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ABSTRACT 

 

The Mucoromycotina is one of the basal lineages in the fungi, all of which are 

poorly understood.  Mucormycosis is a life threatening infection caused by fungi of the 

order Mucorales, the most common species of which is Rhizopus oryzae. Certain genetic 

traits in fungal genomes are thought to influence their ability to cause disease. This 

fungus is closely related to Phycomyces blakesleeanus, for certain common properties 

like taxonomic classification and including response to environmental signals. In view of 

these common properties, Phycomyces presents itself as an important model to study 

pathogenic determinants of Rhizopus infection. P. blakesleeanus is a zygomycete fungus 

classified in the subphylum Mucoromycotina, studied because of its environmental 

sensing abilities and responses, and its ability to synthesize the pigment beta-carotene. 

Light is an environmental signal that modulates many aspects of fungal biology including 

the ability to cause disease. There are eight unknown light-sensing mad genes in 

Phycomyces. The inability to transform DNA into Phycomyces has blocked the 

identification of genes in this fungus. In this research, a genetic map based on 100 

molecular markers, assigned to 121 progeny, was generated in a cross between two wild 

type strains NRRL1555 and UBC21.  The map comprised 1037.8 cM spread over 11 
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linkage groups.  The map was then used as the starting point for the choice of markers for 

the map-based identification of madC, by crossing madC mutants to strain UBC21.  

madC was identified as a new gene required for fungal responses to their environment. 

The madC gene encodes a Ras GTPase activating protein. These findings indicate that the 

Ras signal transduction pathway plays role in light sensing. Because both light sensing 

and Ras signaling are required for virulence in other fungal species, a future direction 

would be to test if mutation of the madC gene has an effect on disease caused by 

pathogenic members of the Mucoromycotina. By identifying the mad light-sensing genes 

of Phycomyces, this research can be potentially translated into therapeutics by drug 

discovery of those genes with roles in both light-sensing and pathogenicity.  
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GLOSSARY 

 

DNA  Deoxyribonucleic Acid 

The hereditary chemical material in all organisms. The information in DNA is 

stored as a code made up of four chemical bases: adenine (A), guanine (G), 

cytosine (C), and thymine (T). 

cM CentiMorgan 

CentiMorgan is the unit of genetic recombination frequency. One cM is equal to a 

1% chance that one genetic locus is separated from another locus due to crossing 

over in a single generation. The centiMorgan is named after the Nobel laureate, 

geneticist Thomas Hunt Morgan. 

dNTP  Deoxyribose nucleotide triphosphate 

Refers to the four deoxyribonucleotides-dATP, dCTP, dGTP and dTTP 

EDTA  Ethylene diamine tetraacetic acid 

EST Expressed sequence tag 

It is a short sub-sequence of a cDNA sequence. EST can be used to identify gene 

transcripts, and are instrumental in gene identification and gene sequence 

determination. 

GAP    GTPase Activating Protein 

 GAPs are known as regulators of G proteins. Regulation of G proteins is 

important because these proteins are involved in a variety of signal transduction 

processes in cells. 
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JGI Joint Genome Institute (US Department of Energy) 

PCR  Polymerase chain reaction 

The polymerase chain reaction is a biochemical technology to amplify a few 

copies of a piece of DNA by several orders of magnitude to generate thousands to 

millions of copies of a particular DNA sequence. 

Contig   

A contig, short for “contiguous DNA”, is a set of overlapping DNA sequences 

generated during genome sequencing data assembly. 

LOD  score  Likelihood of odds scores 

Likelihood of odds scores are the probabilities of events occurring at that 

frequency by chance, expressed as the logarithm base 10.  For example, LOD 3 

means a 1 in 1000 chance of the results obtaining being due to chance. 

RFLP   Restricted fragment length polymorphism 

DNA sample digested by restriction enzymes and the resulting restriction 

fragments are separated according to their lengths by gel electrophoresis. 

SNP  Single nucleotide polymorphism 

A DNA sequence variation occurring when a single nucleotide A, T, C or G in the 

genome differs between individuals, or the paired chromosomes in a diploid 

organism. 
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Linkage map  

A linkage map is a genetic map showing the relative positions of genetic markers 

along a chromosome, determined by the recombination frequency during 

crossover of homologous chromosomes. 

SSR  Microsatellite polymorphism- Simple sequence repeat  

RAPD  Random amplification of polymorphic DNA 
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CHAPTER 1 

INTRODUCTION 

Phycomyces blakesleeanus 

Mucormycosis is a life threatening infection caused by fungi of the order 

Mucorales, the most common etiologic species of which is Rhizopus oryzae.  These 

filamentous fungi have a worldwide distribution and are capable of rapid growth and 

thermo-tolerance of human body temperature.  Infection typically occurs in immuno-

compromised patients (i.e. patients with diabetic ketoacidosis, hemotologic malignancies, 

immunosuppressive disorders, solid-organ or bone marrow transplantation) and can be 

acute as well as chronic. The genome sequence of R. oryzae was recently published (Ma 

et al. 2009). Certain genetic factors in this fungal genome are thought to influence its 

ability to cause disease in contrast to non-pathogenic species, especially of interest from 

the bioinformatics perspective that it has undergone a whole, genome duplication. This 

fungus is related to the Mucorales species Phycomyces blakesleeanus, used for research 

on responses to light, wind and gravity.  In view of these common properties, 

Phycomyces presents itself as an important model to study basic biological features of the 

Mucorales that can impact understanding the pathogenic determinants of Rhizopus 

infection. 

Phycomyces blakesleeanus is a member of the Mucoromycotina subphylum of 

fungi, a group that is largely understudied at the molecular level. Before a major revision  

of the fungal kingdom that was based on phylogentic comparisons (James et al. 2006; 

Hibbett et al. 2007), the Mucoromycotina were part of the “zygomycetes”, a group of 

basal fungal lineages still with uncertain affinities with one another.  Due to their 



2 

complex biology, the zygomycetes were delayed in taking full advantage of the current 

molecular biology revolution.  With new genome projects for the zygomycetes, and new 

advances in experimental approaches, Phycomyces represents an excellent candidate for 

understanding zygomycetes because of (a) the historical interest and current established 

research community, (b) it is the only zygomycete currently amendable to Mendelian 

genetic analysis (Fig.1) (Alvarez et al. 1980) and (c) a large number of strains with 

impaired phototropism were isolated during the 1960-1980s by chemical mutagenesis, as 

well as mutant strains affected in other sensory responses or phenotypes. 

