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The filamentous ascomycete phytopathogen, Sclerotinia sclerotiorum (Lib.) de 

Bary, is a broad host range necrotroph with global distribution. Dissemination and 

survival of this fungus is attributed to resting structures termed sclerotia that can remain 

viable in the soil for years. A sclerotium can give rise to multiple mushroom-shaped 

apothecia that are the source of forcibly-discharged ascospores that serve as the primary 

source of inoculum for Sclerotinia diseases. Genetic regulators of sclerotial development 

and pathogenesis were determined by functionally characterizing, a cAMP-dependent 

protein kinase A catalytic subunit gene (pka1) and an adenylate cyclase gene (sac1), that 

are involved in cAMP-mediated signal transduction. Contrary to our original hypothesis, 

pka1 loss-of-function mutants were cAMP-responsive, produced wild type like sclerotia, 

and were pathogenic. This finding prompted the making of a new hypothesis that a 

second PKA catalytic subunit gene, pka2, contributes the majority of PKA activity in the 

cell. Mining recently available data from the S. sclerotiorum genome project uncovered 



x 

the second hypothesized pka catalytic subunit gene, pka2. In a second approach to 

determine the biological role of cAMP in S. sclerotiorum, an adenylate cyclase gene, 

sac1, was mutated by targeted deletion. Adenylate cyclase knock-out (AC-KO) mutants 

revealed several morphological defects including a reduced rate of mycelial expansion 

and the production of aberrant sclerotia in concentric rings in culture. Sclerotia were 

competent for myceliogenic germination, but did not carpogenically germinate and form 

apothecia under standard conditions. AC-KO mutants produced 90°-branched hyphae in 

contrast to acutely branched hyphae observed in wild type. Cyclic AMP levels were 

greatly reduced in the AC-KO and it was non-pathogenic on detached tomato leaflets. 

The AC loss-of-function mutant was capable of colonizing mechanically wounded 

leaves, but the rate of lesion expansion was much slower than wild type. Loss of 

pathogenicity may be attributed to the lack of infection cushion formation in the AC-KO 

strain as determined by in vitro morphogenesis assays. Slower growth rate observed in 

culture and in planta appears to account for the reduced virulence in wounded plants. 

Taken together, these results demonstrate that cAMP plays important roles in 

pathogenicity, growth and vegetative development in S. sclerotiorum.  
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CHAPTER 1 
LITERATURE REVIEW 

Sclerotinia sclerotiorum (Lib.) de Bary  

Biology 

The taxonomic placement of S. sclerotiorum has been revised several times since 

its first description. I will not give a full account of this history however; it is noteworthy 

to mention that the first Latin binomial given to S. sclerotiorum was Peziza sclerotiorum 

by Libert (1837). In 1884, Anton de Bary changed the name of P. sclerotiorum to its 

present designation. S. sclerotiorum resides in the Sclerotiniaceae family which includes 

stromatal-forming inoperculate discomycetes that produce stipitate apothecia with asci 

containing ellipsoid ascospores and globose spermatia (Whetzel 1945). The Sclerotinia 

genus contains two other type species: S. trifoliorum Eriks, and S. minor Jagger. The 

Sclerotiniaceae family is based on the production of tuberoid sclerotia that do not 

incorporate host tissue within the sclerotial medulla, develop an apothecial ectal 

excipulum composed of globose cells, and lack a disseminative conidial state (Kohn 

1979a, 1979b).  

S. sclerotiorum possess simple, septate hyphae containing membrane-bound 

vesicles, mitochondria, lipid bodies, rough and smooth endoplasmic reticulum and 

ribosomes (Maxwell et al. 1972). Vegetative hyphae are haploid and multinucleate, 

sometimes having up to 100 nuclei per cell (Willets and Wong 1979). Spermatia or 

microconidia are uninucleate and produced in chains from phialides on branched 
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microconidiophores (Willets and Wong 1980). Spermatia have been observed on aerial 

mycelia in culture, on the surface of sclerotia, and on the apothecial hymenium (Kohn 

1979b and Le Tourneau 1970). No biological function is known for spermatia as S. 

sclerotiorum is homothallic and fertilization by microconidia has not been observed 

(Kohn 1979b).  

A discernable feature of the S. sclerotiorum life cycle in culture and on infected 

plants is the production of highly melanized, multihyphal resting structures termed 

sclerotia. Three distinct stages of sclerotial development have been characterized by 

Townsend (1957): 1) initiation, 2) development, and 3) maturation. The mature 

sclerotium is composed of three distinct layers; a rind, a cortex and a medulla (Mordue 

and Holliday 1976). Melanin is found in high concentration in the outer rind and is 

responsible for the black coloration of sclerotia (Jones 1970). Under appropriate 

physiological conditions (exposure to optimal light, temperature and moisture), sclerotia 

can undergo carpogenic germination giving rise to multiple apothecia (Huang and Kozub 

1989; Morrall 1977; Huang and Kozub 1993; Le Tourneau 1979). A mature apothecium 

is composed of an unbranched stalk (or stipe) and a single terminally produced cup-

shaped disc. Histological studies by Kosasih and Willets (1975) warranted subdivision of 

the apothecial disc into 4 distinct parts including: 1) an ectal excipulum, 2) medullary 

excipulum, 3) hymenium, and 4) subhymenium. The hymenial layer of the apothecium is 

the site of meiosis and asynchronous ascus production where mature asci forcibly 

discharge binucleate ascospores (de Bary 1887). Sclerotia are also capable of 

myceliogenic germination to produce vegetative hyphae that can directly infect plant 
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tissues (Bardin and Huang 2001; Le Tourneau 1979), however is not a major route of 

infection in most pathosystems. 

Epidemiology, Host Range and Control of S. sclerotiorum  

Sclerotinia diseases favor cool, moist conditions from 16-20°C. High humidity 

and dew formation increase the intensity and spread of the disease (Pohronezny and 

Purdy, Plant Pathology Fact Sheet). Adams and Ayers (1980) showed that the primary 

source of inoculum in the field is from windborne ascospores that are forcibly discharged 

from sclerotia-derived apothecia and that sclerotia may remain viable for up to 8 years in 

the soil. Schwartz and Steadman (1979) reported that a single apothecium can produce 

approximately 3 X 107 ascospores and that a single sclerotium producing multiple 

apothecia could produce approximately 2.3 X 108 ascospores. Ascospores must germinate 

and grow saprophytically to be competent for infection. This distinguishes S. 

sclerotiorum from most appressoria-forming fungi that are capable of direct infection via 

spore-derived germ tubes (Abawi and Grogan 1979; Lumsden 1979 and McLean 1959). 

In the field, requisite saprophytic growth takes place on senescent flower petals or 

detached leaves in which the fungal hyphae evade and contact intact, healthy tissue 

(Inglis and Boland 1990; Turkington and Morrall 1993). Multicellular, melanized 

infection cushions terminally produce infection pegs that are capable of direct penetration 

of the plant cuticle (Lumsden and Dow 1973). Colonization of the host tissues proceeds 

via ramifying hyphae that extensively colonize the dead tissue forming a mass of cottony-

white mycelia followed by sclerotial development. Maceration of plant tissues and 

development of watery soft rot are the most obvious symptoms of infection by S. 

sclerotiorum (Willets and Wong 1980).  
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S. sclerotiorum is a ubiquitous phytopathogen with a wide host range. Boland and 

Hall (1994) compiled a list of 408 plant species from 278 genera in 75 families, most of 

which were dicots. Agriculturally important vegetable crops include: beans, cucurbits, 

carrots, celery, lettuce, peas, radish, rutabaga, turnips, rhubarb, potatoes and tomatoes. 

Field crops such as citrus, canola, mustard, peas, beans, lentils, sunflowers and legumes 

are also susceptible to S. sclerotiorum. Florida crops affected by S. sclerotiorum include: 

pepper, tomato, potato (stem rot) celery (pink rot), lettuce (drop), beans (white mold), 

cabbage (watery soft rot) and peanut. S. sclerotiorum has also been shown to infect the 

model plant Arabidopsis thaliana (Morgan 1971; Dickman and Mitra 1992).  

Crop loss estimates are available for diseases caused by S. sclerotiorum on a 

select number of agronomic and vegetable crops. For example, peanut production can be 

greatly affected by Sclerotinia blight, now present in most peanut-producing countries of 

the world, especially in the United States. Yield losses commonly reach 10% in states 

like Virginia, North Carolina, Georgia and Florida (Compendium of Peanut Diseases 2nd  

edition). Soybean production is limited by Sclerotinia stem rot, which has been touted as 

the second most important disease of soybean based on 1994 data. Soybean yields 

inversely correlate with the percent incidence of Sclerotinia stem rot (Compendium of 

Soybean Diseases 2nd edition). Lettuce production can be greatly reduced by Sclerotinia 

drop. Drop refers to the wilted appearance of the outer lettuce leaves affected by S. 

sclerotiorum where disease incidence can be as severe as 70% (Compendium of Lettuce 

Diseases 1st edition). South Florida was faced with an epidemic of S. sclerotiorum in 

2002, as entire pepper fields were abandoned for fear of harvesting fruit and suffering 
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post harvest losses. Crop losses for pepper that year were estimated at about 30% for 

Palm Beach County alone (K.L. Pernezny personal communication). 

Sclerotinia diseases can be managed in a variety of ways including: Chemical and 

biological control, use of transgenic and naturally derived resistance, and by 

implementation of cultural practices. Adequate means of chemical control have been 

achieved with: Actigard, Flint, Ronalin, Rovral, Switch, Topsin, Benlate, Botran and 

Qaudris (Kucharek 2003). However, Benlate and Ronalin are being fazed out of 

production, and limited labeling of these products on a small number of crops greatly 

decreases their usefulness. Biological control strategies have focused on the use of 

mycoparasites, Coniothyrium minitans and Sporidesmium sclerotivorum which are 

capable of degrading the sclerotium (Ayers and Adams 1981). Presently, two biological 

control agents: Intercept WG and Contans WG have been approved for agricultural use to 

control S. sclerotiorum and S. minor in the field.  

Simply inherited resistance to Sclerotinia diseases has not been documented in 

any crop to date. However, use of partially resistant lines in some instances has provided 

economically useful control for growers (Boland and Hall 1987; Grau et al. 1982; Kim 

and Diers 2000; Nelson et al.1991). Use of transgenic resistance has focused on the 

degradation of oxalic acid using oxalate oxidase and other oxalate-degrading enzymes. 

Transgenic resistance has been implemented in sunflower, soybean and peanut and these 

crops have shown increased resistance to Sclerotinia diseases (Donaldson et al. 2001; Hu 

et al. 2003; Kesarwani et al. 2000; Livingstone et al. 2005). Cultural practices such as 

field flooding, crop rotation with non-hosts, control of alternate weedy hosts, removal of 

crop residues post harvest, deep plowing of fields, maintaining a well spaced plant 
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density, avoiding excessive irrigation and selecting crop varieties with open canopies are 

practices that may decrease the incidence of disease and can be used in conjunction with 

other control methods as part of an integrated pest management program (Pernezny and 

Purdy; Moore 1949; Steadman 1979) 

Physiological Mechanisms of Pathogenicity 

S. sclerotiorum is a necrotrophic fungal phytopathogen with an extremely wide 

host range that must kill living tissue in order to colonize its host and complete its 

lifecycle. The biochemical basis for its diverse host range has been investigated in several 

studies. Anton de Bary (1884) was the first to describe the physiological factors that were 

involved in S. sclerotiorum pathogenicity. He observed that host cells were killed and the 

middle lamella was destroyed in advance of fungal colonization. He also described the 

production of oxalic acid by S. sclerotiorum in planta and in vitro. When he applied 

oxalate alone or infected plant sap to healthy plants, only the later facilitated symptom 

development. Boiling infected plant sap prior to treatment eliminated disease symptoms. 

Taken together, he hypothesized that a “ferment” (enzyme) was responsible for the 

expression of disease symptoms. 

 Since the time of de Bary, others have investigated the physiological mechanisms 

of necrotrophic parasitism. Bateman and Beer (1964) showed that polygalacturonase 

from Sclerotium rolfsii required oxalate ions for hydrolysis of calcium pectate. They also 

observed a positive correlation between fungal growth and oxalate accumulation. 

Treatment of beans with oxalic acid caused injury and bleaching at the application site 

while treatment of oxalate and an enzyme mixture lead to tissue maceration and collapse 

of hypocotyls. The authors concluded that a synergism between oxalate and 

polygalacturonase existed whereby oxalic acid lowers the pH that is optimal for 
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polygalacturonase activity while simultaneously chelating calcium from pectate in the 

middle lamella making it readily available for enzyme-mediated degradation.    

 Maxwell and Lumsden (1970) investigated the influence of carbon source on 

oxalate accumulation in culture and oxalate production and polygalacturonase activity in 

S. sclerotiorum-infected bean hypocotyls. They found that liquid cultures of S. 

sclerotiorum supplemented with 73.7 mM glucose and 56 mM sodium succinate 

produced the highest levels of oxalate after 7 days. They also observed an increase in 

oxalate production in planta while the pH decreased and polygalacturonase activity 

increased with time. The authors concluded that the production of oxalate lowered the pH 

of infected bean hypocotyls which would enhance the activities of several cell wall 

degrading enzymes (including polygalacturonase) that have previously been implicated in 

S. sclerotiorum diseases. It was also concluded that since oxalate accumulated early in 

pathogenesis and the existence of a positive correlation between disease severity and acid 

accumulation occurred in infected bean that oxalate plays an important role in S. 

sclerotiorum pathogenesis.        

 Marciano et al. (1983) studied the physiological factors that govern S. 

sclerotiorum pathogenicity in sunflower. This work investigated the relationship between 

oxalic acid, cell wall degrading enzymes, pH and their significance in pathogenicity and 

virulence of two different S. sclerotiorum isolates. These two isolates differed in 

virulence and produced xylanase, polygalacturonase, and cellulase in infected sunflower 

stems. However, striking differences between the two interactions were present in pH, 

oxalate concentrations and polyphenoloxidase activity. The strongly virulent strain 

produced 4 times the amount of oxalate, reduced pH to 4.0, and lacked polyphenol 
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oxidase activity. The authors concluded that cell wall degrading enzymes alone were not 

sufficient for infection and that oxalate may inhibit plant polyphenoloxidase.   

 The occurrence of oxalate (ethanedioic acid) in nature is widespread and has 

been found in animals, plants, fungi, bacteria, rocks and soil. It is produced in large 

quantities in some species belonging to all classes of fungi. It can be found in a free acid 

form, as a soluble salt of potassium or sodium or as insoluble calcium oxalate (Dutton 

and Evans 1996). Oxalic acid is a dicarboxylic acid that can be derived from oxaloacetate 

via the TCA (tricarboxylic acid) cycle or by action of oxaloactetase and glyoxylate 

oxidase respectively. It can also be derived from pyruvate in a two-step enzymatic 

synthesis via pyruvate carboxylase and oxalacetate acetyl hydrolase (Dutton and Evans 

1996). Chemical preparation of oxalate has been achieved by passing carbon monoxide 

into concentrated sodium hydroxide (Wallace 1926) or by heating sodium formate in the 

presence of sodium hydroxide or sodium carbonate (Beckman 1951).   

