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Investigation of the red bread mold that contaminated French bakeries nearly two centuries ago has led to a wealth of discover-
ies that have impacted our understanding of genetic, biochemical, and molecular mechanisms in microbes, from Mendelian genet-
ics and the gene—enzyme relationship to circadian rhythm and plant cell wall degradation. Early Neurospora research focused on
elucidating mechanisms of genetic recombination and gene action and later progressed to addressing complex biological questions
of eukaryotic microbes. Here we review the evolution of the filamentous fungus Neurospora as a model microbe over the past
century. We discuss the origins of Neurospora as a model microbe, the immediate scientific impacts from work in this filamentous
fungus, and how the introduction of other model organisms (i.e., Escherichia coli and Saccharomyces cerevisiae) redirected the
focus of Neurospora research. Neurospora has and continues to inform our understanding of a myriad of basic scientific concepts
and now has the opportunity to forge into the applied biosciences and biotechnology.
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BRIEF HISTORY OF NEUROSPORA RESEARCH

Neurospora has endured as a model organism for nearly a
century, albeit an evolving model. The evolution of Neuros-
pora as a model system began nearly two centuries ago when it
was first described by Payen in 1843 as a contaminant in French
bakeries (champignons rouges) and later by Went in 1901 for
its use in production of fermented soybean or peanut cake (then
known as Monilia sitophila). Nearly one century passed from
the initial description of the “red-bread mold” until its reclassi-
fication as the new genus Neurospora based on the observation
of a complete sexual cycle. The foundational work of Shear and
Dodge (1927) described three species of Neurospora: N. crassa,
N. sitophila (both heterothallic), and N. fetrasperma (pseudo-
homothallic). Today, based on phylogenetic analyses and biologi-
cal species recognition concepts, at least 43 species are recognized,
of which 13 are heterothallic, 2 are pseudohomothallic, and 28
are homothallic (Davis, 2000; Dettman et al., 2003; Villalta et al.,
2009; Nygren et al., 2011). Neurospora genetics were pioneered
by Shear and Dodge (1927); key insights from their work in-
cluded how to enable mating and sexual spore activation and
the presence of two mating types via observation of 1:1 segre-
gation of mating-type genes in progeny from a cross.
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Attributes of Neurospora, such as its minimal requirements,
its incredibly fast-growth (~3 mm/h), a short life cycle, and its
haploid genetics, made it an attractive alternative to Drosophila
for Mendelian genetic studies. Following advances in topics of
classical genetics (Shear and Dodge, 1927; Lindegren, 1932,
1933; Lindegren and Lindegren, 1937, 1939) and elucidation of
a defined culture medium (Butler et al., 1941), Neurospora was
selected by Beadle and Tatum to develop biochemical mutants.
In these landmark studies, rather than investigating gene action
indirectly by determining the biochemical basis of already
known hereditary traits (e.g., Drosophila eye color), Beadle
and Tatum (1941) instead asked how genes control known bio-
chemical reactions (e.g., vitamin or amino acid biosynthesis in
Neurospora). Results from this work supported the emerging
“one gene—one enzyme” hypothesis, and led to adoption of
Neurospora as a model system for studying biochemical genet-
ics. Hundreds of auxotrophic mutants of Neurospora were se-
lected and used for studying genetic recombination. However,
it was not long before interest was diverted to a new microbe,
the gram-negative bacterium Escherichia coli. Much of the
early work on gene action in Neurospora was repeated and fur-
ther supported in this bacterium. After genetic recombination was
characterized in E. coli and due to the facile and well-behaved
cultures, E. coli was quickly adopted as the model for biochem-
ical genetics in the 1950s.

While E. coli functioned as an excellent model for elucidat-
ing simple metabolic reactions and linear biochemical path-
ways, this microbe could not function as a model for more
complex eukaryotic systems. Thus, the role of Neurospora as a
model system evolved; investigations focused on eukaryote-
specific genetics, including mitochondrial inheritance (Mitchell
and Mitchell, 1952), meiotic recombination (Barratt et al., 1954,
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Catcheside et al., 1964), gene conversion (Mitchell, 1955), mei-
otic drive (Turner and Perkins, 1979), and metabolic pathway
regulation (Gross, 1965; Marzluf and Metzenberg, 1968; Carsiotis
et al., 1974; Chaleff, 1974). During this phase of evolution of
N. crassa as a model organism, significant advances in domes-
tication of Neurospora were made, including development of
long-term strain storage conditions (Perkins, 1962) and a con-
venient cultivation medium (Vogel, 1956). Standard isogenic
and high-fertility strains of both mating types were prepared
and designated as the Oak Ridge (OR) genetic background
(Case et al., 1965; Mylyk et al., 1974). The OR background
strains were widely adopted in the Neurospora community, and
OR was the genetic background of choice for most future studies.

Competition with other model systems was not finished for
Neurospora. In the 1960s and 1970s, the yeast Saccharomyces
cerevisiae found favor with many research groups as a model
eukaryote due to its ease of culturing, genetics, and stable hap-
loid and diploid phases. During this period, the S. cerevisiae
research community exploded and rapidly developed a toolbox
of methods and techniques that facilitated advances in bio-
chemistry, cell and molecular biology, and genetics. So, yet
again, Neurospora evolved as a model system. Neurospora is
not only more developmentally complex than Saccharomyces,
but also undergoes several biological processes that are good
models for multicellular eukaryotes. Thus, investigations in
Neurospora refocused on complex biological processes, includ-
ing cell development and differentiation (Berlin and Yanofsky,
1985a, b), gene silencing and DNA methylation (Selker et al.,
1987; Cambareri et al., 1989; Romano and Macino, 1992; Shiu
et al., 2001; Tamaru and Selker, 2001), and circadian rhythm
and photobiology (Pittendrigh et al., 1959; Sargent and Briggs,
1967; Feldman and Hoyle, 1973).

Neurospora is now considered the model filamentous fun-
gus. Specifically, N. crassa has been the subject of extensive
investigation and further development since the advent of mo-
lecular genetics. The rise of modern molecular biology tech-
niques and transformation of genetic material in Neurospora
(Mishra and Tatum, 1973; Case et al., 1979) led to the dis-
covery of gene silencing (Selker et al., 1987) and launched a
revolution of epigenetic studies. As DNA manipulation and
sequencing technology improved, the Neurospora community
kept pace with identifying key insights from the genome, in-
cluding identification of the 5S RNA genes (Free et al., 1979),
characterization of telomeric sequences (Schechtman, 1987),
and identification of coding sequences of many genes via ex-
pressed sequence tag (EST) libraries (Nelson et al., 1997), and
followed by whole genome sequencing of N. crassa (Galagan
et al., 2003), a first among filamentous fungal species. In recent
years, molecular tools have been developed for targeted gene
disruption and integration of recombinant DNA (Ninomiya
et al., 2004), inducible and constitutive promoters (McNally
and Free, 1988; Kupper et al., 1990; Campbell et al., 1994; Colot
etal., 2006; Hurley et al., 2012; Lamb et al., 2013), and selectable
markers (Orbach et al., 1986; Avalos et al., 1989; Staben et al.,
1989; Austin et al., 1990; Yamashiro et al., 1992; Colot et al.,
2006). These tools enabled production of the whole genome
deletion library, which is an invaluable genetic resource to the
Neurospora community (Colot et al., 2006; Dunlap et al.,
2007), and has facilitated protein expression and thus protein
biochemical studies (Honda and Selker, 2009).

Despite being challenged by the development of other model
organisms more amenable for answering some early biochemical
and genetic questions, Neurospora research has evolved and
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found a niche investigating more complex biological questions
of higher eukaryotes. Current research continues to provide
valuable insights into several areas of biology that is applicable
for fungi, as well as across all kingdoms of life. In particular,
research efforts are focused on circadian rhythm, epigenetics,
gene expression and regulation, genomics, environmental sens-
ing, morphogenesis, and as a model for cell and developmental
processes. Numerous comprehensive reviews on Neurospora
biology have been published: heterokaryosis, cell and devel-
opmental biology, circadian rhythm and photobiology, mito-
chondria, epigenetics, natural populations, mating types, and
classical genetics (Perkins and Barry, 1977; Glass and Nelson,
1994, Glass et al., 2000; Turner, 2001; Kennell et al., 2004,
Jinhu and Yi, 2010; Crosthwaite, 2011; Riquelme et al., 2011;
Baker et al., 2012; Aramayo and Selker, 2013).

CLASSICAL GENETICS

At the start of the 20th century, the groundwork for classical
genetic studies was made by Thomas Hunt Morgan in the model
system Drosophila melanogaster using random strand analysis.
Since only one quarter of the meiotic data are captured in this
organism, an alternate model system was pursued. All meiotic
data can be captured by tetrad analysis of Neurospora, and the
products of meiosis (ascospores) are contained within a sac (as-
cus) in the order of formation. This meiotic property of the hap-
loid fungus lent itself as a superior model for classical genetic
studies and enabled key discoveries in genetic recombination,
including Ist and 2nd meiotic division segregation (Lindegren,
1932) and that crossovers occur at the 4-strand stage of meiosis
(Lindegren, 1933). The characteristic ordered ascus was used to
investigate the frequency of 2nd division segregation, which
informed chromosome centromere mapping. Additionally, the
linear ascus was essential in determining that crossovers may
involve two, three, or all four chromatids (Lindegren and
Lindegren, 1937). Most classical genetic studies do not require
an ordered ascus; however, analysis of all meiotic products is
essential for elucidating complete genetic recombination events
that occurred during meiosis. Full tetrad analysis by random
spore analysis enabled classification of linkage groups and ge-
netic mapping within all seven linkage groups of N. crassa
(Lindegren, 1936; Lindegren and Lindegren, 1939; Houlahan
et al., 1949; Barratt et al., 1954), as well as the discovery of
gene conversion (Mitchell, 1955).

Around the same time that the seven linkage groups were
identified, the chromosomes of Neurospora were visualized via
cytogenetic light microscopy; meiotic chromosome behavior
was deemed similar to that of higher eukaryotes (McClintock,
1945). Neurospora once again proved to be a valuable resource
by facilitating cytogenetic studies as a haploid microbe with
low chromosome number, and most importantly, a life cycle
that permits survival of all meiotic products (Perkins and Barry,
1977). Of particular interest, viable vs. inviable meiotic prod-
ucts can be evaluated by visual inspection (i.e., viable ascospores
exhibited black pigmentation, while inviable spores were white),
which enabled simple detection of chromosomal aberrations.
The ratio of black to white ascospores is characteristic of
and can be interpreted as different chromosomal aberrations
(e.g., reciprocal translocation, insertional translocation, quasit-
erminal translocation, or pericentric translocations) detected
via ascospore abortion and cytogenics (McClintock, 1945;
Singleton, 1948). Since then, this technique has been used to
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detect hundreds of chromosomal rearrangements. Strains carrying
these rearrangements have been used for many genetic studies,
for example, for determining dominance and dosage effects in
gene regulation (Metzenberg et al., 1974) and for identifying
genes involved in heterokaryon incompatibility (Newmeyer
and Taylor, 1967; Mylyk, 1975; Perkins, 1975).

BIOCHEMICAL MUTANTS

Arguably the most important contribution to the field of
genetics by Neurospora was the revolutionary biochemical
mutant screen of Beadle and Tatum (1941), which enabled in-
vestigation of “lethal” mutations. Biochemical mutants were
identified by screening for variants of N. crassa that were able
to grow on complete medium and unable to grow on minimal
medium (Fig. 1). Selected mutants were then subjected to a
panel of nutritional supplements (i.e., amino acids, vitamins,
and carbon sources) and evaluated for restored growth. In the
initial experiment, three mutants were identified: vitamin B,
vitamin Bg, and para-aminobenzoic acid. The vitamin By defi-
cient strain was further characterized as a single-gene mutation
through segregation analysis (Beadle and Tatum, 1941). This
elegant mutant screen to identify gene reactions that influence
known biochemical reactions gave rise to the one gene—one en-
zyme hypothesis, which was further investigated by examining
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full biosynthetic pathways (Srb and Horowitz, 1944; Tatum and
Bonner, 1944).