 

Figure.1. A genetic map of Phycomyces blakesleeanus based on phenotypic 

characteristics of mutants 

 

Red loci represent genes that have been identified and orange markers represent loci 

whose identity can be inferred with high certainty. Green loci are the genes that are not 

identified. Blue loci are the genes on which work is going on. The centromeres were 

mapped using tetrad analysis. Gene designations are for: mad phototropism; car carotene, 

carotenoid biosynthesis genes; pur purine auxotroph; lys lysine auxotroph; rib riboflavin 

auxotroph; nic nicotinic acid auxotroph; leu leucine auxotroph; fur resistance to 5-

fluorouracil; pyr uracil auxotroph. The col and flp loci are naturally-occurring 

polymorphisms; sex confers the (+) and (–) mating types. 

 

The unicellular sporangiophores that produce the asexual spores show growth 

responses to light, gravity, wind, chemicals and the presence of close-by objects. The 
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mycelium also shows responses by photo-induction of β-carotene synthesis and the 

initiation of sporangiophores. The responses to light have been most thoroughly 

analyzed, in part driven by the efforts of Nobel laureate Max Delbrück who aimed to 

develop Phycomyces into the “phage of vision” (Cohen et al. 1975; Cerdá-Olmedo and 

Lipson 1987).  All these properties have made Phycomyces a model system for the study 

of intracellular sensory transduction processes.  However, the inability to transform DNA 

into Phycomyces has blocked the identification of genes in this fungus (Obraztsova et al. 

2004), for example through cloning by complementation or insertional mutant screens.   

 To achieve a better understanding of the fascinating biology of Phycomyces, and 

the Mucoromycotina, it is important to know more about basic features of this species. 

One of these features is a genetic map, which is a fundamental genome-level scaffold 

upon which is built understanding of various mechanisms and processes of interest. A 

genetic linkage map is also an important component of the P. blakesleeanus genome 

project.  My aim was to generate a genetic linkage map from genome sequencing data 

and use this coupled to Illumina- sequencing for map-based identification of genes.   

The primary targets for identification are the eight unknown mad genes that are 

required for phototropism. The goals of the study were to prepare a reliable and 

unambiguous set of single-locus genetic markers, produce a new set of progeny, and 

create a dense linkage map with an average recombination distance of 10 cM. This map  

can then be used as the basis to identify genes for light sensing.  

A genetic linkage map is an important component of the Phycomyces genome 

project, which is currently (genome release version 2.0) comprised of multiple DNA 

fragments (contigs), with 99.4% being covered in 51 scaffolds.  However, when I started 
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this research the genome (version 1.1) was made up of 491 fragments.  The genetic 

linkage map shows the arrangement of genes and genetic markers along the 

chromosomes as calculated by the frequency with which they are co-inherited together.  

The map can also provide information about the number of chromosomes in an organism. 

Significance  

All organisms sense and respond to their environment. Light is a fundamental 

environmental signal because eukaryotic life depends on light from the sun as an energy 

source, either directly or indirectly through the fixation of CO2 during photosynthesis in 

plants and algae.  Fungi also sense light, with a conserved pair of proteins, White Collar 1 

and White Collar 2, controlling this process (for the most recent reviews on this topic, see 

Idnurm et al. 2010; Rodriguez-Romero et al. 2010; Tisch and Schmoll 2010).  The wc-1 

and wc-2 genes were cloned in Neurospora crassa in the 1990s. However, the first 

mutants in homologs of these two genes were actually made in the 1960s in Phycomyces, 

but only identified in the last five years.  Phycomyces madA is wc-1 and madB is wc-2 

(Idnurm et al., 2006; Sanz et al., 2009).  The longer term significance of this study is to 

be able finally to answer the long-standing biological question as to the nature of the mad 

genes in Phycomyces, and thereby understand the impact of light on life on earth, and 

how genome or gene duplication influences signaling and pathogenesis.  

The Phycomyces genome sequence will help to start a genomic approach that will 

complement the current research carried out on the organism. The sequence of the 

Phycomyces genome will help to identify genes and proteins that could participate in 

signal transduction pathways for responses to environmental cues.  Furthermore, the 

identification of the full set of Phycomyces genes will allow the design of microarrays for 
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whole-genome assays of gene expression to investigate the responses of Phycomyces to 

environmental signals.  The sequence of the Phycomyces genome will significantly 

accelerate research into the molecular details of Phycomyces precisely-regulated 

responses. The full description of a zygomycete genome will provide key information 

about the evolution of fungal genomes at the chromosomal scale. Finally, as a 

Mucoromycotina species, understanding gene functions in Phycomyces impacts our 

understanding of evolution in the ascomycete and basidiomycete species, the most 

common fungal agents of plant and animal diseases. 

Zygomycetes, light and human disease 

Mucormycosis is a life-threatening infection characterized by rapid angio-

invasive growth with a mortality above fifty percent. The disease is caused by a range of 

species within the order Mucorales.  As a representative of the paraphyletic basal group  

of the fungal kingdom called the “zygomycetes,” Phycomyces, can be used as a model to 

study fungal evolution, particularly signal transduction systems.  There is evidence for an 

ancestral genome duplication and/or gene family expansions in the Mucoromycotina (Ma 

et al. 2009), such that the Mucoromycotina genomes currently sequenced exhibit an 

increase in components in signal transduction compared to other fungi.  One signal 

transduction system that regulates virulence in both fungi and bacteria is light-sensing 

(for a review, see Idnurm and Crosson 2009).  Understanding the mechanism by which 

these processes occur, for example by identification of the historical mad light-sensing 

mutants of Phycomyces, may lead to approaches to prevent disease or avenues for 

discovery of new therapeutics. 
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Molecular Markers 

 Molecular markers can provide information that can help to define the 

distinctiveness of species or individuals in a population and their ranking according to the 

number of close relatives and their phylogenetic relations. Various types of molecular 

markers have been developed and applied both to study genetic diversity and to 

discriminate between genotypes. Some of the properties for ideal markers are they should 

be multiple allelic, frequently occurring in the genome, detected by an easy and fast assay 

that is high reproducible, and exhibit co-dominant inheritance to determine homozygous 

and heterozygous states. 