S. sclerotiorum has been shown to produce copious amounts of oxalate and other 

dicarboxylic acids in vitro like fumaric, succinic, glycolic, and malic acids (Vega et al. 

1970). However, only oxalate has been shown to be a pathogenicity factor as S. 

sclerotiorum oxalate-minus mutants were unable to cause disease on dry beans despite 

possessing an arsenal of cell wall degrading enzymes (Godoy et al. 1990). Besides 

playing a role in pathogenicity, acting as a calcium reserve and playing a role in heavy 

metal detoxification (Dutton and Evans 1996), oxalate can also manipulate physiological 

processes in the plant host. Cessna et al. (2000) showed that a non-pathogenic oxalate-

deficient mutant induced oxidative burst in suspension-cultured plant cells, whereas 

inoculation of an oxalate producing strain did not produce measurable levels of oxidant in 
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tobacco leaves and soybean cultured cells. From this study it was concluded that oxalate 

aids in pathogen compatibility by inhibiting the oxidative burst reaction (a defense 

response) in host plants (Cessna et al. 2000). Oxalate has also been shown to regulate 

guard cell function in bean leaves. Guimaraes and Stotz (2004) showed that oxalate 

facilitates plant wilting by inducing stomatal opening and inhibits ABA-induced stomatal 

closure which increases plant transpiration that in turn causes water loss and wilting.  

 Multiple lines of physiological and biochemical evidence have revealed that 

Sclerotinia pathogenicity is a multi-component process involving the secretion of oxalate 

and the production of many cell wall degrading enzymes. Most studies have focused on 

the role of oxalate as a pathogenicity factor. Therefore, the use of oxalate-degrading 

enzymes as a source of transgenic resistance would seem to be an attractive and effective 

means of control. However, this strategy has not revealed complete resistance to 

Sclerotinia diseases. To date, no magic bullet has been discovered which can stop this 

successful ominovorous plant pathogen. Therefore, additional studies aimed at unraveling 

the signaling pathways that control oxalate production, cell wall degrading enzymes, and 

infection structure formation, long term, may aid the discovery of novel targets for 

disease control.       

Genome Sequence 

A draft genome sequence assembly of S. sclerotiorum was publicly released on 

April 13, 2005. This project was carried out by the Broad Institute for Biomedical 

Research in partnership with academic labs at the University of Florida (Dr. Jeffrey A 

Rollins) the University of Nebraska (Dr. Martin B. Dickman) and the University of 

Toronto (Dr. Linda M. Kohn) (S. sclerotiorum Sequencing Project. Broad Institute of 

Harvard and MIT. http://www.broad.mit.edu). Genome sequencing information will be 
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used to promote identification of genes for genetic and functional studies as well as serve 

as a template for comparative genomics. Sequence information may also aid in the 

identification of potential anti-fungal targets and facilitate the elucidation of signal 

transduction pathways.  

Whole genome shotgun sequencing provided an average of 8X coverage. It is 

estimated that the S. sclerotiorum genome is 38 Mb in size containing 14,522 genes 

where 41.3% of the genome contains coding sequence. Automated calling of genome 

sequence data was released on October 1, 2005 and was accomplished by analyzing 

genome sequence data using FGENESH and GeneID programs combined with the 

analysis of various expressed sequence tags (ESTs). Analysis of genome data revealed 

that there is ~1 gene every 2.6 kb of nucleotide sequence with an average intron length of 

140 bp. The shortest intron designated was 24 bp and the longest was 1494 bp. The 

average exon length was estimated at 389 bp with the longest being 17,212 bp and the 

shortest as 1 bp (S. sclerotiorum Sequencing Project. Broad Institute of Harvard and MIT. 

http://www.broad.mit.edu) 

cAMP-Mediated Signal Transduction 

Discovery of cAMP   

 Rall and Sutherland (1958) published the first description of a cyclic nucleotide 

produced in living cells which detailed the synthesis, degradation and structure of 3’, 5’ 

cyclic adenosine monophosphate (cAMP). This landmark discovery led to a Nobel Prize 

awarded to Earl Sutherland in medicine and physiology in 1971. This and other studies 

carried out by Southerland led to the discovery that adrenaline stimulated gluconeogensis 

via cAMP. In light of these studies, Southerland is credited with initiating the “second 

messenger” concept. In eukaryotes the cAMP second messenger induces physiological 
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responses ranging from growth, differentiation, gene expression, secretion and 

neurotransmission (Kawasaki et al. 1998). Since the discovery of cAMP, other secondary 

messengers’ i.e cyclic GMP, Ca+2, diacylglycerol, and inositol phosphate have been 

discovered but their functions have not been fully elucidated (Dickman and Yarden 

1999). Over the past 50 years, research into second messengers has provided a 

framework for understanding transmembrane signal transduction, receptor-effector 

coupling, protein kinase cascades, and down regulation of drug responsiveness (Beavo 

and Brunton 2002).     

cAMP Signal Transduction Pathway  

A general cAMP signal transduction pathway for animals can be described in the 

following manner. Binding of a hormone to its cognate receptor leads to coupling of the 

receptor-hormone complex to a cellular guanine nucleotide-binding protein (G-protein), 

which interacts with and activates adenylyl cyclase (AC). Activation of AC promotes 

synthesis of the second messenger cAMP from ATP. Cyclic AMP then binds to cAMP-

dependent protein kinase (PKA) which causes the catalytic subunit to dissociate and 

phosphorylate protein substrates that regulate a number of biological processes (Chin et 

al. 2002).  

At the heart of cAMP-mediated signal transduction lies cAMP-dependent protein 

kinase A (PKA). PKA was one of the first protein kinases to be purified and have its 

crystal structure determined (Knighton et al. 1991; and Walsh et al. 1968). PKA has been 

found in all eukaryotes studied and remains the primary, but not the only known receptor 

for cAMP (Dickman and Yarden 1999). PKA is composed of two genetically distinct 

regulatory and catalytic subunits that form a tetramer. In the presence of cAMP, 2 

regulatory subunits each bind two molecules of cAMP that allow the release of two 
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catalytically active subunits that can phosphorylate a variety of nuclear and cytosolic 

targets (Chin et al. 2002). Transcriptional regulation in the nucleus is achieved through 

cAMP-responsive transcription factors that bind to and regulate the expression of genes 

containing a cAMP-responsive element (CRE) in their promoter. These cAMP-

responsive binding proteins contain a basic domain/leucine zipper motif, and translocate 

to the nucleus upon phosphorylation via the PKA catalytic subunit (Chin et al. 2002). 

    The PKA catalytic subunit is a serine/threonine protein kinase that utilizes 

gamma phosphate from ATP or GTP to generate phosphate esters using alcohol groups 

on serine and threonine residues as acceptors (Dickman and Yarden 1999). PKAs contain 

12 highly conserved subdomains of serine/threonine kinases among other highly 

conserved hallmarks of PKA catalytic subunits. Biochemical functions for some of the 

subdomains have been elucidated and or have a hypothesized function. Subdomain I 

contains a glycine-rich motif that is thought to contact the ribose moiety of ATP. 

Subdomain II contains a lysine residue involved in the phosphotransfer reaction, possibly 

mediating proton transfer. Subdomain VI contains asparagine, phenylalanine, and glycine 

residues which are implicated in ATP binding. Subdomain VIII contains alanine, proline, 

and glutamate which are involved in general base catalysis by removing a proton from 

serine via carbonyl carbon ionization (Taylor et al. 1990). Hallmarks that differentiate 

PKA from other serine/threonine protein kinases include: histidine, leucine, and 

tryptophan amino acids involved in regulatory subunit binding, a pentapeptide PKI 

inhibitor binding site and a threonine residue capable of autophosphorylation located 

between two of the residues involved in regulatory subunit binding (Durrenberger et al. 

1998).  
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PKA regulatory subunits have been designated type I and II. However, 

filamentous fungi possess only type II regulatory subunits as they contain an 

autophosphorylation site located in the dimer interaction motif while type I do not 

(Taylor et al.1990 and Dickman and Yarden 1999). Both types I and II contain the 

following 4 functional domains. The amino terminus contains the dimer interaction site 

composed of hydrophilic and charged amino acids that are responsible for interaction 

with other cellular proteins and membranes. Two cAMP-binding sites, A and B, are 

located near the carboxy terminus. These two domains contain a phosphate binding 

cassette with the following conserved residues: F-G-E (L-I-V) A-L-(L-I-M-V)-3X-(P-V)-

R-(A-N-Q-V)-A (Canaves and Taylor 2002). Binding of cAMP occurs in a cooperative 

fashion. Binding domain B occurs first allowing domain A to become more accessible for 

cAMP. The peptide inhibitory region is located between the dimer interaction and the 

cAMP-binding sites and serves as the area of interaction between the catalytic and 

regulatory subunits (Taylor et al. 1990) 

Cyclic AMP is synthesized by adenylate cyclase (AC) and degraded by cAMP-

specific phosphodiesterases (PDEs). These two enzymes work in concert to regulate 

intracellular levels of cAMP. Phosphodiesterases are represented by a large super family 

of enzymes and possess a highly conserved catalytic domain that is C-terminal and an 

amino terminal regulatory domain (Soderling and Beavo 2000). There are two types of 

PDEs, low affinity (Pde1) and high affinity (Pde2), which have been shown to regulate 

distinct biological processes and are structurally different as they share virtually no 

sequence similarity (Kicks et al. 2005). In mammalian systems, PDEs have been shown 

to regulate insulin secretion, T-cell activation, fertility and growth and penile erectile 
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function (Soderling and Beavo 2000). PDEs in yeast have been implicated in controlling 

stress tolerance, filamentation, nutrient sensing, entry in to S-phase of the cell cycle and 

maintaining cell wall and membrane integrity (Bahn et al 2003; Jung et al 2005). Many 

fungal phosphodiesterases require the divalent cations magnesium and manganese and 

can be inhibited with ethylenediaminetetraacetic acid, theophylline, caffeine, and 1-

methyl-3-isobutylxanthine (Pall 1981).   

Adenylate cyclase is the biosynthetic enzyme that produces 3’, 5’ cAMP and 

pyrophosphate from ATP using base catalyzed nucleophillic elimination (Zubay 1998). 

Mammalian adenylate cyclases are membrane bound, except for cytosolic forms found in 

human sperm and Dictyostelium discoideum. Mammalian ACs are composed of two 

serpentine-like transmembrane domains and two cytosolic catalytic motifs that are 

separated by a highly conserved domain of unknown function (DUF). All mammalian 

AC’s are activated by G alpha(s) and the diterpenoid forskolin. Interaction of AC with G-

proteins is dependent on prenylation of the G-protein gamma subunit (Tang and Gilman 

1992). Fungal adenylate cyclases are membrane associated and contain an N-terminally 

located RAS-association domain, followed by multiple leucine rich repeats thought to be 

involved in protein-protein interactions. A PP2C-phosphatase domain located near the C-

terminus may mediate Ras-GTP activation of adenylate cyclase and is not known to 

possess phosphatase activity in yeast (Barford et al. 1998).  The catalytic domain (CycC) 

is highly conserved among AC and guanylate cyclases (GC) containing the consensus 

residues (V/I)KTXGDA) where K is thought to contact the N2 atom of ATP (Roelofs et 

al. 2001a).  
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Heterotrimeric G-proteins are associated with the inner surface of the plasma 

membrane and with cytosolic domains of seven transmembrane receptors. They are 

composed of 3 subunits: alpha, beta and gamma which serve distinct functions in signal 

transduction. The alpha subunit possesses GTPase activity and is also the site of 

prenylation which anchors the complex to the plasma membrane. G alpha is active in the 

GTP bound state and inactive in the GDP-bound state. Upon GTP binding, G alpha 

dissociates from beta/gamma and is able to stimulate effector molecules like adenylate 

cyclase in mammalian systems (Gilman 1984). G-proteins are regulated by guanine 

nucleotide exchange factors (GEF’s) that catalyze the release of GDP thus activating G 

alpha, whereas GTPase activating proteins (GAPs) promote inactivation of small G-

proteins through activation of GTPase activity (Wittinghofer 1998; Bar-Sagi and Hall 

2000).    

Other Targets of cAMP 

 For approximately 40 years it has been widely accepted that the main target for 

cAMP is the PKA regulatory subunit (Dickman and Yarden 1999; Chin et al. 2002). 

However, this dogma is being re-written with the discovery of cAMP-binding effector 

proteins that are independent of PKA signaling (Chin et al. 2002). Studies involving 

cardiac cells have shown that cAMP modulates ion channel activity by directly binding 

the carboxy terminus of HERG K+ channels where cyclic nucleotide-binding domains 

are located (Cui et al. 2000). Kawasaki et al. (1998) showed that families of cAMP-

binding proteins were differentially distributed in mammalian brain and that they 

possessed cAMP-binding and guanine-nucleotide exchange factor domains. cAMP-

regulated GEFs (cAMP-GEF’s) were shown to bind cAMP and activate RAP1 in a 

cAMP-dependent yet PKA-independent fashion. cAMP-binding proteins have also been 
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found in the slime mold D. discoideum during the early stages of development. D. 

discoideum expresses cAMP-receptors at the cell surface that are important in the 

perception of cAMP gradients (acrasin) that signal aggregation of amoebae leading to 

sporocarp formation. Klein et al. (1988) cloned a cDNA encoding a cAMP-receptor and 

the deduced amino acid sequence revealed 7 clusters of hydrophobic residues 

characteristic of 7-transmembrane receptors known to interact with G-proteins. A serine-

rich cytoplasmically located carboxyl terminus is the proposed site of ligand-induced 

receptor phosphorylation (Klein et al. 1988). Despite the identification and 

characterization of novel cAMP-binding proteins that act independently of PKA, the 

signal transduction pathways in which these proteins operate have yet to be fully 

elucidated. 

Biochemical Functions of cAMP in Fungi 

Biochemical functions for cAMP in filamentous fungi and yeast include nutrient 

sensing and mobilization of nutrient reserves. More specifically cAMP has been shown to 

be involved in the catabolism of carbon reserves glycogen and trehalose, in yeast 

mitochondrial functions, and in the utilization of exogenous carbon sources (Pall 1981). 

Catabolism of endogenous carbon has focused on the utilization of glycogen via 

activation of glycogen phosphorylase by cAMP in Neurospora crassa (Tellez-Inon, M.T. 

and Torres, H.N. 1970; Gold et al. 1974), Coprinus macrorhizus (Uno and Ishikawa 

1976), and by induction of trehalase in trehalose metabolism in Saccharomyces 

cereviseae (van der Platt and van Solingen 1974 and van Solingen and van der Platt 

1975). In S. cereviseae, mitochondrial synthesis is repressed by high glucose levels (Pall 

1981). Cyclic AMP has also been shown to influence mitochondrial transcription and 

translation (Chandraskaran and Jayarman 1978) and the biosynthesis of ubiquinone-6 
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(Sippel et al. 1979). Control and utilization of exogenous carbon sources via cAMP has 

been shown in the crisp mutant as it grows as well as wild type on glucose or acetate 

(Terenzi et al. 1979). Exogenous application of cAMP has also been reported to 

overcome glucose repression in S. cereviseae (Wiseman and Lim 1975 and Wiseman and 

Lim 1977).     

