo.ebc.ee/mprimer3/), were used
to perform qRT-PCR with the SYBR Green I Master dye (Roche Diag-
nostics). Each PCR reaction (10 pL) contained SYBR Green Master
Mix (5 pL) (Roche Diagnostics), 0.5 uM of each primer and 2 pL 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
55, 50 °C for 5s 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 acquisi-
tion mode, followed by cooling at 40 °C for 30 s. Biological repeti-
tions (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 co-
amplified 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 amplifica-
tion-generated fluorescence to reach a specific threshold of detec-
tion 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
(AACT) method (Livak and Schmittgen, 2001) was used to compare
the relative expression between the different time intervals. Be-
cause this method assumes optimal real time amplification effi-
ciency, 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 tem-
plate 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 cal-
culate the real time PCR efficiency. Un-paired Student’s ¢ tests were
used for statistical assessments using Microsoft Excel 2007 soft-
ware. Genes were considered as differentially expressed when the
p-value associated with the F-value (Fisher-Snedecor) was <0.001,
and when the mean AACT was <—0.6 or >0.6 (Legrand et al., 2007).

3. Results
3.1. Evans blue, Giemsa and o-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 o-naphtol-
assays 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 propor-
tion 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 constitu-
tively 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 reac-
tions. 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.

Transport
Protein metabolism
Nucleic acid metabolism
Energy/Carbon metabolism
Cellular structure and organization
Cell cycle and DNA processing
Cell death
5% o 0 = Cell defence

B 10% Function unknown

o]

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 1072), while 127 (53 contigs and 74 singletons) were signif-
icantly similar (E-values below 1072) 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 con-
tigs and 337 singletons) identified in this study did not share sim-
ilarity 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 cat-
egories 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 previ-
ously implicated in the activation of cell death associated with oxi-
dative 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 display-
ing 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%). Repre-
sentatives of the putative genes identified in this study that are
known to be involved in hyphal fusion, the stress and defence re-
sponse, 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 li-
brary included transcripts that were selectively induced after the
hyphae made contact (Fig. 4). This was true for all of the 11 ran-
domly 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-reg-
ulated targets at three time points made it possible to identify
three expression patterns displayed during vegetative incompati-
bility. 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 puta-
tive 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


http://www.geneontology.org/
http://www.geneontology.org/
http://www.geneontology.org/

M.A. van der Nest et al./Fungal Genetics and Biology 48 (2011) 1034-1043 1039

Normalized fold induction

C | C | C | C | C

N & 5
5 é‘é 6,% $ N

N

O
J &fa R

<&

. 1 day after hyphal contact

D 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 syn-
thase 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 expres-
sion pattern was represented by the expression profiles for a puta-
tive 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 ob-
served only 3 days after hyphal contact. Like the “cell defence”
expression pattern, none of the “cell death” targets were up-
regulated 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 re-
sponses, PCD, as well as in signaling pathways that possibly regu-
late 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 asso-
ciated 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 iden-
tified that encode putative proteins involved in the generation and
breakdown of cell walls and in the transport of components neces-
sary 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 bind-
ing to cell surface carbohydrates in fungi (Fukazawa and Kagaya,
1997; Fichtner et al., 2007; Douglas et al., 2007). The fact that tran-
scripts 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 cas-
cade is activated that is detrimental to the cell. For example, sev-
eral 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 pro-
teins involved in the production of reactive oxygen species (ROS)
(Kiiltz, 2005; Syntichaki et al., 2005; Drose and Brandt, 2008). This
was also confirmed by the qRT-PCR results, where the A. areolatum
homologue of the NADH-quinone oxidoreductase was up-regu-
lated only during the incompatible interaction. Additionally, to
deal with the stresses that accompany incompatibility, A. areola-
tum appears to activate the expression of various systems to pro-
tect itself. Several of the identified ESTs encoded putative
proteins that are directly involved in the sensing of stress and in
the defence response (lakovlev and Stenlid, 2000; Kiiltz, 2005;
Horan et al., 2006; Gucciardo et al., 2007). Proteins known to be in-
volved 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; Pi-
nan-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.



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.