A large number of types of DNA markers have been developed, which are 

generally classified as hybridization-based markers and PCR-based markers. In the 

former, DNA profiles are visualized by hybridizing of restriction enzyme digested DNA 

with a labeled probe, which is a DNA fragment of known sequence. PCR-based markers 

involve amplification of a particular DNA sequence or loci, with the help of specificity or 

arbitrarily chosen primer(s) and a thermo-stable DNA polymerase enzyme and PCR. 

Amplified segments are then separated electrophoretically and banding patterns are 

detected by different methods, such as autoradiography or staining. PCR-based markers 

are quick, easy to perform and need only a small amount of sample DNA, making it a 

preferred method. RFLP, AFLP, RAPD and SSR are being used constantly, of which 

RFLP (Restriction fragment length polymorphism) is based on Southern blot 

hybridization, whereas RAPD, AFLP, SSR and PCR-RFLP are PCR-based markers. 

Morphological or phenotypic markers are rarely adequate to meet these criteria. 

These are insufficiently polymorphic, are generally dominant or require multiple crosses 
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for mapping, and may be scarce in a population. Besides, they often interfere with other 

traits and can be influenced by the environment. Most DNA markers, on the other hand, 

have all these qualities. DNA markers are alleles of loci at which there is sequence 

variation or polymorphism in DNA that is usually neutral in terms of phenotype. Of these 

genetic marker options, in Phycomyces only phenotypic markers have been used for 

genetic mapping (Fig. 1). 

RFLP as a molecular marker is specific to a single clone/restriction enzyme 

combination.  Advantages of RFLP as genetic markers are as follows.  The standard 

RFLPs provide a convenient means for turning an uncharacterized DNA clone into a 

reagent for the detection of a genetic marker. The main advantage of RFLP analysis by  

Southern blotting, over PCR-based protocols, is that no prior sequence information or 

oligonucleotide synthesis is required.  The cloned DNA pieces can be used in some cases 

across species boundaries.  Disadvantages include the labor in screening DNA fragment 

libraries for suitable DNA probes and polymorphisms.  In contrast, genome sequencing  

has led to the development of facile methods to detect polymorphic regions between 

strains, enabling the development of PCR-RFLPs. 
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CHAPTER 2 

         MATERIALS AND METHODS 

 

Genetic mapping of Phycomyces is based on PCR-RFLPs of progeny derived 

from a cross between two wild type strains, UBC21 (mating type +) and NRRL1555 

(mating type –), or madC mutants with UBC21. 

 

Mapping Population Wild Types   

A population of 121 progeny, generated by a cross between a pair of wild-type 

strains, UBC21 (+) and NRRL1555 (–), was used.  These were generated by crossing 

UBC21 and NRRL1555, a combination with the relatively short dormancy for zygospore 

germination of two months. The crosses were performed as follows: mycelia of two 

strains of opposite sex were inoculated at opposite margins of 10 cm diameter petri dishes 

containing 5% V8 juice and 4% agar. The dishes were incubated in darkness at 22°C. 

Zygospores were harvested individually with tweezers and transferred to petri dishes 

containing filter paper dampened with sterilized water. The zygospores were separated 

and incubated at room temperature in the dark. Around two months later, the zygospores 

began to germinate, each giving rise to a germsporangiophore, whose germsporangium 

contains germspores. 

The germspores were collected in 10 µl sterile H2O and heat shocked at 48°C for 

15 minutes.  The spores were plated onto potato dextrose agar medium (PDA). Pieces of 

mycelium from separated colonies were subcultured to new PDA plates. 

For progeny from the madC x UBC21 crosses, the ability to bend towards 

unilateral light (phototropism) was also assessed.  A piece of mycelium from each 
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individual colony was transferred to PDA and illuminated uniformly from above for 2-4 

days. Under these circumstances, the sporangiophores grow vertically. The lids of the 

cultures were removed and the cultures placed in an dark box with a slit covered with 

white paper to provide unilaterally illumination at a intensity to which the wild type, but 

not the mutant, responds.  A colony was scored as wild type when all its sporangiophores 

bend towards test light; if the sporangiophores remained vertical, the colony was 

phototropically abnormal, i.e. it carries the madC mutation (Fig. 2). 

 

 

Figure 2. Phototropic response of wild type and madC mutants of Phycomyces.  

 

Left to right- wild type strain NRRL1555, madC mutant B2 and madC mutant A905. 

 

 

Mapping Population Mutants 

Two mutant strains were crossed with UBC21, and 93 progeny isolated from B2 x 

UBC21 and 18 from A905 x UBC21. The mapping population of 93 progeny of B2 and 

UBC21 was used to identify the location in the genome in which madC was located. 

DNA Preparation 

DNA extraction for fungal strains was performed on lyophilized mycelia 

disrupted with 2 mm diameter glass beads. Extraction buffer (1% CTAB, 1% beta-
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mercaptoethanol, 10 mM EDTA, 0.7 M NaCl, 100 mM Tris-HCl, pH 7.5; 10 ml) was 

added and the samples incubated at 65°C for 30 min. After one chloroform extraction (10 

ml), the DNA was precipitated in an equal volume of isopropanol. The DNA pellet was 

washed in 70% ethanol, dried and resuspended in 10 mM Tris-HCl, pH 8.5.  DNA quality 

and quantification was measured by running a 1 µl aliquot on an agarose gel. 

Molecular Marker (PCR-RFLP) Development  

Polymorphic regions were identified by comparison of Illumina sequencing data 

generated from strain UBC21 with the genome sequence of strain NRRL1555 (Fig. 3).  

From the Illumina sequencing, which provides short DNA reads, an estimated 1 

polymorphism (SNP) per 850 bp are present between the two strains used for mapping. 

At least two markers on the 20 largest contigs were designed to amplify ~1 kb fragments, 

including the polymorphic region, with each polymorphism selected to include a change 

in restriction enzyme site.  Oligonucleotide primers were designed manually to avoid 

repetitive regions or those with multiple restriction enzyme cut sites. 

These regions were amplified from progeny of the UBC21 x NRRL1555 cross, by  

PCR in an Eppendorf MasterCycler using rTaq and ExTaq DNA polymerase (Takara, 

Shiga, Japan).  The conditions were 2 min 94ºC, 32 cycles of 20 s 94ºC, 20 s 52-55ºC, 1 

min 72ºC, and a final extension of 5 min at 72ºC. 

Genotyping   

PCR products (5 – 10 µl) were added to restriction digestion reactions to a total 

volume of 20 µl containing the manufacturer’s recommended units of restriction enzyme 

and 1x restriction enzyme buffer (New England BioLabs, Ipswich, MA), and incubated at 

37°C for a minimum of two hours. A 5 µl sample of each restriction digest was 
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electrophoresed in 1% agarose/1x TAE gels, visualized by staining with ethidium 

bromide under UV light, and photographed. 