While an abundance of information has been obtained in model filamentous fungi 

and yeast as to the biochemical roles of cAMP, research over the past few decades has 

focused on the biological effects of cAMP in filamentous phytopathogenic fungi. In S. 

sclerotiorum, high cAMP levels were shown to inhibit sclerotial development and 

concomitantly raise oxalic acid levels (Rollins and Dickman 1998). Cyclic AMP has also 

been demonstrated to regulate infection structure formation in Magnaporthe grisea (Lee 

and Dean 1993), modulate hyphal branching in Fusarium graminearum (Robson et al. 

1991) and control appressorial germ tube differentiation in Blumeria graminis (Hall and 

Gurr 2000). These pharmacological studies have provided insight into the biological 

processes and pathways influenced by cAMP, and serve as an important foundation to 

further dissect cAMP-mediated signal transduction via targeted gene analysis.                                       

Functional Analyses of cAMP Signaling Components 

Functional analyses of PKA catalytic subunit genes have been carried out in a 

number of yeasts including, but not limited to: S. cereviseae, Crytpococcus neoformans, 

Candida albicans, and Schizosaccharomyces pombe (Pan and Heitman 1999; Pan and 

Heitman 2002; Robertson and Fink 1998; D'Souza et al. 2001; Sonneborn et al. 2000; 

Maeda et al. 1994) and in filamentous fungi: Colletotrichum trifolii, Ustilago maydis, and 

M. grisea (Yang and Dickman 1999; Durrenberger et al. 1998; Xu et al. 1997; and 
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Mitchell and Dean 1995).  The focus of this discussion will be limited to investigations 

regarding filamentous fungal phytopathogens.  

The Ct-PKAC catalytic subunit gene from C. trifoli was cloned, characterized and 

inactivated by gene replacement (Yang and Dickman 1999). Phenotypic analyses 

revealed that there was a small reduction in growth compared to wild type and 

conidiation patterns were altered. The mutant strain was also unable to infect intact, 

healthy alfalfa leaves despite a small delay in conidial germination and appressorium 

formation. However, Ct-PKAC disruption mutants were able to cause disease on 

artificially wounded plants. Therefore, it was concluded that the defect in pathogenicity 

was due to a failure in penetration, and that PKA regulates the transition between 

vegetative growth and conidiation (Yang and Dickman 1999). 

In the dimorphic basidiomycete plant pathogen U. maydis, two PKA catalytic 

subunit genes were cloned and functionally characterized. Disruption of PKA catalytic 

subunit gene adr1 resulted in constitutive filamentous growth, was required for 

pathogenicity, and found to be responsible for the majority of activity in the cell. In 

contrast, the second PKA catalytic subunit gene, uka1, was disrupted and did not affect 

cell morphology and showed little influence on pathogenicity (Durrenberger et al. 1998). 

Taken together, these results demonstrate that PKA activity is critical for dimporhic 

switch to pathogenic filamentous growth and that two PKA catalytic subunit genes exist 

and play different roles in the U. maydis biology.  

Functional analysis of a PKA catalytic subunit gene was carried out by two 

groups with M. grisea (Xu et al. 1997; Mitchell and Dean 1995). Mitchell and Dean 

cloned and disrupted a PKA catalytic subunit gene designated cpkA. Disruption mutants 
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were unable to produce appressoria even in the presence of cAMP. They reported that 

cpkA mutants were unable to cause disease on susceptible intact and abraded rice 

cultivars. The authors concluded that cAMP-dependent protein kinase (cpkA) is necessary 

for infection-related morphogenesis and pathogenesis in M. grisea. Contrasting data for 

cpkA mutants was reported by Xu et al. (1997). They carried out a more rigorous and 

detailed phenotypic characterization. The cpkA mutants were severely reduced in 

pathogenicity on healthy plants. However, this defect was not due to the lack of infection 

structure formation as appressoria formed by cpkA mutants were fully melanized, but 

smaller in size than wild type. Appressorial formation was greatly delayed as compared 

to wild type, yet could be restored by application of exogenous cAMP. Mutant strains 

were shown to produce infectious hyphae and cause lesions when inoculated through 

wounds. The authors indicated that cAMP signaling was responsible for appressorium 

penetration and that there maybe additional PKA catalytic subunits involved in the 

process of surface-sensing in M. grisea.      

Adenylate cyclase is the biosynthetic enzyme responsible for the synthesis of 

cAMP in the cell. In order to understand the biological role that cAMP plays in 

eukaryotic organisms, researchers have targeted the gene encoding adenylate cyclase in 

mutational studies. Adenylate cyclases have been functionally analyzed in model yeasts 

like S. cereviseae and S. pombe (Matsumoto et al. 1982;  Maeda et al. 1990), model 

filamentous fungi like N. crassa (Terenzi et al. 1974), and filamentous phytopathogenic 

fungi like M. grisea and Botrytis cinerea (Choi and Dean 1997; Klimpel et al. 2002). The 

first adenylate cyclase mutant, crisp (cr-1), was also one of the first morphological 

mutants reported in N. crassa described by Lindegren (1936). The crisp mutant was 
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named for it’s “crisp” morphological phenotype in culture due to production of short 

aerial hyphae with tight clusters of more brightly colored conidia than wild type 

(Lindegren 1936) and early uniform conidiation over the agar surface (Perkins 1959).  

Almost 60 years later the identity of the mutated gene responsible for the crisp phenotype 

was confirmed to be adenylate cyclase (Kore-eda et al. 1991).  

Recent studies have focused their attention on filamentous fungal plant pathogens. 

Choi and Dean (1997) cloned and functionally analyzed an adenylate cyclase gene, 

MAC1 from the ascomycete rice blast pathogen M. grisea. Deletion of MAC1 resulted in 

reduced vegetative growth, conidiation and conidial germination. MAC1 mutants were 

also unable to form appressoria on inductive surfaces, but could be restored with the 

exogenous application of cAMP. Deletion mutants were unable to penetrate susceptible 

rice leaves and perithecial formation was abolished rendering MAC1 mutants sterile. The 

authors concluded that cell signaling involving cAMP is central to the development and 

pathogenicity of M. grisea.  

Klimpel et al. (2002) cloned and functionally analyzed the BAC gene encoding an 

adenylate cyclase in the necrotrophic filamentous phytopathogenic fungus B. cinerea. 

Gene replacement resulted in reduced vegetative growth, which was partially restored 

with the addition of exogenous cAMP in culture. BAC mutants produced low levels of 

cAMP despite the deletion of the entire catalytic domain. Lesions caused by BAC 

mutants developed more slowly than wild type and sporulation did not occur in planta. 

Together, these results show that cAMP signaling controls aspects of vegetative growth 

and pathogenicity in B. cinerea. 
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 S. sclerotiorum has proven itself as a highly successful, widely distributed and 

destructive filamentous fungal plant pathogen. Its ability to survive in the soil for 

extended periods of time coupled with its “thug-like” approach to pathogenicity makes it 

an attractive organism for studying the necrotrophic form of parasitism. Detailed analysis 

of sclerotial development, apothecial germination, regulation of cell wall degrading 

enzymes and physiological processes regulating pathogenicity are ideal areas to explore 

in efforts to control Sclerotinia diseases. Identification and detailed investigation of the 

signaling pathways that control these biological phenomena offer the greatest potential 

for identifying novel targets for disease control for S. sclerotiorum.     
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CHAPTER 2 
CHARACTERIZATION AND FUNCTIONAL ANALYSIS OF A cAMP-DEPENDENT 

PROTEIN KINASE A CATALYTIC SUBUNIT GENE (pka1) IN Sclerotinia 
sclerotiorum1 

Introduction 

Sclerotinia sclerotiorum (Lib.) de Bary is a filamentous ascomycete plant 

pathogen that affects more than 400 species of plants (Boland and Hall 1994). S. 

sclerotiorum lacks mitotic spores, but produces sclerotia which are compact, multihyphal, 

highly melanized structures capable of long-term quiescent survival for many years. 

Sclerotia germinate myceliogenically to produce saprophytic and/or infectious hyphae, 

and carpogenically to form apothecia. Individual sclerotia can produce multiple apothecia 

each with the capacity to produce millions of ascospores (Steadman 1979). Apothecia 

forcibly discharge ascospores which serve as the primary source of inoculum for disease 

development. The enormous reproductive potential of sclerotia and capacity for long term 

survival define key characteristics of sclerotia important in the epidemiology of 

Sclerotinia diseases.  

The structural makeup of sclerotia has been extensively studied (Chet and Henis 

1975; Le Tourneau 1979; Willets and Bullock 1992; Willets and Wong 1980). Townsend 

(1957) described three distinct stages of sclerotial formation: initiation, development, and 

maturation. However, the molecular mechanisms that regulate and signal sclerotial 
                                                 
1 Reprinted from Physiological and Molecular Plant Pathology, vol 64, Wayne M. Jurick II, Martin B. 
Dickman and Jeffrey A. Rollins, “Characterization and functional analysis of a cAMP-dependent protein 
kianse A catalytic subunit gene (pka1) in Sclerotinia sclerotiorum”, 155-163, 2004, with permission from 
Elsevier. 
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biogenesis have yet to be elucidated. Rollins and Dickman (1998) used a 

pharmacological approach to identify signaling components responsible for sclerotial 

development. Of the compounds tested, only those that affected cAMP metabolism 

(caffeine, 3-isobutyl-1-methylxanthine, and NaF) and cAMP itself blocked the formation 

of sclerotial initials. In the presence of high cAMP levels mycelia grew normally, but 

failed to form multi-hyphal aggregates that are indicative of sclerotial initiation. If 

sclerotia were initiated in the absence of high exogenous cAMP, the normal course of 

development was not affected by subsequent increases of exogenous or endogenous 

cAMP levels. These results suggest that signaling via PKA is involved in the initial 

event(s) of sclerotial formation.  

High intracellular cAMP levels not only inhibit sclerotial development, but also 

increase oxalic acid levels in S. sclerotiorum (Rollins and Dickman 1998). Oxalic acid is 

known to play synergistic physiological roles in Sclerotinia pathogenesis (Maxwell and 

Lumsden 1970) as oxalic acid deficient mutants are nonpathogenic and unable to produce 

sclerotia (Godoy et al. 1990). Several pathways of oxalate biosynthesis have been 

proposed in fungi. Oxalate can be derived from oxaloacetate by enzymatic removal of 

acetate via oxaloacetate acetyl hydrolase. Sources of oxaloacetate can be from the TCA 

cycle (mitochondria); the glyoxylate cycle (glyoxysome) or cytoplasmically from 

conversion of pyruvate (derived from glycolysis) to oxaloacetate by pyruvate 

decarboxylase (Dutton and Evans 1996). Ambient pH is an important factor in the 

regulation of oxalic acid accumulation (Maxwell and Lumsden 1973; Rollins 2003) and 

also influences sclerotial development (Rollins and Dickman 1998).  The enzymatic route 
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of oxalic acid biosynthesis in S. sclerotiorum and the molecular roles of cAMP and pH in 

oxalate synthesis have yet to be established.  

 In various phytopathogenic fungi, PKA has been determined to play a role in 

cellular processes central to pathogenicity including appressorial formation, vegetative 

dimorphism, and hyphal growth (Mitchell and Dean 1995; Xu and Hamer 1997; Yang 

and Dickman 1999; Durrenberger et al. 1998). PKA is a heterotetramer composed of two 

catalytic and two regulatory subunits that are bound together in an inactive form (Taylor 

et al. 1990). Binding of cAMP allows the catalytic subunit to dissociate from the 

regulatory subunit and then the free catalytic subunit is able to function as an active 

kinase. The central role of the PKA catalytic subunit in cAMP-mediated signaling 

suggests that it is involved in cAMP-mediated effects on sclerotial initiation and oxalic 

acid production. I have begun to test this hypothesis by isolating and functionally 

characterizing a pka-encoded catalytic subunit gene from S. sclerotiorum. 

Materials and Methods 

Fungal Isolates, Growth Conditions, Media and Cultural Manipulations  

The wild type Sclerotinia sclerotiorum 1980 isolate (Godoy et al. 1990) was used 

to derive all strains in this study. Cultures were routinely maintained on PDA (potato 

dextrose agar) (Difco, Detroit, MI) and propagated by mass hyphal tip transfer. Liquid 

shake cultures inYPSuc medium (4 g/l yeast extract (Difco, Detroit, MI), 15 g/l sucrose, 1 

g/l K2HPO4 and 0.5 g/l MgSO4 pH 6.5) were grown as previously described (Rollins 

2003).  

Pathogenicity, growth on citrate-phosphate buffered PDA, oxalic acid analysis 

and radial growth analysis was carried out as described by Rollins (2003). Growth and 

analysis of cultures on cAMP-amended PDA was carried out as previously described by 
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Rollins and Dickman (1998). To induce heat stress, PDA cultures were placed at 37°C 

for 24 hours prior to sclerotial initiation, and subsequently visually analyzed for 

aberrations in sclerotial development. Water agar (dd H2O + 15 g/l noble agar) was used 

to analyze mutant strains under nutrient starvation. Water agar medium was used as a 

base for the following media: nitrogen starvation  (+ 10 g/l glucose + 10 g/l K2HPO4 + 25 

g/l MgSO4 + 15 g/l NaCl, carbon starvation (+ 10% w/v CaNO3 + 20 g/l  K2HPO4 + 25 

g/l MgSO4 + 15 g/l NaCl), high salt (4% NaCl), high osmotic potential (1M sorbitol), and 

sole carbon sources (10 g/l sucrose, glucose, fructose, arabinose, galactose, maltose, 

raffinose, sorbitol, mannitol, myoinositol, potassium acetate, citric acid, oxalic acid, 

glucosamine, ascorbic acid, p-aminobenzoic acid, panthothenic acid, or nicotinic acid).  

Apothecia were induced from PDA culture-derived sclerotia as previously described by 

Russo and Van Etten (1982). Visual assessment of spore production, viability and 

morphology was carried out using both compound and stereomicroscopes. 

Methods for Nucleic Acid Isolations and Manipulations 

Mycelia from liquid shake cultures were flash frozen in liquid nitrogen, 

lyophilized and stored at -80°C. Lyophilized mycelia were used to isolate genomic DNA 

as described by Yelton et al. (1984). Total RNA was extracted from lyophilized mycelia 

using Trizol reagent (Gibco BRL, Rockville, MD) according to the manufacturer’s 

instructions. RNA electrophoresis was conducted as previously described (Rollins and 

Dickman 2001).  

E. coli strain DH5α was used to propagate all plasmids in this study. 

Plasmid isolations, agarose gel electrophoresis, DNA restriction digests, ligation 

reactions, and transformations of E. coli were conducted using standard procedures 

(Sambrook and Russell 2001). For Southern hybridization analyses, digested genomic 
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DNAs were transferred to MagnaGraph Nylon Membrane (Micron Separations Inc. 