This initial biochemical mutant screen led to the elucidation
of genes involved in biosynthetic pathways under the theory
that a mutation in a gene resulting in loss of enzyme activity of
an intermediate biosynthetic reaction would result in (1) auxot-
rophy for the whole biosynthetic pathway that can be recovered
by the final product or any intermediate downstream in the bio-
chemical pathway and (2) accumulation of the metabolic inter-
mediate acting as substrate for the reaction. The tryptophan
biosynthetic pathway was interrogated with two genetically
distinct tryptophan auxotrophs (tryptophanless). One strain ac-
cumulated the metabolic intermediate, anthranilic acid, which
restored growth of the second strain on minimal medium. This
result indicated that the gene in the latter strain acts upstream
in the tryptophan biosynthetic pathway (Tatum and Bonner,
1944). Similarly, the arginine biosynthetic pathway was char-
acterized. Arginine auxotrophs (designated arginineless) were
selected using this method with arginine as the nutrient supple-
ment and characterized by complementation studies and out-
crossing (Srb and Horowitz, 1944). Seven genetically distinct,
single-gene loci were identified. A representative mutant strain
for each of the seven genes was further interrogated with differ-
ent minimal medium supplements of metabolic intermediates
known for the arginine biosynthesis pathway: ornithine and ci-
trulline. Results from this experiment indicated at least seven
reactions were involved in arginine biosynthesis and gene order
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Beadle and Tatum’s experimental design for producing and isolating biochemical mutants. Wild-type Neurospora conidia were mutagenized

with x-rays or ultraviolet light and subsequently mated with nonmutagenized Neurospora. The resulting ascospore progeny were transferred individually
into complete medium. Mutant strains were tested for their ability to grow on minimal medium. Mutants that were unable to grow on minimal medium were
tested for restoration of growth on minimal medium supplemented with a vitamin or an amino acid. Minimal medium and complete medium were used as
experimental controls. Courtesy of the Archives, California Institute of Technology.
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in relation to ornithine and citrulline synthesis was determined
(Srb and Horowitz, 1944).

Some early criticism regarding use of nutritional supplements
to recover auxotrophic mutants instead of restoring enzyme
function to support the one gene—one enzyme hypothesis led to
the identification of temperature-sensitive mutants. These con-
ditional mutants exhibited a wild-type phenotype at a lower
(permissive) temperature, but had an auxotrophic phenotype at
a higher (restrictive) temperature: riboflavin-requiring (Beadle
and Tatum, 1945; Mitchell and Houlahan, 1946; Miller and
McElroy, 1948) and tyrosine-requiring (Horowitz and Shen,
1952; Horowitz and Fling, 1953). In addition to providing fur-
ther evidence supporting the one gene—one enzyme hypothesis,
these studies laid the groundwork for identifying and studying
essential genes.

As a brief aside, additional support for the one gene—one en-
zyme hypothesis came from characterization of missing enzy-
matic activities in mutant strains that could be purified from
wild-type strains of Neurospora. The cell-free extracts from
two tryptophan auxotrophs were deficient in the enzymatic ac-
tivity for tryptophan desmolase (Yanofsky, 1952). Similarly,
strains auxotrophic for a-amino nitrogen due to a single gene
mutation (am) were deficient in NADP-glutamate dehydroge-
nase activity (Fincham, 1954). Over time, the original one gene—
one enzyme hypothesis evolved to the one gene—one polypeptide
hypothesis, which accounts for findings that some proteins are
composed of several polypeptide chains encoded by separate
genes (Yanofsky, 1952; Fincham, 1954).

Most biochemical genetic studies transitioned to investiga-
tion in E. coli, in which genes for biochemical pathways are
often coordinately regulated in operons. Unlike prokaryotes,
eukaryotes do not typically use this type of gene regulation;
hence, Neurospora and other fungi were used to investigate al-
ternate forms of gene regulation used by eukaryotes. Specifi-
cally, Neurospora biochemical mutant selection enabled key
findings in gene regulation and compartmentalization. Coordi-
nated control of unlinked genes was identified in a leucine
auxotroph (leu-3); the gene product of leu-3 is a positive regu-
lator of leucine biosynthetic enzymes (Gross, 1965). Addition-
ally, positive regulation of sulfur metabolism was identified in
a similar experiment using the sulfur auxotroph cys-3. The gene
product of cys-3 acts as a direct, positive regulator for three
sulfur acquisition enzymes: aryl sulfatase, choline sulfatase,
and sulfate permease (Marzluf and Metzenberg, 1968). Two of
the best-studied metabolic pathways in Neurospora are aromatic
amino acid biosynthesis and quinic acid catabolism. These path-
ways use a common metabolic reaction (dehydroquinase), but do
not cross react (Giles et al., 1967). Pathway separation is accom-
plished via (1) tight substrate inducible regulation of quinic acid
catabolism, which is organized as a coordinately controlled and
linked quinic acid pathway gene cluster (Chaleff, 1974), and (2)
aggregated aromatic amino acid biosynthetic enzymes (i.e., one
polypeptide as part of a multidomain enzyme) that allows chan-
neling of metabolic intermediates directly into subsequent bio-
synthetic reactions (Catcheside et al., 1985).

Compartmentalization is an alternate approach to prevent
cross talk between metabolic pathways that use common meta-
bolic intermediates. Compartmentalization of enzyme pools was
first investigated in Neurospora using two arginine auxotrophs
(arg-2 and arg-3) that encode distinct carbamyl phosphate syn-
thases. Channeling of carbamyl phosphate into separate biosyn-
thetic pathways (arginine and pyrmidine) (Williams et al., 1971)
was evaluated by determining intracellular localization of ARG-2
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and ARG-3, which indicated spatial separation of these two en-
zymes by the mitochondrial membrane (Bernhardt and Davis,
1972). Later studies demonstrated spatial separation or compart-
mentalization of metabolic intermediates of arginine anabolism
and catabolism (Weiss, 1973). In conjunction with work on com-
partmentalization of metabolic processes were elegant investi-
gations on mitochondrial protein import, where comparative
analyses of Neurospora and S. cerevisiae played important roles
in dissecting this process (Herrmann and Neupert, 2000).

The carefully constructed, novel approach of Beadle and Ta-
tum for identifying single gene mutants deficient for a specific
nutrient has been an invaluable tool for Neurospora biochemi-
cal genetic studies and for evaluating the one gene—one enzyme
hypothesis. This methodology has been applied to countless
organisms and has led to elucidation of complete biosynthetic
pathways.

HETEROKARYOSIS

Fungi are capable of fusing with each other to form a hetero-
karyon, in which two or more genetically distinct nuclei share a
common cytoplasm. Fungal heterokaryon formation was dis-
covered early in the 20th century (Hansen, 1938, 1942; Beadle
and Coonradt, 1944). Heterokaryosis is believed to be benefi-
cial for haploid fungi to form functional diploids, exchange ge-
netic material via the parasexual cycle, or synergize individual
traits to cooperatively exploit available resources (Glass et al.,
2000). Improved growth fitness (heterokaryotic vigor) was ob-
served for the heterokaryon of two N. tetrasperma dwarf mu-
tant strains (Dodge, 1942). In addition to being beneficial for
fungal fitness, heterokaryosis has enabled many genetic studies
in Neurospora, including allelism, nuclear selection, and het-
erokaryon incompatibility.

Early studies in Neurospora took advantage of heterokaryon
formation to test allelism of mutant strains. Forced heterokary-
ons of mutant and wild-type strains informed whether mutant
alleles were recessive or dominant to the wild-type alleles. Ad-
ditionally, heterokaryons were used to determine functional
complementation of mutant strains (i.e., allelic and nonallelic
genes) (Beadle and Coonradt, 1944). For many heterokaryons,
the nuclear proportions of the two complementing nuclei re-
mained constant over an extended period of growth, which was
a useful property for investigating gene dosage (Pittenger et al.,
1955; Davis, 1959; Pittenger and Brawner, 1961). In other cases,
nuclear optimization resulted in nonadaptive increases in one
nuclear type in a heterokaryon. These heterokaryons exhibited
cyclic, labile, and/or submaximal growth rates, and in the ex-
treme case growth stopped altogether when the strain reached
homozygosity (Ryan and Lederberg, 1946; Holloway, 1955).
Although heterokaryosis proved to be a useful genetic tool, the
mechanism of heterokaryon formation and maintenance was not
well understood. Heterokaryon incompatibility (HI) complicated
genetic analysis of mutants prepared from many different wild-
type strains. Consequently, a standard, isogenic wild-type strain
set of both mating types (i.e., OR74A and 74 ORs6a) was con-
structed and adopted early in the development of Neurospora as
a model system for future strain manipulation (Case et al., 1965;
Newmeyer et al., 1987). In addition, intensive research efforts
ensued to better characterize and understand heterokaryosis.

HI was first identified between fusions of strains of opposite
mating type (Beadle and Coonradt, 1944). Not long after, the
same phenomenon was described between strains of the same
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mating type, but under different genetic control (Garnjobst,
1953). The general understanding of HI is that individuals that
are genetically different at any heterokaryon incompatibility
(het) locus may undergo hyphal fusion; however, the fusion cell
is rapidly compartmentalized by septal plugging and undergoes
cell death (Garnjobst and Wilson, 1956). It is hypothesized that
HI serves as a self/nonself recognition system, which acts as
fungal immune system to prevent transfer of deleterious genetic
elements (Paoletti and Saupe, 2009). Initial genetic studies used
forced heterokaryons to identify five ket loci that controlled
heterokaryon stability, including the mating type locus, het-c,
-d, -e, and -i (Garnjobst, 1953; Pittenger and Brawner, 1961).
Since then, 11 het loci have been identified and mapped in
N. crassa (Mylyk, 1975; Perkins, 1975). In N. crassa, HI is
mediated both by allelic (same locus) and nonallelic interac-
tions (alleles at one locus interacting with alleles at another lo-
cus) (Glass and Kaneko, 2003). Current research is aimed at
determining all &et loci and alleles in N. crassa using popula-
tion genomics approaches, as well as physiology associated
with allelic and nonallelic incompatibility (Glass et al., 1988;
Jacobson, 1992; Saupe et al., 1996; Saupe and Glass, 1997; Shiu
and Glass, 1999; Mir-Rashed et al., 2000; Smith et al., 2000;
Sarkar et al., 2002; Kaneko et al., 2006; Micali and Smith, 2006;
Hall et al., 2010).

CIRCADIAN RHYTHM AND PHOTOBIOLOGY

An organism’s ability to perceive and respond to environ-
mental light is tightly coupled to its internal ability to measure
time of day, information supplied by an intracellular-based cir-
cadian clock that allows an organism to anticipate daily changes
in the environment due to Earth’s rotation. All clocks, including
that of Neurospora, have formal properties. These include free
running rhythms of some observable phenotypic output in the
absence of external cues, with a period length close to a day,
and the ability to be entrained by environmental stimuli includ-
ing light and temperature changes. Even so, the clock has the
ability to compensate the period of oscillation against these
changes such that the clock can reset its phase via entrainment
by a stimulus, but maintain its approximately 24-h periodicity
in the face of a changing environment.

