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Abstract

 Meiotic silencing by unpaired DNA is an RNA interference (RNAi)-

mediated pathway that functions to silence unpaired genes during the sexual 

phase of Neurospora crassa. The presence of a gene insertion or deletion 

causes an unpairing event during the homolog pairing stage. From the unpaired 

sequence, an aberrant RNA transcript is made.  It is processed by SAD-1 (an 

RNA-directed RNA polymerase) and SAD-2 (a novel protein), then used by 

SMS-2 (an Argonaute) to target and degrade complementary mRNA. My 

dissertation’s aim was to further characterize this new RNAi pathway.

 First, I was involved in adapting the in vivo protein interaction technique 

Bimolecular Fluorescence Complementation (BiFC) to N. crassa. We used BiFC 

to investigate SAD-1/SAD-2 interaction. SAD-1 and SAD-2 interact in the 

perinuclear region, which, when taken with previous data, suggests that SAD-2’s 

function is to bring SAD-1 to its proper location.

 Next, I was involved in identifying components of the vegetative RNAi 

pathway (quelling) that also function in meiotic silencing. The two Dicers (DCL-1 

and DCL-2) and the QIP exonuclease are quelling proteins that make and 

process small RNA, respectively. dcl-1 and qip were found to be important for 

sexual development and meiotic silencing, whereas dcl-2 is dispensable.  

Fluorescent fusion protein studies showed that both DCL-1 and QIP localize in 

the perinuclear region with SAD-1, SAD-2, and SMS-2. Implication of these 

genes confirms the involvement of small RNA in meiotic silencing and displays 

the interconnectedness of the two RNAi pathways. 

xiii



 Finally, I tested the mating-type (mat) locus for immunity to meiotic 

silencing. The two variations of mat, A and a, possess highly dissimilar 

sequence, which results in their unpairing during meiosis; however, the mat 

genes are not silenced as they are required for sexual development. I inserted an 

unpaired reporter gene, either Rsp or asm-1, into the mat A locus and 

characterized the resulting ascospore phenotype. Both reporter gene insertions 

resulted in ascospore populations exhibiting partial protection from silencing. 

When the reporter gene Rsp was enclosed with paired mat locus flanks at an 

ectopic locus, partial protection was again observed, indicating that the flanking 

regions were responsible for protecting the mat locus from silencing.
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I. Introduction

I.1. Neurospora crassa

II.1.i. History and Scientific Uses

 Filamentous fungi has long been the foe of the baker of bread, and nearly 

everyone in our society is familiar with bread mold. The fungus that would 

eventually be known as Neurospora crassa was first identified by French 

scientists in 1843 after an infestation of a bakery in the year previous caused the 

destruction of a large amount of bread. First named Oïdium aurantiacum and 

Penicillium sitophilum, the orange bread mold was moved to the genus Monilia 

by P. A. Saccardo. In 1927, G. L. Shear and B. O. Dodge recounted this history in 

the first description of the sexual phase of this type of fungi, renaming the genus 

Neurospora due to the nerve-like striations observed on the ascospores (sexual 

spores). Their report, published in The Journal of Agricultural Research, 

possesses the first pictures of perithecia and ascospores from the Neurospora 

genus (Shear and Dodge, 1927). 

 Dodge passed cultures of Neurospora around to a handful of scientists, 

including Thomas Hunt Morgan, the father of Drosophila genetics, and Barbara 

McClintock, famous for early work in maize mobile genetic elements (Davis, 

2000). At a lecture given at Cornell University, Dodge described the segregation 

patters of the A and a mating types in Neurospora ascospores. As he was not 

well versed in the cytogenetics at the time, he was unable to interpret these 

segregation patterns.  However, members of the audience were trained in 

genetics and could interpret Dodge’s data.  A graduate student of Rollins 
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Emerson did this interpretation; his name was George W. Beadle (Horowitz et al., 

2004).

 Arguably the most famous work that involved Neurospora is that of 

George Beadle and Edward Tatum in the formulation of the groundbreaking 

OneGene-OneEnzyme Hypothesis. At the time of that work, biochemistry and 

genetics were two separate fields concerning seemingly unrelated phenomena; 

biochemists immersed themselves in the study of metabolism and enzymatic 

actions, while geneticists tracked the inheritance patterns of any visible traits they 

could observe.

 Beadle and Tatum suggested that perhaps genes could be responsible for 

metabolic processes as well as morphological characteristics. They tested this 

hypothesis by mutagenizing cultures of Neurospora with x-rays and culturing 

them on complete media consisting of inorganic salts, glucose, malt extract and 

yeast extract. The idea behind this procedure is that the x-rays can mutate genes 

responsible for synthesizing required biomolecules, but the media will 

compensate for the deficiency by providing said compounds for the fungus’ use.  

The cultures were transferred to minimal media containing only salts, sucrose, 

and biotin, which is sufficient to allow growth of wild type strains but hinders the 

growth of nutritional mutants, or auxotrophs. These auxotrophs were then 

screened with differentially supplimented media in an effort to identify the 

compound that was not being produced.

 Out of 2000 strains examined, Beadle and Tatum identified three 

auxotrophic mutants: one N. sitophila strain requiring pyridoxine (vitamin B6), one 
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N. sitophila strain requiring thiamine (vitamin B1), and one N. crassa strain 

requiring p-aminobenzoic acid. The pyridoxine auxotroph was used to show that 

addition of the required compound would restore a near-wild-type level of growth 

with race tubes, an established method for determining growth defects in 

Neurospora. Finally, the pyridoxine auxotroph was crossed to a wild type and 

progeny were examined for transmission of the mutation. The auxotrophy was 

inherited in a pattern consistent with a mutation in a single gene. The cross also 

served to silence critics who could argue that the radiation damaged cellular 

machinery, as such molecular damage would not be inherited by progeny 

ascospores (Beadle and Tatum, 1941).

 Support of the One Gene-One Enzyme Hypothesis married the seemingly 

separate fields of biochemistry and genetics together, laying the foundation for 

molecular biology. Although further study showed that ”One Gene-One 

Polypeptide” is a more accurate statement, this study demonstrated the power of 

Neurospora as a genetic model system. Beadle and Tatum’s work also cemented 

Neurospora’s place in scientific history and started a culture of fungal biology 

research that exists to the present day (Davis, 2000).

 

I.1.ii. General biology of Neurospora

 The genus Neurospora can be found taxonomically in the fungal Phylum 

Ascomycota, indicating that their sexual spores are encased within a sac called 

an ascus. This phylum contains other famous and important mold and yeast 

genera such as Penicillium, Saccharomycetes, and Morchella. The class 
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Sordariomycetes, which are fungi that form their asci in perithecia (fruiting 

bodies) contains the Neurospora genus (Alexopoulos et al., 1996).

 Species of Neurospora are globally dispersed, being found in many 

tropical and subtropical regions (Turner et al., 2001). Their life cycle depends on 

germination of ascospores by heat or chemical products generated by wildfire, so 

naturally they can found in forests, even temperate forests, where burns are 

frequent. They are also found in artificial environments, such as bakeries and 

sugar cane refineries, so long as nutrient sources and heat are available 

(Jacobson et al., 2006; Turner et al., 2001).

 Contrary to first impressions of a casual observer, Neurospora possesses 

numerous cell types during both its vegetative and sexual cycle (Bistis et al., 

2003). However, the three most commonly encountered and manipulated cell 

types are macroconidia, microconidia, and ascospores (Figure I.1).  

Macroconidia are multinucleate, carotenoid-containing spores that form from 

aerial hyphae (Figure I.2); they are coated with hydrophobic proteins and have 

evolved to be dispersed by wind (Davis, 2000; Springer, 1993). Microconidia are 

uninucleate, small, and are important in male nucleus donation during sexual 

reproduction; they have also been exploited in a laboratory setting to generate 

homokaryon strains (Bistis et al., 2003; Ebbole and Sachs, 1990). Ascospores 

are darkly pigmented and possess characteristic nerve-like ridges that give the 

genus its name; they are the binucleate products of sexual reproduction (Shear 

and Dodge, 1927; Davis, 2000). 
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Figure I.1. The Neurospora life cycle. Macroconidiation releases multinucleate, 

airborne spores possessing a coat of hydrophobins to repel water. 

Microconidiation produces uninucleate spores that are important nuclear donors 

during sexual reproduction. The sexual cycle culminates with the explosive firing 

of ascospores out of the perithecium. These spores lay dormant until heat or 

pyrochemicals trigger their germination. 
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Figure I.2. Vegetative N. crassa. Pictured is a laboratory-grown strain of N. 

crassa on Vogel’s agar. Orange macroconidia are being generated by aerial 

hyphae.
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 The life cycle of Neurospora resembles other filamentous fungi. While 

carbon and nitrogen sources are present in sufficient amounts, individuals will 

continually generate macroconidia in an effort to spread to maximum density on 

the growth substrate via wind dispersion. However, depletion of nitrogen and 

carbon sources triggers the formation of protoperithecia (female structures) and 

the initiation of sexual reproduction (Figure I.1).

 In 2003, the sequenced genome of Neurospora crassa was published in 

Nature (Galagan et al., 2003), which ushered in a new era of Neurospora 

molecular genetics. The N. crassa genome was sequenced using the whole-

genome shotgun approach that was invented to sequence the human genome 

(Venter et al., 2001) and was found to be approximately 40 megabases in size. 

Computer analysis predicted around 10,000 open reading frames (ORF) present. 

Introns were few in number and small in size, and almost no gene duplication 

was observed, probably due to action of  Repeat Induced Point-mutation (RIP) 

(Galagan and Selker, 2004). The genome is organized into seven linkage groups, 

with LG I containing nearly 25% of the base pairs found in the nucleus. LG I is 

also sometimes referred to as the sex chromosome as it contains the mating type 

(mat) locus. The current draft of the N. crassa genome is available online at 

http://www.broadinstitute.org/annotation/genome/neurospora/.

I.1.iii. Sexual reproduction of N. crassa

 The sexual cycle of the heterothallic species N. crassa has been 

extensively studied. Whenever the growth substrate of an individual has been 
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depleted of both carbon and nitrogen sources, protoperithecia and their 

extensions, called trichogynes, will form. The trichogyne will grow up a 

concentration gradient of pheromone released by conidia or hyphae of an 

individual of opposite mating type. The trichogyne fuses with the source of the 

pheromone, and the male nucleus will travel down the trichogyne into the 

connected protoperithecium. Both male and female nuclei will divide many times, 

then pair up with nuclei of the opposite mating type. This pairing occurs in 

ascogenous hyphae, eventually forming into hook-like cells called croziers. The 

paired nuclei then fuse, forming a transient diploid cell that immediately 

undergoes two meiotic divisions, and the ascus enlarges and elongates into a 

sac-like structure.

 As sexual development of asci proceeds, the perithecia become hardened 

and melanized, forming a beak-like structure on the top which contains a pore 

called an osteole. Once ascospores have reached maturity, asci individually 

insert their tip into the osteole and fire ascospores out in an explosive manner, 

shooting them some distance from the perithecium (Alexopoulos et al., 1996). 

Ascospores can remain dormant but viable for considerable lengths of time in soil 

or on wood; they only germinate when exposed to heat from wildfires or from 

compounds like furfural derived from burned plant matter (Pandit and 

Maheshwari, 1996).

 In the laboratory, conditions to encourage sexual reproduction are 

simulated by Westergaard media, which contains low levels of sucrose and fixed 

nitrogen compounds, such as sodium nitrate. Spores are germinated using a 
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heat shock of 60 °C for 30 minutes, simulating the signal the spores receive from 

wildfires.

I.2. RNA interference (RNAi)

I.2.i. Discovery of RNAi

 RNAi was first described in 1990, when researchers attempted to insert a 

chalcone synthase gene into petunia in an effort to increase the purple flower 

pigment produced. Instead, they found that a significant number of plants 

containing the insert exhibited some level of pigment reduction; this phenomenon 

was called cosuppression (Napoli et al., 1990). Similar effects were seen in other 

plants and in Neurospora crassa, when researchers attempted to insert a 

carotenoid synthesis gene called albino-1 (al-1) into the filamentous fungus 

(Romano and Macino, 1992).

 A breakthrough in RNAi came by working with the nematode 

Caenorhabditis elegans. Investigators injected into the worm single-stranded 

RNA (ssRNA) and double-stranded RNA (dsRNA) molecules possessing 

sequence similarity to genes that, when knocked out, give discernible 

phenotypes. While ssRNA had only a slight effect on the messenger RNA 

(mRNA) levels of the targeted genes, a small amount of dsRNA injected 

drastically reduced mRNA levels of the targets (Fire et al., 1998). Andrew Fire 

and Craig Mello won the Nobel Prize in Physiology or Medicine in 2006 for this 

work.
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I.2.ii. RNAi machinery

 Over the past 21 years, the proteins responsible for the generation and 

mediation of an RNAi signal have been elucidated in a wide variety of organisms. 

