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Abstract

The impact of loci that determine sexual identity upon the asexual, dominant stage of fungal life
history has been well studied. To investigate their impact, expression differences between strains
of different mating type during asexual development were assayed, with RNA sampled from
otherwise largely isogenic mat A and mat a strains of Neurospora crassaat early, middle, and late
clonal stages of development. We observed significant differences in overall gene expression
between mating types across clonal development, especially at late development stages. The
expression levels of mating-type genes and pheromone genes were assayed by reverse
transcription and quantitative PCR, revealing expression of pheromone and receptor genes
instrains of both mating types in all development stages, and revealing that mating type (maf)
genes were increasingly expressed over the course of asexual development. Interestingly, among
differentially expressed genes, the mat A genotype more frequently exhibited a higher expression
level than mat a, and demonstrated greater transcriptional regulatory dynamism. Significant up-
regulation of expression was observed for many late light-responsive genes at late asexual
development stages. Further investigation of the impact of light and the roles of light response
genes in asexual development of both mating types are warranted.
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1. Introduction

The genetics of sexual identity in most fungi are conferred by mating-type loci that exhibit
diversity in size, number, and sequence among different fungal groups (Lee et al., 2010).
Within the life cycle of heterothallic fungi, mating occurs when hyphae/conidiospores
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(conidia) from opposite mating-type strains meet at a pre-sexual stage, leading a diploid
stage after fusion of nuclei from both mating-types (Esser, 1971). The function of mating-
type genes has been intensively studied in fungal models during crossing and sexual
development (Glass and Lee, 1992; Saupe et al., 1996; Ferreira et al., 1998; Heitman et al.,
2007). However, vegetative stages of the life cycle, encompassing hyphal growth,
branching, anastomosis, and asexual sporulation, are generally dominant in fungal life
histories.

In general, fungal mating type is not considered to have a significant impact on the growth
or phenotypic characteristics of individuals (Coppin et al., 1993; Brasier, 1999), a finding
supported by research conducted on diverse fungal species (Dudzinski et al., 1993; Ahmed
et al., 1996; Bardin et al., 1997). Nevertheless, an association between mating type and
fungal pathogenicity has been demonstrated Kolmer and Ellingboe, 1988; Funnell et al.,
2001; Lin et al., 2006). Furthermore, in Neurospora, a superiority in perithecial production
of mating-type a (mat a) strains was observed in both intraspecific and interspecific crosses
(Dettman et al., 2003). Indeed, genetic differences between mating types relating to the
mating loci and their up/downstream regulated pathways have been investigated intensively
in Neurospora, yeasts, and some other fungi (Heitman et al., 2007), whereas orthogonal
studies of spatial differentiation in colony development without consideration of mating type
have been performed in Aspergillus nigerand N. crassa (Levin et al., 2007; Kasuga and
Glass, 2008; Greenwald et al., 2010). Recently, regulation of mating types on their target
genes were investigated using genome wide gene expression profiling for heterothallic
fungus Podospora anserina, and mating-type transcription factors were found to have impact
on genes not directly related to mating in P. anserina as well as in Gibberella moniliformis
(Keszthelyi et al., 2007; Bidard et al., 2011). Although genome-wide transcriptional
profiling in N. crassa has been applied to identify genes expressed in diverse stages of
development (Bell-Pedersen et al., 1996; Nelson et al., 1997; Zhu et al., 2001; Kasuga and
Glass, 2008; Greenwald et al., 2010), it has not been applied to ascertain life history
differences between mating types. Further characterization of gene expression associated
with mating type in A. crassa will be of great interests for future studies of the basic
phenomena of life such as mating, asexual and sexual reproduction, and mitotic
recombination in fungi.

In the heterothallic model fungus N. crassa, a bipolar mating system is conferred by the
idiomorphic matlocus, which encodes mat aand mat A in opposite mating types. The mat
a-1gene, encoding a single HMG box protein called MAT a-1, has been identified as the
major mating regulator in mat a strains (Chang and Staben, 1994), although the additional
transcribed ORF mat a-2is also identified in this region (Péggeler and Kiick, 2000). The
genes of the mat A idiomorph encode three proteins: MAT A-1, A-2 and A-3 which are
characterized by MAT - HMG (Martin et al., 2010), PPF (Kanematsu et al., 2007), and
MATA-HMG domains (Ferreira et al., 1996, 1998). Differential gene regulation for the two
mating types should be traceable to differential regulation by genes at the matlocus, which,
in trans, is known to regulate the expression of presumably mating-type specific pheromone
precursors and receptors during the process of mating (P6ggeler and Kiick, 2001; Bobrowicz
etal., 2002; Kim et al., 200; Kim and Borkovich, 2004, 2006; Péggeler, 2011). Knockout
strains of matloci also show no morphological differences from wild-type in V. crassa
during vegetative growth (Ferreira et al., 1998). Nevertheless, pheromone genes are
maintained in the genomes of true homothallic fungi like Neurospora africana, Sordaria
macrospora, and Anixiella sublineolata, and are expressed in the asexual life cycle of .
africana, Gibberella zeae, and S. macrospora, suggesting an alternate or pleiotropic function
in vegetative development (Kim et al., 2002; Péggeler et al., 2006; Lee et al., 2008).
Although mat genes are undergoing genetic decay in some homothallic species, including .
africana, the ORF of mat A-1 was intact in all these species (Wik et al., 2008). Perhaps in
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part due to poorly understood pleiotropic functions, previous studies have revealed
conflicting results with regard to the expression of pheromone precursors in strains of
different mating types. Pheromone precursor gene mfa-1 has been attributed specific
function only in mat a, yet it can be detected at a low expression level in mat A tissues (Kim
etal., 2002).