 

 

Figure 3.  Example of the Phycomyces genome browser from the Department of Energy.  

 

The bottom window shows the first 100 kb on scaffold 1 of strain NRRL1555, including 

the positions of the 27 genes (blue) and expressed sequence tags (EST clusters; green) 

that are available for a subset. The red “High SNPs” indicates polymorphisms between 

strains NRRL1555 and UBC21 that were identified by comparison between genome 

sequencing data. 

 

Data Analysis And Map Construction  

Genotypes were scored visually and entered into an Excel spreadsheet prior to 

transfer to JoinMap 4.0 software for segregation and linkage analysis.  JoinMap 4.0 

software running on a Window-based PC was used to analyze the allele data to create the 

molecular map (Ooigen and Voorrips 2001).  

Map-Based Identification of madC   

The same mapping strategy used with the NRRL1555 x UBC21 cross described 

above was used with the madC mutants.  The phototropism phenotype exhibited by the 

progeny was included as an additional genetic marker. 93 progeny were isolated from a 

cross between B2 and UBC21 and 18 progeny from A905 x UBC21, and DNA prepared 
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for analysis. Oligonucleotide primers are designed to amplify polymorphic regions 

yielding restriction enzyme site changes from parents and progeny, the PCR products 

digested and products resolved by gel electrophoresis. This has been performed for > 20 

markers using JoinMap 4.0 software (Ooigen and Voorrips 2001).  Subsequently, 

markers on linked regions were used for fine detailed mapping on all 93 progeny of B2 x 

UBC21 and 18 progeny of A905 x UBC21. 

 

Table 1. Parental strains of Phycomyces blakesleeanus used in this work.   

The number after madC indicates the phototropism allele number.  ICR170 is a 

mutagenic chemical used to generate mutants. 
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CHAPTER 3 

RESULTS 

A New Genetic Linkage Map Of Phycomyces blakesleeanus 

A hundred markers were developed and used in PCR analysis to assign alleles to a 

mapping population from a cross between two wild type parents (Fig. 4).  This allelic 

information was incorporated into the mapping population database and analyzed with 

JoinMap 4.0 software. This program assembles pair wise marker associations on the basis 

of likelihood of odds (LOD) scores and then constructs linkage maps of these groupings 

utilizing a modified weighted least-squares method, in which the squares of the LOD 

scores are used as weights.  The map resolves 11 linkage groups plus three “orphan” 

markers (Fig. 5).  This is consistent with Hans Burgeff’s 1924 estimate based on cytology 

of 12 chromosomes in Phycomyces (Burgeff, 1924). 

The genetic map provides an estimate of the frequency of recombination in the 

genome, and an estimate of how many more markers are needed to complete the genetic 

map and the positions to target for the development of new markers. The coverage is one 

marker every 10.4 cM, close to the original aim of one every 10 cM. The Phycomyces 

genome is estimated as 55 Mb. Thus, the average physical distance is 1 cM = 50 kb 

(1037.8 cM/55,000 kb = 50.1). 
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Figure 4. Agarose gel of PCR-RFLPs of 120 progeny of a cross between Phycomyces 

strains NRRL1555 x UBC21 using one molecular marker.   

 

Example of one of many analyses performed to generate the map. Regions are amplified 

by PCR, then digested with a restriction enzyme.  Progeny have one of two alleles, either 

a large fragment or two smaller fragments, with the exception of two heterozygous 

progeny. The DNA fragments in the right hand lanes are the Invitrogen 1 kb+ (ladder).   
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Figure 5. The map of 121 progeny from 100 markers plus the mating type (sex) locus of a 

cross between NRRL1555 x UBC21  

 

Resolves 11 linkage groups in Phycomyces.  The ALID or ai numbers refer to the primers 

used for amplification of the polymorphic regions.  Numbers to the left of each linkage 

group are cM relative to a marker at one end. 

 

Map-Based Identification of madC 

For madC, 93 progeny were isolated from a cross between B2 and UBC21, and 18 

progeny from A905 x UBC21, and DNA prepared for amplification of RFLP regions by 

PCR. Oligonucleotide primers were chosen to amplify regions across all 11 linkage 

groups. Twenty markers were developed and used in PCR analysis to assign alleles to a 

mapping population from a cross between B2 and UBC21.  This allelic information was 

incorporated into the mapping population database and analyzed with JoinMap 4.0 

software. This program identified linkage of madC closest to markers on contig 6. Thus, 

all other markers that were previously located within the linkage group that includes 

contig 6, in the mapping population between the two wild type parents, were used on the 

progeny of B2 x UBC21, in order to narrow the region in which madC is located.  This 
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provided higher resolution, with madC lying between markers ALID0403-404 and 

ALID391-392 (Fig. 6). 

Identification of potential mutations in the Illumina genome information for 

candidates for madC 

  The Illumina sequence data for A905 and B2 was examined for DNA near to the 

closest markers, to find a gene containing mutations in both strains but not in others. 

Mutations were found in the gene with JGI ID 118908, predicted to encode a Ras GTPase 

activating protein or GAP (Fig. 7).  The mutations in the B2 and A905 strains are 

predicted to alter intron splicing. The B2 mutation (G-A) removes the 5’ G residue of the 

intron.  The A905 mutation (A-G) introduces an earlier splicing site, causing a 

translational frameshift and early stop codon (Fig. 7). 

madC was predicted to be a novel photoreceptor. However, we identified madC as 

regulator of RAS signaling (Fig. 8). As outlined in more detail in the Discussion section, 

RAS signaling has been implicated in light signaling in Neurospora (Belden et al. 2007). 
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Figure 6. Resolution of distances between markers on the linkage group in Phycomyces 

that includes madC  

 

The position of madC within a linkage group in Phycomyces, based on segregation of 

these markers from 93 progeny of a cross between B2 x UBC21.  Numbers to the left 

indicate cM distances relative to ALID1017-1018. 
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A 

 

 

B  

       B2     TTTTATTAACCATGTTTCAGgtaatatttatatacatgtat 

   A905 tgcttgatgtattataattaattatagCAACAAGACAATGT 

 

Figure 7.  Mutations within the candidate madC gene 

 

A. Positions of the mutations in the context of the whole madC gene.  Light blue boxes 

are exons.   