Westborough, MA) by downward alkaline transfer (Chomczynski 1992) then UV-cross- 

linked. For Northern hybridization analyses, RNAs were transferred to MagnaGraph 

Nylon membrane by standard procedures (Ausubel et al. 1991). RNA and DNA 

hybridization analyses were carried out at high stringency as defined by Ausubel et al. 

(1991) and analyzed by autoradiography.  

Radioactive probes for all hybridizations were generated using the Random 

Primers DNA Labeling System (Invitrogen Life Technologies, Carlsbad, CA) as per 

manufacturer’s instructions. A full length 2.1 kb hph (hygromycin phosphotransferase) 

gene cassette (Redman and Rodriguez 1994), and a 620 bp fragment corresponding to the 

5’ end of the pka1 gene was used to probe both genomic DNA and RNA blots in this 

study. 

Molecular Cloning and Sequence Identification of pka1   

 One hundred nanograms of genomic DNA from S. sclerotiorum were used as a 

template for PCR amplification. Degenerate primers: PKA1F 5’-TA(CT) (AC)G (ATGC) 

GA(CT) (CT)T(ACG) AA(AG) CC(ACG) GA-3’ & PKA1R 5’-CA(ATGC) 

(CT)(ACG)(CT) TT(GT) GC(AG) AA(ATGC) CC(AG) AA(AG) TC-3’were used. PCR 

cycling conditions were as follows: 94°C for five min followed by 30 cycles of 94°C for 

one min, 45°C for one min, 72°C for one min and a final cycle of 72°C for 7 min. 

Standard PCR reaction conditions were used (Ausubel et al. 1991), except that the final 

magnesium concentration was kept at 1.25 mM. The resulting 77 bp amplicon was gene 

cleaned (Q.BIOgene, USA) and reamplified using the above conditions except the 

annealing temperature was changed to 50°C. This product was separated on a two percent 

agarose gel, gene cleaned and cloned using the TOPO TA cloning kit (Invitrogen, 
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Carlsbad, CA). The clone was sequenced, and BLAST (Altschul et al. 1997) was used to 

determine nucleotide sequence homology to other DNA sequences. The 77 bp insert was 

labeled with 32P using a PCR-based technique previously described by Mertz and 

Rashtchian (1994) and used to screen a S. sclerotiorum lambda EMBL3 genomic library 

(Rollins and Dickman 2001). Hybridizing sequences localized to a 3.2 kb Hind III band 

were cloned into the pBluescript plasmid vector (Stratagene, La Jolla, California). The 

insert of the resulting plasmid pBSPKA15.2, was sequenced by primer walking. This 

pka1 sequence was deposited in Genbank (accession AY545583). 

Construction of pka1 Gene Replacement and Complementation Vectors 

 Plasmid vector pBSPKA15.2, containing the genomic pka1 gene and flanking 

sequences, was used to construct a gene replacement vector. The plasmid was digested 

with Msc I and filled in with Klenow. An hph gene cassette contained on plasmid 

pHA1.3-H3 (Redman and Rodriguez 1994) was digested with Hind III, filled in with 

Klenow, and inserted by blunt-end ligation into the Msc I site of the linearized 

pBSPKA15.2 plasmid. This new vector, PKA∆Hph, contained the 2.1 kb hph cassette 

inserted between sub domains III and IV of the protein kinase catalytic core of pka1.  

 To genetically complement the pka1 disruption strains, the pBSPKA15.2 vector 

was digested with Xho I and Not I which liberated a 3.6 kb insert. The pBARKS1 vector 

(Pall and Brunelli 1993) was digested with Xho I and Not I which liberated a 4.5 kb 

fragment containing the bialophos resistance gene cassette. The 4.5 kb bar cassette was 

then ligated to the 3.6 kb insert containing the pka1 gene which became the 8.1 kb 

plasmid pPKA1BAR. 
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Fungal Protoplast Transformation and Evaluation of Transformants 

 PKA∆Hph was linearized with Sac II, gel purified and introduced into the wild 

type genome of S. sclerotiorum strain 1980 via PEG-mediated protoplast transformation 

as described by Rollins (2003). Southern hybridization was used to screen DNA 

integration events in the transformants. For this analysis, genomic DNA from 

hygromycin-resistant transformants was digested with Hind III and hybridized with two 

probes. Sequences for probe one were derived by PCR amplification of the pBSPKA15.2 

template using primers 5’-TGGTTAGATACAGGATCATG-3’ (SPKAC-F2) and 5’-

GTACCTGAAGGTATCCTCC-3’ (SPKAC-R4). The resulting 650 bp fragment 

represents nucleotides 440 to 1090 of the 5’ pka1 genomic sequence (accession 

AY545583). Sequences for probe two were derived by digesting the pHA1.3-H3 vector 

with Hind III and gel purifying the resulting 2.1 kb fragment corresponding to the hph 

gene cassette. The pka1 disruption strain 2 was complemented with pPKA1BAR by 

PEG-mediated protoplast transformation. Transformants were selected on RM medium 

containing 10 µg/ml Bialophos (Shinyo Sangyo Co., LTD. Japan). 

Protein Extraction and Analysis of PKA Enzyme Activity 

 Tissue used for protein extraction was derived from freshly frozen liquid shake 

culture mycelia. Approximately 100 mg of mycelial mat was ground in a mortar and 

pestle with liquid nitrogen. One µl of PKA extraction buffer [200 mM MOPS (3-

morpholinopropanesulfonic acid) (pH 8.0), 100 mM PMSF (phenylmethylsulfonyl 

fluoride), 10 mM EGTA (ethylenebis (oxyethylenenitrolo) tetraacetic acid) (pH 8.0), 5 

mM EDTA (ethylenediaminetetraacetic acid) (pH 8.0), 10 µg/ml Leupeptin, 10µg/ml 

Aproteinin, 10 mM sodium flouride] was added per mg of mycelia. The tissue and 

extraction buffer were mixed thoroughly and placed on ice for 30 minutes. Samples were 
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spun in a centrifuge for 30 minutes at 14K rpm at 4°C and the supernatants recovered. 

Bio-Rad protein assay reagent (Bio-Rad, USA) was used to quantify total soluble 

proteins as described by Bradford (1976). Protein extracts were normalized and used 

immediately for PKA enzyme analysis. 

Analysis of PKA enzyme activity was carried out using the PepTag Non-

radioactive cAMP-dependent protein kinase assay kit as per the manufacturer’s 

instructions (Promega, Madison, WI). Fluorescently-labeled kemptide products were 

separated on a (0.8% agarose gel 10mM Tris, pH 8.0, in 10mM Tris, pH 8.0) and 

visualized by UV light illumination using a Gel-Doc 2000 imaging system (Bio-Rad, 

USA). 

Multiple Sequence Alignment, Phenogram Construction and Bootstrap Analysis  

 Amino acid sequences corresponding to the catalytic subunits from seven entries 

(Homo sapiens, Drosophila melanogaster, Ustilago maydis, Colletotrichum trifolii, 

Magnaporthe grisea, Sclerotinia sclerotiorum, and Neurospora crassa) were derived 

from nucleotide sequences obtained from public databases. Amino acid sequences were 

aligned using ClustalX (Thompson et al. 1997) with the following parameters: Pairwise 

align (slow-accurate), gap opening 10, gap extension 0.10. An alignment file was then 

transferred to GeneDoc and the sequences were annotated. The PAUP program was used 

to construct a phylogenetic tree using parsimony, and two taxa were designated as out 

groups. Stepwise and random addition of each taxon was used to construct the most 

parsimoniest tree. The data set was analyzed by bootstrap analysis, and one thousand 

replicates were resampled 10 times each. 



30 

 

Results 

Molecular Cloning and Characterization of pka1  

  A pair of degenerate primers, based on the conserved regions of pka catalytic 

subunit genes from various filamentous fungi, was used in PCR reactions with S. 

sclerotiorum genomic DNA. A 77 bp amplicon was isolated, sequenced and determined 

by BLAST (Altschul et al. 1997) analysis to have high homology with other protein 

kinase A catalytic subunit genes. The amplicon was used to screen a S. sclerotiorum 

genomic DNA library, and a lambda-clone containing a 3.2 kb Hind III digestion 

fragment was obtained and cloned into a pBluescript plasmid vector. The insert was 

sequenced and determined by BLAST to contain a 1.6 kb region of sequence with highest 

identity to other fungal pka catalytic subunit genes. The predicted protein possesses all 12 

highly conserved sub-domains of the serine/threonine kinase catalytic core. Amino acid 

residues that are specific to the PKA class of serine/threonine kinases include: three 

conserved residues for the regulatory subunit binding site, a putative autophosphorylation 

site, and the quatrapeptide PKI inhibitor binding site. All of these highly conserved 

residues are encoded on the pka1 gene obtained from S. sclerotiorum (Fig. 2-1).   

Disruption of the pka1 Locus  

 The strategy to disrupt the pka1 locus with the pka1-hph gene disruption construct 

described in the Materials and Methods is shown in Fig. 2-2. Using this construct, 

approximately 50 hygromycin-resistant transformants were recovered and purified by 

several rounds of hyphal-tip transfer. Genomic DNA from 15 of these transformants was 

digested with Hind III and screened by Southern blot analysis using the 5’ portion of the 

pka1 coding sequence as a probe (data not shown).  
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 Southern blot analysis of three putative gene-disruptant transformants (D1, D2, 

and D3), the wild type strain (Wt), and a randomly chosen ectopic transformant (E1) are 

shown in Fig. 2-3. Hybridization with probe-1 containing the 5’ pka1 sequence (Materials 

and Methods) produced an expected sized band of 3.2 kb in wild type. Two bands of 5.4 

and 3.2 kb were detected in E1 and D1 and a 5.4 kb band was detected in D2 and D3 

(Fig. 2-3). To confirm that the 5.4 kb band represented the disrupted pka1 locus 

containing the hph cassette, genomic DNA was hybridized with the hph sequence. As 

expected, probe 2 hybridized to a 5.4 kb band in all strains except the wild type (Fig.2-3).  

In the eleven other independent transformants examined, two patterns of 

hybridization were observed (data not shown). Ten of these transformants produced a 

hybridization pattern similar to the E1 strain. Genomic DNA from three other 

transformants hybridized strongly to a 5.4 kb band and weakly to a 3.2 kb band. This 

pattern is indicative of heterokaryosis, in which wild type and gene-replacement nuclei 

are present in a common cytoplasm.   

D2 was chosen as a representative pka1 disruptant strain and utilized as a 

recipient for complementation via transformation with pPKA1BAR vector. The 

pPKA1BAR vector contains ~3.2 kb of the intact genomic pka1 coding and flanking 

sequences and the bar cassette conferring resistance to bialaphos. Bialaphos-resistant 

transformants were recovered and one strain, C1, was analyzed by genomic DNA 

hybridization (Fig. 2-3). Genomic DNA from the C1 strain hybridized to 3.2 and 5.4 kb 

bands using the 5’ pka1 probe.  

RNA Blot Analysis  

 To determine if pka1-disruptant strains possessed wild type-sized pka1 transcript, 

total RNA was isolated and subjected to agarose gel electrophoresis. Fig. 2-4 shows 
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Northern blot analysis after hybridization with the 5’ pka1 probe. The wild type transcript 

appears as a ~ 1.6 kb band, whereas the disruptant strains lack the Wt band but possess a 

smaller ~ 1.0 kb band. The ectopic and complemented strains possess both the 1.0 and 

1.6 kb bands.       

Growth on 10 mM cAMP Amended PDA 

 Wild type S. sclerotiorum is unable to produce sclerotia on PDA supplemented 

with 10 mM cAMP (Rollins and Dickman 1998). All strains produced wild type-like 

sclerotia when grown on PDA, and were unable to produce sclerotia when inoculated 

onto media amended with 10 mM cAMP. No difference among strains (Wt, D1, D2, D3, 

E1, and C1) were observed with regards to cultural morphology, mycelial growth, or 

sclerotial initiation, development, and maturation (Fig. 2-5).  

 Lack of a morphological phenotype prompted analysis of the pka1 mutants under 

a variety of growth conditions. Pathogenicity, nutrient starvation, carbon and nitrogen 

stress, apothecial development, ascospore production, ascospore morphology, ascospore 

viability, growth on high salt, growth on 1M sorbitol, growth on various sole carbon 

sources, temperature shift prior to sclerotial development, oxalate production, cultural 

growth and growth on buffered PDA medium were examined in the mutant strains and 

found to be equivalent to wild type (data not shown). See the Materials and Methods 

section for specific media composition and parameters used to screen the mutant strains. 

Analysis of PKA Enzyme Activity  

 Crude protein extracts from all strains were subjected to non-radioactive PKA 

enzyme activity assays. These extracts were incubated with a fluorescently-labeled 

kemptide substrate and the reaction mixture was separated on a 0.8% 10 mM Tris-acetate 

agarose gel pH 8.0. Fig. 2-6 shows the separation of phosphorylated and non-
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phosphorylated kemptide products. Purified PKA was used as a positive control (P) and 

PKA enzyme was omitted from the reaction as a negative control (N). Both controls gave 

expected results with the positive control showing most of the kemptide product in the 

phosphorylated form and the negative control exhibiting kemptide in the non-

phosphorylated form. When PKA inhibitor peptide (8 µM PKI) was added to purified 

PKA (P+I) the majority of the product was detected in the non-phosphorylated form. 

Wild type protein extract from S. sclerotiorum was also incubated with 8 µM PKI (Wt + 

I) as a control, and the bulk of the kemptide product was detected in the non-

phosphorylated form. Crude protein extracts from all strains (Wt, D1, D2, D3, E1, and 

C1) showed approximately equal levels of phosphorylated kemptide product, indicating 

that PKA activity was not qualitatively different from the wild type strain.     

Phylogenetic Analyses of pka Catalytic Subunit Genes from Various Fungi  

 The annotations of Magnaporthe grisea and Neurospora crassa genome sequence 

databases enabled the analysis of all the annotated serine/threonine kinases (kinome) in 

the M. grisea and N. crassa genomes. A phylogenetic tree of all 85 annotated serine/ 

threonine kinases from M. grisea was assembled using the neighbor joining method (data 

not shown). Based on phylogenetic relationships and direct examination of the encoded 

amino acid sequences for highly conserved PKA residues, it was determined that only 

two cAMP-dependent protein kinases exist in the entire annotated M. grisea kinome 

(MG06821(CPK2) and MG02382.1 (CPKA)). The pka1 gene from S. sclerotiorum forms 

a clade with the M. grisea cpk2 gene. The M. grisea cpka gene affects appressorial 

function (Xu and Hamer 1997), and is present in a different clade from the pka1 & cpk2 

genes. A cladogram of all the serine/threonine kinases was also constructed in the same 

fashion from the annotated N. crassa genome database (data not shown). Only two pka 
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catalytic subunit genes were identified in the N. crassa serine/threonine kinome. The S. 

sclerotiorum pka1 gene was located on a branch with an uncharacterized pka gene from 

N. crassa (data not shown). The N. crassa pka gene (accession AF264760) that affects 

growth polarity and development was located on a separate clade than the one containing 

pka1 (data not shown).   