The functions of N. crassa mating type proteins and pheromone precursors and receptors in
the mating processes are well studied. However, their functions during pre-mating asexual
development are not clear. In the recent studies of Podospora anserinaand Sordaria
macrospora, mating type specific expression was observed for genes with diverse function,
includingmetabolism, information pathways, transport, and developmental processes
(Bidard et al., 2011; Klix et al., 2010). However, these studies focused on crossing and
sexual development, and no core genes active in asexual development, such as the cell
division cycle genes (cdc), conidiation genes (con), and heat shock protein genes (/sp), were
found differently expressed between mating types. During asexual development, these genes
are of critical function, and regulation of many these genes, including clock-controlled genes
(ccg) and con genes, has not been well understood. In most organisms, circadian oscillators
regulate the rhythmic expression of ccgs, and the two best characterized ccgsin Neurospora
areccg-1 andccg-2, known as morning-specific genes. Whilethe precise function of ccg-1,
which is conserved among filamentous fungi and can be induced by heat shock, is elusive,
the gene ccg-2encodes a secreted hydrophaobic protein belonging to the hydrophobins,
which coat the outer cell wall of fungi and maintain the cell-surface hydrophobicity for air
dispersal of mature conidiospores (Bell-Pedersen et al., 1992; Vitalini et al., 2006). The
production and release of conidiospores in fungi is also subject to the circadian clock, and
daily rhythms in spore development and spore discharge are common in fungi (Bell-
Pedersen et al., 1996). At least four con genes, including con-6, con-8, con-10, and con-11,
are known to be expressed during development of three types of spores in . crassa (Sachs
and Yanofsky, 1991; Springer, 1993). Nevertheless, disruption of these genes does not cause
a discernible phenotype in spore morphology, abundance of spores, conidial germination
efficiency, nor ability to function as either parent in sexual crosses (Springer and Yanofsky,
1992; Springer, 1993).

In this study, we investigated the global expression differences between largely isogenic
strains of different mating type. Mating-type specific expression of genes was quantified
using genomic microarrays. The minimal differences in genetic background between highly
isogenic mating types provided a straightforward system for investigating transcriptomic
shifts of metabolic and regulatory function during morphological development. To maintain
a controlled environment for investigating asexual development, the light-induced internal
oscillator of N. crassawas repressed by a long treatment of constant light, and to avoid
temperature-retained clock, a constant temperature was maintained through the experiment.
Even under such controlled constant-light conditions, nominally light-responsive genes
continue to play a central role in fungal development, so we investigated the behavior of
light responsive genes (Chen et al., 2009) for clonal development under a condition of
constant light. Furthermore, we performed reverse transcription and quantitative polymerase
chain reaction (RT-gPCR) to determine, for the first time, expression of mat genes, the
pheromone precursor genes ccg-4 and mfa-1, and the receptor genes pre-1 and pre-2 at
different stages of clonal development in N. crassa.

2. Experimental procedures

2.1. Strains and conditions

N. crassa strains FGSC 4200 (mat &) and FGSC 2489 (mat A) were obtained from the
Fungal Genetics Stock Center (Kansas City, MO). FGSC 4200 was derived from a long
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series of recurrent backcrosses to strain FGSC 2489, and is generally regarded as highly
isogenic to the latter (Mylyk et al., 1974; Newmeyer et al., 1987; Perkins, 2004; McCluskey
et al., 2010). The strains were grown on Bird Medium (Metzenberg, 2004) covered by a
cellophane membrane (Fisher Scientific) at 26°C under constant light. Light was provided
by Ecolux bulbs (F17T8.SP41-ECO, General Electric Company) amounting to a net
intensity of 14uMol/m?S at the media surface, measured at wavelengths between 400nm to
700nm. Mycelia were harvested from 90 mm Petri dishes at 36 h, 60 h, and 96 h,
corresponding to vegetative growth (colony-size 30-50mm), start to middle of conidia
production (50-70mm), and post-peak of conidia production (90 mm), respectively. From 96
h to 144 h in Bird Medium, no protoperithecia were formed. After inoculation, fungal tissues
(mycelia) that covered the surface of cellophane membrane were collected with razor blade,
snap frozen in liquid nitrogen, and stored at -80°C. We compared the overall gene
expression patterns of the whole clones, which are composed of vegetative hyphae and
asexual reproduction structures, among different time points for strains of both mating types.
Our sampled gene expression pools were thus presumably more heterogeneous than in other
sampling methods that address gene expression associated with development of specific
hyphal morphology. Nevertheless, we demonstrated improved resolution in identifying
differentially regulated genes.