The core of many RNAi pathways utilize three types of proteins: Argonaute 

proteins, Dicer proteins, and RNA-directed RNA polymerases (RdRPs).

 Argonaute proteins are named for the AGO-1 knockout phenotype 

observed in Arabidopsis thaliana, which possesses leaves that resemble the 

tentacles of the octopus Argonauta argo (Bohmert et al., 1998), and not the 

argonauts that traveled with the hero Jason from Greek mythology. They serve 

as the effector molecule of both small interfering RNA (siRNA) and 

microRNA(miRNA) pathways, binding to small RNA (sRNA) and using them to 

target complementary mRNA molecules. Two subfamilies of Argonaute proteins 

exist: Ago proteins resemble AGO-1 from A. thaliana, while Piwi proteins 

resemble PIWI from Drosophila melanogaster and are expressed mainly in the 

germline. Argonautes contain two important structural domains, the Piwi-

Argonaute-Zwille (PAZ) domain and the PIWI domain. The PAZ domain, also 

found in Dicer proteins, functions to bind to the 3’ end of small RNA molecules, 

while the PIWI domain can possess the ability to cleave the phosphodiester bond 

of an RNA molecule complementary to the effector strand (Ender and Meister, 

2010).

 The proteins responsible for the generation of sRNA were identified by 

immunoprecipitating three candidates from D. melanogaster embryos and 

assaying their activity on dsRNA in vitro. The previously uncharacterized protein 
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responsible for this activity was named Dicer. Dicer proteins contain dual 

RNaseIII domains, an amino-terminal helicase domain, and, usually, a PAZ 

domain similar in structure and function to those found in Argonaute proteins 

(Bernstein et al., 2001). The dual RNaseIII domains serve to break the 

phosphodiester bonds of both strands of the targeted dsRNA, producing the 

characteristic length and 3’ overhang of the resulting sRNA (Jaronczyk et al., 

2005). The amino-terminal helicase presumably functions to unwind the dsRNA 

substrate in an ATP-independent manner, though ATP is required for enzyme 

recycling (Liu et al., 2008). While the PAZ domain is found in many Dicers, it is 

not required; N. crassa dcl-1 and dcl-2, for instance, do not possess a predicted 

PAZ domain but do function to produce dsRNA (Catalonotto et al., 2004). Dicers, 

while important to RNAi activity, are not involved in all sRNA formation. A number 

of Dicer-independent sRNAs have been described, such as piRNAs (Vagin et al., 

2006) and disiRNAs (Lee et al., 2010a).

 QDE-1 from N. crassa was the first RdRP to be implicated in an RNAi 

pathway (Cogoni and Macino, 1999a). Later on, EGO-1 was shown to be 

important to C. elegans RNAi (Smardon et al., 2000) and heterochromatin 

formation during meiosis (Maine et al., 2005); another RdRP from N. crassa, 

SAD-1, was implicated in the silencing of unpaired DNA during the sexual phase 

(Shiu et al., 2001). These proteins are thought to produce dsRNA from aberrant 

RNA (aRNA) molecules which can be acted on by other components of the RNAi 

pathway. The RdRP QDE-1 was recently shown to possess DNA-dependent 

RNA polymerase (DdRP) activity in the generation of aRNA molecules for the 
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vegetative RNAi pathway known as quelling (Lee et al., 2010b), suggesting that 

other RdRPs might possess functions currently undiscovered.

I.2.iii. Biogenesis and action of siRNA and miRNA

 Early in the elucidation of RNAi, two subclasses of sRNA effector 

molecules were discovered: siRNA and miRNA. While siRNA and miRNA share 

common processing steps, such as digestion by Dicer and binding to Ago-class 

Argonautes, their origins and methods of posttranscriptional gene silencing differ.

 siRNA is derived from the action of Dicers on long dsRNA molecules. 

These molecules can originate from viruses (Hammond et al., 2008), ectopically 

inserted sequences (Cogoni and Machino, 1999a; Shiu et al., 2001), or 

transposons (Vastenhouw and Plasterk, 2004). Since the molecules of origin are 

completely complementary, siRNAs match perfectly to their targets. Depending 

on the Argonaute they bind to, siRNAs may silence genes posttranscriptionally by 

the degradation of target mRNAs via Slicing activity (Tuschl et al., 1999) or 

transcriptionally by the induction of heterochromatin formation (She et al., 2009).

 In contrast to siRNAs, miRNAs are derived by the expression of pre-

miRNA genes present in the genome. lin-4 from C. elegans was the first miRNA 

gene to be discovered (Lee et al., 1993). The pre-miRNA transcript contains 

regions of partial complementarity, inducing the formation of an RNA hairpin 

structure. The double-stranded neck of the hairpin is eventually processed by 

Dicer into the final miRNA. The resulting miRNA-induced transcriptional silencing 

(miRITS) complex then represses translation of target mRNAs, though the exact 

12



mechanism is still hotly debated. Possible mechanisms for miRITS include 

competing for 5’-methylguanine cap elongation factor binding, blocking 

circularization of the mRNA, promoting degradation of the mRNA, and stimulating 

ribosomal dissociation from the mRNA (Carthew and Sontheimer, 2009). miRNA 

genes have been discovered in animals and plants, and miRNA-like genes have 

been discovered recently in N. crassa (Lee et al., 2010a).

I.3. Genomic defenses of Neurospora crassa

I.3.i. Overview

 Many fungi, including N. crassa, contain incomplete septa (cross walls) 

between adjacent cells. Parasitic genetic elements, such as viruses or 

transposons, can exploit this morphology to spread rapidly throughout the 

mycelium (hyphal network). To combat these menaces to genomic stability, three 

genomic surveillance systems have evolved. Repeat Induced Point-mutation 

(RIP) examines the copy number of DNA sequences before karyogamy during 

meiosis and mutates any duplications. Quelling uses RNAi to silence transcripts 

derived from tandem transgenes during the vegetative phase, while meiotic 

silencing utilizes RNAi to silence unpaired sequences during the sexual phase.

I.3.ii. Repeat Induced Point-mutation

 Gene duplication is a driving force for evolution, as a duplicate is able to 

evolve to a new function while the original copy maintains the original function. In 

N. crassa, however, duplicated sequences were found to exhibit G-C to A-T 
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mutations after the sexual phase had been completed; this process was named 

Repeat Induced Point-mutation (RIP) (Cambareri et al., 1989). The size threshold 

for RIP detection of duplicated sequences is ~400 bp for linked duplications and 

~1 kb for unlinked ones (Watters et al., 1999). Targets of RIP also exhibit a high 

degree of DNA methylation (Selker et al., 1993), which in animals and plants has 

been implicated in gene silencing; in fact, the vast majority of the methylated 

component of the N. crassa genome have been identified as relics of RIPed 

transposon sequences (Galagan et al., 2003). Duplicated sequences do exist in 

the N. crassa genome, and they persist by evading RIP machinery. tRNA and 5S 

rRNA sequences fall below the RIP size threshold and are scattered around the 

genome, while the 9-kb rDNA repeats that encode the 5.8S, 17S, and 25S rRNAs 

(Free et al., 1979) form a nucleolus organizer region, which is hypothesized to 

protect the larger rRNA genes from the RIP machinery (Selker, 1990). To date, 

the only protein shown to be involved in RIP is a DNA methyltransferase named 

RID (Freitag et al., 2002). RIPed rid alleles are recessive, and both parents are 

required to possess the mutated allele to completely abolish RIP activity. 

I.3.iii. Quelling

 Quelling was the second RNAi phenomenon described in any organism (Li 

et al., 2010), and the first described in N. crassa (Romano and Macino, 1992). 

Mutants deficient in quelling activity were isolated using a stably-quelled strain of 

al-1. Three loci were identified and cloned from this work: qde-1, qde-2, and 

qde-3 (Cogoni and Macino, 1997). QDE-1 was found to encode an RdRP/DdRP 
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(Cogoni and Macino, 1999a; Lee et al., 2010b) that functions to generate aRNA 

from tandem transgenes and convert aRNA to dsRNA. QDE-2 encodes an 

Argonaute protein (Catalanotto et al., 2000), while QDE-3 encodes a RecQ DNA 

helicase hypothesized to resolve secondary structures of repeated transgenes 

(Cogoni and Macino, 1999b). The N. crassa genome contains two Dicer-like 

genes, dcl-1 and dcl-2; both were found to generate quelling siRNAs in a 

redundant manner (Catalanotto et al., 2004). Finally, a putative exonuclease was 

identified interacting with QDE-2 that, when knocked out, caused accumulation of 

double-stranded siRNA molecules and abolished quelling; this exonuclease was 

named QDE-2 Interacting Protein, or QIP (Maiti et al., 2007). While quelling was 

originally induced with tandem transgenes (Figure I.3), small RNAs targeting 

rDNA transcripts were found to be generated by the quelling machinery when N. 

crassa cultures were exposed to DNA damaging chemicals. Named QDE-2 

interacting RNA (qiRNA), this new class of sRNA is hypothesized to inhibit 

protein synthesis after DNA damage events (Lee et al., 2009). Some components  

of quelling were also found to be involved in the generation of microRNA-like 

RNA (milRNA), which mark the first discovery of genome-encoded sRNA 

molecules in a fungal organism, though their targets have yet to be identified 

(Lee et al., 2010a).
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Figure I.3. Production of siRNA by the quelling machinery. QDE-3 serves to 

resolve tandem transgenes then generate aRNA with QDE-1. QDE-1 converts 

the aRNA to dsRNA, which is digested by DCL1 and DCL-2 into immature 

siRNA. QDE-2 is loaded with the immature siRNA and activated by digestion of 

the passenger strand by QIP. The active RISC is then able to target 

complementary mRNA molecules. 

16



I.3.iv. Meiotic silencing

 The silencing mechanism known as meiotic silencing was originally 

thought to be a type of transvection, where the ascospore maturation gene 

asm-1 was shown to require pairing for its proper expression (Aramayo and 

Metzenberg, 1996). Later work, however, demonstrated that the unpaired copies 

generated in that work were responsible for silencing expression of asm-1 (Shiu 

et al., 2001). The first component of meiotic silencing, the RdRP SAD-1, was 

identified in a UV mutagenesis screen that alleviated the silencing of unpaired 

asm-1 or Rsp (Shiu et al., 2001). A second component of meiotic silencing, an 

Argonaute protein designated SMS-2, was identified by scanning the newly 

sequenced N. crassa genome, identifying the only paralog to QDE-2, and 

characterizing a RIPed allele of that gene (Lee et al., 2003). The third 

component, a novel protein named SAD-2, was identified via an insertional 

mutagenesis screen. While SAD-2 contains no predicted domains, it is required 

for proper SAD-1 localization at the perinuclear region; this region appears to be 

an important subcellular compartment for meiotic silencing activity (Shiu et al., 

2006). Meiotic silencing acts to silence unpaired sequences of DNA during the 

first meiotic prophase (Figure 1.4); silencing can target naturally occurring but 

ectopically located genes (asm-1, Rsp, β-tubulin) or chimeras containing 

sequence not found in N. crassa (hH1-gfp) (Shiu et al., 2001, Shiu et al., 2006). 

Implication of both an RdRP and an Argonaute protein suggest an siRNA-

mediated mode of action for meiotic silencing.
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Figure I.4. Known meiotic silencing machinery. An unknown protein targets 

unpaired DNA and presumably transcribes that DNA into aRNA, which is then 

exported out of the nucleus. The SAD-1/SAD-2 complex at the perinuclear region 

recognizes the aRNA and converts it into dsRNA. By an unknown mechanism, 

presumably utilizing one or both of the Dicer proteins, the dsRNA is digested into 

double-stranded siRNA, which are loaded onto the Argonaute SMS-2. An 

unknown mechanism removes the passenger strand, thereby activating the RITS 

complex.
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II. General Methods

II.1. Molecular Cloning

II.1.i. Long Template PCR

 All PCR was set up according to the protocol enclosed with the Roche 

Expand Long dNTP Pack (Roche Applied Science, Indianapolis, IN).