 A detailed phylogenetic analysis of the amino acid sequences for eight fungal-

encoded PKA catalytic subunits was conducted by parsimony analysis. The resulting tree 

was subjected to bootstrap analysis. Two pka catalytic subunit genes, one from H. 

sapiens and one from D. melanogaster, were chosen as outgroups in the analysis. Two 

major clades of fungal PKAs were generated by the analysis and are shown (Fig. 2-7) 

One clade contains Ct-PKAC from C. trifolii, accession AF264760 from N. crassa, CPKA 

from M. grisea, and adr1 from U. maydis. This clade is supported by a bootstrap value of 

100. A second major clade, also supported by a bootstrap value of 100, contains pka 

catalytic subunit genes from N. crassa (Locus ID #NCU06821.1), M. grisea cpk2, and S. 

sclerotiorum pka1. The PKA catalytic subunit, Uka1 from U. maydis, cannot be 

unequivocally assigned to either of the two major clades. 
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Figure 2-1.Multiple sequence alignment of amino acid residues encompassing the Pka 
catalytic core from seven different organisms using ClustalX. GeneDoc was 
used to shade the amino acid residues in the following manner: black = 100%, 
gray = 80% and white = 60% identity. Roman numerals denote each sub 
domain of the highly conserved kinase catalytic core. A filled black circle 
indicates the amino acids involved in binding the regulatory subunit and a 
black square marks the threonine residue involved in the autophosphorylation 
reaction. The quatrapeptide PKI binding site is labeled with a solid black bar. 
Each amino acid subunit is annotated with a two-letter abbreviation for the 
genus and species name followed by the corresponding gene name except for 
N. crassa genes, which are labeled with either a Genbank accession number or 
a locus identification number. Hs = Homo sapiens, Dm = Drosophila 
melanogaster, Ct = Colleotorichum trifolii, Nc = Neurospora crassa, Mg = 
Magnaporthe grisea, Um = Ustilago maydis, and Ss = Sclerotinia 
sclerotiorum. 
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Figure 2-2.Diagram of the pka1 locus illustrating the double recombination event 
necessary for replacement of wild type with the disrupted pka1 locus. A 
hygromycin gene cassette (hph) was inserted between sub domains III and IV 
of the kinase catalytic domain. The hph cassette is in the opposite orientation 
with respect to the pka1 gene. Locations of sequences used for hybridization 
probes (1 and 2) are indicated with a thin solid line on the disruption locus 
diagram.  
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Figure 2-3. Genomic DNA blot analysis of Wt, disruptant, ectopic and complemented 
strains. The blot (upper panel) was hybridized with the 5’ region of the pka1 
gene as a probe (probe sequence 1) and shows a single 3.2 kb band in wild 
type (Wt) and a 5.4 kb band in disruptant strains 2 and 3 (D2, D3). Disruptant 
strain 1 (D1) is a putative heterokaryon due to the presence of a 5.4 kb band 
and a weakly hybridizing 3.2 kb band. Genomic DNA from ectopic (E1) and 
complemented (C1) strains hybridized to 3.2 and 5.4 kb bands as expected. 
The blot (lower panel) was hybridized using the hph gene cassette as a probe 
(probe sequence 2), which detected a single 5.4 kb band in all strains except 
wild type.  
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Figure 2-4. RNA blot analysis of Wt, disruptant, ectopic, and complemented strains. The 
RNA blot was hybridized with the 5’ pka1 probe showing a single band of 
~1.6 kb in Wt (wt).The disruptant strains (D1, D2, and D3) showed only a 
single band that was distinctly smaller in size than Wt, whereas ectopic (E1) 
and complemented (C1) strains both show a wild type and a smaller-sized 
disruptant band. RNA blot analysis was carried out three times, each time 
using different fungal tissue as the source of RNA for each experiment. 
Results from the three experiments were very similar to the one shown in this 
figure. Ethidium bromide stained 28S rRNA is shown to assess loading and 
overall quality of the RNA. 
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Figure 2-5. Growth of wild type, disruptant, ectopic, and complemented strains on PDA 
and PDA supplemented with 10 mM cAMP. None of the strains produced 
sclerotia in the presence of 10 mM cAMP. The experiment was executed three 
times with three replications per strain. The results of all experiments with 
their respective replications looked very similar to the figure shown below. Wt 
= wild type, D1 = disruptant 1, D2 = disruptant 2, D3 = disruptant 3, E1 = 
ectopic 1, and C1 = complemented 1. 
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Figure 2-6. PKA enzyme activity assay using crude protein extracts from Wt, disruptant, 
ectopic and complemented strains. The figure shows the separation of 
phosphorylated and non-phosphorylated kemptide products on a 0.8% Tris pH 
8.0 gel. Purified PKA from bovine heart (P) was used as a positive control 
which phosphorylated most of the kemptide product and was completely 
inhibited by the addition of 8 µM PKI (P+I). Crude extracts from all strains 
showed relatively equal amounts of phosphorylated and non-phosphorylated 
product. Phosphorylation of kemptide using crude Wt extract was completely 
inhibited with the addition of 8 µM PKI (Wt + I). This experiment was 
repeated a minimum of three times, each time using extracts derived from 
different liquid shake cultures. The results from all three experiments look 
very similar to the figure shown. N = negative control (- enzyme), Wt = wild 
type, D1 = disruptant 1, D2 = disruptant 2, D3 = disruptant 3, E1 = ectopic 1, 
C1 = complemented 1. 
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Figure 2-7. A phylogenetic tree representing the amino acid residues contained in the 
highly conserved serine/threonine protein kinase catalytic core from seven 
different organisms. The tree was constructed using parsimony, and bootstrap 
values were indicated at each branch. Branches were labeled with a two-letter 
abbreviation for the genus and species in italics followed by the corresponding 
gene name except for N. crassa genes where either the accession and or locus 
ID number are indicated. Hs = Homo sapiens, Dm = Drosophila 
melanogaster, Ct = Colleotorichum trifolii, Nc = Neurospora crassa, Mg = 
Magnaporthe grisea, Um = Ustilago maydis, and Ss = Sclerotinia 
sclerotiorum. 
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Discussion 

Investigating the Biological Role of pka1 in S. sclerotiorum  

Previous pharmacological studies (Rollins and Dickman 1998) suggested a 

primary role for cAMP in sclerotial initiation and oxalate production. Based on this work, 

I hypothesized that pka1 loss-of-function mutants would be aberrant in sclerotial 

biogenesis and oxalate accumulation. Several pka1 disruption strains were created and 

analyzed in culture for defects in sclerotial development and oxalate production. All 

strains grew and developed sclerotia indistinguishably from wild type and control strains. 

The pka1 mutants were further characterized by culturing them in the presence of 10 mM 

cAMP. All pka1 disruptant strains retained wild type responsiveness to cAMP as 

evidenced by their inability to produce sclerotia. Additionally, oxalate levels in all strains 

were found to be near wild type.  

Other phenotypic consequences of pka1 disruptants were sought through the 

evaluation of growth and development under various conditions. These evaluations 

included apothecial development, ascospore production and morphology, and numerous 

physiological and nutrient limiting conditions. No discernable phenotype could be 

attributed to the disruption of the pka1 locus in the mutant strains. These results 

suggested that a second pka catalytic subunit gene or a cAMP-responsive protein other 

than PKA functions in S. sclerotiorum. 

Recent investigations in various eukaryotes have revealed that proteins other than 

PKA bind and are affected by cAMP. Some examples of cAMP-binding signaling 

proteins include: Msn2 and Msn4 transcription factors and Rim15 protein kinase from 

yeast (Thevelein and de Winde 1999), cAMP-regulated GEF’s (guanine nucleotide 

exchange factor) in mammalian cells (Kawasaki et al. 1998), cAMP-binding HERG K+ 
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channels (Cui et al. 2000), and a cAMP-binding G-protein coupled receptor in 

Dictyostelium discoideum (Klein et al. 1988). Evidence from pharmacological data 

(Rollins and Dickman 1998) and the lack of a pka1 disruptant phenotype reported here 

suggest that other cAMP-responsive proteins may play a role in cAMP-mediated signal 

transduction in S. sclerotiorum.  

Despite the possibility of other cAMP-responsive factors, many investigations 

involving cAMP-mediated signal transduction in filamentous fungi have reinforced the 

hypothesis that PKA is the main target of cAMP. In plant pathogenic fungi, mutational 

analyses of pka catalytic subunit genes have been carried out in a number of biotrophic or 

hemibiotrophic host parasites e.g. M. grisea, C. trifolii and U. maydis (Mitchell and Dean 

1995; Xu and Hamer 1997; Durrenberger et al. 1998). These studies have revealed that 

PKA functions in various developmental processes that are important for infectious 

growth and pathogenicity.  

Our observations that S. sclerotiorum pka1 mutants are not altered in 

pathogenicity or other related phenotypes is consistent with data obtained from the 

functional analysis of orthologous genes in hemi-biotrophic/biotrophic phytopathogenic 

fungi. In M. grisea, loss of function cpka mutants produced appressoria that were fully 

melanized but were smaller and developed more slowly than wild type (Xu and Hamer 

1997). These appressoria failed to penetrate intact leaf tissue resulting in a loss of 

pathogenicity on healthy host plants (Mitchell and Dean, 1995; Xu and Hamer 1997). A 

second pka catalytic subunit gene orthologous to the S. sclerotiorum pka1 was isolated 

from M. grisea, CPK2 (J.-R. Xu, personal communication). Deletion of CPK2 failed to 

manifest an obvious phenotype (Jin-Rong Xu, personal communication); however, the 
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inability to create a cpka/cpk2 double mutant suggests that CPK2 functions in the 

absence of CPKA (J.-R. Xu, personal communication). Mutations in the Ct-PKAC gene 

from the hemi-biotroph C. trifolii caused small reductions in mycelial growth, altered 

conidiation patterns and germination, and delayed appressorium development. These 

mutants were only able to cause disease on mechanically wounded alfalfa plants (Yang 

and Dickman 1999). In U. maydis, the biotrophic maize smut pathogen, two genes 

encoding pka catalytic subunit genes have been cloned, and functionally characterized. 

Uka1 and Adr1 encode PKA catalytic subunits, but appear to function differently in 

cAMP-mediated signaling events. Durrenberger et al. (1998) have shown that adr1 

mutants lead to constitutive filamentous growth, were non-pathogenic and accounted for 

the majority of PKA activity in U. maydis. Conversely, uka1 deletion mutants were no 

different from wild type in that cell morphology, and pathogenicity were unaffected. 

Unlike the double PKA mutants in M. grisea, adr1/uka1 mutants were viable, suggesting 

the existence of a third pka catalytic subunit gene or functional redundancy in U. maydis. 

I am interested in determining if a postulated pka1 paralog (pka2) from S. sclerotiorum 

has a conserved function in host penetration, despite the differences in penetration 

structures and pathogenic lifestyle from other fungi.  

Phylogenetic Evidence for Two pka Catalytic Subunit Genes in S. sclerotiorum  

  The recently sequenced and annotated genomes of M. grisea and N. crassa were 

investigated to determine presence and relationships of pka genes among the 

serine/threonine kinase genes. The serine/threonine kinomes from both fungi possess 

only two genes bearing all of the conserved hallmarks of a pka catalytic subunit gene. 

Phylogenetic relationships established among PKAs from filamentous fungi presented 

here distinguished two clades, comprising two distinct classes of pka genes. These clades 
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are well supported by bootstrap values of 100 for each branch. The upper clade is 

composed of pka catalytic subunit genes that when mutated to nonfunctional alleles give 

rise to an obvious phenotype. The lower clade is composed of a cluster of pka genes that 

when mutated have no discernable phenotype, pka1 belongs to this clade. 

I hypothesize, based on the evidence presented in this work, that a paralog of pka1 

is the major contributor of PKA activity in S. sclerotiorum. Cloning and characterization 

of a pka1 paralog are currently underway. I predict, based on previous pharmacological 

evidence (Rollins and Dickman 1998) that loss of function mutants in this gene may 

result in defects in oxalate accumulation/production, may not produce sclerotia or 

produce sclerotia that do not mature, and may be non-pathogenic due to aberrations in 

infection cushion formation and occurrence of altered oxalate levels. These investigations 

are predicted to shed new insights into the biological role of PKA-mediated signaling 

events in the context of a necrotrophic plant-parasite interaction. 
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CHAPTER 3 
ADENYLATE CYCLASE DELETION MUTANTS IN Sclerotinia sclerotiorum 

DISPLAYED ALTERED MYCELIAL BRANCHING, PRODUCED ABERRANT 
SCLEROTIA AND WERE NON-PATHOGENIC 

 
Introduction 

 The fungus Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic filamentous 

ascomycete plant pathogen that has been documented to cause disease on at least 408 

plant species from 278 genera in 75 families (Boland and Hall 1994). Most of these hosts 

are dicots, but a number of agriculturally important crop hosts are monocots. The 

biochemical basis for the broad host range of S. sclerotiorum is postulated to result from: 

the production of copious amounts of oxalic acid and the secretion of an array of cell wall 

degrading enzymes (CWDE) (i.e. pectinases, proteases, cellulases, etc). Oxalate 

accumulates early during infection and is important for lowering the pH of infected 

tissues to allow optimal function of CWDEs. Previous physiological investigations have 

demonstrated and confirmed the synergistic role of oxalate and CWDEs in S. 

sclerotiorum pathogenicity (de Bary 1887; Marciano et al. 1983; Maxwell and Lumsden 

1970).  

S. sclerotiorum does not produce mitotic spores, but is vegetatively dispersed by 

multihyphal, melanized, long-term resting structures termed sclerotia. Sclerotia are 

capable of resisting physical, chemical and microbial degradation and can remain viable 

for up to 8 years in the soil (Adams and Ayers 1979; Chet and Henis 1975; Willets and 

Wong 1980; Willets and Bullock 1992). Townsend (1957) described three stages of 
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sclerotial development: 1) initiation, 2) development, and 3) maturation. The mature 

sclerotium is composed of three distinct layers; the rind, cortex and medulla (Mordue and 

Holliday 1979). Melanin present in high concentration in the cell walls of outer rind cells 

is responsible for the dark coloration of sclerotia (Jones 1970). Sclerotia are capable of 

myceliogenic germination, and under appropriate physiological conditions (temperature, 

light, moisture, etc.), can undergo carpogenic germination to produce apothecia. An 

individual sclerotium can give rise to multiple apothecia that can each produce millions 

of ascospores. Forcibly discharged ascospores have been shown to be the primary source 

of inoculum in most Sclerotinia diseases and are critical for the maintenance and spread 

of inoculum in the field (Steadman, 1979).   