2.2. Multi-targeted priming (MTP) design

We used multi-targeted primers (MTPs), degenerate oligonucleotides complementary to
mRNAs but not non-coding RNAs, to facilitate selective reverse transcription of mMRNA and
elimination of contamination by rRNA and tRNA, leading to improved microarray assay
sensitivity (Adomas et al., 2010). Adomas et al. (2010) identified an MTP
(VWNVNNBDKGGC) that exactly targets 9826 ORFs in . crassa (85%), that additionally
showed strong binding (GC) in the 3" end. It inexactly primes reverse transcription of all
other known transcribed genes as well (Adomas et al., 2010 and unpublished data).

2.3. Sample preparation and hybridization microarrays

Total RNA was extracted from homogenized tissue using TRI REAGENT kits (Molecular
Research Center) for three to ten biological replicates for the same time point, and was
pooled together for next step. Messenger RNA was purified using Oligo(dT) Cellulose
Columns (Molecular Research Center) as in Clark et al. (2008). For reverse transcription, we
used 2 pg of purified mRNA and 0.25 g oligo(dT) mixed with 0.25pg Neurospora-specific
MTP. The resulting cDNA was labeled reciprocally with cyanine dyes (Townsend and Hartl,
2002) and used for hybridization. To rule out any accidental contamination with tissue or
RNA from the opposite mating type, detection of expression of mating loci mat A and mat a
was used, validating the purity of all RNA samples. Twenty-six hybridizations were
performed, including dye-swaps originating from independent reverse transcription reactions
and some technical replicates where three or more comparisons were made (Fig. 1).
Microarrays were composed of 70mer oligonucleotides synthesized by Illumina (San Diego)
for 9,826 ORFs identified by the Broad Institute
(http://www.broad.mit.edu/annotation/genome/neurospora) as in Kasuga et al. (2005),
robotically printed on CMT gamma-aminopolysilane-coated glass slides (Corning, Corning,
NY) at the Yale University Center for Genomics and Proteomics.

2.4. Microarray data acquisition and analysis

Hybridized microarray slides were scanned with a GenePix 4000B (Axon Instruments,
Foster City, CA). Spots were located and expression was quantified by the GenePix 4000
software. All spots were verified by eye, and those with unusual morphology or with erratic
signal intensity distribution were excluded from all analyses. Raw intensity was normalized
as in Townsend (2004). Genes were considered expressed and deemed well-measured when

Fungal Genet Biol. Author manuscript; available in PMC 2013 July 01.


http://www.broad.mit.edu/annotation/genome/neurospora

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 5

the median spot foreground exceeded the median background plus two standard deviations
of the background intensity. Normalized data were then statistically analyzed using
Bayesian Analysis of Gene Expression Levels (BAGEL, Townsend and Hartl, 2002;
Townsend, 2004). We additionally performed BAGEL analyses on subsets of the
experiment. After normalization and BAGEL analyses, we obtained well-measured gene
expression data for 4,491 genes out of 9,826 genes printed on the array (Table I,
Supplemental Table S1). Well-measured genes were considered significantly differentially
expressed when P< 0.05.

To quantify the power of the experiment, the gene expression level at which there was a
50% empirical probability of a significant call (GEL5p) was estimated by a logistic
regression of statistical significance against log, fold-change (Townsend, 2004). To ensure
that no subset of the data had greater experimental power due to technical differences in
microarray quality, we examined the statistical powers for each subset. The GELgq values
were largely consistent among the subsets with one exception concerning the 60 to 96h
subset (Table I). Thus, differences in numbers of detected genes were mostly biological in
origin and not attributable to differences in quality of hybridization or statistical power
applied to each subset.

2.5. Real-time quantitative PCR

Reporter oligonucleotides for genes mat a-1 and mat a-2 were not present on our microarray.
Additionally, expression of mating type genes, pheromone precursor ccg-4, and receptor
pre-2, was not detected with the microarray. Accordingly, we measured transcription of
these genes and pheromone precursor mfa-1 and receptor pre-1 by reverse transcription and
quantitative PCR. The function of mat a-2has not been well characterized in Meurospora
crassa, and we did not assess its expression level during asexual development in this study.
RT-gPCR analyses were also used to verify microarray results on selected genes. For RT-
gPCR analyses, 2j.g of mMRNA was reverse transcribed with Superscript |1 reverse
transcriptase (Invitrogen, Carlsbad, CA) for each of two biological replicates, which were
pooled mRNAs extracted from three to 10 plates under the same culture condition as for the
microarray samples, and for three technical replicates with each of two concentrations
(50nM and 300nM) of primers. Relative transcript abundance was quantified using the
Applied Biosystems 7500 Fast Real-Time PCR System and SYBR Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA) according to the manufacturer's recommendations. The
ATP citrate lyase and acyl-CoA dehydrogenase, whose expression was invariant in the two
N. crassa strains in all time points for both mating types of the microarray experiment, were
used as endogenous control references for gPCR. The comparative Ct (AACY method (Livak
and Schmittgen, 2001) was used to calculate transcript levels from triplicates. Real-time
PCR normalization and standard error computation followed Applied Biosystems protocols
(Table I) and statistical analyses were performed with BAGEL (Townsend, 2004) as well
(Table I, Supplemental Table S1).