II.1.ii. DNA gel electrophoresis

 GenePure LE Agarose (ISC BioExpress, Kayesville, UT) was exclusively 

used to make gels. 0.8% (w/v) agarose in 1x TAE with 0.5 μg/mL of ethidium 

bromide was utilized in both analytical and purification procedures. 50-mL gels 

were used for sample groups of ten or fewer, while samples greater than ten in 

number were run on a 200-mL gel. Samples were mixed with 10x Orange G 

Loading Buffer [0.2% (w/v) Orange G, 15% (v/v) Ficoll-400, 100 mM Tris-Cl, pH 

7.4, 100 mM EDTA]. 1x TAE buffer was made according to Sambrook and Russel 

(2001), page A1.17. Voltages used varied depending on desired migration time 

and band focus; 120 V for one hour was the most common setting for both 

analytical and purification applications, although 30 V overnight was occasionally 

used for purification.

II.1.iii. TOPO cloning

 2 μL of fresh PCR product was added to an Eppendorf tube along with 0.5 

μL Salt Solution and 0.5 μL pCRII-TOPO vector (Invitrogen, Carlsbad, CA). The 

mixture was then incubated from five to thirty minutes, depending on the size of 
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the PCR product. The resulting solution was then used to transform E. coli cell 

via a heat shock of 42 °C for 30 seconds. The transformed cells were plated onto 

LB + amp plates containing 35 μg/mL x-gal and incubated at 37 °C overnight. 

Eighteen colonies were picked to liquid LBG + amp culture, which were then 

screened by plasmid miniprep isolation and restriction digest mapping.

II.1.iv. Restriction endonuclease digestion

 Restriction endonuclease digestion was conducted as suggested by the 

manufacturer of each enzyme. Digest volumes of 20 μL, 50 μL, and 100 μL were 

routinely used, depending on the purpose of the digest.  

II.1.v. Subcloning and ligation

 PCR products were stored in the form of TOPO clones if necessary. These 

fragments were moved to vectors suitable for N. crassa transformation by 

digesting the TOPO clone and the final vector with suitable restriction 

endonucleases, agarose gel purifying the fragments, isolating the fragments from 

the agarose via the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), then 

ligating them together. Two separate ligation solutions were made for each clone: 

one contained 1 μL vector, 16.5 μL insert, 2 μL 10x Ligase buffer, and 0.5 μL 

Ligase, while the other contained 8.75 μL vector, 8.75 μL insert, 2 μL 10x Ligase 

buffer, and 0.5 μL Ligase. Both solutions were incubated at either room 

temperature or at 4 °C, depending on the nature of the restriction endonucleases 

used and the difficulty of the ligation.
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II.1.vi. Bacterial transformation by electroporation

 Competent cells were generated as described in Sambrook and Russel 

(2001), pages 1.119-1.122, except that electroporation was done in a 1 cm gap 

electrocuvette and the voltage used was 1250 volts. 

II.1.vii. Plasmid miniprep

 Plasmid Minipreps were performed as described in Sambrook and Russel 

(2001), pages 1.32-1.34.

II.1.viii. Plasmid midiprep

 Plasmid Midipreps were done using the HiSpeed Plasmid Midi Kit 

(Qiagen) as directed by the manufacturer.

II.1.ix. Bacterial permanent stocks

 Bacterial cultures containing constructs of interest were stored by mixing 1 

mL of culture with 250 μL of sterile 75% (v/v) glycerol and freezing at -80 °C.

II.2. Media Preparation

II.2.i. Lysogeny Broth (LB)-based media

 Premade LB (Bertani, 2004) powder mix was purchased (Sigma-Aldrich, 

St. Louis, MO) and made to a concentration of 20 g/L for liquid media. Glucose 

was added to a final concentration of 0.1% (w/v).
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 LB + amp agar plates were made by adding Bacto Agar (BD, Franklin 

Lakes, NJ) to a concentration of 1.5% (w/v), autoclaving, letting cool, then adding 

ampicillin to a final concentration of 100 ug/mL. 20 mL of the molten agar was 

poured into 100 x 15 mm round Petri dishes and left to solidify.

II.2.ii. Vogel’s trace elements

 Trace elements for Vogel’s minimal media was made as follows: 5 g citric 

acid hydrate, 5 g zinc sulfate septahydrate, 1 g ferrous ammonium sulfate 

(Mohr's salt) hexahydrate, 250 mg cupric sulfate pentahydrate, 50 mg 

manganese sulfate hydrate, 50 mg boric acid, and 50 mg sodium molybdate 

dihydride were dissolved into 95 mL of nanopure water, then filter sterilized into 

50-mL conical vials. The solutions were stored at 4 °C (Vogel, 1964).

II.2.iii. Vogel’s minimal media

 25x Vogel’s Salts concentration was made as follows: 100 g sodium citrate 

septahydrate, 166.5 g anhydrous monobasic potassium phosphate, 66.5 g 

ammonium nitrate, 6.65 g magnesium sulphate septahydrate, 3.34 g calcium 

chloride dihydrate, 1.67 mL of 100 ug/mL biotin solution, and 3.34 mL of Vogel’s 

trace elements mixed and brought to a total volume of 1L with nanopure water. 5 

mL of chloroform was added as a preservative.

 An appropriate volume of 25x Vogel’s salts was added to nanopure water, 

along with 2% (w/v) sucrose, to make Vogel’s Minimal Liquid media. If solid 
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media was desired, 1.5% (w/v) Bacto Agar (BD) was added before autoclaving 

(Vogel, 1964).  

II.2.iv. Westergaard (WG) trace elements

 To 1 L of water the following was added: 57 mg boric acid, 396 mg copper 

(II) sulfate pentahydrate, 72 mg manganese chloride tetrahydrate, 37 mg 

ammonium molybdate, 980 mg iron (III) chloride hexahydrate, 4.2 g zinc chloride, 

100 g sodium chloride, and 100 g calcium chloride dihydrate. The resulting 

solution was autoclaved and stored at room temperature (Westergaard and 

Mitchell, 1947).

II.2.v. Westergaard (WG) media

 20x WG salts were made as follows: 20 g potassium nitrate, 20 g 

potassium phosphate monobasic, 10 g magnesium sulfate septahydrate, 2 g 

sodium chloride, 2 g calcium chloride dihydrate were added to 1 L of nanopure 

water and autoclaved.

 To make WG plates, an appropriate amount of 20x WG salts was diluted 

with water, and 1.5% (w/v) sucrose, 1.5% (w/v) Bacto Agar (BD), 1 mL WG Trace 

Elements per liter of media, and 5 ng/mL biotin were added. The media was 

autoclaved and 45 mL was added to 100 x 100 x 15 mm square petri dishes 

(Westergaard and Mitchell, 1947).
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II.2.vi. 10x FIGS

 100 g sorbose, 2.5 g fructose, 2.5 g glucose, and 1 g inositol were added 

to 500 mL nanopure water and autoclaved. Resulting solution was stored at room 

temperature.

II.2.vii. Top agar

 2 g Bacto Agar (BD), 36.4 g sorbitol, 8 mL 25x Vogel’s salts, and 172 mL 

nanopure water were added to an appropriate bottle and autoclaved. After 

sterilization, 20 mL 10x FIGS was added. The agar was mixed and kept molten at 

50 °C until needed.

II.2.viii. Bottom agar

 24 mL 25x Vogel’s salts, 9 g Bacto Agar (BD), and 516 mL nanopure water 

were added to a bottle and autoclaved. After sterilization, 60 mL 10x FIGS was 

added, the agar was mixed, and then 20 mL was poured into 100 x 15 mm round 

petri dishes.

II.2.ix. 20x BDS

 200 g sorbose, 10 g fructose, and 10 g glucose were added to 1 L of 

nanopure water, autoclaved, and stored at room temperature.
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II.2.x. BDS Agar

 An appropriate amount of 25x Vogel’s salts and 1.5% (w/v) Bacto Agar 

(BD) was added to water and autoclaved. After sterilization, an appropriate 

amount of 20x BDS was added, the solution was mixed, and was stored at room 

temperature until needed.

II.3. Neurospora Culture and Manipulation

II.3.i. Genomic DNA isolation

 25 mL of Vogel’s liquid ledia was made and autoclaved in a 125-mL 

Erlenmeyer flask then innoculated with conidia from a N. crassa strain of interest. 

After 2-4 days, the resulting thallus was filtered, rinsed with 0.9% (w/v) sodium 

chloride solution then dried overnight in a chamber containing sodium hydroxide 

pellets under a vacuum. The dried thallus was ground using a glass rod in a test 

tube and a vortexer. The resulting powder was used with the DNeasy Plant Mini 

Kit (Qiagen).

II.3.ii. Neurospora conidial transformation

A Neurospora strain desired for transformation was innoculated to 100 mL of 

minimal Vogel’s agar plus required nutrients in a 500-mL Erlenmeyer flask. The 

fungus was incubated at 30 °C until hyphae had reached a distance between the 

300 mL and 400 mL marks of the flask, then incubated at room temperature with 

a loose lid until conidia formed. The conidia were harvested with a sterile spatula 

to a 50-mL conical vial containing 30 mL 1M sorbitol. The vial was shaken gently 
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by hand to ensure conidial separation. The conidial suspension was then filtered 

through a vacuum-driven 100 μm filter. 100 μL of this filtered suspension was 

added to a spectrophotometer cuvette containing 900 μL of 1M sorbitol, and its 

absorbance at 420 nm was measured. The filtrate was then centrifuged at 3200 

rpm for 10 minutes in a Sorvall Legent RT centrifuge using a Sorvall Heraeus # 

75006445K rotor. The supernatant was gently removed, and the pelleted conidia 

were resuspended in an amount of 1M sorbitol. The volume of sorbitol in μL 

needed to resuspend the pellet was equal to the absorbance of the filtrate 

multiplied by the number of centiliters (cL) of the filtrate centrifuged (modified 

from Margolin et al., 1997). 90 μL of resuspended conidia were aliquoted out to 

Eppendorf tubes and stored at -80 °C until needed.

 Plasmids to be used in transformation were digested with an appropriate 

restriction endonuclease to linearize the molecule. The resulting solution was 

cleaned using the QIAquick PCR Purification Kit (Qiagen) and was suspended in 

60 °C water (instead of EB Buffer as directed). The concentration of the solution 

was checked with a NanoDrop ND-1000 Spectrophotometer, and 75 ng was 

visualized on an agarose gel to confirm proper linearization. A volume of solution 

containing 500 ng of DNA was diluted to 10 μL total volume, and added to a 90 

μL aliquot of conidia; a control transformation solution containing 10 μL of water 

in a 90 μL aliquot of conidia was also made. The transformation and the control 

solutions were then added to an ice-cold disposable 1 mm gap cuvette (BTX 

Harvard Apparatus, Part # 45-0124, Model # 610). An Eppendorf Electroporator 

2510 was used to electroporate the conidial samples at 1500 volts. 750 μL of ice-
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cold 1M sorbitol was added immediately after electroporation, the cuvette was 

capped, and placed on ice. At this point, an optional regeneration of the conidia 

could be preformed by adding the conidial suspension to a 14 mL rounded 

bottom Falcon tube with 2 mL of minimal Vogel's liquid media plus non-selecting 

nutritional requirements. If the regeneration was not necessary, the 850 μL of 

conidial solutions were added to an Eppendorf microcentrifuge tube using the 

pipette included with the cuvette. 100 μL of conidial solutions were added to eight 

separate conical vials containing 7.5 mL of 50 °C molten top agar, then the vials 

were inverted five times to mix. The eight top agar vials were then poured onto 

eight separate plates containing 20 mL of 37 °C bottom agar, allowed to solidify, 

then incubated at 30 °C for three days or until colonies were observed.

 For each transformation, 12 colonies were picked to minimal Vogel’s 

media slants. These slants were allowed to conidiate and genomic DNA was 

extracted as previously described. The resulting genomic DNA samples were 

screened for transformation by PCR. Successful transformants were almost 

always heterokaryons and were used in the iodoacetic acid (IAA) isolation of 

homokaryons.

II.3.iii. IAA isolation of homokaryons

 Heterokaryons were used to inoculate IAA slants, then incubated at 30 °C 

for three days and room temperature for three days. 4 mL of water was added to 

the slant and it was vortexed for one minute, then filtered through a Millipore 

SteriFlip 100 μm vacuum-driven filter. The filtrate was transferred to a 50-mL 
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conical vial lid, then drawn up into a 10-mL Norm-Ject syringe and filtered again 

with a FischerBrand syringe-driven 5-μm Filter. 500 μL and the remaining filtrate 

were then spread on separate BDS agar plates. The plates were incubated at 30 

°C for two to four days, then colonies were picked to appropriate Vogel’s media 

slants (modified from Ebbole and Sachs, 1990). The slants were allowed to 

conidiate then used to inoculate liquid media to obtain genomic DNA, which was 

later used in PCR screening. The identified homokaryons were used to make a 

silica stock and a glycerol stock.