 Since sclerotia play a crucial role in the spread and propagation of S. 

sclerotiorum, previous studies have focused on determining the physiological factors that 

regulate sclerotial development (Chet and Henis 1975; Le Tourneau 1979; Willets and 

Bullock 1992; and Willets and Wong 1980). However, few studies have been aimed at 

identifying the underlying molecular and biochemical mechanisms that control sclerotial 

development. In 1998 Rollins and Dickman implemented a pharmacological screen to 

identify signaling components that affected sclerotial development in Sclerotinia 

sclerotiorum. They found that high cAMP levels inhibited sclerotial initiation and 

concomitantly raised oxalate levels. The authors’ concluded that a cAMP-dependent 

signaling pathway may be involved in regulating the transition from mycelial growth to 

sclerotial initiation.  

The primary source of cellular cAMP is adenylate cyclase (AC), which uses ATP 

to form cAMP and pyrophosphate. Cyclic AMP is degraded into 5’ adenosine 
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monophosphate (5’ AMP) by cAMP-specific phosphodiesterases (PDEs). AC’s and 

PDE’s work together to modulate the intercellular levels of this important second 

messenger. Mammalian AC isoforms are membrane localized containing two 

transmembrane domains and two catalytic domains (CycC) separated by a domain of 

unknown function (DUF) (Tang and Gilman 1992). However, fungal adenylate cyclases 

only share the catalytic domain in common with mammalian AC isoforms and guanylate 

cyclases and are thought to be membrane associated via the amino-terminus. Fungal 

adenylate cyclases contain the following five domains: an N-terminally located Ras-

association domain, followed by multiple leucine rich repeats, a PP2C phosphatase 

domain, a catalytic domain and 2 cyclic AMP-associated protein binding sites (Klimpel 

et al. 2002).  

Recent molecular investigations involving adenylate cyclase mutants in 

phytopathogenic filamentous fungi have shown that cAMP and adenylate cyclase are 

important for proper vegetative growth, infection structure formation and pathogenicity. 

Choi and Dean (1997) showed that strains of the ascomycete plant pathogen, 

Magnaporthe grisea, deficient in adenylate cyclase (MAC1) were unable to produce 

appressoria and did not penetrate susceptible rice leaves. In the dimorphic basidiomycete 

plant pathogen Ustilago maydis, deletion of the adenylate cyclase gene, uac1, resulted in 

constitutive filamentous growth and were non-pathogenic (Gold et al. 1994). In the post 

harvest necrotroph, Botrytis cinerea, gene replacement of an adenylate cyclase gene 

(BAC) resulted in reduced vegetative growth, low levels of cAMP, slow lesion 

development, and lack of sporulation in planta.  
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The major focus of this study was to determine the biological affects of cAMP 

through analysis of adenylate cyclase deficient mutants in S. sclerotiorum. A targeted 

gene deletion approach was implemented and it was hypothesized based on previous 

pharmacological data (Rollins and Dickman 1998) that adenylate cyclase loss-of-function 

mutants may exhibit aberrations in sclerotial development and or morphogenesis, and that 

oxalic acid levels may be reduced compared to wild type. It was also hypothesized that 

adenylate cyclase–deficient mutants may be affected in pathogenicity and or virulence 

due to the loss of infection structure formation based on results from AC mutants in other 

filamentous fungal plant pathogens. Results from this study will provide new insights 

into the role that cAMP plays in the biology of a broad host range necrotrophic plant 

pathogen like S. sclerotiorum.   

Materials and Methods 

Fungal Strains, Growth Conditions and Media 

 Wild type (Wt) S. sclerotiorum isolate 1980 (Godoy et al. 1990) was used to 

derive all strains examined in this study. Cultures were routinely grown on potato 

dextrose agar (PDA) (Difco, Detroit, MI, U.S.A.) and transferred in mass hyphal form. 

Transformants were cultured on PDA supplemented with either 100μg/ml hygromycin B 

(EMD Biosciences, USA) or 10μg/ml Bialaphos (PhytoTechnology Laboratories, 

Shawnee Mission, Kansas). Permanent stocks were maintained as desiccated mycelia-

colonized filter paper and sclerotia at -20°C. Liquid shake cultures containing 50 ml of 

YPSuc medium (4g/L yeast extract [Difco] + 15g/L sucrose + 1g/L K2HPO4 + 0.5g/L 

MgSO4 pH 6.5) and were cultured as previously described (Rollins, 2001). Growth and 

analysis of cultures on cAMP-amended PDA was executed as reported by Rollins and 
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Dickman (1998).  Apothecial induction was carried out using PDA culture–derived 

sclerotia (Russo and Van Etten 1982).   

Basic Procedures for Nucleic Acid Manipulation 

 Mycelia from liquid shake cultures were flash frozen in liquid nitrogen, 

lyophilized and stored at -80°C. Lyophilized mycelia were used to isolate genomic DNA 

as described by Yelton et al. (1984). Total RNA was extracted from lyophilized mycelia 

using Trizol® reagent (Gibco BRL, Rockville, MD) according to the manufacturer’s 

instructions. Agarose gel fractionation of total RNA was conducted as described by 

Rollins and Dickman (2001).  

 E. coli strain JM109 was used to propagate all plasmid DNA. Plasmid isolations, 

agarose gel electrophoresis, DNA restriction digests, ligation reactions, and E. coli 

transformations were conducted using standard procedures (Sambrook and Russell 2001). 

For Southern blot analyses, restriction enzyme-digested genomic DNA were transferred 

to MagnaGraph nylon membrane (Micron Separations Inc., Westborough, MA.) by 

downward alkaline transfer (Chomczynski 1992) and fixed to the membrane using UV 

light. For Northern blot analyses, total RNA was transferred to MagnaGraph nylon 

membrane by standard procedures (Ausubel et al. 1997).  

 Radioactive probes for all hybridizations were generated using the Random 

Primers DNA Labeling System (Invitrogen Life Technologies, Carlsbad, CA.) as per the 

manufacturers’ instructions. A full length 2.1kb hph (hygromycin phosphotransferase) 

gene cassette (Redman and Rodriguez 1994) and a 500bp amplicon corresponding to the 

catalytic region (CycC) of the sac1 gene was used to probe both genomic DNA and RNA 

blots.   
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Cloning and Identification of the sac1 Adenylate Cyclase Gene  

 A partial adenylate cyclase genomic clone was obtained from the Dickman Lab at 

the University of Nebraska, Lincoln. This partial genomic subclone was used as a probe 

to obtain a full-length genomic clone from a S. sclerotiorum pMOcosTEL genomic 

cosmid library. Approximately 12,000 colonies with an average insert size of 11kb were 

screened (~4x genome coverage) and two positive clones were identified. These clones 

had similar restriction patterns and one was chosen for further characterization. Sequence 

information from the full-length sac1 (Sclerotinia adenylate cyclase 1) genomic clone 

was obtained by primer walking. Both strands were sequenced, and data was compiled 

into a contig using the Sequencher software (Gene Codes Corp, Ann Arbor, MI).  

Construction of sac1 Gene Replacement and Complementation vectors 

 A pair of gene specific primers FL-AC-5’-II (5’ TTA TCG ACG GCT TAT TAG 

AAC GTA CG 3’) and AC-5’+AscI-R (5’ AGG CGC GCC GCT AAA AAC CGT CCA 

TCC 3’) were designed to amplify ~2.0kb of the 5’ untranslated region of the sac1 gene 

using standard PCR conditions and S. sclerotiorum isolate 1980 genomic DNA as a 

template. To facilitate cloning an Asc I restriction enzyme recognition site was attached 

to AC-5’+AscI-R (underlined). The 2.0 kb amplicon was gel purified and cloned using 

the TOPO TA cloning kit (Invitrogen, Carlsbad, California). This clone was designated 

AC-5’ and to determine the identity and orientation of insert, the clone was submitted for 

sequence analysis at the University of Florida ICBR sequencing core. A pair of gene 

specific primers AC-3’Flank-AscI (5’ AGG CGC GCC CCT GAA ACA GCA ATG CTT 

GAG) and AC-3’Flank-No AscI (5’ GGG CTG GTA AAT GGC GTA ATC 3’) were 

designed to amplify ~2.2 kb of 3’ UTR and ~0.5 kb of coding sequence corresponding to 

the 3’ end of the sac1 gene. One of the gene specific primers contained an Asc I 
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restriction enzyme site (underlined) to facilitate directional cloning of the fragment. The 

2.7 kb 3’ UTR amplicon was generated using standard PCR conditions and S. 

sclerotiorum isolate 1980 DNA as a template. This product was cloned using the TOPO 

TA cloning Kit and designated AC-3’ and orientation and identity of the insert was 

determined by sequence analysis at the ICBR sequencing core, University of Florida. The 

hygromycin phosphotransferase (hph) cassette containing the TrpC promoter and 

terminator with flanking Asc I restriction enzyme recognition sites was obtained from Mr. 

Andrew R. Hutchens III. Details concerning its origin and synthesis can be found in his 

thesis online at the University of Florida Library entitled “Ambient pH- and Carbon-

Regulated Gene Expression in the Necrotrophic Phytopathogen Sclerotinia 

sclerotiorum.” The sac1 gene deletion replacement vector was constructed in the 

following manner. Both AC-5’ and AC-3’ were double digested with Not I/Asc I and 

separated on a 0.8% agarose TBE gel. The linearized 6.0kb AC-5’ and the 2.7kb AC-3’ 

insert were gel purified and ligated together to form a 8.7kb vector designated AC-5’+3’. 

The hph cassette and the AC-5’-3’ vectors were digested with Asc I and separated on a 

0.8% agarose gel. The linearized 8.7kb vector was gel purified and ligated to the 2.2kb 

Asc I digested hph cassette which gave rise to a 10.9 kb sac1 gene deletion vector. This 

vector was linearized with Not I, gel purified and used to transform fungal protoplasts.  

The sac1 knock-out vector was used as a template to produce two sac1-hph 

hybrid PCR products referred to as split marker fragments (Catlett et al. 2004). One 

primer set consisting of Split Marker-AC-5’ (5’ ATC CAG GGA CCT CGA ACG GCA 

TTT G 3’) annealed to the 5’ UTR of sac1 and Split Marker-HY (5’ AAA TTG CCG 

TCA ACC AAG CTC TGA TAG 3’) annealed internal to the hph gene cassette. The 
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cDNA polymerase and primer set (Split Marker-AC-5’+Split Marker-HY) was used 

according to the manufacturers instructions (BD Biosciences, Palo Alto, California), to 

amplify a 3.2kb amplicon that was designated AC-5’-HY. A pair of gene specific primers 

was designed to amplify the 3’ portion of the AC UTR using Split Marker-AC-3’ (5’ 

TGA CCT ACT TGC CGT CTT TCA GTG C 3’) and an internal hph cassette primer 

Split Marker-YG (5’ TTT CAG CTT CGA TGT AGG AGG GCG 3’). Using cDNA 

polymerase and primer set (Split Marker-AC-3’+Split Marker-YG) a 4.3kb amplicon was 

generated and designated AC-5’-YG. These two split marker fragments, AC-5’-HY and 

AC-3’-YG were gel purified, quantified via spectrophotometric analysis and 5 μg of each 

were used to transform wild type fungal protoplasts as mentioned in the previous 

Materials and Methods section.    

To complement the sac1 deletion mutant, the pBARKS1 vector containing a bar 

gene cassette (Pall and Brunelli 1994) was digested with Not I restriction enzyme (New 

England Biolabs; USA) and treated with shrimp alkaline phosphatase according to the 

manufactures instructions (Promega, Madison, Wisconsin). A pair of gene specific 

primers AC-FL-5’-1.5kb UTR (5’ TAC CCT GTG CTC TAA ATT TGG ATC ACC 3’) 

and AC-FL-3’-1.0kb UTR (5’ AAT CCA AGC CAT CCA ACC TAT CTA ACC 3’) 

were designed to both 5’ and 3’ flanking genomic regions of the sac1 gene and used to 

amplify 100 nanograms of wild type 1980 S. sclerotiorum genomic DNA. PCR was 

carried out using a cDNA polymerase according to the manufactures instructions (BD 

Biosciences, Palo Alto, California) and yielded a 9.5 kb product which contained the sac1 

coding sequence and ~1.5kb of 5’ and ~1kb of 3’ untranslated region. The 9.5 kb sac1 

amplicon was cloned into the pGEM-T easy vector (Promega, USA) and digested with 
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Not I restriction enzyme.  The Not I digested sac1 amplicon was ligated into the 4.5kb 

Not I-linearized pBARKS1 vector which gave rise to a 14kb plasmid designated sac1-

pBARKS1.   

Transformation of Fungal Protoplasts and Evaluation of Transformant Strains 

 Fungal protoplasts of the wild type S. sclerotiorum 1980 strain were prepared and 

transformed with the sac1 gene replacement vector as described by Rollins (2003). The 

sac1 deletion strain was complemented with sac1-pBARKS1 plasmid and transformants 

were selected on RM medium containing 10μg/ml Bialophos (PhytoTechnology 

Laboratories, Shawnee Mission, Kansas).  

 Southern blot hybridization was used to screen integration events in all 

transformant strains. This was accomplished by digesting genomic DNA from 

hygromycin-resistant strains with Stu I and hybridizing it with a 500 bp probe which was 

made from the catalytic region of the sac1 gene. A 2.1 kb fragment corresponding to the 

hygromycin cassette was also used to probe genomic DNA blots. Two distinct PCR 

reactions were used to further evaluate transformant strains. The first PCR reaction 

implemented Taq polymerase (New England Biolabs, USA) and primer set 1 containing 

gene specific primers AC-CycC-5’-II (5’ TTT TCA CTG ATA AGA GC 3’) and AC-

CycC-3’-II (ATA GGA CCA AAG TAG TCC) that flank the catalytic domain of the 

adenylate cyclase sac1 gene resulting in a ~450 bp amplicon. The second PCR reaction 

utilized cDNA polymerase (BD Biosciences, USA) and primer set 2 consisting of two 

gene specific primers AC-5’XTRA-UTR-F (5’ AAG ACT CCA TCT GAT ACA TGC 

AGA CTC 3’) AC-3’XTRA-R (AAA TTC CAT AAC AGT GCC TTT TTG GG 3’). The 

PCR reaction yielded two different sized products depending on the integration event that 

occurred in a given strain.  
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Radial Growth Analysis, Determination of Oxalate, and Pathogenicity Assays 

 Radial growth analysis, and oxalate accumulation kinetics were carried out as 

described by Rollins (2001). Pathogenicity assays were conducted according to Rollins 

(2003) except that the percentage of leaf area colonized was quantified 7 days after 

inoculation using Spot Advanced Software program (Diagnostic Instruments, USA). 

Infection Cushion Assay 

 Glass cover slips (FisherBrand Microscope Cover Glass, Pittsburg, PA) of 22x22 

mm size were cut in half using a diamond knife and a straight edge as a guide. They were 

then immersed into 95% ethanol using forceps and flamed with a Bunsen burner until the 

alcohol evaporated. After a cooling, four cover slips were placed around the periphery of 

each 9 cm potato dextrose agar plate (PDA). PDA plates were inoculated in the center 

with a 2.5 mm3 plugs cut using a cork borer with either wild type (Wt) or sac1 deletion 

(KO1) strains. Mycelial-colonized cover slips were removed from the PDA plates after 

~7 days and directly placed onto glass slides (FisherBrand Microscope Slides-Plain, 

Pittsburg, PA) for examination using a compound microscope (Leica model DM R HC, 

Germany). Pictures were taken with a digital camera (Diagnostic Instruments Inc-Model 

3.2.0, USA) attached to the microscope using the Spot basic software program 

(Diagnostic Instruments, USA).    