Although biological clocks have been studied for well over
a century, modern understanding that clocks had a cellular ba-
sis began with a description of formal properties in unicellular
microbes such as Gonyaulax (Hastings and Sweeney, 1958).
This work was rapidly followed by a description of a circa-
dian clock controlling daily asexual developmental in Neuros-
pora (Pittendrigh et al., 1959), followed again some years
later by a report of a strain (timex) that showed a clear and
easily monitored daily banding of conidiation that met the for-
mal criteria for circadian rhythmicity (Sargent et al., 1966).
The development of “race tubes” (Fig. 2) allowed visualiza-
tion of rhythmicity of asexual development in real time. The
timex phenotype was later shown to be due to a single gene
that became known in the literature as band (bd), which was
eventually identified as a mutation in ras-/ that amplified
clock-regulated development (Belden et al., 2007). The bd
mutation was critical for Neurospora becoming a pioneer as
a genetic model system for clocks that allowed eventual dis-
section of the genetic, molecular, and biochemical underpin-
nings of rhythmicity in eukaryotes (Feldman and Waser, 1971;
Konopka and Benzer, 1971).
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Genetic analysis of the Neurospora circadian clock identified
several mutant alleles that clustered to a single locus, frequency
(frq), that resulted in period shortening, lengthening, or loss of
rhythmicity of asexual development, as well as altered tempera-
ture compensation (Feldman and Hoyle, 1973; Loros et al.,
1986). These frq mutants facilitated the cloning of the underly-
ing gene that encoded a large and novel protein of then un-
known function (McClung et al., 1989). Revealingly, both the
frq transcript and FRQ protein were found to be rhythmically
expressed with a periodicity matching the appropriate wild-
type or mutant strain. Inhibition or alteration of frq expression
resulted in loss of rhythmicity or alteration of the periodicity of
the clock, solidifying frq’s role as a primary driver of the clock
in Neurospora (Aronson et al., 1994; Garceau et al., 1997; Liu
et al., 1997). Recent work has shown that noncoding antisense
RNA at the frq locus is required for maintenance of the circa-
dian cycle (Xue et al., 2014), a regulatory mechanism that may
be conserved in animal circadian systems.

Another avenue aimed at understanding rhythmicity in Neu-
rospora was the isolation of messenger RNAs that were rhyth-
mically regulated by the circadian oscillator, yet not directly
involved in functioning of the clock, so-called clock-controlled
genes (ccg’s) (Loros et al., 1989). Studying genes with daily
cyclic expression revealed the major means that clocks use to
transfer information about time-of-day to coordinate cellular
and metabolic activities (Bell-Pedersen et al., 1996).

The circadian clock can be entrained by exposure to light.
The isolation of mutant strains in Neurospora defective in
light-regulated carotenogenesis identified two loci called white
collar (wc)-1 and wc-2, which began research on photobiology
in fungi (Perkins et al., 1962; Harding and Turner, 1981; Degli-
Innocenti and Russo, 1984). From the late 1980s, several labo-
ratories found light-induced transcription of specific mRNAs
(Nelson et al., 1989; Sommer et al., 1989). In Neurospora, ex-
pression of ~6% of its genes are rapidly induced in response to
light exposure, which virtually all require we-1 and we-2 (Chen
et al., 2009). WC-1 and WC-2 were shown to bind to the pro-
moter region of a light-induced gene via a zinc-finger domain
(Ballario et al., 1996) and possibly to act as a heterodimeric
complex (White Collar Complex; WCC) through PAS domain
interaction (Linden and Macino, 1997), leading to the conclu-
sion that they act as transcriptional regulators.

An attempt to discover whether these genes participated in
photo-entrainment of the circadian clock via induction of frg
yielded the surprising result that we-1 and we-2 were required
for expression of frq in the dark (Crosthwaite et al., 1997), estab-
lishing that the WCC had both light and dark functions in the cell.
The WCC was then shown to bind flavin adenine dinucleotide as
a cofactor and to act as the blue-light photoreceptor in Neuros-
pora, mediating general light responses including entrainment
of the circadian clock (Froehlich et al., 2002; He et al., 2002).
Current thought tells us that most fungi have the ability to sense
light using a broad array of photoreceptors, the most widely con-
served being orthologs of we-1 and we-2 (Idnurm et al., 2010).

GENE SILENCING

Gene silencing mechanisms are hypothesized to be genome
defense systems that monitor the content and arrangement of
the genome. Neurospora has provided a wealth of information
and discoveries on gene silencing systems. Four silencing
mechanisms have been identified in Neurospora that all rely on
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Fig. 2. Device for recording growth and conidial banding patterns, which includes a (A) powerstat, (B) mirror, (C) light slit, (D) growth tube, (E)
multiplier photometer sensing element, (F) multiplier photometer, and (G) graphic ammeter. Reprinted with permission from Sargent et al. (1966; Plant

Physiology).

recognition of homologous and repetitive DNA: repeat-induced
point mutation (RIP), DNA methylation, quelling, and meiotic
silencing by unpaired DNA (MSUD) (Aramayo and Selker,
2013). Early evidence for gene silencing included instability of
duplicated chromosome segments and integrated genomic or
cloned DNA during the sexual phase of the life cycle (Mishra
and Tatum, 1973; Raju and Perkins, 1978; Grant et al., 1984;
Case, 1986; Selker, 1990). This phenomenon was molecularly
characterized by Selker and colleagues and named rearrange-
ment induced premeiotically (RIP, later renamed repeat-induced
point mutations) (Selker et al., 1987; Cambareri et al., 1989).
Specifically, duplicated DNA sequences, regardless of origin,
are detected and mutated in the sexual phase of the Neurospora
life cycle. This foundational study identified de novo methyla-
tion and sequence alteration of the duplicated sequences. RIP
permanently inactivates both copies of duplicated sequences at
the stage of dikaryotic cell proliferation prior to karyogamy and
meiosis, regardless of the location of the duplicated sequences
within the genome (i.e., duplications at linked or unlinked
loci) (Selker et al., 1987; Cambareri et al., 1989; Cambareri
etal., 1991). RIP occurs at a higher rate when DNA is linked,
especially for tandem and/or longer duplications (i.e., 400
bp for linked, 1 kbp for unlinked) (Cambareri et al., 1989;
Stadler et al., 1991). Further molecular studies showed that
RIP specifically induces G-C to A-T transition mutations
(Singer et al., 1995). It was hypothesized that RIP was a
mechanism to prevent transposons from accumulating in the
genome. On the other hand, RIP was suggested to limit diver-
gent evolution of duplicated genes (Selker, 2002). Since its dis-
covery, RIP has been employed as a genetic tool to make gene
disruptions and for generating partial-function mutants (Dunlap
et al., 2007).

In conjunction with RIP, Neurospora has contributed signifi-
cantly to the understanding of DNA methylation. Unlike plants
and mammals, DNA methylation is not essential for most fungi,
including Neurospora (Antequera et al., 1984; Tamaru and
Selker, 2001). Recent studies in N. crassa have demonstrated
that DNA methylation relies on histone methylation, which

suggests that histones may be used as cofactors by proteins that
require access to DNA (Tamaru and Selker, 2001; Honda and
Selker, 2008; Honda et al., 2010; Lewis et al., 2010), a con-
served feature in eukaryotic regulation of DNA methylation.
The important finding that epigenetic inheritance is dependent
on histone methylation has opened new areas of epigenetic re-
search and has provided valuable insight into other areas of re-
search, including cancer genetics (Sharma et al., 2010).
Another similar, but distinct mechanism for gene silencing,
dubbed quelling, was identified shortly after RIP. Unlike RIP,
which occurs during the sexual cycle, quelling silences dupli-
cated DNA during the vegetative cycle (Romano and Macino,
1992). This form of gene silencing is significantly less potent;
many gene duplications are stable during vegetative growth but
are silenced during the sexual cycle (Selker, 1990). Unlike RIP,
quelling is reversible. Gene silencing via quelling occurs post-
transcriptionally and is due to reduction in messenger RNA
levels (Romano and Macino, 1992; Cogoni et al., 1996; Cogoni
and Macino, 1997). At the time, the mechanistic relation of quell-
ing to cosuppression in plants and animals was not obvious
(Napoli et al., 1990). However, a landmark study in Caenorhab-
ditis elegans, which identified double-stranded RNA (dsRNA)
as a potent trigger for gene silencing (dubbed RNA interference
[RNAI]), preceded the implication of dSRNA in quelling. The
involvement during quelling of RNA-dependent RNA poly-
merase, which synthesizes dsSRNA from single-stranded RNA,
was revealed via a classical forward genetic approach (Cogoni
and Macino, 1997; Lee et al., 2010b). This discovery was foun-
dational in relating the conserved mechanism of RNAi across
all eukaryotic kingdoms. In Neurospora, the DNA-dependent
RNA polymerase (QDE-1) produces aberrant RNA (aRNA)
from repetitive DNA loci (Lee et al., 2010b), which is converted
to dsRNA by the RNA-dependent RNA polymerase (Cogoni
and Macino, 1997) and then to siRNA by Dicer proteins
(Catalanotto et al., 2004). A resulting sSiRNA—Argonaute protein
QDE-2 complex mediates posttranscriptional gene silencing
(Maiti et al., 2007). Mechanistic studies of quelling in Neuros-
pora is an active area of investigation (Chang et al., 2012) and
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includes investigations into the involvement of homologous re-
combination in quelling (Zhang et al., 2013) and the relation-
ship between histone modifications and RNAi (Zhang et al.,
2014). Like RIP, RNAI has been used as a tool for functional
genomic studies and has made a significant impact in the
biotechnological and medical fields for use as gene-specific
therapeutics and technologies (Dunlap et al., 2007; Giering
et al., 2008).

The final known gene-silencing mechanism in Neurospora
(meiotic silencing by unpaired DNA [MSUD]) silences gene
expression of unpaired homologous chromosomes during the
sexual cycle postnuclear fusion (Aramayo and Metzenberg,
1996; Shiu et al., 2001), which was earlier described as a mei-
otic transvection phenomenon (Aramayo and Metzenberg,
1996). The effects of MSUD were beautifully shown by using
strains carrying a duplication of a gene encoding a component
of the microtubule cytoskeleton (B-tubulin). This strain was
normal during vegetative growth, but during the sexual cycle,
silencing of both copies of the B-tubulin gene resulted in dis-
ruption of the spindle, thereby disrupting meiosis and ascospore
formation (Shiu et al., 2001). Mutational analyses showed that
MSUD is mechanistically related to RNAi (Shiu et al., 2001,
2006; Lee et al., 2010a; Xiao et al., 2010; Hammond et al.,
2013). Studies suggest that MSUD occurs via a two-step mech-
anism by which unpaired segments of chromosomes are de-
tected and then transcripts resulting from those unpaired genes
are processed by mechanisms related to RNAi (Hammond
et al., 2013). The full mechanism of MSUD has yet to be eluci-
dated and is an area of continuing research.

NEUROSPORA POPULATIONS AND THE FUNGAL
GENETICS STOCK CENTER

The systematic global collection of wild isolates of Neuros-
pora initiated by Perkins in 1968 has significantly contributed
to the understanding of genus distribution, population structure,
meiotic drive elements, and heterokaryon incompatibility, as
well as provided variants for laboratory investigation (Perkins
et al., 1976; Perkins and Turner, 1988; Turner, 2001). Over
4600 Neurospora isolates from 735 sites were collected by Perkins
worldwide, mostly from newly burnt vegetation, but also from
unburned substrate and soil, and from tropical climates in
particular. It is thought that fire produces ideal substrates for
Neurospora and enables activation of sexual spores (asco-
spores). Wild isolates were subjected to fertility tests for spe-
cies classification. The Neurospora genus is diverse in breeding,
containing both homothallic inbreeders and heterothallic out-
breeders (Perkins and Turner, 1988). Populations of N. crassa
possess high genetic variability, which has been used exten-
sively for research investigations of protein polymorphisms,
recessive genes expressed in the sexual diplophase (i.e., reces-
sive lethal genes), heterokaryon incompatibility and more re-
cently, population genomics studies (Perkins and Turner, 1988;
Ellison et al., 2011, 2014; Palma-Guerrero et al., 2013). Both
meiotic drive elements (spore killer) and resistance factors have
been identified in Neurospora populations (Turner and Perkins,
1979; Campbell and Turner, 1987; Turner, 2001). A variety of
morphologically distinct isolates were also collected (Perkins
et al., 1976). The Fungal Genetics Stock Center (FGSC), dis-
cussed next, has been critical to maintaining the collection of
wild and laboratory isolates, a selection of which are depicted
in Fig. 3.
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As the Neurospora community grew over the last century,
the collaborative nature of the community was evident. As the
first generation of Neurospora researchers reached the ends of
their careers, there was a general sentiment that the materials
generated during this era should be maintained through a for-
mal and open collection of strains. Funding from the U.S. Na-
tional Science Foundation and coordination by the Genetics
Society of America (GSA) gave rise to the Fungal Genetics
Stock Center in 1960. At the time of inception, a survey made
by the GSA Committee on the Maintenance of Genetic Stocks
identified 21 laboratories using Neurospora. Among these lab-
oratories, as many as 9000 different stocks were being used.
These strains included mutants at approximately 120 different
genetic loci, as well as numerous unmapped mutants and smaller
numbers of wild-type strains.