B. Mutations in the B2 and A905 strains are predicted to alter intron splicing.  Upper case 

letters are exons, lower case letters are introns.  The B2 mutation (G-A) removes the 5’ G 

residue of the intron.  The A905 mutation (A-G) introduces an earlier splicing site, 

causing a translational frameshift and early stop codon. 
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CHAPTER 4 

DISCUSSION 

A New Whole Genome Genetic Map For A Mucoromycotina Fungal Species 

One hundred markers have been developed and used in PCR analysis to assign 

alleles from a mapping population from a cross between two wild type Phycomyces 

blakesleeanus parents.  This represents the best genetic map in the Mucoromycotina 

fungi, a group that is basal to the Dikarya (Ascomycota and Basidiomycota) in which 

most genetic maps have been made. 

Evidence For Meiosis In Phycomyces Based On The Map 

Phycomyces is heterothallic fungus. The two mating types, (+) and (–), when 

grown near each other, undergo morphological and biochemical changes leading to the 

formation of a zygospore. After a long dormancy, which depends upon the strain 

combination, the zygospore produces a germsporangium containing germspores.  The 

presence of meiosis in Phycomyces has been challenged because of the peculiar 

segregation of genetic markers in progeny (Mehta and Cerdá-Olmedo, 2001). The 

segregation data of the markers used in both the NRRL1555 x UBC21 cross (and further 

supported by the B2 x UBC21 cross) provide one additional piece of evidence for 

meiosis.  That is, the average recombination rate is 50 kb/cM.  That value is of a similar 

level as seen in other fungi that have served as models for understanding meiosis in the 

fungi, e.g. the mushroom Coprinus cinerea (Staijch et al 2010).  Mitotic recombination 

rates are estimated at three orders of magnitude less frequent.  However, the data are also 

consistent with the meiotic reduction process not always completing with fidelity, as 

reported in earlier studies.  Another way of returning to the haploid state from a diploid is 
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through non-meiotic chromosome loss. Diploidy and subsequent haploidization are 

present in other fungal species.  For example, in Aspergillus nidulans a parasexual cycle 

is used to map a gene to a chromosome, and then conventional meiotic recombination is 

used to map the gene with markers on a single chromosome (Clutterbuck, 1992). A 

similar mixture of both a parasexual-like and meiosis-based reduction is likely to function 

in Phycomyces. 

madC  Is Predicted To Encode A Ras GAP 

JGI has generated Illumina sequence from 19 mad mutant strains.  This 

sequencing approach was initiated at a time when re-sequencing technology was being 

proposed as a radical and untried tool for gene identification.  This can be coupled to 

genetic mapping to identify genes, e.g. as used recently in historical mutants of N. crassa 

(McCluskey et al. 2011). The 19 strains sequenced by JGI included three with known 

mutations in the madA or madB strains, with these mutations detected as Illumina 

polymorphisms. While most strains are isogenic to the sequenced wild type NRRL1555 

as expected, analysis of this data set reveals that strains B2 and C149 have additional 

genetic material, indicating that NRRL1555 was not used as the strain for mutagenesis in 

strain B2, while C149 is likely a progeny from part of a backcrossing system used to 

generate an isogenic strain (Alvarez and Eslava 1983).  This was particularly problematic 

for us because mapping of B2 x UBC2 was initiated before the Illumina sequence was 

available.  Many markers would not work because B2 and UBC21 share the same RFLP 

patterns.  The other madC strain sequenced is A905.  The germination rate of the A905 x 

UBC21 cross was low, such that only 18 progeny were available for analysis, too limited 

for use for mapping in a large progeny set. 
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The nature of madC as encoding a Ras GAP was highly unexpected.  madC has 

long been predicted to be a second photoreceptor in Phycomyces.  However, there is no 

evidence that this protein could function in this role because this class of protein does not 

interact with a chromophore, i.e. the light-absorbing chemical component used by 

photosensors. However, recent information shows that the band mutant of N. crassa, used 

in most photobiology and circadian rhythm studies in the model fungus, is an allele of the 

Ras gene (Belden et al. 2007). The evidence for the madC gene being a Ras GAP 

includes the observation that the gene is not mutated in any of the other 17 mad mutants 

that have been sequenced. Furthermore, subsequent analysis in the Idnurm laboratory has 

revealed that all madC mutant strains analyzed to date bear mutations in this gene. 

Light Signaling In Phycomyces 

Fungi sense light using a conserved pair of proteins, White Collar 1 and White 

Collar 2 (Idnurm et al. 2010; Rodriguez-Romero et al. 2010; Tisch and Schmoll 2010). In 

Phycomyces, madA is wc-1 and madB is wc-2 (Idnurm et al. 2006; Sanz et al. 2009). 

Recent information shows that the band mutant of N. crassa, used in most photobiology 

and circadian rhythm studies in this fungus, is an allele of the Ras gene (Belden et al. 

2007). Finding that the madC gene encodes a Ras GAP protein indicates the Ras signal 

transduction pathway is involved in how Phycomyces senses light.  Ras is GTP-binding 

protein, which alternates between an active “on-state” with a bound GTP and an inactive 

“off-state” with a bound GDP (Fig. 8). In humans, binding of certain growth factors to 

their receptors induces the formation of the active Ras (Lodish et al. 2000).  Ras 

activation is accelerated by proteins called GEFs (guanine nucleotide- exchange factors), 

that bind to the Ras-GTP complex, resulting in dissociation of the bound GDP. GTP 
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binds to Ras-GEF molecules, with the subsequent release of GEF (Lodish et al. 2000). 

Ras is deactivated by the hydrolysis of the bound GTP. The deactivation of Ras requires 

another protein, a GTPase-activating protein (GAP), which binds to Ras-GTP and 

accelerates its intrinsic GTPase activity.  This can be reverted by switching the GTPase 

on again by Guanine nucleotide exchange factor (GEFs), which causes the GDP to 

dissociate from GTPase, leading to its association with a new GTP. It results in closing 

the cycle in the active state of GTPase. Only the active state of the Ras GTPase can 

tranduce a signal to a reaction chain. 