II.3.iv. Neurospora silica and glycerol stocks

 Neurospora strains of interest were grown on Vogel’s media slants 

containing appropriate additives for 2-3 days at 30 °C, then incubated at room 

temperature until bright orange conidia formed. 2 mL of sterile 7.5% (w/v) 

powered milk in nanopure water was added to the tube and gently vortexed for 

one minute. 900 μL of conidial suspension was added to a cryotube containing 

900 μL sterile 50% (v/v) glycerol. This tube was then frozen at -80 °C. An 

autoclaved glass pipette was used to extract and transfer the rest of the 

suspension to a cold culture tube containing activated silica gel. Enough 

suspension was added to reach the bottom of the culture tube, which was then 

vortexed until all liquid was absorbed. The resulting silica stock was stored at 4 

°C.
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III. Bimolecular Fluorescence Complementation reveals 

interaction between SAD-1 and SAD-2

III.1. Introduction

 Protein interactions are of great interest to a molecular biologist, as they 

can provide evidence for protein function. Common techniques used to 

characterize these interactions include co-immunoprecipitation and the yeast 

two-hybrid system (Phizicky and Fields, 1995). Unfortunately, Neurospora crassa 

meiotic proteins are difficult to isolate in quantities great enough for co-

immunoprecipitation, and the yeast two-hybrid system frequently gives false 

positive results.  

 A technique for investigating protein interactions in vivo called Bimolecular 

Fluorescence Complementation (BiFC) (Hu et al., 2002) has been developed that 

utilizes split yellow fluorescent protein (YFP) fragments. The technique centers 

around the fact that the separate halves of YFP do not fluorescence on their own. 

When interacting proteins are individually tagged with one of the halves, 

however, the proximity of the halves restores the fluorophore. Since this 

fluorescence can be detected in vivo, BiFC is an ideal method for studying 

protein interactions during meiosis in N. crassa. 

 BiFC has been previously demonstrated in the filamentous fungus 

Acremonium chrysogenum (Hoff and Kück, 2005), suggesting that BiFC could 

also be utilized in N. crassa. SAD-1 and SAD-2 has previously been shown to 

colocalize in the perinuclear region during sexual development (Shiu et al., 

29



2006). We asked if the BiFC technique could demonstrate interaction between 

SAD-1 and SAD-2 at the perinuclear region during the sexual phase of N. crassa.

III.2. Materials and Methods

III.2.i. Vector construction

 The vector pYHN2, containing a yellow-green variant of Aequorea victoria 

gfp (green fluorescent protein) referred to as yfp (Ormö et al., 1996), was 

obtained from Birgit Hoff and Ulrich Kück. Table III.1 lists the primers used to 

amplify yfp, yfpn, and yfpc from pYHN2. These fragments were then inserted into 

pMF272 (Freitag et al., 2004) utilizing the PacI and ApaI restriction endonuclease 

sites, effectively replacing gfp in the vector with a fragment of yfp and creating 

pYFP, pYPN, and pYFPC (Figure III.1).

III.2.ii. Tagging SAD-1 using pYFPN and pYFPC

 pMF272::sad-1 was digested with the restriction endonucleases XbaI and 

PacI, gel purified, and subcloned into pYFPN and pYFPC. pYFPN::sad-1-yfpn 

and pYFPN::sad-1-yfpc were linearized and used to transform P5-02 and P5-52, 

respectively. Sad-1Δ rid his-3+::sad-1-yfpn mat A was designated P6-69, and 

Sad-1Δ rid his-3+::sad-1-yfpc mat a was designated P7-26.

III.2.iii. Tagging SAD-2 using pYFP, pYFPN, and pYFPC

 pMF272::sad-2 was digested with the restriction endonucleases BamHI 

and PacI, gel purified, and subcloned into pYFP, pYFPN, and pYFPC. 
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Primer Sequence (5ʼ → 3ʼ) Uses

YFP97F CG-GAATTC-TTAATTAA-C-CGCTCCATCGCCACG-
ATGGTGAGCAAGGGCGAGGAGCTGTTCACCG

5ʼ priming 
for yfpn 
and yfp

YFP561R TCTT-GGGCCC-
TTAGGCCATGATATAGACGTTGTGGCTG

3ʼ priming 
for yfpn

YFP562F CCG-GAATTC-TTAATTAA-C-
AAACAGAAGGTCATGAACCAC-
GACAAGCAGAAGAACGGCATCAAGGTG

5ʼ priming 
for yfpc

YFP816R CGCG-GGGCCC-
TTACTTGTACAGCTCGTCCATGCCGAG

3ʼ priming 
for yfpc 
and yfp

Table III.1. Primers used for vector construction. Red: EcoRI, blue: PacI, green: 

ApaI, bold: stop codon, underline: linker motif. 
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pMF272 (8479 bp)

!-lactamase 3! his-3 flank Pccg-1 gfp

ApaI

TC TAG AAC TAG TGG ATC CCC GGG TTA ATT AA 

 XbaI         SpeI           BamHI      SmaI              PacI

yfp

yfpn (yfpaa1-155)

yfpc (yfpaa156-239)

pYFP (8452 bp)

pYFPN (8200 bp)

pYFPC (7993 bp)

PacI         ApaI

PacI   ApaI

PacI  ApaI

5! "-his-3

PacIXbaI

sad-1

PacIBglII

sad-2 

Figure III.1. Constructs made for and used in this study. Restriction sites are 

noted in italics. pYFP, pYFPN, and pYFPC target their insertions to the his-3 

locus (Margolin et al., 1997) in N. crassa. 
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Strain Genotype

F1-04  fl mat A

P5-02 Sad-1Δ rid his-3 mat A

P5-52 Sad-1Δ rid his-3 mat a

P6-14 rid his-3; inv Sad-2RIP  mat a

P6-15 rid his-3; inv Sad-2RIP mat A

P6-59 Sad-1Δ rid his-3+::yfpn mat A

P6-68 rid his-3+::sad-2-yfpc ; inv Sad-2RIP mat a

P6-69 Sad-1Δ rid his-3+::sad-1-yfpn mat A

P6-70 rid his-3+::sad-2-yfp ; inv Sad-2RIP mat a

P7-26 Sad-1Δ rid his-3+::sad-1-yfpc mat a

P7-31 rid his-3+::sad-2-yfpn ; inv Sad-2RIP mat A

P8-25 rid his-3+::yfpc ; inv Sad-2RIP mat a

Table III.2. Neurospora crassa strains used.  Information on genetic loci can be 

found in Perkins et al., 2001.
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pYFP::sad-2-yfp and pYFPC::sad-2-yfpc were linearized and utilized to transform 

P6-14, while pYFPN::sad-2-yfpn was linearized and used to transform P6-15. rid 

his-3+::sad-2-yfp; inv Sad-2RIP mat a was designated P6-70, rid his-3+::sad-2-

yfpn; inv Sad-2RIP mat A was designated P7-31, and rid his-3+::sad-2-yfpc; inv 

Sad-2RIP mat a was designated P6-68.

III.2.iv. Construction of control strains

 pYFPN and pYFPC vectors containing no inserts were linearized and 

used to transform P5-02 and P6-14, respectively. Sad-1Δ rid his-3+::yfpn A was 

designated P6-59, while rid his-3+::yfpc ; inv Sad-2RIP a was designated P8-25.

III.2.v. Fixing of perithecia for fluorescent microscopy

 Perithecia were fixed in a fresh solution of 4% paraformaldehyde, 90 mM 

PIPES pH 6.9, 10 mM EGTA, and 5 mM MgSO4 for 20 minutes at room 

temperature. After a brief rinse with phosphate buffered saline (PBS), perithecial 

contents were dissected out into a drop of 90% glycerol, 10% 100 mM K2HPO4 

pH 8.7, 10 mg/mL DAPI, and 100 mg/mL 1,4-diazabicyclo[2,2,2]octane. Once the 

perithecial contents were dispersed under a cover slip, they were sealed with 

clear nail polish and either viewed immediately or after storage at -20° C.  

III.2.vi. Fluorescence microscopy

 All samples were imaged under a Zeiss LSM 510 confocal laser scanning 

microscope using a PlanNeofluar 40x (NA1.3) oil immersion objective (Carl Zeiss 
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MicroImaging, Thornwood, NY). YFP visualization utilized a 514 nm Argon laser 

line for excitation with a BP530-600 emission filter. DAPI was visualized using a 

364 nm Argon laser line with a BP385-470 emission filter. Images were captured 

using native Zeiss software.

III.3. Results

III.3.i. YFP is active in N. crassa, but split YFP is not

 Strain P6-70 (sad-2-yfpn) was crossed to F1-04 (a designated female mat 

a strain), and the perithecia were fixed and imaged. The SAD-2-YFP product was 

observed in the perinuclear region, demonstrating that YFP fusion products, like 

those of GFP (Freitag et al., 2004) and red fluorescent protein (RFP) (Freitag et 

al., 2005), can be imaged in N. crassa (Figure III.2A). The distribution around the 

outside of the nucleus also agreed with previous localization studies (Shiu et al., 

2006).

 The control strains P6-59 (yfpn) and P8-25 (yfpc) were crossed, and 

perithecia were fixed and imaged.  No YFP signal was observed, indicating that 

the halves of YFP have no innate fluroescence in N. crassa or attraction to each 

other (Figure III.2B). Strains P7-31 (sad-1-yfpn) and P8-25 (yfpc) were also 

crossed, and resulting asci showed that fusion of the YFP halves to other 

proteins do not induce fluorescence (Figure III.2C).
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III.3.ii. SAD-1 self-interacts in the cytoplasm of the ascus

 Strains P6-69 (sad-1-yfpn) and P7-26 (sad-1-yfpc) were crossed. 

Resulting perithecia showed ~10 spots of bright fluorescence in the cytoplasm, 

indicating self-interaction of SAD-1 molecules at those locations (Figure III.2D). 

These data agree with previous observations of SAD-1 tagged with GFP, which 

showed that SAD-1 protein can be found in both the perinuclear region and in 

these peculiar cytoplasmic “hot spots” (Shiu et al., 2006).

III.3.iii. SAD-2 self-interacts in the perinuclear region

 The strains P6-68 (sad-2-yfpc) and P7-31 (sad-2-yfpn) were crossed  to 

investigate if SAD-2 exhibits any self-interaction. Perithecial fixing and 

visualization showed that SAD-2 molecules self-interacts at the perinuclear 

region (Figure III.2E).

III.3.iv.  SAD-1 and SAD-2 interact mainly in the perinuclear region

 A cross of strains P6-68 (sad-2-yfpc) and P6-69 (sad-1-yfpn) and the 

reciprocal cross P7-26 (sad-1-yfpc) × P7-31 (sad-2-yfpn, Figure III.2F) were 

performed to investigate SAD-1 and SAD-2 interaction. Visualization of fixed 

perithecia showed fluorescence in the perinuclear region with occasional 

fluorescent spots in the cytoplasm.  These data suggest that SAD-1 and SAD-2 

largely interact at the perinuclear region, an area which they have been 

previously shown to colocalize (Shiu et al., 2006).
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Figure III.2. Visualization of SAD-1 and SAD-2 interactions. (A) F1-04 × P6-70 

(sad-2-yfp), (B) P6-59 × P6-68 (yfpn and yfpc), (C) P7-31 × P8-25 (sad-2-yfpn

and yfpc), (D) P6-69 × P7-26 (sad-1-yfpn and sad-1-yfpc), (E) P6-68 × P7-31 

(sad-2-yfpc and sad-2-yfpn), (F)  P7-26 × P7-31 (sad-1-yfpc and sad-2-yfpn).  

Bar, 5 μm.
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III.4. Discussion

 The pYFPC and pYFPN vectors we have made are based around the 

GFP vector pMF272 (Freitag et al., 2004) to the extent that we used the same 

restriction sites to insert the yfp fragments as used to insert gfp. The reasoning 

behind such engineering is that our lab protocol dictates that genes of interest 

are first fused with gfp and rfp to determine their subcellular localization; then, if 

they localize in the perinuclear region, they are tagged with the yfp fragments to 

test for interaction. By using the pMF272 skeleton, cloning a gene into pYFPC or 

pYFPN is trivial and requires only one subcloning step with the same restriction 

digest scheme as used with pMF272, as opposed to a new PCR reaction, 

possible TOPO cloning, then a final subcloning that would be required otherwise.