One benefit of this early coordination has been that most re-
searchers adopted a common genetic background. A simple
“key sort punchcard” by the McBee Corporation was employed
to allow rudimentary sorting based on genetic characteristics
(i.e., amino acid auxotrophs, nucleic acid auxotrophs, vitamin
auxotrophs, other metabolic variants, antimetabolite resistance,
and morphological and visible variants) of the growing number
of strains deposited in the collection (Davis and de Serres,
1970); approximately 400 strains populated the collection in
1960. Now nearly 21000 Neurospora variants, mutants, and
gene deletion strains are maintained and distributed by the
FGSC, as well as vectors for cloning, expression, epitope-tag-
ging, and fluorescent-protein labeling (McCluskey, 2011). The
impact of this collection is undeniable. Despite holdings of
only 1300 strains, the FGSC distributed over 6300 individual
cultures between October 1960 and November 1966. Today
Neurospora strains have been distributed worldwide to over
35 countries at a rate of more than 1500 strains annually
(McCluskey, 2011).

Along with the creation of the FGSC, a biannual Neurospora
Newsletter (later Fungal Genetics Newsletter then Fungal Ge-
netics Reports) and a biennial Neurospora Information Confer-
ence (now Fungal Genetics Conference, which alternates yearly
with the Neurospora Conference) were established, as well as
an advisory committee, called the Neurospora Policy Commit-
tee. Over time, the FGSC expanded its repository to include
several other species of fungi. The FGSC currently holds stock
of 25311 strains from 123 different fungal species.

MOLECULAR GENETICS

The era of molecular genetics, specifically DNA cloning,
transformation and associated molecular biology tools, trans-
formed genetic research. These technological advances reig-
nited Neurospora research in the 1980s. Restriction-fragment
length polymorphism (RFLP) methodology was developed to
allow efficient mapping of cloned DNA (Metzenberg et al.,
1985). Cosmid, plasmid, and lambda phage DNA libraries were
constructed and employed to clone nuclear genes of N. crassa
first via selection by complementation of auxotrophies and then
by dominant selectable markers (Akins and Lambowitz, 1985;
Orbach et al., 1986; Vollmer and Yanofsky, 1986). As dis-
cussed above, DNA cloning and transformation led to discov-
ery of gene silencing, which has made a significant impact in
eukaryotic epigenetics. In addition to epigenetics, cell develop-
ment and differentiation and circadian rhythm and photobiol-
ogy benefited from the reinvigoration of Neurospora research
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Fig. 3.

Morphological mutants of Neurospora grown on Vogel’s minimal medium for 5 d at 25°C. WT, wild-type; col-1, colonial-1; pk, peak; cr-1,

crisp-1; sn, snowflake; fr, frost, gran, granular; md, mad; smco-5, semicolonial-5. Courtesy of the Fungal Genetics Stock Center.

by molecular genetics. For example, genes that exhibited in-
creased expression during conidiation (Berlin and Yanofsky,
1985b), as well as clock-controlled genes (Loros et al., 1989)
were detected by RNA hybridization and mapped via RFLP
analyses.

DNA sequencing technologies developed by Sanger et al.
(1977) enabled sequencing of the mitochondrial genome
(Heckman et al., 1978) and the first nuclear gene (am, NADP-
specific glutamate dehydrogenase) of N. crassa (Kinnaird and
Fincham, 1983). DNA manipulation and sequencing technologies
continued to improve and resulted in full genome sequencing
efforts. Initial efforts to investigate the whole genome sequence
of Neurospora used expressed sequence tags (ESTs) from dif-
ferent developmental stages (Nelson et al., 1997). Soon after,
whole-genome sequencing efforts via shotgun sequencing and
assembly ensued. The first draft of the N. crassa genome was
released in 2003 (Galagan et al., 2003). The 43 Mb genome has
provided insights into many cellular processes, including cell
signaling, environmental sensing, genome defense, growth and
development, and metabolism and transport (Galagan et al.,
2003; Borkovich et al., 2004). Lessons learned from the Neu-
rospora genome have since been applied to many other fungi,
including insights using comparative genomics approaches.

To further unlock the information acquired from the genome
sequence, elucidation of gene function by gene deletion was
pursued. At the time of genome sequencing, few gene deletions
had been constructed, in large part due to the low rate of ho-
mologous recombination in Neurospora. To facilitate construc-
tion of a whole-genome-deletion collection, the nonhomologous
end-joining (NHEJ) pathway of DNA repair was blocked
(Walker et al., 2001), allowing DNA repair to proceed via ho-
mologous recombination (Ninomiya et al., 2004). NHEJ-deficient
strains and deletion vectors constructed via yeast recombineer-
ing enabled high-throughput production of a nearly complete
whole-genome knockout collection by the Neurospora func-
tional genomics program (Colot et al., 2006; Dunlap et al.,
2007; Collopy et al., 2010). This tool is widely used in the Neu-
rospora and filamentous fungal research community and has
enabled elucidation of function of a large number of genes, in-
cluding identification of transcription factors that regulate gene
expression for specific biochemical pathways and cellular re-
sponses (Colot et al., 2006). However, not all knockout strains
have a detectable phenotype and strains carrying deletions for
essential genes are only viable as heterokaryons, which some-
what limits the utility of the whole-genome-deletion collec-
tion for functional analysis (Fu et al., 2011; Park et al., 2011;
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Watters et al., 2011). Forward genetic screens have been and
will continue to be a valuable tool for function genomic studies,
especially in conjunction with whole-genome sequencing and
classical gene mapping. For example, the genomes of 18 classi-
cal mutants of N. crassa were recently sequenced to identify the
causative mutation(s) (McCluskey, 2011).

The advent of next-generation sequencing technologies has
revolutionized genetic research and has enabled the collection
of a surplus of genetic data. In addition to genome resequencing,
RNA sequencing (RNA-seq) and chromatin-immunoprecipitation
sequencing (ChIP-seq) have shed light on interactions of genes
and gene expression and have informed the role of DNA and
protein interaction in the regulation of gene expression and
control of DNA repair, replication, and transcription. Specifi-
cally, these technologies have enabled in-depth investigation of
Neurospora as a model for biomass deconstruction (Tian et al.,
2009; Coradetti et al., 2012; Sun et al., 2012; Znameroski et al.,
2012; Benz et al., 2014), circadian rhythm and photobiology
(Smith et al., 2010; Sancar et al., 2011; Arthanari et al., 2014),
epigenetics (Pomraning et al., 2009; Hammond et al., 2013;
Jamieson et al., 2013), and population genetics (Hall et al., 2010;
Ellison et al., 2011).

TOOL DEVELOPMENT AND THE APPLICATION OF
NEUROSPORA TO BIOTECHNOLOGY

In the upcoming years, Neurospora will likely continue to
contribute to our understanding of fundamental aspects of cir-
cadian rhythm, epigenetic and gene silencing processes, and
population genetics; however, the era of next-generation se-
quencing will enable many of these studies in nonmodel, eco-
logically well-characterized microorganisms. Whole-genome
sequencing of other fungi has enabled comparative genomic
studies with Neurospora to elucidate specialization of fungal
species and basic biological processes such as signaling cas-
cades (Zelter et al., 2004; Rispail et al., 2009; Sharpton et al.,
2009; Ma et al., 2010). Harnessing new tools to leverage the
genomic, transcriptional and functional data available for Neu-
rospora for computational modeling of genetic networks is an
exciting new area for development for N. crassa as a model
system.

Neurospora has recently found a niche role in understanding
fungal deconstruction of the plant cell wall, in particular for
enabling an economically viable second-generation biofuel
(Glass et al., 2013). Specifically, plant biomass detection and
signaling, regulation, expression, and secretion of the lignocel-
lulolytic enzymes by Neurospora are being investigated (Tian
et al., 2009; Coradetti et al., 2012; Sun et al., 2012; Znameroski
etal.,2012; Benz et al., 2014). Novel proteins involved in plant
cell wall deconstruction have been identified in Neurospora
through comparative genomic, transcriptomic, and proteomic
studies (Beeson et al., 2012; Phillips et al., 2011), and evidence
suggests additional factors for plant biomass degradation are
present (Coradetti et al., 2012; Benz et al., 2014). Recent stud-
ies have pushed Neurospora research beyond understanding
fundamental scientific questions and have used Neurospora for
applied research as a consolidated bioprocessing host for ligno-
cellulosic biofuel production and a heterologous protein pro-
duction host (Dogaris et al., 2013; Dana et al., 2014; Roche et al.,
2014). With these studies, Neurospora continues to evolve in
its role as a model microbe, now including applied biotechno-
logical research. The rich genetic history and development of
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genetic and ’omic tools, sets Neurospora up for leading the ef-
fort of applying synthetic biology approaches pioneered in bac-
teria and yeast to filamentous fungi for production of biofuels,
chemicals, hydrolytic enzymes, and organic acids.

The feasibility of developing synthetic biology and meta-
bolic engineering technologies in Neurospora will largely
depend on increasing the number of selectable markers and im-
proving genetic tools for fine-tuning gene expression levels.
Although the cre—loxP system for marker recycling has been
established in Neurospora (Honda and Selker, 2009), addi-
tional markers are desirable. Negative selectable markers pres-
ent in the Neurospora genome (e.g., csr-1 for cyclosporin A
selection [Bardiya and Shiu, 2007]) are especially of interest.
The abundant data from recent transcriptomic studies can help
inform promoter selection for inducible or constitutive, fine-
tuning transcription levels. Additional promoter modifications,
such as approaches taken for developing promoter libraries and
chimeric promoters (Alper et al., 2005; Zhang et al., 2012), will
support development of metabolic engineering technologies.
Further development of RNA control devices, such as ribo-
zymes and aptamers, would greatly advance gene-expression
modulation and thus further enable synthetic biology and meta-
bolic engineering applications in Neurospora.

The future of Neurospora as a model system is boundless.
Over the years, Neurospora has been challenged by newcomer
model microbes, yet has proved to be valuable as a classical
genetic model and for investigation of fundamental biological
processes. Avant-garde tools and technologies for genome,
transcriptome, proteome, and metabolome analysis will en-
able continued advancement of the state of knowledge of
modern biology, evolution, and genetics, and facilitate rapid
advances in the applied biological sciences and biotechnol-
ogy. No doubt, the scientific legacy of Neurospora will extend
another century.

LITERATURE CITED

AxINs, R. A., AND A. M. LamBowrrz. 1985. General method for cloning
Neurospora crassa nuclear genes by complementation of mutants.
Molecular and Cellular Biology 5: 2272-2278.

ALPER, H., C. FiscHER, E. NEvOIGT, AND G. STEPHANOPOULOS. 2005. Tuning
genetic control through promoter engineering. Proceedings of the
National Academy of Sciences, USA 102: 12678-12683.