2.6. Functional and phylogenetic classification of genes with mating type dependent gene

expression

The Functional Catalogue (FunCat: http://mips.helmholtz-muenchen.de/proj/funcatDB/)
provided groupings of genes according to their cellular or molecular functions (Ruepp et al.,
2004). We partitioned genes that showed monotonically increasing or monotonically
decreasing patterns in expression for each mating type. We examined p-values for the
comparisons of the neighboring stages (i.e., 36 h vs. 60 h and 60 h vs. 96 h) to identify genes
showing increasing or decreasing patterns with credibility higher than 95% for each
comparison (Tablelll). Statistical significance of overrepresentation of gene groups in
functional categories relative to the whole genome was calculated by applying the
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hypergeometric distribution to the MIPS gene groups
(http://mips.gsf.de/proj/funcatDB/help_p-value.html). Further functional analysis of genes
and pathways with significantly differential expression was performed using biochemical
pathways and annotation from the Kyoto Encyclopedia of Genes and Genomes (KEGG,
Kanehisa and Goto, 2000).

In this study, genes exhibiting different expression patterns between mating types during
clonal development were mapped onto the classification of Kasuga et al. (2009) for their
phylogenetic distribution (Table 1V). Genes were classified into six mutually exclusive
clade-specific groups: Eukaryote/Prokaryote-core, Dikarya-core, Ascomycota-core,
Pezizomycotina-specific, N. crassa-orphans, and “others”. Three threshold values of length-
adjusted protein identity were used by Kasuga et al. (2009) to group genes. We used the
classification based on the lowest threshold values, which provided us the strictest list of
Neurospora orphan genes from that study.

2.7. Supporting information and the Neurospora functional genomics microarray database

3. Results

The complete expression data set is available in the supporting information (Table SI), on
the Townsend Lab web site (http://www.yale.edu/townsend/), and in the filamentous fungal
gene expression database (FFGED, Zhang and Townsend, 2010). NCU numbers correspond
to the second NCU version of N. crassa genome annotation, unless otherwise specified.
Specific primers designed for the RT-gPCR were provided as well (Supplemental Table S3).
The data set is also available at the Gene Expression Omnibus of the National Center for
Biotechnology Information (GEO http://www.ncbi.nlm.nih.gov/geo/) as accession
GSE26209.

3.1. Genome-wide quantified expression of genes associated with asexual development

A total of 4491 genes were well measured during asexual development (Table 1), including
genes playing key roles in asexual development. Among 3848 genes expressed in mat A
during asexual development, 86 genes exhibited no detectable expression in any stage inmat
a. Among 3553 genes expressed in mat a, 11 genes were not detected in any stage in mat A.
Among 4296 genes detected for both mating types from 36 h to 60 h of development,
expression of 106 genes was not detected at 96 h stage for at least one mating type. Among
3403 genes substantially expressed in both 60 h and 96 h stages, expression of 58 genes was
not detected at 36 h stage for at least one of the mating types. We found 106 out of 4296, 58
out of 3402, 86 out of 3847, and 11 out of 3553 genes only detected in the subsets
respectively (Table I). For 36 h, 60 h, and 96 h comparison between mating types, we
observed 44, 61 and 469 genes expressed significantly higher in mat A strain while 233,
159, and 744 genes expressed significantly higher in mat a strain (Table I, Supplemental
Table S1).

Genes of special interest in asexual development, including numerous Asp, cdc, con, ccg
genes, and known transcription factors, showed significant changes of expression level
across clonal development. Expression of ccg-1, ccg-2, and three con genes, con-6, con-8,
and con-10, was well measured in this study (Table I, Supplemental Table S4). The
expression of ccg-1 was generally similar between mating-types, but a significantly
decreased expression during asexual development for ccg-2was observed for only mat ain
both microarray and RT-gPCR experiments. The expression pattern of con genes was also
similar between mating-types, including down-regulated expression of con-6 and up-
regulated expression of con-8across asexual development. Genes of interest were further
verified by RT-qPCR for all three time points (Table S2). Among the 17 selected genes, 9
genes, including Asp101, cdc3, cdc4a, cde4b, C2H2 TFs (CRE-repressor, and fle), con-8,
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ccg-1, and ccg-2, exhibited corresponding expression patterns via RT-gPCR assay to those
estimated from the microarray experiment, but with higher fold-changes. While the
microarray result was not statistically significant, the genes encoding transcription factors
NCUO04179 and NCU03184 bhoth exhibited up-regulation by RT-gPCR. Conidiation-related
gene con-10exhibited an increasing expression at later development stages for both mating
types in the microarray experiment, and our RT-gPCR results agreed with this result except
that highest expression for con-10was measured at 36 hr for the mat a strain. Expression of
some genes that were not detected by the microarray experiment in either mating type, like
hsf2, or that were detected in just one of the mating types, such as cdc6, cdc12, teal, and the
ste1&like gene NCUO00041, were detected by RT-gPCR. RT-gPCR provides substantial
validation of microarray results, as it is a more sensitive assay than a microarray for
detection of differences in expression for genes expressed at low levels (Wang et al., 2006),
especially in this study, when more biological replicates were assayed performing real time
PCR.