 Previous work (Shiu et al., 2006) demonstrated that SAD-2 localizes in the 

perinuclear region in the absence of SAD-1. However, SAD-1 exhibits little 

perinuclear localization in the absence of SAD-2, instead being found in 

cytoplasmic “hot spots.” Taken with the BiFC data, SAD-2 appears to interact with 

SAD-1 in order to position SAD-1 in the perinuclear region. This positioning 

appears to be important for meiotic silencing activity, as SAD-2 knockdown asci 

fail to mediate silencing. Perinuclear localization of RNAi proteins has also been 

demonstrated in mouse (Kotaja and Sassone-Corsi, 2007) and Drosophila germ 

cells (Lim and Kai, 2007; Pane et al., 2007), suggesting that this region could be 

a center of silencing activity.

 As mentioned previously, SAD-2 is a novel protein with no recognizable 

domains. Its main function could be to bind to SAD-1 and to bring it to the 
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perinuclear region for proper meiotic silencing activity. However, SMS-2, DCL-1, 

and QIP are also required for meiotic silencing activity (Lee et al., 2003; 

Alexander et al., 2008; Xiao et al., 2010).  SAD-2 could act as both a localization 

factor and as an organizing factor, arranging meiotic silencing proteins in an 

active configuration (Figure III.3). This interaction and organization in the 

perinuclear region would allow for efficient processing and targeting of aRNA as it 

leaves the nucleus, increasing the efficiency of meiotic silencing. Interactions 

among RNAi proteins have been previously documented; in humans, PAZ- PIWI-

Domain (PPD) and Dicer proteins have been shown to interact via the PIWI-box 

of the PPD protein and the RNaseIII domain of Dicer (Tahbaz et al., 2004), while 

work in Schizosaccharomyces pombe indicates that two large complexes, one 

containing an Argonaute protein and the other containing an RdRP, interact in a 

Dicer-dependent manner (Motamedi et al., 2004). This body of work in other 

organisms supports the hypothesis that components of meiotic silencing 

machinery interact with one another. Currently, efforts are underway by other 

members of the Shiu lab to examine the interaction between each of the five 

known meiotic silencing proteins using the BiFC method.

 The main obstacle in using classic interaction techniques, such as co-

immunoprecipitation, is the isolation of significant amounts of protein in a 

relatively pure form for both development of an antibody and to perform the 

binding and subsequent pulldown assay. While such techniques are valid when 

examining proteins isolatable from vegetative N. crassa tissue, ascus tissue is 

present in very small amounts and is surrounded by maternal perithecial tissue. 
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This surrounding tissue makes protein isolation and purification extremely 

difficult. Hence, a method such as BiFC or the yeast two-hybrid system that does 

not rely on protein isolation is more feasible. However, the yeast two-hybrid 

system only works on proteins that are able to be expressed in yeast and are 

able to enter the nucleus. The two-hybrid system is also notorious for giving false 

positives, as some proteins will activate transcription when bound to a DNA-

binding domain (Phizicky and Fields, 1995). BiFC allows an investigator to study 

protein interaction at any stage of the N. crassa life cycle natively and without the 

need for protein purification, yet still provides the sensitivity and precision 

provided by other standard techniques.

III.5. Publication

 This work has been published as “Characterization of Interactions 

Between and Among Components of the Meiotic Silencing by Unpaired DNA 

Machinery in Neurospora crassa Using Bimolecular Fluorescence 

Complementation” in the journal Genetics, Volume 178, pages 593-596, in 

January 2008.
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Figure III.3. One possible model of SAD-2 functionality. SAD-2 may function to 

bring all required components into the perinuclear region and order them in an 

array to efficiently process aRNA leaving the nucleus. 
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IV. Implication of quelling machinery in meiotic silencing 

by unpaired DNA

IV.1. Introduction

 When research for this dissertation began, only three genes had been 

implicated in meiotic silencing: sad-1, sad-2, and sms-2. sad-1 was first identified 

by complementation of a UV-generated mutant that passed through an unpaired 

asm-1/Rsp screen (Shiu et al., 2001). sad-2 was identified in a similar manner as 

sad-1, though insertional mutagenesis was used (Shiu et al., 2006). sms-2 was 

implicated in meiotic silencing by phylogenetic alignment and subsequent 

analysis of a RIPed allele (Lee et al., 2003). While the identification of an RdRP 

(sad-1) and an Argonaute (sms-2) gene seemed to indicate that meiotic silencing 

was mediated by an RNAi pathway, crucial pieces, namely a responsible Dicer 

gene, were missing.

 Quelling is a well-characterized RNAi pathway that serves to silence 

transgenes and other repetitive elements in the vegetative phase of N. crassa; it 

utilizes DCL-1 and DCL-2 in a redundant manner to generate sRNA from a 

dsRNA (Catalanotto et al., 2004). Both Dicer-like proteins possess twin RNaseIII 

domains that, after proper protein folding, create a single RNA processing center 

that is responsible for cleaving a precursor dsRNA into immature siRNA 

(Jaronczyk et al., 2005). They also share a DEAD box helicase domain 

associated with ATP-dependent dsRNA unwinding, a helicase C-terminal 
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Figure IV.1. Comparison of DCL-1 and DCL-2 predicted domains. DEAD, DEAD-

box helicase domain; hel C, helicase C-terminal domain; dsRBD, dsRNA binding 

domain; a.a., amino acids . The Conserved Domain Database (Marchler-Bauer et 

al., 2011) was used to predict domains.
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conserved domain, and a dsRNA binding domain, previously called duf283 

(Dlakić, 2006). DCL-2 also possesses a secondary dsRNA binding domain near 

the C-terminus of the polypeptide. Neither protein possesses a predicted PAZ 

domain, which is a common but nonessential feature for a Dicer (Figure IV.1). 

mRNA for dcl-1 and dcl-2 have both been detected in mycelial and perithecial 

total RNA preparations, suggesting that both are expressed during the vegetative 

and sexual phases of N. crassa (Alexander et al., 2008). 

 QIP was first identified as a protein interacting with the Argonaute QDE-2 

when QDE-2 was purified using a His6 tag and a nickel affinity column. QIP is 

required for the formation of single stranded siRNA molecules and the activation 

of the quelling RISC; it is dependent upon the Slicer activity of QDE-2 to achieve 

this activation. QIP possesses a predicted exonuclease domain which digests the 

nicked passenger strand off of the siRNA duplex contained within the inactive 

RISC, thereby activating it and allowing the effector strand to target 

complementary mRNA molecules (Maiti et al., 2007). 

 No other Dicer-like or QIP-like genes exist in the N. crassa genome. Since 

the products of these genes are essential for RNAi activity in quelling, we sought 

to determine the roles of dcl-1, dcl-2, and qip in meiotic silencing activity.

IV.2. Materials and Methods

IV.2.i. Strains

 Strains used in these studies and their genotypes are listed in Table IV.1.  
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dcl-1Δ and dcl-2Δ strains were obtained from Carlo Cogoni and Giuseppe Macino 

and are described in Catalanotto et al. (2004), while the qipΔ allele is described in 

Maiti et al. (2007). Descriptions of other alleles can be found in the Neurospora 

Compendium (Perkins et al., 2001).

IV.2.ii. Frameshift vector and strain construction

 Dcl1-4387F and Dcl1-10100R (Table IV.2) were used to amplify the 5.7-kb 

dcl-1 ORF. This fragment was cloned into pCRII-TOPO, then subcloned into 

pBM61, a his-3 transformation vector (Margolin et al., 1998). Digestion of the 

resulting vector by AgeI, followed by a Klenow fill-in reaction, generated a 

frameshifted allele of dcl-1 (dcl-1fs). The frameshift vector was linearized and 

used to transform P7-11, resulting in strain P8-52.

 Qip-299824R and Qip-296819F (Table IV.2) were used to amplify the 3.0- 

kb qip ORF.  This fragment was cloned into pBM61 using the restriction 

endonucleases XbaI and NotI. Digestion of the resulting vector by NsiI, followed 

by a Klenow fill-in reaction, generated a frameshifted allele of qip (qipfs). This 

frameshift vector was linearized and used to transform P8-43, resulting in strain 

P11-38.

IV.2.iii. GFP and RFP fusion vector and strain construction

 Dcl1-4816F and Dcl1-9720R (Table IV.2) were used to amplify the dcl-1 

ORF, which was inserted into pMF272, a GFP-fusion vector (Freitag et al., 2004), 

using the restriction sites SpeI and PacI. This vector was linearized used to
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Strain Genotype Strain Genotype

F2-01 fl mat A P10-41 dcl-1∆ mat a

F2-06 fl; qip∆ mat A P10-43
rid his-3+::sad-2-gfp; inv 

Sad-2RIP32 mat A

P3-07 Oak Ridge wild type mat A P11-08
rid his-3+::sms-2-rfp; sms-2∆ mat 

a

P3-08 Oak Ridge wild type mat a P11-21 rid his-3; qip∆; mus-51∆ mat a

P5-52 Sad-1∆ rid his-3 mat a P11-38 rid his-3+::qipfs; mus-52∆ mat A

P5-70 rid his-3+::sad-1-GFP mat A P12-13
his-3+::hH1-gfp rid; qip∆; 

mus-51∆ mat a

P6-62 rid his-3+::sad-2-RFP; inv 
Sad-2RIP32 mat a P12-28 rid his-3; qip∆; mus-51∆ mat A

P7-11 rid his-3; mus-52∆ mat a P13-08 dcl-2∆ mat A

P7-20 rid his-3; mus-52∆; dcl-1∆ mat A P13-15 sad-1-gfp::hph mat A

P8-18 sad-1∆; mep mat A P14-05
rid his-3+::qip-gfp; qip∆; mus-51∆ 

mat A

P8-43 rid his-3; mus-52∆ mat A P15-02
rid his-3+::sms-2-rfp; mus-52∆ 

qip-gfp::hph mat A

P8-52
rid his-3+::dicer-1fs; mus-52∆ mat 

a P15-03
rid his-3+::sms-2-rfp; mus-52∆ 

qip-gfp::hph mat a

P9-30 rid his-3-; sms-2∆ mat a RLM23-23 his-3+::dcl-1fs; dcl-2Δ mat A

P9-43 rid his-3+::hH1-GFP; dicer-1∆ 

mat A RLM24-15 his-3+::hH1-gfp; dcl-2Δ mat a

P9-58 qip∆ mat A RLM25-31 his-3+::hH1-gfp; dcl-2Δ; pyr-1  
dcl-1Δ arg-2 mat a + [G]

P9-60 qip∆ mat a RLM28-29 dcl-2Δ mat A

P10-16 rid his-3+::hH1-gfp mat a RLM31-32 dcl-2Δ; dcl-1Δ mat A

P10-18 rid his-3+::dicer-1-gfp; mus-52∆; 
dcl-1∆ mat A RLM53-14 ad-3B; cyh-1 mat am1 ([G])

P10-40 dcl-1∆ mat A

Table IV.1. Neurospora crassa strains used in this study.  Information on genetic 

loci can be found in Perkins et al, 2001.
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Primer Sequence (5’ → 3’) Uses

Dcl1-4387F TCTGTTGCGAGTGTTTGTATAAAAGCG dcl-1fs construction

Dcl1-10100R TTCACGAGGCTTACAGGATTTCCATAC dcl-1fs construction

Dcl1-4816F GGAAAA-ACTAGT-CAGCTCGTCACCATGGCCGTAG dcl-1-gfp fusion

Dcl1-9720R GTAGAAT-TTAATTAA-AACCGCCGTGCCATGTACC dcl-1-gfp fusion

Qip-299824R GTGAACTC-TCTAGA-GGGGCACCTGTAGG qipfs construction

Qip-296819F GTTTA-GCGGCCGC-CCTTTTCACTGTATACAC qipfs construction

Qip-299128R CTA-ACTAGT-CTATCGCTCGCCACCAT qip-gfp fusion

Qip-297035F GTAGTCTCAT-TTAATTAA-CAACTCCCAGTTTTC qip-gfp fusion

Sms2-107713F CTCTTGCCTCAACCAGTACC-ACTAGT-ATGTCTGCTCCTGG sms-2-rfp fusion

Sms2-110724R GCCAAAGCGACCAAG-TCTAGA-CCCACCACATGGTGTTGTG sms-2-rfp fusion

Table IV.2. Primers used in this study. Green: SpeI, red: PacI, blue: XbaI, orange: 

NotI.
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transform P7-20, resulting in strain P10-18.

 Qip-299128R and Qip-297035F (Table IV.2) were used to amplify the qip 

ORF, which was inserted into pMF272 (Freitag et al., 2004) using the restriction 

sites SpeI and PacI. This vector was linearized and used to transform P11-21, 

resulting in strain P14-05.