ANTEQUERA, F., M. TAMAME, J. VILLANUEVA, AND T. Santos. 1984. DNA
methylation in the fungi. Journal of Biological Chemistry 259:
8033-8036.

AraMAYO, R., aND R. L. METZENBERG. 1996. Meiotic transvection in
fungi. Cell 86: 103—113.

ARrAMAYO, R., aND E. U. SELKER. 2013. Neurospora crassa, a model sys-
tem for epigenetics research. Cold Spring Harbor Perspectives in
Biology 5: a017921.

ARronsoN, B. D., K. A. Jounson, J. J. Loros, anp J. C. DunLap. 1994,
Negative feedback defining a circadian clock: Autoregulation of the
clock gene frequency. Science 263: 1578-1584.

ARTHANARI, Y., C. HEINTZEN, S. GRIFFITHS-JONES, AND S. K. CROSTHWAITE.
2014. Natural antisense transcripts and long non-coding RNA in
Neurospora crassa. PLoS ONE 9: e91353.

AusTiN, B., R. M. HaLL, AND B. M. TyLER. 1990. Optimized vectors and
selection for transformation of Neurospora crassa and Aspergillus
nidulans to bleomycin and phleomycin resistance. Gene 93:
157-162.

AvaLos, J., R. GEEVER, AND M. Cast. 1989. Bialaphos resistance as a
dominant selectable marker in Neurospora crassa. Current Genetics
16: 369-372.

Baker, C. L., J. J. Loros, aND J. C. DunLAP. 2012. The circadian clock of
Neurospora crassa. FEMS Microbiology Reviews 36: 95-110.



December 2014]

BaLLarIO, P., P. ViTTOoRI050, A. MAGRELLI, C. TALORA, A. CABIBBO, AND
G. Macmvo. 1996. White collar-1, a central regulator of blue light
responses in Neurospora, is a zinc finger protein. EMBO Journal 15:
1650-1657.

Barpiva, N., anp P. K. Suu. 2007. Cyclosporin A-resistance based
gene placement system for Neurospora crassa. Fungal Genetics and
Biology 44:307-314.

BarrATT, R. W., D. NEWMEYER, D. D. PERKINS, AND L. GARNJOBST. 1954.
Map construction in Neurospora crassa. Advances in Genetics 6:
1-93.

BEADLE, G. W., AND V. L. CooNrADT. 1944. Heterokaryosis in Neurospora
crassa. Genetics 29: 291-308.

BeabLE, G. W., anD E. L. Tatum. 1941. Genetic control of biochemi-
cal reactions in Neurospora. Proceedings of the National Academy of
Sciences, USA 27: 499-506.

BeabpLE, G. W., AND E. L. Tatum. 1945, Neurospora. 11. Methods of pro-
ducing and detecting mutations concerned with nutritional require-
ments. American Journal of Botany 32: 678—686.

BeesoN, W. T., C. M. PuiLLips, J. H. CATE, AND M. A. MARLETTA. 2012.
Oxidative cleavage of cellulose by fungal copper-dependent polysac-
charide monooxygenases. Journal of the American Chemical Society
134: 890-892.

BeLpEN, W. J., L. F. LARRONDO, A. C. FroEHLICH, M. SHi, C. H. CHEN, J. J.
Loros, AND J. C. Duncap. 2007. The band mutation in Neurospora
crassa is a dominant allele of ras-/ implicating RAS signaling in cir-
cadian output. Genes & Development 21: 1494—-1505.

BELL-PEDERSEN, D., M. L. SHINOHARA, J. J. Loros, anp J. C. DunLAP. 1996.
Circadian clock-controlled genes isolated from Neurospora crassa
are late night- to early morning-specific. Proceedings of the National
Academy of Sciences, USA 93: 13096-13101.

Benz, J. P., B. H. Cuau, D. ZHENG, S. BAUER, N. L. Grass, anp C. R.
SoMERVILLE. 2014. A comparative systems analysis of polysaccha-
ride-elicited responses in Neurospora crassa reveals carbon source-
specific cellular adaptations. Molecular Microbiology 91: 275-299.

BErLIN, V., AND C. YANOFsKY. 1985a. Protein changes during the asex-
ual cycle of Neurospora crassa. Molecular and Cellular Biology 5:
839-8438.

BerLIN, V., aAND C. YANOFSKY. 1985b. Isolation and characterization of
genes differentially expressed during conidiation of Neurospora
crassa. Molecular and Cellular Biology 5: 849-855.

BERNHARDT, S. A., AND R. H. Davis. 1972. Carbamoyl phosphate compart-
mentation in Neurospora: Histochemical localization of aspartate and
ornithine transcarbamoylases. Proceedings of the National Academy
of Sciences, USA 69: 1868-1872.

Borkovich, K. A., L. A. ALEX, O. YARDEN, M. FrREITAG, G. E. TURNER, N. D.
READ, S. SEILER, ET AL. 2004. Lessons from the genome sequence of
Neurospora crassa: Tracing the path from genomic blueprint to mul-
ticellular organism. Microbiology and Molecular Biology Reviews 68:
1-108.

BurtLER, E. T., W. J. RoBBINS, AND B. O. DopGe. 1941.
growth of Neurospora. Science 94: 262-263.

CaMBARERI, E., M. SINGER, AND E. SELKER. 1991. Recurrence of repeat-
induced point mutation (RIP) in Neurospora crassa. Genetics 127:
699-710.

CaMBARERI, E. B., B. C. JeENseN, E. ScuaBTAcH, AND E. U. SELKER. 1989.
Repeat-induced GC to AT mutations in Neurospora. Science 244:
1571-1575.

CAMPBELL, J., C. ENDERLIN, AND C. SELITRENNIKOFF. 1994. Vectors for ex-
pression and modification of cDNA sequences in Neurospora crassa.
Fungal Genetics Newsletter 41: 20-21.

CamPBELL, J. L., anp B. C. Turner. 1987. Recombination block in the
spore killer region of Neurospora. Genome 29: 129-135.

CarsioTis, M., R. F. Jongs, AND A. C. WESSELING. 1974. Cross-pathway
regulation: Histidine-mediated control of histidine, tryptophan, and
arginine biosynthetic enzymes in Neurospora crassa. Journal of
Bacteriology 119: 893-898.

Casg, M., H. BRockMmAN, AND F. DE SERRES. 1965. Further information on
the origin of the yale and oak ridge wild-type strains of Neurospora
crassa. Neurospora Newsletters 8: 25-26.

Biotin and the

ROCHE ET AL.—NEUROSPORA CRASSA: LOOKING BACK AND LOOKING FORWARD

2031

Casg, M. E. 1986. Genetical and molecular analyses of qa-2 transfor-
mants in Neurospora crassa. Genetics 113: 569-587.

Case, M. E., M. ScHweizer, S. R. KusHNEr, aND N. H. GiLes. 1979.
Efficient transformation of Neurospora crassa by utilizing hybrid
plasmid DNA. Proceedings of the National Academy of Sciences,
USA 76: 5259-5263.

CartaLaNotTo, C., M. PaLLoTTA, P. REFALO, M. S. SacHs, L. Vayssig, G.
MaciNo, AND C. Cocont. 2004.  Redundancy of the two Dicer genes in
transgene-induced posttranscriptional gene silencing in Neurospora
crassa. Molecular and Cellular Biology 24: 2536-2545.

CATCHESIDE, D., A. P. JEssop, AND B. SmiTH. 1964. Genetic controls of al-
lelic recombination in Neurospora. Nature 202: 1242—1243.

CATCHESIDE, D., P. STORER, AND B. KLEIN. 1985. Cloning of the ARO clus-
ter gene of Neurospora crassa and its expression in Escherichia coli.
Molecular & General Genetics 199: 446-451.

CHALEFF, R. 1974. The inducible quinate-shikimate catabolic pathway in
Neurospora crassa: Induction and regulation of enzyme synthesis.
Journal of General Microbiology 81: 357-372.

CHANG, S.-S., Z. ZHANG, AND Y. Liu. 2012. RNA interference pathways
in fungi: Mechanisms and functions. Annual Review of Microbiology
66: 305-323.

CHEN, C. H., C. S. RINGELBERG, R. H. Gross, J. C. DunLAP, AND J. J. LOROS.
2009. Genome-wide analysis of light-inducible responses reveals
hierarchical light signalling in Neurospora. EMBO Journal 28:
1029-1042.

Cocont, C., J. IRELAN, M. SCHUMACHER, T. SCHMIDHAUSER, E. SELKER, AND
G. MaciNo. 1996. Transgene silencing of the al-1 gene in vegetative
cells of Neurospora is mediated by a cytoplasmic effector and does
not depend on DNA-DNA interactions or DNA methylation. EMBO
Journal 15: 3153-3163.

Cocont, C., AND G. Macmvo. 1997. Isolation of quelling-defective (gde)
mutants impaired in posttranscriptional transgene-induced gene si-
lencing in Neurospora crassa. Proceedings of the National Academy
of Sciences, USA 94: 10233-10238.

CoLrory, P. D., H. V. CoLor, G. Park, C. RINGELBERG, C. M. Crew, K. A.
BorkovicH, anp J. C. Dunrap. 2010. High-throughput construction
of gene deletion cassettes for generation of Neurospora crassa knock-
out strains. In A. Sharon [ed.], Molecular and cell biology methods for
fungi, 33—40. Humana Press, New York, New York, USA.

Corot, H. V., G. Park, G. E. TurNERr, C. RINGELBERG, C. M. Crew, L.
Lirvinkova, R. L. WErss, ET AL. 2006. A high-throughput gene knock-
out procedure for Neurospora reveals functions for multiple transcrip-
tion factors. Proceedings of the National Academy of Sciences, USA
103: 10352-10357.

CorapeTTl, S. T., J. P. Craig, Y. Xiong, T. SHock, C. TiaN, aND N. L.
Grass. 2012. Conserved and essential transcription factors for cel-
lulase gene expression in ascomycete fungi. Proceedings of the
National Academy of Sciences, USA 109: 7397-7402.

CrostHWAITE, S. K. 2011. Circadian timekeeping in Neurospora crassa
and Synechococcus elongatus. Essays in Biochemistry 49: 37-51.
CROSTHWAITE, S. K., J. C. DunLAP, aND J. J. Loros. 1997. Neurospora
we-1 and we-2: Transcription, photoresponses, and the origins of cir-

cadian rhythmicity. Science 276: 763-769.

Dana, C. M., A. DotsoNn-FacersTrRoM, C. M. RocHE, S. M. KaL, H. A.
CHokHAWALA, H. W. BraNcH, aND D. S. CrLark. 2014. The im-
portance of pyroglutamate in cellulase Cel7A. Biotechnology and
Bioengineering 111: 842-847.

Davis, R. 1959. Asexual selection in Neurospora crassa. Genetics 44:
1291-1308.

Davis, R. H. 2000. Neurospora: Contributions of a model organism.
Oxford University Press New York, New York, USA.

Davis, R. H., anp F. J. DE SErRrES. 1970. Genetic and microbiological re-
search techniques for Neurospora crassa. In C. W. T. Herbert Tabor
[ed.], Methods in enzymology, vol. 17, part A, 79-143. Academic
Press, New York, New York, USA.

DEeGLI-INNOcENTI, F., aND V. E. Russo. 1984. Isolation of new white
collar mutants of Neurospora crassa and studies on their behavior
in the blue light-induced formation of protoperithecia. Journal of
Bacteriology 159: 757-761.



2032

DEert™AN, J. R., D. J. JacOBSON, AND J. W. TayLoR. 2003. A multilocus ge-
nealogical approach to phylogenetic species recognition in the model
eukaryote Neurospora. Evolution 57: 2703-2720.

Dobcg, B. O. 1942. Heterocaryotic vigor in Neurospora. Bulletin of the
Torrey Botanical Club 69: 75-91.