3.2. Real-time quantitative PCR for mating type genes, pheromone precursors and

receptors

During asexual development, all mating type genes monotonically increased in expression
during the course of asexual development (Fig. 2). In the mat A strain, the expression of all
three mat A coding genes, mat A-1, mat A-2, and mat A-3, increased between 36 h and 96 h,
and a 250 fold increase was measured for mat A-2from 36 h to 96 h. The mat a-1 (GenBank
P36981.2) gene exhibited a steady and linear increase in expression compared to the A
mating type genes. Pheromone precursors ccg-4 and mia-1 are regulated separately by mat
A-I1and mat a-1 (Nelson et al., 1997; Bobrowicz et al., 2002; Kim et al., 2002; Kim and
Borkovich 2006), and we observed previously reported expression patterns, but also found
the pheromones and receptors to be regulated in the other mating-type (Table 11). Consistent
with previous studies, different levels of expression of pheromone precursors ccg-4 and
mfa-1, and the receptors pre-1 and pre-2, were observed in all samples from both mating
types (Table 1I). For the mat A strain, expression of ccg-4 is regulated by the mat A-1 gene
products with a circadian rhythm (Bobrowicz et al., 2002). Our experiments demonstrated a
strong correlation between the increasing expression patterns of ccg-4 andmat A-1, with a 3-
fold increase of ccg-4from 36 h to 60 h and a nearly 80-fold increase from 60 h to 96 h in
mat A. A less than statistically significant increase (about 1.2 to 1.5 in fold change) of pre-2,
the putative receptor of ccg-4, was observed. We detected about a ten-fold increase in
expression of /mfa-1, a pheromone precursor generally considered to be mat a specific, at the
late development stage of the mat A strain. For the gene pre-1, the putative receptor of the
MFA1 pheromone, a peak at 60 h samples of mat A was observed. For the mat a strain,
expression of /mfa-1 is probably regulated by the mat a-1 product and by the circadian clock
(Bobrowicz et al., 2002). However, transcription of mfa-1 peaked at 60 h, then dropped
significantly, while transcription of mat a-1 peaked at 96 h. Interestingly, transcription of
both pre-1and pre-2increased during clonal development, peaking at 96 h in the mat a
strain.

Transcription of mfa-1 and pre-1 was also measured with microarray analysis, and neither
gene showed a significant change in transcription during the asexual development in either
mating type, which was not consistent with our RT-qPCR results. Expression of pheromone
precursors ccg-4 and mfa-1 was known to be low in vegetative growth and high in conidia
(Bobrowicz et al., 2002; Kim et al., 2002; Kim and Borkovich 2006), but expression of these
genes was not well-measured in reproduction of conidia using the same microarray (Kasuga
and Glass, 2008). As our RT-qPCR results for all pheromone precursors/receptors and
mating-type genes were based on more biological replicates, and showed corresponding
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expression patterns in that they were all significantly up-regulated during conidiation, we
deemed the RT-gPCR measurements of transcription for these genes to be more accurate.

3.3. Up- and down-regulation of gene sets within functional categories of genes

Significant enrichment in different functional categories was observed for genes showing
different expression patterns between mating types. The expression of 79 and 64 genes
increased significantly, and 66 and 102 genes decreased significantly, across asexual
development for mat A and mat a, respectively. Of those, we found 78, 61, 61, and 95
respectively, in the Functional Category database (Ruepp et al., 2004; Table I11). Seventy-
eight genes of increasing expression in mat A were classified into 25 functional categories
as significantly enriched (P< 0.05, Table Il Table I1l A), including genes involved in
homeostasis of metal ions and meiosis. In contrast, for 61 genes of increasing expression in
mat a, only three functional categories exhibited significant enrichment. In other words, the
number of Funcat categories that showed significant enrichment was much higher for mat A,
and most of these categories were not shared between mating types. Three categories
exhibited significant enrichment in both: channel/pore class transport, oxygen and radical
detoxification, and metabolism of alkaloids. For genes with decreasing patterns, 95 genes
were classified into 17 functional categories as significantly enriched in mat a (Table 111 B).
These included virulence and disease factors and metabolism of the cysteine — aromatic
group. However, none of these categories was enriched with down-regulated genes in mat
A, except for the biosynthesis of threonine. Down-regulated genes in mat A were enriched
for 12 other functional categories, including mitochondrial and nuclear transport.