 Sms2-107713F and Sms2-110724R (Table IV.2) were used to amplify the 

sms-2 ORF, which was inserted into pMF334, an RFP-fusion vector (Freitag and 

Selker, 2005), using the restriction sites SpeI and XbaI. This vector was 

linearized and used to transform P9-30, resulting in strain P11-08.

IV.2.iv. hH1-GFP fluorescent microscopy preparation

 hH1-gfp crosses used the hH1-gfp-bearing strain as the male parent to 

minimize background fluorescence from maternal tissue. A minimum of ten 

perithecia were dissected in a drop of 10% glycerol at one to two day intervals 

spanning three to eight days after crossing. The rosettes of asci were squashed 

under a cover glass, and at least 1000 asci were examined for each cross. A 

Nikon Microphot FX fluorescence microscope fitted with an excitation/dichroic 

mirror/long pass filter set up was used as described previously (Freitag et al., 

2004).

IV.2.v. GFP and RFP fluorescent microscopy preparation

 Fixing and microscopy was performed as described in III.2.v. and III.2.vi.; 

however, GFP visualization used a 488 nm Argon laser line for excitation and a 
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BP505-530 excitation filter, while RFP visualization used a 543 nm Helium Neon 

laser line and the META detector set to collect excitation data.

IV.3. Results

IV.3.i. dcl-1 and qip are required for sexual development

 Strains with either or both Dicer genes deleted exhibited no discernible 

vegetative phenotypes. This observation was also true for qipΔ strains. 

Heterozygous knockout crosses for each of the three genes (P3-07 × P10-41, 

P3-07 × P13-08, and P3-07 × P9-60) underwent sexual development and 

sporulation normally. The homozygous dcl-2Δ cross (RLM28-29 × P13-08) 

appeared normal as well. However, dcl-1Δ and qipΔ homozygous crosses 

(P10-40 × P10-41 and P9-58 × P9-60) produced perithecia but did not sporulate. 

Dissection of perithecia at multiple time points showed no ascogenious tissue, 

croziers, or asci (Figure IV.2).  These data suggest that dcl-1 and qip are both 

required at an early stage in sexual development.

IV.3.ii. Heterozygous knockout crosses do not suppress meiotic silencing

 Both Sad-1Δ and Sad-2Δ heterozygous crosses have been shown to 

deactivate meitoic silencing using a number of different unpaired reporter genes 

(Shiu et al., 2001; Shiu et al., 2006). The dcl-1Δ, dcl-2Δ, and qipΔ alleles were 

tested for this dominant phenotype by crossing dcl-1Δ  (P10-40), dcl-2Δ 

(RLM28-29), dcl-1Δ dcl-2Δ (RLM31-32), and qipΔ (P9-58) strains with a strain 

containing an unpaired hH1-gfp reporter (P10-16). All four crosses resembled the
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Figure IV.2. qipΔ homozygous knockout crosses are sterile. (A and B) Wild type × 

wild type (F2-01 × P3-08). Perithecia develop normally-sized beaks and display 

asci and ascospores when dissected. (C and D) qipΔ × qipΔ (F2-06 × P9-60). 

Perithecia develop undersized beaks (arrow) and no asci or ascopores. dcl-1Δ × 

dcl-1Δ and sms-2Δ × sms-2Δ crosses exhibit similar phenotypes. Bars: 500 μm.
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wild type control cross (P3-07 × P10-16), indicating that hH1-gfp had been 

silenced by an active meiotic silencing pathway (Figure IV.3C). Thus, the

“silencing the silencer” negative feedback model seen with Sad-1Δ and Sad-2Δ 

crosses was found to not be applicable to these knockout alleles.

IV.3.iii. dcl-1- and qip-deficient crosses impair meiotic silencing, while dcl-2 is not 

involved

 A homozygous dcl-2Δ cross possessing an unpaired hH1-gfp (RLM24-15 × 

RLM28-29) resembled the wild-type control (Figure IV.3A), indicating that dcl-2 is 

not required for meiotic silencing (Figure IV.3H). Such a cross cannot be used to 

examine the role of dcl-1 or qip, as homozygous knockout crosses produce no 

asci. To work around this difficulty, we created strains that would result in a “two 

unpaired copy knockdown” scheme in an effort to knockdown dcl-1 or qip 

expression levels. A frameshift mutation was introduced into the dcl-1 or qip 

gene, which was then inserted at the his-3 locus as the first unpaired copy. 

Additionally, a mating partner containing a reporter gene as well as a dcl-1 or qip 

gene deletion, thus unpairing its partner, was chosen (P8-52 or P11-38). Such a 

cross contains one wild-type copy of dcl-1 or qip, allowing for early sexual 

development to proceed. However, after the pairing stage, the expression of the 
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Figure IV.3. Knockdowns of dcl-1 and qip relieve meiotic silencing on unpaired 

hH1-gfp. A) WT × hH1-gfp (P3-07 × P10-16). B) Sad-1Δ × hH1-gfp (P8-18 × 

P10-16). C) dcl-1Δ dcl-2Δ × dcl-2Δ hH1-gfp (RLM31-32 × RLM24-15). D) qipΔ × 

hH1-gfp (P12-28 × P10-16). E) dcl-1Δ dcl-2Δ hH1-gfp × dcl-2Δ dcl-1fs (RLM25-31 

× RLM23-23). F) dcl-1fs × dcl-1Δ hH1-gfp (P8-52 × P9-43). G) qipfs × qipΔ hH1-gfp 

(P11-38 × P12-13). H) dcl-2Δ × dcl-2Δ hH1-gfp (RLM28-29 × RLM24-15).
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sole wild-type gene is greatly diminished by the two unpaired copies.  On 

examination, the developing asci expressed unpaired hH1-gfp in both test 

crosses (Figure IV.3F and IV.3G), indicating that meiotic silencing activity had 

been diminished in a manner similar to that seen in a heterozygous Sad-1Δ 

cross. 

IV.3.iv. SMS-2, DCL-1 and QIP localize in the perinuclear region with SAD-1 and 

SAD-2

 SAD-1 and SAD-2, both components of meiotic silencing, were previously 

shown to localize in the perinuclear region (Shiu et al., 2006). Because SMS-2, 

DCL-1, and QIP are also components of meiotic silencing, we tagged them with 

GFP and/or RFP to determine their subcellular localization. All five gene products 

have been observed colocalizing in the perinuclear region (Figure IV.4), further 

supporting previous findings that this region of the cell is important for proper 

meiotic silencing function.

IV.4. Discussion

IV.4.i. Meiotic silencing and quelling share some molecular machinery

 We have shown that DCL-1 and QIP are required for meiotic silencing, 

implicating them in the proper function of both RNAi pathways known to exist in 

N. crassa. QIP’s role of quelling RISC activation via passenger strand removal 

has been well characterized (Maiti et al., 2007); QIP possibly functions the same 

way by activating the meiotic silencing RISC. In contrast, both Dicer-like proteins 
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Figure IV.4. Colocalization of DCL-1 and QIP with other meiotic silencing 

machinery in the perinuclear region. (A-D) qip-gfp and sms-2-rfp (P15-02 × 

P15-03). (E-H) qip-gfp and sad-2-rfp (P14-05 × P6-62). (I-L) dcl-1-gfp and sad-2-

rfp (P10-18 × P6-62).(M-P) sad-1-gfp and sad-2-rfp (P13-15 × P6-62).  The 

chromatin was stained with DAPI.  Bar, 5 μm.
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are involved in a redundant manner in quelling, but only DCL-1 is required for 

meiotic silencing. This sharing of machinery between the two pathways allows 

exploration of possible components of meiotic silencing by studying quelling. For 

example, both pathways are predicted to generate aRNA. The quelling RdRP

QDE-1 has been shown to possess DdRP activity to some extent, and it has 

been implicated in quelling aRNA generation (Lee et al., 2010b). One could 

examine qde-1 in the same manner in which we explored the roles of qip and 

dcl-1 to determine if it, too, is responsible for aRNA generation in meiotic 

silencing.

 Implication of DCL-1 and QIP in meiotic silencing also supports the idea 

that meiotic silencing activity is mediated by an siRNA-generating pathway. 

Because such RNAi mechanisms tend to be conserved among both fungal and 

non-fungal organisms, we can look to other model organisms for hints of other 

proteins that could play a role in meiotic silencing. EGO-1, for instance, mediates 

the animal version of meiotic silencing (called Meiotic Silencing of Unsynapsed 

Chromatin, or MSUC) in C. elegans (Maine et al., 2005). The top blastp (Altschul 

et al., 1997) hit returned from the Neurospora crassa Database (http://

www.broadinstitute.org/annotation/genome/neurospora/) is SAD-1, indicating a 

shared functionality and sequence similarity. Recently, EGO-1 was shown to 

interact with CSR-1 (a Piwi/Paz/Argonaute protein), DRH-1 (a DEAH/D-box 

helicase), and EKL-1 (a Tudor domain protein, which associates it with binding 

RNA) in order for  proper enrichment of histone H3 lysine 9 dimethylation and 

subsequent heterochromatin formation and transcriptional repression; these 
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machinery components are also localized in the worm germline (She et al., 

2009). blastp (Altschul et al., 1997) searches using the CSR-1 and DRH-1 

sequences against the N. crassa genome returns SMS-2 and DCL-1, 

respectively, while the EKL-1 sequence returns no hits; a search for the word 

Tudor in the N. crassa Genome Database, however, returns one locus named 

NCU02134.5. The encoded protein is a transcription factor and is the only 

predicted Tudor domain protein in N. crassa. Does NCU02134.5 play a role in 

meiotic silencing in N. crassa the way that EKL-1 moderates MSUC? Such 

questions arise when siRNA pathways from other model organisms are 

examined, and can help to broaden our understanding of the nature of this RNAi 

pathway and the machinery required.

IV.4.ii. The perinuclear region is an important location for RNAi activity

 Previous work showed that SAD-1 and SAD-2 localize in the perinuclear 

region (Shiu et at., 2006) and that they interact (Bardiya et al., 2008). The 

perinuclear region has been shown to be a region important to RNAi activity in 

other organisms (Lim and Kai, 2007; Pane et al., 2007), possibly by allowing the 

RNAi machinery an early opportunity for processing aRNA and degrading 

targeted mRNA as they leave the nucleus. To determine the localization of QIP 

and DCL-1, each were tagged with GFP; SMS-2 was also tagged with RFP. QIP, 

SMS-2, and DCL-1 all localized in the perinuclear region with SAD-1 and SAD-2, 

further implicating their role in meiotic silencing.
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 Colocalization is a prerequisite for protein-protein interactions; logically, 

two interacting proteins must exist in the same place and time in order to 

physically interact. Meiotic silencing is known to be dependent on the interaction 

of SAD-1 and SAD-2 in the perinuclear region for proper function (Shiu et al., 

2006). SAD-2 could possibly function as an organization scaffold for meiotic 

silencing machinery, bringing them together in the perinuclear region; the finding 

that all five known meiotic silencing proteins localize in the perinuclear region 

supports this hypothesis. Currently, other members of the Shiu lab are attempting 

to demonstrate protein-protein interactions between and among meiotic silencing 

machinery, using BiFC studies that mirror those done to elucidate SAD-1/SAD-2 

interactions (Bardiya et al., 2008).

                              

IV.4.iii. sRNA generation is required for sexual development

 While crosses homozygous for sad-1, sad-2, sms-2, dcl-1 or qip 

knockouts all exhibit a sterile phenotype, we have shown a difference between 

the phenotypes of the sad-1 and sad-2 knockouts versus the sms-2, dcl-1, and 

qip knockouts. The former appear to arrest at early prophase, but ascus tissue is 

observed in perithecial dissections. The latter three exhibit no ascogenious tissue 

at all, indicating they all arrest early in sexual development.  Since sms-2, dcl-1, 

and qip are involved in sRNA generation, we predicted the possibility of a sRNA 

requirement for sexual development. In animals and plants, such sRNAs are well 

characterized, and most belong to the miRNA class of sRNA. miRNAs were 

originally thought to be absent from fungal genomes. However, microRNA-like 

57



RNAs (milRNAs) dependent on dcl-1 have been recently described (Lee et al., 

2010a). Our data, taken with the discovery of milRNAs, implies the existence of a 

class of sRNA molecules encoded by the genome that function in sexual 

development. These small RNAs would be dependent upon functional DCL-1, 

SMS-2, and QIP, but independent of SAD-1 or SAD-2. 