Contig information

BLAST information®

Gene Ontology®

Size (bp) Number of  GenBank Gene description GenBank matching E- Functional category
reads accession no. accession no. value
Hyphal
anastnomosis
264 1 HS976728 UTP-glucose-1-phosphate uridylyltransferase (Aedes aegypti) XP_001651137.1 1e—04 Protein amino acid glycosylation, GO:0006486
243 2 HS976749 Major Facilitator Superfamily (Mfs) transport monocarboxylase =~ XP_001258699.1 le—13 Carbohydrate metabolic process, GO:0006810
(Neosartorya fischer)

437 7 HS976674 Mucin (Trichomonas vaginalis) and Flocculin XP_001330599.1 1e—02 Cell adhesion, GO:0007155

210 2 (Saccharomyces cerevisiae) ABS87372.1 2e—02 Cell-cell adhesion, GO:0016337

210 2 HS976675 Mannoprotein (Filobasidiella neoformans) ABB48433.1 0.075  Agglutination during conjugation with cellular fusion,
G0:0000752

Stress and defence

response

430 3 HS976672 Cytochrome c oxidase subunit III (Russula rosacea) AADO02916.1 4e—44 Mitochondrial electron transport, GO:0022900

259 1 HS976710 2-Nitropropane dioxygenase (Filobasidiella neoformans) XP_572051.1 6e—18 Nitrogen compound metabolic process, GO:0006807

276 1 HS976712 Vacuolar protein ATPases (Aedes aegypti) XP_001657344.1 8e—14 Proton transport, GO:0015992

239 2 HS976666 Plasma membrane H*-transporting ATPase (Laccaria bicolour) XP_001885558.1 3e—18 Proton transport, GO:0015992

203 2 HS976679 Heat induce catalyse (CAT1) (Pleurotus sajor-caju) AF286097_1 2e—18 Oxygen and reactive oxygen species metabolic process,
G0:0006800

261 1 HS976732 Phenoloxidase (laccase) (Pleurotus ostreatu)s CAR48257.1 7e—22 Defence response, GO:0006952

167 1 HS976734 Phenoloxidase (tyrosinase) (Agaricus bisporus) CAA59432.1 3e-05 Defence response, GO:0006952

113 1 HS976702 COP9 signalosome complex subunit 7 (Aedes aegypti) XP_001649790.1 4e—06 Regulation of proteasomal ubiquitin-dependent protein
catabolic process, GO:0032434

240 2 HS976690 Aryl-alcohol dehydrogenase (AAD) (Filobasidiella neoforman) XP_567886.1 5e—06 Autophagy response to toxin, GO:0006914

254 2 HS976725 DNA ligase 4 (Laccaria bicolour) XP_001874645 4e—07 DNA ligation during DNA recombination and repair,
G0:0051103

254 2 XP_001874645 8e—15 DNA ligation during DNA recombination and repair,
G0:0051103

251 2 HS976680 Trehalose synthase (Grifola frondosa) BAA31349.1 le—32 Response to desiccation, GO:0009269

448 12 HS976655 Gata-binding protein 4 (Nasonia vitripennis) XP_001607828 2e—19 Regulation of transcription, GO:0006355

394 15 HS976701 Polyubiquitin (Sclerotinia sclerotiorum) XP_001598085.1 le—43 Ubiquitin-dependent protein catabolic process, GO:0016567

256 1 XP_001598085.1 6e—36 Ubiquitin-dependent protein catabolic process, GO:0016567

249 1 HS976735 NAD binding dehydrogenase family protein NP_593960.1 6e—10 Cellular response to stress, GO:0033554

263 1 (Schizosaccharomyces pombe) NP_596018.1 6e—18 Cellular response to stress, GO:0033554

216 20 HS976642 Mfs1.1 (Major Facilitator Superfamily) (Coprinus cinereus) AAF01426.1 6e—07 Transport, GO:0006810; Response to cAMP, GO:0051591

Program cell death

252 1 HS976695 Coatomer alpha-subunit (Apis mellifera) XP_623198.1 4e—35 Intra-Golgi vesicle-mediated transport, GO:0006891

248 1 HS976697 SFT2 like protein (snare like protein) (Ostreococcus tauri) CAL51925.1 3e—-10 Golgi to endosome transport, GO:0006895

278 5 HS976676 Myotubularin related protein (Apis mellifera) XP_623157.1 4e—09 Protein amino acid dephosphorylation, GO:0006470

264 2 HS976678 Casein kinase II (alpha subunit) (Aspergillus fumigatus) XP_747287.1 2e—17 Flocculation, GO:0000501