The dynamics of Ras signaling with regards to light-sensing have not yet been 

determined.  Our study suggests that without the ability to inactivate Ras, and turn off the 

signal transduction pathway, Phycomyces loses part of its ability to respond to light. If 

madC is mutated, it cannot help to hydrolyze Ras-GTP to Ras-GDP. Then Ras signaling 

will remain constitutively on. How MadC interacts with the MadA-MadB complex is 

unclear.  Genetic analysis of double mutants showing complete loss of light-sensing 

would suggest a system in which MadA-MadB and MadC function in two separate 

pathways.  If so, this leaves a major question as to what is the photosensor that activates 

the Ras pathway in Phycomyces. 
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Figure 8. Factors influencing the signaling status of the Ras GTPase 

Ras alternatives between a active GTP-bound and inactive GDP-bound form.  Exchange 

between these forms is controlled by the GTPase activity of Ras itself, and by associated 

guanine exchange factors (GEFs) or GTPase activating proteins (GAPs). 

 

Future Directions: Building Beyond The Genetic Map 

One clear future direction is to expand the genetic map resolution by use of 

additional markers.  The map resolves 11 linkage groups plus three unlinked markers 

(Fig. 5).  Nearly 30 more additional markers are needed to place the three “orphan” 

markers in the genetic map and reduce the average distance between the markers 

currently assigned to linkage groups.  There are also some large gaps in the map, and 

including additional markers between them would aid in future mapping studies for any 

genes lying within those regions. 

 A second use of these markers could be in population genetics.  Use of these  
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markers on wild isolates of Phycomyces will provide information on the natural variation 

of Phycomyces, and potential evidence of mating and recombination in nature.  As 

mentioned in the Introduction, very little is known about basal fungi, including the 

natural genetic diversity in any of the Mucorales and how it may correlate to properties of 

these species in geographic areas (Takó and Csernetics 2005).  A set of markers that are 

known to be on separate chromosomes provides the potential to define diversity and 

biogeographical information to at least one species in this lineage. 

The third direction is mapping other mad mutants as a tool for gene discovery, 

especially in the absence of DNA transformation.  JGI provided Illumina sequence from 

20 strains (19 mad and the wild type UBC21).  These sequences are being analyzed to  

search for candidate mutations.  While most strains are isogenic to the sequenced wild 

type NRRL1555, analysis of this data set also reveals that strains B2 and C149 have 

genetic material from another strain. 

A genetic map of Phycomyces based on mutant phenotypes and tetrad analysis 

was generated over a 20 year time frame (Alvarez et al. 1980; Orejas et al. 1987). This 

map has already been used to narrow the search for mad genes, with the identification of 

point mutations in furA, purC, nicA, leuA and lysA (Larson and Idnurm 2010; Idnurm 

Laboratory unpublished data).  Previous phenotypic mapping and the current molecular 

marker map were used to discover the carS gene that encodes a carotene oxygenase, 

which represents the first step in the biosynthesis of the mating pheromones (Medina et 

al. 2011; Tagua et al. 2012). We have identified regions close to carD, madD and madJ. 

One inconsistency with the original genetic maps made with markers that were 

phenotypic traits and our mapping data is the observation that pyrF and pyrG are not 
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linked to each other or the contig containing furA (Campuzano et al., 1993).  However, 

the recombination frequencies observed in those original studies are large (39-47 cM), 

thus almost at the 50 cM limit for defining linkage between genes. 

 The inability to transform DNA into Phycomyces has blocked the identification of 

genes in this fungus.  The main experimental drawback in Phycomyces is the absence of a 

system for stable transformation. An alternative approach is thus to use positional 

cloning, by linking known molecular markers to a mutation/gene of interest. Map-based 

cloning is a traditional approach to identify mutated genes, particularly in plant species, 

but the ease of cloning by complementation in fungi has meant that this is a preferred 

approach.  This research establishes that genes can be identified successfully by mapping 

in Phycomyces.  A genetic mapping strategy to identify mutated genes represents a new 

research avenue, and one that has been facilitated by the genome sequencing project.  In 

additional, the genetic map has yielded information about the meiotic process in a basal 

fungal lineage, from which no high resolution genetic map has been made until now. This 

represents the best genetic map in the Mucormycotina fungi, a group that is basal to 

Dikarya (Ascomycota and Basidiomycota) in which most of maps have been made. 

With a better map, we can begin to look at where in the genome the genes 

involved in the Mucormycosis disease process are located, which can lead to 

identification of those genes. The flow diagram (Fig. 9) shows the general process of 

identifying genes and gene products. By identifying the genes, research can be translated 

into therapeutics through the process of testing if the gene plays a role in virulence in 

pathogenic Mucoromycotina species. Further characterization of the protein encoded by 

the gene, can give insight towards the identification of a small molecule inhibitor.  This 
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chemical would undergo refinement prior to clinical trials, and ultimately into use as a 

treatment for Mucormycoses. 
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Genetic map of Phycomyces 

 

↓ 

 

Identifying chromosomal location of specific genes, based on molecular 

markers 

 

↓ 

 

Identifying gene product 

 

↓ 

 

Mutating gene product to see if it plays a role in disease 

 

 

IF YES   ↓     IF NO 

 

 

↓ 

 

Characterize gene product and biological process 

 

↓ 

 

Drug discovery 

 

↓ 

 

Clinical Trials (I & III) 

 

↓ 

 

Therapeutic use 
 

Figure  9. Diagram of steps between map-based identification of a gene in Phycomyces 

and its translation into clinical use. 
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APPENDIX 

Table A1.  Oligonucleotide primers for the molecular markers for PCR-RFLP mapping  

used in this study for NRRL1555 x UBC21. 

 