 The separate sterility phenotypes previously mentioned also hint at the 

modular nature of the meiotic silencing pathway. Quelling has been shown to 

exhibit modularity, as one set of RNAi proteins is able to generate siRNA in 

response to tandem transgenes (Romano and Macino, 1992) or to DNA damage 

by high histidine concentrations (Lee et al., 2009). The SAD-1/SAD-2 system 

may have evolved specifically to sense unpaired DNA and to feed into the 

already existing RNAi pathway used to regulate sexual development. This 

concept then raises the possibility of other sensing pathways that could feed into 

the meiotic RNAi machinery for unknown reasons.
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IV. Publication

 This work was published in two separate papers. The first, describing work 

done with dcl-1 and dcl-2, was published as “DCL-1 colocalizes with other 

components of the MSUD machinery and is required for silencing” in the journal 

Fungal Genetics and Biology, Volume 45, pages 719-727, in May 2008. Photos 

from that paper were featured on the cover of the journal for that issue.

 The second publication detailing the implication of qip in meiotic silencing 

was published as “QIP, a protein that converts duplex siRNA into single strands, 

is required for Meiotic Silencing by Unpaired DNA” in the journal Genetics, 

Volume 186, pages 119-126, in September 2010.
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V. The flanking regions of the mat locus partially protect 

genes from meiotic silencing

V.1. Introduction

 Unlike plants and animals, gender in Neurospora crassa is not genetically 

determined, but environmentally determined; female structures, called 

protoperithecia, develop when nitrogen and carbon levels of the growth substrate 

are depleted (Davis, 2000). Instead, N. crassa possesses mating types which are 

determined by the mat locus. Two variants of the mat locus exist: A and a. These 

two variants are termed idiomorphs instead of alleles due to the extensive 

sequence dissimilarity between the two types (Glass et al., 1990). mat A contains 

three genes: mat A-1, mat A-2, and mat A-3; mat a contains only one gene, mat 

a-1 (Figure V.1).

 mat A-1 was the first mating-type gene identified. It contains a region of 

similarity to the Saccharomyces cerevisiae Matα1 gene (Staben, 1996) and has 

been implicated in pheromone response, transcriptional regulation, and 

heterokaryon incompatability (Metzenberg and Glass, 1990; Shiu and Glass, 

2006). mat A-2 exhibits similarity to the SMR1 mating type gene from Podospora 

anserina (Debuchy et al., 1993), a member of the same order (Sordariales) as N. 

crassa (Alexopoulos et al., 1996). mat A-3 possesses a predicted HMG domain, 

indicating a possible role as a transcription factor or another type of DNA-binding 

protein (Grosschedl et al., 1994); MAT A-3 shares sequence similarity with both 

MAT a-1 and SMR2 from P. anserina (Ferreira et al., 1998; Debuchy et al., 1993). 

MAT A-2 and MAT A-3 appear to function in the formation of ascogenious 
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Figure V.1. The mating type (mat) locus of Neurospora crassa. Both the mat A 

(top) and mat a (bottom) idiomorphs are depicted to scale. Blue arrows: mat 

ORFs. Orange arrows: genes inserted into mat A at designated location in this 

study. Grey arrows: non-mat ORFs. Green box: mat A mating type region. Pink 

box: mat a mating type region. Black lines: intergenic flanking sequence. Note: 

the gap depicted in the mat a idiomorph is for illustration only; the mat a 

idiomorph is smaller than mat A by ~2000 bp. The mating type regions were 

defined in Glass et al., 1990.
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hyphae, nuclear recognition (Glass and Lee, 1992), and regulation of sexual 

development (sdv) genes (Ferreira et al., 1998), possibly by interacting with one 

another to repress transcription (da Silva et al., 2009). The single gene present in 

the mat a idiomorph, mat a-1, encodes a protein with a predicted HMG domain 

(Staben and Yanofsky, 1990) that binds to DNA in vitro (Philley and Staben, 

1994). The mat a-1 gene is also sufficient to confer the mat a identity in a strain 

of N. crassa and also functions in heterokaryon incompatability (Staben and 

Yanofsky, 1990). 

 The mat locus is predicted to be unpaired during meiosis due to the lack of 

sequence similarity at that region. As such, it is expected to be a target of meiotic 

silencing, and the genes present should be silenced. However, the mat genes 

are required to be present and active during sexual development for successful 

ascospore formation, as knockout mutants of mat genes greatly diminish 

sporulation (Ferreira et al., 1998). Mating is also severely hindered when the mat 

A genes are deleted at the native locus and then inserted into the am locus; this 

phenotype can be partially rescued by disabling meiotic silencing (Shiu et al., 

2001), suggesting that while the mat genes are targets for meiotic sileincing, the 

mat locus is protected from silencing activity. This work details my investigation 

into this hypothesized protection.
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V.2. Material and Methods

V.2.i. Construction of the pMATA vector and mat A insertion strains

 The hygromycin-resistance gene, hph (Staben et al., 1989), was obtained 

from Patrick Shiu as a blunt-ended insert ligated into the EcoRV site of the 

pBluescriptII KS- vector. The primers MATA-403296F and MATA-404308R (Table 

V.1) were used to amplify a 1013-bp fragment from P3-07 genomic DNA, and 

that fragment was cloned into pBluescriptII KS-::hph using the SacI and NotI 

restriction sites. The primers MATA-404309F and MATA-405470R (Table V.1) 

were then used to amplify a 1162-bp fragment from P3-07 genomic DNA, and 

that fragment was cloned into pBluescriptII KS-::flank1-hph using the ApaI and 

KpnI restriction sites. The resulting plasmid was named pMATA.

 Primers Rsp-988472F and Rsp-993129R (Table V.1) were used to amplify 

the Rsp ORF from genomic DNA, and the fragment was inserted into pMATA 

using the EcoRI and NotI restriction sites. The resulting vector was linearized and 

used to transform P8-43, creating strain P11-10 (Table V.2).

 Primers Asm1-57396F and Asm1-59893R (Table V.1) were used to amplify 

the asm-1 ORF from genomic DNA, and the fragment was inserted into pMATA 

using the EcoRI and NotI restriction sites. The resulting vector was linearized and 

used to transform P8-43, creating strain P14-72 (Table V.2).

V.2.ii. Construction of control vectors and strains

 The hph gene was subcloned from pBluescriptII KS-::hph to pBM61 

(Margolin et al., 1997) via the EcoRI and ApaI restriction sites. pMATA::Rsp and 

63



Primer Name Sequence (5’ → 3’) Uses

asm1-57396F GGT-GCGGCCGC-CTGGAATAGC amplifies asm-1 
ORF for pMATA

asm1-59893R TCTC-GAATTC-ACCCACTCCCGTCC amplifies asm-1 
ORF for pMATA

MAT-395591F GATTCA-GCGGCCGC-GTACTTAAGATTATT amplifies LFA and LFa

MAT-399057R GTGTCAT-TCTAGA-ATTTGACATGTCGTTG amplifies LFA

MAT-404138F ACGGAC-TCTAGA-A-CGTACTCGCCGACTTCGC amplifies RFA

MAT-405586R GAAAGGA-GAATTC-TATCGACATGGAAGAG amplifies RFA

MATa-1478R CTTCAAGTGTAC-TCTAGA-ATTTGACATGTCGTTG amplifies LFa

MATa-4498F CTGT-TCTAGA-CTACGTCCATACCATTCCTGACAACG amplifies RFa

MATa-5951R GAAGGGAGGCTA-GAATTC-ACATGGAGGCGC amplifies RFa

MATA-403296F AACATT-GAGCTC-CCATTGCTCAAGCTAACCAGACATTC used to make 
pMATA

MATA-404308R AATGAA-GCGGCCGC-CTGCCGGCGAGCACGCCCTAG used to make 
pMATA

MATA-404309F GCTCGC-GGGCCC-TGGACAGCTTCATTCTCTTGGCAC used to make 
pMATA

MATA-405470R TACACC-GGTACC-CAATCTTTGATTCTGCTGGTGATTAAATG used to make 
pMATA

pMATA::Rsp-EcoRI-F CCGGGAACCAGTTATCGAAATCACACGCGGGTATTATAAG mutagenizes EcoRI 
from pMATA

pMATA::Rsp-EcoRI-R CTTATAATACCCGCGTGTGATTTCGATAACTGGTTCCCGG mutagenizes EcoRI 
from pMATA

pMATA::Rsp-NotI-F GCGTTGCTCGCCGGCAGGCGTCCGCCTGAGTCCTCCCTTCC mutagenizes NotI 
from pMATA

pMATA::Rsp-NotI-F GGAAGGGAGGACTCAGGCGGACGCCTGCCGGCGAGCAACGC mutagenizes NotI 
from pMATA

Rsp-988472F TGAGAA-GAATTC-ACACGCGGGTATTATAAGAGATGC amplifies Rsp ORF 
for pMATA

Rsp-993129R CTGGCC-GCGGCCGC-CTGAGTCCTCCCTTCCACTAC amplifies Rsp ORF 
for pMATA

Table V.1. Primers used in this study. Orange: NotI, green: EcoRI, blue: XbaI, 

red: SacI, purple: ApaI, pink: KpnI, bold: mutagenized sites. The underlined 

adenine residue in MAT-404138F was engineered to deactivate a dam 

methylation site.
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Strain Genotype

P6-07 rid mat A

P6-08 rid mat a

P8-42 rid his-3; mus-51∆  mat a

P8-43 rid his-3; mus-52∆ mat A

P11-10 rid A::Rsp-hph his-3; mus-52∆ mat A

P14-21 rid his-3+::LFA-Rsp-hph-RFA; mus-52∆ mat A

P14-65 rid his-3+::asm-1-hph; mus-52∆ mat A

P14-69 rid his-3+::Rsp-hph; mus-52∆ mat A

P14-72 rid A::asm-1-hph his-3; mus-52∆ mat A

P16-11 rid his-3+::LFa-RFa; mus-51∆ mat a

Table V.2. Neurospora crassa strains used in this study. Information on genetic 

loci can be found in Perkins et al., 2001.
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pMATA::asm-1 were both digested with EcoRI  and NotI, and each gene was 

subcloned to pBM61::hph. pBM61::Rsp-hph and pBM61::asm-1-hph were 

linearized and used to transform P8-43, resulting in P14-69 and P14-65, 

respectively (Table V.2).

V.2.iii. Construction of mat flanking region vectors and strains

 Primers MAT-404138F and MAT-405586R (Table V.1) were used to 

amplify a fragment containing Rsp, hph and the mat A right flank (RFA) from 

P11-10 genomic DNA, and the product was cloned into the pCRII-TOPO vector. 

The QuikChange II Site Directed Mutagenesis Kit (Stratagene, La Jolla, CA), 

along with the paired mutagenesis primers pMATA::Rsp-EcoRI-F/R and 

pMATA::Rsp-NotI-F/R (Table V.1), was used as directed to mutate the EcoRI and 

NotI sites present in the amplified fragment from the pMATA vector. After both 

sites were deactivated via mutation, the fragment was subcloned into pBM61 

using the EcoRI and XbaI restriction sites. The primers MAT-395591F and 

MAT-399057R (Table V.1) were used to amplify the mat A left flank (LFA) from 

P11-10 genomic DNA, and that fragment was cloned into the pBM61::Rsp-hph-

RFA vector using the NotI and XbaI restriction sites. The resulting vector was 

linearized and used to transform P8-43, resulting in P14-21 (Table V.2).

 Primers MATa-4498F and MATa-5951R (Table V.1) were used to amplify 

the mat a right flank (RFa) from P6-08 genomic DNA, and it was cloned into 

pBM61 using the EcoRI and XbaI restriction sites. Primers MAT-395591F and 

MATa-1478R (Table V.1) were used to amplify the mat a left flank (LFa) from 
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P6-08 genomic DNA, and the fragment was cloned into pBM61::RFa using the 

XbaI and NotI restriction sites. The resulting vector was linearized and used to 

transform P8-42, resulting in strain P16-11 (Table V.2).

V.2.iv. Microscopy, image processing, and data analysis

 Ascospores were collected with 50 μL of water (for Rsp spores) or 10% (v/

v) glycerol (for asm-1 spores). Once collected, 7.5 μL of spore suspension was 

placed onto a microscope slide and a cover slip was added. The exception to this  

procedure was the suspension from the P14-65 × P6-08 cross: 10 μL of 

suspension was added to the counting chamber of a bright-line hemacytometer 

(Hausser Scientific, Horsham, PA).