Dogarss, I., D. Mamma, anDp D. Kexos. 2013.  Biotechnological production
of ethanol from renewable resources by Neurospora crassa: An al-
ternative to conventional yeast fermentations? Applied Microbiology
and Biotechnology 97: 1457-1473.

Duntrap, J. C., K. A. BorkovicH, M. R. HENN, G. E. TURNER, M. S. SAcHS,
N. L. Grass, K. McCLUSKEY, ET AL. 2007. Enabling a community to
dissect an organism: Overview of the Neurospora functional genom-
ics project. Advances in Genetics 57: 49-96.

ELLisoN, C. E., C. HaLL, D. KowBEL, J. WELcH, R. B. BREM, N. GLASS,
AND J. W. TayLor. 2011. Population genomics and local adaptation
in wild isolates of a model microbial eukaryote. Proceedings of the
National Academy of Sciences, USA 108: 2831-2836.

ELLison, C. E., D. KowsgL, N. L. Grass, J. W. TAYLOR, AND R. B. BREM.
2014. Discovering functions of unannotated genes from a transcrip-
tome survey of wild fungal isolates. mBio 5: e01046-13.

FeLpman, J., anD N. Waser. 1971. New mutations affecting circadian
rhythmicity in Neurospora. In M. Menaker [ed.], Biochronometry,
652-656.National Academy of Sciences, Washington, D.C., USA.

FeLpmaN, J. F., aNpD M. N. HoyLE. 1973. Isolation of circadian clock mu-
tants of Neurospora crassa. Genetics 75: 605-613.

FincHam, J. R. S. 1954.  Effects of a gene mutation in Neurospora crassa
relating to glutamic dehydrogenase formation. Journal of General
Microbiology 11: 236-246.

FRrEE, S. J., P. W. RICE, AND R. L. METZENBERG. 1979. Arrangement of the
genes coding for ribosomal ribonucleic acids in Neurospora crassa.
Journal of Bacteriology 137: 1219-1226.

FroenLicH, A. C., Y. Liu, J. J. Loros, anp J. C. DunLap. 2002. White
Collar-1, a circadian blue light photoreceptor, binding to the fre-
quency promoter. Science 297: 815-819.

Fu, C., P. Iver, A. HERKAL, J. ABDULLAH, A. StouT, AND S. J. FrReg. 2011.
Identification and characterization of genes required for cell-to-cell
fusion in Neurospora crassa. Eukaryotic Cell 10: 1100-1109.

GaLacaNn, J. E., S. E. CaLvo, K. A. BorkovicH, E. U. SELKER, N. D. READ,
D. Jarrg, W. FitzHuGH, ET AL. 2003. The genome sequence of the
filamentous fungus Neurospora crassa. Nature 422: 859-868.

GARrceau, N. Y., Y. Liu, J. J. Loros, anp J. C. DunLapP. 1997. Alternative
initiation of translation and time-specific phosphorylation yield mul-
tiple forms of the essential clock protein FREQUENCY. Cell 89:
469-476.

GarNIOBST, L. 1953. Genetic control of heterocaryosis in Neurospora
crassa. American Journal of Botany 40: 607-614.

GARNIOBST, L., AND J. F. WiLsoN. 1956. Heterocaryosis and protoplasmic
incompatibility in Neurospora crassa. Proceedings of the National
Academy of Sciences, USA 42: 613-618.

GIERING, J. C., D. GrRimM, T. A. STorM, AND M. A. Kay. 2008. Expression
of shRNA from a tissue-specific pol II promoter is an effective and
safe RNAI therapeutic. Molecular Therapy 16: 1630-1636.

GiLgs, N. H., C. PARTRIDGE, S. AHMED, AND M. E. Casg. 1967. The occur-
rence of two dehydroquinases in Neurospora crassa, one constitutive
and one inducible. Proceedings of the National Academy of Sciences,
USA 58: 1930-1937.

Grass, N., aND M. NELsoN. 1994. Mating-type genes in mycelial asco-
mycetes. /n J. H. Wessels and F. Meinhardt [eds.], Growth, differen-
tiation and sexuality, vol. 1, The Mycota, 295-306. Springer, Berlin,
Germany.

Grass, N. L., D. J. Jacosson, anp P. K. SHiu. 2000. The genetics of hy-
phal fusion and vegetative incompatibility in filamentous ascomycete
fungi. Annual Review of Genetics 34: 165-186.

Grass, N. L., anp I. Kaneko. 2003. Fatal attraction: Nonself recognition
and heterokaryon incompatibility in filamentous fungi. Eukaryotic
Cell 2: 1-8.

Grass, N. L., M. ScumoLL, J. H. Catg, AND S. CoraDETTI. 2013. Plant
cell wall deconstruction by ascomycete fungi. Annual Review of
Microbiology 67: 477-498.

AMERICAN JOURNAL OF BOoTANY

[Vol. 101

Grass,N. L., S.J. VOLLMER, C. STABEN, J. GROTELUESCHEN, R. L. METZENBERG,
AND C. Yanorsky. 1988. DNAs of the two mating-type alleles of
Neurospora crassa are highly dissimilar. Science 241: 570-573.

GraNT, D., A. LAMBOWITZ, J. RAMBOSEK, AND J. KINSEY. 1984. Transformation
of Neurospora crassa with recombinant plasmids containing the
cloned glutamate dehydrogenase (am) gene: Evidence for autono-
mous replication of the transforming plasmid. Molecular and Cellular
Biology 4: 2041-2051.

Gross, S. 1965. The regulation of synthesis of leucine biosynthetic en-
zymes in Neurospora. Proceedings of the National Academy of
Sciences, USA 54: 1538-1546.

Harr, C., J. WeLcH, D. J. KowsgL, aND N. L. Grass. 2010. Evolution
and diversity of a fungal self/nonself recognition locus. PLoS ONE
5:el4055.

Hammonp, T. M., H. Xiao, E. C. BoonE, L. M. DECKER, S. A. LEg, T. D.
PERDUE, P. J. PUkkiLA, ET AL. 2013. Novel proteins required for mei-
otic silencing by unpaired DNA and siRNA generation in Neurospora
crassa. Genetics 194: 91-100.

Hansen, H. N. 1938. The dual phenomenon in imperfect fungi. Mycologia
30: 442-455.

Hansen, H. N. 1942. Heterokaryosis and variability. Phytopathology 32:
639-640.

Harbping, R. W., anD R. V. Turner. 1981. Photoregulation of the ca-
rotenoid biosynthetic pathway in albino and white collar mutants of
Neurospora crassa. Plant Physiology 68: 745-749.

Hastings, J. W., aND B. M. SWEENEY. 1958. A persistent diurnal rhythm
of luminescence in Gonyaulax polyedra. Biological Bulletin 115:
440-448.

He, Q., P. CueNgG, Y. YaNG, L. Wang, K. H. GARDNER, aND Y. Liu. 2002.
White collar-1, a DNA binding transcription factor and a light sensor.
Science 297: 840-843.

Heckman, J. E., L. I. HEcker, S. D. ScuwarTzBACH, W. E. BARNETT, B.
BAUMSTARK, AND U. L. RAJIBHANDARY. 1978. Structure and function
of initiator methionine tRNA from the mitochondria of Neurospora
crassa. Cell 13: 83-95.

HerrMANN, J. M., aND W. NEeuperT. 2000. Protein transport into mito-
chondria. Current Opinion in Microbiology 3: 210-214.

Horroway, B. W. 1955. Genetic control of heterocaryosis in Neurospora
crassa. Genetics 40: 117-129.

Honpa, S., Z. A. LEwis, M. Huarte, L. Y. CHo, L. L. DaviD, Y. SHI, AND
E. U. SELKER. 2010. The DMM complex prevents spreading of DNA
methylation from transposons to nearby genes in Neurospora crassa.
Genes & Development 24: 443-454.

Honba, S., anp E. U. SELkER. 2008. Direct interaction between DNA
methyltransferase DIM-2 and HP1 is required for DNA methylation in
Neurospora crassa. Molecular and Cellular Biology 28: 6044—6055.

Honpa, S., anp E. U. SeLker. 2009. Tools for fungal proteomics:
Multifunctional Neurospora vectors for gene replacement, protein ex-
pression and protein purification. Genetics 182: 11-23.

Horowirz, N. H., AND M. FLING. 1953. Genetic determination of tyrosi-
nase thermostability in Neurospora. Genetics 38: 360-374.

Horowrrz, N. H., AND S.-C. SHEN. 1952. Neurospora tyrosinase. Journal
of Biological Chemistry 197: 513-520.

Houranan, M. B., G. W. BeaDLE, aND H. G. CaLHouN. 1949. Linkage
studies with biochemical mutants of Neurospora crassa. Genetics 34:
493-507.

HurrEy, J. M., C.-H. CHeN, J. J. Loros, anp J. C. Dunrap. 2012. Light-
inducible system for tunable protein expression in Neurospora crassa.
G3: Genes|Genomes|Genetics 2: 1207-1212.

IpnurMm, AL, S. VERMA, AND L. M. CorrocHANO. 2010. A glimpse into the
basis of vision in the kingdom Mycota. Fungal Genetics and Biology.
47: 881-892.

JacossoN, D. J. 1992, Control of mating type heterokaryon incompatibil-
ity by the tol gene in Neurospora crassa and N. tetrasperma. Genome
35:347-353.

JaMiesoN, K., M. R. ROUNTREE, Z. A. LEwis, J. E. StaJich, aND E. U. SELKER.
2013. Regional control of histone H3 lysine 27 methylation in
Neurospora. Proceedings of the National Academy of Sciences, USA
110: 6027-6032.



December 2014]

Jinau, G., aND L. Y1. 2010. Molecular mechanism of the Neurospora cir-
cadian oscillator. Protein & Cell 1: 331-341.

KaNEko, I., K. DEMENTHON, Q. XIANG, AND N. L. GLass. 2006. Nonallelic
interactions between het-c and a polymorphic locus, pin-c, are essen-
tial for nonself recognition and programmed cell death in Neurospora
crassa. Genetics 172: 1545-1555.

KENNELL, J., R. CoLLINS, A. GRIFFITHS, AND F. NARGANG. 2004. Mitochondrial
genetics of Neurospora. In U. Kiick [ed.], Genetics and biotechnology,
vol. 2, The Mycota, 95-112. Springer, Berlin, Germany.

KinNamrp, J. H., anp J. R. Fincaam. 1983. The complete nucleotide se-
quence of the Neurospora crassa am (NADP-specific glutamate de-
hydrogenase) gene. Gene 26: 253-260.

Konopka, R. J., aND S. BENzER. 1971. Clock mutants of Drosophila me-
lanogaster. Proceedings of the National Academy of Sciences, USA
68: 2112-2116.

Kupper, U., M. LinDEN, K. Z. Cao, aND K. LERCH. 1990. Expression of
tyrosinase in vegetative cultures of Neurospora crassa transformed
with a metallothionein promoter/protyrosinase fusion gene. Current
Genetics 18: 331-335.

Lawms, T. M., J. VIickery, AND D. BELL-PEDERSEN. 2013. Regulation of
gene expression in Neurospora crassa with a copper responsive pro-
moter. G3: Genes|Genomes|Genetics 3: 2273-2280.

LEg, D. W., R. MiLLIMAKI, AND R. ArRAMAYO. 2010a. QIP, a component of
the vegetative RNA silencing pathway, is essential for meiosis and
suppresses meiotic silencing in Neurospora crassa. Genetics 186:
127-133.

LEg, H.-C., A. P. AaLTO, Q. YANG, S.-S. CHANG, G. HUANG, D. FISHER, J. CHa,
ET AL. 2010b. The DNA/RNA-dependent RNA polymerase QDE-1
generates aberrant RNA and dsRNA for RNAI in a process requiring
replication protein A and a DNA helicase. PLoS Biology 8: e1000496.