3.4. Expression of light response genes during the clonal development

Genes in N. crassathat are known to respond to induction by light exhibited a similar pattern
of early and late induction, albeit over a much longer period of time, during asexual
development under constant light. More than 300 early light responsive genes (ELRGSs) and
late light responsive genes (LLRGS) are known to change in expression after light induction
(Chen et al., 2009). From 126 ELRGs and 157 LLRGs on the N. crassa array, expression of
59 ELRGs (Table S5) and 80 LLRGs (Table S6) were detected during asexual development
for both mating types (Fig. 3). Among the 59 ELRGs detected, there were 13 genes in the
mat a genotype and 25 genes in the mat A genotype exhibiting significant up-regulation
from 36 h to 96 h (P < .05). The largest increase in expression was observed for a NonF
related protein NCU06603 (2.7 in mat aand 3.1 in mat A) and for a probable cyanate lyase
NCUO01258 (1.8 in mat aand 2.7 in mat A). There were 11 genes in the mat a genotype and
12 genes in the mat A genotype showing significant down-regulation from 36 hto 96 h (P
<.05). The largest decrease in expression was of a probable NADPH2 dehydrogenase
NCU04452 (1.3 to 2.3-fold) in both mating types. Among the 80 LLRGs detected, there
were 52 genes in the mat a genotype and 55 genes in mat A showing significant up-
regulation from 36 h to 96 h (P < .05). The largest differences across time points in
expression were of con-8(16-fold in mat aand 19-fold in mat A), NCU05490 (7-fold in mat
aand 16-fold in mat A), and NCU00322 (14-fold in mat aand 7.5-fold in mat A). Changing
expression across asexual development in LLRGs was widespread. There were more than 20
LLRGs in both mating types that exhibited up-regulation over 3-fold from 36 h to 96 h, but
we found no LLRGs showing significant down-regulation from 36 h to 96 h.

3.5. Phylogenetic depth of genes differentially expressed between mating types in asexual
development

Because mating-type genes are fast evolving, it is helpful to the elucidation of their
functional interactions with the rest of the genome to examine the phylogenetic depth of
genes differentially expressed between mating types. Mating-type impacted expression of
genes evolving at diverse rates. Divergent expression patterns for mating types during clonal
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development from this study were mapped onto the phylogenetic distribution classification
of Kasuga et al. (2009, Table 1V). Many differences between the two mating types in gene
expression during asexual development did not correspond to fast-evolving, novel
Neurospora- specific genes. Most expression differences between mat A and mat a were
detected in genes with orthologues present in the core genomes of Eukaryotes and
Prokaryotes (47%, 802 out of a total 1705 significant differences observed). A lower
frequency of differential expression between mat A and mat a was observed for
Pezizomyceta-specific genes (27%) and Neurospora orphan genes (11%).

4. Discussion

We have provided the first genomic characterization of gene expression differences during
clonal development within both mating types of N. crassa. Gene expression levels for both
mating types throughout vegetative development were characterized for mating type genes,
pheromone precursors and receptors, for genes related to conidiation, for light responsive
genes, and for genes showing different levels of phylogenetic affiliation (level of
conservation) within eukaryotes. In general, fungal mating type has not been thought to
affect individual fitness during clonal development, perhaps because morphological
differences have not been observed between mating types of model filamentous fungi such
as Neurospora crassa. However, genes close to the mating type locus have shown mating
type-specific expression during sexual development in N. crassa (Randall and Metzenberg,
1998). Mating type genes' impacts on genes other than pheromone precursors and receptors
have been reported in Fusarium, Sordariaand Podospora species (Poggeler et al., 2006;
Keszthelyi et al., 2007; Klix et al., 2010; Bidard et al., 2011). Our results demonstrate
significant differences in gene expression between N. crassa strains of differing mating type
during asexual development. Corresponding relations between mating types and fungal
asexual development in diverse fungi have been previously reported (Kolmer and Ellingboe,
1988; Funnell et al., 2001), and, moreover, mating types are well known to exhibit
differences in superiority of crossing and sexual development in Neurospora species
(Dettman et al., 2003). In this study we made use of largely isogenic strains of N. crassa
mating types. Sequence and hybridization data show that even the centromere-proximal
flanks of the mat A and mat a idiomorphs are highly similar for . crassa (Randall and
Metzenberg, 1995), but full verification for the isogenic status requires genome sequencing
of the mat a strain.

4.1. Regulatory interactions with mating type complicate conidial gene expression

Expression levels of the two best-characterized ccgsin N. crassa, ccg-1and ccg-2, appear to
be regulated by non-clock controlled factors under a constant light condition. Genes ccg-1
and ccg-2are known as morning-specific genes, and were well measured in this experiment
(Table S2,S4). The gene ccg-2 decreased significantly in expression in mat a during
conidiation (Table S2, S4). Decreased expression of ccg-2 could be associated with lower
conidial dispersal; in any case, the divergent expression between mating types is challenging
to explain unless mating types have a proclivity toward playing different roles during life
cycle in the natural ecosystem. For example, opposite mating types growing in the same
environment may time their asexual and sexual reproduction differently to maximize mating
success. In a daily rhythmic light environment, expression of ccg-1 and ccg-2 are regulated
by frg-oscillator and some other factors (Arpaia et al., 1995; Vitalini et al., 2004). The
observed divergence in expression between mating types suggests that there are likely
regulators other than frg, we-1, and we-2, for expression of ccg-1and ccg-2.