Contig Primer name Primer sequence (5’-3’) Restriction enzyme 

Contig 1  
ALID0209 AATGTCTAAACTTACAGG 

HindIII 
ALID0210 AGAAGATTTGTCTCCCAG 

Contig 1 ALID0313 CAAGTTATCGAATGTCTG EcoRI 

  ALID0314 TGGCTCTTATTCAATGTG   

Contig 2 ai904 CCTAGTAGTCACGCCAAACG Size polymorphism 

  ai905 GAGAGTATTTATACTGTGGG   

Contig 2 ai1072 TTAAAACCCAGATAGAGG SspI 

  ai1073 TGATTCAAAATGTTCAGG   

Contig 2 ai916 AACCCTGACGATCCTTACGC BamHI  

  ai917 CCATTTCCTCAGATATGCAC   

Contig 3 ALID0233 CACGCAAGCGATCATAGG BamHI 

  ALID0234 ACACAGTTTGTCTCTTGC   

Contig 3 ALID0235 CAATGGAGTGATGCTGAG KpnI 

  ALID0236 TTGCGACTTCAGAAAGTTG   

Contig 4 ALID0237 ATGATCGTCATGGTACAC BamHI 

  ALID0238 ATGTCGTCTATAATGTTG   

Contig 4 ALID0239 TGAACTGAAAATGAAGTC HindIII 

  ALID0240 TGATGCCCTTTACTATCG   

Contig 4 ALID0395 ACATCGGGTACAATAGAC NdeI 

  ALID0396 CTTTGATGGCGTATCAGG   

Contig 4 ALID0388 TTCTAGATTGCATGGTTC EcoRV 

  ALID0389 TGGCTTACAATAAGATCC   

Contig 5  ai814 TATATAAAAGAAGAAGCGGG Size 

  ai861 GATAACAGATCCGTAAGCTC   

Contig 5 ai1070 GTCACGTTTAATTCTCCC Size 

  ai1071 GATGTTGGGAGAGTTATC   

Contig 5 ai886 GTGGAGCTTTAGATTAGG MspI 

  ai887 AGACACTCTCTGGGCCAC   

Contig 6 ALID0190 ACCAGCGCTGGACAACAC NdeI 

  ALID0191 TATTCCGCAAACTGATCC   

Contig 6 ALID0331 TAACTTGATCTCTTCAGG EcoRV 

  ALID0332 TTGGGAAACATCAGTATC   

Contig 6 ALID0391 GCAAATATCTCTCAGTCG EcoRV 

  ALID0392 TAGTCGAGGGCTCTTGTG   

Contig 6 ALID0393 CCCATTTCTTGTCCCTGTAG EcoRV 

  ALID0394 CATTCACAAAATAGCACAGC   

Contig 7 ALID0243 AATGAACTTGTTGGCTGG BamHI 

  ALID0244 TTTATGCCTCTAGCGCCC   

Contig 7 ALID0314 TGGCTCTTATTCAATGTG EcoRI 

  ALID0315 ATCGGTGTATCTGATCTC   
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Contig 

 

Primer name 

 

Primer sequence (5’-3’) 

 

Restriction enzyme 

Contig 8 ALID0251 AGTTGAACTTACTTACGC EcoRV 

  ALID0252 TCTAGAACTAGAAGACTC   

Contig 8 ALID0344 AGACCTTGGCTGTCATGG BamHI 

  ALID0345 CTGCTTCTCCATTGAGGC   

Contig 8  ALID0035 ATTCTTTACTTTAGCTTCG BstZ17I 

  ALID0069      AATCTACCTTGAGTACGC   

Contig 9 ALID0351 GCTGATTGTGTGTCATTC EcoRV 

  ALID0352 GAGGGCGATGAATAAACC   

Contig 9 ALID0255 GTGGAGAATTGTACACCC KpnI 

  ALID0256 TTCTTGATCTACTGAACG   

Contig 10 ALID0257 CAGAAGAAGTACAGATGC EcoRV 

  ALID0258 TATATGAGTTGTAGCGTC   

Contig 10 ALID0310 ATAGAGATTATCTGCACC EcoRV 

  ALID0311 GGGCCAGATCAATCTGTG   

Contig 11  ai857 TGCATTGCACGACTTTACCC TaqαI 

  ai858 ATACCGCTATCTATAAACGC   

Contig 11 ai878 CGATTGTATCGTTCTCAAGG NdeI 

  ai879 CTTCAGCCGACCATATTCC   

Contig 11 ALID0273 AACCGGATTCGTGGATTC EcoRI 

  ALID0274 TCGATCGTAAAGACAGGG   

Contig 43 ALID0386 AGAAAAGGATTTGCTCGACC BamHI 

  ALID0387 GGAAAAAGTGGTGGTTCAGC   

Contig 12 ALID0302 AGCCATTGAGATCCAAGC PstI 

  ALID0303 GACCAAAAGTCTACACAG   

Contig 12 ALID0304 TTATCAATATCAGCCAGC BamHI 

  ALID0305 CCCAGATGAAGTTGAGCG   

Contig 13 ALID0306 TATTACCTGGTAAAAGCC EcoRV 

  ALID0307 ACCACCGATTATACCATC   

Contig 13 ALID0327 TGTGGTGATCGTGGAATC HindIII 

  ALID0328 AGAGTCTCCCTGTAGCTG   

Contig 14 ALID0319 TACTTTGGCTACATCATC BamHI 

  ALID0320 TCCAATCCATGAATACGG   

Contig 14 ALID0321 TAAGGTGTTTACCAGTGC KpnI 

  ALID0322 ACTCATGCTACACCTACG   

Contig 15 ai888 ACTTGTGGAAAATGCTTTAG HpyCH4V 

  ai889 AAATTGCCAGTCAAAATG   

Contig 15 ALID0279 ATGCGCAGAAGACTTGAG HindIII 

  ALID0280 TAAAATACCTGGTGCTGG   

Contig 20 ALID0323 ACCAGGTACTTTGGCTGC HindIII 

  ALID0324 GACACAGCATCAACACTG   

Contig 32 ALID0403 TGGACCGTTATGACCAGG EcoRV 

  ALID0404 TCTATAAGATGGCAGGTG   

Contig 32 ALID0360 TGTGTCTAAGGATAACCC BamHI 

  ALID0361 GAGTTGATGCAAGCGAGG   

Contig 35 ALID0412  TAGAATTGAGCTGTCTGC EcoRI 

  ALID0413  AGAGGTGCTATGGCACAC   
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Contig Primer name Primer sequence (5’-3’) Restriction enzyme 

Contig 36 ALID0247 TCTTGCTGGTTACTTCCG BamHI 

  ALID0248 TCATCTTCATGGACATGG   

Contig 40 ai880  TATTACCTTTTTGCCGAC NdeI 

  ai881  CCACCATTCCAATTTGGTAC   

Contig 40 ai884  TGTTTTGGTTATACTCCG BfaI 

  ai885  AGGGAATTTAGAGCGAGG   

Contig 41 sex phenotype  N/A   

Contig 41 ai986 TCCCTGAAATCAGCCACCAC MspI 

Contig 41 ai1018 TTCAATATCATACGCATACC  

Contig 41 
ai990 ACAAGCTACAGAGATCAAAC 

RsaI 
ai998 ATCTCATCTTCATCTACGCC 

Contig 41 

  