Lewis, Z. A., K. K. Apavaryu, S. Honpa, A. L. SHIVER, M. Knip, R. Sack,
AND E. U. SeLker. 2010. DNA methylation and normal chromo-
some behavior in Neurospora depend on five components of a histone
methyltransferase complex, DCDC. PLOS Genetics 6: e1001196.

LinpecreN, C. C. 1932. The genetics of Neurospora-11. Segregation of
the sex factors in asci of N. crassa, N. sitophila, and N. tetrasperma.
Bulletin of the Torrey Botanical Club 59: 119-138.

LinpEGREN, C. C. 1933. The genetics of Neurospora-111. Pure bred stocks
and crossing-over in N. crassa. Bulletin of the Torrey Botanical Club
60: 133-154.

LinpEGREN, C. C. 1936. The structure of the sex chromosomes of
Neurospora crassa. Genetics 32: 243-256.

LiNDEGREN, C. C., AND G. LINDEGREN. 1937. Non-random crossing-over in
Neurospora. Journal of Heredity 28: 105-113.

LimpEGREN, C. C., AND G. LINDEGREN. 1939. Non-random crossing over
in the second chromosome of Neurospora crassa. Genetics 24: 1-7.

LiNnpeN, H., anp G. Macivo. 1997. White collar 2, a partner in blue-light
signal transduction, controlling expression of light-regulated genes in
Neurospora crassa. EMBO Journal 16: 98-109.

L, Y., N. Y. Garceau, J. J. Loros, anp J. C. Duncap. 1997, Thermally
regulated translational control of FRQ mediates aspects of tempera-
ture responses in the Neurospora circadian clock. Cell 89: 477-486.

Loros, J. J., S. A. DENOME, AND J. C. Duncap. 1989. Molecular cloning
of genes under control of the circadian clock in Neurospora. Science
243: 385-388.

Loros, J. J., A. RicimaN, AND J. F. FELDMAN. 1986. A recessive circadian
clock mutation at the frq locus of Neurospora crassa. Genetics 114:
1095-1110.

Ma, L.-J., H. C. VaN DR Doks, K. A. BorkovicH, J. J. CoLEMAN, M.-
J. DaBousst, A. D1 PieTrRo, M. DUFRESNE, ET AL. 2010. Comparative
genomics reveals mobile pathogenicity chromosomes in Fusarium.
Nature 464: 367-373.

Marri, M., H. C. LEg, anp Y. Liv. 2007. QIP, a putative exonuclease,
interacts with the Neurospora Argonaute protein and facilitates con-
version of duplex siRNA into single strands. Genes & Development
21: 590-600.

MarzLuF, G. A., aND R. L. METZENBERG. 1968. Positive control by the
cys-3 locus in regulation of sulfur metabolism in Neurospora. Journal
of Molecular Biology 33: 423-437.

ROCHE ET AL.—NEUROSPORA CRASSA: LOOKING BACK AND LOOKING FORWARD

2033

McCrintock, B. 1945.  Neurospora. 1. Preliminary observations of the
chromosomes of Neurospora crassa. American Journal of Botany 32:
671-678.

McCrung, C. R., B. A. Fox, anp J. C. Dunrap. 1989. The Neurospora
clock gene frequency shares a sequence element with the Drosophila
clock gene period. Nature 339: 558-562.

McCruskey, K. 2011. From genetics to genomics: Fungal collections at
the fungal genetics stock center. Mycology 2: 161-168.

McNaLLy, M. T., anD S. J. Freg. 1988. Isolation and characterization of a
Neurospora glucose-repressible gene. Current Genetics 14: 545-551.

METZENBERG, R. L., M. K. GLEASON, AND B. S. LittLEwooD. 1974. Genetic
control of alkaline phosphatase synthesis in Neurospora: The use of
partial diploids in dominance studies. Genetics 77: 25-43.

METZzENBERG, R. L., J. N. StEvEns, E. U. SELKER, AND E. MORZYCKA-
WROBLEWSKA. 1985. Identification and chromosomal distribution of
5S rRNA genes in Neurospora crassa. Proceedings of the National
Academy of Sciences, USA 82: 2067-2071.

Micay, C. O., aNp M. L. Smitn. 2006. A nonself recognition gene com-
plex in Neurospora crassa. Genetics 173: 1991-2004.

MILLER, H., AND W. D. McELRrOY. 1948. Factors influencing the mutation
rate in Neurospora. Science 107: 193-194.

Mir-RASHED, N., D. JAcoBsON, M. DEHGHANY, O. MicALI, AND M. SMITH.
2000. Molecular and functional analyses of incompatibility genes
at het-6 in a population of Neurospora crassa. Fungal Genetics and
Biology 30: 197-205.

MisHrA, N., aAND E. Tatum. 1973. Non-Mendelian inheritance of DNA-
induced inositol independence in Neurospora. Proceedings of the
National Academy of Sciences, USA 70: 3875-3879.

MirrcreLL, H. K., AND M. B. HouranaN. 1946. Neurospora. IV. A tem-
perature-sensitive riboflavinless mutant. American Journal of Botany
33:31-35.

MircHELL, M. B. 1955.  Aberrant recombination of pyridoxine mutants of
Neurospora. Proceedings of the National Academy of Sciences, USA
41: 215-220.

MircheLL, M. B., aND H. K. MiTcHELL. 1952. A case of “maternal” inheri-
tance in Neurospora crassa. Proceedings of the National Academy of
Sciences, USA 38: 442-449.

MyLYK, O., E. BARRY, AND D. GaLEAazzI. 1974. New isogenic wild types in
N. crassa. Neurospora Newsletters 21: 24.

MyLyk, O. M. 1975. Heterokaryon incompatibility genes in Neurospora
crassa detected using duplication-producing chromosome rearrange-
ments. Genetics 80: 107-124.

NapoLl, C., C. LEMIEUX, AND R. JORGENSEN. 1990. Introduction of a chi-
meric chalcone synthase gene into petunia results in reversible co-
suppression of homologous genes in trans. Plant Cell 2: 279-289.

NELsoN, M. A., S. Kang, E. L. BRaun, M. E. CRawroRrD, P. L. DoLaAN, P.
M. LEONARD, J. MITCHELL, ET AL. 1997. Expressed sequences from
conidial, mycelial, and sexual stages of Neurospora crassa. Fungal
Genetics and Biology 21: 348-363.

NELsoN, M. A., G. MoreLLI, A. CaratToLl, N. RoMANO, AND G. MACINO.
1989. Molecular cloning of a Neurospora crassa carotenoid biosyn-
thetic gene (albino-3) regulated by blue light and the products of the
white collar genes. Molecular and Cellular Biology 9: 1271-1276.

NEWMEYER, D., D. PERKINS, AND E. BARRY. 1987. An annotated pedigree of
Neurospora crassa laboratory wild-types, showing the probable ori-
gin of the nucleolus satellite and showing that certain stocks are not
authentic. Fungal Genetics Newsletter 34: 46-51.

NEWMEYER, D., anp C. W. TayrLor. 1967. A pericentric inversion
in Neurospora, with unstable duplication progeny. Genetics 56:
771-791.

Nivomiya, Y., K. Suzuki, C. IsHi, anp H. INnoute. 2004. Highly efficient
gene replacements in Neurospora strains deficient for nonhomolo-
gous end-joining. Proceedings of the National Academy of Sciences,
USA 101: 12248-12253.

NYGREN, K., R. STRANDBERG, A. WALLBERG, B. NABHOLZ, T. GUSTAFSSON,
D. Garcia, J. Cano, ET AL. 2011. A comprehensive phylogeny of
Neurospora reveals a link between reproductive mode and molecu-
lar evolution in fungi. Molecular Phylogenetics and Evolution 59:
649-663.



2034

ORrBACH, M. J., E. B. Porro, AND C. YANOFsKY. 1986. Cloning and char-
acterization of the gene for beta-tubulin from a benomyl-resistant mu-
tant of Neurospora crassa and its use as a dominant selectable marker.
Molecular and Cellular Biology 6: 2452-2461.

PALMA-GUERRERO, J., C. R. HaLL, D. KowsgL, J. WELcH, J. W. TAYLOR, R.
B. BreM, aND N. L. Grass. 2013. Genome wide association identi-
fies novel loci involved in fungal communication. PLOS Genetics 9:
e1003669.

PaoLeTTI, M., AND S. J. SaupE. 2009. Fungal incompatibility: Evolutionary
origin in pathogen defense? BioEssays 31: 1201-1210.

Park, G., J. A. SErviN, G. E. Turner, L. ALtamirano, H. V. CoLor, P.
Corropy, L. LitviNnkova, ET AL. 2011. Global analysis of serine-thre-
onine protein kinase genes in Neurospora crassa. Eukaryotic Cell 10:
1553-1564.

Paven, A. 1843. (Rapporteur) Extrait d'un rapport adresse a M. Le Marechal
Duc de Dalmatie, Ministre de la Guerre, President du Conseil, sur une
alteration extraordinaire du pain de munition. Annales de Chimie et de
Physique 9: 5-21.

PerkiNs, D. D. 1962. Preservation of Neurospora stock cultures with an-
hydrous silica gel. Canadian Journal of Microbiology 8: 591-594.

Perkins, D. D. 1975. The use of duplication-generating rearrangements
for studying heterokaryon incompatibility genes in Neurospora.
Genetics 80: 87-105.

PerkiNs, D. D., anp E. G. Barry. 1977. The cytogenetics of Neurospora.
Advances in Genetics 19: 133-285.

Perkins, D. D., M. GLASSEY, AND B. A. BLoom. 1962. New data on mark-
ers and rearrangements in Neurospora. Canadian Journal of Genetics
and Cytology 4: 187-205.

Perkins, D. D., ano B. C. Turner. 1988. Neurospora from natural
populations: Toward the population biology of a haploid eukaryote.
Experimental Mycology 12: 91-131.

Perkins, D. D., B. C. Turner, anD E. G. Barry. 1976.
Neurospora collected from nature. Evolution 30: 281-313.

PuiLLips, C. M., W. T. Beeson IV, J. H. CATE, AND M. A. MARLETTA. 2011.
Cellobiose dehydrogenase and a copper-dependent polysaccharide
monooxygenase potentiate cellulose degradation by Neurospora
crassa. ACS Chemical Biology 6: 1399-1406.

PrrTeNDRIGH, C., B. BRUCE, N. ROSENSWEIG, AND M. RUBIN. 1959. Growth
patterns in Neurospora: A biological clock in Neurospora. Nature
184: 169-170.

PitTENGER, T. H., AND T. G. BRAWNER. 1961. Genetic control of nuclear
selection in Neurospora heterokaryons. Genetics 46: 1645-1663.
PrrteNGER, T. H., A. W. KimmBALL, aND K. C. Atwoobp. 1955. Control of
nuclear ratios in Neurospora heterokaryons. American Journal of

Botany 42: 954-958.

PoMraNING, K. R., K. M. SmitH, AND M. FreiTac. 2009. Genome-wide
high throughput analysis of DNA methylation in eukaryotes. Methods
(San Diego, Calif.) 47: 142—150.

Raju, N. B., anp D. D. Perkins. 1978. Barren perithecia in Neurospora
crassa. Canadian Journal of Genetics and Cytology 20: 41-59.

RiQuELME, M., O. YarDpeN, S. BarTNICKI-GarciA, B. Bowwman, E.
CASTRO-LONGORIA, S. J. FReE, A. FLEIBNER, ET AL. 2011. Architecture
and development of the Neurospora crassa hypha—A model cell for
polarized growth. Fungal Biology 115: 446-474.

RispaiL, N., D. M. Soanes, C. Ant, R. Czajkowskl, A. GROUNLER, R.
HucGuer, E. PEREZ-NADALES, ET AL. 2009. Comparative genomics
of MAP kinase and calcium—calcineurin signalling components in
plant and human pathogenic fungi. Fungal Genetics and Biology 46:
287-298.