Typically, genes involved in conidia reproduction (con) were similarly expressed between
the two mating types. Expression of three con genes, con-6, con-8, and con-10was
measured across asexual development for both mating types in this study (Table S4). The

Fungal Genet Biol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 10

gene con-6is expressed upon induction of conidiation, reaching high levels at the late stages
of conidiation (White and Yanofsky, 1993) and in mature conidia, but is not detectably
expressed in mycelium. The down-regulated expression pattern for con-6 found in this study
was the same pattern as described by Greenwald et al. (2010), but differed from other
studies that did not maintain a constant light environment (White and Yanofsky, 1993). The
genes con-8 (up-regulated) and con-10 (no significant change) were also expressed in our
study in a similar pattern to that described by Greenwald et al. (2010). For the gene con-8,
there is no clarity about its function in conidiation and no evidence its expression is
regulated by light or clock-controlled elements. Previous studies in different light
environments also demonstrate that con-&is expressed in older cultures at a high level
(Roberts and Yanofsky, 1989; Sachs and Yanofsky 1991).

4.2. Mating type genes showed no mating-type specific regulation on expression of
pheromone precursors and receptors

Transcription of pheromone genes could be more complex than just mating-type specific.
Although mating-type specific expression of pheromone precursors was well established
with mating-type knockouts (Bobrowicz et al., 2002), co-expression ofccg-4 and mfa-1 has
been observed in wild type strains of /mat A and mat aand mutant mar a-1"33 (Zhu et al.,
2001; Bobrowicz et al., 2002; Kim et al., 2002). The co-expression of both ccg-4and mfa-1
observed in this study implies transcription of these genes is not solely dependent on
transcription of either mat A-1 or mat a-1 separately. Accg-4 mat Aand Amfa-1 mat a
strains completely lose male fertility, a trait attributable to the production of conidia that fail
to induce trichogynes from female structures in opposite mating types (Kim et al., 2002;
Kim and Borkovich, 2006). A ccg-4 mat aor Amfa-1 mat A strains exhibit normal
chemotropic attraction and male fertility and show no detectable phenotypic changes in their
vegetative growth (Kim and Borkovich, 2006). Examination of female fertility of those
mutants revealed that A ccg-4, Amfa-1and A ccg-4A mfa-1 double mutants in mat A and mat
a exhibit normal protoperithecial development (Kim and Borkovich, 2006). Based on
observed differential transcription patterns of pheromone receptor genes, pre-2and pre-1, in
and between mating types in this study and previous studies (P8ggeler and Kiick, 2001; Kim
et al., 2002; Kim and Borkovich, 2004), regulation of transcription of pre-1 and pre-2
appears to be independent from the transcription of pheromone precursors. However, mMRNA
level of pre-2was more consistent during asexual development than pre-1 between mating
types. Unlike previous studies measuring pheromone precursors only in conidia and pre-
conidiation mycelium in liquid cultures, we examined transcription of pheromone genes
from the whole clone composed of a mixture of tissues undergoing vegetative growth and
conidiation. Comparatively low transcription of ccg-4in mat a (about 27% of that in mat A
at the highest expression) and high expression of mfa-1in mat A (about 72% of mfa-1in
mat a at the highest expression) during asexual development deserve further investigation to
better characterize basal level of expression and the extent of stochastic variation in
transcription of these genes. Identification of the location of the transcripts of these genes in
surface hyphae and other mycelial tissues is thus called for. Interestingly, the transcription of
mfa-1in the mat astrain and its receptor pre-1 in mat A strain showed the same pattern
across asexual development, with peak transcription at the 60 h stage, while transcription of
ccg-4and pre-2also had matching patterns, but peaked at 96 h in mat A and mat a strains.
This difference in peak transcription implies that there may be different timings of mating
proclivity between mating types. If such differences operate in nature, it would challenge the
paradigm of the independence of genetic mating type (/mat A, mat &) and phenotypic gender
(conidia or protoperithecia as in Neurospora crassa) in fungi. However, pre-pro-pheromones
encoded by ccg-4 or mfa-1 in ascomycetes are translated and further processed to become
mature pheromones excreted by appropriate cells (Pdggeler, 2011), and post-transcriptional
repression of the expression of pheromone genes by opposite mating type was demonstrated
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in P. anserina (Coppin et al., 2005). Processing of pre-pro-pheromones in N. crassa is not yet
well annotated, and transcription of many genes similar to those involved in S. cerevisiae
pheromone processing, including endopeptidase (NCU03219), carboxypeptidase
(NCUO04316), and farnesyltransferase (NCU05999), was not detected in this study.
However, transcription of genes similar to S. cerevisiae pheromone processing genes ram2
(NCU03632), ste13(NCU02515), ste14 (NCU00034), ste24 (NCU03637), and AXL1
(NCU00481), was well measured, and transcription of NCU03637, NCU00034, and
NCU00481 all showed significant increase during the asexual development in both mating-
types (Table S1). Thus, further investigation of pheromone molecule concentration is
required to test if transcription levels of pheromone precursors measured in this study
directly reflect the protein level of mature pheromones in the system.

As our experiment was performed with samples exposed to constant light and temperature,
the impact of the circadian clock on pheromone precursor genes is presumably muted. The
overall transcription of mating locus and corresponding pheromone precursor genes and
receptor genes was, however, clearly correlated with development stages. Intriguingly, these
mating-type specific genes exhibit dramatic changes in transcription during “asexual”
development. Accordingly, late asexual development may best be regarded as a time of pre-
sexual development, where genetic preparation for mating and sexual reproduction starts.
However, development of protoperithecia in . crassarequires different growth conditions
(Adomas et al., 2010), and we did not include any samples of protoperithecia in this study.