Extraction and Determination of Total cAMP Levels 

 Lyophilized mycelium (15 mg) was ground to a fine powder in a 1.5 ml 

eppendorf tube using a metal spatula. Twenty μl of lysis reagent 1A and 180 ul of cAMP 

assay buffer were added and the samples, mixed by inversion and allowed to incubate at 

room temperature for 10 minutes. All samples were spun in a microcentrifuge for 5 

minutes at 14 K rpm. The supernatant was removed and diluted with cAMP assay buffer 
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and used directly in the ELISA-based BIOTRAK cellular communication assay (GE 

Healthcare, USA.) as per the manufacturers’ instructions. 

   Results 

Cloning and Characterization of sac1 

Analysis of the nucleotide and amino acid sequences using BLAST (Basic Local 

Alignment Search Tool) (Altschul et al. 1997) revealed that sac1 was most similar to the 

BAC adenylate cyclase-encoding gene from B. cinerea and to other adenylate cyclase 

genes from filamentous fungi. Multiple sequence alignment of sac1 with other 

filamentous fungal adenylate cyclases was used to determine the putative start and stop 

codons and locations of intron/exon junctions. The sac1 gene was determined to contain 

4 exons interrupted by 3 introns. The predicted joined open reading frame yielded a 6.4kb 

sequence that encodes 2157 amino acids (Fig. 3-1A). The deduced polypeptide sequence 

contains five domains typical of filamentous fungi: an N-terminal Ras-association 

domain, multiple leucine-rich repeats, a PP2C phosphatase, a catalytic domain, and two 

cAMP-associated protein binding sites (Fig. 3-1B). Southern blot analysis at low and 

high strigency using 500 bp of the AC catalytic region as a probe suggested that sac1 is a 

single copy gene (Fig. 3-1C). Mining sequence data from the S. sclerotiorum Genome 

Project (Sclerotinia sclerotiorum Sequencing Project. Broad Institute of Harvard and 

MIT. http://www.broad.mit.edu) indicated that adenylate cyclase sac1 is singly 

represented.  

Deletion of the sac1 Locus  

 The strategy to delete the sac1 locus with the sac1-hph gene replacement 

construct described in the materials and methods is shown in Fig. 3-2A. This Not I-

linearized construct was used to transform wild type Ss1980 protoplasts and ~50 strains 
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were isolated and further analyzed. Southern blot analysis of one wild type (Wt), three 

deletion (AC-KO 1, 2, & 3), a complemented (C1), an ectopic (E1) and one non-

complemented control (Nc1) strain is shown in Fig 3-2B. Hybridization using the 

catalytic region as a probe yielded a single 4.8 kb band for Wt and E1 strains and did not 

hybridize to the KO1 or Nc1 strains as expected. DNA from all strains was probed with 

the full length hph gene as a hybridization control and as expected, all strains except wild 

type possessed a 6.4 kb band corresponding to the hph gene replacement construct.  

 Primer set (1) flank the catalytic region of adenylate cyclase, was used for PCR to 

detect an intact sac1 gene by production of a 500bp amplicon. Fig. 3-3A shows that the 

500bp amplicon was only present in wild type, ectopic and complemented strains, and 

was absent in all three KO strains and the non-complemented control. A second primer 

set (2), were designed to analyze site-specific integration of the sac1 replacement locus 

and yielded a 4.5kb product as shown in figure 3-3A.  

 Northern hybridization was used to determine if AC deletion mutants possessed 

the wild type sac1 transcript. Fig. 3-3B shows an RNA blot after hybridization with the 

AC-CycC probe. Wt, E1 and C1 strains contained the 6.4kb sac1 transcript, while the 

KO1 and Nc1 strains lacked the sac1 transcript. Visualization of ethidium bromide-

stained rRNA confirmed that RNA from each sample was equally loaded and of high 

quality.  

Evaluation of Total Cellular cAMP Levels  

  Total cellular cAMP was extracted and assayed from three biological replicates 

corresponding to Wt and KO1 strain. The graph in Fig. 3-4 shows that the KO1 strain 

produced ~ 25% of Wt cellular cAMP levels. 
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Adenylate Cyclase Deletion Mutants Exhibit Many Morphological Defects 

 Figs. 3-5A and 3-5B illustrate a variety of morphological abnormalities observed 

in the KO1 strain. When grown on potato dextrose agar plates (PDA), KO1 produced an 

abundance of aerial hyphae. Sclerotial development occurred in concentric rings with 

clearing zones between each ring of sclerotia. Sclerotia were aberrant in size and shape 

but contain a dark melanized rind like wild type. KO1 sclerotia were capable of 

myceliogenic germination, however did not produce apothecia under standard conditions. 

Close scrutiny of the hyphal branching pattern in PDA-grown expanding colonies 

revealed that hyphal branches are short and arise from the main hypha at 90° angles 

instead of acute angle branching found in wild type strains. Branching pattern and 

cultural growth was restored in the presence of 10 mM exogenous cAMP (Fig. 3-6A). 

However, the KO1 strain remained cAMP-responsive as sclerotial development was 

inhibited. Addition of exogenous 10mM cGMP was unable to complement the growth 

habit of the KO1 and the Nc1 strains (Fig.3-6B). In addition to the aberrant concentric 

pattern of sclerotial development, KO1 exhibited a significantly reduced growth rate 

relative to Wt. The rate of radial expansion of the KO1 strain was ~8X below that of Wt 

(Fig. 3-7) 

sac1 Deletion Mutants are Non-Pathogenic 

 Inoculation of detached tomato leaflets revealed that the KO1 strain was non-

pathogenic (Fig 3-8). All strains including wild type, ectopic, and complemented were 

fully pathogenic and had completely colonized the tomato leaflets within 5 days of 

inoculation. In very few instances, a brown spot of dead cells was observed directly under 

the KO1 inoculation plug, however, no internal colonization of the leaves was observed 

when the area was examined microscopically using the fungal-specific stain trypan blue 
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(not shown). Wounding of the tomato leaves caused some lesion formation as shown in 

fig. 3-9. I sought to investigate the biochemical source of the pathogenicity defect 

observed in the KO mutant, and therefore assayed oxalic acid accumulation kinetics. 

Interestingly, the KO1 produced as much oxalate as the Wt and control strains and 

accumulation kinetics for all strains were virtually indistinguishable (Fig. 3-10A). The 

production of infection cushions was investigated in Wt and KO1 strains (Fig. 3-10B). 

Wt typically produces complex, slightly melanized multihyphal infection cushions in 

excess on hard surfaces. When infection cushions development was examined on 

microscope cover slips, the Wt developed slightly melanized, multihyphal infection 

cushions. However, the KO1 strain was completely devoid of either simple and or 

complex types of infection cushions.  
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Figure 3-1. A.Genomic organization of the sac1 locus illustrating the location and 

relative size of exons and introns and putative stop and start codons. B. 
Cartoon of Sac1 polypeptide illustrating the five functional domains possessed 
by fungal adenylate cyclases. (CAP = cyclase associated protein) C. Southern 
Blot hybridization under low (55°C) and high stringency (65°C) conditions of 
wild type (Wt) Sclerotinia sclerotiorum DNA digested with three different 
restriction enzymes BamH I (B), Hind III (H), and Spe I (S) and hybridized 
with probe sequence 1 corresponding to the adenylate cyclase catalytic 
domain. 
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Figure 3-2. Construction and analysis of sac1 gene replacement strains. A. sac1 locus and 

gene replacement construct containing the hygromycin phosphotransferase 
gene (hph) cassette in place of the sac1 gene sequence. The double cross-over 
homologous recombination event resulting in the replacement of sac1 coding 
sequence with the hph sequence is shown. Location of sequences and primers 
used for hybridization in this study are shown. B. Southern hybridization 
analysis of sac1 gene replacement strains. Genomic DNAs from wild type 
(Wt), sac1 deletion (KO1), ectopic (E1), complemented (C1), and non-
complemented control (Nc1) strains were digested with Stu I. The blot on the 
left was hybridized with probe #1 corresponding to a portion of the AC 
catalytic region, and the blot on the right was hybridized with probe #2 which 
corresponds to the hph gene cassette.  

hph 

sac1 locus

 

Δ sac1 replacement locus

Probe 1

  1

hph 
Probe 2

 sac1 
Stu I 

1kb 

Wt 1 2 3 E1 C1 Nc1

Wt      1      2      3      E1    C1    Nc1 
6.4 kb 

4.8 kb

KO 

KO 

 2  2
Stu I 

sac1 hph 



62 

 

 
 
 
 
 
 
A.  

                               
 
 
 
 
 
 
B.  

 

                                              
 

 
 
Figure 3-3. PCR and Northern Blot analysis of sac1 deletion and control strains. A. PCR 

analysis of wild type (Wt), sac1 deletion (KO1), ectopic (E1), complemented 
(C1), and non-complemented (Nc1) strains using primer set (1) which 
amplifies a portion of the AC catalytic domain and primer set (2) which 
amplifies the 5’ portion of the AC gene. L = 1kb ladder B. Northern blot 
analysis of Wt, KO1, E1, C1, and Nc1 strains. A 6.4kb transcript is detectable 
in all strains except KO1 and Nc1 as expected. Ethidium bromide-stained 
rRNA is shown to ensure quality and equal loading of RNA samples. 
Northern blot analysis was performed using RNA from three biological 
replicates, and a representative blot is shown.  
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Figure 3-4. Analysis of total cellular cAMP levels in wild type (Wt) and sac1 deletion 
(KO1). Three biological replicates of each strain were analyzed in duplicate 
and the mean values from all three replicates are represented.   

 

 
 
 
 
 
 
 
 
 
 
 

Total Cellular cAMP

0

100

200

300

400

500

600

700

800

900

1000

fM
ol

 c
A

M
P

w t

KO



64 

 

 
 
 
 
A. 

 
 

 
 
B. 
 

         
 
                               
 
 
Figure 3-5. A. Cultural morphology of wild type (Wt), sac1 deletion (KO11), ectopic 

(E1), complemented (C1), and non-complemented strains (Nc1) grown on 
potato dextrose agar for 14 days. B. Branching pattern of Wt, KO1, and C1 
strains viewed at 600X total magnification using a dissecting microscope. 
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Figure 3-6. A. Growth of wild type (Wt), sac1 deletion (KO1), ectopic (E1), 

complemented (C1), and non-complemented (Nc1) strains on 10mM cAMP-
amended potato dextrose agar for 7 days. B. Growth of Wt, KO1, E1, C1, and 
Nc1 strains on 10mM cGMP-amended potato dextrose agar for 14 days. Both 
of these experiments were repeated 3 times with 3 replications per strain. The 
results from one representative experiment is shown. 
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Figure 3-7. Radial growth analysis of wild type (Wt), sac1 deletion, (KO1), ectopic (E1), 

complemented (C1), and non-complemented (Nc1) strains. Colony diameters 
were measured at 12 hour intervals. Each point represents the mean and 
standard deviation from three independent cultures. This experiment was 
repeated three times, each with three independent cultures. Results from all 
three experiments were similar and one representative experiment is shown. 
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Figure 3-8. Pathogenicity assay with wild type and transformant strains on detached 

tomato leaflets. Tomato leaflets (cv. Bonnie Best) were mock inoculated with 
an uncolonized potato dextrose agar (PDA) plug (M), inoculated with a PDA 
plug colonized with wild type (Wt), sac1 deletion (KO1), ectopic (E1), 
complemented (C1), and non-complemented control strain (Nc1). 
Photographs were taken 7 days post inoculation. One representative 
replication from four experiments is shown.   
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Figure 3-9. Pathogenicity assay of wild type and transformant strains on wounded 

detached tomato leaflets. Tomato leaflets (c.v. Bonnie Best) were wounded by 
making a single hole with a dissecting needle and inoculation plugs were 
placed directly over the wound. Tomato leaves were inoculated with an 
uncolonized potato dextrose agar plug (M), wild type (Wt), and sac1 deletion 
strain (KO1). Percentage of area colonized was measured 7 days post 
inoculation and these values appear under each leaf. One representative 
replication from four experiments is shown. 
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Figure 3-10. A. Oxalic acid accumulation kinetics from 0.5M MOPS-buffered YPSU 
cultures pH 7.0 of wild type (Wt), sac1 deletion (KO1), ectopic (E1), 
complemented (C1), and non-complemented (Nc1) strains. Data points 
represent the mean from three independent cultures B. Infection cushion 
formation in the Wt and KO1 strains (400X magnification). 
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Discussion 

Molecular Cloning and Characterization of sac1 in S. sclerotiorum 

The predicted Sac1 amino acid sequence contains five functional domains typical 

of fungal adenylate cyclases: an N-terminal Ras association domain, multiple leucine-rich 

repeats, a PP2C class phosphatase, a catalytic domain and two C-terminally located 

cAMP-associated binding protein domains. The Ras-association domain has been shown 

to be involved in activation of adenylate cyclase via the g-alpha protein Ras in 

mammalian systems (Bahn and Sundstrom 2001). However, no regulatory role for Ras on 

adenylate cyclase has been identified thus far in filamentous fungi (Fillinger et al. 2002). 

Leucine rich repeats are known to be involved in protein-protein interactions and may 

facilitate dimerization of ACs and or serve as interaction points for other proteins. The 

PP2C phosphatase domain is found in all fungal adenylate cyclases and may mediate the 

Ras-GTP activation of AC activity. Nevertheless, the PP2C domain has not been shown 

to possess phosphatase activity in yeast (Barford et al. 1998). The catalytic domain of 

adenylate cyclases is shared in common with mammalian ACs and guanylate cyclases 

having the consensus sequence (V/IKTXGDA) (Roelofs et al. 2001a). In yeast, the 70 

kDa CAP protein (cyclic AMP-associated protein), is required for proper in vivo response 

of adenylate cyclase to Ras (Shima et al. 1997). To date, functional analysis of CAP 

proteins and or their associated sequences have not been carried out in filamentous fungi.  

Multiple Morphological Aberrations Exist in sac1 Deletion Mutants 

A number of physiological and functional-genetic studies have revealed that 

cAMP controls a variety of biological processes in filamentous fungal plant pathogens 

(Choi and Dean 1997; Hall and Gurr 2000; Klimpel et al. 2002; Lee and Dean 1993; 

Robson et al. 1991). Based on data from the functional analysis of AC-deficient fungal 
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phytopathogens and findings and a previous pharmacological investigation in S. 

sclerotiorum by Rollins and Dickman (1998), I hypothesized that sac1 deletion mutants 

may exhibit multiple morphological defects, produce aberrant sclerotia and would be 

non-pathogenic and or reduced in virulence. In this study I sought to determine the role(s) 

of cAMP in the biology of the wide host range necrotroph S. sclerotiorum. This was 

accomplished by cloning the single copy adenylate cyclase-encoding gene, sac1, and 

deleting it from the genome to create a loss-of-function mutant. Nucleotide analysis via 

BLAST (Altschul 1997) revealed that sac1 encodes an adenylate cyclase which closely 

resembles the B. cinerea adenylate cyclase BAC gene.   