Rocug, C. M., N. L. Grass, H. W. BrancH, anp D. S. Crark. 2014.
Engineering the filamentous fungus Neurospora crassa for lipid
production from lignocellulosic biomass. Biotechnology and Bio-
engineering 111: 1097-1107.

Romano, N., aND G. Macivo. 1992, Quelling: Transient inactivation of
gene expression in Neurospora crassa by transformation with homol-
ogous sequences. Molecular Microbiology 6: 3343-3353.

Ryan, F. J., anD J. LEDERBERG. 1946. Reverse-mutation and adaptation
in leucineless Neurospora. Proceedings of the National Academy of
Sciences, USA 32: 163-173.

Strains of

AMERICAN JOURNAL OF BOoTANY

[Vol. 101

SANCAR, G., C. SANCAR, B. BRUGGER, N. HA, T. SACHSENHEIMER, E. GIN, S.
Wpowik, ET AL. 2011. A global circadian repressor controls antipha-
sic expression of metabolic genes in Neurospora. Molecular Cell 44:
687-697.

SANGER, F., S. NickLEN, AND A. R. CouLson. 1977. DNA sequencing with
chain-terminating inhibitors. Proceedings of the National Academy of
Sciences, USA 74: 5463-5467.

SARGENT, M. L., aND W. R. Bricgs. 1967. The effects of light on a cir-
cadian rhythm of conidiation in Neurospora. Plant Physiology 42:
1504-1510.

SARGENT, M. L., W. R. Brics, aND D. O. WoobwarD. 1966. Circadian
nature of a rhythm expressed by an invertaseless strain of Neurospora
crassa. Plant Physiology 41: 1343—-1349.

SARKAR, S., G. IYER, J. Wu, anp N. L. Grass. 2002. Nonself recognition
is mediated by HET-C heterocomplex formation during vegetative in-
compatibility. EMBO Journal 21: 4841-4850.

Saurg, S. J., anp N. L. Grass. 1997.  Allelic specificity at the het-c hetero-
karyon incompatibility locus of Neurospora crassa is determined by a
highly variable domain. Genetics 146: 1299—-1309.

Sauveg, S. J., G. A. KuLpau, M. L. SmitH, aND N. L. Grass. 1996. The
product of the het-C heterokaryon incompatibility gene of Neurospora
crassa has characteristics of a glycine-rich cell wall protein. Genetics
143: 1589-1600.

ScHEcHTMAN, M. G. 1987. Isolation of telomere DNA from Neurospora
crassa. Molecular and Cellular Biology 7: 3168-3177.

SeLker, E. U. 1990. Premeiotic instability of repeated sequences in
Neurospora crassa. Annual Review of Genetics 24: 579—-613.

SELKER, E. U. 2002. Repeat-induced gene silencing in fungi. Advances in
Genetics 46: 439-450.

SELKER, E. U., E. B. CamBARERI, B. C. JENSEN, aAND K. R. Haack. 1987.
Rearrangement of duplicated DNA in specialized cells of Neurospora.
Cell 51: 741-752.

SHarRMA, S., T. K. KeLLY, aND P. A. Jones. 2010. Epigenetics in cancer.
Carcinogenesis 31: 27-36.

SuarpTON, T. J., J. E. StancH, S. D. RounsLEy, M. J. GARDNER, J. R.
WorTMAN, V. S. JORDAR, R. Marrr, ET AL. 2009. Comparative ge-
nomic analyses of the human fungal pathogens Coccidioides and their
relatives. Genome Research 19: 1722-1731.

SHEAR, C. L., anp B. O. Dopce. 1927. Life histories and heterothallism
of the red bread-mold fungi of the Monilia sitophila group. Journal of
Agricultural Research 34: 1019-1042.

SHiu, P., N. Raju, D. ZICKLER, AND R. METZENBERG. 2001. Meiotic silenc-
ing by unpaired DNA. Cell 107: 905-916.

Suiu, P. K., D. ZickLer, N. B. Raju, G. RupricH-ROBERT, AND R. L.
METZENBERG. 2006. SAD-2 is required for meiotic silencing by un-
paired DNA and perinuclear localization of SAD-1 RNA-directed
RNA polymerase. Proceedings of the National Academy of Sciences,
USA 103: 2243-2248.

SHiu, P. K. T., aNp N. L. GrLass. 1999. Molecular characterization of tol,
a mediator of mating-type-associated vegetative incompatibility in
Neurospora crassa. Genetics 151: 545-555.

SINGER, M. J., B. A. MARCOTTE, AND E. U. SELKER. 1995. DNA meth-
ylation associated with repeat-induced point mutation in Neurospora
crassa. Molecular and Cellular Biology 15: 5586-5597.

SINGLETON, J. R. 1948. Cytogenetic studies of Neurospora crassa. Ph.D.
dissertation, California Institute of Technology, Pasadena, California,
USA.

SmitH, K. M., G. SANCAR, R. DEKHANG, C. M. SuLLIvan, S. L1, A. G. Tag,
C. SANCAR, ET AL. 2010. Transcription factors in light and circadian
clock signaling networks revealed by genomewide mapping of di-
rect targets for Neurospora white collar complex. Eukaryotic Cell 9:
1549-1556.

SmitH, M., O. MicaLl, S. HuBBARD, N. MIR-RASHED, D. JACOBSON, AND N.
L. Grass. 2000. Vegetative incompatibility in the het-6 region of
Neurospora crassa is mediated by two linked genes. Genetics 155:
1095-1104.

SomMER, T., J. A. CHAMBERS, J. EBERLE, F. R. LAUTER, AND V. E. Russo.
1989. Fast light-regulated genes of Neurospora crassa. Nucleic
Acids Research 17: 5713-5723.



December 2014]

SrB, A., AND N. Horowitz. 1944. The ornithine cycle in Neurospora and
its genetic control. Journal of Biological Chemistry 154: 129—139.

StaBeN, C., B. JENSEN, M. SINGER, J. PoLLOCK, M. SCHECHTMAN, J. KINSEY,
AND E. SELKER. 1989. Use of a bacterial hygromycin B resistance
gene as a dominant selectable marker in Neurospora crassa transfor-
mation. Fungal Genetics Newsletter 36: 79-81.

STADLER, D., H. MAcLEOD, AND D. DiLLon. 1991. Spontaneous mutation at
the mtr locus of Neurospora: The spectrum of mutant types. Genetics
129: 39-45.

Sun, J., C. Tian, S. Diamonp, AnD N. L. Grass. 2012.  Deciphering tran-
scriptional regulatory mechanisms associated with hemicellulose
degradation in Neurospora crassa. Eukaryotic Cell 11: 482-493.

Tamaru, H., anp E. U. SELkER. 2001. A histone H3 methyltransferase
controls DNA methylation in Neurospora crassa. Nature 414: 277-283.

Tatum, E., AND D. BonNER. 1944, Indole and serine in the biosynthesis
and breakdown of tryptophane. Proceedings of the National Academy
of Sciences, USA 30: 30-37.

Tian, C., W. T. BEESON, A. T. IAVARONE, J. SUN, M. A. MARLETTA, J. H. CATE,
AND N. L. Grass. 2009. Systems analysis of plant cell wall degradation
by the model filamentous fungus Neurospora crassa. Proceedings of
the National Academy of Sciences, USA 106: 22157-22162.

TurNER, B. C. 2001. Geographic distribution of Neurospora spore killer
strains and strains resistant to killing. Fungal Genetics and Biology
32:93-104.

TurNER, B. C., anp D. D. Perkins. 1979. Spore killer, a chromosomal
factor in Neurospora that kills meiotic products not containing it.
Genetics 93: 587-606.

ViLLacta, C. F., D. J. JacoBsoN, aND J. W. TayLor. 2009. Three new
phylogenetic and biological Neurospora species: N. hispaniola, N.
metzenbergii and N. perkinsii. Mycologia 101: 777-789.

VogeL, H. 1956. A convenient growth medium for Neurospora (medium
N). Microbial Genetics Bulletin 13: 2—43.

VoOLLMER, S. J., AND C. Yanorsky. 1986. Efficient cloning of genes of
Neurospora crassa. Proceedings of the National Academy of Sciences,
USA 83: 4869-4873.

WALKER, J. R., R. A. CorprINA, AND J. GOLDBERG. 2001. Structure of the
Ku heterodimer bound to DNA and its implications for double-strand
break repair. Nature 412: 607-614.

Wartters, M. K., M. BoErsMA, M. JoHnsoN, C. REYES, E. WESTRICK, AND E.
Linbamoop. 2011. A screen for Neurospora knockout mutants dis-
playing growth rate dependent branch density. Fungal Biology 115:
296-301.

ROCHE ET AL.—NEUROSPORA CRASSA: LOOKING BACK AND LOOKING FORWARD

2035

Werss, R. L. 1973. Intracellular localization of ornithine and argi-
nine pools in Neurospora. Journal of Biological Chemistry 248:
5409-5413.

WenT, F. 1901. Ueber den einfluss der nahrung auf die enzymbildung
durch Monilia sitophila.(Mont.) Sacc. Jahrbiicher fiir wissenschaftli-
che Botanik36: 611-664.

WiLLiams, L. G., S. A. BERNHARDT, AND R. H. Davis. 1971. Evidence for
two discrete carbamyl phosphate pools in Neurospora. Journal of
Biological Chemistry 246: 973-978.

Xiao, H., W. G. ALEXANDER, T. M. HammonD, E. C. BooNg, T. D. PERDUE,
P. J. PukkiLa, anp P. K. Suiu. 2010.  QIP, a protein that converts
duplex siRNA into single strands, is required for meiotic silencing by
unpaired DNA. Genetics 186: 119-126.

XUE, Z., Q. YE, S. R. AnsoN, J. YANG, G. Xia0, D. KowseL, N. L. GLASS, ET
AL. 2014. Transcriptional interference by antisense RNA is required
for circadian clock function. Nature 514: 650-653.

YamasHIrRo, C. T., O. YARDEN, AND C. YANOFSKY. 1992. A dominant se-
lectable marker that is meiotically stable in Neurospora crassa: The
amdS gene of Aspergillus nidulans. Molecular & General Genetics.
MGG 236: 121-124.

Yanorsky, C. 1952. The effects of gene change on tryptophan desmolase
formation. Proceedings of the National Academy of Sciences, USA
38: 215-226.

ZELTER, A., M. BENCINA, B. J. BowMaN, O. YARDEN, AND N. D. ReaD. 2004.
A comparative genomic analysis of the calcium signaling machinery
in Neurospora crassa, Magnaporthe grisea, and Saccharomyces cere-
visiae. Fungal Genetics and Biology 41: 827-841.

ZHANG, F., J. M. CAROTHERS, AND J. D. KEAsLING. 2012. Design of a dy-
namic sensor-regulator system for production of chemicals and fuels
derived from fatty acids. Nature Biotechnology 30: 354-359.

ZHANG, Z., S. S. CHANG, Z. XUg, H. ZnaNG, S. L1, anp Y. Liu. 2013.
Homologous recombination as a mechanism to recognize repetitive
DNA sequences in an RNAi pathway. Genes & Development 27:
145-150.

ZHANG, Z., Q. YANG, G. Sun, S. CHeN, Q. HE, S. L1, anp Y. Liv. 2014.
Histone H3K56 acetylation is required for quelling-induced small
RNA production through its role in homologous recombination.
Journal of Biological Chemistry 289: 9365-9371.

ZNAMEROSKI, E. A., S. T. CorADETTI, C. M. RoCHE, J. C. Tsal, A. T. IAVARONE,
J. H. CatEg, anDp N. L. Grass. 2012. Induction of lignocellulose-de-
grading enzymes in Neurospora crassa by cellodextrins. Proceedings
of the National Academy of Sciences, USA 109: 6012-6017.