4.3. Functional category classification implies a need for further evaluation of the effects
of mating type in studies of asexual development

Enrichments of genes in functional categories observed in this experiment imply distinct
genetic regulatory mechanisms in mat A and mat a strains, mechanisms which up-regulate
certain groups of genes during colony expansion in mat A genotypes, and mechanisms that
down-regulate other groups of genes in mat a genotypes. Most genetic studies with
Neurospora crassa have been carried out using the mat A mating type strains with little
concern for the effect of this choice of genetic locus for sexual identity. However, our study
shows that “asexual” development of V. crassa does have cryptic “sexual” components.
These subtle differences associated with mating type will have implications for designing
experiments for studying the genetic basis of asexual phenomena, such as conidiospore
formation and protoperithecia development.

4.4. Expression of early and late light responsive genes during clonal development

Early and late light responsive genes are expressed differently during clonal development in
both mating types. Light is suggested to play a critical role, via circadian systems in the
mediation of sexual and asexual development in A. crassa, and the genetic basis of light
responses in fungi has been studied for decades (Dunlap and Loros, 2004; Purschwitz et al.,
2006, 2008; Chen et al., 2009). A constant light condition is generally used in the study of
reproduction and associated morphological development in A. crassa and some other fungi
(Hallen et al., 2007; Kasuga and Glass, 2008), yet the systemic effect of a constant light
environment on N. crassa has not been examined. Underlying the complicated nature of
biological reaction toward light, about 340 early light responsive genes (ELRGSs) and late
light responsive genes (LLRGS), over 92% of the total identified light-responsive genes,
exhibit demonstrated changes in response to light (Chen et al., 2009). In experimental
exposures to 4 hours of constant light following a long period of constant darkness, the
ELRGs peaked between 15 and 45 min after the onset of light, and LLRGs peaked later:
between 45 and 90 min (Chen et al., 2009). Although expression of we-1, we-2, and related
frg were not measurably detected in this experiment, differences in expression patterns
across asexual development between ELRGs and LLRGs were clear (Fig. 3, Table S5,S6).

Fungal Genet Biol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 12

We found that some LLRGs appear to be critical for late asexual development in/Neurospora
crassa. Expression of LLRGs is suggested to be regulated by light, probably via ELRGs
(Chen et al., 2009). Via these mechanisms, the fungus is capable of sensing the light
environment in a daily manner and is prepared to respond developmentally when
appropriate levels of light and/or an appropriate stage of asexual development are reached.
In Fusarium verticillioides, a fungal pathogen closely related to V. crassa, transcript levels
of genes involved in photo-inducible carotenoid biosynthesis and of a green-light sensor
similar gene carO were significantly reduced in a sFVvMAT1-2-1 (mat &) knockout mutant
(Keszthelyi et al., 2007; Adam et al., 2011). Our data showed a significant down-regulation
for a carotenoid biosynthesis gene a/-1 (NCU00552) in mat A, while a consistent expression
level of this gene in mat a during the asexual development in A. crassa.

To summarize, mating loci were expressed at increasing levels during asexual development,
and expression of pheromone precursors ccg-4 and mfa-1 and receptors pre-1 and pre-2
were detected in both mating types in all development stages. Moreover, expression of
mating-type-specific pheromone-related genes occurred at different levels in the two mating
types. This mating-type specific pheromone-related gene expression may relate to divergent
roles of mating types in pre-sexual development and crossing. These divergent roles are also
supported by the observation of significant differences in overall gene expression between
the mating types across asexual development, especially at the late development stage prior
to sexual differentiation. The mat A strain tended to exhibit heightened expression for many
of the differentially expressed genes, and typically exhibited more dynamic regulation of
gene activity. As we did not use completely isogenic strains of the two different mating-
types, some of the differences observed may be attributed to other genetic variations
between the two strains. Our results also call for further investigation of the impact of light
and roles of light response genes in asexual development in this fungus, given significant
up-regulation of expression was observed for many late light responsive genes at late
asexual development stages in both mating types.
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Figure 1.

Experimental design for microarray comparisons of sex-specific gene expression during
asexual development of NMeurospora crassa. Each arrow represents an independent reverse
transcription and microarray hybridization from numerous pooled biological replicates. Each
arrowhead corresponds to the sample labeled with cyanine 5-dUTP, and each blunt end
corresponds to the sample labeled with cyanine 3-dUTP. All samples were compared
directly to neighboring time points, and the circuit design was closed by direct comparisons
of 36 h to 96 h samples. Additionally, all time points featured direct comparisons between
samples from strains of opposite mating type.
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Figure 2.
Real-time PCR estimates of the expression of mat genes in mating type A and a strains of
Neurospora crassa at three time points during asexual development.
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Figure 3.

Heat maps depicting comparative expression level (log, ratio) of the early light responsive
genes (ELRGs, Chen et al., 2009) and the late light responsive genes (LLRGs, Chen et al.,
2009) in strains of mating type A and a of Neurospora across three time points of asexual
development. Lighter color corresponds to a higher level of expression.
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