ALID0205 CGAACAGAACTACAGACG RsaI 

  ALID0206 TACAAGTTTCCCACTGCC 

Contig 47 ALID0397 CCATTTGTAGGGTGAAG XhoI 

  ALID0398 GCTAAATCAACAGAGTCC   

Contig 53 ALID0211 GCCGAGAAGACTGAGTTC EcoRI 

  ALID0212 GAGTGTCATGTCTAATAC   

Contig 53 ALID0241 TTAAATGTTCTCAAGAGC BamHI 

  ALID0242 TCTTCCATTGATAGTTCC   

Contig 67 ALID0410 GGTAAGTCTAAGTTTGAC EcoRV 

  ALID0411 GATTAGCATTCATACACC   

Contig 72 ALID0188 TCCTGAAATGAAGAGACG EcoRV 

  ALID0189 TATATTCTCGGAGGTCTG   

Contig 77 ALID0192 TGGTGCCTACCAGCTTCG NdeI 

  ALID0193 GATTTCTTAGTCATTGTC   
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Table A2.  Oligonucleotide primers for PCR-RFLP mapping used in this study for B2 

(madC) x UBC21. 

Contig Primer Sequence Restriction Enzyme 

Contig 1 ALID0209 AATGTCTAAACTTACAGG HindIII 

 ALID0210 AGAAGATTTGTCTCCCAG  

Contig 1 ALID0313 CAAGTTATCGAATGTCTG EcoRI 

 ALID0314 TGGCTCTTATTCAATGTG  

Contig 1 ALID0458 AGATAAGTTCGTTGGCTC HindIII 

 ALID0459 AGTCATAGAATACGTGTG  

Contig 2 ALID0460 TGTTTATGGATGTATCTGTG XhoI 

 ALID0461 AGCGGTTTCCTGGGTCTATC  

Contig 3 ALID0235 CAATGGAGTGATGCTGAG KpnI 

 ALID0236 TTGCGACTTCAGAAAGTTG  

Contig 4 ALID0237 ATGATCGTCATGGTACAC BamHI 

 ALID0238 ATGTCGTCTATAATGTTG  

Contig 4 ALID0395 ACATCGGGTACAATAGAC NdeI 

 ALID0396 TTGCGACTTCAGAAAGTTG  

Contig 5 ai886 GTGGAGCTTTAGATTAGG MspI 

 ai887 AGACACTCTCTGGGCCAC  

Contig 6 ALID0391 GCAAATATCTCTCAGTCG EcoRV 

 ALID0392 TAGTCGAGGGCTCTTGTG  

Contig 6 ALID0393 CCCATTTCTTGTCCCTGTAG EcoRV 

 ALID0394 CATTCACAAAATAGCACAGC  

Contig 7 ALID0243 AATGAACTTGTTGGCTGG BamHI 

 ALID0244 TTTATGCCTCTAGCGCCC  

Contig 7 ALID0314 TGGCTCTTATTCAATGTG EcoRI 

 ALID0315 ATCGGTGTATCTGATCTC  

Contig 8 ALID0251 AGTTGAACTTACTTACGC EcoRV 

 ALID0252 TCTAGAACTAGAAGACTC  

Contig 8 ALID0344 AGACCTTGGCTGTCATGG BamHI 

 ALID0345 CTGCTTCTCCATTGAGGC  

Contig 9 ALID0464 ATTGCCATTAAAGAAGCC EcoRI 

 ALID0465 AATTCGTTAGAAGGAAGC  

Contig 9 ALID0351 GCTGATTGTGTGTCATTC EcoRV 

 ALID0352 GAGGGCGATGAATAAACC  

Contig 10 ALID0310 ATAGAGATTATCTGCACC EcoRV 

 ALID0311 GGGCCAGATCAATCTGTG  

Contig 12 ALID0302 AGCCATTGAGATCCAAGC PstI 

 ALID0303 GACCAAAAGTCTACACAG  

Contig 12 ALID0304 TTATCAATATCAGCCAGC BamHI 

 ALID0305 CCCAGATGAAGTTGAGCG  

Contig 13 ALID0306 TATTACCTGGTAAAAGCC EcoRV 
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 ALID0307 ACCACCGATTATACCATC  

Contig 13 ALID0327 TGTGGTGATCGTGGAATC HindIII 

 ALID0328 AGAGTCTCCCTGTAGCTG  

Contig 14 ALID0321 TAAGGTGTTTACCAGTGC KpnI 

 ALID0322 ACTCATGCTACACCTACG  

Contig 15 ALID0279 ATGCGCAGAAGACTTGAG HindIII 

 ALID0280 TAAAATACCTGGTGCTGG  

Contig 32 ALID0403 TGGACCGTTATGACCAGG EcoRV 

 ALID0404 TCTATAAGATGGCAGGTG  

Contig 32 ALID0360 TGTGTCTAAGGATAACCC BamHI 

 ALID0361 GAGTTGATGCAAGCGAGG  

Contig 35 ALID0412 TAGAATTGAGCTGTCTGC EcoRI 

 ALID0413 AGAGGTGCTATGGCACAC  

Contig 36 ALID0247 TCTTGCTGGTTACTTCCG BamHI 

 ALID0248 TCATCTTCATGGACATGG  

Contig 72 ALID0188 TCCTGAAATGAAGAGACG EcoRV 

 ALID0189 TATATTCTCGGAGGTCTG  

Contig 77 ALID0192 TGGTGCCTACCAGCTTCG NdeI 

 ALID0193 GATTTCTTAGTCATTGTC  

  Contig 25      ALID0637 TGTGGAAGCAAATCACCG BamHI 

 ALID0638 GTTGACCAGCAGTTGAGG  

Contig 26 ALID0639 CAAGAGGTGGACATTTGG EcoRV 

 ALID0640 GGCTGGTGCAAATTCTAC  

Contig 27 ALID0641 TGGCGAATTCAATGTCGG XbaI 

 ALID0642 CTGCCTACACCTTCAAGC  

Contig 28 ALID0643 AATACTATCCCTCCCGAG XbaI 

 ALID0644 TAAATCGTCATGTGGCTC  
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Table A3. Phycomyces blakesleeanus NRRL1555 x UBC21 mapping data 

 
Allele assignments: A = allele from NRRL1555; B = allele from parent UBC21; U = A/B heterozygote           
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Table A4. Phycomyces blakesleeanus B2 x UBC21 mapping data for madC 

                 

Allele Assignments A- mad C; B- allele from Wild type UBC21 
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Table A5. Phycomyces blakesleeanus  A905xUBC21 madC mapping data 
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