Three independent sac1 mutants were generated and all displayed identical 

morphological phenotypes as a representative deletion strain (KO1) grew ~eight times 

slower than wild type (Fig. 3-7), possessed dense aerial hyphae, and produced aberrant 

sclerotia in concentric rings in culture. Dense, compact cultural phenotypes have been 

described for other adenylate cyclase mutants like the crisp strain (cr-1) in N. crassa 

(Lindegren, 1936),  MAC1 in M. grisea (Choi and Dean 1997) and the BAC mutant in B. 

cinerea (Klimpel et al. 2002). Interestingly, the abnormal appearance of sclerotia 

produced by sac1 knock out strains has not been documented in other sclerotial-forming 

fungi. Another vegetative defect observed was the predominance of 90°-branched 

hyphae. Wild type S. sclerotiorum produces acute (60° and 45°) hyphal branching 

patterns in culture. The wild type branching pattern could not be complemented with 10 

mM cGMP, but could be restored with the addition of 10 mM cAMP and by 

complementing the AC mutant with the sac1 gene (Fig. 3-5 and 3-6). This branching 
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defect also appears to be limited to sac1 mutants as it has not been documented for other 

fungal AC mutants.   

cAMP is Detectable in sac1 KO mutants 

 Deletion of the entire sac1 gene, except for 400 bp encoding one cAMP-

associated protein binding site at the 3’ end, from S. sclerotiorum was unable to 

completely abolish cAMP levels in sac1 deletion strains. There was a ~4 fold reduction 

in cAMP levels in the KO1 strain compared to wild type (Fig 3-4). Examination of cAMP 

levels for AC mutants N. crassa cr-1 and the Aspergillus nidulans cya strains, reported  

“no detectable” amounts of cAMP were present (Fillinger et al. 2002 and Terenzi et al. 

1976). However, detectable levels of cAMP in an AC-deficient strain were reported for 

the BAC mutant (Klimpel et al. 2002). BAC mutants showed ~5 fold reduction in cAMP 

compared to wild type strains. Since cAMP has been shown to be involved in numerous 

biological processes, it is logical to assume that this important second messenger might 

be required for viability. Since all of the AC-deficient mutants characterized to date have 

not been lethal, a basal level of cAMP in these mutant strains might be expected. The 

only known source of cAMP in the cell is adenylate cyclase. However, it is well known 

that the catalytic domain of adenylate cyclase and guanylate cyclase are very similar 

(Roelofs et al. 2001a). Therefore, I believe that it is possible that guanylate cyclase is 

capable of producing the low basal level of cAMP that was observed in the adenylate 

cyclase-deficient sac1 mutant.   

The Role of Adenylate Cyclase and cAMP in Pathogencity and Virulence 

 Pathogenicity assays involving detached tomato leaves revealed that sac1 mutants 

were non-pathogenic (Figs. 3-8). However, they were able to partially colonize 

mechanically wounded tomato leaflets (Fig. 3-9). Therefore I hypothesized that sac1 
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mutants may possess undetectable or reduced levels of oxalate that would render the sac1 

deletion mutants non-pathogenic (Godoy et al. 1990). Previous pharmacological data also 

supported this hypothesis as treatment with exogenous cAMP resulted in increased 

oxalate levels compared to wild type (Rollins and Dickman, 1998). However, production 

and accumulation of oxalate was no different in the KO1 compared to wild type and 

control strains (Fig. 3-10A). The lack of reduced oxalate levels may be due to the 

presence of low cAMP levels in the KO1 mutant. It is possible that the KO is producing a 

threshold level of cAMP which facilitates wild type levels of oxalate to accumulate. In 

contrast, it is possible that the pharmacological observation of increased oxalate levels in 

conjunction with high cAMP levels may not be directly responsible for oxalate 

accumulation. Pathogenicity was restored, but virulence remained severely attenuated in 

wounded tomato leaflets.  

  Reduction in pathogenicity and virulence in AC-deficient mutants has been shown 

in B. cinerea (Klimel et al. 2000), Ustilago maydis (Gold 1994) and M. grisea (Choi and 

Dean 1997). Defects in infection structure formation were documented in MAC1 mutants 

as they did not produce appressoria and were non-pathogenic on susceptible rice 

cultivars. However, appressorium formation could be restored with application of 

exogenous cAMP and mutant strains were able to colonize wounded rice leaves. I sought 

to determine if the defect in pathogenicity was due to a lack of infection cushion 

(appressorium) formation in sac1 deletion strains. Interestingly, I was unable to visualize 

infection cushions on glass cover slips colonized by KO1 strain. Therefore, the absence 

of infection cushion formation in the KO1 strain coupled with the greatly reduced growth 

rate is responsible for the loss of pathogenicity.  
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  Reduction in pathogenicity and virulence in AC-deficient mutants has been shown 

in B. cinerea (Klimpel et al. 2000), U. maydis (Gold 1994) and M. grisea (Choi and Dean 

1997). Defects in infection structure formation were documented in MAC1 mutants as 

they did not produce appressoria and were non-pathogenic on susceptible rice cultivars. 

However, appressorium formation could be restored with application of exogenous 

cAMP and mutant strains were able to colonize wounded rice leaves. I sought to 

determine if the defect in pathogenicity was due to a lack of infection cushion 

(appressorium) formation in sac1 deletion strains. Interestingly, I was unable to visualize 

infection cushions on glass cover slips colonized by KO1 strain. Therefore, the absence 

of infection cushion formation in the KO1 strain appears to play the primary role in 

eliminating pathogenicity in intact plants. Pathogenicity is restored by wounding the host 

but the reduced growth rate of the KO1 mutants appears to be responsible for the 

attenuated virulence.  
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APPENDIX  

 IDENTIFICATION OF GENES INVOLVED IN cAMP SIGNALING FROM THE 
DRAFT GENOME SEQUENCE OF Sclerotinia sclerotiorum (Lib.) de Bary 

 Genome sequence data from S. sclerotiorum has facilitated rapid identification 
and annotation of genes involved in cAMP-mediated signal transduction. Therefore, I 
have chosen to construct a table containing the name, Locus ID number, protein class, 
PFAM domain(s) and pBLAST hit information for each gene. I have also included a 
detailed annotation of the nucleotide and amino acid sequence that corresponds to the 
pka2 catalytic subunit gene.  
 
Gene Name Locus ID # Protein Class PFAM Domain(s) Highest pBLAST Hit e-value 

sac1 SS1G_07715 Adenylate Cyclase 
Catalytic, LRR, Ras-Assoc, 
Phosphatase, (2) CAP-Binding Adenylate Cyclase (B. fuckeliana) 0 

spde1 SS1G_12594 cAMP PDEase I PDEase Type I Hypothetical Protein (M. grisea) 0 
spde2 SS1G_07412 cAMP PDEase II PDEase Type II Hypothetical Protein (G. zeae) 1.00E-107 
scap1 SS1G_13327 CAP CAP Protein AC-Associated Protein (A. fumigatus)  1.00E-106 

sgpa1 SS1G_07597 G-protein Alpha  G-Alpha Subunit 
G-Protein Alpha Subunit (S. 
sclerotiorum) 2.00E-180 

sgpa2 SS1G_10286 G-protein Alpha  G-Alpha Subunit 
G-Protein Alpha Subunit (B. 
fuckeliana) 0 

sgpa3 SS1G_12343 G-protein Alpha  G-Alpha subunit 
G-Protein Alpha Subunit (B. 
fuckeliana) 0 

sgpb1 SS1G_03482 G-protein Beta  WD40 
G-Protein Alpha Subunit (B. 
fuckeliana) 0 

sgpg1 SS1G_12567 G-protein Gamma  N/A G-Protein Gamma Subunit (N. crassa) 2.00E-24 

scbp1 SS1G_13049 Hypothetical  
(2) CBS, Patatin-Like 
Phospholipase Hypothetical Protein (M. grisea) 0 

scbp2 SS1G_05838 Hypothetical  (2) CBS, (7) LRR Hypothetical Protein (A. nidulans)  0 
scbp3 SS1G_01159 Hypothetical Sulfate Transporter, CBS Hypothetical Protein (G. zeae) 0 

pka1 SS1G_03171 PKA Catalytic  S/T Kinase 
PKA catalytic subunit (S. 
sclerotiorum) 0 

spka2 SS1G_13577 PKA Catalytic  S/T Kinase  PKA Catalytic Subunit (B. graminis) 0 

spkar1 SS1G_10536 PKA Regulatory  (2) CBS 
PKA Regulatory Subunit (B. 
graminis) 1.00E-150 

 
  AC – adenylate cyclase 

cAMP – 3’, 5’ cyclic adenosine monophosphate 
CAP – cyclase-associated protein 
CBS – cAMP-binding site 
G-protein – guanine nucleotide-binding protein 
LRR – Leucine rich repeat 
N/A – not available 
PDEase – phosphodiesterase 
PKA – cAMP-dependent protein kinase A 
S/T – serine/threonine 
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pka2 nucleotide sequence 
 
ATGCCGACACTCGGATTTTTGAAGAAGAAACGGACGAAGGAGTCTCCGGGTATAACCTCTC
CGACATCTAGTCAAGCCACAAGTCCGATAACCCCCACATCATCAAGAGGCTTCGATAACTCC
ATAGCTTCCATATCTACCCAGTCTACTTTACCCCAATCCCACGAGCACGAGGTTCTTCAAACT
ACAACCTCTCGCACAGCAGACCAGCCTGCTGCTGTGGCCAAAAAAGCCTCAATGACACAAG
GGATAACTCAACAGCAGCAATCTGCGCAAATTCATTCCGACCAACATCAGCATAGGCAAAAC
TCCCCAAGTATCAGCAACTTGATTCATCCACCACAGCATGACGGCGCGAGCCAGTCATATCC
AACCCCACCAACCTCCTCGCAAACTTCGCTGCATCCTGTAGCTGGTAACACCAGCACACTCC
AAATGGATGCCTCGCACCGACATTCCCAGCAAGCACAGCAGCAGCCACAGATCAGACAAAC
CAAGGGCAAATATTCATTGACCGACTTCGAAATCCAGCGCACATTAGGTACTGGAAGTTTTG
GGCGAGTTCATTTAGTTCGATCGAAGCACAACCAACGATACTATGCTGTCAAGGTATTGAAG
AAGGCTCAGGTGCACAAGATGAAGCAGGTCGAACATACCAATGATGAGAGGAGAATGTTGC
AAGAAGTCAAACACCCATTCCTCATCACTCTATGGGGTACATTCCAAGATTCAAAGAATTTAT
ACATGGTTATGGATTTTGTAGAGGGAGGTGAGCTATTCTCTTTACTGAGAAAATCACAAGTATG
TTCAATGGTACCAATTACTCGATATATACTAATGGTTCGTTTCAGAGATTCCCTAACCCAGTAGCCAAATTT
TATGCCGCTGAAGTTACATTGGCCCTTGAATATCTCCATTCAAAACAAATCATCTATCGGGAT
CTAAAGCCAGAGAATTTACTTCTTGACAGGCATGGACATCTTAAGATTACTGATTTTGGATTC
GCCAAGAAGGTCCCAGATATCACATGGACATTGTGCGGGACCCCGGATTACTTAGCACCAG
AAGTAGTCTCAAGTAAAGGTTATAATAAGTCTGTAGATTGGTAAGTATTGGTACCTTCATTCCCCTGCC
ATCACTGCCCCTCCAAAGCGAAGCGAAAATGCTTTCGCGATAGTGACCCAGCGGAGCTTCGTCAATTAAACCTTCCT
CTCTTCATACTTTCTCTTATGGGGGCTTGCCCCCATACCCGTCCTCGCTACGCTCGAATGGAAACTTAGAGGTTGTTT
ACTAACATTTCGAATCAGGTGGTCGCTTGGGATACTGATTTTCGAAATGCTTTGTGGTTTCACGCC
ATTTTGGGATGGTGGCTCACCTATGAAGATTTATGAGAATATCCTTAAAGGGAGGGTCAAAT
ATCCTCCATATATTCACCCAGATGCACAAGATTTATTACAACGATTGATCACAGCAGATCTTA
CCAAACGTCTTGGCAACTTACATGGAGGCTCTGAGGACGTCAAAAATCATCAATGGTTTGCC
GAAGTAACTTGGGAAAGGTTATCCAAGAAAGATATTGATGCGCCTTATGTCCCTCCTGTCAA
GGCCGGAGTCGGTGATGCTAGTCAGTTTGATAAATATCCCGAGGAAACGGAGATATATGGT
CAAGGTGGGCCTGATGAGTAAGTAGATTTCTTGAACTTCATCAAATCTAGGCTAATATTATTAGATTTGGGC
ACCTATTTGTCGATTTTTAA 
 
Exon 1 = 801bp 
Intron 1 = 50bp 
 
Exon 2 = 254bp 
Intron 2 = 202bp 
 
Exon 3 = 375bp 
Intron 3 = 47bp 
 
Exon 4 = 28bp 
 
Introns appear in a small font and putative start and stop codons are in bold.  
 
 
 
 
 
 
 
 
 



77 

 

Pka2 amino acid sequence 
 
MPTLGFLKKKRTKESPGITSPTSSQATSPITPTSSRGFDNSIASISTQST  

LPQSHEHEVLQTTTSRTADQPAAVAKKASMTQGITQQQQSAQIHSDQHQH  

RQNSPSISNLIHPPQHDGASQSYPTPPTSSQTSLHPVAGNTSTLQMDASH  

RHSQQAQQQPQIRQTKGKYSLTDFEIQRTLGTGSFGRVHLVRSKHNQRYY  

AVKVLKKAQVHKMKQVEHTNDERRMLQEVKHPFLITLWGTFQDSKNLYMV  

MDFVEGGELFSLLRKSQRFPNPVAKFYAAEVTLALEYLHSKQIIYRDLKP  

ENLLLDRHGHLKITDFGFAKKVPDITWTLCGTPDYLAPEVVSSKGYNKSV  

DWWSLGILIFEMLCGFTPFWDGGSPMKIYENILKGRVKYPPYIHPDAQDL  

LQRLITADLTKRLGNLHGGSEDVKNHQWFAEVTWERLSKKDIDAPYVPPV  

KAGVGDASQFDKYPEETEIYGQGGPDEFGHLFVDF 

Roman numerals designate the 12 highly conserved domains of serine/threonine protein 
kinases. Filled circles represent amino acid residues involved in regulatory subunit 
binding and a filled square represents the threonine residue involved in 
autophosphorylation. The solid filled bar denotes the 5 amino acid residues known to 
bind the PKI inhibitor peptide.  
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Phylogenetic analysis of Pka catalytic subunits was accomplished using PAUP and 
statistical analysis was carried out using Bootstrap. 

Clade 1 

Clade 2 
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