 Collected ascospores were imaged using a Leica DM5000 B microscope 

(Leica Microsystems Inc., Bannockburn, IL) and photographed using native Leica 

software. Roughly 100 unique spores per crossing plate were photographed; 

spores on the hemacytometer was not photographed but were counted by eye 

and the number recorded. Images were processed such that the background 

color was whited out for ease of printing using the software Seashore (http://

seashore.sourceforge.net). Spores that were measured were done so by hand 

on a printout.
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V.3. Results

V.3.i. Reporter genes at the mating type are partially protected from silencing

 To demonstrate the hypothetical immunity of the mat locus from meiotic 

silencing, I inserted the Rsp and asm-1 reporter genes into mat A along with hph 

as a selection marker (Figure V.2, Crosses 4 and 5, respectively). When Rsp is 

silenced, ascospores lose their characteristic American-football shape and 

become round, while ascospores from a cross where asm-1 is silenced are white 

and inviable. Since both reporter genes are native to N. crassa, two paired 

copies of each are present normally. Insertion of either at mat A would result in a 

cross possessing three copies of a reporter with one unpairing event. Control 

crosses were constructed with either Rsp-hph or asm-1-hph at the his-3 locus 

(Figure V.2, Crosses 2 and 3, respectively); these controls held gene copy 

numbers and unpairing event numbers constant, but allowed the location of the 

unpaired reporter to be compared to the mat locus.

 The A::Rsp-hph cross (Figure V.2, Cross 4) gives an ascospore population 

exhibiting both wild type and round spores is observed (Figure V.3a). Since 

ascospore shape phenotype is a continuous variable, I sought to define a 

characteristic that would allow for binning of ascospore phenotypes into “wild-

type” and “round” categories. The length to width ratio (L:W) was chosen 

because as an ascospore approaches a spherical shape the L:W approaches 1. I 

next sought a cutoff L:W value that could be used to differentiate between wild-

type and round ascospores. I photographed and measured 320 ascospores from 

a wild-type cross (the “unsilenced” control; Figure V.2, Cross 1) and 223 from a 
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his-3+::Rsp-hph cross (the “silenced” control; Figure V.2, Cross 2). When an L:W 

of 1.6666667 was utilized to separate round from wild-type spores, 97.8% of the 

wild-type cross progeny were classified as football-shaped, while 2.2% of the 

his-3+::Rsp-hph cross progeny were classified in the same category (Table V.3a); 

this cutoff L:W value was deemed appropriate and was used to differentiate wild-

type from round spores in the mixed phenotype population arising from the 

A::Rsp-hph cross (unpaired Rsp at mat; Figure V.2, Cross 4). The A::Rsp-hph 

cross shot 20.4% wild-type ascospores (Table V.3a); a χ2 test returns a P-value 

of P<0.001 when either control population is used for expected phenotypic 

frequencies, indicating that the ascospore population produced from the A::Rsp-

hph cross differs significantly from either control cross ascospore population. 

These data suggest that the mat locus is capable of partially protecting genes 

from meiotic silencing activity.

 To eliminate the possibility that this protection phenomenon is limited only 

to the Rsp reporter gene, I also inserted asm-1-hph at the mat A and his-3 locus 

(Figure V.1). The his-3+::asm-1-hph silenced control cross (unpaired asm-1 at 

his-3) produced 98.9% inviable ascospores, while the wild-type unsilenced 

control cross produced 0.92% ascospores in the same category. The A::asm-1-

hph cross (unpaired asm-1 at mat) exhibited an ascospore population phenotype 

intermediate of either control (Figure V.3b) with 36.6% viable spores collected 

(Table V.3b). A χ2 test returns a P-value of P<0.001 when either control 

population is used for expected phenotypic frequencies (Table V.3b), indicating 

that the ascospore population produced from the A::asm-1-hph cross differs
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Figure V.2. Crosses performed in this study. Cross 1: P6-07 × P6-08 (WT × WT). 

Cross 2: P14-69 × P6-08 (his-3+::Rsp-hph mat A × mat a). Cross 3: P14-65 × 

P6-08 (his-3+::asm-1-hph mat A × mat a). Cross 4: P11-10 × P6-08 (mat A::Rsp-

hph × mat a). Cross 5: P14-72 × P6-08 (mat A::asm-1-hph × mat a). Cross 6: 

P14-21 × P16-11 (his-3+::LFA-Rsp-hph-RFA mat A × his-3+::LFa-RFa mat a).
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significantly from either control cross population. These data support the mat 

locus protection hypotheses and also agree with the partial protection seen with 

the A::Rsp-hph cross.

V.3.ii. Rsp is partially protected at his-3 by the mat intergenic flanking regions

 The intergenic regions flanking the mat locus exhibit a higher degree of 

similarity between the two idiomorphs than the idiomorphs themselves do (Glass 

et al., 1990; Staben and Yanofsky, 1990; Randall and Metzenberg, 1995). The 

reasons for this similarity are currently unclear. Previous work suggests that the 

mat genes do not themselves possess innate protection from meiotic silencing, 

as moving the mat A genes to an ectopic locus results in a reduction of fertility 

that is restored in a meiotic-silencing-deficient cross (Shiu et al., 2001). These 

observations raise the possibility that the mat flanking regions are responsible for 

protecting the locus from meiotic silencing. To determine their role in protection, I 

sought to protect Rsp at the his-3 locus by framing it with mat locus flanks.

 A his-3+::LFA-Rsp-hph-RFA mat A × mat a cross (unpaired Rsp enclosed 

by mat flanks) exhibited an ascospore population similar to the silenced control 

(his-3+::Rsp-hph × a) cross, suggesting that the flanking regions of mat A are 

insufficient to confer protection to a gene outside of the mat locus. The mat 

flanks, however, should be paired during meiosis due to sequence similarity.
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Figure V.3. Reporter genes inserted at mat A are partially protected from meiotic 

silencing. A) An A::Rsp-hph cross produces both wild type (circled in red) and 

round (circled in green) ascospores. B) An A::asm-1-hph cross produces both 

viable (circled in black) and inviable (circled in white) ascospores.
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To test if the flanking regions are required to be paired to confer protection, I 

crossed his-3+::LFA-Rsp-hph-RFA with his-3+::LFa-RFa (unpaired Rsp enclosed by 

paired mat flanks; Figure V.2, Cross 6). This cross gave an ascospore population 

exhibiting 20.1% wild-type ascospores (Table V.3a), and a χ2 test returns a P-

value of P<0.001 when either control population is used for expected phenotypic 

frequencies (Table V.3a) indicating that the ascospore population produced 

significantly differs from either control cross population. These data suggest that 

the mat flanking regions alone confer partial protection from meiotic silencing, 

even outside of the mat locus. 

V.4. Discussion

 I have shown that reporter genes placed in the mat A locus are partially 

protected from meiotic silencing, and that the paired intergenic regions flanking 

the mat locus can confer this partial protection to a reporter gene outside the mat 

locus. Taken together, these data illustrate the first and only known locus in the 

N. crassa genome that is protected from meiotic silencing activity. While the 

intergenic regions flanking the mat locus appear to be responsible for delimiting 

this locus from the rest of the genome, the exact mechanism by which this occurs  

is still unknown. The heterothallic yeast Saccharomyces cerevisciae can undergo 

mating type switching by moving a silenced cartridge to the mating type locus 

(Klar, 2010). These cartridges are normally silenced by heterochromatin 

formation via histone deacetlyation by a Sir2-class histone deacetylase (HDAC) 
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A

Cross WT 
Obs

WT 
Freq

Rnd 
Obs

Rnd 
Freq

H0-1 χ2 
value

H0-1 P 
value

H0-2 χ2 
value

H0-2 P 
value

Cross 1 313 0.978 7 0.0219 - - - -

Cross 2 5 0.0224 218 0.978 - - - -

Cross 4 66 0.204 258 0.796 9028.1 <0.001 497.18 <0.001

Cross 6 44 0.201 175 0.799 6146.4 <0.001 325.81 <0.001

B

Cross WT 
Obs

WT 
Freq

Inv 
Obs

Inv 
Freq

H0-1 χ2 
value

H0-1 P 
value

H0-3 χ2 
value

H0-3 P 
value

Cross 1 323 0.991 3 0.0092 - - - -

Cross 3 111 0.0115 9549 0.989 - - - -

Cross 5 133 0.366 230 0.634 15526 <0.001 4021.9 <0.001

Table V.3. Raw data and χ2 test results. A) Rsp protection at the mat A and his-3 

locus. H0-1: Differences between wild type and the experimental cross are due to 

chance. H0-2: Differences between his-3::Rsp-hph cross and the experimental 

cross are due to chance. Rsp is partially protected at the mat A locus and by  mat 

flanks at the his-3 locus. B) asm-1 protection at the mat A locus. H0-1: Differences 

between wild type and the experimental cross are due to chance. H0-3: 

Differences between his-3::asm-1-hph cross and the experimental cross are due 

to chance. asm-1 is partially protected at the mat A locus.
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(Rine and Herskowitz, 1987; Blander and Guarente, 2004), which prevents 

transcription of the extraneous mating-type cassettes. The histone deacetylase is 

targeted to these regions by sequences flanking each silenced cassette (Rine 

and Herskowitz, 1987). Seven Sir2-class HDACs are present in the N. crassa 

genome, and they have been shown to be responsible for gene silencing at 

subtelomeric regions (Smith et al., 2008). If the mat flanking regions possessed

targeting signals for these HDACs, the meiotic cell could partially relieve 

silencing of the mat locus by temporarily deacetylating histones, which could 

retard transcription of aRNA and thus reduce the level of silencing on the locus.  

 

V.5. Future Directions

 The next planned step in this project is to demonstrate paired mat flank 

protection of asm-1 at the his-3 locus; I expect similar results as observed for the 

Rsp reporter. Assuming that asm-1 can be protected, I will then begin to dissect 

the flanking regions to determine what particular sequence is directly responsible 

for this observed protection.
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Glossary

Ascocarp (Gr. askos = sac + karpos = fruit): a spore-producing body containing 

asci; also known as an ascoma (pl. ascomata).

Ascogonium  (pl. ascogonia; Gr. askos = sac + gennao = I give birth):  the 

female gametangium in Ascomycota.

Ascus (pl. asci; Gr. askos = sac):  a saclike cell generally containing a definite 

number of ascospores (typically eight) formed by free-cell formation usually after 

karyogamy and meiosis; characteristic of Ascomycota.

Conidiogenous cell:  a hyphal compartment or cell in which or in which a 

conidium is formed.

Conidioma (pl. conidiomata):  a specialized conidium-bearing or conidium-

containing structure;  the various types are synnemata, sporodochia, pycnidia, 

and acervuli.

Conidiophore (conidium, q.v. + Gr. phoreus = bearer):  a simple or branched 

hypha arising from a somatic hypha and bearing at its tip or side one or more 

conidiogenous cells; previously used interchangeably with conidiogenous cell.
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Conidium (pl. conidia; Gr. konis = dust + idion, dimin. suffix):  A nonmotile 

asexual spore usually formed at the tip or side of a sporogenous cell; in some 

instances a preexisting hyphal cell may be converted into a conidium.

Hypha (pl. hyphae; Gr. hyphe = web):  the unit of structure of most fungi; a 

tubular filament.

Ostiole (L. ostiolum = little door):  a necklike structure in an ascocarp; lined with 

periphyses, and terminating in a pore; also the opening of a pycnidium.

Periphyses (sing. periphysis; Gr. peri = around + physis = a being, a growth):  

short, hairlike growths in the form of a fringe lining the inside of an ostiole or of a 

pore in a stroma. 

Perithecium (pl. perithecia; Gr. peri = around + theke = a case):  a closed 

ascocarp with a pore at the top, a true ostiole, and a wall of its own.

Protoperithecium (pl. protoperithecia; Gr. protos = first + perithecium):  an 

immature perithecium with an ostiole and asci; may not differentiate to form a 

perithecium until after fertilization occurs.

Pycnidium (pl. pycnia; Gr. pyknos = concentrated + idion, dimin, suffix):  a 

hollow conidioma lined with conidiophores.
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Stroma (pl. stromata; Gr. stroma = matress): a compact somatic structure on 

which or in which fruiting bodies are formed.

Thallus (pl. thalli; Gr. thallos = shoot):  a relatively simple plant body devoid of 

stems, roots, and leaves; in fungi, the somatic phase.

Trichogyne (Gr. thrix = hair + gyne = woman, female):  the receptive hypha of 

the ascogonium that fuses with the male cell, often long and hairlike.

All definitions taken directly from Alexopoulos et al. (1996).

95



VITA

 William G. Alexander was born on December 10, 1982, in Salem, MO. 

After attending public school in Salem, he received a B.S. in Biology from 

Truman State University at Kirksville, MO, and a Ph.D. in Biological Sciences 

from University of Missouri at Columbia, MO. At present, he has accepted a 

postdoctoral position at the University of Wisconsin at Madison, WI, in the lab of 

Dr. Chris Todd Hittinger studying yeast genetics and fungal biofuels.

96