260 1 HS976746 Autophagy-linked FYVE protein (ALFY) (Homo sapiens) AAN15137.1 6e—05 Unknown

275 4 HS976686 NADH-quinone oxidoreductase AAQ24589.1 9e—27 Induction of apoptosis, GO:0043065

286 4 (Gloeophyllum trabeum) AAQ24589.1 7e-20

298 2 HS976670 Cytochrome c oxidase subunit II (Tilletia indica) YP_001492844.1 2e—06 Mitochondrial electron transport, GO:0006123

430 3 HS976672 Cytochrome c oxidase subunit III (Russula rosacea) AADO02916.1 4e—44 Mitochondrial electron transport, GO:0022900

236 1 HS976737 Ubiquitin activating enzyme E1 (Coccidioides immitis) XP_001246521.1 le—11 Cell death, GO:0008219

249 1 HS976696 Mitochondrial import inner membrane translocase subunit 8 NP_199894.1 6e—07 Mediates import and insertion of mitochondrial membrane

(Tim8) (Arabidopsis thaliana) proteins, GO:0008565

322 3 HS976668 ADP/ATP carrier protein (AAC) (Neosartorya fischeri) XP_001265129.1 8e—41 ADT:ATP transport, GO:0015866

251 1 HS976729 Serine/theorine-protein kinase (TAO1) (Culex quinquefasciatu)s XP_001864007.1 4e—08 Defence response, GO:0006952

Signaling

267 1 HS976718 Formin 3 (Tribolium castaneum) XP_970252.2 3e—13 Establishment or maintenance of cell polarity, GO:0007163

258 1 HS976719 MAP kinase (Pmk1) (Magnaporthe grisea) AAC49521.2 3e—22 Signal transduction during conjugation with cellular fusion,

(04008
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G0:0000750
9e—-06 Actin cytoskeleton organization, GO:0030036

9e—17 Ceramide biosynthetic process, GO:0046513

XP_973061.2
XP571121.1

Myocardin related transcriptional factor (Tribolium castaneum)

Ceramide synthase (sphingosine N-acyltransferase)

(Cryptococcus neoformans)

HS976716

260
262

HS976714

Cell cycle arrest, GO:0007050

0.86

XP_001553716.1

Similar to Serine/threonine protein phosphatase 2A (P2A)

(Botryotinia fuckeliana)

HS976720

268

8e—09 Translation, GO:0006412

NP_001040365.1

Nascent polypeptide associate complex subunit alpha

(Melampsora medusae)

HS976645

307

@ Database similarity identified using BLASTX (Altschul et al., 1990).

b 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., Pi-
nan-Lucarré et al., 2003). Several of the genes identified in this
study encoded proteins previously linked to autophagy. These in-
cluded 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 possi-
ble that autophagy is triggered during vegetative incompatibility in
A. areolatum to clear degraded DNA and proteins, damaged organ-
elles, 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 vegeta-
tive incompatibility in A. areolatum become inordinately severe to
be handled by autophagy, it is probable that PCD is triggered. Sev-
eral 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 de-
graded, 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 sig-
naling pathways appear to be central to the coordination of the cel-
lular responses during vegetatively incompatibility in A. areolatum.
These included the MAPK, cyclic adenosine monophosphate-
dependent 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 signal-
ing pathways is not clear. Since, the TOR pathway is thought to re-
spond 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, there-
fore, 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 experimen-
tally demonstrate a link with self/nonself recognition. Our qRT-
PCR 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 compat-
ible interactions, possibly coordinating and regulating processes
involved in hyphal fusion. However, its expression was up-
regulated 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
Involves lectin mediated cell-cell adhesion and recognition
(e.g., flocculin, mannoprotein)

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

Increase in cellular damaging agents
Increase in ROS, changes in pH and redox potential
(e.g., H* ATPases, 2-nitropropane dioxygenase,
cytochrome ¢ oxidase)

—

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

Activation of autophagy and stress response

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)

Increased cellular damage

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 pre-
vious studies enable us to propose a model for the events that may
occur during a vegetatively incompatible interaction in A. areola-
tum (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., in-
creased ROS production, changes in pH and redox potential) that
increase cellular stresses (e.g., degradation of DNA, organelle dam-
age, etc.), which then trigger a stress response. During this re-
sponse, 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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